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Higgs boson production at LHC
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In this talk, covering Higgs decays to VV*
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  H➝ZZ*➝ llll

   [13 TeV] ATLAS-CONF-2015-059 
   
  H➝WW*➝ lυlυ

   [7,8 TeV] P.R.D 92, 012006 (’15): ggF, VBF 
   [7,8 TeV] JHEP08 (’15) 137: VH 
      [8 TeV] JHEP08 (’16) 104: fiducial x-sec 
    [13 TeV] ATLAS-CONF-2016-112: VBF, VH 
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FIG. 17. Event displays of H !WW ⇤ ! e⌫µ⌫ candidates in the nj =0 (top) and nj � 2 VBF-enriched (bottom) categories.
The neutrinos are represented by missing transverse momentum (met, dotted line) that points away from the eµ system.
The properties of the first event are pe

t

=33GeV, pµ
t

=24GeV, m`` =48GeV, ��`` =1.7, pmiss
t

=37GeV, and m
t

=98GeV.
The properties of the second event are pe

t

=51GeV, pµ
t

=15GeV, m`` =21GeV, ��`` =0.1, p j1
t

=67GeV, p j2
t

=41GeV,
mjj =1.4TeV, �yjj =6.6, pmiss

t

=59GeV, and m
t

=127GeV. Both events have a small value of ��``, which is character-
istic of the signal. The second event shows two well-separated jets that are characteristic of VBF production.
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H➙ZZ*➙llll
Fully reconstructible, low stat. but very clean (S/B>2)
 Largest background: SM ZZ(*) - from corrected† simulation 

 Minor backgrounds: tt, Z+jets - data-driven 

† NNLO QCD and NLO EW

Muons: pT>5 GeV, |η|<2.7

Electrons: pT>7 GeV, |η|<2.47

Jets: anti-kt 0.4, pT>30 GeV, |η|<4.5

J/ψ  veto for all same-flavor opp.-sign pairs  
R(l,l’) > 0.1 (0.2 for different flavour)

Single and dilepton triggers 
50<mZ1<106 GeV, 12<mZ2<115 GeV

NEW! Muon pT cut form 6 to 5 GeV: +8% signal acceptance

Isolation and d0/σd0 cuts for leptons

-

NEW! Vertex compatibility cut for 4l candidate
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H➙ZZ*: Analysis Strategy

5

m4l [118-129] GeV!

0jet! 1jet!

2 or more jets!

pT, j > 30 GeV!

Discriminant!
BDT-ZZ!

mjj<120 GeV! mjj>120 GeV!

Discriminant!
BDT-1j!

Discriminant!
BDT-2jVBF!

Discriminant!
BDT-2jVH!

!

>=1 leptons 
(pT, l > 8 GeV)!

Just counting !

BDT_ZZ:!
•  pT4l   
•  η4l!
•  KD = 

log(MEHZZ/
MEZZ)!

BDT_1jet:!
•  pT,j!
•  ηj!
•  ΔR4lj!

BDT_2jet_VH:!
•  pT,j1!
•  pT,j2!
•  ηj1!
•  Δηjj!
•  Δη4ljj!
•  mjj!
•  min(ΔRZj)!

BDT_2jet_VBF:!
•  pT,j1!
•  pT,j2!
•  pT,4ljj!
•  Δηjj!
•  Δη4ljj!
•  mjj!
•  min(ΔRZj)!

Figure 1: A schematic view of the exclusive event categories detailed in the text.

BDT is based on the 4` system pseudo-rapidity, transverse momentum and on the logarithm of ratio of
the signal and background matrix elements (the KD discriminant) computed with the lepton kinematics
(as detailed in Ref. [11]).

For the 1-jet category a BDT trained to disentangle the ggF production mode from the VBF mode is used.
The variables used in this BDT are: the transverse momentum (pT, j) and the pseudorapidity (⌘ j) of the
jet and the angular separation between the four-lepton system and the jet (�R4` j).

Similarly, for the 2-jet categories two BDTs trained to disentangle the ggF production mode from the
VH-hadronic and from the VBF mode are used in the low-mass and high-mass category, respectively.
The BDT used in the high-mass category is based on the following variables: the jet transverse momenta
(pT, j1and pT, j2), the dijet invariant mass (m j j), the pseudorapidity separation (�⌘ j j) of the two leading jets,
the transverse momentum of the di-jet plus four-lepton system (pT,4` j j), the minimum angular separation
between the leading dilepton pair and the two leading jets (min(�RZ j)) and the di↵erence in pseudorapid-
ity between the four-lepton system and the average pseudorapidity of the two leading jets (�⌘4` j j). For
the low-mass category the same variables are used with the exception of the pT,4` j j(this variable brings
little improvement in the low-mass category).

This experimental categorisation also provides sensitivity to possible BSM interactions. In particular,
BSM interactions between the Higgs boson and the SM vector bosons W and Z would have a large im-
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Figure 8: The distributions of the BDT output of the discriminants used in the di↵erent analysis categories for the
selected events and expected signal and background yields: 0-jet (a), 1-jet (b), 2-jet VBF (c), and 2-jet VH-
hadronic (d). The expected Higgs signal contributions from the ggF (blue histogram), VBF (green histogram)
and VH (orange histogram) production modes are included. The expected background contributions, ZZ⇤ (red
histogram) and Z + jets plus tt̄ (violet histogram), are also shown; the systematic uncertainty associated to the total
signal plus background contribution is represented by the hatched areas.
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Figure 8: The distributions of the BDT output of the discriminants used in the di↵erent analysis categories for the
selected events and expected signal and background yields: 0-jet (a), 1-jet (b), 2-jet VBF (c), and 2-jet VH-
hadronic (d). The expected Higgs signal contributions from the ggF (blue histogram), VBF (green histogram)
and VH (orange histogram) production modes are included. The expected background contributions, ZZ⇤ (red
histogram) and Z + jets plus tt̄ (violet histogram), are also shown; the systematic uncertainty associated to the total
signal plus background contribution is represented by the hatched areas.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Figure 4: (a) The m4` distribution of the selected candidates, compared to the background expectation in the low
mass region. (b) The distribution of data (filled circles) and the expected signal and backgrounds events in the
m34 – m12 plane with the requirement of m4` in 115–130 GeV . The projected distributions are shown for (c) m12
and (d) m34. The signal contribution is shown for mH = 125 GeV as blue histograms in (a), (c) and (d). The
expected background contributions, ZZ⇤ (red histogram), Z+ jets plus tt̄ (purple histogram) and tt̄V plus VVV
(yellow histogram), are shown in (a), (c) and (d); the systematic uncertainty associated to the total signal plus
background contribution is represented by the hatched areas. The expected distributions of the Higgs signal (blue)
and total background (red) are superimposed in (b), where the box size (signal) and colour shading (background)
represent the relative density.
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Selected events categorized to measure:

    ➙  cross-section per production mode 
    ➙  sensitivity to BSM interaction with SM vector bosons

signal extracted through a LH fit to 
BDT shape in each category
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Figure 9: (a)–(c) The observed negative log-likelihood scans for �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) (a), �VBF ·B(H ! ZZ⇤)
(b) and �VH · B(H ! ZZ⇤) (c) with (solid black line) and without (dashed red line) systematics. The expected SM
negative log-likelihood scan (solid blue line) with systematics is also shown. The green horizontal lines indicate the
value of the profile likelihood ratio corresponding to 1, 2 and 3 � intervals for the parameter of interest, assuming
an asymptotic �2 distribution for the test statistic. (d) Shows the negative log-likelihood contours at 68% (solid
line) and 95% CL (dashed line) in the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) - �VBF+VH · B(H ! ZZ⇤) plane as well as the SM
predictions (blue filled circle), with their theoretical uncertainties taken from Ref [26, 27]. The �VBF+VH · B(H !
ZZ⇤) is evaluated under the assumption that the relative contribution of these two production modes follows the SM
prediction.
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Figure 7: The likelihood contours at 68% CL (solid line) and 95% CL (dashed line) in the V � F plane derived
from the event categorisation results as described in the text (only the quadrant F > 0 and V > 0 is shown since
this channel is not sensitive to the relative sign of the two coupling modifiers). The Higgs boson mass is assumed
to be mH = 125.09 GeV and no undetected or invisible Higgs boson decays is assumed to exist.
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assumed no H→invisible/undetectedHiggs mass fixed to mH=125.09 GeV

the �ggF+bb̄H+tt̄H · B(H ! ZZ⇤) versus �VBF+VH · B(H ! ZZ⇤). The measured values for �ggF+tt̄H+bb̄H ·
B(H ! ZZ⇤), �VBF · B(H ! ZZ⇤) and �VH · B(H ! ZZ⇤) with their SM expectations (on the right) are
respectively:

�ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.80+0.49
�0.44 pb �SM,ggF+bb̄H+tt̄H · B(H ! ZZ⇤) = 1.31 ± 0.07 pb

�VBF · B(H ! ZZ⇤) = 0.37+0.28
�0.21 pb �SM,VBF · B(H ! ZZ⇤) = 0.100 ± 0.003 pb

�VH · B(H ! ZZ⇤) = 0+0.15 pb �SM,VH · B(H ! ZZ⇤) = 0.059 ± 0.002 pb
(8)

The compatibility between the measured �ggF+bb̄H+tt̄H ·B(H ! ZZ⇤) and the SM prediction is at the level
of 1.1 standard deviations, while for the �VBF · B(H ! ZZ⇤) the compatibility with the SM prediction is
at the level of 1.4 standard deviations.

The cross section results by production mode from the event categorisation can also be interpreted in the
LO framework [40, 96] ( framework) in which coupling modifiers, i are introduced to parameterise
possible deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.
One interesting benchmark allows for two di↵erent Higgs boson coupling strength modifiers to fermions
and bosons, reflecting the di↵erent structure of the interactions of the SM Higgs sector with gauge bosons
and fermions. The universal coupling-strength scale factors F for all fermions and V for all vector
bosons are defined as V = W = Z and F = t = b = ⌧ = g = µ. The likelihood contours at 68%
CL (solid line) and 95% CL (dashed line) in the V � F plane are shown in Figure 7 (only the quadrant
F > 0 and V > 0 is shown since this channel is not sensitive to the relative sign of the two coupling
modifiers). The Higgs boson mass is assumed to be mH = 125.09 GeV and no undetected or invisible
Higgs boson decays is assumed to exist.
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Observed good compatibility to SM predictions within uncertainty:
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of 1.1 standard deviations, while for the �VBF · B(H ! ZZ⇤) the compatibility with the SM prediction is
at the level of 1.4 standard deviations.

The cross section results by production mode from the event categorisation can also be interpreted in the
LO framework [40, 96] ( framework) in which coupling modifiers, i are introduced to parameterise
possible deviations from the SM predictions of the Higgs boson couplings to SM bosons and fermions.
One interesting benchmark allows for two di↵erent Higgs boson coupling strength modifiers to fermions
and bosons, reflecting the di↵erent structure of the interactions of the SM Higgs sector with gauge bosons
and fermions. The universal coupling-strength scale factors F for all fermions and V for all vector
bosons are defined as V = W = Z and F = t = b = ⌧ = g = µ. The likelihood contours at 68%
CL (solid line) and 95% CL (dashed line) in the V � F plane are shown in Figure 7 (only the quadrant
F > 0 and V > 0 is shown since this channel is not sensitive to the relative sign of the two coupling
modifiers). The Higgs boson mass is assumed to be mH = 125.09 GeV and no undetected or invisible
Higgs boson decays is assumed to exist.
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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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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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this note. The Run�1 limits have been obtained under very di↵erent assumptions: only the kinematic
properties of the four lepton decay were used to constraint the BSM couplings while the dependence of
the event yields on the BSM couplings was not considered in the fit. In this analysis only the yields in
categories sensitive to the production mode are used. In addition these results are obtained by fixing the
SM part of the interactions while in Run�1 the ratio of the BSM coupling to the SM one was left as a free
parameter.

Table 13: Observed and expected limits at 95% CL on HVV and AVV · sin↵.

Not excluded HVV AVV · sin↵
range at 95% CL expected observed expected observed

[�6.3, 5.1] [0.9, 7.5] [�6.3, 6.5] [�9.7, 11.0]

7.5 Results for the heavy scalar search

The parameter of interest in the search for an additional heavy scalar is the cross section times branching
ratio of heavy Higgs boson production. It is assumed that an additional scalar would be produced predom-
inantly via the ggF and VBF processes but that the ratio of the two production mechanisms is unknown in
the absence of a specific model. For this reason, fits for the ggF and VBF production processes are done
separately, and in each case the other production process is left free in the fit.

The maximum deviation from the SM background hypothesis is found at a mass around 705 GeV with a
narrow-width hypothesis using the inclusive analysis without ggF-VBF categories, and the corresponding
local p-value is about 2.9 standard deviations. The global p-value, taking into account that such excess
can happen anywhere in the mass spectrum, is about 1.9 standard deviations.

Since no significant excess in the search is found, limits on the cross section times branching ratio for
an additional heavy narrow resonance are obtained as a function of mS with the CLs procedure in the
asymptotic approximation for both ggF and VBF production modes.

Figure 11 presents the expected and observed limits at 95% confidence level on � ⇥ B(S ! ZZ ! 4`).
Since this analysis assumes a narrow intrinsic width for the heavy particle, the results are valid for models
in which the width is less than 0.5% of mS .

In the mass range considered for this search the 95% confidence level (CL) upper limits on the cross
section times branching ratio for heavy Higgs boson production vary between 4.6 fb at mS = 244 GeV
and 0.22 fb at mS = 1000 GeV in the ggF channel and between 1.9 fb at mS = 234 GeV and 0.2 fb at
mS = 1000 GeV in the VBF channel. A cross check using pseudo-experiments instead of the asymptotic
approximation, results in cross section limits that are higher by not more than 25% for mS above 550 GeV.
The e↵ect is much smaller at lower masses due to more statistics.

In the case of LWA, limits on the �ggF ⇥ B(S ! ZZ ! 4`) assuming intermediate widths of the heavy
scalar are also set. Figures 12(a), 12(b), 12(c) show the limits for a width of 1%, 5% and 10% of mS ,
respectively. The limits are set for masses of mS higher than 400 GeV.
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Event yields in exclusive categories sensitive to BSM interactions in HZZ vertex

   ➙  effective Lagrangian approach (“Higgs characterization model”, reference) 
   ➙  investigating scalar (kHVV) and pseudo-scalar (kAVV) couplings; kSM∙cα fixed to 1

MadGraph5_aMC@NLO + ”morphing” to predict 
observables shape for any value of BSM couplings

https://arxiv.org/abs/1306.6464
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cross sections: �� and ZZ⇤
•Fiducial � extracted for �� and ZZ⇤ •Measurements extrapolated to total � and combined

Fiducial selection: designed to closely replicate the analysis selection at particle level

�tot =
Ns

A.C.B.Lint

�fid
channel =

Ns

C.Lint

Ns: # of observed signal
events

A: kinematic and
geometric acceptance in
the fiducial region

C: detector correction
factor (reco, trigger and id
efficiences, reco
resolution)

C = # of selected reco events
# of particle level events 10

Fiducial cross section

9L. Aperio Bella   

• Fiducial cross sections extracted with a likelihood fit on m4l 
distribution in a range 115 <m4l< 130 GeV 

• Detector level bin-by-bin correction factor for unfolding 
from simulation 

• Fid. cross section extracted by final state and separately 
for the same and opposite flavour  

• Total cross-section calculated assuming SM BR. 
• Measurement still dominated by statistic  

• Main sys uncertainty Luminosity and lepton SF ~3%.
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .
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�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:
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In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.
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Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .
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4e 0.81 +0.51
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2µ2e 1.29 +0.58
�0.46 0.67 +0.04
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�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:
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fid,SM = 1.65+0.11
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fid,comb = 2.35+0.73
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fid,SM = 1.42+0.10
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(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.

25

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.

25

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.

25

 [GeV]4lm
200 300 400 500 600 700 800

E
v
e

n
ts

/2
0

 G
e

V

1−10

1

10

210

310

ATLAS Preliminary
 4l, inclusive→ ZZ* →H 

-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(a)

 [GeV]4lm
200 300 400 500 600 700 800

E
v
e

n
ts

/2
0

 G
e

V

1−10

1

10

210

310

ATLAS Preliminary
 4l, ggF-enriched→ ZZ* →H 

-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(b)

 [GeV]4lm
200 300 400 500 600 700 800

E
v
e

n
ts

/1
0

0
 G

e
V

1−10

1

10

210
ATLAS Preliminary

 4l, VBF-enriched→ ZZ* →H 
-113TeV, 14.8 fb

Data

ZZ*

+V, VVVtt

tZ+Jets, t

Uncertainty

(c)

Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02
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(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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A: kinematic and geometric  
      acceptance in the fiducial volume

C: detector correction factor (reco., trigger  
     & identification efficiency, resolution)

NS: number of measured  
      signal events

Fiducial selection designed to closely replicate analysis at particle level 

Table 2: The list of the selections which define the fiducial region of the cross section measurement. Same-flavour
opposite-sign lepton pairs are denoted as SFOS, the leading lepton pair mass as m12, and the subleading lepton pair
mass as m34.

Lepton definition
Muons: pT > 5 GeV, |⌘| < 2.7 Electrons: pT > 7 GeV, |⌘| < 2.47

Pairing
Leading pair: SFOS lepton pair with smallest |mZ � m``|
Sub-leading pair: Remaining SFOS lepton pair with smallest |mZ � m``|

Event selection
Lepton kinematics: Leading leptons pT > 20, 15, 10 GeV
Mass requirements: 50 < m12 < 106 GeV; 12 < m34 < 115 GeV
Lepton separation: �R(`i, ` j) > 0.1(0.2) for same(opposite)-flavour leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

In order to minimize the model dependence of the cross section measurement, the fiducial phase space
definition follows closely the experimental requirements applied to the four leptons and is summarized in
Table 2. The selection is applied at simulation generator level to electrons and muons before they emit
photon radiation, referred to as Born-level leptons. No isolation requirement is applied in the fiducial
selection, so that any isolation ine�ciency is included in C. The small residual model dependence is
related to the in and out of acceptance corrections and to the few experimental selection criteria that are
not implemented in the fiducial phase space definition (e.g., the lepton isolation criteria).

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and
decay channel are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller for the
WH and ZH production modes due to the presence of the additional leptons from vector boson leptonic
decays that can be selected in the quadruplet, causing the event to fail the mass window cut. The lower
values of the correction factors for the tt̄H production mode are due to the presence of several jets that
can overlap with the Higgs boson decay leptons.

Table 3: The values of the acceptance factors in % per production mode and decay channel. They are computed for
a SM Higgs boson with a mass of 125.09 GeV and a signal mass window of 115 � 130 GeV.

Acceptance factorsA[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 50.9 55.0 43.8 46.5 53.6
4e 39.6 43.9 34.4 36.0 44.6
2µ2e 40.0 42.9 34.0 35.5 42.4
2e2µ 45.9 48.6 38.0 40.4 47.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the
signal mass window under di↵erent assumptions. The fit is based on the profiled likelihood test statistic
under the asymptotic approximation [28]. With the parameterisation described above, the fiducial cross
section in each final state can be defined as an independent parameter of interest. The total fiducial cross
section can be obtained by defining as parameter of interest the sum of the four final states, without any
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Table 4: The values of the correction factors in % per production mode and decay channel. They are computed for
a SM Higgs boson with a mass of 125.09 GeV and a signal mass window of 115 � 130 GeV.

Correction factors C[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 62.6 64.2 60.8 60.5 41.8
4e 42.1 43.2 43.0 42.7 38.7
2µ2e 46.9 50.9 49.1 48.6 41.7
2e2µ 53.1 54.7 51.8 50.2 36.7

assumption of the relative Higgs boson branching ratios. This approach is referred to as the sum. An
alternative approach is to combine the four decay channels assuming the relative branching ratios to be
those predicted by the SM. This approach is referred to as the combination. The first case is less model
dependent but it has a slightly reduced statistical sensitivity.

The total inclusive cross section is derived assuming SM values for the Higgs decay branching ratio in
the four channels.

2.2 Production mode studies and constraints on HVV and AVV · sin ↵

In order to gain sensitivity to the di↵erent production modes, the events selected in the mass region
118 < m4` < 129 GeV are classified into exclusive categories. The chosen mass range di↵ers from the one
used in the fiducial cross section measurement since in the categorisation analysis the mass distribution is
not used as a discriminant to allow for the use of jet-based discriminants. The narrower mass range gives
better performance when the mass is not used as a discriminant in the fit. Categories based on the presence
of additional leptons and the number of jets are used with discriminants optimized to disentangle the
di↵erent production modes. This categorisation is designed to measure the cross sections per production
mode, but it also gives sensitivity to BSM interactions between the Higgs boson and the SM vector bosons
W and Z, as described in the following. The schematic flow chart for the event categorisation is shown in
Fig. 1.

The events are first categorised in a VH-leptonic category by requiring at least one additional isolated
lepton (e or µ) with a transverse momentum greater that 8 GeV. The lepton isolation and transverse impact
parameter significance criteria are the same as those applied to the four lepton final state. The events that
do not pass this selection are classified into three exclusive categories depending on the number of jets
identified in the event. Jets are required to have transverse momentum greater than 30 GeV and a pseudo-
rapidity |⌘| < 4.0. The categories are 0-jet, 1-jet and 2-jet (where the last one includes events with two or
more jets). In the 2-jet category the events are further split into low and high dijet invariant mass. The dijet
invariant mass (m j j) is computed with the two highest transverse energy jets. The dijet mass categories
are defined by m j j < 120 GeV (low-mass) and m j j > 120 GeV (high-mass). This further division helps
to separate the VH-hadronic (where the vector boson decays to a quark pair) and the VBF production
processes. In addition to the event categorisation, a dedicated discriminant is used in each category to
improve the sensitivity to the di↵erent production modes with the exception of the VH-leptonic one.

For the 0-jet category, a dedicated boosted decision tree (BDT) [29] trained to separate the ggF process
from SM backgrounds (dominated by the non-resonant ZZ⇤ background) is used as in Ref. [11]. This
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 m4l  shape used to enhance sensitivity to signal


!
!
   ➙  summed over H production modes (events 
        are not categorized)  
   ➙  wider mass range considered: 115-130 GeV 
   ➙  MC used to extract detector-level correction  
        factors for unfolding 
   ➙  SM BR and acceptance assumed for σtot

H➙ZZ*: Fiducial X-Section
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14.8 fb-1  @ 13 TeVATLAS-CONF-2015-059

cross sections: �� and ZZ⇤
•Fiducial � extracted for �� and ZZ⇤ •Measurements extrapolated to total � and combined

Fiducial selection: designed to closely replicate the analysis selection at particle level

�tot =
Ns

A.C.B.Lint

�fid
channel =

Ns

C.Lint

Ns: # of observed signal
events

A: kinematic and
geometric acceptance in
the fiducial region

C: detector correction
factor (reco, trigger and id
efficiences, reco
resolution)

C = # of selected reco events
# of particle level events 10

Fiducial cross section

9L. Aperio Bella   

• Fiducial cross sections extracted with a likelihood fit on m4l 
distribution in a range 115 <m4l< 130 GeV 

• Detector level bin-by-bin correction factor for unfolding 
from simulation 

• Fid. cross section extracted by final state and separately 
for the same and opposite flavour  

• Total cross-section calculated assuming SM BR. 
• Measurement still dominated by statistic  

• Main sys uncertainty Luminosity and lepton SF ~3%.
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.

25

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.

25

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
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A: kinematic and geometric  
      acceptance in the fiducial volume

C: detector correction factor (reco., trigger  
     & identification efficiency, resolution)

NS: number of measured  
      signal events

Fiducial selection designed to closely replicate analysis at particle level 

Table 2: The list of the selections which define the fiducial region of the cross section measurement. Same-flavour
opposite-sign lepton pairs are denoted as SFOS, the leading lepton pair mass as m12, and the subleading lepton pair
mass as m34.

Lepton definition
Muons: pT > 5 GeV, |⌘| < 2.7 Electrons: pT > 7 GeV, |⌘| < 2.47

Pairing
Leading pair: SFOS lepton pair with smallest |mZ � m``|
Sub-leading pair: Remaining SFOS lepton pair with smallest |mZ � m``|

Event selection
Lepton kinematics: Leading leptons pT > 20, 15, 10 GeV
Mass requirements: 50 < m12 < 106 GeV; 12 < m34 < 115 GeV
Lepton separation: �R(`i, ` j) > 0.1(0.2) for same(opposite)-flavour leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

In order to minimize the model dependence of the cross section measurement, the fiducial phase space
definition follows closely the experimental requirements applied to the four leptons and is summarized in
Table 2. The selection is applied at simulation generator level to electrons and muons before they emit
photon radiation, referred to as Born-level leptons. No isolation requirement is applied in the fiducial
selection, so that any isolation ine�ciency is included in C. The small residual model dependence is
related to the in and out of acceptance corrections and to the few experimental selection criteria that are
not implemented in the fiducial phase space definition (e.g., the lepton isolation criteria).

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and
decay channel are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller for the
WH and ZH production modes due to the presence of the additional leptons from vector boson leptonic
decays that can be selected in the quadruplet, causing the event to fail the mass window cut. The lower
values of the correction factors for the tt̄H production mode are due to the presence of several jets that
can overlap with the Higgs boson decay leptons.

Table 3: The values of the acceptance factors in % per production mode and decay channel. They are computed for
a SM Higgs boson with a mass of 125.09 GeV and a signal mass window of 115 � 130 GeV.

Acceptance factorsA[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 50.9 55.0 43.8 46.5 53.6
4e 39.6 43.9 34.4 36.0 44.6
2µ2e 40.0 42.9 34.0 35.5 42.4
2e2µ 45.9 48.6 38.0 40.4 47.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the
signal mass window under di↵erent assumptions. The fit is based on the profiled likelihood test statistic
under the asymptotic approximation [28]. With the parameterisation described above, the fiducial cross
section in each final state can be defined as an independent parameter of interest. The total fiducial cross
section can be obtained by defining as parameter of interest the sum of the four final states, without any
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Table 4: The values of the correction factors in % per production mode and decay channel. They are computed for
a SM Higgs boson with a mass of 125.09 GeV and a signal mass window of 115 � 130 GeV.

Correction factors C[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 62.6 64.2 60.8 60.5 41.8
4e 42.1 43.2 43.0 42.7 38.7
2µ2e 46.9 50.9 49.1 48.6 41.7
2e2µ 53.1 54.7 51.8 50.2 36.7

assumption of the relative Higgs boson branching ratios. This approach is referred to as the sum. An
alternative approach is to combine the four decay channels assuming the relative branching ratios to be
those predicted by the SM. This approach is referred to as the combination. The first case is less model
dependent but it has a slightly reduced statistical sensitivity.

The total inclusive cross section is derived assuming SM values for the Higgs decay branching ratio in
the four channels.

2.2 Production mode studies and constraints on HVV and AVV · sin ↵

In order to gain sensitivity to the di↵erent production modes, the events selected in the mass region
118 < m4` < 129 GeV are classified into exclusive categories. The chosen mass range di↵ers from the one
used in the fiducial cross section measurement since in the categorisation analysis the mass distribution is
not used as a discriminant to allow for the use of jet-based discriminants. The narrower mass range gives
better performance when the mass is not used as a discriminant in the fit. Categories based on the presence
of additional leptons and the number of jets are used with discriminants optimized to disentangle the
di↵erent production modes. This categorisation is designed to measure the cross sections per production
mode, but it also gives sensitivity to BSM interactions between the Higgs boson and the SM vector bosons
W and Z, as described in the following. The schematic flow chart for the event categorisation is shown in
Fig. 1.

The events are first categorised in a VH-leptonic category by requiring at least one additional isolated
lepton (e or µ) with a transverse momentum greater that 8 GeV. The lepton isolation and transverse impact
parameter significance criteria are the same as those applied to the four lepton final state. The events that
do not pass this selection are classified into three exclusive categories depending on the number of jets
identified in the event. Jets are required to have transverse momentum greater than 30 GeV and a pseudo-
rapidity |⌘| < 4.0. The categories are 0-jet, 1-jet and 2-jet (where the last one includes events with two or
more jets). In the 2-jet category the events are further split into low and high dijet invariant mass. The dijet
invariant mass (m j j) is computed with the two highest transverse energy jets. The dijet mass categories
are defined by m j j < 120 GeV (low-mass) and m j j > 120 GeV (high-mass). This further division helps
to separate the VH-hadronic (where the vector boson decays to a quark pair) and the VBF production
processes. In addition to the event categorisation, a dedicated discriminant is used in each category to
improve the sensitivity to the di↵erent production modes with the exception of the VH-leptonic one.

For the 0-jet category, a dedicated boosted decision tree (BDT) [29] trained to separate the ggF process
from SM backgrounds (dominated by the non-resonant ZZ⇤ background) is used as in Ref. [11]. This
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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 per
lepton to model the momentum response function with the Gaussian � set to the expected resolution for
each lepton. The Z-mass constraint improves the m4` resolution by about 15%. For the high-mass region,
the Z-mass constraint is applied to both pairs.

Events satisfying the above criteria are considered candidate signal events for all the described analyses,
defining a signal region independent of the value of m4`. The Higgs boson mass resolution is dependent
on the final state and corresponds to 1.6 GeV, 1.7 GeV, 2.1 GeV and 2.4 GeV for 4µ, 2e2µ, 2µ2e and 4e at
mH = 125 GeV, respectively. The strategies for the di↵erent measurements and searches on the selected
signal candidates are outlined in the following.

2.1 Fiducial cross sections measurement

The selected events in the mass region 115 < m4` < 130 GeV are analyzed to extract the fiducial and total
cross sections. The m4` distribution is used as a discriminant to increase the sensitivity to the signal. This
di↵ers from what was done in Refs. [11, 15] where only event counting was used in the fiducial cross
section extraction. The optimal signal mass window (118 < m4` < 129 GeV) is enlarged when using the
m4` as a discriminant. The selected candidates in the signal region can be expressed as:

NData(m4`)i = Lint · �tot · B(H ! 4`)·
⇣

fi · PDF(m4`)sig,i ·
X

proc
(rproc · Aproc,i · Cproc,i)

⌘
+ PDF(m4`)bkg,i · Nbkg,i.

(1)

where NData(m4`)i is the number of observed data candidates as a function of m4` in the decay channel
i (i = 4µ, 4e, 2e2µ and 2µ2e), Lint the integrated luminosity, �tot is the total production cross section of
the Higgs boson, B(H ! 4`) is the branching ratio of the Higgs boson decay into the four lepton final
state, Aproc,i are the acceptance factors (in the fiducial regions defined below) for a given production
process (proc = gluon-fusion (ggF), vector boson fusion (VBF), associated production with a Z or W bo-
son (ZH, WH), associated production with a top pair (tt̄H)) and decay channel i, and Cproc,i are detector
correction factors, which account for e↵ects such as trigger, reconstruction and identification e�ciencies
and reconstruction resolution (again for each production mode and decay channel). Nbkg,i is the number
of estimated background events per decay channel i. The detector correction factors are estimated from
simulation and are given by the ratio of the number of selected reconstructed events relative to the num-
ber of particle-level events with Born leptons falling in the fiducial region. They include migration of
events into and out of the fiducial region due to resolution e↵ects. The normalised m4` distributions are
represented by the PDF(m4`) functions (given separately for each signal final state and for the di↵erent
backgrounds). The background normalisations and their invariant mass distributions are derived with the
methods described in Section 4. The fiducial acceptance factors A correspond to the theory dependent
fraction of H ! ZZ⇤ ! 4` decays that pass the fiducial selection. The rproc parameters represents the
fraction of the cross section in a given production process with respect to the total one. The parameters
fi = B(H ! i)/B(H ! 4`), are the relative branching fraction in each of the four final states. The values
of rproc and fi are taken from the latest available SM calculations [26, 27]. The associated systematic
uncertainties are discussed in Section 6.
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Acceptance Factor A [%] Correction Factor C [%]

Table 2: The list of the selections which define the fiducial region of the cross section measurement. Same-flavour
opposite-sign lepton pairs are denoted as SFOS, the leading lepton pair mass as m12, and the subleading lepton pair
mass as m34.

Lepton definition
Muons: pT > 5 GeV, |⌘| < 2.7 Electrons: pT > 7 GeV, |⌘| < 2.47

Pairing
Leading pair: SFOS lepton pair with smallest |mZ � m``|
Sub-leading pair: Remaining SFOS lepton pair with smallest |mZ � m``|

Event selection
Lepton kinematics: Leading leptons pT > 20, 15, 10 GeV
Mass requirements: 50 < m12 < 106 GeV; 12 < m34 < 115 GeV
Lepton separation: �R(`i, ` j) > 0.1(0.2) for same(opposite)-flavour leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 115 < m4` < 130 GeV

In order to minimize the model dependence of the cross section measurement, the fiducial phase space
definition follows closely the experimental requirements applied to the four leptons and is summarized in
Table 2. The selection is applied at simulation generator level to electrons and muons before they emit
photon radiation, referred to as Born-level leptons. No isolation requirement is applied in the fiducial
selection, so that any isolation ine�ciency is included in C. The small residual model dependence is
related to the in and out of acceptance corrections and to the few experimental selection criteria that are
not implemented in the fiducial phase space definition (e.g., the lepton isolation criteria).

The values of the acceptance factors (A) and of the correction factors (C) for each production mode and
decay channel are summarized in Tables 3 and 4, respectively. The acceptance factors are smaller for the
WH and ZH production modes due to the presence of the additional leptons from vector boson leptonic
decays that can be selected in the quadruplet, causing the event to fail the mass window cut. The lower
values of the correction factors for the tt̄H production mode are due to the presence of several jets that
can overlap with the Higgs boson decay leptons.

Table 3: The values of the acceptance factors in % per production mode and decay channel. They are computed for
a SM Higgs boson with a mass of 125.09 GeV and a signal mass window of 115 � 130 GeV.

Acceptance factorsA[%]
Decay Production mode
Channel ggF VBF WH ZH tt̄H
4µ 50.9 55.0 43.8 46.5 53.6
4e 39.6 43.9 34.4 36.0 44.6
2µ2e 40.0 42.9 34.0 35.5 42.4
2e2µ 45.9 48.6 38.0 40.4 47.2

The fiducial cross sections can be extracted with a likelihood fit to the observed m4` distribution in the
signal mass window under di↵erent assumptions. The fit is based on the profiled likelihood test statistic
under the asymptotic approximation [28]. With the parameterisation described above, the fiducial cross
section in each final state can be defined as an independent parameter of interest. The total fiducial cross
section can be obtained by defining as parameter of interest the sum of the four final states, without any
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Figure 6: The values of the test statistics �2� ln L as a function of (a) the fiducial cross section and (b) of the total
cross section. The solid black (blue) lines shows the observed (expected SM) results including all uncertainties
while the dashed red lines show the observed results without including the systematic uncertainties.

7.3 Cross sections by production mode from event categorisation

The number of expected and observed events in each of the categories, which were introduced in Section 2
and are used to enhance the sensitivity to the di↵erent Higgs boson production modes, are summarized in
Table 12.

Table 12: The expected and observed yields in the 0-jet, 1-jet, 2-jet with mj j > 120 GeV (VBF-enriched), 2-jet
with mj j < 120 GeV (VH-enriched) and VH-leptonic categories. The yields are given for the di↵erent production
modes, assuming mH = 125 GeV, the ZZ⇤ and reducible background for 14.8 fb�1 at

p
s = 13 TeV. The estimates

are given for the m4` mass range 118–129 GeV. Full uncertainties are provided.

Analysis Signal Background Total Observed
category ggF + bb̄H + tt̄H VBF WH ZH ZZ⇤ Z + jets, tt̄ expected

0-jet 11.2 ± 1.4 0.120 ± 0.019 0.047 ± 0.007 0.060 ± 0.006 6.2 ± 0.6 0.84 ± 0.12 18.4 ± 1.6 21
1-jet 5.7 ± 2.4 0.59 ± 0.05 0.137 ± 0.012 0.091 ± 0.008 1.62 ± 0.21 0.44 ± 0.07 8.5 ± 2.4 12

2-jet VBF enriched 1.9 ± 0.9 0.92 ± 0.07 0.074 ± 0.007 0.052 ± 0.005 0.22 ± 0.05 0.24 ± 0.11 3.4 ± 0.9 9
2-jet VH enriched 1.1 ± 0.5 0.084 ± 0.009 0.143 ± 0.012 0.101 ± 0.009 0.166 ± 0.035 0.088 ± 0.011 1.6 ± 0.5 2

VH-leptonic 0.055 ± 0.004 < 0.01 0.067 ± 0.004 0.011 ± 0.001 0.016 ± 0.002 0.012 ± 0.010 0.16 ± 0.01 0
Total 20 ± 4 1.71 ± 0.14 0.47 ± 0.04 0.315 ± 0.027 8.2 ± 0.9 1.62 ± 0.07 32 ± 4 44

The distributions of the BDT output used in each category are shown in Fig. 8. The cross section for the
di↵erent production modes are evaluated assuming the mH =125.09 GeV. Given the limited sensitivity
to the tt̄H and bb̄H production mechanisms, their cross sections are evaluated together with the ggF
under the assumption that the relative contribution of these production modes follows the SM prediction.
Figure 9 shows the negative log-likelihood scans as function of the measured cross sections as well as
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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cross sections: �� and ZZ⇤
•Fiducial � extracted for �� and ZZ⇤ •Measurements extrapolated to total � and combined

Fiducial selection: designed to closely replicate the analysis selection at particle level

�tot =
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A.C.B.Lint

�fid
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Ns

C.Lint

Ns: # of observed signal
events

A: kinematic and
geometric acceptance in
the fiducial region

C: detector correction
factor (reco, trigger and id
efficiences, reco
resolution)

C = # of selected reco events
# of particle level events 10

Fiducial cross section

9L. Aperio Bella   

• Fiducial cross sections extracted with a likelihood fit on m4l 
distribution in a range 115 <m4l< 130 GeV 

• Detector level bin-by-bin correction factor for unfolding 
from simulation 

• Fid. cross section extracted by final state and separately 
for the same and opposite flavour  

• Total cross-section calculated assuming SM BR. 
• Measurement still dominated by statistic  

• Main sys uncertainty Luminosity and lepton SF ~3%.
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05
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2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :
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to be compared with the expected SM value �tot,SM = 55.5+3.8
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measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .
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In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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Figure 5: m4` distribution of the selected candidates, compared to the SM expectation between 140 and 840 GeV.
The expected distributions of the ZZ⇤ background (red), the reducible background (purple) and tt̄V plus VVV
(yellow histogram) are superimposed.

Table 9: The number of events expected and observed for a mH=125 GeV hypothesis for the four-lepton final states.
The second column gives the expected signal without any cut on m4`. The other columns give for the 118–129 GeV
mass range the number of expected signal events, the number of expected ZZ⇤ and other background events, and
the signal-to-background ratio (S/B), together with the number of observed events, for 14.8 fb�1 at

p
s = 13 TeV.

Full uncertainties are provided.

Final State Signal Signal ZZ⇤ Z + jets, tt̄ S/B Expected Observed
full mass range ttV ,VVV , WZ

4µ 8.8 ± 0.6 8.2 ± 0.6 3.11 ± 0.30 0.31 ± 0.04 2.4 11.6 ± 0.7 16
2e2µ 6.1 ± 0.4 5.5 ± 0.4 2.19 ± 0.21 0.30 ± 0.04 2.2 8.0 ± 0.4 12
2µ2e 4.8 ± 0.4 4.4 ± 0.4 1.39 ± 0.16 0.47 ± 0.05 2.3 6.2 ± 0.4 10

4e 4.8 ± 0.5 4.2 ± 0.4 1.46 ± 0.18 0.46 ± 0.05 2.2 6.1 ± 0.4 6

Total 24.5 ± 1.8 22.3 ± 1.6 8.2 ± 0.8 1.54 ± 0.18 2.3 32.0 ± 1.8 44

7.2 Fiducial cross sections

The measured cross section �fid in the fiducial phase space, defined in Table 2, for each final state and
the corresponding SM expectation �fid,SM are reported in Table 11 The di↵erences in the expected SM
fiducial cross section values �fid,SM for the di↵erent channels are due to the di↵erence in the fiducial phase
space for each final state. Two examples of the test statistics (�2� ln L) as a function of the fiducial and
total four-lepton cross sections are shown in Figure 6.

The total fiducial cross section is obtained both as the sum of the four final states �4`
fid,sum and by com-

bining the four final state �4`
fid,comb. The former is more model independent since no assumption on the

relative Higgs boson branching ratios in the for final states is made, but has a reduced statistical sensitivity
compared to the combination. The measured total fiducial cross sections are:

�4`
fid,sum = 4.48+1.01

�0.89 fb

�4`
fid,comb = 4.54+1.02

�0.90 fb
(5)
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Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)

In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.
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s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
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Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .
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In the SM, the same- and opposite-flavour branching ratios di↵er by about 10% due to the presence of
interference in the final state with all same-flavour leptons.

The total cross section is obtained by extrapolating the �4`
fid to the full phase-space using the fiducial

acceptance factorsA in Table 3 and the SM branching ratio B(H ! 4`) :

�tot = 81+18
�16 pb (7)

to be compared with the expected SM value �tot,SM = 55.5+3.8
�4.4 pb. The compatibility between the total

measured cross section and the SM prediction is at the level of 1.6 standard deviations. In all the cross
section measurements presented, the dominant uncertainty is statistical.

24

Table 10: The number of expected and observed events for the four-lepton final states in a range of m4` > 140 GeV,
for 14.8 fb�1 at

p
s = 13 TeV. In the second column the number of expected ZZ⇤ events are shown, and in the third

column the expected number of events for the reducible background and the tt̄V and triboson processes is quoted.
The sum of the expected events and the observed ones are shown in the last two columns. Full uncertainties are
provided.

Final state ZZ⇤ Z + jets, tt̄, WZ tt̄V ,VVV Expected Observed

4µ ggF-enriched 125 ± 10 0.95 ± 0.14 1.57 ± 0.09 127 ± 10 128
2e2µ ggF-enriched 205 ± 17 2.5 ± 0.4 2.75 ± 0.17 211 ± 17 199

4e ggF-enriched 83 ± 7 1.47 ± 0.22 1.28 ± 0.08 86 ± 7 111
VBF-enriched 4.6 ± 2.8 0.18 ± 0.05 0.268 ± 0.016 5.1 ± 2.8 10

Total 418 ± 35 5.1 ± 0.7 5.87 ± 0.35 429 ± 35 448

Table 11: The measured fiducial cross section �fid in each final state and the corresponding SM expectation �fid,SM.
The reported uncertainty for the measured cross sections includes the statistical and systematical component while
for the SM predictions, the errors are taken from Ref. [26] .

Final state measured �fid [fb] �fid,SM [fb]

4µ 1.28 +0.48
�0.40 0.93 +0.06

�0.08

4e 0.81 +0.51
�0.38 0.73 +0.05

�0.06

2µ2e 1.29 +0.58
�0.46 0.67 +0.04

�0.04

2e2µ 1.10 +0.49
�0.40 0.76 +0.05

�0.06

to be compared with the expected SM value �4`
fid,SM = 3.07+0.21

�0.25 fb. In addition, the fiducial cross section
have been also measured separately for the same- and opposite-flavour final state:

�4µ/4e
fid,comb = 2.13+0.67

�0.57 fb �4µ/4e
fid,SM = 1.65+0.11

�0.13 fb

�2`2`0
fid,comb = 2.35+0.73

�0.62 fb �2`2`0
fid,SM = 1.42+0.10

�0.12 fb
(6)
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Figure 9: Event displays of a H!WW ⇤! `⌫`⌫ candidates in the VBF signal region with a BDT score of 0.9. The
neutrinos are represented by missing transverse momentum (MET, dotted line) that point away from the eµ system.
The event shows well-separated jets that are characteristic of VBF production and a small value of ��`` , which is
characteristic of the signal.
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FIG. 17. Event displays of H !WW ⇤ ! e⌫µ⌫ candidates in the nj =0 (top) and nj � 2 VBF-enriched (bottom) categories.
The neutrinos are represented by missing transverse momentum (met, dotted line) that points away from the eµ system.
The properties of the first event are pe
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istic of the signal. The second event shows two well-separated jets that are characteristic of VBF production.
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 Large rates (BR~22%), not fully reconstructible

             Control regions (CRs) used to constrain dominant backgrounds 

Single and dilepton triggers 
Analysis-dependent lepton requirements

Selection criteria tailored around each final state 
In general, enforcing H➝WW*➝lυlυ topology with: 
   ➙ upper / lower bound on mll, upper cut on △Φll 
   ➙ minimum missing ET, mass window around mT 
   ➙ b-jet veto in final states with jets

-
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FIG. 35. Postfit combined transverse mass distributions
for nj  1 and for all lepton-flavor samples in the 7 and
8TeV data analyses. The plot in (b) shows the residuals
of the data with respect to the estimated background com-
pared to the expected distribution for an SM Higgs boson
with mH =125GeV; the error bars on the data are statisti-
cal (

p
Nobs). The uncertainty on the background (shown as

the shaded band around 0) is at most about 25 events per
m

t

bin and partially correlated between bins. Background
processes are scaled by postfit normalization factors and the
signal processes by the observed signal strength µ from the
likelihood fit to all regions. Their normalizations also include
e↵ects from the pulls of the nuisance parameters.

nique [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 im-
proved resolution with respect to the true value of
missing transverse momentum.

Signal acceptance is increased by 75% (50%) in the
nj =0 (1) category. This is achieved by lowering the p `2

t

threshold to 10GeV. Dilepton triggers are included in ad-
dition to single lepton triggers, which allows reduction of
the p `1

t

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

The methods used to estimate nearly all of the back-
ground contributions in the signal region are improved.
These improvements lead to a better understanding of
the normalizations and thus the systematic uncertainties.
The rejection of the top-quark background is improved
by applying a veto on b-jets with p

t

> 20GeV, which is
below the nominal 25GeV threshold in the analysis. A
new method of estimating the jet b-tagging e�ciency is
used. It results in the cancellation of the b-tagging uncer-
tainties between the top-quark control region and signal
regions in the nj =1 categories. The Z/�⇤ ! ⌧⌧ back-
ground process is normalized to the data in a dedicated
high-statistics control region in the nj  1 and nj � 2
ggF-enriched categories. The V V backgrounds are nor-
malized 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 cancellation of most
of the theoretical uncertainties on the V V 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+jets
background in the nj � 2 ggF-enriched category. A large
number of improvements are applied to the estimation of
the W+jets background, one of them being an estima-
tion of the extrapolation factor using Z+jets instead of
dijet data events.
Signal yield uncertainties are smaller than in the pre-

vious analysis. The uncertainties on the jet multiplicity
distribution in the ggF signal sample, previously esti-
mated with the Stewart-Tackmann technique [80], are
now estimated with the jet-veto-e�ciency 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. VIIB
is used to search for a signal and characterize the pro-
duction 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 rescal-

3

nj =0 nj =1 nj � 2

enriched

VBF-ggF-

enriched

ee/µµee/µµ eµ

VBF-enriched

selection

Pre-

eµ

eµ (8TeV) ee/µµeµ

ggF-enriched

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

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 pro-
duction, which is e↵ectively 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 cor-
respondingly low invariant mass m``, 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 m`` in eµ final states with
nj  1.

Other background components are distinguished by
p `2
t

, the magnitude of the transverse momentum of the
lower-p

t

lepton in the event (the “subleading” lepton). In
the signal process, one of the W bosons from the Higgs
boson decay is o↵ shell, resulting in relatively low sub-
leading lepton p

t

(peaking near 22 GeV, half the dif-
ference 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 o↵-
shell photon producing a low-mass lepton pair (where
one lepton is not reconstructed), the p `2

t

distribution falls
rapidly with increasing p

t

. The eµ sample is therefore
subdivided into three regions of subleading lepton p

t

for
nj  1. The jet and photon misidentification rates di↵er
for electrons and muons, so this sample is further split

W+ H W�

⌫

`+ `�

⌫̄

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 to W bosons with opposite spins, and the
spin-1 W bosons decay into leptons with aligned spins. The
H and W 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 o↵
shell.

by subleading lepton flavor.
Because of the neutrinos produced in the signal pro-

cess, it is not possible to fully reconstruct the invariant
mass of the final state. However, a “transverse mass”
m

t

[18] can be calculated without the unknown longitu-
dinal neutrino momenta:

m
t

=
q�

E ``
t

+ p ⌫⌫
t

�
2 � ��p ``

t

+ p ⌫⌫
t

��2, (1)

where E ``
t

=
p
(p ``

t

)2 + (m``)2, p ⌫⌫
t

(p ``
t

) is the vector
sum of the neutrino (lepton) transverse momenta, and
p ⌫⌫
t

(p ``
t

) is its modulus. The distribution has a kine-
matic upper bound at the Higgs boson mass, e↵ectively
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 m

t

distribution for
each category.
Most of the backgrounds are modeled using Monte

Carlo samples normalized to data, and include theoreti-
cal uncertainties on the extrapolation from the normal-
ization region to the signal region, and on the shape of the
distribution used in the likelihood fit. For the W+jet(s)
and multijet backgrounds, the high rates and the un-
certainties in modeling misidentified leptons motivate a
model of the kinematic distributions based on data. For
a few minor backgrounds, the process cross sections are
taken from theoretical calculations. Details of the back-
ground modeling strategy are given in Sec. VI.
The analyses of the 7 and 8TeV data sets are sepa-

rate, but use common methods where possible; di↵er-
ences arise primarily because of the lower instantaneous
and integrated luminosities in the 7TeV data set. As
an example, the categorization of 7TeV data does not
include a ggF-enriched category for events with at least

Signal peaks in mT distribution:

transverse mass is agnostic to 
longitudinal υ momenta (unknown)

. . . . . .
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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
±2� uncertainties given by the green and yellow shaded bands.

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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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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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
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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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Differential Cross Sections
• Possible to directly measure several kinematic distributions in a close to model 

independent way 

• Compare to theoretical models and provide constrains on QCD and PDF calculation 

• Sensitive to new physics 

• Analysis performed only on different flavour

10

• Use control region to extract background and 
subtract the predicted background in the signal 
region from the data  

• Correction/extrapolation of the event yields 
from the reconstructed signal region to the 
truth-level fiducial volume  

• Unfolding corrects measured distribution for 
detector effects and brings it from the signal 
(reconstructed)to the fiducial ( particle level ) 
volume 

arXiv:1604.02997
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Figure 6: Measured fiducial di↵erential cross section as a function of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T , overlaid
with the signal predictions. The [0, 30] GeV bin of the p j1

T distribution includes events with no reconstructed jets.
The systematic uncertainty at each point is shown by a grey band labelled “sys. unc.” and includes the experimental
and theoretical uncertainties. The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all
systematic and statistical uncertainties. The measured results are compared to various theoretical predictions.
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Figure 6: Measured fiducial di↵erential cross section as a function of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T , overlaid
with the signal predictions. The [0, 30] GeV bin of the p j1

T distribution includes events with no reconstructed jets.
The systematic uncertainty at each point is shown by a grey band labelled “sys. unc.” and includes the experimental
and theoretical uncertainties. The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all
systematic and statistical uncertainties. The measured results are compared to various theoretical predictions.
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Figure 6: Measured fiducial di↵erential cross section as a function of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T , overlaid
with the signal predictions. The [0, 30] GeV bin of the p j1

T distribution includes events with no reconstructed jets.
The systematic uncertainty at each point is shown by a grey band labelled “sys. unc.” and includes the experimental
and theoretical uncertainties. The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all
systematic and statistical uncertainties. The measured results are compared to various theoretical predictions.
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sensitive to QCD radiative 
processes in the initial state

probes soft-gluon emission 
and non-perturbative effects

strongly correlated with yH, 
which is sensitive to PDFs
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Differential Cross Sections
• Possible to directly measure several kinematic distributions in a close to model 

independent way 

• Compare to theoretical models and provide constrains on QCD and PDF calculation 

• Sensitive to new physics 

• Analysis performed only on different flavour

10

• Use control region to extract background and 
subtract the predicted background in the signal 
region from the data  

• Correction/extrapolation of the event yields 
from the reconstructed signal region to the 
truth-level fiducial volume  

• Unfolding corrects measured distribution for 
detector effects and brings it from the signal 
(reconstructed)to the fiducial ( particle level ) 
volume 

arXiv:1604.02997
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Figure 6: Measured fiducial di↵erential cross section as a function of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T , overlaid
with the signal predictions. The [0, 30] GeV bin of the p j1

T distribution includes events with no reconstructed jets.
The systematic uncertainty at each point is shown by a grey band labelled “sys. unc.” and includes the experimental
and theoretical uncertainties. The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all
systematic and statistical uncertainties. The measured results are compared to various theoretical predictions.
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20.3 fb-1  @ 8 TeV

Fiducial cross section for ggF production: 
σggF = 36.0 ± 7.2(stat) ± 6.4(sys) ± 1.0(lumi) fb = 36.0 ± 9.7 fb  

SM (LHC-XS): σggF = 25.1 ± 2.6 fb Table 7: Summary of the selection defining the fiducial region for the cross-section measurements. The momenta
of the electrons and muons are corrected for radiative energy losses by adding the momenta of nearby photons, as
described in the text.

Object selection
Electrons pT > 15 GeV, |⌘| < 1.37 or 1.52 < |⌘| < 2.47
Muons pT > 15 GeV, |⌘| < 2.5
Jets pT > 25 GeV if |⌘| < 2.4, pT > 30 GeV if 2.4  |⌘| < 4.5

Event selection

Preselection
plead

T (`) > 22 GeV
m`` > 10 GeV
pmiss

T > 20 GeV

Topology ��`` < 1.8
m`` < 55 GeV

7.2 Correction for detector e↵ects

To extract the di↵erential cross sections, the measured distributions, shown in Figure 5, are corrected for
detector e↵ects and extrapolated to the fiducial region. For the corrections, the reconstructed distribu-
tions of the di↵erent jet-binned signal-region categories are not combined, but instead are simultaneously
corrected for detector e↵ects as a function of the variable under study and the number of jets. Thus, the
correlation of the variable under study with Njet is correctly taken into account. Final results are presented
integrated over all values of Njet for the pH

T , ||y``|| and p j1
T variables.

In the following, each bin of the reconstructed distribution is referred to by the index j, while each bin of
the particle-level distribution is referred to by the index i. The correction itself is done as follows:

Npart
i =

1
"i
·
X

j

⇣
M�1
⌘
i j
· f reco-only

j · (Nreco
j � Nbkg

j ), (5)

where Npart
i is the number of particle-level events in a given bin i of the particle-level distribution in

the fiducial region. The quantity Nreco
j is the number of reconstructed events in a given bin j of the

reconstructed distribution in the signal region, and Nbkg
j is the number of background events in bin j

estimated as explained in Section 5. The correction factor f reco-only
j , the selection e�ciency "i, and the

migration matrix Mi j are discussed below. To evaluate the cross section in particle-level bin i, it is also
necessary to take the integrated luminosity and the bin width into account.

The migration matrix accounts for the detector resolution and is defined as the probability to observe an
event in bin j when its particle-level value is located in bin i. The migration matrix is built by relating
the variables at reconstruction and particle level in simulated ggF signal events that meet both the signal-
region and fiducial-region selection criteria. To properly account for the migration of events between
the di↵erent signal-region categories, the migration matrix accounts for the migrations within one dis-
tribution, as well as migrations between di↵erent values of Njet. The inverse of the migration matrix is
determined using an iterative Bayesian unfolding procedure [63] with two iterations.

The selection e�ciency "i is defined as an overall e�ciency, combining reconstruction, identification,
isolation, trigger and selection, including also the di↵erences between the fiducial and the signal region
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Differential Cross Sections
• Possible to directly measure several kinematic distributions in a close to model 

independent way 

• Compare to theoretical models and provide constrains on QCD and PDF calculation 

• Sensitive to new physics 

• Analysis performed only on different flavour

10

• Use control region to extract background and 
subtract the predicted background in the signal 
region from the data  

• Correction/extrapolation of the event yields 
from the reconstructed signal region to the 
truth-level fiducial volume  

• Unfolding corrects measured distribution for 
detector effects and brings it from the signal 
(reconstructed)to the fiducial ( particle level ) 
volume 
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VBF/WH, H➙WW*: Total X-Sections
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DRAFT

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 slightly 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
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using the SM predicted cross-sections and treating their uncertainties as nuisance parameters. In the case523

of the WH analysis, the ggF, VBF, and ZH production modes are considered as background.524

The fit results for the signal strength for the VBF and WH production modes are respectively:525
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Since the contribution of the ggF production process to the background in the VBF analysis is not negli-526

gible, the impact of a beyond-SM contribution to ggF production on the µVBF result has been assessed. A527

scan of µVBF as a function of µggF was performed changing µggF up and down by one hundred percent,528

i.e. from the SM µggF = 1 to µggF = 0 or to µggF = 2. This results in a variation of µVBF of 25% which is529
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The measured signal strength, µVBF (µWH ), can be used to evaluate the product�VBF(WH ) ·BH!WW ⇤ for531

the VBF (associated WH) production mode, respectively. The central value is the product of µ and the532

predicted cross section used to define it. The uncertainties are similarly scaled, except for the theoretical533

uncertainties related to the total predicted signal yield, which do not apply to this measurement. Since534
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cross sections are calculated to be:536
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upper limits at 95% confidence level are obtained for the cross section times branching fraction results.539

They are 3.0 pb for VBF and 3.3 pb for associated WH production.540
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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
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background correlations have been taken into account.
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these uncertainties are small compared to leading uncertainties in both signal strength measurements, the535

cross sections are calculated to be:536

�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

The predicted cross section times branching fraction values are 0.808±0.021 pb and 0.293±0.007 pb for537

VBF and WH , respectively. Since the observed significances of the cross section results are below 3�,538

upper limits at 95% confidence level are obtained for the cross section times branching fraction results.539

They are 3.0 pb for VBF and 3.3 pb for associated WH production.540

26th October 2016 – 20:23 21

ATLAS-CONF-2016-112

brand-new!

VBF analysis WH analysis 
Selects e/μ pair + ≥2 jets Three leptons (qTOT=±1)+ ET

BDT to isolate VBF production!
+ “central-jet veto”  

+ “outside-lepton-veto”

two signal regions (SR) to cope with 
different background composition: 

“Z-dominated” and “Z-depleted”
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… but the best has yet to come! 
    ➙  Still limited by statistics, however: plenty of data ahead of us to be analyzed! 
    ➙  36 fb-1 recorded by ATLAS in 2016 alone! 

http://www.extremetech.com/extreme/208652-what-is-the-higgs-boson

Entering the era of precision measurements of Higgs properties…     
    ➙  WW* and ZZ* channels play and will play a key role! 
    ➙  Measured total and differential cross sections per production mode / final state 
    ➙  Limits on couplings & possible BSM interactions between H and Vector Bosons 
    ➙  All results agree with the SM within the uncertainties

Thanks for your attention!
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Fig. 2. Differential unfolded cross sections for the transverse momentum pT,H and rapidity yH of the Higgs boson, the invariant mass of the subleading lepton pair m34, 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 | cosθ∗|, the number of jets njets , and the 
transverse momentum of the leading jet pT,jet in the H → Z Z∗ → 4ℓ decay channel compared to different theoretical calculations of the ggF process: Powheg, Minlo and
HRes2. The contributions from VBF, Z H/W H and tt̄ H are determined as described in Section 2 and added to the ggF distributions. All theoretical calculations are normalized 
to the most precise SM inclusive cross-section predictions currently available [60]. The error bars on the data points show the total (stat. ⊕ syst.) uncertainty, while the grey 
bands denote the systematic uncertainties. The bands of the theoretical prediction indicate the total uncertainty. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

9. Conclusion

Measurements of fiducial and differential cross sections in the 
H → Z Z∗ → 4ℓ decay channel are presented. They are based on 
20.3 fb−1 of pp collision data, produced at 

√
s = 8 TeV centre-

of-mass energy at the LHC and recorded by the ATLAS detector. 
The cross sections are corrected for detector effects and compared 
to selected theoretical calculations. No significant deviation from 
the theoretical predictions is observed for any of the studied vari-
ables.
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Table 2
Summary of the relative systematic uncertainties on the total back-
ground contribution (top rows) and on the parameters that enter 
the signal extraction (bottom rows). The ranges indicate the variation 
across observables and bins.

Systematic uncertainties (%)

Background
Luminosity 1.4–2.3
Reducible background 1.6–34
Experimental, leptons 1.3–2.3
PDF/scale 3.0–24

Correction factors/conversion to σ
Luminosity 2.8
Experimental, leptons 2.1–2.6
Experimental, jets 2.7–13
Production process 0.1–15
Higgs boson mass 0.4–2.7

fiducial objects, the correction factors for tt̄ H differ from those for 
the other production modes.

For each bin, the number of expected background events, the 
number of observed events, the luminosity, and the correction 
factors are used to calculate a profile likelihood ratio [64]. The 
likelihood includes shape and normalization uncertainties of back-
grounds and correction factors as nuisance parameters. For each 
variable all bins are included in the likelihood and correlations of 
uncertainties between the different bins and between backgrounds 
and correction factors are taken into account. The cross sections 
are extracted for each bin by minimizing twice the negative loga-
rithm of the profile likelihood ratio −2 ln Λ. The uncertainties on 
the cross sections are also estimated using −2 ln Λ by evaluating 
its variation as a function of the parameter of interest (the cross 
section value in each bin). Under the asymptotic assumption [64], 
−2 ln Λ behaves as a χ2 distribution with one degree of freedom. 
For some of the fitted intervals, due to the low number of events, 
the distribution of the profile likelihood ratio does not follow a 
χ2 distribution and the uncertainties are derived using pseudo-
experiments.

The compatibility between the measured cross sections and 
the theoretical predictions is evaluated by computing the differ-
ence between the value of −2 ln Λ at the best-fit value and the 
value obtained by fixing the cross sections in all bins to the ones 
predicted by theory. Under the asymptotic assumption [64], this 
statistical observable behaves as a χ2 with the number of degrees 
of freedom equal to the number of bins; it is used as a test statis-
tic to compute the p-values quantifying the compatibility between 
the observed distributions and the predictions. For all measured 
observables the asymptotic assumption is verified with pseudo-
experiments.

7. Systematic uncertainties

Systematic uncertainties are calculated for the estimated back-
grounds, the correction factors, and the SM theoretical predictions; 
the latter only have an impact on the quantitative comparison of 
the measurements with different predictions. An overview of the 
systematic uncertainties on the total background prediction and 
the correction factors is shown in Table 2.

The uncertainty on the integrated luminosity is propagated in a 
correlated way to the backgrounds evaluated from the MC predic-
tions and to the unfolding, where it is used when converting the 
estimated unfolded signal yield into a fiducial cross section. This 
uncertainty is derived following the same methodology as that de-
tailed in Ref. [65] from a preliminary calibration of the luminosity 
scale derived from beam-separation scans performed in November 
2012.

Systematic uncertainties on the data-driven estimate of the re-
ducible backgrounds are assigned both to the normalization and 
the shapes of the distributions by varying the estimation methods 
[15].

The systematic uncertainties on the lepton trigger, reconstruc-
tion and identification efficiencies [66,67] are propagated to the 
signal correction factors and the Z Z∗ background, taking into ac-
count correlations. For the correction factors, systematic uncer-
tainties are assigned on the jet resolution and energy scales. The 
largest systematic uncertainty is due to the uncertainty in the jet 
flavour composition [63,68,69].

The uncertainties on the correction factors due to PDF choice 
as well as QCD renormalization and factorization scale variations 
are evaluated in signal samples using the procedure described 
in Ref. [15] and found to be negligible. A similar procedure is 
followed for most variables for the irreducible Z Z background. 
For the jet-related observables an uncertainty is derived instead 
by comparing the data with the predicted Z Z distributions for 
m4ℓ > 190 GeV, after normalizing the MC estimate to the observed 
data yield. The systematic uncertainty is estimated as the larger 
of the data-MC difference and the statistical uncertainty on the 
data. This systematic uncertainty accounts for both the theoretical 
and experimental uncertainties in the modelling of the Z Z jet dis-
tributions. Systematic uncertainties due to the modelling of QED 
final-state radiation are found to be negligible with respect to the 
total uncertainty.

The correction factors are calculated assuming the predicted 
relative cross sections of the different Higgs production modes. The 
corresponding systematic uncertainty is evaluated by varying these 
predictions within the current experimental bounds [14]. The VBF 
and V H fractions are varied by factors of 0.5 and 2 with respect 
to the SM prediction and the tt̄ H fraction is varied by factors of 0 
and 5.

The experimental uncertainty on mH [10] is propagated to the 
correction factors by studying their dependence on the Higgs bo-
son mass.

The systematic uncertainties on the theoretical predictions in-
clude the PDF and QCD scale choices as well as the uncertainty on 
the H → Z Z∗ branching fraction [60]. The procedure described in 
Ref. [70] is used to evaluate the scale uncertainties of the predicted 
njets distribution.

The upper edges of the uncertainty ranges in Table 2 are in 
most cases due to the highest bins in the njets and pT,jet distribu-
tions. The background systematic uncertainties are large in some 
bins due to the limited statistics in the data control regions.

8. Results

The cross section in the fiducial region described in Table 1 is

σ fid
tot = 2.11+0.53

−0.47(stat.) ± 0.08(syst.) fb.

The theoretical prediction from Ref. [60] for a Higgs boson mass of 
125.4 GeV is 1.30 ± 0.13 fb.

The differential cross sections as a function of pT,H , yH , m34, 
| cos θ∗|, njets, and pT,jet are shown in Fig. 2. For all variables and 
bins the total uncertainties on the cross-section measurements are 
dominated by statistical uncertainties. Powheg, Minlo and HRes2 
calculations of ggF, added to VBF, Z H/W H and tt̄ H (see Section 2), 
are overlaid. The HRes2 calculation was developed for modelling 
the Higgs kinematic variables and is only used for pT,H and yH . 
The theoretical calculations are normalized to the most precise SM 
inclusive cross-section predictions currently available [60].

The p-values quantifying the compatibility between data and 
predictions, computed with the method described in Section 6, are 
shown in Table 3. No significant discrepancy is observed.

P.L.B 738 (2014) 234-253 20.3 fb-1  @ 8 TeV

(SM: σfid = 1.30±0.13 fb)
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Figure 5: Observed distributions of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T with signal and background expectations,
combined over the Njet = 0, = 1, and � 2 signal-region categories. The background processes are normalised as
described in Section 5. The SM Higgs boson signal prediction shown is summed over all production processes.
In the p j1

T distribution, Njet = 0 events are all in the first bin by construction because of the definition of the jet
thresholds used to define the signal regions. The hatched band shows the sum in quadrature of statistical and
systematic uncertainties of the sum of the backgrounds.
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Figure 5: Observed distributions of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T with signal and background expectations,
combined over the Njet = 0, = 1, and � 2 signal-region categories. The background processes are normalised as
described in Section 5. The SM Higgs boson signal prediction shown is summed over all production processes.
In the p j1

T distribution, Njet = 0 events are all in the first bin by construction because of the definition of the jet
thresholds used to define the signal regions. The hatched band shows the sum in quadrature of statistical and
systematic uncertainties of the sum of the backgrounds.
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Figure 5: Observed distributions of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T with signal and background expectations,
combined over the Njet = 0, = 1, and � 2 signal-region categories. The background processes are normalised as
described in Section 5. The SM Higgs boson signal prediction shown is summed over all production processes.
In the p j1

T distribution, Njet = 0 events are all in the first bin by construction because of the definition of the jet
thresholds used to define the signal regions. The hatched band shows the sum in quadrature of statistical and
systematic uncertainties of the sum of the backgrounds.
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Figure 6: Measured fiducial di↵erential cross section as a function of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T , overlaid
with the signal predictions. The [0, 30] GeV bin of the p j1

T distribution includes events with no reconstructed jets.
The systematic uncertainty at each point is shown by a grey band labelled “sys. unc.” and includes the experimental
and theoretical uncertainties. The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all
systematic and statistical uncertainties. The measured results are compared to various theoretical predictions.
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Figure 6: Measured fiducial di↵erential cross section as a function of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T , overlaid
with the signal predictions. The [0, 30] GeV bin of the p j1

T distribution includes events with no reconstructed jets.
The systematic uncertainty at each point is shown by a grey band labelled “sys. unc.” and includes the experimental
and theoretical uncertainties. The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all
systematic and statistical uncertainties. The measured results are compared to various theoretical predictions.
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Figure 6: Measured fiducial di↵erential cross section as a function of (a) Njet, (b) pH
T , (c) |y`` |, and (d) p j1

T , overlaid
with the signal predictions. The [0, 30] GeV bin of the p j1

T distribution includes events with no reconstructed jets.
The systematic uncertainty at each point is shown by a grey band labelled “sys. unc.” and includes the experimental
and theoretical uncertainties. The uncertainty bar, labelled “data, tot. unc.” is the total uncertainty and includes all
systematic and statistical uncertainties. The measured results are compared to various theoretical predictions.
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20.3 fb-1  @ 8 TeVJHEP08 (2016) 104
J
H
E
P
0
8
(
2
0
1
6
)
1
0
4

Total cross-section predictions

LHC-XS [71] NNLO+NNLL

Differential cross-section predictions

JetVHeto [72–74] NNLO+NNLL

ST [75] NNLO

BLPTW [66] NNLO+NNLL

STWZ [76] NNLO+NNLL′

N3LO+NNLL+LL R [77] N3LO+NNLL+LL R

Monte Carlo event generators

Powheg NNLOPS [78, 79] NNLO≥0j , NLO≥1j

Sherpa 2.1.1 [37, 80–83] H + 0, 1, 2 jets @NLO

MG5 aMC@NLO [67, 84, 85] H + 0, 1, 2 jets @NLO

Table 10. Summary of the ggF predictions used in comparison with the measured fiducial cross
sections. The right column states the accuracy of each prediction in QCD.

For the VBF H → WW ∗ contribution to the signal region, the cross-section uncertain-

ties in the QCD scale (between +2.6% and −2.8%) and PDF (±0.2%) are included [34].

These have a negligible effect on the analysis, so additional uncertainties in the VBF ac-

ceptance in the ggF phase space are not considered.

9 Theory predictions

The results of the fiducial cross-section measurements are compared to analytical predic-

tions calculated at parton level and to predictions by MC event generators at particle

level. An overview of the ggF predictions used is given in table 10. All predictions are for

mH = 125.0 GeV and
√
s = 8 TeV, and use the CT10 PDF set unless stated otherwise.

The values of the predictions are shown together with the results of the measurement in

the following section.

The default prediction for the cross section of ggF Higgs boson production follows the

recommendation of the LHC Higgs cross section working group (LHC-XS) as introduced

in section 3. The H→WW ∗→ eνµν decay is included in the calculations and MC, with a

branching fraction of 0.25%.

For the efficiency ε0 of the jet veto, a parton-level prediction is calculated at

NNLO+NNLL accuracy by JetVHeto [72–74]. The uncertainty is taken as the maxi-

mum effect of the scale variations on the calculation, or the maximum deviation of the

other calculations of ε0 that differ by higher-order terms. An alternative prediction for

ε0 is given by the STWZ calculation [76]. The calculation has NNLO accuracy and is

matched to a resummation at NNLL that accounts for the correct boundary conditions for

the next-to-next-to-next-to-leading-logarithm resummation (NNLL′). This calculation also

predicts the spectrum of pj1T . Another parton-level prediction of ε0 follows the Stewart-

– 24 –
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J
H
E
P
0
8
(
2
0
1
6
)
1
0
4

Njet 0 1 ≥ 2

dσ/dNjet [fb] 19.0 8.2 8.8

Statistical uncertainty 4.5 3.5 5.0

Total uncertainty 6.8 4.0 5.9

Predicted dσ/dNjet [fb] (NNLOPS) 14.7 7.0 3.4

Uncertainty in prediction 1.8 0.9 0.6

SR data statistical 20% 38% 54%

MC statistical 4% 7% 9%

CR data statistical 12% 18% 14%

Exp. JER 5% 4% 7%

Exp. JES 1% 10% 6%

Exp. b-tag 1% 4% 8%

Exp. leptons 6% 6% 6%

Exp. pmiss
T 2% 4% 4%

Exp. other 5% 4% 3%

Theory (WW ) 24% 15% 5%

Theory (top) 2% 4% 24%

Theory (other backgrounds) 5% 6% 21%

Theory (signal) 4% 6% 3%

Detector corrections <1% 4% 5%

Total uncertainty 36% 48% 67%

Table 12. Measured and predicted fiducial cross section in fb as a function of Njet. Predicted values
are from Powheg NNLOPS+Pythia8, normalised to the LHC-XS working group recommended
cross section, as described in section 9. Total uncertainties in the measurement are given along
with their relative composition in terms of source.

level of agreement is still good although the trend in |yℓℓ| is enhanced and a slight trend

towards higher Njet and pj1T appears in the data.

10.3 Jet-veto efficiency

The jet-veto efficiency ε0 for the H+0-jet events is defined at particle level as the fraction of

events in the fiducial region with the leading particle-level jet below a given threshold. This

is measured using the leading-jet pT distribution, since the lowest-pT bin contains exactly

the fraction of events with the leading jet below the threshold of either pj1T = 30 GeV or

pj1T = 40 GeV. The jet-veto efficiency for the jet selection used in the analysis, 25 GeV

for central jets (|η| < 2.4) and 30 GeV for forward jets (2.4 < |η| < 4.5), corresponds to

the Njet=0 fraction from the normalised differential cross section measured as a function

of Njet (see table 16). Results for the jet selection in this analysis, and thresholds of

– 29 –

J
H
E
P
0
8
(
2
0
1
6
)
1
0
4

pHT [ GeV] [0, 20] [20, 60] [60, 300]

dσ/dpHT [fb/ GeV] 0.61 0.39 0.034

Statistical uncertainty 0.16 0.09 0.021

Total uncertainty 0.29 0.15 0.027

Predicted dσ/dpHT [fb/ GeV] (NNLOPS) 0.48 0.25 0.022

Uncertainty in prediction 0.05 0.03 0.005

SR data statistical 22% 22% 60%

MC statistical 4% 4% 10%

CR data statistical 13% 5% 18%

Exp. JER 7% 4% 16%

Exp. JES 6% 10% 17%

Exp. b-tag 2% 4% 8%

Exp. leptons 7% 6% 7%

Exp. pmiss
T 9% 8% 7%

Exp. other 7% 4% 4%

Theory (WW ) 31% 17% 13%

Theory (top) 4% 7% 25%

Theory (other backgrounds) 6% 8% 14%

Theory (signal) 14% 1% 6%

Detector corrections <1% 3% 3%

Total 47% 37% 77%

Table 13. Measured and predicted differential fiducial cross section in fb/ GeV as a function of
pHT . Predicted values are from Powheg NNLOPS+Pythia8, normalised to the LHC-XS working
group recommended cross section, as described in section 9. Total uncertainties in the measurement
are given along with their relative composition in terms of source.

30 GeV and 40 GeV, are given in table 20 and compared to predictions in figure 8. The

predictions are calculated with JetVHeto, ST, STWZ, N3LO+NNLL+LL R, and Powheg

NNLOPS, as described in section 9. The results are in agreement with the predictions.

The predictions are more precise than the measurements reported here, which are limited

by their large statistical uncertainties.
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J
H
E
P
0
8
(
2
0
1
6
)
1
0
4

|yℓℓ| [0.0, 0.6] [0.6, 1.2] [1.2, 2.5]

dσ/d|yℓℓ| [fb] 31 9.5 9.5

Statistical uncertainty 7.3 5.0 3.5

Total uncertainty 10 6.5 5.2

Predicted dσ/d|yℓℓ| [fb] (NNLOPS) 15.9 13.0 5.9

Uncertainty in prediction 1.7 1.4 0.6

SR data statistical 22% 52% 33%

MC statistical 3% 9% 6%

CR data statistical 9% 1% 16%

Exp. JER 4% 10% 4%

Exp. JES 5% 9% 6%

Exp. b-tag 3% 4% 5%

Exp. leptons 4% 10% 9%

Exp. pmiss
T 3% 8% 4%

Exp. other 4% 8% 6%

Theory (WW ) 15% 31% 20%

Theory (top) 12% 14% 8%

Theory (other backgrounds) 3% 7% 17%

Theory (signal) 4% 6% 3%

Detector corrections <1% <1% 1%

Total 33% 69% 53%

Table 14. Measured and predicted differential fiducial cross section in fb per unit rapidity as a
function of |yℓℓ|. Predicted values are from Powheg NNLOPS+Pythia8, normalised to the LHC-
XS working group recommended cross section, as described in section 9. Total uncertainties in the
measurement are given along with their relative composition in terms of source.
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ATLAS-CONF-2015-059

Table 1: A summary of the event selection requirements.

Leptons and Jets requirements
Electrons

Loose Likelihood quality electrons with hit in innermost layer, ET > 7 GeV and |⌘| < 2.47
Muons

Loose identification |⌘| < 2.7
Calo-tagged muons with pT > 15 GeV and |⌘| < 0.1

Combined, stand-alone (with ID hits if available) and segment tagged muons with pT > 5 GeV
Jets

anti-kt jets with pT > 30 GeV, |⌘| < 4.5 and passing pile-up jet rejection requirements
Event Selection

Quadruplet Require at least one quadruplet of leptons consisting of two pairs of same flavour
Selection opposite-charge leptons fulfilling the following requirements:

pT thresholds for three leading leptons in the quadruplet - 20, 15 and 10 GeV
Maximum of one calo-tagged or standalone muon per quadruplet
Select best quadruplet to be the one with the (sub)leading dilepton mass
(second) closest the Z mass
Leading dilepton mass requirement: 50 GeV < m12 < 106 GeV
Sub-leading dilepton mass requirement: 12 < m34 < 115 GeV
Remove quadruplet if alternative same-flavour opposite-charge dilepton gives m`` < 5 GeV
�R(`, `0) > 0.10 (0.20) for all same(di↵erent)-flavour leptons in the quadruplet

Isolation Contribution from the other leptons of the quadruplet is subtracted
Muon track isolation (�R  0.30): ⌃pT/pT < 0.15
Muon calorimeter isolation (�R = 0.20): ⌃ET/pT < 0.30
Electron track isolation (�R  0.20) : ⌃ET/ET < 0.15
Electron calorimeter isolation (�R = 0.20) : ⌃ET/ET < 0.20

Impact Apply impact parameter significance cut to all leptons of the quadruplet.
Parameter For electrons : |d0/�d0 | < 5
Significance For muons : |d0/�d0 | < 3
Vertex Require a common vertex for the leptons
Selection �2/ndof < 6 for 4µ and < 9 for others.

5
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TABLE IV. Event selection summary. Selection requirements specific to the eμ and ee=μμ lepton-flavor samples are noted as such (otherwise, they apply to both); a dash (-)
indicates no selection. For the nj ≥ 2 VBF-enriched category, MET denotes all types of missing transverse momentum observables. Values are given for the analysis of 8 TeV data
for mH ¼ 125 GeV; the modifications for 7 TeV are given in Sec. IV E. All energy-related values are in GeV.

ggF-enriched VBF-enriched

Objective nj ¼ 0 nj ¼ 1 nj ≥ 2 ggF nj ≥ 2 VBF

Preselection

All nj

8
>>>>>><

>>>>>>:

pl1
T > 22 for the leading lepton l1

pl2
T > 10 for the subleading lepton l2

Opposite-charge leptons
mll > 10 for the eμ sample
mll > 12 for the ee=μμ sample
jmll −mZj > 15 for the ee=μμ sample
pmiss
T > 20 for eμ pmiss

T > 20 for eμ pmiss
T > 20 for eμ No MET requirement for eμ

Emiss
T;rel > 40 for ee=μμ Emiss

T;rel > 40 for ee=μμ - -

Reject backgrounds

DY

8
>>>><

>>>>:

pmiss ðtrkÞ
T;rel > 40 for ee=μμ

frecoil < 0.1 for ee=μμ

pll
T > 30

Δϕll;MET > π=2

pmiss ðtrkÞ
T;rel > 35 for ee=μμ

frecoil < 0.1 for ee=μμ

mττ < mZ − 25

-

-

-

mττ < mZ − 25

-

pmiss
T > 40 for ee=μμ

Emiss
T > 45 for ee=μμ

mττ < mZ − 25

-

Misid - ml
T > 50 for eμ - -

Top

( nj ¼ 0
-
-

nb ¼ 0
-
-

nb ¼ 0
-
-

nb ¼ 0
psum
T inputs to BDT

Σmlj inputs to BDT

VBF topology

- -

See Sec. IV D for
rejection of VBF &
VH (W;Z → jj),
where H → WW$

mjj inputs to BDT
Δyjj inputs to BDT
ΣCl inputs to BDT
Cl1 < 1 and Cl2 < 1

Cj3 > 1 for j3 with pj3
T > 20

OBDT ≥ −0.48

H → WW$ → lνlν
decay topology

mll < 55 mll < 55 mll < 55 mll inputs to BDT
Δϕll < 1.8 Δϕll < 1.8 Δϕll < 1.8 Δϕll inputs to BDT
No mT requirement No mT requirement No mT requirement mT inputs to BDT

O
B
SE

R
V
A
T
IO

N
A
N
D

M
E
A
SU

R
E
M
E
N
T
O
F
H
IG

G
S
B
O
SO

N
…

PH
Y
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L
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E
V
IE
W
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Channel 4` 3` 2`

Category 2SFOS 1SFOS 3SF 1SFOS 0SFOS DFOS SS2jet SS1jet

Trigger single-lepton triggers single-lepton triggers single-lepton & dilepton triggers

Num. of leptons 4 4 3 3 3 2 2 2
pT,leptons [GeV] > 25, 20, 15 > 25, 20, 15 > 15 > 15 > 15 > 22, 15 > 22, 15 > 22, 15

Total lepton charge 0 0 ±1 ±1 ±1 0 ±2 ±2
Num. of SFOS pairs 2 1 2 1 0 0 0 0

Num. of jets  1  1  1  1  1 � 2 2 1
pT,jets [GeV] > 25 (30) > 25 (30) > 25 (30) > 25 (30) > 25 (30) > 25 (30) > 25 (30) > 25 (30)

Num. of b-tagged jets 0 0 0 0 0 0 0 0
Emiss

T [GeV] > 20 > 20 > 30 > 30 — > 20 > 50 > 45
pmiss
T [GeV] > 15 > 15 > 20 > 20 — — — —

|m`` �mZ | [GeV] < 10 (m`2`3) < 10 (m`2`3) > 25 > 25 — — > 15 > 15
Min. m`` [GeV] > 10 (m`0`1) > 10 (m`0`1) > 12 > 12 > 6 > 10 > 12 (ee, µµ) > 12 (ee, µµ)

> 10 (eµ) > 10 (eµ)
Max. m`` [GeV] < 65 (m`0`1) < 65 (m`0`1) < 200 < 200 < 200 < 50 — —

m4` [GeV] > 140 — — — — — — —
pT,4` [GeV] > 30 — — — — — — —
m⌧⌧ [GeV] — — — — — < (mZ � 25) — —

�R`0`1 — — < 2.0 < 2.0 — — — —
��`0`1 [rad] < 2.5 (��boost

`0`1
) < 2.5 (��boost

`0`1
) — — — < 1.8 — —

mT [GeV] — — — — — < 125 — > 105 (mlead
T )

Min. m`ij(j) [GeV] — — — — — — < 115 < 70
Min. �`ij [rad] — — — — — — < 1.5 < 1.5

�yjj — — — — — < 1.2 — —
|mjj � 85| [GeV] — — — — — < 15 — —

Table 2. Definition of each signal region in this analysis. mlead

T

is the transverse mass of the leading lepton and the Emiss

T

(see section 5.2.4 for
the definition of mlead

T

). For p
T,leptons in the 4` channel the three values listed above refer to the leading, sub-leading, and to the two remaining

leptons, respectively. For p
T,leptons in the 2` channel the two values listed above refer to the leading and sub-leading leptons, respectively. For

p
T,jets the value in parentheses refers to forward jets (|⌘| > 2.4).

13

JHEP08 (2015) 137



S. Zambito, Harvard University- Higgs Couplings 2016

P.R.D 92, 012006 (2015)

H➙WW*: Systematics (ggF+VBF)

28 signal region, which contains a large fraction of WW
events.
The postfit values for θ modify the rates of signal and

background processes, and the data constraints affect the
corresponding uncertainties. The results of these shifts are
summarized in Table XXIV for a set of 20 nuisance
parameters ordered by the magnitude of Δμ̂ (Higgs signal
hypothesis is taken atmH ¼ 125 GeV). The highest-ranked
nuisance parameter is the uncertainty on the total ggF cross
section due to the PDF variations. It changes μ̂ by
−0.06=þ 0.06 when varied up and down by Δθ, respec-
tively. It is followed by the uncertainty on the total ggF
cross section due to QCD scale variations and WW
generator modeling uncertainty. Other uncertainties that
have a significant impact on μ̂ include the effects of
generator modeling on αtop, the systematic uncertainties
on αmisid originating from a correction for oppositely
charged electrons and muons, the luminosity determination
for 8 TeV data, and various theoretical uncertainties on the
ggF and VBF signal production processes. In total there are
253 nuisance parameters which are divided into three main
categories: experimental uncertainties (137 parameters),
theoretical uncertainties (72 parameters), and normalization
uncertainties (44 parameters). They are further divided into
more categories as shown in Table XXVI.

VIII. YIELDS AND DISTRIBUTIONS

The previous section described the different parameters
of the simultaneous fit to the various signal categories
defined in the preceding sections. In particular, the signal
and background rates and shapes are allowed to vary in
order to fit the data in both the signal and control regions,
within their associated uncertainties.
In the figures and tables presented in this section,

background processes are individually normalized to their
postfit rates, which account for changes in the normaliza-
tion factors (β) and for pulls of the nuisance parameters (θ).
The varying background composition as a function of mT
(or OBDT in the nj ≥ 2 VBF-enriched category) induces a
shape uncertainty on the total estimated background. As
described in Sec. VII C, additional specific shape uncer-
tainties are included in the fit procedure and are accounted
for in the results presented in Sec. IX. No specificmT shape
uncertainties are applied to the figures since their contri-
bution to the total systematic uncertainty band was found to
be negligible. The Higgs boson signal rate is normalized to
the observed signal strength reported in Sec. IX.
This section is organized as follows. The event yields are

presented in Sec. VIII A for each signal category including
the statistical and systematic uncertainties. The relevant
distributions in the various signal regions are shown in

TABLE XXIV. Impact on the signal strength μ̂ from the prefit and postfit variations of the nuisance parameter uncertainties, Δθ. The
þ (−) column header indicates the positive (negative) variation of Δθ and the resulting change in μ̂ is noted in the entry (the sign
represents the direction of the change). The right-hand side shows the pull of θ and the data constraint of Δθ. The pulls are given in units
of standard deviations (σ) and Δθ of #1 means no data constraint. The rows are ordered by the size of a change in μ̂ due to varying θ by
the postfit uncertainty Δθ.

Impact on μ̂ Impact on θ̂

Prefit Δμ̂ Postfit Δμ̂ Plot of postfit #Δμ̂ Pull, Constraint,
Systematic source þ − þ − θ̂ (σ) Δθ

ggF H, PDF variations on cross section −0.06 þ0.06 −0.06 þ0.06 −0.06 #1
ggF H, QCD scale on total cross section −0.05 þ0.06 −0.05 þ0.06 −0.05 #1
WW, generator modeling −0.07 þ0.06 −0.05 þ0.05 0 #0.7
Top quarks, generator modeling on αtop in ggF cat. þ0.03 −0.03 þ0.03 −0.03 −0.40 #0.9
Misid of μ, OC uncorrelated corr factor αmisid, 2012 −0.03 þ0.03 −0.03 þ0.03 0.48 #0.8
Integrated luminosity, 2012 −0.03 þ0.03 −0.03 þ0.03 0.08 #1
Misid of e, OC uncorrelated corr factor αmisid, 2012 −0.03 þ0.03 −0.02 þ0.03 −0.06 #0.9
ggF H, PDF variations on acceptance −0.02 þ0.02 −0.02 þ0.02 −0.03 #1
Jet energy scale, η intercalibration −0.02 þ0.02 −0.02 þ0.02 0.45 #0.95
VBF H, UE/PS −0.02 þ0.02 −0.02 þ0.02 0.26 #1
ggF H, QCD scale on ϵ1 −0.01 þ0.03 −0.01 þ0.03 −0.10 #0.95
Muon isolation efficiency −0.02 þ0.02 −0.02 þ0.02 0.13 #1
VV, QCD scale on acceptance −0.02 þ0.02 −0.02 þ0.02 0.09 #1
ggF H, UE/PS - −0.02 - −0.02 0 #0.9
ggF H, QCD scale on acceptance −0.02 þ0.02 −0.02 þ0.02 0 #1
Light jets, tagging efficiency þ0.02 −0.02 þ0.02 −0.02 0.21 #1
ggF H, generator modeling on acceptance þ0.01 −0.02 þ0.01 −0.02 0.10 #1
ggF H, QCD scale on nj ≥ 2 cross section −0.01 þ0.02 −0.01 þ0.02 −0.04 #1
Top quarks, generator modeling on αtop in VBF cat. −0.01 þ0.02 −0.01 þ0.02 −0.16 #1
Electron isolation efficiency −0.02 þ0.02 −0.02 þ0.02 −0.14 #1
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29 cross section and the acceptance. The latter includes the
uncertainties due to the PDF variations, UE/PS and gen-
erator modeling, as described in Table X. The uncertainties
on the VBF production process are also shown but are of
less importance. The dominant uncertainties on the signal
yields are theoretical. The uncertainties on the frecoil
selection efficiency (relevant to the Z=γ! → ee, μμ estimate
in the nj ≤ 1 categories) are applied only in the ee=μμ
channels.
Table XXII(b) shows the leading uncertainties on the

cumulative background yields for each nj category. The
first three entries are theoretical and apply to the WW, top-
quark, and VV processes (see Sec. VI). The remaining
uncertainties arise from the modeling of specific back-
grounds and from experimental uncertainties.

Table XXIII summarizes the above postfit uncertainties
on the total signal and backgrounds yields. The uncertain-
ties shown are divided into three categories: statistical,
experimental, and theoretical. The statistical uncertainties
are only relevant in the cases where the background
estimates rely on the data. For example, the entry under
NWW in nj ¼ 0 represents the uncertainty on the sample
statistics in the WW control region. The uncertainties on
Ntop in the nj ≤ 1 categories also include the uncertainties
on the corrections applied to the normalization factors. The
uncertainties from the number of events in the control
samples used to derive the W þ jets and multijet extrapo-
lation factors are listed under the experimental category, as
discussed in Sec. VI C. Uncertainties on the total W þ jets
estimate are reduced compared to the values quoted in

TABLE XXII. Sources of systematic uncertainty (in %) on the predicted signal yield (Nsig) and the cumulative background yields
(Nbkg). Entries marked with a dash (-) indicate that the corresponding uncertainties either do not apply or are less than 0.1%. The values
are postfit and given for the 8 TeV analysis.

nj ¼ 0 nj ¼ 1 nj ≥ 2 ggF nj ≥ 2 VBF

(a) Uncertainties on Nsig (in %)
ggF H, jet veto for nj ¼ 0, ϵ0 8.1 14 12 -
ggF H, jet veto for nj ¼ 1, ϵ1 - 12 15 -
ggF H, nj ≥ 2 cross section - - - 6.9
ggF H, nj ≥ 3 cross section - - - 3.1
ggF H, total cross section 10 9.1 7.9 2.0
ggF H acceptance model 4.8 4.5 4.2 4.0
VBF H, total cross section - 0.4 0.8 2.9
VBF H acceptance model - 0.3 0.6 5.5
H → WW! branching fraction 4.3 4.3 4.3 4.3
Integrated luminosity 2.8 2.8 2.8 2.8
Jet energy scale & resolution 5.1 2.3 7.1 5.4
pmiss
T scale & resolution 0.6 1.4 0.1 1.2

frecoil efficiency 2.5 2.1 - -
Trigger efficiency 0.8 0.7 - 0.4
Electron id., isolation, reconstruction eff. 1.4 1.6 1.2 1.0
Muon id., isolation, reconstruction eff. 1.1 1.6 0.8 0.9
Pile-up model 1.2 0.8 0.8 1.7

(b) Uncertainties on Nbkg (in %)
WW theoretical model 1.4 1.6 0.7 3.0
Top theoretical model - 1.2 1.7 3.0
VV theoretical model - 0.4 1.1 0.5
Z=γ! → ττ estimate 0.6 0.3 1.6 1.6
Z=γ! → ee, μμ estimate in VBF - - - 4.8
Wj estimate 1.0 0.8 1.6 1.3
jj estimate 0.1 0.1 1.8 0.9
Integrated luminosity - - 0.1 0.4
Jet energy scale & resolution 0.4 0.7 0.9 2.7
pmiss
T scale & resolution 0.1 0.3 0.5 1.6

b-tagging efficiency - 0.2 0.4 2.0
Light- and c-jet mistag - 0.2 0.4 2.0
frecoil efficiency 0.5 0.5 - -
Trigger efficiency 0.3 0.3 0.1 -
Electron id., isolation, reconstruction eff. 0.3 0.3 0.2 0.3
Muon id., isolation, reconstruction eff. 0.2 0.2 0.3 0.2
Pile-up model 0.4 0.5 0.2 0.8
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7 Systematic uncertainties

The sources of theoretical and experimental systematic uncertainty on the signal and back-

ground are described in this section, and summarised in table 9.

(a) Uncertainties on the V H(H!WW ⇤) process (%)

Channel 4` 3` 2`

Category 2SFOS 1SFOS 3SF 1SFOS 0SFOS DFOS SS2jet SS1jet

Theoretical uncertainties

V H acceptance 9.2 9.3 9.9 9.9 9.9 10 10 9.9

Higgs boson branching fraction 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2

QCD scale 3.1 3.0 1.2 1.0 1.0 1.3 1.0 1.0

PDF and ↵S 1.0 1.1 2.1 2.2 2.2 1.9 2.3 2.2

V H NLO EW corrections 1.7 1.8 1.9 1.9 1.9 1.9 1.9 1.9

Experimental uncertainties

Jet 2.0 3.1 2.5 2.5 2.9 3.2 8.9 5.8

Emiss
T soft term 0.2 0.3 – – – 0.3 0.6 0.2

Electron 2.6 2.8 1.6 2.2 2.2 1.5 2.1 1.7

Muon 2.6 2.4 2.2 1.8 1.7 0.8 1.8 1.9

Trigger e�ciency 0.2 – 0.4 0.3 0.3 0.5 0.6 0.5

b-tagging e�ciency 0.9 0.9 0.9 0.8 0.8 2.9 3.5 2.4

Pile-up 1.9 0.7 2.0 1.4 0.8 1.7 1.0 2.4

Luminosity 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8

(b) Uncertainties on the total background (%)

Theoretical uncertainties

QCD scale 0.2 0.1 1.0 0.9 – 3.7 13 2.3

PDF and ↵S 0.2 2.4 0.3 0.3 1.6 1.4 0.5 0.6

V V V K-factor 2.8 8.1 1.1 1.9 0.5 – – 0.3

MC modelling 5.3 4.3 7.0 6.6 – 4.1 0.8 1.4

Experimental uncertainties

Jet 3.1 2.4 3.2 1.8 4.1 7.2 5.0 3.4

Emiss
T soft term 2.3 0.6 1.8 1.9 0.5 1.1 0.2 0.7

Electron 1.0 1.4 1.0 0.4 1.1 0.7 1.1 0.8

Muon 1.1 1.2 0.4 0.7 0.2 0.2 0.4 0.8

Trigger e�ciency – 0.2 0.2 – – 0.1 – –

b-tagging e�ciency 0.6 0.8 0.6 0.8 2.6 0.7 1.4 0.3

Fake factor – – – – – 2.8 10 10

Charge mis-assignment – – – – 1.4 – 0.7 0.8

Photon conversion rate – – – – – – 1.1 0.9

Pile-up 1.2 1.1 1.4 0.3 1.2 0.9 1.0 1.0

Luminosity 0.4 0.8 0.1 0.2 0.7 – 0.7 0.3

MC statistics 5.3 8.0 3.8 3.2 5.5 3.1 7.3 3.9

CR statistics 8.1 6.6 4.2 3.9 8.8 2.5 2.8 3.5

Table 9. Theoretical and experimental uncertainties, in %, on the predictions of the (a) signal
and (b) total background for each category. Fake factor refers to the data-driven estimates of the
W+jets and multijet backgrounds in the 2` channels. The dash symbol (–) indicates that the
corresponding uncertainties either do not apply or are negligible. The values are obtained through
the fit and given for the 8 TeV data sample. Similar values are obtained for the 7 TeV data sample.

The table shows the uncertainties on the estimated event yield after the fit in 8 TeV

data samples. Similar values are obtained for the 7 TeV data analysis.

24

The fit results for the µ values for the WH, ZH and V H production are:

µWH = 2.1+1.5
�1.3 (stat.)

+1.2
�0.8 (sys.), µZH = 5.1+3.8

�3.0 (stat.)
+1.9
�0.9 (sys.),

µV H = 3.0+1.3
�1.1 (stat.)

+1.0
�0.7 (sys.).

The uncertainties on the µV H value are shown in table 14 (see section 7 for their

description). The derivative of µV H with mH has been evaluated to be -5.8 %/GeV at

mH = 125.36 GeV.

Uncertainties on the signal strength µV H (%)

Signal theoretical uncertainties �µV H/µV H

+ -

V H acceptance 11 7

Higgs boson branching fraction 7 4

QCD scale 1.6 0.7

PDF and ↵S 3.2 1.5

V H NLO EW corrections 2.5 1.2

Background theoretical uncertainties

QCD scale 10 9

PDF and ↵S 2.3 2.0

V V V K-factor 3.0 3.0

MC modelling 7.5 6.9

Experimental uncertainties

Jet 14 9

Emiss
T soft term 3.4 2.3

Electron 4.8 2.9

Muon 4.8 3.2

Trigger e�ciency 1.7 0.9

b-tagging e�ciency 4.7 3.2

Fake factor 14 12

Charge mis-assignment 1.1 1.0

Photon conversion rate 0.8 0.7

Pile-up 3.0 1.9

Luminosity 5.4 3.3

MC statistics 8 8

CR statistics 18 15

ggF SR statistics 5.5 4.4

VBF SR statistics 1.9 1.5

ggF+VBF CR statistics 10 9

Table 14. Percentage theoretical and experimental uncertainties on the observed V H signal
strength µV H . The contributions from signal-related and background-related theoretical uncer-
tainties are specified. The “VH acceptance” is evaluated using both the qq ! (W/Z)H and the
gg ! ZH production. The statistical uncertainty due to the ggF and VBF subtraction measured
in the categories of the ggF and VBF analysis are indicated with “ggF SR statistics” and “VBF
SR statistics”, for the contribution from the signal regions, and “ggF+VBF CR statistics” for the
contribution from the control regions. The row “MC statistics” shows the uncertainty due to the
statistics of the simulated samples. The values are obtained from the combination of the 8 TeV and
7 TeV data samples.
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In general, the bin boundaries are chosen to maximize
the expected signal significance while stabilizing the
statistical fluctuations associated with the subtraction of
the backgrounds. For the mT fits, this is accomplished by
maintaining an approximately constant signal yield in each
of the bins. The exact values of the mT bins are given in
Appendix A 1 in Table XXIX.
The interplay of the various fit regions is illustrated for

one kinematic region of the nj ¼ 0 in Fig. 28. The shape
of the mT distribution is used in the fit to discriminate
between the signal and the background as shown in the
top row for the SR. Three profiled CRs determine the

normalization factors (βk) of the respective background
contributions in situ. The variable and selections used to
separate the SR from the CRs regions are given in the
second row: for WW the mll variable divides the SR and
CR, but also the validation region (VR) used to test theWW
extrapolation (see Sec. VI A); for DY the Δϕll variable
divides the SR and CR with a region separating the two; for
VV the discrete same/opposite charge variable is used. The
last row shows the backgrounds whose normalizations are
not profiled in the fit, but are computed prior to the fit.
The treatment of a given region as profiled or non-

profiled CR depends from the complexity related to its

FIG. 28 (color online). Simplified illustration of the fit regions for nj ¼ 0, eμ category. The figure in (a) is the variable-binned mT
distribution in the signal region for a particular range of mll and pl2

T specified in Table XXI; the mT bins are labeled b ¼ 1; 2;…; the
histograms are stacked for the five principal background processes—WW, top, Misid (mostlyWj), VV, DY (unlabeled)—and the Higgs
signal process. The figures in (b, c, d) represent the distributions that define the various profiled control regions used in the fit with a
correspondingPoisson term in the likelihoodL. Those in (e, f, g) represent the nonprofiled control regions that do not have a Poisson term in
L, but determine parameters that modify the background yield predictions. A validation region (VR) is also defined in (b); see text.
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implementation in the fit, the impact of the estimated
background in the analysis, and the level of contamination
of the other process in the relative CR. Subdominant
backgrounds and those whose estimation is not largely
affected by the postfit yield of the other backgrounds, like
Wj and multijet backgrounds, are not profiled.

B. Likelihood, exclusion, and significance

The statistical analysis involves the use of the likelihood
Lðμ; θ jNÞ, which is a function of the signal strength
parameter μ and a set of nuisance parameters θ ¼
fθa; θb;…g given a set of the numbers of events
N ¼ fNA;NB;…g. Allowed ranges of μ are found using
the distribution of a test statistic qμ.

1. Likelihood function

The likelihood function L [Eq. (11) below] is the
product of four groups of probability distribution
functions:

(i) Poisson function fðNib j…Þ used to model the event
yield in each bin b of the variable fit to extract the
signal yield for each category i;

(ii) Poisson function fðNl jΣkβkBklÞ used to model the
event yield in each control region l with the total
background yield summed over processes k (Bkl);

(iii) Gaussian functions gðϑt j θtÞ used to model the
systematic uncertainties t; and

(iv) Poisson functions fðζkj…Þ used to account for the
MC statistics k.

L ¼
YTableXXIa

i;b

f
!
Nib

""""μ · Sib
YSyst inSec.V

r

vbrðθrÞ þ
XTableI

k

βk · Bkib

YSyst inSec. VII C

s

vbsðθsÞ
#

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Poisson for SRwith signal strength μ; predictionsS; B

YTableXXIb •

l

f
!
Nl

""""
XTableI

k

βk · Bkl

#

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Poisson for profiledCRs

Y
Syst in
fr;sg

t

gðϑt j θtÞ
|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
Gauss: for syst

YTableI

k

fðξk j ζk · θkÞ
|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

.

Poiss: for MC stats

ð11Þ

The statistical uncertainties are considered explicitly in
the first, second, and fourth terms. The first and second
terms treat the random error associated with the predicted
value, i.e., for a background yield estimate B the

ffiffiffiffi
B

p
error

associated with it. The fourth term treats the sampling
error associated with the finite sample size used for the
prediction, e.g., the

ffiffiffiffiffiffiffiffiffiffi
NMC

p
“MC statistical errors” when

MC is used. All of the terms are described below and
summarized in Eq. (11).
The first term of L is a Poisson function f for the

probability of observing N events given λ expected events,
fðN j λÞ ¼ e−λλN=N!. The expected value λ is the sum of
event yields from signal (S) and the sum of the background
contributions (ΣkBk) in a given signal region, i.e.,
λ ¼ μ · Sþ ΣkBk. The parameter of interest, μ, multiplies
S; each background yield in the sum is evaluated as
described in Sec. VI. In our notation, the yields are
scaled by the response functions ν that parametrize the
impact of the systematic uncertainties θ. The ν and θ are
described in more detail below when discussing the third
term of L.
The second term constrains the background yields with

Poisson components that describe the profiled control
regions. Each term is of the form fðNl j λlÞ for a given
CR labeled by l, where Nl is the number of observed events
in l, i.e., λl ¼ Σkβk · Bkl is the predicted yield in l, βk is
the normalization factor of background k, and Bkl is the
MC or data-derived estimate of background k in l. The
βk parameters are the same as those that appear in the first
Poisson component above.

The third term constrains the systematic uncertainties
with Gaussian terms. Each term is of the form
gðϑjθÞ ¼ e−ðϑ−θÞ

2=2=
ffiffiffiffiffiffi
2π

p
, where ϑ represents the central

value of the measurement and θ the associated nuisance
parameter for a given systematic uncertainty. The effect of
the systematic uncertainty on the yields is through an
exponential response function νðθÞ ¼ ð1þ ϵÞθ for normali-
zation uncertainties that have no variations among bins b of
the fit variable, where ϵ is the value of the uncertainty in
question. In this case, ν follows a log-normal distribution
[96]. In this notation, ϵ ¼ 3% is written if the uncertainty
that corresponds to one standard deviation affects the
associated yield by %3% and corresponds to θ ¼ %1,
respectively.
For the cases where the systematic uncertainty affects a

given distribution differently in each bin b, a different linear
response function is used in each bin; this function is
written as νbðθÞ ¼ 1þ ϵb · θ. In this case, νb is normally
distributed around unity with width ϵb, and is truncated by
the νb > 0 restriction to avoid unphysical values. Both
types of response function impact the predicted S and Bk in
the first Poisson component.
The fourth term treats the sample error due to the finite

sample size [97], e.g., the sum of the number of generated
MC events for all background processes, B ¼ ΣkBk. The
quantity B is constrained with a Poisson term fðξ j λÞ,
where ξ represents the central value of the background
estimate and λ ¼ ζ · θ. The ζ ¼ ðB=δÞ2 defines the quantity
with the statistical uncertainty of B as δ. For instance, if a
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TABLE XXI. Fit region definitions for the Poisson terms in the likelihood, Eq. (11), not including the terms used for MC statistics.
The signal region categories i are given in (a). The definitions for bins b are given by listing the bin edges, except for mT and OBDT, and
are given in the text and noted as the fit variables on the right-most column. The background control regions are given in (b), which
correspond to the ones indicated as using data in Table XI. The profiled CRs are marked by • and the others are marked by ∘. “Sample”
notes the lepton flavor composition of the CR that is used for all the SR regions for a given nj category: “eμ”means that a eμ CR sample
is used for all SR regions; the Wj and jj CRs use the same lepton-flavor samples in the SR (same), i.e., “eμ” CR for “eμ” SR and
“ee=μμ” CR for “ee=μμ” SR; the DY, ee=μμ sample is used only for the ee=μμ SR; the two rows in nj ≥ 2 VBF use a CR that combines
the two samples (both); see text for details. Energy-related quantities are in GeV.

SR category i

nj, flavor ⊗ mll ⊗ pl2
T ⊗ l2 Fit variable

(a) Signal region categories

nj ¼ 0
eμ ⊗ ½10; 30; 55# ⊗ ½10; 15; 20;∞# ⊗ ½e; μ# mT
ee=μμ ⊗ ½12; 55# ⊗ ½10;∞# mT

nj ¼ 1
eμ ⊗ ½10; 30; 55# ⊗ ½10; 15; 20;∞# ⊗ ½e; μ# mT
ee=μμ ⊗ ½12; 55# ⊗ ½10;∞# mT

nj ≥ 2 ggF
eμ ⊗ ½10; 55# ⊗ ½10;∞# mT

nj ≥ 2 VBF
eμ ⊗ ½10; 50# ⊗ ½10;∞# OBDT
ee=μμ ⊗ ½12; 50# ⊗ ½10;∞# OBDT

CR Profiled? Sample Notable differences vs. SR

(b) Control regions that are profiled (•) and nonprofiled (∘)
nj ¼ 0

WW • eμ 55 < mll < 110, Δϕll < 2.6, pl2
T > 15

Top ∘ eμ nj ¼ 0 after presel., Δϕll < 2.8
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
VV • eμ same-charge l (only used in eμ)
DY, ee=μμ • ee=μμ frecoil > 0.1 (only used in ee=μμ)
DY, ττ • eμ mll < 80, Δϕll > 2.8

nj ¼ 1
WW • eμ mll > 80, jmττ −mZj > 25, pl2

T > 15
Top • eμ nb ¼ 1
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
VV • eμ same-charge l (only used in eμ)
DY, ee=μμ • ee=μμ frecoil > 0.1 (only used in ee=μμ)
DY, ττ • eμ mll < 80, mττ > mZ − 25

nj ≥ 2 ggF
Top • eμ mll > 80
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
DY, ττ • eμ mll < 70, Δϕll > 2.8

nj ≥ 2 VBF
Top • both nb ¼ 1
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
DY, ee=μμ ∘ ee=μμ Emiss

T < 45 (only used in ee=μμ)
DY, ττ ∘ both mll < 80, jmττ −mZj < 25
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TABLE XXI. Fit region definitions for the Poisson terms in the likelihood, Eq. (11), not including the terms used for MC statistics.
The signal region categories i are given in (a). The definitions for bins b are given by listing the bin edges, except for mT and OBDT, and
are given in the text and noted as the fit variables on the right-most column. The background control regions are given in (b), which
correspond to the ones indicated as using data in Table XI. The profiled CRs are marked by • and the others are marked by ∘. “Sample”
notes the lepton flavor composition of the CR that is used for all the SR regions for a given nj category: “eμ”means that a eμ CR sample
is used for all SR regions; the Wj and jj CRs use the same lepton-flavor samples in the SR (same), i.e., “eμ” CR for “eμ” SR and
“ee=μμ” CR for “ee=μμ” SR; the DY, ee=μμ sample is used only for the ee=μμ SR; the two rows in nj ≥ 2 VBF use a CR that combines
the two samples (both); see text for details. Energy-related quantities are in GeV.

SR category i

nj, flavor ⊗ mll ⊗ pl2
T ⊗ l2 Fit variable

(a) Signal region categories

nj ¼ 0
eμ ⊗ ½10; 30; 55# ⊗ ½10; 15; 20;∞# ⊗ ½e; μ# mT
ee=μμ ⊗ ½12; 55# ⊗ ½10;∞# mT

nj ¼ 1
eμ ⊗ ½10; 30; 55# ⊗ ½10; 15; 20;∞# ⊗ ½e; μ# mT
ee=μμ ⊗ ½12; 55# ⊗ ½10;∞# mT

nj ≥ 2 ggF
eμ ⊗ ½10; 55# ⊗ ½10;∞# mT

nj ≥ 2 VBF
eμ ⊗ ½10; 50# ⊗ ½10;∞# OBDT
ee=μμ ⊗ ½12; 50# ⊗ ½10;∞# OBDT

CR Profiled? Sample Notable differences vs. SR

(b) Control regions that are profiled (•) and nonprofiled (∘)
nj ¼ 0

WW • eμ 55 < mll < 110, Δϕll < 2.6, pl2
T > 15

Top ∘ eμ nj ¼ 0 after presel., Δϕll < 2.8
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
VV • eμ same-charge l (only used in eμ)
DY, ee=μμ • ee=μμ frecoil > 0.1 (only used in ee=μμ)
DY, ττ • eμ mll < 80, Δϕll > 2.8

nj ¼ 1
WW • eμ mll > 80, jmττ −mZj > 25, pl2

T > 15
Top • eμ nb ¼ 1
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
VV • eμ same-charge l (only used in eμ)
DY, ee=μμ • ee=μμ frecoil > 0.1 (only used in ee=μμ)
DY, ττ • eμ mll < 80, mττ > mZ − 25

nj ≥ 2 ggF
Top • eμ mll > 80
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
DY, ττ • eμ mll < 70, Δϕll > 2.8

nj ≥ 2 VBF
Top • both nb ¼ 1
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
DY, ee=μμ ∘ ee=μμ Emiss

T < 45 (only used in ee=μμ)
DY, ττ ∘ both mll < 80, jmττ −mZj < 25
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TABLE XXI. Fit region definitions for the Poisson terms in the likelihood, Eq. (11), not including the terms used for MC statistics.
The signal region categories i are given in (a). The definitions for bins b are given by listing the bin edges, except for mT and OBDT, and
are given in the text and noted as the fit variables on the right-most column. The background control regions are given in (b), which
correspond to the ones indicated as using data in Table XI. The profiled CRs are marked by • and the others are marked by ∘. “Sample”
notes the lepton flavor composition of the CR that is used for all the SR regions for a given nj category: “eμ”means that a eμ CR sample
is used for all SR regions; the Wj and jj CRs use the same lepton-flavor samples in the SR (same), i.e., “eμ” CR for “eμ” SR and
“ee=μμ” CR for “ee=μμ” SR; the DY, ee=μμ sample is used only for the ee=μμ SR; the two rows in nj ≥ 2 VBF use a CR that combines
the two samples (both); see text for details. Energy-related quantities are in GeV.

SR category i

nj, flavor ⊗ mll ⊗ pl2
T ⊗ l2 Fit variable

(a) Signal region categories

nj ¼ 0
eμ ⊗ ½10; 30; 55# ⊗ ½10; 15; 20;∞# ⊗ ½e; μ# mT
ee=μμ ⊗ ½12; 55# ⊗ ½10;∞# mT

nj ¼ 1
eμ ⊗ ½10; 30; 55# ⊗ ½10; 15; 20;∞# ⊗ ½e; μ# mT
ee=μμ ⊗ ½12; 55# ⊗ ½10;∞# mT

nj ≥ 2 ggF
eμ ⊗ ½10; 55# ⊗ ½10;∞# mT

nj ≥ 2 VBF
eμ ⊗ ½10; 50# ⊗ ½10;∞# OBDT
ee=μμ ⊗ ½12; 50# ⊗ ½10;∞# OBDT

CR Profiled? Sample Notable differences vs. SR

(b) Control regions that are profiled (•) and nonprofiled (∘)
nj ¼ 0

WW • eμ 55 < mll < 110, Δϕll < 2.6, pl2
T > 15

Top ∘ eμ nj ¼ 0 after presel., Δϕll < 2.8
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
VV • eμ same-charge l (only used in eμ)
DY, ee=μμ • ee=μμ frecoil > 0.1 (only used in ee=μμ)
DY, ττ • eμ mll < 80, Δϕll > 2.8

nj ¼ 1
WW • eμ mll > 80, jmττ −mZj > 25, pl2

T > 15
Top • eμ nb ¼ 1
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
VV • eμ same-charge l (only used in eμ)
DY, ee=μμ • ee=μμ frecoil > 0.1 (only used in ee=μμ)
DY, ττ • eμ mll < 80, mττ > mZ − 25

nj ≥ 2 ggF
Top • eμ mll > 80
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
DY, ττ • eμ mll < 70, Δϕll > 2.8

nj ≥ 2 VBF
Top • both nb ¼ 1
Wj ∘ same one anti-identified l
jj ∘ same two anti-identified l
DY, ee=μμ ∘ ee=μμ Emiss

T < 45 (only used in ee=μμ)
DY, ττ ∘ both mll < 80, jmττ −mZj < 25

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

012006-42

Simultaneous fit to signal regions and profiled control regions 

Non-profiled CR are used  
to extract normalization 

of the other backgrounds  
before the fit
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