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1) LHC and ATLAS in 2016/2017 
2) Higgs physics motivation 
3) run-1 Higgs measurement summary 
4) updates from run-2  
5) di-higgs search status 
6) exotics searches with Higgs boson in the final state 
7) conclusions
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LHC status
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2016
- Record instantaneous luminosity  for p-p interactions 

1.4×1034 cm-2s-1 

- Record delivered luminosity in one day ~ 613.1 pb-1  

- Record delivered luminosity in one year ~ 40 fb-1

- Maximum colliding bunches 2208, (96 per injection)

2017
- Record instantaneous luminosity for p-p interactions 

1.46×1034 cm-2s-1 

- Record delivered luminosity in one day ~ 530.3 pb-1

SPS beam dump replaced during winter shutdown, 
allowing more bunch per injection, 144 (288) respect to 96.  

- Maximum colliding bunches 2448
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ATLAS detector
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2016

2017



B. Di Micco Higgs physics at ATLAS QFTHEP 2017-Yaroslavi

Detector status in 2017
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Approximate operational fraction
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Recorded data
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- Run-2 int. luminosity already exceeds Run-1 one 

- 2016  int. lumi: 35.6 fb-1 
- 2017 int. lumi: 2.5 fb-1 (22-Jun) 

- DAQ efficiency 92%

The	2016	ATLAS	Run	
•  p-p	run:	
– ATLAS	recorded	35.6		U-1	
– DAQ	efficiency	92.5%	
– Good	Data	for	Physics	93-95%	
–  Luminosity	uncertainty	3.2%	

	
•  Heavy	Ion	run			
–  180	nb-1		recorded	@	5	&	8	TeV		
(100	nb-1	requested)		

– DAQ	efficiency:	97.8	%	
15/05/17	 LHCP	2017-	L.	Pontecorvo	 5	
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Trigger and reconstruciton
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2016	Performance:Trigger	
•  Very	well	understood	and	
precisely	measured	trigger	
efficiencies	and	turn-on	curves	

•  Highly	efficient	HLT	for	both	
Muons	and	electromagne1c	
objects,	stable	with	pt	

15/05/17	 LHCP	2017-	L.	Pontecorvo	 14	
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-accurate determination 
of the trigger turn-on 
curve; 

-high HLT efficiency for 
both electrons and 
muons;

New ETmiss algorithms stable 
respect to pile-up conditions

		 	Performance:	Jet	and	B	Tagging	
•  Jet	Energy	Scale	(JES)	
measured	in		
–  Z-Jet		
–  γ-Jet		
– Mul1jets	events	
– Max	total	uncertainty	on	
JES	at	low	PT	~	4.5%	

•  B	tagging:		
–  Efficiency	and	fake	rate	
well	understood		

–  Efficiency:	well	modelled	
also	as	a	func1on	of	µ

16	

Data/MC	energy	responce	ra1o	

Bjet	efficiency	ra1o	Dt/MC	vs	µ

T.	J.	Khoo:	Jet	and	missing	ET	reconstruc1on	(including	substructure)	in	ATLAS	and	CMS	
L.	Scodellaro:	b-jet	tagging	in	ATLAS	and	CMS	
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Let’s go to the meat…
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Why Higgs physics ?
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The Higgs sector is the most unknown piece of the SM, it is where new physics 
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Higgs production and decay
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 H (NNLO+NNLL QCD)

→pp 

 qqH (NNLO QCD)

→pp 

 WH (NNLO QCD)

→pp 

 ZH (NNLO QCD)

→
pp 

 ttH (NLO QCD)

→pp 

 bbH (NNLO)

→
pp 

 tH (NLO)
→pp 

Run1 ggF cross section computed at NNLO + NNLL, big effort from theory community in the last years 
to compute N3LO results, the baseline for Run2, +10% increase in ggF xs; 
resummation doesn’t add much on top of N3LO
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Higgs at Run-1 discovery
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ATLAS Collaboration / Physics Letters B 716 (2012) 1–29 13

Fig. 7. Combined search results: (a) The observed (solid) 95% CL limits on the signal
strength as a function of mH and the expectation (dashed) under the background-
only hypothesis. The dark and light shaded bands show the ±1σ and ±2σ uncer-
tainties on the background-only expectation. (b) The observed (solid) local p0 as a
function of mH and the expectation (dashed) for a SM Higgs boson signal hypothe-
sis (µ = 1) at the given mass. (c) The best-fit signal strength µ̂ as a function of mH .
The band indicates the approximate 68% CL interval around the fitted value.

582 GeV. The observed 95% CL exclusion regions are 111–122 GeV
and 131–559 GeV. Three mass regions are excluded at 99% CL,
113–114, 117–121 and 132–527 GeV, while the expected exclu-
sion range at 99% CL is 113–532 GeV.

9.2. Observation of an excess of events

An excess of events is observed near mH =126 GeV in the H →
Z Z (∗) → 4ℓ and H → γ γ channels, both of which provide fully
reconstructed candidates with high resolution in invariant mass, as
shown in Figs. 8(a) and 8(b). These excesses are confirmed by the
highly sensitive but low-resolution H → W W (∗) → ℓνℓν channel,
as shown in Fig. 8(c).

The observed local p0 values from the combination of channels,
using the asymptotic approximation, are shown as a function of
mH in Fig. 7(b) for the full mass range and in Fig. 9 for the low
mass range.

The largest local significance for the combination of the 7 and
8 TeV data is found for a SM Higgs boson mass hypothesis of
mH = 126.5 GeV, where it reaches 6.0σ , with an expected value
in the presence of a SM Higgs boson signal at that mass of 4.9σ
(see also Table 7). For the 2012 data alone, the maximum local sig-
nificance for the H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) →

Fig. 8. The observed local p0 as a function of the hypothesised Higgs boson mass
for the (a) H → Z Z (∗) → 4ℓ, (b) H → γ γ and (c) H → W W (∗) → ℓνℓν channels.
The dashed curves show the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass. Results are shown separately for the

√
s = 7 TeV data

(dark, blue in the web version), the
√

s = 8 TeV data (light, red in the web version),
and their combination (black).

Fig. 9. The observed (solid) local p0 as a function of mH in the low mass range.
The dashed curve shows the expected local p0 under the hypothesis of a SM Higgs
boson signal at that mass with its ±1σ band. The horizontal dashed lines indicate
the p-values corresponding to significances of 1 to 6 σ .

eνµν channels combined is 4.9 σ , and occurs at mH = 126.5 GeV
(3.8σ expected).

The significance of the excess is mildly sensitive to uncertain-
ties in the energy resolutions and energy scale systematic uncer-
tainties for photons and electrons; the effect of the muon energy
scale systematic uncertainties is negligible. The presence of these

8 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .

The statistical interpretation of the excess of events near mγ γ =
126.5 GeV in Fig. 4 is presented in Section 9.

6. H → W W (∗) → eνµν channel

The signature for this channel is two opposite-charge leptons
with large transverse momentum and a large momentum imbal-
ance in the event due to the escaping neutrinos. The dominant
backgrounds are non-resonant W W , tt̄ , and W t production, all of
which have real W pairs in the final state. Other important back-
grounds include Drell–Yan events (pp → Z/γ (∗) → ℓℓ) with Emiss

T
that may arise from mismeasurement, W + jets events in which
a jet produces an object reconstructed as the second electron or
muon, and W γ events in which the photon undergoes a con-
version. Boson pair production (W γ ∗/W Z (∗) and Z Z (∗)) can also
produce opposite-charge lepton pairs with additional leptons that
are not detected.

The analysis of the 8 TeV data presented here is focused on the
mass range 110 < mH < 200 GeV. It follows the procedure used
for the 7 TeV data, described in Ref. [106], except that more strin-
gent criteria are applied to reduce the W + jets background and
some selections have been modified to mitigate the impact of the
higher instantaneous luminosity at the LHC in 2012. In particular,
the higher luminosity results in a larger Drell–Yan background to
the same-flavour final states, due to the deterioration of the miss-
ing transverse momentum resolution. For this reason, and the fact
that the eµ final state provides more than 85% of the sensitivity of

the search, the same-flavour final states have not been used in the
analysis described here.

6.1. Event selection

For the 8 TeV H → W W (∗) → eνµν search, the data are se-
lected using inclusive single-muon and single-electron triggers.
Both triggers require an isolated lepton with pT > 24 GeV. Qual-
ity criteria are applied to suppress non-collision backgrounds such
as cosmic-ray muons, beam-related backgrounds, and noise in the
calorimeters. The primary vertex selection follows that described
in Section 4. Candidates for the H → W W (∗) → eνµν search are
pre-selected by requiring exactly two opposite-charge leptons of
different flavours, with pT thresholds of 25 GeV for the leading
lepton and 15 GeV for the sub-leading lepton. Events are classified
into two exclusive lepton channels depending on the flavour of the
leading lepton, where eµ (µe) refers to events with a leading elec-
tron (muon). The dilepton invariant mass is required to be greater
than 10 GeV.

The lepton selection and isolation have more stringent require-
ments than those used for the H → Z Z (∗) → 4ℓ analysis (see
Section 4), to reduce the larger background from non-prompt lep-
tons in the ℓνℓν final state. Electron candidates are selected using
a combination of tracking and calorimetric information [85]; the
criteria are optimised for background rejection, at the expense of
some reduced efficiency. Muon candidates are restricted to those
with matching MS and ID tracks [84], and therefore are recon-
structed over |η| < 2.5. The isolation criteria require the scalar
sums of the pT of charged particles and of calorimeter topolog-
ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %φmin, where %φmin is min(%φ, π

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %φ is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number

8 ATLAS Collaboration / Physics Letters B 716 (2012) 1–29

Fig. 4. The distributions of the invariant mass of diphoton candidates after all selec-
tions for the combined 7 TeV and 8 TeV data sample. The inclusive sample is shown
in (a) and a weighted version of the same sample in (c); the weights are explained
in the text. The result of a fit to the data of the sum of a signal component fixed to
mH = 126.5 GeV and a background component described by a fourth-order Bern-
stein polynomial is superimposed. The residuals of the data and weighted data with
respect to the respective fitted background component are displayed in (b) and (d).

a window containing Si , of a background-only fit to the data. The
values Si/Bi have only a mild dependence on mH .
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126.5 GeV in Fig. 4 is presented in Section 9.
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ical clusters within %R = 0.3 of the lepton direction (excluding
the lepton itself) each to be less than 0.12–0.20 times the lep-
ton pT. The exact value differs between the criteria for tracks and
calorimeter clusters, for both electrons and muons, and depends on
the lepton pT. Jet selections follow those described in Section 5.3,
except that the JVF is required to be greater than 0.5.

Since two neutrinos are present in the signal final state, events
are required to have large Emiss

T . Emiss
T is the negative vector sum

of the transverse momenta of the reconstructed objects, including
muons, electrons, photons, jets, and clusters of calorimeter cells
not associated with these objects. The quantity Emiss

T,rel used in this
analysis is required to be greater than 25 GeV and is defined as:
Emiss

T,rel = Emiss
T sin %φmin, where %φmin is min(%φ, π

2 ), and Emiss
T is

the magnitude of the vector Emiss
T . Here, %φ is the angle between

Emiss
T and the transverse momentum of the nearest lepton or jet

with pT > 25 GeV. Compared to Emiss
T , Emiss

T,rel has increased rejec-

tion power for events in which the Emiss
T is generated by a neutrino

in a jet or the mismeasurement of an object, since in those events
the Emiss

T tends to point in the direction of the object. After the lep-
ton isolation and Emiss

T,rel requirements that define the pre-selected
sample, the multijet background is negligible and the Drell–Yan
background is much reduced. The Drell–Yan contribution becomes
very small after the topological selections, described below, are ap-
plied.

The background rate and composition depend significantly on
the jet multiplicity, as does the signal topology. Without accom-
panying jets, the signal originates almost entirely from the ggF
process and the background is dominated by W W events. In con-
trast, when produced in association with two or more jets, the
signal contains a much larger contribution from the VBF process
compared to the ggF process, and the background is dominated by
tt̄ production. Therefore, to maximise the sensitivity to SM Higgs
events, further selection criteria depending on the jet multiplicity
are applied to the pre-selected sample. The data are subdivided
into 0-jet, 1-jet and 2-jet search channels according to the number
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Fig. 2. The distribution of the four-lepton invariant mass, m4ℓ , for the selected can-
didates, 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.

Table 3
The numbers of expected signal (mH = 125 GeV) and background events, together
with the numbers of observed events in the data, in a window of size ±5 GeV
around 125 GeV, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Signal Z Z (∗) Z + jets, tt̄ Observed

4µ 2.09 ± 0.30 1.12 ± 0.05 0.13 ± 0.04 6
2e2µ/2µ2e 2.29 ± 0.33 0.80 ± 0.05 1.27 ± 0.19 5
4e 0.90 ± 0.14 0.44 ± 0.04 1.09 ± 0.20 2

(±2.3%/±7.6%) for m4ℓ = 115 GeV. The uncertainty on the electron
energy scale results in an uncertainty 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 signal are de-
scribed in detail in Section 8. For the SM Z Z (∗) background, which
is estimated from MC simulation, 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 initiated by
quarks (gluons) [53]. In addition, the dependence of these uncer-
tainties on the four-lepton invariant mass spectrum has been taken
into account as discussed in Ref. [53]. Though a small excess of
events is observed for m4l > 160 GeV, the measured Z Z (∗) → 4ℓ
cross section [93] is consistent with the SM theoretical predic-
tion. The impact of not using the theoretical constraints on the
Z Z (∗) 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 interference between a Higgs signal and the non-
resonant gg → Z Z (∗) background is small and becomes negligible
for mH < 2mZ [94].

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 observed and expected events in
a window of ±5 GeV around mH = 125 GeV are presented for the
combined 7 TeV and 8 TeV data in Table 3. The distribution of the
m34 versus m12 invariant mass is shown in Fig. 3. The statistical
interpretation of the excess of events near m4ℓ = 125 GeV in Fig. 2
is presented in Section 9.

Fig. 3. Distribution of the m34 versus the m12 invariant mass, before the applica-
tion of the Z -mass constrained kinematic fit, for the selected candidates in the m4ℓ

range 120–130 GeV. The expected distributions for a SM Higgs with mH = 125 GeV
(the sizes of the boxes indicate the relative density) and for the total background
(the intensity of the shading indicates the relative density) are also shown.

5. H → γ γ channel

The search for the SM Higgs boson through the decay H → γ γ
is performed in the mass range between 110 GeV and 150 GeV.
The dominant background is SM diphoton production (γ γ ); con-
tributions also come from γ + jet and jet + jet production with
one or two jets mis-identified as photons (γ j and j j) and from
the Drell–Yan process. The 7 TeV data have been re-analysed and
the results combined with those from the 8 TeV data. Among other
changes to the analysis, a new category of events with two jets
is introduced, which enhances the sensitivity to the VBF process.
Higgs boson events produced by the VBF process have two for-
ward jets, originating from the two scattered quarks, and tend to
be devoid of jets in the central region. Overall, the sensitivity of
the analysis has been improved by about 20% with respect to that
described in Ref. [95].

5.1. Event selection

The data used in this channel are selected using a diphoton
trigger [96], which requires two clusters formed from energy de-
positions in the electromagnetic calorimeter. An ET threshold of
20 GeV is applied to each cluster for the 7 TeV data, while for the
8 TeV data the thresholds are increased to 35 GeV on the lead-
ing (the highest ET) cluster and to 25 GeV on the sub-leading (the
next-highest ET) cluster. In addition, loose criteria are applied to
the shapes of the clusters to match the expectations for electro-
magnetic showers initiated by photons. The efficiency of the trigger
is greater than 99% for events passing the final event selection.

Events are required to contain at least one reconstructed ver-
tex with at least two associated tracks with pT > 0.4 GeV, as well
as two photon candidates. Photon candidates are reconstructed in
the fiducial region |η| < 2.37, excluding the calorimeter barrel/end-
cap transition region 1.37 ! |η| < 1.52. Photons that convert to
electron–positron pairs in the ID material can have one or two re-
constructed tracks matched to the clusters in the calorimeter. The
photon reconstruction efficiency is about 97% for ET > 30 GeV.

In order to account for energy losses upstream of the calorime-
ter and energy leakage outside of the cluster, MC simulation re-
sults are used to calibrate the energies of the photon candidates;
there are separate calibrations for unconverted and converted
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Table 5
The expected numbers of signal (mH = 125 GeV) and background events after all
selections, including a cut on the transverse mass of 0.75mH < mT < mH for mH =
125 GeV. The observed numbers of events in data are also displayed. The eµ and
µe channels are combined. The uncertainties shown are the combination of the
statistical and all systematic uncertainties, taking into account the constraints from
control samples. For the 2-jet analysis, backgrounds with fewer than 0.01 expected
events are marked with ‘–’.

0-jet 1-jet 2-jet

Signal 20 ± 4 5 ± 2 0.34 ± 0.07

W W 101 ± 13 12 ± 5 0.10 ± 0.14
W Z (∗)/Z Z/W γ (∗) 12 ± 3 1.9 ± 1.1 0.10 ± 0.10
tt̄ 8 ± 2 6 ± 2 0.15 ± 0.10
tW /tb/tqb 3.4 ± 1.5 3.7 ± 1.6 –
Z/γ ∗ + jets 1.9 ± 1.3 0.10 ± 0.10 –
W + jets 15 ± 7 2 ± 1 –

Total background 142 ± 16 26 ± 6 0.35 ± 0.18

Observed 185 38 0

generators. The potential impact of interference between resonant
(Higgs-mediated) and non-resonant gg → W W diagrams [116] for
mT > mH was investigated and found to be negligible. The ef-
fect of the W W normalisation, modelling, and shape systematics
on the total background yield is 9% for the 0-jet channel and
19% for the 1-jet channel. The uncertainty on the shape of the
total background is dominated by the uncertainties on the nor-
malisations of the individual backgrounds. The main uncertainties
on the top background in the 0-jet analysis include those asso-
ciated with interference effects between tt̄ and single top, initial
state an final state radiation, b-tagging, and JER. The impact on
the total background yield in the 0-jet bin is 3%. For the 1-jet
analysis, the impact of the top background on the total yield is
14%. Theoretical uncertainties on the W γ background normalisa-
tion are evaluated for each jet bin using the procedure described
in Ref. [117]. They are ±11% for the 0-jet bin and ±50% for the
1-jet bin. For W γ ∗ with mℓℓ < 7 GeV, a k-factor of 1.3 ± 0.3 is
applied to the MadGraph LO prediction based on the compari-
son with the MCFM NLO calculation. The k-factor for W γ ∗/W Z (∗)

with mℓℓ > 7 GeV is 1.5±0.5. These uncertainties affect mostly the
1-jet channel, where their impact on the total background yield is
approximately 4%.

6.4. Results

Table 5 shows the numbers of events expected from a SM
Higgs boson with mH = 125 GeV and from the backgrounds, as
well as the numbers of candidates observed in data, after appli-
cation of all selection criteria plus an additional cut on mT of
0.75mH < mT < mH . The uncertainties shown in Table 5 include
the systematic uncertainties discussed in Section 6.3, constrained
by the use of the control regions discussed in Section 6.2. An ex-
cess of events relative to the background expectation is observed
in the data.

Fig. 6 shows the distribution of the transverse mass after all
selection criteria in the 0-jet and 1-jet channels combined, and for
both lepton channels together.

The statistical analysis of the data employs a binned likelihood
function constructed as the product of Poisson probability terms
for the eµ channel and the µe channel. The mass-dependent cuts
on mT described above are not used. Instead, the 0-jet (1-jet) sig-
nal regions are subdivided into five (three) mT bins. For the 2-jet
signal region, only the results integrated over mT are used, due
to the small number of events in the final sample. The statistical
interpretation of the observed excess of events is presented in Sec-
tion 9.

Fig. 6. Distribution of the transverse mass, mT, in the 0-jet and 1-jet analyses with
both eµ and µe channels combined, for events satisfying all selection criteria. The
expected signal for mH = 125 GeV is shown stacked on top of the background
prediction. The W + jets background is estimated from data, and W W and top
background MC predictions are normalised to the data using control regions. The
hashed area indicates the total uncertainty on the background prediction.

7. Statistical procedure

The statistical procedure used to interpret the data is described
in Refs. [17,118–121]. The parameter of interest is the global sig-
nal strength factor µ, which acts as a scale factor on the total
number of events predicted by the Standard Model for the Higgs
boson signal. This factor is defined such that µ = 0 corresponds
to the background-only hypothesis and µ = 1 corresponds to the
SM Higgs boson signal in addition to the background. Hypothe-
sised values of µ are tested with a statistic λ(µ) based on the
profile likelihood ratio [122]. This test statistic extracts the infor-
mation on the signal strength from a full likelihood fit to the data.
The likelihood function includes all the parameters that describe
the systematic uncertainties and their correlations.

Exclusion limits are based on the C Ls prescription [123]; a
value of µ is regarded as excluded at 95% CL when C Ls is less than
5%. A SM Higgs boson with mass mH is considered excluded at 95%
confidence level (CL) when µ = 1 is excluded at that mass. The sig-
nificance of an excess in the data is first quantified with the local
p0, the probability that the background can produce a fluctuation
greater than or equal to the excess observed in data. The equiva-
lent formulation in terms of number of standard deviations, Zl , is
referred to as the local significance. The global probability for the
most significant excess to be observed anywhere in a given search
region is estimated with the method described in Ref. [124]. The
ratio of the global to the local probabilities, the trials factor used
to correct for the “look elsewhere” effect, increases with the range
of Higgs boson mass hypotheses considered, the mass resolutions
of the channels involved in the combination, and the significance
of the excess.

The statistical tests are performed in steps of values of the
hypothesised Higgs boson mass mH . The asymptotic approxima-
tion [122] upon which the results are based has been validated
with the method described in Ref. [17].

The combination of individual search sub-channels for a specific
Higgs boson decay, and the full combination of all search chan-
nels, are based on the global signal strength factor µ and on the
identification of the nuisance parameters that correspond to the
correlated sources of systematic uncertainty described in Section 8.

8. Correlated systematic uncertainties

The individual search channels that enter the combination are
summarised in Table 6.
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Table 7
Characterisation of the excess in the H → Z Z (∗) → 4ℓ, H → γ γ and H → W W (∗) → ℓνℓν channels and the combination of all channels listed in Table 6. The mass value
mmax for which the local significance is maximum, the maximum observed local significance Zl and the expected local significance E(Zl) in the presence of a SM Higgs
boson signal at mmax are given. The best fit value of the signal strength parameter µ̂ at mH = 126 GeV is shown with the total uncertainty. The expected and observed mass
ranges excluded at 95% CL (99% CL, indicated by a *) are also given, for the combined

√
s = 7 TeV and

√
s = 8 TeV data.

Search channel Dataset mmax [GeV] Zl [σ ] E(Zl) [σ ] µ̂(mH = 126 GeV) Expected exclusion [GeV] Observed exclusion [GeV]

H → Z Z (∗) → 4ℓ 7 TeV 125.0 2.5 1.6 1.4 ± 1.1
8 TeV 125.5 2.6 2.1 1.1 ± 0.8
7 & 8 TeV 125.0 3.6 2.7 1.2 ± 0.6 124–164, 176–500 131–162, 170–460

H → γ γ 7 TeV 126.0 3.4 1.6 2.2 ± 0.7
8 TeV 127.0 3.2 1.9 1.5 ± 0.6
7 & 8 TeV 126.5 4.5 2.5 1.8 ± 0.5 110–140 112–123, 132–143

H → W W (∗) → ℓνℓν 7 TeV 135.0 1.1 3.4 0.5 ± 0.6
8 TeV 120.0 3.3 1.0 1.9 ± 0.7
7 & 8 TeV 125.0 2.8 2.3 1.3 ± 0.5 124–233 137–261

Combined 7 TeV 126.5 3.6 3.2 1.2 ± 0.4
8 TeV 126.5 4.9 3.8 1.5 ± 0.4

7 & 8 TeV 126.5 6.0 4.9 1.4 ± 0.3
110–582 111–122, 131–559
113–532 (*) 113–114, 117–121, 132–527 (*)

uncertainties, evaluated as described in Ref. [138], reduces the lo-
cal significance to 5.9σ .

The global significance of a local 5.9σ excess anywhere in the
mass range 110–600 GeV is estimated to be approximately 5.1σ ,
increasing to 5.3 σ in the range 110–150 GeV, which is approxi-
mately the mass range not excluded at the 99% CL by the LHC com-
bined SM Higgs boson search [139] and the indirect constraints
from the global fit to precision electroweak measurements [12].

9.3. Characterising the excess

The mass of the observed new particle is estimated using the
profile likelihood ratio λ(mH ) for H → Z Z (∗) → 4ℓ and H → γ γ ,
the two channels with the highest mass resolution. The signal
strength is allowed to vary independently in the two channels,
although the result is essentially unchanged when restricted to
the SM hypothesis µ = 1. The leading sources of systematic un-
certainty come from the electron and photon energy scales and
resolutions. The resulting estimate for the mass of the observed
particle is 126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.

The best-fit signal strength µ̂ is shown in Fig. 7(c) as a function
of mH . The observed excess corresponds to µ̂ = 1.4 ± 0.3 for mH =
126 GeV, which is consistent with the SM Higgs boson hypothesis
µ = 1. A summary of the individual and combined best-fit values
of the strength parameter for a SM Higgs boson mass hypothesis
of 126 GeV is shown in Fig. 10, while more information about the
three main channels is provided in Table 7.

In order to test which values of the strength and mass of a
signal hypothesis are simultaneously consistent with the data, the
profile likelihood ratio λ(µ,mH ) is used. In the presence of a
strong signal, it will produce closed contours around the best-fit
point (µ̂,m̂H ), while in the absence of a signal the contours will
be upper limits on µ for all values of mH .

Asymptotically, the test statistic −2 ln λ(µ,mH ) is distributed as
a χ2 distribution with two degrees of freedom. The resulting 68%
and 95% CL contours for the H → γ γ and H → W W (∗) → ℓνℓν
channels are shown in Fig. 11, where the asymptotic approxima-
tions have been validated with ensembles of pseudo-experiments.
Similar contours for the H → Z Z (∗) → 4ℓ channel are also shown
in Fig. 11, although they are only approximate confidence intervals
due to the smaller number of candidates in this channel. These
contours in the (µ,mH ) plane take into account uncertainties in
the energy scale and resolution.

The probability for a single Higgs boson-like particle to pro-
duce resonant mass peaks in the H → Z Z (∗) → 4ℓ and H → γ γ

Fig. 10. Measurements of the signal strength parameter µ for mH = 126 GeV for the
individual channels and their combination.

Fig. 11. Confidence intervals in the (µ,mH ) plane for the H → Z Z (∗) → 4ℓ, H →
γ γ , and H → W W (∗) → ℓνℓν channels, including all systematic uncertainties.
The markers indicate the maximum likelihood estimates (µ̂,m̂H ) in the corre-
sponding channels (the maximum likelihood estimates for H → Z Z (∗) → 4ℓ and
H → W W (∗) → ℓνℓν coincide).

channels separated by more than the observed mass difference, al-
lowing the signal strengths to vary independently, is about 8%.

The contributions from the different production modes in the
H → γ γ channel have been studied in order to assess any ten-
sion between the data and the ratios of the production cross

discovered in the bosonic decay channels
 γγ low S/B but optimum invariant mass resolution, WW better 
S/B but poor mass resolution, ZZ optimum mass resolution 
and very high S/B, but low event yield

Phys. Lett. B 716 (2012) 1
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corresponding to a 0.7σ compatibility with the SM pre-
diction (μ ¼ 1). Figure 16 shows the best fit value of μ as a
function of mH when mass scale systematic uncertainties
are included in or excluded from the fit. The figure
illustrates that when the mass scale systematic uncertainties

are taken into account, the mass region compatible with the
peak position is broadened. Only a slight dependence of μ
on mH in the region compatible with the value of the Higgs
boson mass measured by ATLAS mH ¼ 125.4" 0.4 GeV
is seen. This is also a consequence of the small variation of
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FIG. 14 (color online). Diphoton invariant mass spectra observed in the 7-TeV and 8-TeV data in four groups of categories:
(a) untagged categories, which are dominated by ggF, (b) VBF categories, (c) VH and (d) tt̄H categories. In each plot the contribution
from the different categories in each group is weighted according to the S=B ratio in each category. The errors bars represent 68%
confidence intervals of the weighted sums. The solid red line shows the fitted signal plus background model when the Higgs boson mass
is fixed at mH ¼ 125.4 GeV. The background component of each fit is shown with a dotted blue line. Both the signal plus background
and background-only curves reported here are obtained from the sum of the individual curves in each category weighted by their signal-
to-background ratio. The bottom plot in each figure shows the data relative to the background component of the fitted model.
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by still fixing both μtH and μbb̄H to 1 and profiling3 the
remaining signal strengths μZH, μWH, and μtt̄H. The best-fit
values of μggF and μVBF and the 68% and 95% C.L.
contours are shown in Fig. 20.
Compared with the measured tt̄H signal strength param-

eter μtt̄H ¼ 1.3þ2.5
−1.7ðstatÞþ0.8

−0.4ðsystÞ in Ref. [96], μtt̄H

measured in this analysis profits from the contribution of
tt̄H events in other categories such as VH Emiss

T and VH
one-lepton. In addition, in this measurement the other
contributions to the signal strength are profiled, whereas
they are fixed at the SM predictions in Ref. [96].
As mentioned in the introduction, in order to test the

production through VBF and associated production with a
W or Z boson or a tt̄ pair, independently of the H → γγ
branching ratio, the ratios μVBF=μggF, μVH=μggF, and
μtt̄H=μggF are fitted separately by fixing μtH and μbb̄H to
1 and profiling the remaining signal strengths. The mea-
sured ratios

μVBF=μggF ¼ 0.6þ0.8
−0.5 ;

μVH=μggF ¼ 0.6þ1.1
−0.6 ;

μtt̄H=μggF ¼ 1.2þ2.2
−1.4 ;

although not significantly different from zero, are consis-
tent with the SM predictions of 1.0. Likelihood scans of
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FIG. 21 (color online). Measurements of the μVBF=μggF,
μVH=μggF and μtt̄H=μggF ratios and their total errors for a Higgs
boson mass mH ¼ 125.4 GeV. For a more complete illustration,
the log-likelihood curves from which the total uncertainties are
extracted are also shown: the best-fit values are represented by the
solid vertical lines, with the total %1σ and %2σ uncertainties
indicated by the dark- and light-shaded band, respectively. The
likelihood curve and uncertainty bands for μVH=μggF stop at zero
because below this the hypothesized signal plus background mass
distribution in the VH dilepton channel becomes negative
(unphysical) for some mass in the fit range.
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FIG. 19 (color online). Measured signal strengths, for a Higgs
boson of mass mH ¼ 125.4 GeV decaying via H → γγ, of the
different Higgs boson production modes and the combined signal
strength μ obtained with the combination of the 7-TeV and 8-TeV
data. The vertical dashed line at μ ¼ 1 indicates the SM expect-
ation. The vertical dashed line at the left end of the μZH result
indicates the limit below which the fitted signal plus background
mass distribution becomes negative for some mass in the fit range.
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FIG. 20. The two-dimensional best-fit value of (μVBF, μggF) for
a Higgs boson of mass mH ¼ 125.4 GeV decaying via H → γγ
when fixing both μtH and μbb̄H to 1 and profiling all the other
signal strength parameters. The 68% and 95% C.L. contours are
shown with the solid and dashed lines, respectively. The result is
obtained for mH ¼ 125.4 GeV and the combination of the 7-TeV
and 8-TeV data.

3Profiling here means maximizing the likelihood with respect
to all parameters apart from the parameters of interest μggF and
μVBF.
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Signal strength summary

Observation in one single channel: 

   4.6 σ expected 
   5.2 σ  observed 

Low sensitivity to production modes 
other than ggF

Phys. Rev. D90, 112015 
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h→ZZ→4l Run1 observation

the cross sections for the different processes arise mainly
from the requirement on the jet multiplicity used in the
event categorization [102,103]. Because of event migra-
tions, this also affects the VH-leptonic enriched and ggF

enriched categories, where no explicit requirement on jets
is applied. The uncertainty accounting for a potential
mismodeling of the underlying event is conservatively
estimated with Z → μμ simulated events by applying the

TABLE XI. The number of events expected and observed for amH ¼ 125 GeV hypothesis for the four-lepton final states in a window
of 120 < m4l < 130 GeV. The second column shows the number of expected signal events for the full mass range, without a selection
on m4l. The other columns show for the 120–130 GeV mass range the number of expected signal events, the number of expected ZZ"

and reducible background events, and the signal-to-background ratio (S=B), together with the number of observed events, for 4.5 fb−1 atffiffiffi
s

p
¼ 7 TeV and 20.3 fb−1 at

ffiffiffi
s

p
¼ 8 TeV as well as for the combined sample.

Final state Signal full mass range Signal ZZ" Z þ jets, tt̄ S=B Expected Observed
ffiffiffi
s

p
¼ 7 TeV

4μ 1.00$ 0.10 0.91$ 0.09 0.46$ 0.02 0.10$ 0.04 1.7 1.47$ 0.10 2
2e2μ 0.66$ 0.06 0.58$ 0.06 0.32$ 0.02 0.09$ 0.03 1.5 0.99$ 0.07 2
2μ2e 0.50$ 0.05 0.44$ 0.04 0.21$ 0.01 0.36$ 0.08 0.8 1.01$ 0.09 1
4e 0.46$ 0.05 0.39$ 0.04 0.19$ 0.01 0.40$ 0.09 0.7 0.98$ 0.10 1
Total 2.62$ 0.26 2.32$ 0.23 1.17$ 0.06 0.96$ 0.18 1.1 4.45$ 0.30 6ffiffiffi

s
p

¼ 8 TeV
4μ 5.80$ 0.57 5.28$ 0.52 2.36$ 0.12 0.69$ 0.13 1.7 8.33$ 0.6 12
2e2μ 3.92$ 0.39 3.45$ 0.34 1.67$ 0.08 0.60$ 0.10 1.5 5.72$ 0.37 7
2μ2e 3.06$ 0.31 2.71$ 0.28 1.17$ 0.07 0.36$ 0.08 1.8 4.23$ 0.30 5
4e 2.79$ 0.29 2.38$ 0.25 1.03$ 0.07 0.35$ 0.07 1.7 3.77$ 0.27 7
Total 15.6$ 1.6 13.8$ 1.4 6.24$ 0.34 2.00$ 0.28 1.7 22.1$ 1.5 31ffiffiffi

s
p

¼ 7 TeV and
ffiffiffi
s

p
¼ 8 TeV

4μ 6.80$ 0.67 6.20$ 0.61 2.82$ 0.14 0.79$ 0.13 1.7 9.81$ 0.64 14
2e2μ 4.58$ 0.45 4.04$ 0.40 1.99$ 0.10 0.69$ 0.11 1.5 6.72$ 0.42 9
2μ2e 3.56$ 0.36 3.15$ 0.32 1.38$ 0.08 0.72$ 0.12 1.5 5.24$ 0.35 6
4e 3.25$ 0.34 2.77$ 0.29 1.22$ 0.08 0.76$ 0.11 1.4 4.75$ 0.32 8
Total 18.2$ 1.8 16.2$ 1.6 7.41$ 0.40 2.95$ 0.33 1.6 26.5$ 1.7 37
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FIG. 13 (color online). The distribution of the four-lepton invariant mass, m4l, for the selected candidates (filled circles) compared to
the expected signal and background contributions (filled histograms) for the combined

ffiffiffi
s

p
¼ 7 TeV and

ffiffiffi
s

p
¼ 8 TeV data for the mass

ranges: (a) 80–170 GeV, and (b) 80–600 GeV. The signal expectation shown is for a mass hypothesis ofmH ¼ 125 GeV and normalized
to μ ¼ 1.51 (see text). The expected backgrounds are shown separately for the ZZ" (red histogram), and the reducible Z þ jets and tt̄
backgrounds (violet histogram); the systematic uncertainty associated to the total background contribution is represented by the hatched
areas.
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120 < m4l < 130 GeV are corrected for FSR: one 4μ
event and one 2μ2e are corrected for noncollinear FSR,
and one 2μ2e event is corrected for collinear FSR. In the
full mass spectrum, there are 8 (2) events corrected for
collinear (noncollinear) FSR, in good agreement with the
expected number of 11 events.

The expectedm4l distribution for the backgrounds and the
signal hypothesis are compared with the combined

ffiffiffi
s

p
¼

7 TeV and
ffiffiffi
s

p
¼ 8 TeV data in Fig. 13 for the m4l range

80–170 GeV, and in Fig. 13(b) for the invariant mass range
80–600 GeV. In Fig. 13 one observes the single Z → 4l
resonance [104,105], the threshold of the ZZ production
above 180 GeV and a narrow peak around 125 GeV.
Figure 14 shows the distribution of the m12 versus m34

invariant masses, as well as their projections, for the
candidates with m4l within 120–130 GeV. The Z-mass
constrained kinematic fit is not applied for these distribu-
tions. The Higgs signal is shown for mH ¼ 125 GeV with a
value of μ ¼ 1.51, corresponding to the combined μ meas-
urement for the H → ZZ" → 4l final state, discussed below
in Sec. X B, scaled to this mass by the expected variation in
the SM Higgs boson cross section times branching ratio.
The distribution of the BDTZZ" output versus m4l is

shown in Fig. 15(a) for the reconstructed candidates with
m4l within the fitted mass range 110–140 GeV. An excess
of events with high-BDTZZ" output is present for values of
m4l close to 125 GeV, compatible with the Higgs signal
hypothesis at that mass. The compatibility of the data with
the expectations shown in Fig. 15(a) is checked using
pseudoexperiments generated according to the expected
two-dimensional distribution and good agreement is found.
Figure 15(b) shows the distribution of the BDTZZ" output
for the candidates in them4l range 120–130 GeV compared
with signal and background expectations. In Fig. 15(c) the
distribution of the invariant mass of the four leptons is
presented for candidates satisfying the requirement that the
value of the BDTZZ" output be greater than zero, which
maximizes the expected significance for a SM Higgs boson
with a mass of about 125 GeV.
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are shown separately as red and blue solid lines, respectively. The
dashed curves show the expected median of the local p0-value for
the signal hypothesis with signal strength μ ¼ 1, when evaluated
at the correspondingmH . The horizontal dot-dashed lines indicate
the p0-values corresponding to local significances of 1–8σ.
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FIG. 17 (color online). (a) The 68% and 95% confidence level (CL) contours in the μ-mH plane for the inclusive analysis. (b) The
profile likelihood as a function of the inclusive signal strength μ for the individual channels (4e, green line; 4μ, blue line; 2e2μ, red line;
2μ2e, yellow line) as well as for their combination (black lines); the scan for the combination of all channels is shown both with (solid
line) and without (dashed line) systematic uncertainties. The value ofmH is fixed to 125.36 GeV while all the other nuisance parameters
are profiled in the fit. In every case, the combination of the 7 and 8 TeV results is shown.
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• very clean signal signature with  S/B > 1 

• double-resonant and continuum background well 
modelled, extreme evidence of the signal peak in the 
125 GeV mass range 

• signal yield a bit underpredicted (or data upper 
fluctuating)

h
Z

Z

l+

l-
l +

l -
selection requirement for the event to be classified in the
VH-hadronic enriched category, as discussed in Sec. V B.
In both cases the same five discriminating variables are
used. In order of decreasing separation power between the
two production modes, the variables are (a) invariant mass
of the dijet system, (b) pseudorapidity separation between
the two jets (jΔηjjj), (c) transverse momentum of each jet,
and (d) pseudorapidity of the leading jet.
For the training of the BDT discriminant, fully simulated

four-leptonHiggsboson signal events produced throughggF
and VBF production and hadronically decaying vector
boson events for VH production are used. The distributions
of these variables for BDTVBF are presented in Figs. 9(a)–
9(e), where all the expected features of the VBF production
of a Higgs boson can be seen: the dijet system has a high
invariant mass and the two jets are emitted in opposite

high-jηj regions with a considerable Δη separation between
them. The jets of ggF events, on the other hand, are more
centrally produced and have a smaller invariant mass andΔη
separation.The separationbetweenVBFandggFcanbeseen
in the output of BDTVBF in Fig. 9(f), where the separation
between VBF and ZZ! is found to be similar. The output of
BDTVBF is unchanged for various mass points around the
main training mass of mH ¼ 125 GeV. For variables enter-
ing the BDTVH discriminant, the invariant mass of the dijet
system, which peaks at the Z mass, exhibits the most
important difference between ggF and VH production
modes. The other variables have less separation power.
The corresponding separation for BDTVH is shown in
Fig. 10. As described in Sec. V B, theVH-hadronic enriched
category applies a selection on the BDTVH discriminant
(< −0.4) which optimizes the signal significance.
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FIG. 8 (color online). Distributions for signal (blue) and ZZ! background (red) events, showing (a) DZZ! output, (b) p4l
T and (c) η4l

after the inclusive analysis selection in the mass range 115 < m4l < 130 GeV used for the training of the BDTZZ! classifier. (d) BDTZZ!

output distribution for the signal (blue) and ZZ! background (red) in the mass range 115 < m4l < 130 GeV. All histograms are
normalized to the same area.
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BDT exploits the spin-0 angular structure of the 
signal respect to the background:pT4l, η4l, DZZ’

the track isolation and impact parameter significance
selections. The corresponding distribution for the llþ
ee background comes from the 3lþ X sample, after
reweighting with the transfer factor to match the kinematics
of the signal region. The uncertainty in the llþ ee
background shape is taken as the difference between the
shapes obtained from the control regions of the two other
methods: transfer factor and reco-truth. The estimates in the
120 < m4l < 130 GeV mass window are provided in
Table XI. Figure 7 presents the m12 and m34 distributions
for the llþ μμ and llþ ee control regions where the full
selection has been applied except for subleading lepton
impact parameter significance and isolation requirements,
which are not applied. Good agreement is seen between the
data and the sum of the various background estimates. The
shape of the background in the m4l distribution extrapo-
lated to the signal region can be seen in Fig. 13.

D. Background for categories

For the reducible background, the fraction of back-
ground in each category is evaluated using simulation.
Applying these fractions to the background estimates from
Tables V and VII gives the reducible background estimates
per category shown in Table VIII. The systematic uncer-
tainties include the differences observed between the
fractions obtained from simulation and those from the
reducible background data control regions. The expected
ZZ" background evaluated from simulation for each
category is given in Table XII. To obtain the reducible
background in the signal region, the shapes of the m4l
distributions for the reducible backgrounds discussed in
Sec. VI C are used.

VII. MULTIVARIATE DISCRIMINANTS

The analysis sensitivity is improved by employing three
multivariate discriminants to distinguish between the differ-
ent classes of four-lepton events: one to separate the Higgs
boson signal from the ZZ" background in the inclusive
analysis, and two to separate the VBF- and VH-produced
Higgs boson signal from the ggF-produced Higgs boson
signal in the VBF enriched and VH-hadronic enriched
categories. These discriminants are based on boosted
decision trees (BDT) [95].

A. BDT for ZZ" background rejection

The differences in the kinematics of the H → ZZ" → 4l
decay and the ZZ" background are incorporated into a BDT
discriminant (BDTZZ"). The training is done using fully
simulated H → ZZ" → 4l signal events, generated with
mH ¼ 125 GeV for ggF production, and qq → ZZ" back-
ground events. Only events satisfying the inclusive event
selection requirements and with 115 < m4l < 130 GeV
are considered. This range contains 95% of the signal and
is asymmetric around 125 GeV to include the residual
effects of FSR and bremsstrahlung. The discriminating
variables used in the training are the transverse momentum
of the four-lepton system (p4l

T ); the pseudorapidity of the
four-lepton system (η4l), correlated to the p4l

T ; and a
matrix-element-based kinematic discriminant (DZZ"). The
discriminant DZZ" is defined as

DZZ" ¼ ln
!jMsigj2

jMZZj2

"
; ð1Þ

whereMsig corresponds to the matrix element for the signal
process, while MZZ is the matrix element for the ZZ"

background process. The matrix elements for both signal
and background are computed at leading order using
MADGRAPH5 [96]. The matrix element for the signal is
evaluated according to the SM hypothesis of a scalar boson
with spin-parity JP ¼ 0þ [7] and under the assumption that
mH ¼ m4l. Figures 8(a)–8(c) show the distributions of the
variablesused to train theBDTZZ" classifier for the signal and
the ZZ" background. The separation between a SM Higgs
signal and the ZZ" background can be seen in Fig. 8(d).
As discussed in Sec. VIII, the BDTZZ" output is

exploited in the two-dimensional model built to measure
the Higgs boson mass, the inclusive signal strength and the
signal strength in the ggF enriched category.

B. BDT for categorization

For event categorization, two separate BDT classifiers
were developed to discriminate against ggF production: one
for VBF production (BDTVBF) and another for the vector
boson hadronic decays of VH production (BDTVH). In the
first case the BDT output is used as an observable together
withm4l in a maximum likelihood fit for the VBF category,
while in the latter case the BDT output value is used as a

TABLE VIII. Summary of the background estimates for the data recorded at
ffiffiffi
s

p
¼ 7 TeV and

ffiffiffi
s

p
¼ 8 TeV for

the full m4l mass range. The quoted uncertainties include the combined statistical and systematic components.

Channel ggF enriched VBF enriched VH-hadronic enriched VH-leptonic enriched
ffiffiffi
s

p
¼ 7 TeV

llþ μμ 0.98& 0.32 0.12& 0.08 0.04& 0.02 0.004& 0.004
llþ ee 5.5& 1.2 0.51& 0.6 0.20& 0.16 0.06& 0.11ffiffiffi

s
p

¼ 8 TeV
llþ μμ 6.7& 1.4 0.6& 0.6 0.21& 0.13 0.003& 0.003
llþ ee 5.1& 1.4 0.5& 0.6 0.19& 0.15 0.06& 0.11
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radiation is underestimated, resulting in an apparent
imbalance of transverse momentum in the event. To further
suppress such mismeasured DY events, jets with
pj
T > 10 GeV, within a π=2 wedge in ϕ (noted as ∧)

centered on −pll
T , are used to define a fractional jet recoil

relative to the dilepton transverse momentum:

frecoil ¼
!!!!
X

jets j in∧
JVFj · p

j
T

!!!!

"
pll
T : ð4Þ

The jet transverse momenta are weighted by their asso-
ciated JVF value to suppress the contribution from jets
originating from pile-up interactions. Jets with no associ-
ated tracks are assigned a weight of 1. The frecoil distri-
bution is shown in Fig. 7(d); a requirement of frecoil < 0.1
reduces the residual DY background in the ee=μμ sample
by a factor of 7.
The expected signal and background yields at each stage

of selection are shown in Table V, together with the
observed yields. At the final stage, the table also shows
the event yields in the range 3

4mH < mT < mH where most
of the signal resides. ThismT selection is not used to extract
the final results, but nicely illustrates the expected signal-
to-background ratios in the different categories.

B. nj ¼ 1 category

The one-jet requirement significantly increases the top-
quark background. Since top quarks decay to Wb, events
with jets with pT > 20 GeV are rejected if they are

identified as containing a b-quark [nb ¼ 0, see Fig. 6(c)].
After this requirement, the WW and the DY background
processes are dominant in the sample, as shown in Table VI.
In the case of the eμ sample, a requirement is applied to

the transverse mass defined for a single lepton li:

mli
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pli

T · pmiss
T · ð1 − cosΔϕÞ

q
; ð5Þ

where Δϕ is the angle between the lepton transverse
momentum and pmiss

T . This quantity tends to have small
values for the DY background and large values for the
signal process. It also has small values for multijet
production, where misidentified leptons are frequently
measured with energy lower than the jets from which they
originate. The ml

T distribution, chosen to be the larger of
ml1

T or ml2
T , is presented in Fig. 8(a), and shows a clear

difference in shape between the DY and multijet back-
grounds, which lie mostly at low values of ml

T, and the
other background processes. Thus, both the DY and multi-
jet processes are substantially reduced with a requirement
of ml

T > 50 GeV in the eμ sample.
The requirement of a jet allows for improved rejection of

the Z=γ$ → ττ background. Using the direction of the
measured missing transverse momentum, the mass of the
τ-lepton pair can be reconstructed using the so-called
collinear approximation [63]. A requirement of mττ <
mZ − 25 GeV significantly reduces the remaining DY
contribution in the eμ sample, as can be seen in Fig. 8(b).
The remaining selection criteria (pmiss ðtrkÞ

T;rel , frecoil, mll,
Δϕll) are the same as in the nj ¼ 0 category, except that
pllT is replaced with the magnitude of plljT ¼ pllT þ pjT in
the calculation of frecoil, and the pmiss ðtrkÞ

T;rel threshold is
reduced to 35 GeV. The mll and Δϕll distributions are
shown in Figs. 8(c) and 8(d), respectively. Differences
between the shapes of the signal or WW processes and the
Z=γ$ background processes are more apparent in the Δϕll
distribution of the eμþ ee=μμ events than of the eμ events.

C. VBF-enriched nj ≥ 2 category

The nj ≥ 2 sample contains signal events produced by
both the VBF and ggF production mechanisms. This
section focuses on the former; the next section focuses
on the latter.
The sample is analyzed using a boosted decision tree

multivariate method [16] that considers VBF Higgs boson
production as signal and the rest of the processes as
background, including ggF Higgs boson production. A
cross-check analysis is performed using sequential selec-
tions on some of the variables that are used as inputs to the
BDT. Table VII shows the sample composition after each of
the selection requirements in the cross-check analysis. For
the WW and Z=γ$ → ττ backgrounds, the table separates
contributions from events with jets from QCD vertices and
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See Fig. 5 for plotting details.
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go in the direction of 
the spin. The anti-
lepton opposite to it).

contribution to the zero-jet category but represents a
significant fraction of the total background in categories
with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and
“ggF-enriched”). The VBF process is characterized by
two quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These and
other event properties are inputs to a boosted decision tree
(BDT) algorithm [16] that yields a single-valued discrimi-
nant to isolate the VBF process. A separate analysis based
on a sequence of individual selection criteria provides a
cross-check of the BDT analysis. The ggF-enriched sample
contains all events with two or more jets that do not pass
either of the VBF selections.
Due to the large Drell-Yan and top-quark backgrounds in

events with same-flavor leptons or with jets, the most
sensitive signal region is in the eμ zero-jet final state. The
dominant background to this category is WW production,
which is effectively suppressed by exploiting the properties
of W boson decays and the spin-0 nature of the Higgs
boson (Fig. 3). This property generally leads to a lepton
pair with a small opening angle [17] and a correspondingly
low invariant mass mll, broadly distributed in the range
below mH=2. The dilepton invariant mass is used to select
signal events, and the signal likelihood fit is performed in
two ranges of mll in eμ final states with nj ≤ 1.
Other background components are distinguished by pl2

T ,
the magnitude of the transverse momentum of the lower-pT

lepton in the event (the “subleading” lepton). In the signal
process, one of the W bosons from the Higgs boson decay
is off shell, resulting in relatively low subleading lepton pT
(peaking near 22 GeV, half the difference between the
Higgs and W boson masses). In the background from W
bosons produced in association with a jet or photon
(misreconstructed as a lepton) or an off-shell photon
producing a low-mass lepton pair (where one lepton is
not reconstructed), the pl2

T distribution falls rapidly with
increasing pT. The eμ sample is therefore subdivided into
three regions of subleading lepton pT for nj ≤ 1. The jet
and photon misidentification rates differ for electrons and
muons, so this sample is further split by subleading lepton
flavor.
Because of the neutrinos produced in the signal process,

it is not possible to fully reconstruct the invariant mass of
the final state. However, a “transverse mass”mT [18] can be
calculated without the unknown longitudinal neutrino
momenta:

mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEll

T þ pνν
T Þ2 − jpllT þ pννT j2

q
; ð1Þ

where Ell
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpll

T Þ2 þ ðmllÞ2
p

, pννT (pllT ) is the vector
sum of the neutrino (lepton) transverse momenta, and pνν

T
(pll

T ) is its modulus. The distribution has a kinematic upper
bound at the Higgs boson mass, effectively separating
Higgs boson production from the dominant nonresonant
WW and top-quark backgrounds. For the VBF analysis, the
transverse mass is one of the inputs to the BDT distribution
used to fit for the signal yield. In the ggF and cross-check
VBF analyses, the signal yield is obtained from a direct fit
to the mT distribution for each category.
Most of the backgrounds are modeled using Monte Carlo

samples normalized to data, and include theoretical uncer-
tainties on the extrapolation from the normalization region

FIG. 2. Analysis divisions in categories based on jet multiplic-
ity (nj) and lepton-flavor samples (eμ and ee=μμ). The most
sensitive signal region for ggF production is nj ¼ 0 in eμ, while
for VBF production it is nj ≥ 2 in eμ. These two samples are
underlined. The eμ samples with nj ≤ 1 are further subdivided as
described in the text.

FIG. 3. Illustration of the H → WW decay. The small arrows
indicate the particles’ directions of motion and the large double
arrows indicate their spin projections. The spin-0 Higgs boson
decays toW bosons with opposite spins, and the spin-1W bosons
decay into leptons with aligned spins. TheH andW boson decays
are shown in the decaying particle’s rest frame. Because of the
V − A decay of the W bosons, the charged leptons have a small
opening angle in the laboratory frame. This feature is also present
when one W boson is off shell.
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h→WW*→lνlν categorisation and result

contribution to the zero-jet category but represents a
significant fraction of the total background in categories
with one or more jets.
In events with two or more jets, the sample is separated

by signal production process (“VBF-enriched” and
“ggF-enriched”). The VBF process is characterized by
two quarks scattered at a small angle, leading to two well-
separated jets with a large invariant mass [15]. These and
other event properties are inputs to a boosted decision tree
(BDT) algorithm [16] that yields a single-valued discrimi-
nant to isolate the VBF process. A separate analysis based
on a sequence of individual selection criteria provides a
cross-check of the BDT analysis. The ggF-enriched sample
contains all events with two or more jets that do not pass
either of the VBF selections.
Due to the large Drell-Yan and top-quark backgrounds in

events with same-flavor leptons or with jets, the most
sensitive signal region is in the eμ zero-jet final state. The
dominant background to this category is WW production,
which is effectively suppressed by exploiting the properties
of W boson decays and the spin-0 nature of the Higgs
boson (Fig. 3). This property generally leads to a lepton
pair with a small opening angle [17] and a correspondingly
low invariant mass mll, broadly distributed in the range
below mH=2. The dilepton invariant mass is used to select
signal events, and the signal likelihood fit is performed in
two ranges of mll in eμ final states with nj ≤ 1.
Other background components are distinguished by pl2

T ,
the magnitude of the transverse momentum of the lower-pT

lepton in the event (the “subleading” lepton). In the signal
process, one of the W bosons from the Higgs boson decay
is off shell, resulting in relatively low subleading lepton pT
(peaking near 22 GeV, half the difference between the
Higgs and W boson masses). In the background from W
bosons produced in association with a jet or photon
(misreconstructed as a lepton) or an off-shell photon
producing a low-mass lepton pair (where one lepton is
not reconstructed), the pl2

T distribution falls rapidly with
increasing pT. The eμ sample is therefore subdivided into
three regions of subleading lepton pT for nj ≤ 1. The jet
and photon misidentification rates differ for electrons and
muons, so this sample is further split by subleading lepton
flavor.
Because of the neutrinos produced in the signal process,

it is not possible to fully reconstruct the invariant mass of
the final state. However, a “transverse mass”mT [18] can be
calculated without the unknown longitudinal neutrino
momenta:

mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q
; ð1Þ
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T ¼
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ðpll

T Þ2 þ ðmllÞ2
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, pννT (pllT ) is the vector
sum of the neutrino (lepton) transverse momenta, and pνν

T
(pll

T ) is its modulus. The distribution has a kinematic upper
bound at the Higgs boson mass, effectively separating
Higgs boson production from the dominant nonresonant
WW and top-quark backgrounds. For the VBF analysis, the
transverse mass is one of the inputs to the BDT distribution
used to fit for the signal yield. In the ggF and cross-check
VBF analyses, the signal yield is obtained from a direct fit
to the mT distribution for each category.
Most of the backgrounds are modeled using Monte Carlo

samples normalized to data, and include theoretical uncer-
tainties on the extrapolation from the normalization region

FIG. 2. Analysis divisions in categories based on jet multiplic-
ity (nj) and lepton-flavor samples (eμ and ee=μμ). The most
sensitive signal region for ggF production is nj ¼ 0 in eμ, while
for VBF production it is nj ≥ 2 in eμ. These two samples are
underlined. The eμ samples with nj ≤ 1 are further subdivided as
described in the text.

FIG. 3. Illustration of the H → WW decay. The small arrows
indicate the particles’ directions of motion and the large double
arrows indicate their spin projections. The spin-0 Higgs boson
decays toW bosons with opposite spins, and the spin-1W bosons
decay into leptons with aligned spins. TheH andW boson decays
are shown in the decaying particle’s rest frame. Because of the
V − A decay of the W bosons, the charged leptons have a small
opening angle in the laboratory frame. This feature is also present
when one W boson is off shell.
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Figure 1. Tree-level Feynman diagrams of the V H(H!WW ⇤) topologies studied in this analysis:
(a) 4` channel (b) 3` channel (c) opposite-sign 2` channel and (d) same-sign 2` channel. For charged
lepton external lines, the directions of arrows refer to the superscripted sign. Relevant arrows are
assigned to the associated neutrino external lines.

tree-level Feynman diagrams of the studied processes, in which a Higgs boson is produced

in association with a weak boson.

Four channels are analysed, defined as follows:

(a) 4` channel (figure 1(a)): The leading contribution consists of a process in which a

virtual Z boson radiates a Higgs boson, which in turn decays to a W boson pair.

The decays of the weak bosons produce four charged leptons and two neutrinos in

the final state. The lepton pair with an invariant mass closest to the Z boson mass

is labelled as (`2, `3), while the remaining leptons are labelled as `0 and `1 and are

assumed to originate in the H!WW ⇤ decay. The main backgrounds to this channel

are non-resonant ZZ⇤ and ZWW ⇤ production.

(b) 3` channel (figure 1(b)): The leading contribution consists of a process in which a

virtual W boson radiates a Higgs boson, and the Higgs boson decays to a W boson

pair. All the weak bosons decay leptonically producing three charged leptons and

three neutrinos in the final state. The lepton with unique charge is labelled as `0,

the lepton closest to `0 in angle is labelled as `1, and the remaining lepton is labelled

2

W(Z)h

Electron identification is based on a likelihood technique
[23] that improves background rejection. An improved
definition of missing transverse momentum, pmiss

T based on
tracks, is introduced in the analysis since it is robust against
pile-up and provides improved resolution with respect to
the true value of missing transverse momentum.
Signal acceptance is increased by 75% (50%) in the

nj ¼ 0 (1) category. This is achieved by lowering the pl2
T

threshold to 10 GeV. Dilepton triggers are included in
addition to single lepton triggers, which allows reduction of
the pl1

T threshold to 22 GeV. The signal kinematic region in
the nj ≤ 1 categories is extended from 50 to 55 GeV. The
total signal efficiency, including all signal categories and
production modes, at 8 TeVand for a Higgs boson mass of
125.36 GeV increased from 5.3% to 10.2%.

Themethods used to estimate nearly all of the background
contributions in the signal region are improved. These
improvements lead to a better understanding of the normal-
izations and thus the systematic uncertainties. The rejection
of the top-quark background is improved by applying a veto
on b-jets with pT > 20 GeV, which is below the nominal
25 GeV threshold in the analysis. A new method of
estimating the jet b-tagging efficiency is used. It results
in the cancellation of theb-tagging uncertainties between the
top-quark control region and signal regions in the nj ¼ 1
categories. The Z=γ" → ττ background process is normal-
ized to the data in a dedicated high-statistics control region in
the nj ≤ 1 and nj ≥ 2 ggF-enriched categories. The VV
backgrounds are normalized to the data using a new control
region, based on a sample with two same-charge leptons.
Introducing this new control region results in the cancella-
tion of most of the theoretical uncertainties on the VV
backgrounds. The multijet background is now explicitly
estimated with an extrapolation factor method using a
sample with two anti-identified leptons. Its contribution is
negligible in the nj ≤ 1 category, but it is at the same level as
W þ jets background in the nj ≥ 2 ggF-enriched category.
A large number of improvements are applied to the estima-
tion of the W þ jets background, one of them being an
estimation of the extrapolation factor using Z þ jets instead
of dijet data events.
Signal yield uncertainties are smaller than in the previous

analysis. The uncertainties on the jet multiplicity distribu-
tion in the ggF signal sample, previously estimated with the
Stewart-Tackmann technique [80], are now estimated with
the jet-veto-efficiency method [79]. This method yields
more precise estimates of the signal rates in the exclusive
jet bins in which the analysis is performed.
The nj ≥ 2 sample is divided into VBF- and ggF-

enriched categories. The BDT technique, rather than a
selection-based approach, is used for the VBF category.
This improves the sensitivity of the expected VBF results
by 60% relative to the previously published analysis. The
ggF-enriched category is a new subcategory that targets
ggF signal production in this sample.
In summary, the analysis presented in this paper brings

a gain of 50% in the expected significance relative to the
previous published analysis [5].

IX. RESULTS AND INTERPRETATIONS

Combining the 2011 and 2012 data in all categories, a
clear excess of signal over the background is seen in
Fig. 35. The profile likelihood fit described in Sec. VII B is
used to search for a signal and characterize the production
rate in the ggF and VBF modes. Observation of the
inclusive Higgs boson signal, and evidence for the VBF
production mode, are established first. Following that, the
excess in data is characterized using the SM Higgs boson
as the signal hypothesis, up to linear rescalings of the
production cross sections and decay modes. Results include
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7 and 8 TeV data analyses. The plot in (b) shows the residuals of
the data with respect to the estimated background compared
to the expected distribution for an SM Higgs boson with
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p
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the observed signal strength μ from the likelihood fit to all
regions. Their normalizations also include effects from the pulls
of the nuisance parameters.
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Finally, Fig. 35(a) shows the combined mT distribution,
summed over the lepton-flavor samples and the nj ≤ 1
categories for the 7 and 8 TeV data analyses. To illustrate
the significance of the excess of events observed in data
with respect to the total background, the systematic
uncertainty on the signal is omitted. The uncertainty band
accounts for the correlations between the signal regions,
including between the 7 and 8 TeV data, and for the varying
size of the uncertainties as a function of mT. Figure 35(b)
shows the residuals of the data with respect to the total
estimated background compared to the expected mT dis-
tribution of a SM Higgs boson with mH ¼ 125 GeV scaled

by the observed combined signal strength (see Sec. IX).
The level of agreement observed in Fig. 35(b) between the
background-subtracted data and the expected Higgs boson
signal strengthens the interpretation of the observed excess
as a signal from Higgs boson decay.

C. Differences with respect to previous results

The analysis presented in this paper has better sensitivity
than the previous ATLAS analysis [5]. The most important
changes—described in detail below—include improvements
in the object identification, the signal acceptance, the back-
ground estimation and modeling, and the fit procedure.
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Figure 7. Distributions of relevant quantities for the 3` analyses using the 8 TeV data sample:
(a) “BDT Score” in the 3`-3SF and (b) in the 3`-1SFOS SRs, and (c) the angular separation in
R of the two opposite-sign leptons with smaller �R distance, �R`0`1 , in the 3`-0SFOS SR. The
distributions are shown with all the selections applied except for the one on the displayed variable.
Data (points) are compared to the background plus the V H(H!WW ⇤) (mH=125 GeV) signal
expectation (stacked filled histograms), where the background components are normalised by ap-
plying the normalisation factors shown in table 7. The hatched area on the histogram represents the
total uncertainty on the background estimate including the statistical and systematic uncertainties
added in quadrature.
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h→WW*→lνlν VBF evidence and couplings

The global likelihood can be evaluated as a function of
the ratio μVBF=μggF, with both signal strengths varied
independently. The result is illustrated in Fig. 39, which
has a best-fit value for the ratio of

μVBF
μggF

¼ 1.26þ0.61
−0.45ðstatÞ

þ0.50
−0.26ðsystÞ ¼ 1.26þ0.79

−0.53 : ð14Þ

The value of the likelihood at μVBF=μggF ¼ 0 can be
interpreted as the observed significance of the VBF
production process for mH ¼ 125.36 GeV, and corre-
sponds to 3.2 standard deviations; the expected significance
is 2.7 standard deviations. This establishes the evidence for
the VBF production mode in the H → WW% → lνlν final
state. The significance derived from testing the ratio
μVBF=μggF ¼ 0 is equivalent to the significance of testing
μVBF ¼ 0, though testing the ratio is conceptually advanta-
geous since the branching fraction cancels in this param-
eter, while it is implicit in μVBF.
This result was verified with the cross-check analysis

described in Sec. IV C, in which the multivariate discrimi-
nant is replaced with a series of event selection require-
ments motivated by the VBF topology. The expected and
observed significances at mH ¼ 125.36 GeV are 2.1 and
3.0 standard deviations, respectively. The compatibility of
the 8 TeV results from the cross-check and OBDT analyses

was checked with pseudoexperiments, considering the
statistical uncertainties only and fixing μggF to 1.0. With
those caveats, the probability that the difference in Z0

values is larger than the one observed is 79%, reflecting
good agreement.

C. Signal strength μ
The parameter μ is used to characterize the inclusive

Higgs boson signal strength as well as subsets of the signal
regions or individual production modes. First, the ggF and
VBF processes can be distinguished by using the normali-
zation parameter μggF for the signal predicted for the ggF
signal process, and μVBF for the signal predicted for the
VBF signal process. This can be done for a fit to any set of
the signal regions in the various categories. In addition, to
check that the measured value is consistent among catego-
ries, different subsets of the signal regions can be fit. For
example, the nj ¼ 0 and nj ¼ 1 categories can be com-
pared, or the eμ and ee=μμ categories. To derive these
results, only the signal regions are separated; the control
region definitions do not change. In particular, the control
regions defined using only eμ events are used, even when
only ee=μμ signal regions are considered.
The combined Higgs signal strength μ, including 7 and

8 TeV data and all signal region categories, is

μ ¼ 1.09 þ0.16
−0.15 ðstatÞ

þ0.08
−0.07 ð

expt
systÞ

þ0.15
−0.12 ð

theo
systÞ & 0.03ðlumi

systÞ

¼ 1.09 þ0.16
−0.15 ðstatÞ

þ0.17
−0.14 ðsystÞ

¼ 1.09 þ0.23
−0.21 : ð15Þ

 [GeV] Hm

110 120 130 140

µ
S

ig
na

l s
tr

en
gt

h

0

1

2

3

4

5 ATLAS

-1 = 8 TeV, 20.3 fbs

-1 = 7 TeV, 4.5 fbs
νlνl  →WW*→H

0.94) =µ128, =Hm Obs (
 1σ ± Obs
 2σ ± Obs
 3σ ± Obs

σ1

σ2

σ3

FIG. 38 (color online). Observed signal strength μ as a function
of mH as evaluated by the likelihood fit. The shaded areas
represent the one, two, and three standard deviation contours with
respect to the best-fit values m̂H and μ̂.

ggF
µ/VBF

µ
0 1 2 3 4 5

Λ
-2

 ln
 

0

2

4

6

8

10

1σ

2σ 

3σ

S
ig

ni
fic

an
ce

1.
260.

73

2.
04

0.
07

0.
36

3.
37

ATLAS

-1 = 8 TeV, 20.3 fbs

-1 = 7 TeV, 4.5 fbs
νlνl  →WW*→H

FIG. 39 (color online). Likelihood scan as a function of
μVBF=μggF for mH ¼ 125.36 GeV. The value of the likelihood
at μVBF=μggF ¼ 0 gives the significance of the VBF signal at 3.2
standard deviations. The inner (middle) [outer] band shaded
darker (lighter) [darker] represents the one (two) [three] standard
deviation uncertainty around the central value represented by the
vertical line.

G. AAD et al. PHYSICAL REVIEW D 92, 012006 (2015)

012006-56

W,Z

k-framework with coupling modifiers: k = g/gSM

(a) (b)

H

W

W

g

g

ggF production

VH production

⌫̄
(0)
` H

ttH production

W

W

Hg

g

t̄

t

q̄

q

W

W

Hq

q

VBF production

W�
H

W+
`(0)�

`+

⌫`

V =W, Z

W

W

1

(a) (b)

H

W

W

g

g

ggF production

VH production

⌫̄
(0)
` H

ttH production

W

W

Hg

g

t̄

t

q̄

q

W

W

Hq

q

VBF production

W�
H

W+
`(0)�

`+

⌫`

V =W, Z

W

W

1

gtt gWW gWW , gZZ

A prior measurement of these processes with the same
data set yielded a combined result of μ ¼ 1.0" 0.3 [5]. The
results presented here supersede this measurement and
contain improvements in signal acceptance, background
determination and rejection, and signal yield extraction.
Together, these improvements increase the expected
significance of an excess of H → WW# decays over
background from 3.7 to 5.8 standard deviations, and reduce
the expected relative uncertainty on the corresponding μ
measurement by 30%.
The paper is organized as follows. Section II provides an

overview of the signal and backgrounds, and of the data
analysis strategy. Section III describes the ATLAS detector
and data, and the event reconstruction. The selection of
events in the different final states is given in Sec. IV.
Sections V and VI discuss the modeling of the signal and
the background processes, respectively. The signal yield
extraction and the various sources of systematic uncertainty
are described in Sec. VII. Section VIII provides the event
yields and the distributions of the final discriminating
variables; the differences with respect to previous
ATLAS measurements in this channel [5] are given in
Sec. VIII C. The results are presented in Sec. IX, and the
conclusions given in Sec. X.

II. ANALYSIS OVERVIEW

The H → WW# final state with the highest purity at the
LHC occurs when each W boson decays leptonically,
W → lν, where l is an electron or muon. The analysis
therefore selects events consistent with a final state con-
taining neutrinos and a pair of opposite-charge leptons. The
pair can be an electron and a muon, two electrons, or two
muons. The relevant backgrounds are shown in Table I and

are categorized as WW, top quarks, misidentified leptons,
other dibosons, and Drell-Yan. The distinguishing features
of these backgrounds, discussed in detail below, motivate
the definition of event categories based on lepton flavor and
jet multiplicity, as illustrated in Fig. 2. In the final step of
the analysis, a profile likelihood fit is simultaneously
performed on all categories in order to extract the signal
from the backgrounds and measure its yield.
The Drell-Yan (DY) process is the dominant source of

events with two identified leptons, and contributes to the
signal final state when there is a mismeasurement of
the net particle momentum in the direction transverse to
the beam (individual particle momentum in this direction is
denoted pT). The DY background is strongly reduced in
events with different-flavor leptons (eμ), as these arise
through fully leptonic decays of τ-lepton pairs with a small
branching fraction and reduced lepton momenta. The analy-
sis thus separates eμ events from those with same-flavor
leptons (ee=μμ) in the event selection and the likelihood fit.
Pairs of top quarks are also a prolific source of lepton

pairs, which are typically accompanied by high-momentum
jets. Events are removed if they have a jet identified to
contain a b-hadron decay (b-jet), but the tt̄ background
remains large due to inefficiencies in the b-jet identification
algorithm. Events are therefore categorized by the number
of jets. The top-quark background provides a small

TABLE I. Backgrounds to the H → WW# measurement in the
final state with two charged leptons (l ¼ e or μ) and neutrinos,
and no jet that contains a b-quark. Irreducible backgrounds have
the same final state; other backgrounds are shown with the
features that lead to this final state. Quarks from the first or
second generation are denoted as q, and j represents a jet of any
flavor.

Name Process Feature(s)

WW WW Irreducible

Top quarks
tt̄ tt̄ → WbWb̄ Unidentified b-quarks

t
!
tW
tb̄; tqb̄

Unidentified b-quark
q or b misidentified as l;
unidentified b-quarks

Misidentified leptons (Misid)
Wj W þ jetðsÞ j misidentified as l
jj Multijet production jj misidentified as ll;

misidentified neutrinos

Other dibosons

VV

8
>><

>>:

Wγ
Wγ#; WZ; ZZ → llll
ZZ → llνν
Zγ

γ misidentified as e
Unidentified lepton(s)
Irreducible
γ misidentified as e;
unidentified lepton

Drell-Yan (DY)
ee=μμ Z=γ# → ee; μμ Misidentified neutrinos
ττ Z=γ# → ττ → lννlνν Irreducible

FIG. 1. Feynman diagrams for the leading production modes
(ggF, VBF, and VH), where the VVH and qqH coupling vertices
are marked by • and ∘, respectively. The V represents a W or Z
vector boson.
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Figure 12. The likelihood scan as a function of V and F both with and without the
V H(H!WW ⇤) contribution. Both the expected and observed contours corresponding to the 68%,
and 95% C.L. are shown. The yellow star and circles indicate the best fit values to the data, and
the white cross represents the SM expectation (V , F )=(1,1).

the V H production is found to be µVH = 3.0+1.3
�1.1 (stat.)

+1.0
�0.7 (sys.). A combination with the

gluon fusion and vector boson fusion analyses using the H ! WW ⇤ ! `⌫`⌫ decay is also

presented. Including V H production the observed significance for a Higgs boson decaying

to WW ⇤ is 6.5 � with an expectation of 5.9 � for a Standard Model Higgs boson of mass

mH = 125.36 GeV. The combined signal strength is µ = 1.16+0.16
�0.15(stat.)

+0.18
�0.15(sys.). The

data were analysed using a model where all Higgs boson couplings to the vector bosons

are scaled by a common factor V and those to the fermions by a factor F . They are

measured as |V | = 1.06+0.10
�0.10 and |F | = 0.85+0.26

�0.20.
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Figure 10. The value of the test statistic as a function of the µ value from the di↵erent production
modes (a) ggF, (b) VBF, (c) V H and (d) all combined. All values are extracted from the combined
fit. The best fit values are represented by the markers at the likelihood minima, with the ±1� and
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Signal significance Z0

Category Exp. Obs. Obs.

Z0 Z0 Z0

ggF 4.4 4.2

VBF 2.6 3.2

V H 0.93 2.5

WH only 0.77 1.4

ZH only 0.30 2.0

ggF+VBF+V H 5.9 6.5

0 1 2 3 4 5 6 7

Observed signal strength µ

µ Tot. err. Syst. err. µ

+ � + �

0.98 0.29 0.26 0.22 0.18

1.28 0.55 0.47 0.32 0.25

3.0 1.6 1.3 0.95 0.65

2.1 1.9 1.6 1.2 0.79

5.1 4.3 3.1 1.9 0.89

1.16 0.24 0.21 0.18 0.15

0 1 2 3 4 5 6 7 8 9 10

Table 15. The signal significance Z
0

, and the signal strength µ evaluated for the di↵erent
production modes: ggF, VBF and V H for mH = 125.36 GeV, for the 8 TeV and 7 TeV data
combined. The two plots represent the observed significance and the observed µ. In the µ plot the
statistical uncertainty (stat.) is represented by the thick line, the total uncertainty (tot.) by the
thin line. Combinations of di↵erent categories (in red) are shown too. All values are computed for
a Higgs boson mass of 125.36GeV.
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> 3σ evidence for VBF production, 
the only channel in Run-1

VH production ~2.5 σ observed, 
~0.93 σ expected 

Very difficult channel, but similar or 
better sensitivity than γγ and ZZ at 
Run-1

Phys. Rev. D92, 012006
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Figure 9. Distributions of the BDT discriminants for the data taken at
√
s = 8 TeV in the signal

regions of the VBF (left) and boosted (right) categories for the τlepτlep (top), τlepτhad (middle),
and τhadτhad (bottom) channels. The Higgs boson signal (mH = 125 GeV) is shown stacked with
a signal strength of µ = 1 (dashed line) and µ = 1.4 (solid line). The background predictions
are determined in the global fit (that gives µ = 1.4). The size of the statistical and systematic
normalisation uncertainties is indicated by the hashed band. The ratios of the data to the model
(background plus Higgs boson contributions with µ = 1.4) are shown in the lower panels. The
dashed red and the solid black lines represent the changes in the model when µ = 1.0 or µ = 0 are
assumed respectively.
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3 event categories: τhadτhad, τlepτhad, τlep τlep

2 physics categories: VBF, boosted (pTh > 100 GeV) 
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Figure 1. The reconstructed invariant ττ mass, mMMC
ττ for H → ττ (mH = 125 GeV) and Z → ττ

events in MC simulation and embedding respectively, for events passing (a) the VBF category
selection and (b) the boosted category selection in the τlepτhad channel.

space into multiple regions where signal or background purities are enhanced. Boosting

is a method which improves the performance and stability of decision trees and involves

the combination of many trees into a single final discriminant [25, 26]. After boosting,

the final score undergoes a transformation to map the scores on the interval −1 to +1.

The most signal-like events have scores near 1 while the most background-like events have

scores near −1.

Separate BDTs are trained for each analysis category and channel with signal and

background samples, described in section 6, at
√
s = 8 TeV. They are then applied to

the analysis of the data at both centre-of-mass energies. The separate training naturally

exploits differences in event kinematics between different Higgs boson production modes.

It also allows different discriminating variables to be used to address the different back-

ground compositions in each channel. A large set of potential variables was investigated, in

each channel separately, and only those variables which led to an improved discrimination

performance of the BDT were kept. For the training in the VBF category, only a VBF

Higgs production signal sample is used, while training in the boosted category uses ggF,

VBF, and V H signal samples. The Higgs boson mass is chosen to be mH = 125 GeV for

all signal samples. The BDT input variables used at both centre-of-mass energies are listed

in table 5. Most of these variables have straightforward definitions, and the more complex

ones are defined in the following.

• ∆R(τ1, τ2): the distance ∆R between the two leptons, between the lepton and τhad,

or between the two τhad candidates, depending on the decay mode.

• pTotalT : magnitude of the vector sum of the transverse momenta of the visible tau

decay products, the two leading jets, and Emiss
T .
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mττMC di-tau invariant mass computed using  
Missing Mass Calculator algorithm taking 
x,y,z component of each neutrino and mνν, find 
the most likely configuration among those 
allowed by the measured constraints  
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Figure 11. Event yields as a function of log10(S/B), where S (signal yield) and B (background
yield) are taken from the BDT output bin of each event, assuming a signal strength µ = 1.4.
Events in all categories are included. The predicted background is obtained from the global fit
(with µ = 1.4), and signal yields are shown for mH = 125 GeV at µ = 1 and µ = 1.4 (the best-fit
value). The background-only distribution (dashed line) is obtained from the global fit, with µ fixed
at zero.

served, are introduced. The two-dimensional 68% and 95% confidence level (CL) contours

in the plane of µττ
ggF and µττ

VBF+VH [84] are shown in figure 13 for mH = 125.36 GeV. The

best-fit values are

µττ
ggF = 2.0 ± 0.8(stat.) +1.2

−0.8(syst.) ± 0.3(theory syst.)

and

µττ
VBF+VH = 1.24 +0.49

−0.45(stat.)
+0.31
−0.29(syst.) ± 0.08(theory syst.),

in agreement with the predictions from the Standard Model. The two results are strongly

anti-correlated (correlation coefficient of −48%). The observed (expected) significances of

the µττ
ggF and µττ

VBF+VH signal strengths are 1.74σ (0.95σ) and 2.25σ (1.72σ) respectively.

A total cross section times branching ratio for H → ττ with mH = 125 GeV can also

be measured. The central value is obtained from the product of the measured µ and the

predicted cross section used to define it. The uncertainties are similarly obtained by scaling

the uncertainties on µ by the predicted cross section, noting that theoretical uncertainties

on the inclusive cross section cancel between µ and the predicted cross section and thus

are not included for the production processes under consideration. These include the
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√
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expected p0 values are given for the background-only hypothesis. The corresponding observed and
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and open star respectively. The axis labels on the right hand side and the dotted lines display the
significance in units of Gaussian standard deviations.

the dataset at
√
s = 8 TeV are found to be 4.5σ (observed) and 3.3σ (expected). They are

also indicated in the figure.

Given the mass sensitivity of the cut-based analysis, a two-dimensional likelihood fit

for the signal strength µ and the mass mH is performed. The mass points are tested in

steps of 5 GeV in the range between 100 GeV and 150 GeV. The best fit value is found

at µ = 1.4 and mH = 125 GeV. The result is shown in the (mH , µ) plane in figure 16

together with the 68% and 95% CL contours. This result indicates that the observation is

compatible with the decay of a Standard Model Higgs boson with a mass of 125 GeV.

11 Conclusions

Evidence for decays of the recently discovered Higgs boson into pairs of tau leptons is

presented. The analysis is based on the full set of proton-proton collision data recorded

by the ATLAS experiment at the LHC during Run 1. The data correspond to integrated

luminosities of 4.5 fb−1 and 20.3 fb−1 at centre-of-mass energies of
√
s = 7 TeV and

√
s =

8 TeV respectively. All combinations of leptonic and hadronic tau decay channels are

included and event categories selecting both the vector boson fusion and highly boosted ττ

signatures are considered in a multivariate analysis. An excess of events over the expected

background from other Standard Model processes is found with an observed (expected)

significance of 4.5 (3.4) standard deviations. This excess is consistent with resulting from
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Figure 13. Likelihood contours for the combination of all channels in the (µττ
ggF , µ

ττ
VBF+VH) plane.

The signal strength µ is the ratio of the measured signal yield to the Standard Model expectation,
for each production mode. The 68% and 95% CL contours are shown as dashed and solid lines
respectively, for mH = 125.36 GeV. The SM expectation is shown by a filled plus symbol, and the
best fit to the data is shown as a star.

Measured σ×BR [pb] Predicted σ×BR [pb]

7 TeV 1.0 +0.9
−0.8(stat.)

+0.9
−0.8(syst.) 1.09 ± 0.11

8 TeV 2.1± 0.4(stat.)+0.5
−0.4(syst.) 1.39 ± 0.14

Gluon fusion, 8 TeV 1.7± 1.1(stat.)+1.5
−1.1(syst.) 1.22 ± 0.14

VBF+V H, 8 TeV 0.26± 0.09(stat.)+0.06
−0.05(syst.) 0.17 ± 0.01

Table 14. Measured and predicted total cross section times branching ratio for H → ττ with
mH = 125 GeV, at 7 TeV and at 8 TeV for all production modes, as well as for gluon fusion and
for VBF and V H production separately, at 8 TeV only. The theoretical predictions are obtained as
described in section 3.
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Fig. 1 Summary of the signal-strength measurements, as published,
from individual analyses that are inputs to the combinations. The Higgs
boson mass column indicates themH value at which the result is quoted.
The overall signal strength of each analysis (black) is the combined
result of the measurements for different production processes (blue)
assuming SM values for their cross-section ratios. The error bars rep-
resent ±1σ total uncertainties, combining statistical and systematic
contributions. The green shaded bands indicate the uncertainty on the
overall signal strength obtained by each analysis. The combined signal
strength of the H → γ γ analysis also includes the t t H contribution
which is listed separately under t t H production

V H -leptonic category with the requirement of an additional
lepton. Finally, the remaining events are assigned to the ggF
category. The separation of VBF and V H production from
the dominant ggF production mode is improved by exploiting
two BDT discriminants trained on the jet kinematics, one
for the VBF category and the other for the V H -hadronic
category. A third BDT discriminant based on the four-lepton
kinematics is used to improve the separation between the ggF
signal and its main background.

The largest background comes from continuum Z Z∗ pro-
duction and is estimated using simulation normalised to the
SM next-to-leading-order cross-section calculation. For the
four-lepton events with an invariant mass, m4ℓ, below about
160 GeV, there are also important background contributions

from Z+jets and t t̄ production with two prompt leptons,
where the additional charged lepton candidates arise from
decays of hadrons with b- or c-quark content, from photon
conversions or from misidentified jets. Their contributions
are estimated with data-driven methods.

For each category, the signal is extracted from a maximum-
likelihood fit to either the m4ℓ distribution (V H categories)
or the combined two-dimensional distributions of m4ℓ and
a BDT discriminant (ggF and VBF categories). The four-
lepton mass range of 110 GeV < m4ℓ < 140 GeV is included
in the fits.

2.3 H → WW ∗

Analyses targeting the ggF, VBF, and V H production
modes [11,12] are performed for the H → WW ∗ decay
channel. The ggF and VBF production processes are explored
through the H → WW ∗ → ℓνℓν decay and the V H process
is studied in final states with two or more leptons.

The analysis of the ggF and VBF production pro-
cesses [11] selects the signal candidate events by requiring
two oppositely charged leptons. Candidates are categorised
according to the number of jets (Njet) and to the flavours
of the leptons. The Njet categorisation separates the large
top-quark production background from the ggF signal while
the categorisation by lepton flavours isolates the challeng-
ing Drell–Yan background in the same-flavour categories.
The categories targeting ggF production include Njet = 0, 1
and ≥2 and are further divided into the same- and different-
flavour leptons for Njet = 0, 1. Only the different-flavour
leptons are considered for Njet ≥ 2. The categories targeting
VBF production require Njet ≥ 2, separately for the same- or
different-flavour leptons. The primary background processes
are WW , top quark (t t̄ and Wt), W+jets, Drell–Yan, and
other diboson (WZ , Wγ , Wγ ∗, and Z Z ) production. Most
of the background contributions are estimated using data.
For the ggF categories, the final signal region is selected
by requiring the dilepton mass mℓℓ < 55 GeV and their
azimuthal angular separation %φℓℓ < 1.8 and the signal
is extracted through a combined fit to the transverse mass
distributions of the dilepton plus Emiss

T system in both the
signal and control regions of different categories and lepton
flavours. For the VBF categories, a BDT combining informa-
tion such as rapidity separation and mass of the two leading
jets and the dilepton angular separation, is used as the final
discriminant, from which the signal is extracted.

The V H analysis [12] is optimised for different lepton
multiplicities: opposite-charge dileptons, same-charge dilep-
tons, three and four leptons. Most final states are required to
have Emiss

T and events with a b-tagged jet are vetoed. Dilep-
ton final states target V H production with the H → WW ∗

decay with two bosons decaying leptonically and the other
hadronically. The opposite-charge dilepton final state selects
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Table 4 Measured signal strengths µ at mH = 125.36 GeV and
their total ±1σ uncertainties for different production modes for the√
s = 8 TeV data and the combination with the

√
s = 7 TeV data. The√

s = 7 TeV data do not have sufficient statistical power to yield mean-
ingful measurements for individual production modes, but are included

in the combination. Shown in the square brackets are uncertainty com-
ponents: statistical (first), systematic (second) and signal theoretical
(third) uncertainties. These results are derived using SM values for the
ratios of branching ratios of different Higgs boson decay channels

Production process Signal strength µ at mH = 125.36 GeV
√
s = 8 TeV Combined

√
s = 7 and 8 TeV

ggF 1.23 +0.25
−0.21

[
+0.16
−0.16

+0.10
−0.08

+0.16
−0.11

]
1.23 +0.23

−0.20

[
+0.14
−0.14

+0.09
−0.08

+0.16
−0.12

]

VBF 1.55+0.39
−0.35

[
+0.32
−0.31

+0.17
−0.13

+0.13
−0.11

]
1.23 ± 0.32

[
+0.28
−0.27

+0.13
−0.12

+0.11
−0.09

]

V H 0.93 ± 0.39
[
+0.37
−0.33

+0.20
−0.18

+0.12
−0.06

]
0.80 ± 0.36

[
+0.31
−0.30

+0.17
−0.17

+0.10
−0.05

]

t t H 1.62 ± 0.78
[
+0.51
−0.50

+0.58
−0.54

+0.28
−0.10

]
1.81 ± 0.80

[
+0.52
−0.50

+0.58
−0.55

+0.31
−0.12

]

Fig. 3 The best-fit signal-strength values of different production
modes determined from the combined fit to the

√
s = 7 and 8 TeV

data. Higgs boson signals corresponding to the same production pro-
cess but from different decay channels are combined together, assuming
SM values for the ratios of the branching ratios of different Higgs boson
decay channels. The inner and outer error bars correspond to 68 and
95 % CL intervals. Total uncertainties combining statistical, experimen-
tal and theoretical systematic uncertainties are shown

production process remains to be firmly established in future
LHC runs. Thus, a 95 % CL upper limit on its signal strength
is also derived. Combining the results from various analyses
with sensitivity to t t H production, the observed and expected
limits are µt t H < 3.2 and 1.4, respectively.

The signal-strength measurements shown in Table 4 are
extrapolated to total cross-section measurements for each
production process, as shown in Table 5 for

√
s = 8 TeV,

with the further assumption of SM values for the Higgs
boson decay branching ratios. The theoretical uncertainties
on the absolute values of the SM Higgs boson production
cross sections are thereby removed, but significant theoreti-
cal uncertainties remain, related to the modelling of the Higgs
boson production and of the acceptance of the event selec-
tion. One can sum the different cross sections to obtain an
overall extrapolated cross section for Higgs boson produc-

Table 5 Measured cross sections of different Higgs boson production
processes at

√
s = 8 TeV for mH = 125.36 GeV obtained from the

signal-strength values of Table 4. Their SM predictions can be found in
Table 1. Shown in the square brackets are uncertainty components: sta-
tistical (first), systematic (second) and signal theoretical (third) uncer-
tainties. The theoretical uncertainties here arise from the modelling of
Higgs boson production and decays. These results are derived using the
SM values of the Higgs boson decay branching ratios

Production process Cross section (pb) at
√
s = 8 TeV

ggF 23.9 ± 3.6
[
+3.1
−3.1

+1.9
−1.6

+1.0
−1.0

]

VBF 2.43 ± 0.58
[
+0.50
−0.49

+0.27
−0.20

+0.19
−0.16

]

V H 1.03 ± 0.53
[
+0.37
−0.36

+0.22
−0.20

+0.13
−0.06

]

t t H 0.24 ± 0.11
[
+0.07
−0.07

+0.08
−0.08

+0.01
−0.01

]

tion. The measurement is performed at
√
s = 7 TeV as well

despite of the limited statistical power of the dataset. The
resulting total Higgs boson production cross sections at the
two energies are

σH (7 TeV) = 22.1 +7.4
−6.0 pb

= 22.1 +6.7
−5.3 (stat.)+2.7

−2.3 (syst.)+1.9
−1.4 (theo.) pb, and

σH (8 TeV) = 27.7 ± 3.7 pb

= 27.7 ± 3.0 (stat.)+2.0
−1.7 (syst.)+1.2

−0.9 (theo.) pb ,

to be compared with the theoretical predictions of 17.4 ±
1.6 pb at

√
s = 7 TeV and 22.3 ± 2.0 pb at

√
s = 8 TeV, as

shown in Table 1.
These cross sections are different from what one would

naively expect from the global signal-strength values dis-
cussed in Sect. 4.1, particularly for

√
s = 7 TeV. The differ-

ences are largely the result of analysis categorisation. Cat-
egories often explore production processes or phase-space
regions with distinct signal-event topologies. The resulting
high signal-to-background ratios can significantly improve
the precision of the signal-strength measurements. However,
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Fig. 12 Results of fits for the two-parameter benchmark model defined
in Sect. 5.2.1 that probes different coupling-strength scale factors for
fermions and vector bosons, assuming only SM contributions to the
total width: a results of the two-dimensional fit to κF and κV , including
68 % and 95 % CL contours; overlaying the 68 % CL contours derived
from the individual channels and their combination; b the same mea-
surement, without the overlays of the individual channels; c the profile
likelihood ratio as a function of the coupling-strength scale factors κF
(κV is profiled) and d as a function of κV (κF is profiled). The dashed

curves in c and d show the SM expectations. In d the sign of the cho-
sen profiled solution for κF changes at κV ≈ 0.8 , causing a kink in
the likelihood. The profile likelihood curves restricting κF to be either
positive or negative are also shown to illustrate that this sign change
in the unrestricted profile likelihood is the origin of the kink. The red
(green) horizontal line indicates the value of the profile likelihood ratio
corresponding to a 68 % (95 %) confidence interval for the parameter
of interest, assuming the asymptotic χ2 distribution for the test statistic

of κV . The combined measurement without overlays is also
shown in Fig. 12b.

Figure 12a, b only show the SM-like minimum with a
positive relative sign, as the local minimum with negative
relative sign is disfavoured at the 4.0σ level, which can been
seen in the wider scan of κF , where κV is profiled, shown in
Fig. 12c. The likelihood as a function of κV , profiling κF , is
given in Fig. 12d. Around κV = 0.8 the sign of the chosen
profiled solution for κF changes, causing a kink in the like-
lihood. The profile likelihood curves restricting κF to either
positive or negative values are also shown in Fig. 12d as thin
curves, and illustrate that this sign change in the unrestricted
profile likelihood is the origin of the kink.

Both κF and κV are measured to be compatible with their
SM expectation and the two-dimensional compatibility of the
SM hypothesis with the best-fit point is 41 %. The best-fit
values and uncertainties are:

κV = 1.09 ± 0.07
[
+0.05
−0.05(stat.) +0.03

−0.03(syst.) +0.04
−0.03(theo.)

]

κF = 1.11 ± 0.16
[
+0.12
−0.11(stat.) +0.10

−0.09(syst.) +0.06
−0.05(theo.)

]
.

5.2.2 Allowing for invisible or undetected Higgs boson
decays in the total width

The second benchmark model of this section allows for the
presence of invisible or undetected Higgs boson decays by
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observation of:        γγ, WW, ZZ decays 
strong evidence of:  ττ decay 
observation of ggF production mode, evidence of VBF

Eur. Phys. J. C (2016) 76
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Higgs spin and parity determination

23

Spin and parity sensitivity 
through angular sensitive 
variables:  
mll (WW), m12, m34 for ZZ 

WW,ZZ: 0+,0- sensitivity 
0-2 sensitivity dominated by 
WW,γγ

All spin and parity hypotheses 
different than the SM one are 
excluded at > 99.9% C.L

Eur. Phys. J. C (2015) 75
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Higgs updates from Run-2

24

Many new results just going to be shown at EPS-2017, in 2 weeks from now, 
stay tuned!! 

Here I’ll summarise what came out from Run-2 up to now…, more details 
about couplings in Karri Folan Di Petrillo  this afternoon in parallel session A
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Higgs at Run-2 γγ
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W+

W-

γ

γ

-
t

t
h

-
h

γ

γ

• The Higgs boson couples at tree-level only with massive particles 

• decay to γγ mediated by loop of massive charged particles (W,t) 

• background dominated by non-resonant γγ production and γ-jet 
with a jet faking a photon 

• event sample divided in sub-categories to exploit optimal S/B ratio 
and different production modes: ggF, VBF, W,Zh, tth  

• use of pTt variable to further separate signal from non resonant 
background

γ

γ

q

q

q γ

g jet

Table 2: The expected signal e�ciencies times acceptances, denoted as ✏, and the expected signal event fractions
f per production mode for each category, given for the full phase space (no requirement on |yH |). The number of
expected signal events per production process is also given. The category names denote the particular production
process or kinematic properties the category targets. The relative statistical uncertainties on the e�ciencies and
event fractions are typically a few percent.

ggH VBF WH ZH tt̄H bb̄H tH jb tWH
Category ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%) ✏(%) f (%)
Central low-pTt 12.7 92.7 6.9 3.9 6.3 1.3 6.0 0.8 3.5 0.3 14.2 1.0 4.6 0.1 3.8 0.0
Central high-pTt 1.2 78.2 2.4 12.8 2.1 4.0 1.8 2.2 2.9 2.0 0.4 0.3 3.7 0.4 5.1 0.2
Forward low-pTt 22.0 92.1 12.5 4.1 13.0 1.5 12.7 1.0 5.1 0.2 24.9 1.0 9.5 0.1 4.8 0.0
Forward high-pTt 1.9 76.8 4.1 13.4 3.9 4.6 3.7 2.8 3.6 1.5 0.8 0.3 6.6 0.4 4.8 0.1
VBF loose 0.5 46.3 7.3 51.6 0.2 0.6 0.2 0.4 0.3 0.3 0.4 0.3 3.4 0.5 0.6 0.0
VBF tight 0.1 23.8 5.4 75.5 0.0 0.1 0.0 0.1 0.0 0.1 0.0 0.0 1.2 0.3 0.1 0.0
VH hadronic loose 0.4 64.6 0.4 4.3 3.9 16.5 4.1 11.0 1.7 2.6 0.5 0.6 1.0 0.2 2.2 0.2
VH hadronic tight 0.1 48.9 0.1 2.5 1.8 28.1 1.6 16.9 0.5 3.1 0.0 0.1 0.3 0.2 0.7 0.2
VH Emiss

T 0.0 2.4 0.0 0.6 0.6 28.5 1.9 55.8 0.6 10.9 0.0 0.0 0.3 0.7 1.2 1.0
VH one-lepton 0.0 0.2 0.0 0.0 1.3 83.7 0.1 3.0 0.4 10.4 0.0 0.0 0.4 1.3 1.1 1.3
VH dilepton 0.0 0.0 0.0 0.0 0.0 0.0 1.2 95.1 0.1 4.5 0.0 0.0 0.0 0.0 0.2 0.4
tt̄H hadronic 0.0 3.8 0.0 0.5 0.0 0.3 0.1 0.8 11.5 88.1 0.0 0.2 2.2 2.5 10.1 3.8
tt̄H leptonic 0.0 0.3 0.0 0.1 0.0 0.7 0.0 0.4 8.4 89.3 0.0 0.2 3.1 4.8 8.3 4.3
Total e�ciency (%) 38.9 - 39.2 - 33.2 - 33.5 - 38.6 - 41.2 - 36.2 - 43.1 -
Events 568.8 44.6 13.7 8.9 5.9 5.6 0.8 0.3

8.1.4 Untagged categories

The remaining events are split into four categories, which contain mostly events produced through gluon
fusion. The categorisation separates events with di↵erent expected diphoton invariant mass resolution and
signal-to-background ratio to improve the precision with which the gluon fusion production cross section
is measured.

The central high-pTt and low-pTt categories require both photons to be within |⌘| < 0.95 and select events
with pTt > 70 GeV and pTt < 70 GeV, respectively. The forward high-pTt and low-pTt categories require
at least one photon to have |⌘| > 0.95 and select events with pTt > 70 GeV and pTt < 70 GeV, respectively.
The high-pTt categories improve the separation of gluon fusion and vector boson fusion production due
to the on average higher pTt in vector boson fusion events.

8.1.5 Categorisation summary

The predicted signal e�ciencies, including geometric and kinematic acceptances, and the event fractions
per production mode for each category are given in Table 2, along with the expected number of signal
events per category.

8.2 Statistical procedure to measure simplified template and total production process
cross sections and signal strengths

The statistical procedure follows very closely that of previous analyses [13]. The signal yield in a category
k can be written as a sum over all Higgs boson production processes i with cross section �i,

Nsig
k =

X

i

�i · B(H ! ��) · ✏ik · Aik ·
Z

L dt (3)
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h→γγ, pTt categorisation

• The thrust axis is defined as the axis that  maximises the 
projections of all produced particle momenta in the interaction 

• it defines the direction of the soft event shape in pp collision 
(underlying event and initial state radiation will be mainly 
directed along the thrust axis of the event) 

• ggF production has typically harder recoiling jets than qq 
production, therefore the produced Higgs boson will present 
harder pTt 

selection for the one-lepton category, or with a Z boson
decay to two neutrinos. The minimal requirement on the
significance of the missing transverse energy is 5.0,
roughly equivalent to a direct requirement of
Emiss
T > 70–100 GeV, depending on the value of

P
ET.

A further enrichment is obtained by requiring the magni-
tude pTt [97] of the component of the diphoton ~pT
transverse to its thrust axis in the transverse plane to be
greater than 20 GeV. The pTt is used as a discriminant,
rather than the pT of the diphoton, because it is less affected
by energy resolution and is not correlated with the invariant
mass of the diphoton. As for the VH one-lepton category,
the background distributions for the cut optimizations are
extracted from data events in the sidebands. After the event
selection approximately 50% of the signal events in this
category are predicted to come from ZH production, 40%
from WH production, and the remaining 10% mainly from
tt̄H production (Tables II and III).
The VH hadronic category consists of events that include

the signature of a hadronically decaying vector boson.
They are selected by requiring the presence of two
reconstructed jets with a dijet invariant mass mjj in the
range 60–110 GeV. The sensitivity is further enhanced by
requiring the difference between the pseudorapidities of the
diphoton and the dijet systems jηγγ − ηjjj to be less than 1
and the diphoton pTt greater than 70 GeV. The distributions
of the discriminating variables used to define the VH
hadronic category are shown in Fig. 4 for signal events
from different production modes and for events from data
and MC background. The MC background is composed of
a mixture of γγ, γ–jet and jet-jet samples normalized as
discussed in Sec. VII B. Approximately 30% (20%) of the
events in the VH hadronic category come from WH (ZH)
production after the selection, while the remaining fraction
is accounted for by ggF events surviving the selection cuts.

C. Categories sensitive to VBF

Signal events produced by the VBF mechanism are
characterized by two well-separated jets with high trans-
verse momentum and little hadronic activity between them.
Events are preselected by requiring at least two recon-
structed jets. The two leading jets j1 and j2 (those with the
highest pT) are required to satisfy jη!j < 5.0 and
Δηjj ≥ 2.0, where η! is the pseudorapidity of the diphoton
system relative to the average rapidity of the two leading
jets η! ≡ ηγγ − ðηj1 þ ηj2Þ=2 [98] and Δηjj is the pseudor-
apidity separation between the two leading jets. In order to
optimize the sensitivity to VBF, a multivariate analysis
exploits the full event topology by combining six discrimi-
nating variables into a single discriminant that takes into
account the correlations among them. For this purpose a
BDT is built with the following discriminating variables
as input:
(1) mjj, the invariant mass of the two leading jets j1

and j2;
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FIG. 4 (color online). Normalized distributions of (a) the
invariant mass of the two leading jets mjj, (b) the absolute value
of the difference between the pseudorapidities of the diphoton
and the dijet systems jηγγ − ηjjj, and (c) the pT of the diphoton
with respect to its thrust axis in the transverse plane pTt, for
diphoton events with at least two reconstructed jets. The arrows
indicate the selection criteria applied to these observables, which
are used to sort events into the VH hadronic category for the data
in the sidebands (points), the predicted sum of the WH and ZH
signals (red histograms), the predicted signal feed-through from
ggF, VBF, and tt̄H production modes (blue histograms), and the
simulation of the γγ, γ–jet, and jet-jet background processes
(green histograms). The mass of the Higgs boson in all signal
samples is mH ¼ 125 GeV.

MEASUREMENT OF HIGGS BOSON PRODUCTION IN THE … PHYSICAL REVIEW D 90, 112015 (2014)

112015-11

an example 
from e+e-
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h→γγ update 13 fb-1

27

• same analysis strategy and categorisation as Run-1 
• profit of the higher ggF xs to reach same Run-1 accuracy with 

less  integrated luminosity: 
• focus on signal properties: simplified xs and differential 

distributions
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Figure 6: The invariant mass spectrum in the tt̄H leptonic production mode category. The black data points show
the measured distribution, the blue dashed curve shows the result of a background-only fit to the data, the green
curve shows the signal+background distribution based on the predicted SM signal for a Higgs boson mass of mH =
125.09 GeV, and the red curve shows the signal+background distribution based on the fitted signal yields from the
combined fit to all event categories.
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Figure 7: The invariant mass spectrum combining all production mode categories. The black data points show
the measured distribution, where each event is weighted by the signal-to-background ratio of the event category it
belongs to. The blue dashed curve shows the result of a background-only fit to the data, the red curve shows the
signal+background distribution based on the fitted signal yields, and the black curve shows the signal component.
The bottom inset displays the residuals of the data with respect to the fitted background component (bkg).

9 Systematic uncertainties

Several sources of systematic uncertainty are considered in this measurement, which can be grouped into
three categories: uncertainties associated with the parameterisation of the signal and background when

19
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Figure 14: The signal strength measured for the di↵erent production processes (ggH, VBF, VH and tt̄H) and
globally (µRun�2), compared to the global signal strength measured at 7 and 8 TeV (µRun�1) [13]. The error bar
shows the total uncertainty. The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross
section based on Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon
fusion production cross section is larger by approximately 10%.

whilst slightly overshooting the prediction at large transverse momentum. Although these features are
not significant, they impact upon the measurements of the production cross sections and signal strengths,
which rely on the predicted Standard Model Higgs boson kinematic distributions to separate the di↵erent
Higgs boson production processes.

The slightly high measured VBF cross section is qualitatively compatible with the slightly high measured
fiducial cross section in the VBF-enriched phase space region (see Table 5).

10.2.3 Impact of fixing the Higgs mass

Figure 9 shows that the nuisance parameter associated with the photon energy scale uncertainty is slightly
pulled, which indicates that the best value for the Higgs boson mass in the dataset analysed here is a bit
di↵erent from 125.09 GeV. When the Higgs boson mass is left free in the fit, the measured cross sections
and signal strengths di↵er only by a small fraction of the statistical uncertainty from the results with
mH = 125.09 ± 0.24 GeV. The fitted Higgs boson mass is compatible with mH = 125.09 ± 0.24 GeV
within its statistical uncertainty.

31

With the present dataset, the observed significance of the H ! �� signal is 4.7�, while 5.4� is expected
for a SM Higgs boson.

10.2.1 Simplified template cross sections

The ’stage 0’ simplified template cross sections for gluon fusion, vector boson fusion production, and
production in association with a vector boson or a tt̄ pair for mH = 125.09 ± 0.24 GeV are measured to
be

�ggH ⇥ B(H ! ��) = 63 +30
�29 fb

�VBF ⇥ B(H ! ��) = 17.8 +6.3
�5.7 fb

�VHlep ⇥ B(H ! ��) = 1.0 +2.5
�1.9 fb

�VHhad ⇥ B(H ! ��) = �2.3 +6.8
�5.8 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

They avoid the extrapolation to the full phase space by restricting the measurement to |yH | < 2.5. The
�VHlep ⇥ B(H ! ��) is only based on leptonic decays of the vector bosons, W ! `⌫, Z ! ``, and
Z ! ⌫⌫ (` = e, µ), and �VHhad ⇥ B(H ! ��) is only based on hadronic decays of the vector bosons,
following [12]. The VH production cross sections are determined under the assumption that the ratio of
the WH and ZH production cross sections is as predicted by the SM, and includes both production from
quark and gluon initial states (see Section 4).

10.2.2 Total production process cross sections and signal strengths

The production mode cross sections for mH = 125.09 ± 0.24 GeV are measured to be

�ggH ⇥ B(H ! ��) = 65 +32
�31 fb

�VBF ⇥ B(H ! ��) = 19.2 +6.8
�6.1 fb

�VH ⇥ B(H ! ��) = 1.2 +6.5
�5.4 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

The VH production cross sections are determined under the assumption that the ratio of the WH and
ZH production cross sections is as predicted by the SM, and includes both production from quark and
gluon initial states (see Section 4). The corresponding signal strengths measured for the di↵erent pro-
duction processes, and globally (i.e. assuming one common signal strength parameter for all production
processes), are summarised in Figure 14, which also shows the global signal strength measured in Run-I.
The µRun�1 is taken from Ref. [13], and is derived assuming the Higgs production cross section based on
Ref. [19, 87]. In the more recent theoretical predictions used in this analysis [24, 28], the gluon fusion
production cross section is larger by approximately 10%.

As for the signal strength measurements previously published using the
p

s = 7 and 8 TeV data [13],
the measurements presented above are dominated by the statistical uncertainties. The measurements
agree with the SM expectations within 1 to 2�. The tendencies for the gluon fusion cross section to be
slightly smaller than the SM expectation, and the VBF cross section to be slightly larger than the SM
expectation, are compatible with the di↵erential measurements shown in Section 10.1. In Figure 10, the
data slightly undershoot the theoretical prediction at low diphoton transverse momentum and low rapidity,
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Simplified cross sections, measured in a 
fiducial volume closer to the analysis 
acceptance: |yH| < 2.5, VH distinguished 
between hadronic and leptonic decays of 
the vector boson V
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Figure 10: The di↵erential cross section for pp ! H ! �� as a function of the diphoton transverse momentum
(left) and the absolute rapidity of the diphoton system (right). The data are shown as filled (black) circles. The
vertical error bar on each data point represents the total uncertainty on the measured cross section and the size of
the shaded (grey) band is the systematic component. The SM prediction, defined using the NNLOPS prediction
for gluon fusion and the default MC samples for the other production mechanisms, is presented as a hatched (blue)
band, with the depth of the band reflecting the total theoretical uncertainty.
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Figure 11: The di↵erential cross section for pp ! H ! �� as a function of the jet multiplicity. The left panel
shows the cross section in bins of exclusive jet multiplicity and the data and theoretical predictions are presented
the same way as in Figure 10. The right panel shows the cross section in bins of inclusive jet multiplicity and the
data are compared to a variety of state-of-the-art calculations for gluon fusion, after correcting for the H ! ��
branching ratio and the fiducial acceptance as defined in the text.
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σggF: 19 pb (8 TeV)→ 49 pb (13 TeV)
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Figure 10: The di↵erential cross section for pp ! H ! �� as a function of the diphoton transverse momentum
(left) and the absolute rapidity of the diphoton system (right). The data are shown as filled (black) circles. The
vertical error bar on each data point represents the total uncertainty on the measured cross section and the size of
the shaded (grey) band is the systematic component. The SM prediction, defined using the NNLOPS prediction
for gluon fusion and the default MC samples for the other production mechanisms, is presented as a hatched (blue)
band, with the depth of the band reflecting the total theoretical uncertainty.
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Figure 11: The di↵erential cross section for pp ! H ! �� as a function of the jet multiplicity. The left panel
shows the cross section in bins of exclusive jet multiplicity and the data and theoretical predictions are presented
the same way as in Figure 10. The right panel shows the cross section in bins of inclusive jet multiplicity and the
data are compared to a variety of state-of-the-art calculations for gluon fusion, after correcting for the H ! ��
branching ratio and the fiducial acceptance as defined in the text.
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h→ZZ update 15 fb-1couplings

Event categorisation similar at Run-1
where the �i are the cross sections considered in Section 4.2. With the present data sample and the decay
channels taken into account, the combined analysis is only sensitive to (�·B)ZZ

ggF, �VBF/�ggF and B��/BZZ .
In the combined fit, the remaining ratios between cross sections and ggF are profiled.

Parameter value norm. to SM value

0 1 2 3 4 5

ggFσ/VBFσ

ZZ/BγγB

ZZ
ggF

 B)⋅ σ(

ATLAS Preliminary =125.09 GeVHm
 (ZZ)-1), 14.8 fbγγ (-1=13 TeV, 13.3 fbs

Observed 68% CL SM Prediction

Figure 5: Measurement of (�·B)ZZ
ggF, �VBF/�ggF and B��/BZZ . The fit results are normalised to the SM predictions for

the various parameters and the grey bands indicate the theoretical uncertainties in these predictions. The remaining
ratios between production cross sections and ggF are profiled in the combined fit. The blue error bars show the full
uncertainty, including experimental uncertainties and theoretical uncertainties that impact the measurements.

Figure 5 shows the measurement of (� ·B)ZZ
ggF, �VBF/�ggF and B��/BZZ compared to their SM expectation.

The fit results displayed in Figure 5 are normalised to the SM predictions for the various parameters and
the grey bands indicate the theoretical uncertainties in these predictions.

The compatibility between the measurement and the SM prediction corresponds to a p-value of pSM =

5%.

Evidence for the the vector-boson fusion production process is established at
p

s = 13 TeV, with a local

14

7.4 Study of BSM HVV and AVV · sin ↵

Table 12 shows the comparison of the number of observed events in the di↵erent categories with the SM
predictions. Limits on the BSM parameters HVV and AVV · sin↵ are derived with a fit of the yields in the
categories as described in Section 2, without exploiting any additional discriminant shape information.
In the fit, S M which simply scales the SM part of the interactions, is fixed to unity. This includes the
ggF production, which is fixed to the SM expectation. The decay branching fraction to ZZ⇤ is left free
along with the value of the BSM couplings. Only one of the two BSM couplings at a time is considered.
Figure 10 shows the SM expected and the observed negative log-likelihood scans as function of the BSM
coupling HVV 10(a) and AVV · sin↵ 10(b). In each scan the other BSM coupling parameter is left free
in the fit.
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Figure 10: Observed (solid black line) and SM expected (dashed blue line) negative log-likelihood scans for HVV
(a) and AVV · sin↵ (b) . The horizontal dashed lines indicate the value of the profile likelihood ratio corresponding
to the 68% (red) and 95% (green) CL intervals for the parameter of interest, assuming the asymptotic �2 distribution
of the test statistic.

In Table 13 the observed and expected limits at 95% CL for HVV and AVV · sin↵ obtained with the
analysis described in this note are reported. As can be seen in Fig. 10 and Table 13, the minima of the fits
are not at BS M = 0 and the observed exclusion limits are weaker than the expected limits. This is due to
the fact that the observed number of events is larger than those predicted by the SM in several categories,
in particular in the 2-jet VBF enriched category. The agreement between HVV = 0 and the observed value
is 2.1 standard deviations and between AVV · sin↵ = 0 and the observed value is 1.8 standard deviations.
These agreements are worse than what is observed in Section 7.3, and arise for two reasons. First, in the
BS M fits the ggF production is fixed to the SM (BS M enters only in the decay branching fraction and thus
has a much smaller e↵ect on the overall ggF rate than for the VBF and VH processes), and cannot absorb
part of the excess in the 2-jet VBF enriched category as has happened for the fits reported in Section 7.3.
Second, only the total yields in each category are used in this fit, while the BDT discriminant shapes are
used for the results of Section 7.3.

It has to be stressed that the Run�1 results [12] cannot be directly compared with those reported in
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contribution of BSM physics altering the h -> VV coupling, 
ΛNP = 1TeV (intringuing ~2σ effect , need to stay tuned)

• coupling results with 15 fb-1, probably 
going to be updated with ~40 fb-1 at 
EPS; 

• inclusive results with 36.1 fb-1, see next 
slide; 

• kAVV and kHVV scalar and pseudo-scalar 
interactions with VV, sensitivity from VH 
and VBF production modes

ATLAS-CONF-2016-079
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h→ZZ update 36 fb-1 fiducial cross section

• analysis performed without production mode 
categorisation; 

• focus on differential distributions and fiducial 
cross sections
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Figure 10: Di�erential fiducial cross sections of the transverse momentum of the Higgs-boson pT,4` for di�erent jet
multiplicities Njets (a)-(c) and the invariant mass of the leading lepton pair vs that of the subleading pair, m12 vs m34
(d). The measured cross sections are compared to ggF predictions by NNLOPS and MG5_�MC@NLO_F�F�, all
normalized to the N3LO cross section with the listed k-factors. Predictions for all other Higgs-boson production
modes X H are added. The error bars on the data points show the total uncertainties, while the systematic uncertainties
are indicated by the boxes. The shaded bands on the expected cross sections indicate the PDF and scale uncertainties.
For the cross sections as a function of pT,4` , the p-values reflect the agreement for the three jet bins together, treating
them as a two-dimensional distribution.
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is dominated by Higgs-boson events produced through ggF, while the � 2-jet bin is enriched with VBF
events. No significant deviation is seen, as indicated by the p-values which reflect the agreement for the
three jet bins together, treating them as a two-dimensional distribution. The higher values of the measured
cross sections in the � 2-jet bin reflect the observations on Figure 9(a). The m12 vs m34 kinematic plane
is divided into five regions and projected onto a one-dimensional distribution, as shown in Figure 3(d).
The agreement between the data and the predictions is good.
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Figure 11: Limits on modified Higgs-boson decays within the framework of pseudo-observables [13, 72]. In
subfigure (a), the limits are extracted in the plane of "L and "R, which modify the contact terms between the
Higgs boson and left- and right-handed leptons, assuming lepton-flavour universality. In subfigure (b), the tested
parameters are "L and . The latter modifies the coupling of the Higgs boson to Z bosons. The allowed observed
area at the 95% CL is surrounded by the red solid line. This can be compared to the SM expectation, which is
indicated by the black star and the black dotted line. The coloured scale indicates the values of �2 ln⇤.

The di�erential fiducial cross sections can be interpreted in the context of searches for physics beyond the
SM. In the absence of significant deviations from the SM expectations, limits are set on modified Higgs-
boson interactions within the framework of pseudo-observables [13, 72]. In this note, the couplings
related to the contact-interaction of the Higgs-boson decay are considered, "L and and "R, which modify
the contact terms between the Higgs boson and left- and right-handed leptons, assuming lepton-flavour
universality. Since the contact terms have the same Lorentz structure as the SM term, they only a�ect the
dilepton invariant mass spectra, while the lepton angular distributions are not modified. The di�erence in
�2 between the measured and predicted cross sections in the m12 vs m34 parameter plane is therefore used
to constrain the possible contributions from contact interactions. Assuming the SM values for all but the
tested parameters, limits are set on the contact-interaction coupling strength as shown in Figure 11. Two
parameter planes are considered: "L vs "R, as well as "L vs , where  is the coupling of the Higgs boson
to the Z bosons and "R = 0.48 · "L [72]. Since the addition of the contact terms changes the Higgs-boson
production rate, in principle limits could be set based on the inclusive Higgs-boson cross sections alone.
In this case, the obtained allowed area in Figure 11(a) would be circular, but the addition of the invariant
mass spectra improves the limit, especially for negative "L and positive "R. The addition of the shape
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Figure 8: Di�erential fiducial cross sections, for the transverse momentum of the Higgs-boson pT,4` (a), the absolute
value of the rapidity of the Higgs-boson |y4` | (b), the invariant mass of the subleading lepton pair m34 (c),
the magnitude of the cosine of the decay angle of the leading lepton pair in the four-lepton rest frame with
respect to the beam axis | cos ✓⇤ | (d). The measured cross sections are compared to ggF predictions by NNLOPS,
MG5_�MC@NLO_F�F�, and, for pT,4` and |y4` |, by HR��, all normalized to the N3LO cross section with the
listed k-factors. Predictions for all other Higgs-boson production modes X H are added. The error bars on the data
points show the total uncertainties, while the systematic uncertainties are indicated by the boxes. The shaded bands
on the expected cross sections indicate the PDF and scale uncertainties. The p-values indicating the compatibility
between measurement and SM prediction are shown as well. They do not include the systematic uncertainty on the
theoretical predictions.
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• analysis performed only in the VBF and VH final state, 
due to the complexity of the fake background 
estimation in ggF that needs more careful evaluation; 

• integrated luminosity 5.8 fb-1; 

• difference respect to Run-1:  cut and count analysis for 
VH only in the 3-lepton channel, no SF channel for VBF

7 Results

The extraction of the signal yields and the determination of the signal strength parameter µ individually
in the VBF and in the WH analysis, are the result of a statistical analysis of the data samples described in
Section 5.

The signal yields are extracted using the profile likelihood ratio method that consists in maximising a
binned likelihood function L(n | µ;✓). The signal extraction and the likelihood are described in full detail
in Ref. [8] and briefly summarised in the following. The likelihood is the product of Poisson distributions
for each signal and control region, where the mean values are chosen as the sum of the expected yields
of signal and background contributions in each bin. The symbol n represents the observed events in each
bin of all signal and control regions. The signal and background expectations are functions of µ and a set
of nuisance parameters, ✓. The signal strength µ multiplies the SM predicted signal event yield of each
category, while background NFs, included as nuisance parameters, represent corrections for background
sources normalised to data. Signal and background predictions depend on systematic uncertainties that are
described by nuisance parameters. The normalisation factors are left free when maximising the likelihood
function, while the constraints are chosen to be log-normal distributions.

The profile likelihood-ratio test statistic is used to test the background-only or background-and-signal
hypotheses. It is defined as qµ = � 2 ln

�L(µ; ✓̂µ)/L(µ̂; ✓̂)
�
. The denominator does not depend on µ. The

quantities µ̂ and ✓̂ are the values of µ and ✓, respectively, that maximise L. The numerator depends on
the values ✓̂µ that maximise L for a given value of µ. One can extract the statistical significance Z from
p0 by translating from the Gaussian tail probability. The p0 value is computed from the test statistic qµ ,
evaluated at µ = 0, and is defined to be the probability to obtain a value of qµ larger than the observed
value under the background-only hypothesis. More details on the statistical methods used can be found
in Ref. [83].
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Figure 6: Fit regions of (a) the VBF analysis and (b) the WH analysis. The signal and background predictions
are normalised to the results of the corresponding likelihood fit. The most sensitive SR categories, SR2 in case of
VBF and Z-dominated, Z-depleted SRs in case of WH , are displayed with a di↵erent y axis to make the signal
contribution more visible. The hatched band (denoted as “SM (sys)”) includes MC statistical, experimental, and
theory systematic uncertainties associated with the prediction of the signal and background processes.
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Figure 6: Fit regions of (a) the VBF analysis and (b) the WH analysis. The signal and background predictions
are normalised to the results of the corresponding likelihood fit. The most sensitive SR categories, SR2 in case of
VBF and Z-dominated, Z-depleted SRs in case of WH , are displayed with a di↵erent y axis to make the signal
contribution more visible. The hatched band (denoted as “SM (sys)”) includes MC statistical, experimental, and
theory systematic uncertainties associated with the prediction of the signal and background processes.
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Table 7: MC and Data yields for the VBF analysis in the SRs and CRs. SR1 corresponds to �0.8 < BDT < 0.7 and
SR2 to 0.7 < BDT < 1. Normalisation factors derived from maximising the likelihood function are applied. The
errors include MC statistical uncertainties on the yield, NF statistical uncertainties, detector systematic uncertainties
and theory systematic uncertainties. The sum of all the contributions may di↵er from the total value due to rounding.
In the determination of the uncertainties on the total background correlations have been taken into account.

Category SR1 SR2 Top CR Z+jets CR

VBF 9.3± 3.6 5.1± 1.8 1.7± 0.6 1.1± 0.4
Other Higgs 8.0± 4.0 0.7± 0.4 1.1± 0.2 1.2± 0.0

WW 13.0± 8.0 0.4± 0.2 1.4± 0.5 2.0± 0.9
Other VV 6.6± 2.6 0.2± 0.1 0.2± 0.0 0.8± 0.2
Top quark 42.2± 7.6 0.9± 0.7 186 ± 17 3.6± 1.6
W+jets 24.3± 9.2 1.2± 0.7 8.8± 4.0 4.4± 2.2
Z+jets 18.0± 9.9 0.1± 0.1 1.3± 1.0 27 ± 10

Total background 115 ± 13 3.5± 1.9 199 ± 17 38.8± 9.8
Observed 120 9 202 41

In the VBF analysis a simultaneous fit is performed to two ranges of the BDT output distribution in the
signal region as well as to the yields of the top-quark CR and the Z ! ⌧⌧ CR. An overview of the fit
regions is given in Fig. 6(a) comparing the observed yields to the post-fit yields. Details on the yields in
SR and CRs are given in Table 7. Anti-correlations between the uncertainty on the Z ! ⌧⌧ normalisation,
the top-quark normalisation, theW+jets background estimation, and the jet energy scale yield a reduction
in uncertainty on the total estimated background. The observed (expected) significance in the presented
measurement of VBF production is 1.9� (1.2�) assuming a Higgs boson mass of 125GeV.

In case of the WH analysis the simultaneous fit is performed to the yields of the Z-dominated and Z-
depleted SRs as well as to the top-quark CRs, the WZ/W�⇤ CR, the Z� CR, and the Z+jets CRs. The
measurement of WH production has an observed (expected) significance of 0.77� (0.24�). The post-fit
yields are given in Tables 8 and 9, respectively for SRs and CRs, and the fit regions are illustrated in
Fig. 6(b).

The VBF-specific result is extracted by considering the ggF and VH production modes as background,
using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case
of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.

The fit results for the signal strength for the VBF and WH production modes are respectively:

µVBF = 1.7+1.0
�0.8(stat)+0.6

�0.4(sys)

µWH = 3.2+3.7
�3.2(stat)+2.3

�2.7(sys)

Since the contribution of the ggF production process to the background in the VBF analysis is not negli-
gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A
scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,
i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is
well below the precision of the given measurement.
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Table 8: MC and Data yields for the SRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may di↵er from the total value due to rounding. In the determination of the uncertainties on the total background
correlations have been taken into account.

Category Z-dominated Z-depleted

WH 2.6± 1.0 2.0± 0.8
Other Higgs 0.1± 0.0 0.1± 0.0

VV 13.0± 1.6 1.3± 0.4
VVV 0.5± 0.1 0.4± 0.1
Top quark 3.4± 0.9 2.8± 0.8
Z+jets 2.0± 1.6 1.1± 1.1

Total background 19.1± 2.4 5.6± 1.5
Observed 19 9

Table 9: MC and Data yields for the CRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may di↵er from the total value due to rounding. In the determination of the uncertainties on the total background
correlations have been taken into account.

Category CRa CRb CRc CRc CRd CRe
e-fake µ-fake

WH 1.0± 0.4 0.3± 0.0 0.4± 0.1 0.5± 0.0 0.2± 0.1 0.1± 0.1
Other Higgs 0.8± 0.0 0.0± 0.0 0.4± 0.0 0.4± 0.0 0.1± 0.0 0.0± 0.0

VV 207 ± 15 163 ± 53 156 ± 13 163 ± 14 4.4± 0.8 1.0± 0.5
VVV 0.9± 0.2 0.0± 0.0 0.2± 0.0 0.2± 0.0 0.2± 0.1 0.2± 0.0
Top quark 3.7± 0.6 0.4± 0.2 7.3± 0.9 9.1± 1.2 234 ± 19 194 ± 19
Z+jets 2.5± 1.2 0.0± 0.0 230 ± 83 212 ± 73 2 ± 0.7 0.1± 0.1

Total background 215 ± 15 163 ± 52 394 ± 82 385 ± 71 240 ± 20 195 ± 19
Observed 217 163 393 387 241 195

The measured signal strength, µVBF (µWH ), can be used to evaluate the product�VBF(WH ) ·BH!WW ⇤ for
the VBF (associated WH) production mode, respectively. The central value is the product of µ and the
predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical
uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since
these uncertainties are small compared to leading uncertainties in both signal strength measurements, the
cross sections are calculated to be:

�VBF · BH!WW ⇤ = 1.4+0.8
�0.6(stat)+0.5

�0.4(sys) pb

�WH · BH!WW ⇤ = 0.9+1.1
�0.9(stat)+0.7

�0.8(sys) pb
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Figure 2: Distribution of the BDT output score in the VBF SR. The backgrounds are normalised as is described
in Section 5.1.1. The dashed histogram represents the VBF signal scaled with a factor of 10. The hatched band
(denoted as “SM (sys)”) includes MC statistical, experimental, and theory systematic uncertainties associated with
the prediction of the signal and background processes.

production, and diboson production other than WW (denoted as “Other VV”) including W�⇤, W�, WZ ,
and ZZ events. The top-quark and the Z ! ⌧⌧ background normalisations are estimated from data using
control regions, that are fitted simultaneously together with the SR to extract the NFs. The definitions of
these control regions are given below and summarised in Table 2.

The top-quark CR is defined to be the same as the SR, except that exactly one b-tagged jet is required to
enrich the region in top-quarks, while keeping the flavour composition similar with respect to the SR. The
purity of top-quark events in the CR is 92% and the resulting top-quark NF is 0.91± 0.06(stat)+0.44

�0.30(sys).
The largest contributions to the systematic uncertainties on the NF arise from uncertainties on the MC
modelling of t t̄ , on the energy scale and resolution of the jets, and on the b-tagging. The BDT score
distribution in the top-quark CR is shown in Figure 3 (a).

The Z ! ⌧⌧ CR is defined using the invariant mass of the ⌧⌧ system (m⌧⌧). The Z ! ⌧⌧ CR requires
events with m⌧⌧ within 25GeV of mZ , otherwise passing the full VBF selection as described in Sec-
tion 5.1, and in addition requiring m`` less than 80GeV to suppress top contamination, resulting into a
purity of Z ! ⌧⌧ events of 61%. The resulting Z ! ⌧⌧ NF is 0.87 ± 0.20(stat)+0.21

�0.18(sys) where the
systematic uncertainties are dominated by the limited MC statistics and the uncertainties on the energy
scale and resolution of the jets. The BDT score distribution of the Z ! ⌧⌧ CR can be found in Figure 3
(b).

The background contribution due to mis-identified leptons, consisting mainly of W+jets events, is esti-
mated using a control sample of events in which one of the two lepton candidates satisfies the identific-
ation and isolation criteria used to define the signal sample, and the other lepton, called anti-identified,
fails to meet the nominal identification and isolation criteria but satisfies less restrictive ones. Events
in this sample are otherwise required to satisfy all of the SR selection criteria. The contamination of

9

VBF BDT distribution

ATLAS-CONF-2016-112



B. Di Micco Higgs physics at ATLAS QFTHEP 2017-Yaroslavi
31

h→bb @Run2

=125 GeV
H

 for m
SM

σ/σ=µBest fit 

0 2 4 6 8 10

Combination

WH

ZH

0.21
 0.50−
 0.51+ (

 0.36− 0.35  −
 0.36+ 0.36  + )

0.33
 0.92−
 0.95+ (

 0.67− 0.64  −
 0.68+ 0.68  + )

0.15
 0.64−
 0.67+ (

 0.44− 0.47  −
 0.45+ 0.49  + )

  Tot.   ( Stat.    Syst. )
Tot.

Stat.

ATLAS Preliminary -1L dt= 13.2 fb∫=13 TeV, s

=125 GeV
H

 for m
SM

σ/σ=µBest fit 

0 2 4 6 8 10

Combination

0 lepton

1 lepton

2 lepton

0.21
 0.50−
 0.51+ (

 0.36− 0.35  −
 0.36+ 0.36  + )

0.47
 0.69−
 0.73+ (

 0.42− 0.55  −
 0.44+ 0.59  + )

0.25
 0.92−
 0.94+ (

 0.67− 0.64  −
 0.67+ 0.67  + )

-0.24
 0.84−
 0.90+ (

 0.60− 0.58  −
 0.63+ 0.64  + )

  Tot.   ( Stat.    Syst. )
Tot.

Stat.

ATLAS Preliminary -1L dt= 13.2 fb∫=13 TeV, s

Figure 3: The fitted values of the Higgs boson signal-strength parameter, µ, for mH = 125 GeV for the W H and Z H
processes and their combination (left) and for the 0-, 1- and 2-lepton channels and their combination (right). The
individual µ values in either the case of the (W/Z )H processes or individual lepton channels are obtained from a
simultaneous fit with the signal strength for each of the processes or lepton channels floated independently.
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Figure 4: Event yields as a function of log(S/B) for data, background and Higgs boson signal with mH = 125 GeV.
Final-discriminant bins in all signal regions are combined into bins of log(S/B). The signal S and background B
yields are the expected and fitted values, respectively. The Higgs boson signal contribution is shown as expected for
the SM cross section (indicated as µ = 1.0). The pull of the data with respect to the background-only prediction is
shown without systematic uncertainties. The solid red line indicates the pull of the prediction for signal (µ = 1.0)
and background with respect to the background-only prediction.
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For all lepton channels combined the observed limit on the ratio of the cross section times branching ratio
with respect to the SM expectation for mH = 125 GeV is 1.2, to be compared to an expected limit, in
the absence of signal, of 1.0+0.4

�0.3. The probability p0 of obtaining from background alone a result at least
as signal-like as the observation is 34% for a tested Higgs boson mass of 125 GeV. In the presence of a
Higgs boson with that mass and the SM signal strength, the expected p0 value is 3%. This corresponds to
an observed excess with a significance of 0.42 standard deviations, to be compared to an expectation of
1.94 standard deviations. Table 8 shows the expected and observed 95% CL limits, p0 and significance
values for the seperate lepton channel fits and for the lepton channels combined in the global fit. For all

Dataset
Limit p0 Significance

Exp. Obs. Exp. Obs. Exp. Obs.
0-lepton 1.4+0.6

�0.4 2.0 0.07 0.15 1.45 1.02
1-lepton 2.0+0.8

�0.6 2.1 0.15 0.46 1.04 0.10
2-lepton 1.8+0.7

�0.5 1.7 0.13 0.57 1.14 �0.17
Combined 1.0+0.4

�0.3 1.2 0.03 0.34 1.94 0.42

Table 8: The expected and observed 95% CL limits on the ratio of the cross-section times branching ratio with respect
to the SM expectation and p0 and significance values for the individual lepton channels and their combination. The
expected limits are evaluated assuming the absence of signal and the expected p0 and significance assuming a Higgs
boson of 125 GeV mass with the SM signal strength.

channels combined the fitted value of the signal-strength parameter is µ = 0.21+0.36
�0.35(stat.) ± 0.36(syst).

Fits are also performed in the case of the three lepton channels combined, where the signal strengths are
floated independently for (i) the W H and Z H production processes, or (ii) the three lepton channels, but
leaving all other NPs with the same correlations as the nominal result. The results of these fits are shown
in Fig. 3. Figure 4 shows the data, background and signal yields, where final-discriminant bins in all
signal regions are combined into bins of log(S/B). Here, S is the expected signal yield and B is the fitted
background yield.

The ranking of the systematic uncertainties in the global likelihood fit are shown in Fig. 5. The NPs are
ordered by decreasing post-fit impact on µ. The five systematic uncertainties with the largest impact are
the two leading b-jet e�ciency uncertainties, the leading c-jet e�ciency uncertainty, the W + HF and
Z + HF normalisations.

8.2. Diboson validation

As outlined in Section 4, BDTs have also been trained to select V Z diboson as the signal to validate the
techniques and modelling used in the Higgs boson analysis. The validation results are obtained using
the maximum likelihood fits described in Section 7 in an identical manner as for the signal fit, but using
the BDTVZ output as the final discriminant and with the V Z signal-strength parameter, µVZ , freely
floating. The diboson and Higgs boson BDTs provide su�cient separation between the V Z and V H
processes such that they only have a weak correlation in their results. The Higgs boson signal-strength
parameter, µ, is set to the SM prediction with a 50% uncertainty assigned on the normalisation. A value
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analysis based on 
categorisation in number of 

leptons and BDT

still missing evidence 
of bb up to now,   
results going to be 
updated soon with 
full 2016 statistics

4.3. Multivariate discriminant

Multivariate discriminants making use of BDTs are constructed, trained and evaluated in each of the 0-,
1- and 2-lepton channels separately for events with two and three jets. In the 0 and 1-lepton channels,
only events with pVT > 150 GeV are used. For the 2-lepton channel two BDTs are used in each of the jet
multiplicity categories, one for pVT < 150 GeV and one for pVT > 150 GeV. The full list of categories for
each channel is outlined in Table 2.

Two versions of the BDTs are trained. One to separate the (V H, H ! bb) signal from the sum of the
expected background processes, referred to as BDTVH and another to separate the (V Z, Z ! bb) diboson
from the sum of the expected background processes, referred to as BDTVZ . The input variables used to
construct the BDTs are chosen in order to maximise the separation, while avoiding the use of variables
not improving the performance significantly. Starting from the dijet mass (mbb), additional variables are
tried one at a time and the one yielding the best separation gain is kept. This procedure is repeated until
adding more variables does not result in a significant performance gain. The final sets of variables for
the di�erent channels are listed in Table 3. The b-tagged jets belonging to the dijet system are labelled
in decreasing pT as b1 and b2, and their separation in pseudorapidity is |�⌘(b1, b2) |. In 3-jet events, the
third jet is labelled as jet3 and the mass of the 3-jet system is denoted mbbj . The angular separation, in
the transverse plane, of the vector boson and the dijet system of b-tagged jets and their pseudorapidity
separation are denoted ��(V, bb) and |�⌘(V, bb) |, respectively. In the 0-lepton channel, HT is defined as
the scalar sum of the transverse momenta of all jets and Emiss

T . In the 1-lepton channel, the angle between
the lepton and the closest b-tagged jet in the transverse plane is denoted min[��(`, b)]. The W boson
transverse mass is defined as mW

T =
q

2p`TEmiss
T (1 � cos(��(`, Emiss

T ))) where p`T is the lepton transverse
momentum.

In the 1-lepton channel two variables are used to improve the rejection of the tt background: the rapidity
di�erence between the W and Higgs bosons, |�Y (V, H) | and, under the hypothesis that the event is tt
the reconstructed top-quark mass, mTop. To construct each of these variables an estimate of the 4-vector
of the neutrino in the W boson decay is required. The vector Emiss

T is assumed to give the transverse
components and then p⌫z can be determined up to a possible two-fold ambiguity by constraining the mass of
the lepton + neutrino to be consistent with the known W boson mass. The top quark is then reconstructed
by considering the reconstructed W boson and one of the two b tagged jets. The choice of the two possible
p⌫z and b-tagged jet is made such that the value of mTop is minimised.

The other variables are defined in the previous sections.

Channel

Categories
2 b-tagged jets

pVT < 150 GeV pVT > 150 GeV
2 jets 3 jets � 3 jets 2 jets 3 jets � 3 jets

0-lepton - - - BDT BDT -
1-lepton - - - BDT BDT -
2-lepton BDT - BDT BDT - BDT

Table 2: The distributions used in the global likelihood fit for all the categories in each channel.
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Figure 3: The fitted values of the Higgs boson signal-strength parameter, µ, for mH = 125 GeV for the W H and Z H
processes and their combination (left) and for the 0-, 1- and 2-lepton channels and their combination (right). The
individual µ values in either the case of the (W/Z )H processes or individual lepton channels are obtained from a
simultaneous fit with the signal strength for each of the processes or lepton channels floated independently.
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.

45

Run-1 fit to Higgs production and decay shows a clear coupling to 
top, can we say to have observed top coupling?

V,f

h→tt coupling 
(sc. factor to SM coupling)

1/mt ~ 1/ytmt / htt hV EV i = yth
SM
tt hV EV i

(a) (b)

H

W

W

g

g

ggF production

VH production

⌫̄
(0)
` H

ttH production

W

W

Hg

g

t̄

t

q̄

q

W

W

Hq

q

VBF production

W�
H

W+
`(0)�

`+

⌫`

V =W, Z

W

W

1

V,f

V,f

t

t
yt

The values of the ggF xs is barely sensitive to top coupling, 
due to the  cancellation between the mt dependence of the loop 

and the Higgs coupling to the top



B. Di Micco Higgs physics at ATLAS QFTHEP 2017-Yaroslavi
33

ttH motivation

Particle mass [GeV]
1−10 1 10 210

vV
m V

κ
 o

r 
vF

m F
κ

4−10

3−10

2−10

1−10

1
W

t
Z

b

µ

τ

ATLAS+CMS
SM Higgs boson

] fitε[M, 
68% CL
95% CL

Run 1 LHC
CMS and ATLAS

Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as
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for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as
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for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as
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for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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(H→WW/ZZ)→ multi-lepton

multi-lepton final state

Uncertainty Source �µ
tt̄+ � 1b modelling +0.34 �0.33
Jet flavour tagging +0.19 �0.19
Background model statistics +0.18 �0.18
tt̄+ � 1c modelling +0.17 �0.17
Jet energy scale and resolution +0.18 �0.18
tt̄H modelling +0.20 �0.13
tt̄+light modelling +0.14 �0.14
Other background modelling +0.16 �0.15
Fake lepton uncertainties +0.11 �0.12
Jet-vertex association, pileup modelling +0.09 �0.09
Luminosity +0.09 �0.09
tt̄ Z modelling +0.08 �0.07
Light lepton (e, µ), photon, and ⌧ ID, isolation, trigger +0.04 �0.04
Total systematic uncertainty +0.57 �0.54
tt̄+ � 1b normalisation +0.24 �0.24
tt̄+ � 1c normalisation +0.11 �0.11
Statistical uncertainty +0.38 �0.38
Total uncertainty +0.69 �0.66

Table 5: Summary of uncertainties on µt t̄H . Due to correlations between the di�erent sources of uncertainties, the
total systematic uncertainty can be di�erent from the sum in quadrature of the individual sources. The normalisation
factors for both tt̄+ � 1b and tt̄+ � 1c are included in the statistical component.

Channel Significance
Observed [�] Expected [�]

tt̄H , H ! �� �0.2 0.9
tt̄H , H ! (WW, ⌧⌧, Z Z ) 2.2 1.0

tt̄H , H ! bb̄ 2.4 1.2
tt̄H combination 2.8 1.8

Table 6: Observed and expected significances relative to the background-only hypothesis for the individual analyses
and for their combination.
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Figure 2: Observed negative logarithm of the likelihood ratio as a function of the signal strength for the individual
analyses and for their combination, assuming mH = 125 GeV. The horizontal dashed grey lines at ��ln(L)= 0.5, 2
and 4.5 correspond to 1 �, 2 � and 3 � respectively. The intersection between the vertical black line at µt t̄H = 0
and the likelihood curve indicates the significance of the background-only hypothesis with respect to the best fit
signal strength.

an improvement of 50% relative to the most sensitive individual analysis. The expected sensitivity of this
combination exceeds the Run-1 tt̄H expected significance of 1.5 �.

The result is also provided in terms of an upper limit on µt t̄H . The observed limits at 95% CL, and those
expected with and without assuming a SM Higgs with mH = 125 GeV, for the individual tt̄H channels
and their combination, are shown in Figure 3 and in Table 7.

4. Conclusion

A combination of the tt̄H searches in the ��, multilepton, and bb̄ decay channels is performed using up to
13.3 fb�1 of pp collisions data at

p
s=13 TeV collected with the ATLAS detector at the LHC. The combined

tt̄H signal strength (�/�SM) is found to be 1.8+0.7
�0.7 which corresponds to an observed significance of 2.8 �,

where 1.8� would be expected in the presence of Standard Model tt̄H . The sensitivity of this combination
exceeds the Run-1 tt̄H expected significance of 1.5 �. All three analyses are within 1.5 � of the central
value.
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h→µµ 36 fb-1

38

• First probe of coupling to second generation fermions, very low branching 
fraction: Br(h→µµ) = 2.19×10-4  

• comparable to Br(h→ZZ→4l) but with a much larger background from Z/γ*→µµ

S B S /
p

B FWHM Data
Central low pµµT 11 8000 0.12 5.6 GeV 7885
Non-central low pµµT 32 38000 0.16 7.0 GeV 38777
Central medium pµµT 23 6400 0.29 5.7 GeV 6585
Non-central medium pµµT 66 31000 0.37 7.1 GeV 31291
Central high pµµT 16 3300 0.28 6.3 GeV 3160
Non-central high pµµT 40 13000 0.35 7.7 GeV 12829
VBF loose 3.4 260 0.21 7.6 GeV 274
VBF tight 3.4 78 0.38 7.5 GeV 79

Table 1: Event yields for the expected signal (S ) and background (B) processes, and numbers of the observed data
events in di↵erent categories. The full widths at half maximum (FWHM) of the signal mµµ distributions are also
shown. In each category, the event yields are counted within an mµµ interval, which is centered at the simulated
signal peak and contains 90% of the expected signal events. The expected signal event yields are normalized to
36.1 fb�1. The background in each category is normalized to the observed data yield, while the relative fractions
between the di↵erent processes are fixed to the SM predictions.
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where fCB is the fraction of the CB contribution when each component (CB or GS) is normalized to
unity. The parameters ↵ and n define the power-law tail of the CB distribution. The parameters mCB,
mGS, �CB, and �S

GS denote the CB mean value, GS mean value, CB width, and GS width, respectively.
These parameters are determined for each signal category by fitting the signal model to the simulated
mµµ spectrum. In each category, the ggF, VBF, and VH signal shapes are obtained separately and then
combined into the total signal shape according to their SM predictions.

The background model should be able to describe the steeply falling mµµ distributions from the dominant
Drell–Yan process. At the same time, it should have su�cient flexibility to absorb potential di↵erences
between data and MC simulation, and allow variations in the mµµ spectra due to di↵erent selections and
additional contributions from minor background processes. The adopted model is the sum of a Breit–
Wigner function (BW) convolved with a GS, and an exponential function divided by a cubic function:

PB(mµµ) = f · [BW(mBW,�BW) ⌦ GS(�B
GS)](mµµ)
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where f is the fraction of the BW component when each component is normalized to unity. The �B
GS

parameter in each category is fixed to the corresponding average mµµ resolution as determined from
MC Drell–Yan events. For all the categories, the BW parameters are fixed to mBW = 91.2 GeV and
�BW = 2.49 GeV [46]. The parameters f and A are unconstrained and uncorrelated between di↵erent
categories.

A binned maximum-likelihood fit to the observed mµµ distributions in the range 110–160 GeV is per-
formed using the sum of the signal and background models (“S+B model”). The fit is done simultan-
eously in all the categories. In addition to the background model parameters ( f and A) described earlier,
the background normalization in each category is a free parameter in the fit. The product of the H ! µµ
signal strength µS and the expected signal yield gives the signal normalization in each category.
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The expected signal yields used in the fit are subject to experimental and theoretical uncertainties. The
systematic uncertainties in the expected signal are correlated between all the categories.

The uncertainty in the combined 2015 and 2016 integrated luminosity is 3.2%, derived, following a meth-
odology similar to that detailed in Ref. [47], from a preliminary calibration of the luminosity scale using
x–y beam-separation scans performed in August 2015 and May 2016. Other sources of experimental un-
certainty include the muon reconstruction and identification e�ciencies, the e�ciencies due to the trigger,
isolation and impact parameter requirements, the muon momentum scale and resolution, the determina-
tion of the Emiss

T soft-term, the b-tagging e�ciency, the pileup modeling, as well as the jet energy scale
and resolution. The total experimental uncertainty in the predicted signal yield in each ggF category is
between 4% and 6%, dominated by the luminosity, muon, jet, and pileup contributions. The experimental
uncertainty increases to 15% in the VBF categories, due to larger contributions from the jet energy scale
and resolution uncertainties. The e↵ects of the experimental uncertainties in the predicted signal mµµ
shapes are found to be minor and are therefore neglected in this search.

The theoretical uncertainties in the production cross-section of the Higgs boson and the H ! µµ decay
branching ratio are set according to Refs. [21, 22]. The uncertainty in the signal acceptance in the ggF
categories, due to the modeling of the Higgs boson pT spectrum, is estimated by varying the QCD scales
used in the HRes program. The acceptance uncertainties of ggF signal events in the VBF categories are
estimated using the method described in Ref. [11]. The uncertainties associated with the modeling of
multi-parton interactions are estimated by turning it o↵ in the event generation, according to the recom-
mendations in Ref. [10]. The uncertainty in the ggF signal prediction ranges from 15% to 25%, dominated
by the uncertainties due to omitted high-order e↵ects. The total theoretical uncertainty in the VBF signal
yield in each category is typically around 5%.

Any systematic bias in the background model when describing the underlying mµµ spectrum might result
in spurious signal events in the measurement. In each category, the number of spurious signal events
(Nspur) is estimated by fitting the parameterized S+B model to the simulated background mµµ distribution
in the range 110–160 GeV. The mµµ spectra are obtained from large Drell–Yan MC samples, which were
produced with Powheg-box v2 [15] and MadGraph5 [31] for the ggF and VBF categories, respectively,
and correspond to an equivalent integrated luminosity of about 5 ab�1. Values of Nspur are derived for
three nearby Higgs boson masses (120, 125, and 130 GeV), and from these the largest value between the
yields and their statistical uncertainties is taken as the Nspur value for a certain category. The background
modeling uncertainty is treated as uncorrelated among all the categories. This uncertainty varies from 8%
to 50% of the statistical uncertainties of the background, depending on the selection category. The impact
of the background mismodeling on the expected upper limit on the signal strength is about 2%.

The observed mµµ spectrum is compared to the background-only fit in Figure 2 for the VBF tight category.
The S+B model is fitted to the observed mµµ spectra in eight signal categories simultaneously, and the
measured overall signal strength is µS = �0.1 ± 1.5. An upper limit on µS is computed using a modified
frequentist CLs method [48, 49] with the profile-likelihood-ratio test statistic [48]. The observed (expec-
ted) upper limit on µS at the 95% CL is found to be 3.0 (3.1). This limit is driven by the data statistical
uncertainty, while the impact of the systematic uncertainties is found to be 2.2%. When combined with
the ATLAS Run-1 data, the observed (expected) upper limit is 2.8 (2.9) at the 95% CL. The correspond-
ing measured signal strength is µS = �0.1 ± 1.4. The theoretical and experimental uncertainties in the
expected signal and the background modeling uncertainty are correlated in the combination.

To conclude, a search for the dimuon decay of the Higgs boson is performed using 36.1 fb�1 of data
collected with the ATLAS detector in pp collisions at

p
s =13 TeV at the LHC. No significant excess is

6

The expected signal yields used in the fit are subject to experimental and theoretical uncertainties. The
systematic uncertainties in the expected signal are correlated between all the categories.

The uncertainty in the combined 2015 and 2016 integrated luminosity is 3.2%, derived, following a meth-
odology similar to that detailed in Ref. [47], from a preliminary calibration of the luminosity scale using
x–y beam-separation scans performed in August 2015 and May 2016. Other sources of experimental un-
certainty include the muon reconstruction and identification e�ciencies, the e�ciencies due to the trigger,
isolation and impact parameter requirements, the muon momentum scale and resolution, the determina-
tion of the Emiss

T soft-term, the b-tagging e�ciency, the pileup modeling, as well as the jet energy scale
and resolution. The total experimental uncertainty in the predicted signal yield in each ggF category is
between 4% and 6%, dominated by the luminosity, muon, jet, and pileup contributions. The experimental
uncertainty increases to 15% in the VBF categories, due to larger contributions from the jet energy scale
and resolution uncertainties. The e↵ects of the experimental uncertainties in the predicted signal mµµ
shapes are found to be minor and are therefore neglected in this search.

The theoretical uncertainties in the production cross-section of the Higgs boson and the H ! µµ decay
branching ratio are set according to Refs. [21, 22]. The uncertainty in the signal acceptance in the ggF
categories, due to the modeling of the Higgs boson pT spectrum, is estimated by varying the QCD scales
used in the HRes program. The acceptance uncertainties of ggF signal events in the VBF categories are
estimated using the method described in Ref. [11]. The uncertainties associated with the modeling of
multi-parton interactions are estimated by turning it o↵ in the event generation, according to the recom-
mendations in Ref. [10]. The uncertainty in the ggF signal prediction ranges from 15% to 25%, dominated
by the uncertainties due to omitted high-order e↵ects. The total theoretical uncertainty in the VBF signal
yield in each category is typically around 5%.

Any systematic bias in the background model when describing the underlying mµµ spectrum might result
in spurious signal events in the measurement. In each category, the number of spurious signal events
(Nspur) is estimated by fitting the parameterized S+B model to the simulated background mµµ distribution
in the range 110–160 GeV. The mµµ spectra are obtained from large Drell–Yan MC samples, which were
produced with Powheg-box v2 [15] and MadGraph5 [31] for the ggF and VBF categories, respectively,
and correspond to an equivalent integrated luminosity of about 5 ab�1. Values of Nspur are derived for
three nearby Higgs boson masses (120, 125, and 130 GeV), and from these the largest value between the
yields and their statistical uncertainties is taken as the Nspur value for a certain category. The background
modeling uncertainty is treated as uncorrelated among all the categories. This uncertainty varies from 8%
to 50% of the statistical uncertainties of the background, depending on the selection category. The impact
of the background mismodeling on the expected upper limit on the signal strength is about 2%.

The observed mµµ spectrum is compared to the background-only fit in Figure 2 for the VBF tight category.
The S+B model is fitted to the observed mµµ spectra in eight signal categories simultaneously, and the
measured overall signal strength is µS = �0.1 ± 1.5. An upper limit on µS is computed using a modified
frequentist CLs method [48, 49] with the profile-likelihood-ratio test statistic [48]. The observed (expec-
ted) upper limit on µS at the 95% CL is found to be 3.0 (3.1). This limit is driven by the data statistical
uncertainty, while the impact of the systematic uncertainties is found to be 2.2%. When combined with
the ATLAS Run-1 data, the observed (expected) upper limit is 2.8 (2.9) at the 95% CL. The correspond-
ing measured signal strength is µS = �0.1 ± 1.4. The theoretical and experimental uncertainties in the
expected signal and the background modeling uncertainty are correlated in the combination.

To conclude, a search for the dimuon decay of the Higgs boson is performed using 36.1 fb�1 of data
collected with the ATLAS detector in pp collisions at

p
s =13 TeV at the LHC. No significant excess is

6

µS < 3.0 95%C.L.

µS < 2.8 95%C.L.

Run-2

Run-1 + Run-2

HL-LHC naive 
extrapolation
Δµ = 0.15

signal extraction through di-muon inv. 
mass fit to a signal peak plus a continuum 
exponentially falling background

Difficult to observe it 
at Run-2, one of the 
strongest motivation 

for HL-LHC

arXiv:1705.54082 
acc. by Phys. Rev. Lett. 



B. Di Micco Higgs physics at ATLAS QFTHEP 2017-Yaroslavi

hh-the last missing piece

39

L =
� 1

4g04Bµ⌫B
µ⌫ � 1

4g2W
a
µ⌫W

µ⌫a � 1
4g2

s
Ga

µ⌫G
µ⌫a
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(a) gg double-Higgs fusion: gg → HH
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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ŝ

)

, (5)
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ŝ

2

(

1− 2
M2

H

ŝ
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Higgs decay branching fraction

1. many decay modes, signal yield divided among many rivers; 

2. typically higher S/B channel have lower signal yield; 

3. need to exploit all possible decay topologies and combine them to boost 
the sensitivity 
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and to test the hypothesis of Higgs boson pair production
with its cross section as the parameter of interest.
Additional nuisance parameters are included to take into
account systematic uncertainties and their correlations. The
likelihood is the product of terms of the Poisson probability
constructed from the final discriminant and of nuisance
parameter constraints with either Gaussian, log-normal, or
Poisson distributions. Upper limits on the Higgs boson pair
production cross section are derived using the CLs method
[71]. For the combinations, systematic uncertainties that
affect two or more analyses (such as those of luminosity, jet
energy scale and resolutions, b-tagging, etc.) are modeled
with common nuisance parameters.
For thehh → bbττ analysis, Poissonprobability terms are

calculated for the four categories separately from the mass
distributions of the ditau system for the nonresonant search
[Fig. 3(a)] and of the bbττ system for the resonant search
[Fig. 3(b)]. Thembbττ distributions of the resonant search are
rebinned to ensure a sufficient number of events for the
background prediction in each bin, in particular a single bin
is used for mbbττ ≳ 400 GeV for each category. For the
hh → γγWW! analysis, event yields are used to calculate
Poisson probabilities without exploiting shape information.
The hh → γγbb and hh → bbbb analyses are published
separately in Refs. [21,22]. However, the results are quoted
at slightly different values of the Higgs boson massmh and,
therefore, have been updated using a common mass value
of mh ¼ 125.4 GeV [24] for the combinations. The decay
branching ratios of the Higgs boson h and their uncertainties
used in the combinations are taken from Ref. [27]. Table III
is a summary of the number of categories and final
discriminants used for each analysis.

The four individual analyses are sensitive to different
kinematic regions of the hh production and decays. The
combination is performed assuming that the relative con-
tributions of these regions to the total cross section are
modeled by the MadGraph5 [39] program used to simulate the
hh production.

IX. RESULTS

In this section, the limits on the nonresonant and
resonant searches are derived. The results of the hh →
bbττ and hh → γγWW! analyses are first determined and
then combined with previously published results of the
hh → γγbb and hh → bbbb analyses. The impact of the
leading systematic uncertainties is also discussed.
The observed and expected upper limits at 95% C.L. on

the cross section of nonresonant production of a Higgs
boson pair are shown in Table IV. These limits are to be
compared with the SM prediction of 9.9# 1.3 fb [17] for
gg → hh production with mh ¼ 125.4 GeV. Only the
gluon fusion production process is considered. The
observed (expected) cross-section limits are 1.6 (1.3) pb
and 11.4 (6.7) pb from the hh → bbττ and hh → γγWW!

analyses, respectively. Also shown in the table are the
cross-section limits relative to the SM expectation. The
results are combined with those of the hh → γγbb and
hh → bbbb analyses. The p-value of compatibility of the
combination with the SM hypothesis is 4.4%, equivalent to
1.7 standard deviations. The low p-value is a result of the
excess of events observed in the hh → γγbb analysis. The
combined observed (expected) upper limit on σðgg → hhÞ
is 0.69 (0.47) pb, corresponding to 70 (48) times the cross

TABLE III. An overview of the number of categories and final discriminant distributions used for both the nonresonant and resonant
searches. Shown in the last column are the mass ranges of the resonant searches.

hh Nonresonant search Resonant search
Final state Categories Discriminant Categories Discriminant mH [GeV]

γγbb̄ 1 mγγ 1 event yields 260–500
γγWW! 1 event yields 1 event yields 260–500
bb̄ττ 4 mττ 4 mbbττ 260–1000
bb̄bb̄ 1 event yields 1 mbbbb 500–1500

TABLE IV. The expected and observed 95% C.L. upper limits on the cross sections of nonresonant gg → hh production atffiffiffi
s

p
¼ 8 TeV from individual analyses and their combinations. SM values are assumed for the h decay branching ratios. The

cross-section limits normalized to the SM value are also included.

Analysis γγbb γγWW! bbττ bbbb Combined

Upper limit on the cross section [pb]

Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction

Expected 100 680 130 63 48
Observed 220 1150 160 63 70
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production cross section are derived using the CLs method
[71]. For the combinations, systematic uncertainties that
affect two or more analyses (such as those of luminosity, jet
energy scale and resolutions, b-tagging, etc.) are modeled
with common nuisance parameters.
For thehh → bbττ analysis, Poissonprobability terms are

calculated for the four categories separately from the mass
distributions of the ditau system for the nonresonant search
[Fig. 3(a)] and of the bbττ system for the resonant search
[Fig. 3(b)]. Thembbττ distributions of the resonant search are
rebinned to ensure a sufficient number of events for the
background prediction in each bin, in particular a single bin
is used for mbbττ ≳ 400 GeV for each category. For the
hh → γγWW! analysis, event yields are used to calculate
Poisson probabilities without exploiting shape information.
The hh → γγbb and hh → bbbb analyses are published
separately in Refs. [21,22]. However, the results are quoted
at slightly different values of the Higgs boson massmh and,
therefore, have been updated using a common mass value
of mh ¼ 125.4 GeV [24] for the combinations. The decay
branching ratios of the Higgs boson h and their uncertainties
used in the combinations are taken from Ref. [27]. Table III
is a summary of the number of categories and final
discriminants used for each analysis.

The four individual analyses are sensitive to different
kinematic regions of the hh production and decays. The
combination is performed assuming that the relative con-
tributions of these regions to the total cross section are
modeled by the MadGraph5 [39] program used to simulate the
hh production.

IX. RESULTS

In this section, the limits on the nonresonant and
resonant searches are derived. The results of the hh →
bbττ and hh → γγWW! analyses are first determined and
then combined with previously published results of the
hh → γγbb and hh → bbbb analyses. The impact of the
leading systematic uncertainties is also discussed.
The observed and expected upper limits at 95% C.L. on

the cross section of nonresonant production of a Higgs
boson pair are shown in Table IV. These limits are to be
compared with the SM prediction of 9.9# 1.3 fb [17] for
gg → hh production with mh ¼ 125.4 GeV. Only the
gluon fusion production process is considered. The
observed (expected) cross-section limits are 1.6 (1.3) pb
and 11.4 (6.7) pb from the hh → bbττ and hh → γγWW!

analyses, respectively. Also shown in the table are the
cross-section limits relative to the SM expectation. The
results are combined with those of the hh → γγbb and
hh → bbbb analyses. The p-value of compatibility of the
combination with the SM hypothesis is 4.4%, equivalent to
1.7 standard deviations. The low p-value is a result of the
excess of events observed in the hh → γγbb analysis. The
combined observed (expected) upper limit on σðgg → hhÞ
is 0.69 (0.47) pb, corresponding to 70 (48) times the cross

TABLE III. An overview of the number of categories and final discriminant distributions used for both the nonresonant and resonant
searches. Shown in the last column are the mass ranges of the resonant searches.

hh Nonresonant search Resonant search
Final state Categories Discriminant Categories Discriminant mH [GeV]

γγbb̄ 1 mγγ 1 event yields 260–500
γγWW! 1 event yields 1 event yields 260–500
bb̄ττ 4 mττ 4 mbbττ 260–1000
bb̄bb̄ 1 event yields 1 mbbbb 500–1500

TABLE IV. The expected and observed 95% C.L. upper limits on the cross sections of nonresonant gg → hh production atffiffiffi
s

p
¼ 8 TeV from individual analyses and their combinations. SM values are assumed for the h decay branching ratios. The

cross-section limits normalized to the SM value are also included.

Analysis γγbb γγWW! bbττ bbbb Combined

Upper limit on the cross section [pb]

Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction

Expected 100 680 130 63 48
Observed 220 1150 160 63 70
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the tau lepton decays, but not those of heavy or light Higgs
bosons.
To take advantage of different signal-to-background

ratios in different kinematic regions, the selected events
are divided into four categories based on the ditau trans-
verse momentum pττ

T (less than or greater than 100 GeV)
and the number of b-tagged jets (nb ¼ 1 or ≥ 2) for both
the nonresonant and resonant searches. The numbers of
events expected from background processes and observed
in the data passing the resonant hh → bbττ selection are
summarized in Table II for each of the four categories.
The expected number of events from the production of a
Higgs boson with mH ¼ 300 GeV and a cross section of
σðgg → HÞ × BRðH → hhÞ ¼ 1 pb for each category is
also shown for comparison.

Systematic uncertainties from the trigger, luminosity,
object identification, background estimate as well as
Monte Carlo modeling of signal and background processes
are taken into account in the background estimates and the
calculation of signal yields. The impact of these systematic
uncertainties varies for different background components
and event categories. For the most sensitive nb ≥ 2
categories, the main background contributions are from
top quark, fake τhad, and Z → ττ. The jet energy scale and
resolution is the largest uncertainty for the top-quark
contribution, ranging between 10% and 19% for the
nonresonant and resonant searches. The leading source
of systematic uncertainty for the fake τhad background is the
“fake-factor” determination, due to the uncertainties of the
sample composition. Varying the composition of W þ jets,
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FIG. 3 (color online). Distributions of the final discriminants used to extract the signal: (a)mττ for the nonresonant search and (b)mbbττ
for the resonant search. The top quark background includes contributions from both tt̄ and the single top-quark production. The
background category labeled “Others” comprises diboson and Z → ee=μμ contributions. Contributions from single SM Higgs boson
production are included in the background estimates, but are too small to be visible on these distributions. As illustrations, the expected
signal distributions assume a cross section of 10 pb for Higgs boson pair production for both the nonresonant and resonant searches. In
(b), a resonance mass of 300 GeV is assumed. The gray hatched bands represent the uncertainties on the total backgrounds. These
uncertainties are largely correlated from bin to bin.

TABLE II. The numbers of events predicted from background processes and observed in the data passing the final selection of the
resonant search for the four categories. The top quark background includes contributions from both tt̄ and the single top-quark
production. The “others” background comprises diboson and Z → ee=μμ contributions. The numbers of events expected from the
production of amH ¼ 300 GeV Higgs boson with a cross section of σðgg → HÞ × BRðH → hhÞ ¼ 1 pb are also shown as illustrations.
The uncertainties shown are the total uncertainties, combining statistical and systematic components.

nb ¼ 1 nb ≥ 2
Process pττ

T < 100 GeV pττ
T > 100 GeV pττ

T < 100 GeV pττ
T > 100 GeV

SM Higgs 0.5% 0.1 0.8% 0.1 0.1% 0.1 0.2% 0.1
Top quark 30.3% 3.6 19.6% 2.5 30.9% 3.0 23.6% 2.5
Z → ττ 38.1% 4.4 20.2% 3.7 6.8% 1.8 2.6% 1.0
Fake τhad 37.0% 4.4 12.1% 1.7 13.7% 1.9 5.4% 1.0
Others 3.2% 3.7 0.5% 1.5 0.7% 1.6 0.2% 0.7

Total background 109.1% 8.6 53.1% 6.0 52.2% 8.2 32.1% 5.4

Data 92 46 35 35
Signal mH ¼ 300 GeV 0.8% 0.2 0.4% 0.2 1.5% 0.3 0.9% 0.2
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Here NData
SB is the number of events in the data sidebands,

defined as the mass region 105 < mγγ < 160 GeV exclud-
ing the signal region. The quantity fSB is the fraction of
background events in 105 < mγγ < 160 GeV falling into
the signal mass window, and can in principle be determined
from a fit of the observed mγγ distribution to an ansatz
function. However, the small number of events after the
final selection makes such a fit unsuitable. Instead, fSB is
determined in a data control sample, selected as the
signal sample without the lepton and Emiss

T requirements.
Figure 4(a) shows the mγγ distribution of events in the
control sample. For the fit, an exponential function is used
to model the sidebands and a wider region of mh ! 5 GeV
is excluded to minimize potential signal contamination
in the sidebands. The fit yields a value of fSB ¼
0.1348! 0.0001. Varying the fit range of the sidebands
leads to negligible changes. Different fit functions, such as
a second-order polynomial or an exponentiated second-
order polynomial, lead to a difference of 1.4% in fSB. To
study the sample dependence of fSB, the fit is repeated for
the control sample without the jet and Emiss

T requirements
and a difference of only 2% is observed. Simulation studies
show that the continuum background is dominated by
WðlνÞγγ þ jets production. The γγlνþ jets events gen-
erated using MadGraph reproduce well the observed mγγ
distribution. The potential difference between γγ þ jets and
γγlνþ jets samples is studied using simulation. A differ-
ence below 1% is observed. Taking all these differences as
systematic uncertainties, the fraction of background events
in the signal mass window is fSB ¼ 0.135! 0.004. With
9 (NData

SB ) events observed in the data sidebands, it leads
to Nest

SR ¼ 1.40! 0.47 events from the continuum back-
ground. Figure 4(a) also shows the contribution expected
from single SM Higgs boson production. The data prefer

a larger cross section than the SM prediction for single
Higgs boson production, consistent with the measurement
reported in Ref. [66].
The uncertainties on the signal acceptances are estimated

following the same procedure as the hh → bbττ analysis.
The total experimental uncertainty is found to vary between
4% and 7% for different signal samples under consider-
ation, dominated by the contribution from the jet energy
scale. The theoretical uncertainties from PDFs, the renorm-
alization and factorization scales, and the strong coupling
constant are 3%, 1%, and 3%, respectively, the same as for
the hh → bbττ analysis.
The mγγ distribution of the selected events in the data

is shown in Fig. 4(b). In total, 13 events are found with
105 < mγγ < 160 GeV. Among them, 4 events are in
the signal mass window of mh ! 2σ compared with
1.65! 0.47 events expected from single SM Higgs boson
production and continuum background processes. The
p-value of the background-only hypothesis is 3.8%, cor-
responding to 1.8 standard deviations.
Assuming a cross section of 1 pb (σðgg → hhÞ or

σðgg → HÞ × BRðH → hhÞ) for Higgs boson pair produc-
tion, the expected number of signal events is 0.64! 0.05
for the nonresonant production. For the resonant produc-
tion, the corresponding numbers of events are 0.47! 0.05
and 0.72! 0.06 for a resonance mass of 300 GeV and
500 GeV, respectively. The implications of the search for
Higgs boson pair production are discussed in Sec. IX.

VIII. COMBINATION PROCEDURE

The statistical analysis of the searches is based on the
framework described in Refs. [67–70]. Profile-likelihood-
ratio test statistics are used to measure the compatibility of
the background-only hypothesis with the observed data
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FIG. 4 (color online). The distribution of the diphoton invariant mass for events passing (a) the relaxed requirements and (b) the final
selection. The relaxed requirements include all final selections except those on the lepton and Emiss

T . The red curves represent the
continuum background contributions and the blue curves include the contributions expected from single SM Higgs boson production
estimated from simulation. The continuum background contributions in the signal mγγ mass window are shown as dashed lines.
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hh Run-2 updates, γγ channels

hh→bbγγ

�(pp ! hh) < 3.9 pb
�(pp ! hh) < 116⇥ �SM

hh→WW(→lνjj)γγ

�(pp ! hh) < 25 pb (15 exp)

�(pp ! hh) < 743�SM(446 exp.)

• similar strategy for both 
channels, after a topological 
selection, look for γγ mass 
peak on a smoothly falling 
background 

• excess in bbγγ not 
confirmed, still excess in 
WWγγ

• updates on 2015+2016 
statistics expected this 
summer

ATLAS-CONF-2016-071
ATLAS-CONF-2016-004
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hh→4b run-2 updates

�(pp ! hh)⇥Br(hh ! 4b) < 330 fb

< 29⇥ �SM

region is defined as 48 GeV <
q

(mlead
2j � 120 GeV)2 + (msubl

2j � 115 GeV)2 < 88 GeV, while the control
region is defined as the region in the mlead

2j –msubl
2j plane between the signal and sideband regions. These

definitions are chosen to be orthogonal to the signal region and to give approximately equal event yields in
both the sideband and control regions. The outer limit on the sideband region ensures that the kinematic
properties of the sideband region are representative of the signal region.
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Figure 3: The msubl
2j vs. mlead

2j distribution for the resolved analysis background model. The signal region is the area
surrounded by the dashed red contour line, centred on (mlead

2j =120 GeV, msubl
2j =115 GeV). The control region is the

area between the signal region and the orange contour. The sideband region is the area between the orange and
yellow contours.

Events in the 2-tag data sample are reweighted to correct for di�erences introduced by the additional
b-tagging requirement on the 4-tag sample. These di�erences can arise for the following reasons: events
with more jets are more likely to satisfy the requirement of at least four b-tagged jets; the b-tagging
e�ciency varies as a function of jet pT and ⌘; the various multijet processes contribute in di�erent
fractions in each sample; and the fractions of events passed by each trigger path changes. The weights
are derived in the sideband region from linear fits to the ratio of the total background model to data for
four distributions that are found to have the largest disagreement between 2-tag and 4-tag: the number
of additional jets in the event, the leading Higgs boson candidate pT, and the energies of the jets in the
sub-leading Higgs boson candidate. The reweighting is performed using one-dimensional distributions
but is iterated so that correlations between the four variables are taken into account.

After reweighting, the normalization of the multijet background prediction is set by scaling the number of
events in each region of the 2-tag sample by the following factor µmultijet calculated in the sideband region:

µmultijet =
N4-tag

Multijet

N2-tag
Multijet

=
N4-tag

data � N4-tag
t t̄

N2-tag
data � N2-tag

t t̄

, (3)

9

• main background: multi-jet background 
• background estimated from side-band region 

and validated in CR

SR

• use of multi-jet triggers with b-tagging at HLT 
• main discriminant mhh

ATLAS-CONF-2016-049
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HL-LHC √s = 14 
TeV, L = 3000 fb-1 Exp. sign λ/λSM 95% C.L. exp σ/σSM

 ATLAS: bbγγ 1.05 σ [-0.8, 7.7] < 1.7 [recalc.]
ATLAS: 4b [0.2, 7.0]stat., [-3.5, 11] < 1.5stat. , 5.2
ATLAS: bbττ 0.6 σ [-4, 12] < 4.3

1.The most sensitive channel alone are not able to claim evidence of hh production, 
their sensitivity to the Higgs self-coupling is also very mild 

2. It is important to push the analysis techniques as much as possible forward now, to 
make possible an observation of this channel at HL-LHC

hh→bbττ
Study performed assuming flat acceptance as a 
function of λ

ATL-PHYS-PUB-2017-001, ATL-PHYS-PUB-2016-024, ATL-PHYS-PUB-2015-046  
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Exotic searches
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• The Higgs boson is moving from object to search, to object to study, but 
it is also a tool for discovery.  

• many searches are performed where the Higgs boson is among the final 
state particles 

• here we select only the most recent results
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h-DM, h→γγ search

events with fake Emiss
T in the low-Emiss

T region. To further reject the background events from SM V� and
V�� production (where V stands for W or Z), which contribute significantly in the high-Emiss

T region, a
lepton (electron or muon) veto is applied.

The selected events are thus divided into five categories based on:

• the Emiss
T significance, S Emiss

T
= Emiss

T /
pP

ET, where the total transverse energy
P

ET is calculated
from the scalar sum of the transverse momenta of the calibrated photons, electrons, muons and jets
used in the Emiss

T calculation described in Section 4, as well as the tracks not associated with these
but the PV;

• the diphoton transverse momentum, p��T ;

• phard
T ;

• the number of leptons in the event;

• the distance between the diphoton vertex and the highest ⌃p2
T vertex in the z direction: |zhighest

PV �z��PV|.
The resulting categorization scheme is shown in Table 1. The categories are defined sequentially in
the rows and each category excludes events in the previous row. The Z0B and Z0-2HDM signal samples
are used to optimize the definition of the Mono-Higgs category, which provides most of the sensitivity
to those two models. The other four categories, which provide extra sensitivity to heavy-scalar boson
events with softer Emiss

T , are optimized using simulated heavy-scalar-boson samples to cover the di↵erent
kinematic regimes of the heavy-scalar model.

Table 1: Optimized criteria used in the categorization. The categories are defined sequentially in the rows and each
category excludes events in the previous row.

Category Requirements

Mono-Higgs S Emiss
T
> 7
p

GeV, p��T > 90 GeV, lepton veto
High-Emiss

T S Emiss
T
> 5.5

p
GeV, |zhighest

PV � z��PV| < 0.1 mm
Intermediate-Emiss

T S Emiss
T
> 4
p

GeV, phard
T > 40 GeV, |zhighest

PV � z��PV| < 0.1 mm
Di↵erent-Vertex S Emiss

T
> 4
p

GeV, phard
T > 40 GeV, |zhighest

PV � z��PV| > 0.1 mm
Rest p��T > 15 GeV

Figure 2 shows the distributions of S Emiss
T

, phard
T and p��T after the selection of diphoton candidates in

120 GeV < m�� < 130 GeV. Expected distributions are shown for a Z0B signal with mZ0B = 200 GeV and
Dirac fermion DM m� = 1 GeV, a Z0-2HDM signal with mZ0 = 1000 GeV, mA0 = 200 GeV and Dirac
fermion DM m� = 100 GeV, and a heavy-scalar model with mH = 275 GeV and scalar DM m� = 60
GeV. These overlaid signal points are representative of the model kinematics.

For the distributions shown in Figure 2, the simulation is used to determine the shapes and normalizations
of the V� and V�� contributions, as well as the shape of the �� contribution. The normalizations of the ��
and �+jet contributions are fixed to 79% and 19% of the data yield, where these fractions are estimated
from a two-dimensional sideband technique by counting the number of events in which one or both
photons pass or fail the identification or isolation requirements [56]. The shape of the �+jet contribution

8

arXiv:1706.03948 
sub.  to Phys. Rev. D
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h-DM, h→bb search

Appendix

q

q̄
Z

0 h

A
�

�̄

Figure 4: Diagram for production of DM particles � in association with a Higgs boson in a simplified model where
a Z0 decays to a Higgs boson h and a pseudoscalar A.

Table 3: A summary of the main analysis selection criteria. The notation pT(A, B) used here is defined as the vector
sum of the pT for the objects A and B. For detailed descriptions of the selection criteria, please refer to the text
body.

Region SR 1µ-CR 2`-CR
Trigger Emiss

T Emiss
T Single lepton

Exactly two e or µ
Leptons No e or µ Exactly one µ 83 GeV < mee < 99 GeV

71 GeV < mµ±µ⌥ < 106 GeV

Resolved

Emiss
T 2 [150, 500] GeV pT (µ, Emiss

T ) 2 [150, 500] GeV pT (`, `) 2 [150, 500] GeV
pmiss

T > 30 GeV (1 b-tag only) pT (µ, pmiss
T ) > 30 GeV –

min
h
��
⇣
~Emiss

T , ~p jet
T

⌘i
> ⇡/9 min

h
��
⇣
~Emiss

T , ~p jet
T

⌘i
> ⇡/9 –

��
⇣
~Emiss

T , ~p miss
T

⌘
< ⇡/2 ��

⇣
~Emiss

T , ~p miss
T

⌘
< ⇡/2 –

– – Emiss
T ⇥

⇣P
jets,leptons pT

⌘�1/2
< 3.5 GeV1/2

Number of central small-R jets � 2
Leading Higgs candidate small-R jet pT > 45 GeV

HT,2 jets > 120 GeV for 2 jets, HT,3 jets > 150 GeV for > 2 jets
��
⇣
~Emiss

T , ~pT,h

⌘
> 2⇡/3

Veto on ⌧-leptons
�R
⇣
~p jet 1

h , ~p
jet 2
h

⌘
< 1.8

Veto on events with > 2 b-tags
Sum of pT of two Higgs candidate jets and leading extra jet > 0.63 ⇥ HT,all jets

b-tagging : one or two small-R calorimeter jets
Final discriminant = Dijet mass

Merged

Emiss
T > 500 GeV pT (µ, Emiss

T ) > 500 GeV pT (`, `) > 500 GeV
pmiss

T > 30 GeV pT (µ, pmiss
T ) > 30 GeV –

min
h
��
⇣
~Emiss

T , ~p jet
T

⌘i
> ⇡/9 min

h
��
⇣
~Emiss

T , ~p jet
T

⌘i
> ⇡/9 –

��
⇣
~Emiss

T , ~p miss
T

⌘
< ⇡/2 ��

⇣
~Emiss

T , ~p miss
T

⌘
< ⇡/2 –

Number of large-R jets � 1
Veto on ⌧-lepton not associated to large-R jet

Veto on b-jets not associated to large-R jet
HT -ratio selection (<0.57)

b-tagging : one or two ID track jets matched to large-R jet
Final discriminant = Large-R jet mass

12

CR defined to normalise ttbar, W+HF and Z+HF

ATLAS-CONF-2017-028
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1) The Higgs boson from particle to tool for discovery 

2) look for evidence of all its couplings as predicted by SM (they are all SM 
fundamental parameters, practically without theoretical constraints)  

3) discover the last piece of SM, the Higgs potential through hh production 

4) look for unexpected: i.e. Higgs coupled dark-matter through Higgs portal 
models 

5) more and more accuracy with the coming data at Run-2

Higgs shopping list for the future
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• The Higgs boson couples at tree-level only with massive particles 

• decay to γγ mediated by loop of massive charged particles (W,t) 

• background dominated by non-resonant γγ production and γ-jet 
with a jet faking a photon 

• event sample divided in sub-categories to exploit optimal S/B ratio 
and different production modes: ggF, VBF, W,Zh, tth  

• use of pTt variable to further separate signal from non resonant 
background

ZH production, the remaining 1% coming from tt̄H
production (Tables II and III).
The VH one-lepton category is optimized to select

events with a leptonic decay of the W boson by requiring
the presence of one electron or muon with pT greater than
15 or 10 GeV, respectively. In order to exploit the missing
transverse momentum signature of the neutrino in the decay
chain, the significance of the missing transverse momen-
tum, as defined in Sec. IV D, is required to be larger than

1.5. For the optimization of the selection cuts in this
category, the expected background contribution is derived
from data events in the sidebands. Approximately 90% of
the signal events in this category are predicted to come
from WH production, about 6% from ZH production, and
1%–2% from tt̄H production.
The VH Emiss

T category is optimized to be enriched in
events from VH production with a leptonic decay of a W
boson, where the lepton is not detected or does not pass the

TABLE II. Signal efficiencies ϵ, which include geometrical and kinematic acceptances, and expected signal event fractions f per
production mode in each event category for

ffiffiffi
s

p
¼ 7 TeV and mH ¼ 125.4 GeV. The second-to-last row shows the total efficiency per

production process summed over the categories and the overall average efficiency in the far right column. The total number of selected
signal events expected in each category NS is reported in the last column while the total number of selected events expected from each
production mode is given in the last row.

ggF VBF WH ZH tt̄H bb̄H tHbj tHW

Category ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ NS

Central-low pTt 15.5 92.2 8.5 4.1 7.2 1.6 7.9 1.0 3.4 0.1 15.5 1.0 $ $ $ $ $ $ $ $ $ $ $ $ 26.0
Central-high pTt 1.0 71.8 2.7 16.4 2.1 6.1 2.3 3.7 2.9 1.2 1.0 0.7 $ $ $ $ $ $ $ $ $ $ $ $ 2.1
Forward-low pTt 23.3 91.5 13.2 4.2 13.5 2.0 14.3 1.2 4.3 0.1 23.3 0.9 $ $ $ $ $ $ $ $ $ $ $ $ 39.5
Forward-high pTt 1.3 70.6 4.0 16.7 3.5 6.9 3.6 4.1 2.9 0.9 1.3 0.7 $ $ $ $ $ $ $ $ $ $ $ $ 3.0
VBF loose 0.4 38.6 7.9 60.0 0.2 0.6 0.2 0.3 0.2 0.1 0.4 0.4 $ $ $ $ $ $ $ $ $ $ $ $ 1.7
VBF tight 0.1 18.1 6.3 81.5 < 0.1 0.1 < 0.1 0.1 0.1 < 0.1 0.1 0.2 $ $ $ $ $ $ $ $ $ $ $ $ 1.0
VH hadronic 0.2 43.5 0.1 3.3 3.2 31.8 3.4 19.8 0.9 1.3 0.2 0.4 $ $ $ $ $ $ $ $ $ $ $ $ 0.6
VH Emiss

T < 0.1 8.7 0.1 3.7 1.7 35.7 3.6 44.8 2.3 7.1 < 0.1 0.1 $ $ $ $ $ $ $ $ $ $ $ $ 0.3
VH one-lepton < 0.1 0.7 < 0.1 0.2 5.0 91.4 0.6 5.9 0.7 1.8 < 0.1 < 0.1 $ $ $ $ $ $ $ $ $ $ $ $ 0.3
VH dilepton < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 1.3 99.3 < 0.1 0.6 < 0.1 < 0.1 $ $ $ $ $ $ $ $ $ $ $ $ 0.1
tt̄H hadronic < 0.1 10.5 < 0.1 1.3 < 0.1 1.3 < 0.1 1.4 6.1 81.0 < 0.1 0.1 1.5 2.6 4.3 1.9 0.1
tt̄H leptonic < 0.1 0.6 < 0.1 0.1 0.3 14.9 0.1 4.0 8.5 72.6 < 0.1 < 0.1 4.8 5.3 8.7 2.5 0.1
Total efficiency (%) 41.8 $ $ $ 42.9 $ $ $ 36.7 $ $ $ 37.3 $ $ $ 32.2 $ $ $ 41.8 $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ 41.6%
Events 64.8 5.4 2.2 1.3 0.3 0.7 < 0.1 < 0.1 74.5

TABLE III. Signal efficiencies ϵ, which include geometrical and kinematic acceptances, and expected signal event fractions f per
production mode in each event category for

ffiffiffi
s

p
¼ 8 TeV and mH ¼ 125.4 GeV. The second-to-last row shows the total efficiency per

production process summed over the categories and the overall average efficiency in the far right column. The total number of selected
signal events expected in each category NS is reported in the last column while the total number of selected events from each production
mode is given in the last row.

ggF VBF WH ZH tt̄H bb̄H tHbj tHW

Category ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ ϵð%Þ fð%Þ NS

Central-low pTt 14.1 92.3 7.5 4.0 6.5 1.5 7.2 1.0 2.9 0.1 14.1 1.0 $ $ $ $ $ $ $ $ $ $ $ $ 135.5
Central-high pTt 0.9 73.3 2.5 15.7 1.9 5.5 2.0 3.4 2.4 1.3 0.9 0.8 $ $ $ $ $ $ $ $ $ $ $ $ 11.3
Forward-low pTt 21.6 91.7 11.9 4.1 12.3 1.9 13.0 1.2 3.8 0.1 21.6 1.0 $ $ $ $ $ $ $ $ $ $ $ $ 208.6
Forward-high pTt 1.3 71.9 3.6 16.2 3.2 6.4 3.3 3.9 2.5 0.9 1.3 0.8 $ $ $ $ $ $ $ $ $ $ $ $ 16.1
VBF loose 0.4 41.9 7.2 56.5 0.2 0.6 0.2 0.4 0.2 0.1 0.4 0.4 $ $ $ $ $ $ $ $ $ $ $ $ 9.3
VBF tight 0.1 19.0 6.4 80.5 < 0.1 0.2 < 0.1 0.1 0.1 0.1 0.1 0.2 $ $ $ $ $ $ $ $ $ $ $ $ 5.7
VH hadronic 0.2 45.9 0.1 3.2 3.0 30.3 3.1 18.8 0.7 1.3 0.2 0.5 $ $ $ $ $ $ $ $ $ $ $ $ 3.2
VH Emiss

T < 0.1 2.3 < 0.1 0.3 1.3 36.9 3.0 51.0 1.8 9.5 < 0.1 < 0.1 $ $ $ $ $ $ $ $ $ $ $ $ 1.1
VH one-lepton < 0.1 0.5 < 0.1 0.2 4.8 89.8 0.6 6.3 1.0 3.3 < 0.1 < 0.1 $ $ $ $ $ $ $ $ $ $ $ $ 1.7
VH dilepton < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 1.3 99.1 < 0.1 0.9 < 0.1 < 0.1 $ $ $ $ $ $ $ $ $ $ $ $ 0.3
tt̄H hadronic < 0.1 7.3 < 0.1 1.0 < 0.1 0.7 < 0.1 1.3 6.9 84.1 < 0.1 < 0.1 2.1 3.4 4.8 2.1 0.5
tt̄H leptonic < 0.1 1.0 < 0.1 0.2 0.1 8.1 0.1 2.3 7.9 80.3 < 0.1 < 0.1 4.1 5.5 7.1 2.6 0.6
Total efficiency (%) 38.7 $ $ $ 39.1 $ $ $ 33.3 $ $ $ 33.8 $ $ $ 30.2 $ $ $ 38.7 $ $ $ 38.5%
Events 342.8 28.4 10.7 6.4 1.8 3.6 < 0.1 < 0.1 393.8
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2e2μ, 2μ2e, 4e. The rate of two quadruplets in one event is
below the per mille level.
Events with a selected quadruplet are required to have

their leptons a distance ΔR > 0.1 from each other if they
are of the same flavor and ΔR > 0.2 otherwise. For 4μ and
4e events, if an opposite-charge same-flavor dilepton pair is
found with mll below 5 GeV the event is removed.
The Z þ jets and tt̄ background contributions are further

reduced by applying impact parameter requirements as well
as track- and calorimeter-based isolation requirements to
the leptons. The transverse impact parameter significance,
defined as the impact parameter in the transverse plane
divided by its uncertainty, jd0j=σd0 , for all muons (elec-
trons) is required to be lower than 3.5 (6.5). The normalized
track isolation discriminant, defined as the sum of the
transverse momenta of tracks, inside a cone of size ΔR ¼
0.2 around the lepton, excluding the lepton track, divided
by the lepton pT, is required to be smaller than 0.15.
The relative calorimetric isolation for electrons in the

2012 data set is computed as the sumof the cluster transverse
energies ET, in the electromagnetic and hadronic calorim-
eters, with a reconstructed barycenter inside a cone of size
ΔR ¼ 0.2 around the candidate electron cluster, divided by
the electron ET. The electron relative calorimetric isolation
is required to be smaller than 0.2. The cells within 0.125 ×
0.175 in η × ϕ around the electron barycenter are excluded.
The pileup and underlying event contribution to the calo-
rimeter isolation is subtracted event by event [91]. The
calorimetric isolation of electrons in the 2011 data set is cell
based (electromagnetic and hadronic calorimeters) rather
than cluster based, and the calorimeter isolation relative to
the electron ET requirement is 0.3 instead of 0.2. In the case
of muons, the relative calorimetric isolation discriminant is
defined as the sum,ΣET, of the calorimeter cells above 3.4σ,
where σ is the quadrature sum of the expected electronic and
pileup noise, inside a cone of size ΔR < 0.2 around the
muon direction, divided by the muon pT. Muons are
required to have a relative calorimetric isolation less than
0.3 (0.15 in the case of stand-alone muons). For both the
track- and calorimeter-based isolations any contributions
arising from other leptons of the quadruplet are subtracted.
As discussed in Sec. IV C, a search is performed for FSR

photons arising from any of the lepton candidates in the
final quadruplet, and at most one FSR photon candidate is
added to the 4l system. The FSR correction is applied only
to the leading dilepton, and priority is given to collinear
photons. The correction is applied if 66 < mμμ < 89 GeV
and mμμγ < 100 GeV. If the collinear-photon search fails
then the noncollinear FSR photon with the highest ET is
added, provided it satisfies the following requirements:
mll < 81 GeV and mllγ < 100 GeV. The expected frac-
tion of collinear (noncollinear) corrected events is 4% (1%).
For the 7 TeV data, the combined signal reconstruction

and selection efficiency for mH ¼ 125 GeV is 39% for the
4μ channel, 25% for the 2e2μ=2μ2e channels and 17% for

the 4e channel. The improvements in the electron
reconstruction and identification for the 8 TeV data lead
to increases in these efficiencies by 10%–15% for the
channels with electrons, bringing their efficiencies to 27%
for the 2e2μ=2μ2e channels and 20% for the 4e channel.
After the FSR correction, the lepton four-momenta of the

leading dilepton are recomputed by means of a Z-mass-
constrained kinematic fit. The fit uses a Breit-Wigner Z line
shape and a single Gaussian to model the lepton momen-
tum response function with the Gaussian σ set to the
expected resolution for each lepton. The Z-mass constraint
improves the m4l resolution by about 15%. More complex
momentum response functions were compared to the single
Gaussian and found to have only minimal improvement for
the m4l resolution.
Events satisfying the above criteria are considered

candidate signal events for the inclusive analysis, defining
a signal region independent of the value of m4l.

B. Event categorization

To measure the rates for the ggF, VBF, and VH
production mechanisms, discussed in Sec. III, each H →
4l candidate selected by the criteria described above is
assigned to one of four categories (VBF enriched, VH-
hadronic enriched, VH-leptonic enriched, or ggF enriched),
depending on other event characteristics. A schematic view
of the event categorization is shown in Fig. 2.

ATLAS

l 4→ ZZ* →H 
 selectionl4

High mass two jets

VBF
VBF enriched

Low mass two jets

 jj)H→ jj)H, Z(→W(

Additional lepton

)Hll →)H, Z(νl →W(

VH enriched

ggF ggF enriched

FIG. 2 (color online). Schematic view of the event categoriza-
tion. Events are required to pass the four-lepton selection, and
then they are assigned to one of four categories which are tested
sequentially: VBF enriched, VH-hadronic enriched, VH-leptonic
enriched, or ggF enriched.
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Event categorisation
BDT used to separate h signal from ZZ* background, and VBF, VH from ggF
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BDT exploits the spin-0 angular structure of the 
signal respect to the background:pT4l, η4l, DZZ’

the track isolation and impact parameter significance
selections. The corresponding distribution for the llþ
ee background comes from the 3lþ X sample, after
reweighting with the transfer factor to match the kinematics
of the signal region. The uncertainty in the llþ ee
background shape is taken as the difference between the
shapes obtained from the control regions of the two other
methods: transfer factor and reco-truth. The estimates in the
120 < m4l < 130 GeV mass window are provided in
Table XI. Figure 7 presents the m12 and m34 distributions
for the llþ μμ and llþ ee control regions where the full
selection has been applied except for subleading lepton
impact parameter significance and isolation requirements,
which are not applied. Good agreement is seen between the
data and the sum of the various background estimates. The
shape of the background in the m4l distribution extrapo-
lated to the signal region can be seen in Fig. 13.

D. Background for categories

For the reducible background, the fraction of back-
ground in each category is evaluated using simulation.
Applying these fractions to the background estimates from
Tables V and VII gives the reducible background estimates
per category shown in Table VIII. The systematic uncer-
tainties include the differences observed between the
fractions obtained from simulation and those from the
reducible background data control regions. The expected
ZZ" background evaluated from simulation for each
category is given in Table XII. To obtain the reducible
background in the signal region, the shapes of the m4l
distributions for the reducible backgrounds discussed in
Sec. VI C are used.

VII. MULTIVARIATE DISCRIMINANTS

The analysis sensitivity is improved by employing three
multivariate discriminants to distinguish between the differ-
ent classes of four-lepton events: one to separate the Higgs
boson signal from the ZZ" background in the inclusive
analysis, and two to separate the VBF- and VH-produced
Higgs boson signal from the ggF-produced Higgs boson
signal in the VBF enriched and VH-hadronic enriched
categories. These discriminants are based on boosted
decision trees (BDT) [95].

A. BDT for ZZ" background rejection

The differences in the kinematics of the H → ZZ" → 4l
decay and the ZZ" background are incorporated into a BDT
discriminant (BDTZZ"). The training is done using fully
simulated H → ZZ" → 4l signal events, generated with
mH ¼ 125 GeV for ggF production, and qq → ZZ" back-
ground events. Only events satisfying the inclusive event
selection requirements and with 115 < m4l < 130 GeV
are considered. This range contains 95% of the signal and
is asymmetric around 125 GeV to include the residual
effects of FSR and bremsstrahlung. The discriminating
variables used in the training are the transverse momentum
of the four-lepton system (p4l

T ); the pseudorapidity of the
four-lepton system (η4l), correlated to the p4l

T ; and a
matrix-element-based kinematic discriminant (DZZ"). The
discriminant DZZ" is defined as

DZZ" ¼ ln
!jMsigj2

jMZZj2

"
; ð1Þ

whereMsig corresponds to the matrix element for the signal
process, while MZZ is the matrix element for the ZZ"

background process. The matrix elements for both signal
and background are computed at leading order using
MADGRAPH5 [96]. The matrix element for the signal is
evaluated according to the SM hypothesis of a scalar boson
with spin-parity JP ¼ 0þ [7] and under the assumption that
mH ¼ m4l. Figures 8(a)–8(c) show the distributions of the
variablesused to train theBDTZZ" classifier for the signal and
the ZZ" background. The separation between a SM Higgs
signal and the ZZ" background can be seen in Fig. 8(d).
As discussed in Sec. VIII, the BDTZZ" output is

exploited in the two-dimensional model built to measure
the Higgs boson mass, the inclusive signal strength and the
signal strength in the ggF enriched category.

B. BDT for categorization

For event categorization, two separate BDT classifiers
were developed to discriminate against ggF production: one
for VBF production (BDTVBF) and another for the vector
boson hadronic decays of VH production (BDTVH). In the
first case the BDT output is used as an observable together
withm4l in a maximum likelihood fit for the VBF category,
while in the latter case the BDT output value is used as a

TABLE VIII. Summary of the background estimates for the data recorded at
ffiffiffi
s

p
¼ 7 TeV and

ffiffiffi
s

p
¼ 8 TeV for

the full m4l mass range. The quoted uncertainties include the combined statistical and systematic components.

Channel ggF enriched VBF enriched VH-hadronic enriched VH-leptonic enriched
ffiffiffi
s

p
¼ 7 TeV

llþ μμ 0.98& 0.32 0.12& 0.08 0.04& 0.02 0.004& 0.004
llþ ee 5.5& 1.2 0.51& 0.6 0.20& 0.16 0.06& 0.11ffiffiffi

s
p

¼ 8 TeV
llþ μμ 6.7& 1.4 0.6& 0.6 0.21& 0.13 0.003& 0.003
llþ ee 5.1& 1.4 0.5& 0.6 0.19& 0.15 0.06& 0.11
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selection requirement for the event to be classified in the
VH-hadronic enriched category, as discussed in Sec. V B.
In both cases the same five discriminating variables are
used. In order of decreasing separation power between the
two production modes, the variables are (a) invariant mass
of the dijet system, (b) pseudorapidity separation between
the two jets (jΔηjjj), (c) transverse momentum of each jet,
and (d) pseudorapidity of the leading jet.
For the training of the BDT discriminant, fully simulated

four-leptonHiggsboson signal events produced throughggF
and VBF production and hadronically decaying vector
boson events for VH production are used. The distributions
of these variables for BDTVBF are presented in Figs. 9(a)–
9(e), where all the expected features of the VBF production
of a Higgs boson can be seen: the dijet system has a high
invariant mass and the two jets are emitted in opposite

high-jηj regions with a considerable Δη separation between
them. The jets of ggF events, on the other hand, are more
centrally produced and have a smaller invariant mass andΔη
separation.The separationbetweenVBFandggFcanbeseen
in the output of BDTVBF in Fig. 9(f), where the separation
between VBF and ZZ! is found to be similar. The output of
BDTVBF is unchanged for various mass points around the
main training mass of mH ¼ 125 GeV. For variables enter-
ing the BDTVH discriminant, the invariant mass of the dijet
system, which peaks at the Z mass, exhibits the most
important difference between ggF and VH production
modes. The other variables have less separation power.
The corresponding separation for BDTVH is shown in
Fig. 10. As described in Sec. V B, theVH-hadronic enriched
category applies a selection on the BDTVH discriminant
(< −0.4) which optimizes the signal significance.
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FIG. 8 (color online). Distributions for signal (blue) and ZZ! background (red) events, showing (a) DZZ! output, (b) p4l
T and (c) η4l

after the inclusive analysis selection in the mass range 115 < m4l < 130 GeV used for the training of the BDTZZ! classifier. (d) BDTZZ!

output distribution for the signal (blue) and ZZ! background (red) in the mass range 115 < m4l < 130 GeV. All histograms are
normalized to the same area.
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FIG. 9 (color online). Distribution of kinematic variables for signal (VBF events, green) and background (ggF events, blue) events
used in the training of the VBF boosted decision tree: 9(a) dijet invariant mass, 9(b) dijet η separation, 9(c) leading jet pT, 9
(d) subleading jet pT and 9(e) leading jet η. 9(f) Output distributions of BDTVBF for VBF and ggF events as well as for the ZZ!

background (red). All histograms are normalized to the same area.
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VIII. SIGNAL AND BACKGROUND MODELING

A. Signal and background modeling for the
inclusive analysis

For the measurements of the Higgs boson mass, of its
natural width and of the inclusive production rate relative to
the SM expectation (the signal strength denoted as μ) in the
H → ZZ! → 4l channel, three different parameterizations
of the signal and background were developed as described
in Ref. [9], where the Higgs boson mass measurement is
reported. The baseline method is a two-dimensional (2D) fit
to m4l and the BDTZZ! output (OBDTZZ!

). This method
provides the smallest expected uncertainties for both the
mass and inclusive signal strength measurements. The one-
dimensional (1D) fit to them4l distribution that was used in

the previous measurements [4,6] is used as a cross-check.
A third method, using per-event resolution, is discussed
after a description of the 1D and 2D models. The m4l
range used in the fit for all of the methods is 110–
140 GeV. A kernel density estimation method [97] uses
fully simulated events to obtain smooth distributions for
both the 1D and 2D signal models. These templates are
produced using samples generated at 15 different mH
values in the range 115–130 GeV and parametrized as
functions of mH using B-spline interpolation [98]. These
simulation samples at different masses are normalized to
the expected SM σ × B [24] to derive the expected signal
yields after acceptance and selection. The probability
density function for the signal in the 2D fit is

Pðm4l; OBDTZZ!
jmHÞ ¼ Pðm4ljOBDTZZ!

; mHÞPðOBDTZZ!
jmHÞ

≃
!X4

n¼1

Pnðm4ljmHÞθnðOBDTZZ!
Þ
"
PðOBDTZZ!

jmHÞ ð2Þ

where θn defines four equal-sized bins for the value of the
BDTZZ! output, andPn represents the 1Dprobability density
function of the signal in the corresponding BDTZZ! bin. The
variation of the m4l shape is negligible within a single
BDTZZ! bin, so no bias is introduced in the mass measure-
ment. The background model, P bkgðm4l; OBDTZZ!

Þ, is de-
scribed using a two-dimensional probability density. For
the ZZ! and reducible llþ μμ backgrounds, the two-
dimensional probability density distributions are derived
from simulation, where the llþ μμ simulation was shown
to agreewell with data in the control region. For the llþ ee
backgroundmodel, the two-dimensional probability density
can only be obtained from data, which is done using the

3lþ X data control region weighted with the transfer factor
tomatch the kinematics of the signal region. Figure 11 shows
the probability density in the BDTZZ!-m4l plane, for the
signal with mH ¼ 125 GeV, the ZZ! background from
simulation and the reducible background from the data
control region. The visible separation between the signal
and the background using the BDTZZ! discriminant is
exploited in the fit. With respect to the 1D approach, there
is an expected reduction of the statistical uncertainty for the
mass and inclusive signal strength measurements, which is
estimated from simulation to be approximately 8% for both
measurements. Both the 1D and the 2D models are built
using m4l after applying a Z-mass constraint to m12 during
the fit, as described in Sec. VA. Figure 12 shows the
m4l distribution for a simulated signal sample with
mH ¼ 125 GeV, after applying the correction for final-state
radiation and the Z-mass constraint for the 4μ, 4e and
2e2μ=2μ2e final states. The width of the reconstructed
Higgs boson mass for mH ¼ 125 GeV ranges between
1.6 GeV (4μ final state) and 2.2 GeV (4e final state) and
is expected to be dominated by the experimental resolution
since, for mH of about 125 GeV, the natural width in the
Standard Model is approximately 4 MeV.
In addition to the 1D and 2D fit methods described

above, the signal probability density for m4l is also
modeled on a per-event basis using both the BDTZZ!

information and the energy resolution of the individual
leptons. This method is referred to as the per-event-
resolution model and is used both as a cross-check for
the mass measurement and as the baseline method to set
an upper limit on the Higgs boson total width ΓH, which is
discussed elsewhere [9]. The detector-level m4l distribu-
tion for the signal is obtained for each event through the
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FIG. 10 (color online). Final BDTVH discriminant output for
the VH-hadronic enriched category for signal (VH events, dark
blue) and background (ggF events, blue) events.

MEASUREMENTS OF HIGGS BOSON PRODUCTION AND … PHYSICAL REVIEW D 91, 012006 (2015)

012006-19



B. Di Micco Higgs physics at ATLAS QFTHEP 2017-Yaroslavi
59

events are needed to constrain the slope of the exponential
background model, the categories with low expected yields
are assumed to have the same shape parameters for the
7-TeV and the 8-TeV data. The VH Emiss

T , one-lepton, and
dilepton categories are defined to have low yield since the
probabilities to observe two events in the 7 TeV data are
less than 1% based on the numbers of events observed in
the corresponding 8-TeV data categories.
To test the signal strengths of individual production

processes or groups of them, the hypothesized number of
signal events and invariant mass distribution are decom-
posed into individual contributions,

μNS;c →
X

p

μpNp;c; ð6Þ

where μp is the hypothesized signal strength for production
process p ∈ fggF;VBF; ZH;WH; tt̄H; bb̄H; tHg andNp;c
is the number of signal events predicted by the SM in
category c for production process p [the nuisance param-
eters are not shown in Eq. (6), but they follow the
decomposition]. In several of the results in the next section
some of the signal strengths are required to have the same
value, such as for the measurement of the combined signal
strength where all seven are set equal. For the measure-
ments of individual signal strengths and signal strength
ratios, μbb̄H and μtH are held constant at 1, thus treating
them effectively as backgrounds.
The total uncertainty þδμþ

−δμ− at the 68% confidence level
(C.L.) of a measured signal strength μX with best-fit value μ̂X
is estimated by finding the points where Λðμ̂X þ δμþÞ ¼
Λðμ̂X − δμ−Þ ¼ 1. The statistical component of the total
uncertainty is estimated by fixing all the 146 constrained
nuisance parameters associated with systematic uncertainties
summarized in Table XIII to their maximum likelihood
values and finding the new points where ΛstatðμXÞ ¼ 1.
The total systematic uncertainty is given by the quadratic
difference between the total and statistical uncertainties. The
separate contributions of the total experimental and total
theoretical uncertainties are estimated by finding the points
where Λstat⊕exptðμXÞ ¼ 1 and Λstat⊕theoryðμXÞ ¼ 1, respec-
tively, when fixing the 123 (23) constrained nuisance
parameters associated with experimental (theoretical) uncer-
tainty to their maximum likelihood values, and subtracting
the resulting uncertainties in quadrature from the total
uncertainty. For cases where the confidence intervals are
approximately symmetric around the best fit value of μX, the
positive and negative uncertainty contributions are reported
as a single value %δμ.

X. RESULTS

The observed diphoton invariant mass distribution for
the sum of the 7-TeV and 8-TeV data is shown in Figs. 13
and 14 for the sums of categories most sensitive to different
production modes. In all cases, for illustration purposes,

each event is weighted according to the expected signal-to-
background ratio S90=B90 for the relevant category and
center-of-mass energy. The results of signal plus back-
ground fits to these spectra with mH set to 125.4 GeV are
shown together with the separate signal and background
components. Both the signal plus background and back-
ground-only curves reported here are obtained from the
sum of the individual curves in each category weighted in
the same way as the data points.
The signal strengths are measured with the extended

likelihood analysis described in Sec. IX. The profile of the
negative log-likelihood ratio λðμÞ [Eq. (5)] of the combined
signal strength μ for mH ¼ 125.4 GeV is shown in Fig. 15.
The local significance Z of the observed combined excess
of events, given by

ffiffiffiffiffiffiffiffiffi
λð0Þ

p
, is 5.2σ (4.6σ expected). The

best-fit value of μ, determined by the minimum of λðμÞ, is
found to be

μ ¼ 1.17% 0.23ðstatÞþ0.10
−0.08ðsystÞþ0.12

−0.08ðtheoryÞ
¼ 1.17% 0.27;
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FIG. 13 (color online). Diphoton invariant mass mγγ spectrum
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signal-to-background ratio. The bottom plot shows the data relative
to the background component of the fitted model.
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4.3. Multivariate discriminant

Multivariate discriminants making use of BDTs are constructed, trained and evaluated in each of the 0-,
1- and 2-lepton channels separately for events with two and three jets. In the 0 and 1-lepton channels,
only events with pVT > 150 GeV are used. For the 2-lepton channel two BDTs are used in each of the jet
multiplicity categories, one for pVT < 150 GeV and one for pVT > 150 GeV. The full list of categories for
each channel is outlined in Table 2.

Two versions of the BDTs are trained. One to separate the (V H, H ! bb) signal from the sum of the
expected background processes, referred to as BDTVH and another to separate the (V Z, Z ! bb) diboson
from the sum of the expected background processes, referred to as BDTVZ . The input variables used to
construct the BDTs are chosen in order to maximise the separation, while avoiding the use of variables
not improving the performance significantly. Starting from the dijet mass (mbb), additional variables are
tried one at a time and the one yielding the best separation gain is kept. This procedure is repeated until
adding more variables does not result in a significant performance gain. The final sets of variables for
the di�erent channels are listed in Table 3. The b-tagged jets belonging to the dijet system are labelled
in decreasing pT as b1 and b2, and their separation in pseudorapidity is |�⌘(b1, b2) |. In 3-jet events, the
third jet is labelled as jet3 and the mass of the 3-jet system is denoted mbbj . The angular separation, in
the transverse plane, of the vector boson and the dijet system of b-tagged jets and their pseudorapidity
separation are denoted ��(V, bb) and |�⌘(V, bb) |, respectively. In the 0-lepton channel, HT is defined as
the scalar sum of the transverse momenta of all jets and Emiss

T . In the 1-lepton channel, the angle between
the lepton and the closest b-tagged jet in the transverse plane is denoted min[��(`, b)]. The W boson
transverse mass is defined as mW

T =
q

2p`TEmiss
T (1 � cos(��(`, Emiss

T ))) where p`T is the lepton transverse
momentum.

In the 1-lepton channel two variables are used to improve the rejection of the tt background: the rapidity
di�erence between the W and Higgs bosons, |�Y (V, H) | and, under the hypothesis that the event is tt
the reconstructed top-quark mass, mTop. To construct each of these variables an estimate of the 4-vector
of the neutrino in the W boson decay is required. The vector Emiss

T is assumed to give the transverse
components and then p⌫z can be determined up to a possible two-fold ambiguity by constraining the mass of
the lepton + neutrino to be consistent with the known W boson mass. The top quark is then reconstructed
by considering the reconstructed W boson and one of the two b tagged jets. The choice of the two possible
p⌫z and b-tagged jet is made such that the value of mTop is minimised.

The other variables are defined in the previous sections.

Channel

Categories
2 b-tagged jets

pVT < 150 GeV pVT > 150 GeV
2 jets 3 jets � 3 jets 2 jets 3 jets � 3 jets

0-lepton - - - BDT BDT -
1-lepton - - - BDT BDT -
2-lepton BDT - BDT BDT - BDT

Table 2: The distributions used in the global likelihood fit for all the categories in each channel.
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Figure 2. Dijet-invariant-mass distribution for the decay products of a Higgs boson with mH =
125GeV in the 2-lepton MVA selection. The distributions are shown (a) using jets after global
sequential calibration (GSC, solid), and after adding muons inside jets (dotted) and after correcting
for resolution effects specific to the kinematics of the decay of a Higgs boson with mH = 125GeV
(dash-dotted); (b) using jets after global sequential calibration (GSC, solid), and after adding
muons inside jets and applying the kinematic fit (dash-dotted). The distributions are fit to the
Bukin function [68] and the parameter representing the width of the core of the distribution is
shown in the figures, as well as the relative improvement in the resolution with respect to jets after
the global sequential calibration.

mH = 125GeV at
√
s = 8TeV

Process Cross section × BR [fb]
Acceptance [%]

0-lepton 1-lepton 2-lepton

qq → (Z → ℓℓ)(H → bb) 14.9 – 1.3 (1.1) 13.4 (10.9)

gg → (Z → ℓℓ)(H → bb) 1.3 – 0.9 (0.7) 10.5 (8.1)

qq → (W → ℓν)(H → bb) 131.7 0.3 (0.3) 4.2 (3.7) –

qq → (Z → νν)(H → bb) 44.2 4.0 (3.8) – –

gg → (Z → νν)(H → bb) 3.8 5.5 (5.0) – –

Table 3. The cross section times branching ratio (BR) and acceptance for the three channels at
8TeV. For ZH, the qq- and gg-initiated processes are shown separately. The branching ratios are
calculated considering only decays to muons and electrons for Z → ℓℓ, decays to all three lepton
flavours for W → ℓν and decays to neutrinos for Z → νν. The acceptance is calculated as the
fraction of events remaining in the combined 2-tag signal regions of the MVA (dijet-mass analysis)
after the full event selection.
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Figure 19. Observed (solid) and expected 95% CL cross-section upper limits, normalised to the SM
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The Higgs potential: how to probe it  
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Implications of the Higgs potential

63

The modification of λ with the energy 
implies a dependence  Λ(Φ).   The Higgs 
potential has a shape that is more complex 
than just λΦ4.

Relation between top and Higgs masses 
and stability of the vacuum in our universe  

6 
Degrassi et al. ArXiv:1205.6497, arXiv:1307.3536 
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Investigating the near-criticality
of the Higgs boson

Dario Buttazzoa,b, Giuseppe Degrassic, Pier Paolo Giardinoa,d,
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Abstract

We extract from data the parameters of the Higgs potential, the top
Yukawa coupling and the electroweak gauge couplings with full 2-loop
NNLO precision, and we extrapolate the SM parameters up to large
energies with full 3-loop NNLO RGE precision. Then we study the
phase diagram of the Standard Model in terms of high-energy parame-
ters, finding that the measured Higgs mass roughly corresponds to the
minimum values of the Higgs quartic and top Yukawa and the max-
imum value of the gauge couplings allowed by vacuum metastability.
We discuss various theoretical interpretations of the near-criticality of
the Higgs mass.
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+ ...

See  Buttazzo et al. and talk from  V. Branchina 
(Moriond QCD 2014)
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stable

Vacuum collapses.
If the lifetime is larger than the age of the 
universe  we call it metastable otherwise it 
is unstable. What’s the shape of the Higgs 
potential?
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V(h)

h0 = h0|h |0i

h
h0

V(h0)

Inflationary epoch

Inflation model 
•  need a scalar field (h is a scalar field) 
•  need a well shaped potential, with a slow-roll condition

												Infla%on	
4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇤ p� ⇥ ��

(45) ⇥(t) � const.

4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇤ p� ⇥ ��

(45) ⇥(t) � const.

(46) ⇥

the	inflaton	is	slowly	rolling	its	poten#al	

4 THE AUTHOR

(44) V (⇤) >>
1
2
⇤̇2 ⇤ p� ⇥ ⇥�

(45) ⇤(t) � const.

(46) ⇤

(47) H2 =
8�G

3
V (⇤) ⇥ const.

4 THE AUTHOR

(44) V (⇥) >>
1
2
⇥̇2 ⇥ p� � ��
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(15) µ ⇥ ⇥2
� ⇥ ⇤k1⇤k2

⇥T/T ⇥ ⇤k

(16) CµT
⇤ ⇥ ⇧⇤k1⇤k2⇤k3⌃

(16) ⇥⌅µT
2M ⇤ 5 · 10�3

fNL

⇤
C̄µµ

⇤

10�28

⌅1/2

(ln �max)�1/2

⇥⌅TTT
2M ⇤ (2.5/fNL)(2000/�max)

(16)

(16) g⇥ = 0.29 ± 0.021 (68% CL)

�1
2
⌥µ⌃⌥µ⌃� V (⌃)� 1

4
Fµ⇥Fµ⇥ �

�

4f
⌃F̃µ⇥Fµ⇥ ,

(17)

(17) (�1 + �2 = odd)

red
�
aX

⇤1m1
aY ⇥

⇤2m2

⇥
(18)

(18) ⇤ ⇥ �T

T
⇥ ⇥⇧

⇧

(18) ⇤ ⌅ H⇥⌃

⌃̇

(18) a(t) ⌅ eHt

(18) (�1 + �2 = even)
accelerated	expansion	in	the	early	universe		

4 THE AUTHOR

(17) ln(1010As) = 3.062± 0.029 (68%CL)

(17) ns = 0.9677± 0.0060 (68%CL)

(17) f equil
NL = �16± 70 (68%CL)

fortho
NL = �34± 33 (68%CL)

(17) f local
NL = 2.5± 5.7 (68%CL)

(17) rD > 0.16 (95%CL)

(17) V 1/4 < 1.9⇥ 1016 GeV

(17)
�

H(t) =
ȧ

a

⇥

(17) (�1 + �2 = even)

ü 		

ü 		To	induce	accelera%on	the	poten%al	must	be	flat		

ü 		To	have	long	enough	infla%on,	V(φ)	must	be	flat		
for	long	enough	

ε =
MPl

2

2
Vφ
V
⎛

⎝
⎜

⎞

⎠
⎟

2

<<1

η =MPl
2 Vφφ
V

<<1

universe radius, exponentially expanding during inflation

The Higgs potential could have such 
role if properly shaped

In order to make this to work

Intringuing, λ nearly vanishes for high h value with the 
present value of top and Higgs mass.

The Higgs potential could have fundamental 
cosmological implications.

S =

Z 
1

2
M

2
plR+ L

�
d

4
x

p
�g =

Z 
1

2
M

2
plR� 1

2
@µh@

µ
h+ V (h) + ...

�
d

4
x

p
�g

slow-roll condition

need to be flat 
to fit slow-roll conditionV (h) ⇠ �h4h >> h0 � ⇠ 10�13

Gravitational action coupled to the SM sector

Higgs boson as inflaton


