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n  Run 2 so far: 
n  2015: 3.2 fb-1 

n  2016: ~ 36  fb-1 on disk 
n  Available for ICHEP 2016: ~ 13 fb-1 

n  Cross sections: 
n  Hàγγ
n  HàZZ 
n  HàWW: WH and VBF production 

n  Updates / refinements of searches: 
n  Hàµµ / bb 
n  ttH production 

n  Combinations: 
n  Hàγγ / ZZ 
n  3 channels on ttH production 

ICHEP 

ATLAS Public Results 
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n  As in Run 1: Fit S+B model in mγγ 
spectrum (mH = 125.09 GeV) 

n  Split into 13 categories: 

n  Optimise background model: 
Data-driven, backed by MC 

n  Probe production channels: 
ttH / VH / VBF / gg 

ATLAS-CONF-2016-067 

mγγ (inclusive) 
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n  As in Run 1: Fit S+B model in mγγ 
spectrum (mH = 125.09 GeV) 

n  Split into 13 categories: 

n  Optimise background model: 
Data-driven, backed by MC 

n  Probe production channels: 
ttH / VH / VBF / gg 

ATLAS-CONF-2016-067 

Fraction of each signal process per category
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Signal Strength
2− 1− 0 1 2 3 4 5

Run-1
µ

Run-2
µ

ggH
µ

VBF
µ

VH
µ

ttH
µ

ATLAS Preliminary
-1 = 13 TeV, 13.3 fbs

Total

  0.26−
 0.28+ = 1.17  

Run-1
µ

  0.20−
 0.22+ = 0.85  

Run-2
µ

  0.28−
 0.29+ = 0.59  

ggH  
µ

  0.71−
 0.80+ = 2.24  

VBF  
µ

  1.05−
 1.27+ = 0.23  

VH   
µ

  0.99−
 1.26+ = -0.25  

ttH  
µ

n  „Simplified template cross sections“ 
Stage 0: add |yH| < 2.5  arxiv:1610.07922 

n  For each category: 

n  Fit Nsig 

n  Use efficiencies and acceptance 
corrections to extract cross section x BR 

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

10.2.1 Simplified template cross sections

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

�ggH ⇥ B(H ! ��) = 63 +30
�29 fb

�VBF ⇥ B(H ! ��) = 17.8 +6.3
�5.7 fb

�VHlep ⇥ B(H ! ��) = 1.0 +2.5
�1.9 fb

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

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

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

10.2.2 Total production process cross sections and signal strengths

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

�ggH ⇥ B(H ! ��) = 65 +32
�31 fb

�VBF ⇥ B(H ! ��) = 19.2 +6.8
�6.1 fb

�VH ⇥ B(H ! ��) = 1.2 +6.5
�5.4 fb

�tt̄H ⇥ B(H ! ��) = �0.3 +1.4
�1.1 fb

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

As for the signal strength measurements previously published using the
p

s = 7 and 8 TeV data [13],
the measurements presented above are dominated by the statistical uncertainties. The measurements
agree with the SM expectations within 1 to 2�. The tendencies for the gluon fusion cross section to be
slightly smaller than the SM expectation, and the VBF cross section to be slightly larger than the SM
expectation, are compatible with the di↵erential measurements shown in Section 10.1. In Figure 10, the
data slightly undershoot the theoretical prediction at low diphoton transverse momentum and low rapidity,

30

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

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

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

8.1.4 Untagged categories

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

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

8.1.5 Categorisation summary

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

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

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

Nsig
k =

X

i

�i · B(H ! ��) · ✏ik · Aik ·
Z

L dt (3)

15



Hàγγ 
6 

n  Not splitting into production modes: 
Differential cross sections 

n  Restricted to fiducial region to reduce model 
dependencies    àbackup 

n  7 variables: 
dN(jet), dy(H), dpT(H), dcos(θ*) 
dm(jj), dpT(j1), dΦ(jj) 

n  Limited by data statistics 
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n  Search for two pairs of oppositely 
charged leptons 

n  Very clean: S/B ≈ 2 

n  Mostly ZZ background 

n  Fiducial cross sections: 

n  Total: 
   SM: 3.1±0.2 

n  Per decay channel: 
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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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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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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)!VH lep ggF VBF VH had VBF 

n  Also: 
Cross sections of 
gg / VBF / VH 

n  Low statistics 
à Train BDTs to select 
different modes 

n  Compatibility with SM: 
n  ggF: 1.1 σ 
n  VBF: 1.4 σ 

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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n  Full combination 
(13 TeV) 

n  µ = 1.13 ± 0.18 

n  Higgs “re-discovered” 
~ 10 σ (8.6 exp.) 
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n  Highest branching fraction, but not 
observed so far: 
Run 1, ATLAS+CMS: 
2.6 σ   (includes ttH) 

n  Challenging backgrounds: 
n  Focus on VH 

n  0 lep:  Z à υυ
n  1 lep:  W à lυ
n  2 lep:  Z à ll 

n  Restrict 0 & 1 lepton to 
pT

V > 150 GeV 
n  Heavy usage of BDTs in all 

categories 

n  Higgs: µ = 0.2 ± 0.5 
n  Diboson cross-check: µ = 0.9 ± 0.4 

n  Also VBF + γ:�
µ = -3.9 ± 2.8 
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n  Challenging: 

n  Tiny branching fraction (0.02 %) 

n  High Drell-Yan background 

n  Strategy: 

n  Fit mµµ in opposite charge µµ events 

n  Several categories for higher 
sensitivity: 
VBF / pT

µµ / ηµ 

n  95 % CL limits on µ (mH = 125.9 GeV): 

n  Run 2:  4.4 (5.5) 

n  Run 1+2:  3.5 (4.3) 
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•  Direct measurement of the top Yukawa coupling. 

•  Combination of three analyses:  
•  Hàγγ: ttH-enriched categories;  
•  ttH, Hàbb: 1 or 2 leptons + jets (at least 2 b-

jets). 

 
•  ttH, Hàmultilepton final states  

•  targets HàZZ*,WW*,ττ (mainly) 

 

•  Observed (exp) significance: 2.8σ (1.8σ) 
•  Already better sensitivity than run 1: 1.5σ exp 

•  Results agree with SM predictions 
•  Compatibility among channels: 7% 

ATLAS-CONF-2016-068 

more details in M. Casolino’s talk this afternoon 
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n  ttH massively benefits from 13 TeV 
σ13 TeV = 3.9 x σ8 TeV 

n  But: Challenging final states 

n  3 new results: 

n  ttH, Hàγγ
n  ttH, 2 à 4 lepton final states 

n  Mostly Hà WW / ττ (/ ZZ) 

n  ttH, Hàbb 

n  Significance: 

n  2.8 σ (exp. 1.8 σ) 

n  Run 1: exp. 1.5 σ 

n  Compatibility of 3 channels: 7% 

ATLAS-CONF-2016-068 
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n  Run 2: First results available 

n  Cross sections 

n  Fiducial 

n  Production modes / differential 

n  Searches: Updates from 

n  Hàbb: VH, VBF+γ
n  Hàµµ 

n  ttH 

n  All consistent with SM 

n  More to come: 
~ 33 fb-1 “good for physics” in 
2016 

Channel µ 

γγ + ZZ 1.13 ± 0.18 

•  γγ 0.85 ± 0.22 

•  ZZ à 4l 1.37 ± 0.40 

•  γγ + ZZ (VBF) 2.24 ± 0.80 

bb 0.21 ± 0.51 

µµ < 4.4 (95 % CL) 

ttH (γγ + Multilep + bb) 1.8 ± 0.7 

WW (VBF) 1.7 ± 1.1 

Overview of Run 2 results from ATLAS 
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HàWW 

7 Results

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

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

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

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

quantities µ̂ and ✓̂ are the values of µ and ✓, respectively, that maximise L. The numerator depends on
the values ✓̂µ that maximise L for a given value of µ. One can extract the statistical significance Z from
p0 by translating from the Gaussian tail probability. The p0 value is computed from the test statistic qµ ,
evaluated at µ = 0, and is defined to be the probability to obtain a value of qµ larger than the observed
value under the background-only hypothesis. More details on the statistical methods used can be found
in Ref. [83].
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Figure 6: Fit regions of (a) the VBF analysis and (b) the WH analysis. The signal and background predictions
are normalised to the results of the corresponding likelihood fit. The most sensitive SR categories, SR2 in case of
VBF and Z-dominated, Z-depleted SRs in case of WH , are displayed with a di↵erent y axis to make the signal
contribution more visible. The hatched band (denoted as “SM (sys)”) includes MC statistical, experimental, and
theory systematic uncertainties associated with the prediction of the signal and background processes.
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n  Relatively small dataset: 5.8 fb-1 

n  Restrict to distinctive production 
channels: 

n  VBF: 2 leptons + forward jets 

n  WH: 3 isolated leptons 

n  Create signal and background 
control regions and fit yields 

n  Results: 

n  SM 
VBF:  0.81 ± 0.02 pb 
WH:  0.293 ± 0.007 pb 

7 Results

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

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

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

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

quantities µ̂ and ✓̂ are the values of µ and ✓, respectively, that maximise L. The numerator depends on
the values ✓̂µ that maximise L for a given value of µ. One can extract the statistical significance Z from
p0 by translating from the Gaussian tail probability. The p0 value is computed from the test statistic qµ ,
evaluated at µ = 0, and is defined to be the probability to obtain a value of qµ larger than the observed
value under the background-only hypothesis. More details on the statistical methods used can be found
in Ref. [83].
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Figure 6: Fit regions of (a) the VBF analysis and (b) the WH analysis. The signal and background predictions
are normalised to the results of the corresponding likelihood fit. The most sensitive SR categories, SR2 in case of
VBF and Z-dominated, Z-depleted SRs in case of WH , are displayed with a di↵erent y axis to make the signal
contribution more visible. The hatched band (denoted as “SM (sys)”) includes MC statistical, experimental, and
theory systematic uncertainties associated with the prediction of the signal and background processes.
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Table 8: MC and Data yields for the SRs of the WH analysis. Normalisation factors derived from maximising
the likelihood function are applied. The errors include MC statistical uncertainties on the yield, NF statistical
uncertainties, detector systematic uncertainties and theory systematic uncertainties. The sum of all the contributions
may di↵er from the total value due to rounding. In the determination of the uncertainties on the total background
correlations have been taken into account.

Category Z-dominated Z-depleted

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

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

Total background 19.1± 2.4 5.6± 1.5
Observed 19 9

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

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

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

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

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

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

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

�0.4(sys) pb

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

�0.8(sys) pb
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n  Differential cross sections with 8 
TeV data 

n  Restricted to 
H à WW à eυµυ 

JHEP08 (2016) 104 
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H à bb: VBF with γ 

1 Introduction

Although the Standard Model Higgs boson decays predominantly to a bb̄ quark pair, the measurement
of Higgs boson production and decay in this signature has proven to be challenging. The CDF and D0
collaborations reported a combined 3.3� signal significance for H ! bb̄ in pp̄ collisions at the Fermilab
Tevatron [1]. The current combined ATLAS+CMS results quote a 2.6� signal significance for H ! bb̄
in pp collisions, with a signal strength µ = 0.70+0.29

�0.27 times the Standard Model signal prediction [2].

The large datasets expected during Run 2 at
p

s = 13 TeV invite new approaches in measuring this dominant
Higgs boson decay for signs of new physics. One interesting possibility is Higgs boson production through
vector (weak) boson fusion (VBF) [3], which has been measured by ATLAS and CMS in a variety of
decay modes, including the H ! bb̄ decay produced in association with two jets. CMS measured a Higgs
boson signal strength, defined as the ratio of the measured signal rate to the Standard Model prediction,
of µ = 2.8+1.6

�1.4 for VBF production of H ! bb̄ at
p

s = 8 and 13 TeV, using multivariate techniques for
forward-jet identification and quark-gluon separation [4]. ATLAS measured µ = �0.8 ± 2.3, also with
multivariate techniques, in

p
s = 8 TeV data alone. The sensitivities of these analyses are limited by very

large contributions from non-resonant bb̄ j j production and by di�culties in triggering on low-transverse-
momentum (pT) b-jets [5].

Recent studies have shown that requiring a high-pT photon in the final state can dramatically enhance the
signal-to-background ratio in the VBF production mode [6]. The photon may be radiated from an internal
W± boson or from an incoming or outgoing quark, as shown in Figure 1.

q q

q q

H b

b̄

�

W/Z

W/Z

q q

q q

W

W

H b

b̄

�

Figure 1: Representative leading-order Feynman diagrams for Higgs boson production via vector boson fusion in
association with a photon.

There are several advantages in considering this production mechanism, pp ! H� j j ! bb̄� j j, even
though the signal rate is reduced compared to inclusive VBF production. Firstly, the high-pT photon
provides a clean signature for e�cient triggering in the ATLAS first-level trigger. Secondly, the gluon-
induced component of the dominant non-resonant bb̄� j j background is naturally suppressed because the
gluons are not charged and do not radiate photons. Finally, destructive interference further suppresses
central photon emission in the background processes [6]. The interference is between diagrams with
hard central photons emitted from the initial-state quark and the final-state quark, as shown in Figure 2.
Overall, the non-resonant bb̄� j j background is reduced by more than an order of magnitude below the
simple O(↵EW) rescaling expected from the addition of the photon, where ↵EW is the electromagnetic
fine stucture constant.

2

18 

n  VBF signature in Hàbb: large bbjj 
backgrounds 

n  Run 1: µ = -0.8 ± 2.3 (using MVAs) 

n  VBF + γ: Better background suppression 

n  gg collisions won’t radiate γ�
à VBF production enhanced

n  Destructive interference in 
qq-induced backgrounds 

q
q

b

b̄

�

g

g

q, g q, g

q
q

b

b̄

�

g

g

q, g q, g

Figure 2: Representative leading-order Feynman diagrams for non-resonant bb̄ production in association with a
photon and jets.

A search for VBF Higgs boson production in the bb̄� j j final state is presented in this note, along with
a benchmark measurement of Z� j j production in the same signature. A brief overview of the ATLAS
detector in Section 2 is followed by a description of the simulated samples in Section 3. Details on the
event selection and the background estimates are given in Sections 4 and 5, respectively. The evaluation
of systematic uncertainties is summarized in Section 6, and the statistical interpretation and results are
discussed in Section 7.

2 ATLAS detector

ATLAS [7] is a multi-purpose particle detector with a forward-backward symmetric cylindrical geometry
and nearly 4⇡ coverage in solid angle.1 The interaction point is surrounded by inner tracking devices, a
calorimeter system, and a muon spectrometer.

The inner detector provides precision tracking of charged particles for pseudorapidities |⌘ | < 2.5 and is
surrounded by a superconducting solenoid providing a 2 T magnetic field. The inner detector consists of
silicon pixel and microstrip detectors and a transition radiation tracker. One significant upgrade for thep

s = 13 TeV run is the Insertable B-Layer [8], an additional pixel layer close to the interaction point. It
provides high-resolution hits at small radius to improve tracking performance.

In the pseudorapidity region |⌘ | < 3.2, high-granularity lead/liquid-argon (LAr) electromagnetic (EM)
sampling calorimeters are used to measure EM showers from photons and electrons. An iron/scintillator
tile calorimeter measures hadron energies for |⌘ | < 1.7. The endcap and forward regions, spanning
1.5 < |⌘ | < 4.9, are also instrumented with LAr calorimeters for both EM and hadronic measurements.

The muon spectrometer consists of three large superconducting toroids with eight coils each, a system of
trigger chambers, and precision tracking chambers, which provide triggering and tracking capabilities for
muons in the ranges |⌘ | < 2.4 and |⌘ | < 2.7, respectively.
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector

and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r , �) are used in the transverse plane, � being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2).
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Figure 8: Invariant mass distributions for each of the three BDT regions considered in the likelihood fit. Contributions
are included from the Higgs boson signal, Z + � production through strong and electroweak processes, and non-
resonant bb̄ background. The Higgs boson signal distributions are scaled to signal strength µ = 10. The blue line
in the lower panels shows the statistical and systematic uncertainties combined.
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BDT analysis: 
µ = -3.9 ± 2.8 

n  NB: 50% of Run 1 lumi 



Higgs Mass 

 [GeV]Hm
123 124 125 126 127 128 129

Total Stat. Syst.CMS and ATLAS
 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 
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n  Best measurement by combining ATLAS & CMS Run 1 data 

n  Limited by statistical uncertainty 

n  à Update only makes sense with more data 

Phys. Rev. Lett. 114, 191803 
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νµνe → WW* →H 
-1 = 8 TeV, 20.3 fbs

γγ →H 
-1 = 7 TeV, 4.5 fbs

-1 = 8 TeV, 20.3 fbs

Observed
Expected

σ 1 ± SM +0
σ 2 ± SM +0
σ 3 ± SM +0

σ 1 ±  PJ
σ 2 ±  PJ
σ 3 ±  PJ
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n  Analysis of spin-sensitive observables 
with 7/8 TeV data 

n  H à γγ
n  H à ZZ à 4l 

n  H à WW à eνµν

n  Pure CP-eigenstate hypotheses: 

n  JP = 0+ (>99.9% CL) 

n  Also test admixture of BSM terms in 
HVV interactions: 

n  Compatible with no admixture 
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Table 9 Expected and observed best-fit values of (a) κ̃HVV /κSM and
(b) (κ̃AVV /κSM) · tan α and 95 % CL excluded regions obtained in the
combination of H → Z Z∗ → 4ℓ and H → WW ∗ → eνµν analyses.
The expected values are estimated for the signal strengths measured in

data and assuming best-fit values for all other nuisance parameters. The
signal strengths are treated independently per decay channel and per
collision energy

Coupling ratio Best-fit value 95 % CL exclusion regions

Combined Observed Expected Observed

κ̃HVV /κSM −0.48 (−∞,−0.55]⋃[4.80,∞) (−∞,−0.73]⋃[0.63,∞)

(κ̃AVV /κSM) · tan α −0.68 (−∞,−2.33]⋃[2.30,∞) (−∞,−2.18]⋃[0.83,∞)

a very limited impact on the final result. The most impor-
tant uncertainties are related to the estimates of the reducible
backgrounds. The relative impact of these uncertainties on
the final 95 % CL exclusion limit on BSM couplings was
found to be around ±1 %. The second most important group
of sources of systematic uncertainty is related to the theoret-
ical uncertainties on the production cross section of the Z Z∗

background process. Their relative impact on the final result
is found to be less than ±1 %. The precision of the tensor
structure analysis is thus dominated by the statistical errors.

In this paper, only results based on the matrix-element-
observable approach are reported. The 9D approach was used
as a cross-check and produced results compatible with the
matrix-element approach.

6.4 Individual and combined results

The results of the tensor structure analyses performed in the
H → WW ∗ → eνµν channel are reported in Ref. [8] and,
for completeness, they are also summarised in Table 7.

The distributions of the test statistic for fits of κ̃HVV /κSM
and (κ̃AVV /κSM) · tan α measured in the H → Z Z∗ → 4ℓ

analysis are shown in Fig. 9.
The expected curves are calculated assuming the SM

J P = 0+ signal, both with the SM signal strength, µ = 1,
and with the signal strength fitted to data, µ̂. The fitted val-
ues of κ̃HVV /κSM and (κ̃AVV /κSM) · tan α, together with the
intervals where these couplings are excluded at above the
95% CL, are reported in Table 8. The fitted values agree with
the SM predictions within uncertainties.

The measurements from the H → WW ∗ → eνµν

and H → Z Z∗ → 4ℓ channels are combined under the
assumption that the BSM ratios of couplings κ̃HVV /κSM and
(κ̃AVV /κSM) · tan α are the same for the W and Z vector
bosons. A common test statistic is obtained by combining the
profiled likelihoods of the individual channels. The expected
distributions of the likelihoods, for the signal strength values
obtained from the fits to the data (µ = µ̂), are presented in
Fig. 10.

The observed distributions of profiled likelihoods for the
combination of H → WW ∗ → eνµν and H → Z Z∗ →
4ℓ measurements are presented in Fig. 11. The asymmetric

shape of the expected and observed limits in the κ̃HVV /κSM
results is mainly due to the interference between the BSM
and the SM contributions that gives maximum deviation from
the SM predictions for negative relative values of the BSM
couplings.

Here the signal normalisations are treated as indepen-
dent nuisance parameters of the different decay channels
and the different centre-of-mass energies. The other nui-
sance parameters related to the experimental and theoretical
uncertainties are treated as correlated when appropriate. The
resulting 95 % CL exclusion regions for the combinations of
H → WW ∗ → eνµν and H → Z Z∗ → 4ℓ channels are
listed in Table 9.

7 Conclusion

Studies of the spin and parity of the observed Higgs boson
in the H → Z Z∗ → 4ℓ, H → WW ∗ → eνµν and
H → γ γ decay processes are presented. The investigations
are based on 4.5 and 20.3 fb−1 of pp collision data collected
by the ATLAS experiment at the LHC at

√
s = 7 TeV and√

s = 8 TeV, respectively. The SM Higgs boson hypoth-
esis, corresponding to the quantum numbers J P = 0+, is
tested against several alternative spin and parity models.
The models considered include non-SM spin-0 and spin-2
models with universal and non-universal couplings to quarks
and gluons. The combination of the three decay processes
allows the exclusion of all considered non-SM spin hypothe-
ses at a more than 99.9 % CL in favour of the SM spin-0
hypothesis.

The tensor structure of the HVV interaction in the spin-0
hypothesis is also investigated using the H → Z Z∗ → 4ℓ

and H → WW ∗ → eνµν decays. Only one BSM tensor
coupling is investigated at a time, while the other one is set
to zero. The observed distributions of the variables sensitive
the ratios of the BSM to SM tensor couplings, κ̃HVV /κSM
and (κ̃AVV /κSM) · tan α, are compatible with the SM
predictions.

Values of the BSM tensor couplings outside of the
intervals −0.75 < κ̃HVV /κSM < 2.45 and −2.85 <

(κ̃AVV /κSM) · tan α < 0.95 are excluded at the 95 % CL
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Fiducial Cross Sections: Hàγγ 
21 

diphoton baseline VBF enhanced single lepton

Photons |⌘| < 1.37 or 1.52 < |⌘| < 2.37
p�1

T > 0.35m�� and p�2

T > 0.25m��

Jets - pT > 30GeV , |y| < 4.4 -

- mjj > 400GeV, |�yjj | > 2.8 -

- |����,jj | > 2.6 -

Leptons - - pT > 15GeV

|⌘| < 2.47

ATLAS-CONF-2016-067 

Fiducial region Measured cross section (fb) SM prediction (fb)
Baseline 43.2± 14.9 (stat.)± 4.9 (syst.) 62.8+3.4

�4.4 [N3LO + XH]
VBF-enhanced 4.0± 1.4 (stat.)± 0.7 (syst.) 2.04± 0.13 [NNLOPS + XH]
single lepton 1.5± 0.8 (stat.)± 0.2 (syst.) 0.56± 0.03 [NNLOPS + XH]
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Fiducial Cross Sections: HàZZ 

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

ATLAS-CONF-2016-079 
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Table 1 Parameters of the
benchmark scenarios for spin-0
boson tensor couplings used in
tests (see Eq. (1)) of the fixed
spin and parity models

J P Model Values of tensor couplings
κSM κHVV κAVV α

0+ SM Higgs boson 1 0 0 0

0+h BSM spin-0 CP-even 0 1 0 0

0− BSM spin-0 CP-odd 0 0 1 π/2

The case where the observed resonance has J P = 1± is
not studied in this paper. The H → γ γ decay is forbidden
by the Landau–Yang theorem [13,14] for a spin-1 particle.
Moreover, the spin-1 hypothesis was already studied in the
previous ATLAS publication [4] in the H → Z Z∗ → 4ℓ

and H → WW ∗ → eνµν decays and excluded at a more
than 99 % confidence level.

3.1 The spin-0 hypothesis

In the spin-0 hypothesis, models with fixed spin and parity,
and models with mixed SM spin-0 and BSM spin-0 CP-even
and CP-odd contributions are considered. In Ref. [7], the
spin-0 particle interaction with pairs of W or Z bosons is
given through the following interaction Lagrangian:

LV
0 =

{
cos(α)κSM

[
1
2
gHZ Z ZµZµ + gHWWW+

µ W−µ

]

−1
4

1
'

[
cos(α)κHZ Z Zµν Zµν+sin(α)κAZ Z Zµν Z̃µν

]

−1
2

1
'

[
cos(α)κHWWW+

µνW
−µν

+ sin(α)κAWWW+
µνW̃

−µν
] }

X0. (1)

Here Vµ represents the vector-boson field (V = Z ,W±),
the Vµν are the reduced field tensors and the dual tensor is
defined as Ṽµν = 1

2εµνρσVρσ . The symbol ' denotes the
EFT energy scale. The symbols κSM, κHVV and κAVV denote
the coupling constants corresponding to the interaction of the
SM, BSM CP-even or BSM CP-odd spin-0 particle, repre-
sented by the X0 field, with Z Z or WW pairs. To ensure
that the Lagrangian terms are Hermitian, these couplings are
assumed to be real. The mixing angle α allows for production
of CP-mixed states and implies CP-violation for α ̸= 0 and
α ̸= π , provided the corresponding coupling constants are
non-vanishing. The SM couplings, gHVV , are proportional
to the square of the vector boson masses: gHVV ∝ m2

V .
Other higher-order operators described in Ref. [7], namely
the derivative operators, are not included in Eq. (1) and have
been neglected in this analysis since they induce modifica-
tions of the discriminant variables well below the sensitivity
achievable with the available data sample.

As already mentioned, for the spin-0 studies the SM Higgs
boson hypothesis is compared to two alternatives: the CP-
odd J P = 0− and the BSM CP-even J P = 0+h hypotheses.

All three models are obtained by selecting the corresponding
parts of the Lagrangian described in Eq. (1) while setting
all other contributions to zero. The values of the couplings
corresponding to the different spin-0 models are listed in
Table 1.

The investigation of the tensor structure of the HVV inter-
action is based on the assumption that the observed parti-
cle has spin zero. Following the parameterisation defined in
Eq. (1), scenarios are considered where only one CP-odd
or one CP-even BSM contribution at a time is present in
addition to the SM contribution. To quantify the presence of
BSM contributions in H → Z Z∗ and H → WW ∗ decays,
the ratios of couplings (κ̃AVV /κSM) · tan α and κ̃HVV /κSM
are measured. Here κ̃AVV and κ̃HVV are defined as follows:

κ̃AVV = 1
4

v
'

κAVV and κ̃HVV = 1
4

v
'

κHVV , (2)

where v is the vacuum expectation value [15] of the SM Higgs
field.

The mixing parameters (κ̃AVV /κSM)·tan α and κ̃HVV /κSM
correspond to the ratios of tensor couplings g4/g1 and g2/g1
proposed in the anomalous coupling approach described in
Refs. [9,10]. To compare the results obtained in this analysis
to other existing studies, the final results are also expressed
in terms of the effective cross-section fractions ( fg2,φg2)

and ( fg4,φg4) proposed in Refs. [3,9,10]. Further details of
these conversions are given in Appendix A.

The BSM terms described in Eq. (1) are also expected to
change the relative contributions of the vector-boson fusion
(VBF) and vector-boson associated production (V H ) pro-
cesses with respect to the gluon-fusion (ggF) production pro-
cess, which is predicted to be the main production mode for
the SM Higgs boson at the LHC. For large values of the BSM
couplings, at the LHC energies, the VBF production mode
can have a cross section that is comparable to the ggF pro-
cess [16]. This study uses only kinematic properties of parti-
cles from H → VV ∗ decays to derive information on the CP
nature of the Higgs boson. The use of the signal rate informa-
tion for different production modes, in the context of the EFT
analysis, may increase the sensitivity to the BSM couplings
at the cost of a loss in generality. For example the ratio of the
VBF and V H production modes with respect to the ggF one
can be changed by a large amount for non-vanishing values
of the BSM couplings. In the studies presented in this paper
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n  Probe possible admixture of BSM 
spin-0 states to SM 0+ 

n  Use effective field theory 
interaction Lagrangian 
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Table 1 Parameters of the
benchmark scenarios for spin-0
boson tensor couplings used in
tests (see Eq. (1)) of the fixed
spin and parity models

J P Model Values of tensor couplings
κSM κHVV κAVV α

0+ SM Higgs boson 1 0 0 0

0+h BSM spin-0 CP-even 0 1 0 0

0− BSM spin-0 CP-odd 0 0 1 π/2

The case where the observed resonance has J P = 1± is
not studied in this paper. The H → γ γ decay is forbidden
by the Landau–Yang theorem [13,14] for a spin-1 particle.
Moreover, the spin-1 hypothesis was already studied in the
previous ATLAS publication [4] in the H → Z Z∗ → 4ℓ

and H → WW ∗ → eνµν decays and excluded at a more
than 99 % confidence level.

3.1 The spin-0 hypothesis

In the spin-0 hypothesis, models with fixed spin and parity,
and models with mixed SM spin-0 and BSM spin-0 CP-even
and CP-odd contributions are considered. In Ref. [7], the
spin-0 particle interaction with pairs of W or Z bosons is
given through the following interaction Lagrangian:

LV
0 =

{
cos(α)κSM

[
1
2
gHZ Z ZµZµ + gHWWW+

µ W−µ

]

−1
4

1
'

[
cos(α)κHZ Z Zµν Zµν+sin(α)κAZ Z Zµν Z̃µν

]

−1
2

1
'

[
cos(α)κHWWW+

µνW
−µν

+ sin(α)κAWWW+
µνW̃

−µν
] }

X0. (1)

Here Vµ represents the vector-boson field (V = Z ,W±),
the Vµν are the reduced field tensors and the dual tensor is
defined as Ṽµν = 1

2εµνρσVρσ . The symbol ' denotes the
EFT energy scale. The symbols κSM, κHVV and κAVV denote
the coupling constants corresponding to the interaction of the
SM, BSM CP-even or BSM CP-odd spin-0 particle, repre-
sented by the X0 field, with Z Z or WW pairs. To ensure
that the Lagrangian terms are Hermitian, these couplings are
assumed to be real. The mixing angle α allows for production
of CP-mixed states and implies CP-violation for α ̸= 0 and
α ̸= π , provided the corresponding coupling constants are
non-vanishing. The SM couplings, gHVV , are proportional
to the square of the vector boson masses: gHVV ∝ m2

V .
Other higher-order operators described in Ref. [7], namely
the derivative operators, are not included in Eq. (1) and have
been neglected in this analysis since they induce modifica-
tions of the discriminant variables well below the sensitivity
achievable with the available data sample.

As already mentioned, for the spin-0 studies the SM Higgs
boson hypothesis is compared to two alternatives: the CP-
odd J P = 0− and the BSM CP-even J P = 0+h hypotheses.

All three models are obtained by selecting the corresponding
parts of the Lagrangian described in Eq. (1) while setting
all other contributions to zero. The values of the couplings
corresponding to the different spin-0 models are listed in
Table 1.

The investigation of the tensor structure of the HVV inter-
action is based on the assumption that the observed parti-
cle has spin zero. Following the parameterisation defined in
Eq. (1), scenarios are considered where only one CP-odd
or one CP-even BSM contribution at a time is present in
addition to the SM contribution. To quantify the presence of
BSM contributions in H → Z Z∗ and H → WW ∗ decays,
the ratios of couplings (κ̃AVV /κSM) · tan α and κ̃HVV /κSM
are measured. Here κ̃AVV and κ̃HVV are defined as follows:

κ̃AVV = 1
4

v
'

κAVV and κ̃HVV = 1
4

v
'

κHVV , (2)

where v is the vacuum expectation value [15] of the SM Higgs
field.

The mixing parameters (κ̃AVV /κSM)·tan α and κ̃HVV /κSM
correspond to the ratios of tensor couplings g4/g1 and g2/g1
proposed in the anomalous coupling approach described in
Refs. [9,10]. To compare the results obtained in this analysis
to other existing studies, the final results are also expressed
in terms of the effective cross-section fractions ( fg2,φg2)

and ( fg4,φg4) proposed in Refs. [3,9,10]. Further details of
these conversions are given in Appendix A.

The BSM terms described in Eq. (1) are also expected to
change the relative contributions of the vector-boson fusion
(VBF) and vector-boson associated production (V H ) pro-
cesses with respect to the gluon-fusion (ggF) production pro-
cess, which is predicted to be the main production mode for
the SM Higgs boson at the LHC. For large values of the BSM
couplings, at the LHC energies, the VBF production mode
can have a cross section that is comparable to the ggF pro-
cess [16]. This study uses only kinematic properties of parti-
cles from H → VV ∗ decays to derive information on the CP
nature of the Higgs boson. The use of the signal rate informa-
tion for different production modes, in the context of the EFT
analysis, may increase the sensitivity to the BSM couplings
at the cost of a loss in generality. For example the ratio of the
VBF and V H production modes with respect to the ggF one
can be changed by a large amount for non-vanishing values
of the BSM couplings. In the studies presented in this paper
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Fig. 1 Distribution of the Optimal Observable at parton-level for
two arbitrary d̃ values. The SM sample was generated using Mad-
Graph5_aMC@NLO [40] (see Sect. 5) at leading order, and then
reweighted to different d̃ values. Events are chosen such that there are
at least two outgoing partons with pT > 25 GeV, |η| < 4.5, large
invariant mass (m(p1, p2) > 500 GeV) and large pseudorapidity gap
("η(p1, p2) > 2.8 )

the Higgs boson and tagging jet four-momenta as:

x reco
1/2 = mH j j√

s
e±yH j j (13)

where mHjj (yHjj) is the invariant mass (rapidity) obtained
from the vectorially summed four-momenta of the tagging
jets and the Higgs boson. Since the flavour of the initial-
and final-state partons cannot be determined experimentally,
the sum over all possible flavour configurations i j → klH
weighted by the CT10 leading-order parton distribution func-
tions (PDFs) [44] is calculated separately for the matrix ele-
ments in the numerator and denominator:

2Re(M∗
SMMCP-odd) =

∑

i, j,k,l

fi (x1) f j (x2)

× 2Re((Mi j→klH
SM )∗Mi j→klH

CP-odd )

(14)

|MSM|2 =
∑

i, j,k,l

fi (x1) f j (x2)|Mi j→klH
SM |2. (15)

4 The ATLAS detector

The ATLAS detector [45] is a multi-purpose detector with
a cylindrical geometry.1 It comprises an inner detector
(ID) surrounded by a thin superconducting solenoid, a

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upward. Cylindrical coordinates (r,φ)
are used in the transverse plane, φ being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2).

calorimeter system and an extensive muon spectrometer
in a toroidal magnetic field. The ID tracking system con-
sists of a silicon pixel detector, a silicon microstrip detec-
tor, and a transition radiation tracker. It provides precise
position and momentum measurements for charged parti-
cles and allows efficient identification of jets containing
b-hadrons (b-jets) in the pseudorapidity range |η| < 2.5.
The ID is immersed in a 2 T axial magnetic field and is
surrounded by high-granularity lead/liquid-argon sampling
electromagnetic calorimeters which cover the pseudorapidity
range |η| < 3.2. A steel/scintillator tile calorimeter provides
hadronic energy measurements in the central pseudorapidity
range (|η| < 1.7). In the forward regions (1.5 < |η| < 4.9),
the system is complemented by two end-cap calorimeters
using liquid argon as active material and copper or tungsten as
absorbers. The muon spectrometer surrounds the calorime-
ters and consists of three large superconducting eight-coil
toroids, a system of tracking chambers, and detectors for
triggering. The deflection of muons is measured in the region
|η| < 2.7 by three layers of precision drift tubes, and cathode
strip chambers in the innermost layer for |η| > 2.0. The trig-
ger chambers consist of resistive plate chambers in the barrel
(|η| < 1.05) and thin-gap chambers in the end-cap regions
(1.05 < |η| < 2.4).

A three-level trigger system [46] is used to select events.
A hardware-based Level-1 trigger uses a subset of detector
information to reduce the event rate to 75 kHz or less. The
rate of accepted events is then reduced to about 400 Hz by two
software-based trigger levels, named Level-2 and the Event
Filter.

5 Simulated samples

Background and signal events are simulated using vari-
ous Monte Carlo (MC) event generators, as summarised in
Table 1. The generators used for the simulation of the hard-
scattering process and the model used for the simulation of
the parton shower, hadronisation and underlying-event activ-
ity are listed. In addition, the cross-section values to which
the simulation is normalised and the perturbative order in
QCD of the respective calculations are provided.

All the background samples used in this analysis are
the same as those employed in Ref. [20], except the ones
used to simulate events with the Higgs boson produced
via gluon fusion and decaying into the ττ final state. The
Higgs-plus-one-jet process is simulated at NLO accuracy
in QCD with Powheg-Box [47–49,73], with the MINLO
feature [74] applied to include Higgs-plus-zero-jet events at
NLO accuracy. This sample is referred to as HJ MINLO. The
Powheg-Box event generator is interfaced to Pythia8 [51],
and the CT10 [44] parameterisation of the PDFs is used.
Higgs boson events produced via gluon fusion and decay-
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n  Test CP invariance in VBF 
production: ττ very sensitive 

n  Closely follows 8 TeV Hàττ 
analysis 

n  Add CP-violating contribution to 
SM matrix element: 

n  Interference term is CP-odd: 

n  Yields “optimal observable”: 
 

n  No sign of CP violation: 
-0.11 <    < 0.05  (68% CL) 
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Fig. 5 Distributions of theOptimal Observable in the signal region for
the a τlepτlep and b τlepτhad channel, after the global fit performed for
the d̃ = 0 hypothesis. The best-fit signal strength is µ = 1.55+0.87

−0.76. The

“Other” backgrounds include diboson and Z → ℓℓ. The error bands
include all uncertainties

Table 2 Event yields in the signal region, after the global fit performed
for the d̃ = 0 hypothesis. The errors include systematic uncertainties

Process τlepτlep τlepτhad

Data 54 68

VBF H → ττ /WW 9.8 ± 2.1 16.7 ± 4.1

Z → ττ 19.6 ± 1.0 19.1 ± 2.2

Fake lepton/τ 2.3 ± 0.3 24.1 ± 1.5

t t̄ +single-top 3.8 ± 1.0 4.8 ± 0.7

Others 11.5 ± 1.7 5.3 ± 1.6

ggH/V H , H → ττ/WW 1.6 ± 0.2 2.5 ± 0.7

Sum of backgrounds 38.9 ± 2.3 55.8 ± 3.3

8 Results

The mean value of the Optimal Observable for the signal is
expected to be zero for a CP-even case, while there may be
deviations in case of CP-violating effects. A mean value of
zero is also expected for the background, as has been demon-
strated. Hence, the mean value in data should also be con-
sistent with zero if there are no CP-violating effects within
the precision of this measurement. The observed values for
the mean value in data inside the signal regions are 0.3±0.5
for τlepτlep and −0.3 ± 0.4 for τlepτhad, fully consistent with
zero within statistical uncertainties and thus showing no hint
of CP violation.

As described in the previous section, the observed limit
on CP-odd couplings is estimated using a global maximum-
likelihood fit to theOptimal Observable distributions in data.
The observed distribution of #NLL as a function of the
CP-mixing parameter d̃ for the individual channels sepa-
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Fig. 6 Observed and expected #NLL as a function of the d̃ values
defining the underlying signal hypothesis, for τlepτlep (green), τlepτhad
(red) and their combination (black). The best-fit values of all nuisance
parameters from the combined fit at each d̃ point were used in all cases.
An Asimov dataset with SM backgrounds plus pure CP-even VBF signal
(d̃ = 0), scaled to the best-fit signal-strength value, was used to calculate
the expected values, shown in blue. The markers indicate the points
where an evaluation was made – the lines are only meant to guide the
eye

rately, and for their combination, is shown in Fig. 6. The
τlepτlep and τlepτhad curves use the best-fit values of all nui-
sance parameters from the combined fit at each d̃ point. The
expected curve is calculated assuming no CP-odd coupling,
with the H → ττ signal scaled to the signal-strength value
(µ = 1.55+0.87

−0.76) determined from the fit for d̃ = 0. In the
absence of CP violation the curve is expected to have a mini-
mum at d̃ = 0. Since the first-orderOptimalObservable used
in the present analysis is only sensitive to small variations in
the considered variable, for large d̃ values there is no further
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The parameter d̃ is related to the parameter κ̂W =
κ̃W /κSM tan α used in the investigation of CP properties in
the decay H → WW [15] via d̃ = −κ̂W . The choice
d̃ = d̃B yields κ̂W = κ̂Z as assumed in the combination
of the H → WW and H → Z Z decay analyses [15].

The effective Lagrangian yields the following Lorentz
structure for each vertex in the Higgs bosons coupling
to two identical or charge-conjugated electroweak gauge
bosons HV (p1)V (p2) (V =W±, Z , γ ), with p1,2 denoting
the momenta of the gauge bosons:

Tµν(p1, p2) =
∑

V=W±,Z

2m2
V

v
gµν

+
∑

V=W±,Z ,γ

2g
mW

d̃ εµνρσ p1ρ p2σ . (8)

The first terms (∝ gµν) are CP-even and describe the SM cou-
pling structure, while the second terms (∝ εµνρσ p1ρ p2σ ) are
CP-odd and arise from the CP-odd dimension-six operators.
The choice d̃ = d̃B gives the same coefficients multiplying
the CP-odd structure for HW+W−, HZZ and Hγ γ vertices
and a vanishing coupling for the HZγ vertex.

The matrix element M for VBF production is the sum
of a CP-even contribution MSM from the SM and a CP-
odd contribution MCP-odd from the dimension-six operators
considered:

M = MSM + d̃ ·MCP-odd. (9)

The differential cross section or squared matrix element has
three contributions:

|M|2 = |MSM|2 + d̃ · 2Re(M∗
SMMCP-odd)

+ d̃2 · |MCP-odd|2. (10)

The first term |MSM|2 and third term d̃2 · |MCP-odd|2 are
both CP-even and hence do not yield a source of CP vio-
lation. The second term d̃ · 2Re(M∗

SMMCP-odd), stemming
from the interference of the two contributions to the matrix
element, is CP-odd and is a possible new source of CP viola-
tion in the Higgs sector. The interference term integrated over
a CP-symmetric part of phase space vanishes and therefore
does not contribute to the total cross section and observed
event yield after applying CP-symmetric selection criteria.
The third term increases the total cross section by an amount
quadratic in d̃, but this is not exploited in the analysis pre-
sented here.

3 Test of CP invariance and Optimal Observable

Tests of CP invariance can be performed in a completely
model-independent way by measuring the mean value of a
CP-odd observable ⟨OCP⟩. If CP invariance holds, the mean

value has to vanish ⟨OCP⟩ = 0. An observation of a non-
vanishing mean value would be a clear sign of CP violation.
A simple CP-odd observable for Higgs boson production in
VBF, the “signed” difference in the azimuthal angle between
the two tagging jets (φ j j , was suggested in Ref. [22] and is
formally defined as:

ϵµνρσb
µ
+ pν

+b
ρ
− pσ

− = 2pT+ pT− sin(φ+ − φ−)

= 2pT+ pT− sin (φ j j . (11)

Here bµ+ and bµ− denote the normalised four-momenta
of the two proton beams, circulating clockwise and anti-
clockwise, and pµ+ (φ+) and pµ− (φ−) denote the four-
momenta (azimuthal angles) of the two tagging jets, where
p+ (p−) points into the same detector hemisphere as bµ+ (bµ−).
This ordering of the tagging jets by hemispheres removes the
sign ambiguity in the standard definition of (φ j j .

The final state consisting of the Higgs boson and the two
tagging jets can be characterised by seven phase-space vari-
ables while assuming the mass of the Higgs boson, neglect-
ing jet masses and exploiting momentum conservation in
the plane transverse to the beam line. The concept of the
Optimal Observable combines the information of the high-
dimensional phase space in a single observable, which can be
shown to have the highest sensitivity for small values of the
parameter of interest and neglects contributions proportional
to d̃2 in the matrix element. The method was first suggested
for the estimation of a single parameter using the mean value
only [17] and via a maximum-likelihood fit to the full distri-
bution [18] using the so-called Optimal Observable of first
order. The extension to several parameters and also exploiting
the matrix-element contributions quadratic in the parameters
by adding an Optimal Observable of second order was intro-
duced in Refs. [19,27,28]. The technique has been applied
in various experimental analyses, e.g. Refs. [15,29–39].

The analysis presented here uses only the first-order Opti-
mal Observable OO (calledOptimal Observable below) for
the measurement of d̃ via a maximum-likelihood fit to the full
distribution. It is defined as the ratio of the interference term
in the matrix element to the SM contribution:

OO = 2Re(M∗
SMMCP-odd)

|MSM|2 . (12)

Figure 1 shows the distribution of the Optimal Observable,
at parton level both for the SM case and for two non-zero d̃
values, which introduce an asymmetry into the distribution
and yield a non-vanishing mean value.

The values of the leading-order matrix elements needed
for the calculation of the Optimal Observable are extracted
from HAWK [41–43]. The evaluation requires the four-
momenta of the Higgs boson and the two tagging jets. The
momentum fraction x1 (x2) of the initial-state parton from the
proton moving in the positive (negative) z-direction can be
derived by exploiting energy–momentum conservation from
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The parameter d̃ is related to the parameter κ̂W =
κ̃W /κSM tan α used in the investigation of CP properties in
the decay H → WW [15] via d̃ = −κ̂W . The choice
d̃ = d̃B yields κ̂W = κ̂Z as assumed in the combination
of the H → WW and H → Z Z decay analyses [15].

The effective Lagrangian yields the following Lorentz
structure for each vertex in the Higgs bosons coupling
to two identical or charge-conjugated electroweak gauge
bosons HV (p1)V (p2) (V =W±, Z , γ ), with p1,2 denoting
the momenta of the gauge bosons:
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The first terms (∝ gµν) are CP-even and describe the SM cou-
pling structure, while the second terms (∝ εµνρσ p1ρ p2σ ) are
CP-odd and arise from the CP-odd dimension-six operators.
The choice d̃ = d̃B gives the same coefficients multiplying
the CP-odd structure for HW+W−, HZZ and Hγ γ vertices
and a vanishing coupling for the HZγ vertex.

The matrix element M for VBF production is the sum
of a CP-even contribution MSM from the SM and a CP-
odd contribution MCP-odd from the dimension-six operators
considered:

M = MSM + d̃ ·MCP-odd. (9)

The differential cross section or squared matrix element has
three contributions:

|M|2 = |MSM|2 + d̃ · 2Re(M∗
SMMCP-odd)

+ d̃2 · |MCP-odd|2. (10)

The first term |MSM|2 and third term d̃2 · |MCP-odd|2 are
both CP-even and hence do not yield a source of CP vio-
lation. The second term d̃ · 2Re(M∗

SMMCP-odd), stemming
from the interference of the two contributions to the matrix
element, is CP-odd and is a possible new source of CP viola-
tion in the Higgs sector. The interference term integrated over
a CP-symmetric part of phase space vanishes and therefore
does not contribute to the total cross section and observed
event yield after applying CP-symmetric selection criteria.
The third term increases the total cross section by an amount
quadratic in d̃, but this is not exploited in the analysis pre-
sented here.

3 Test of CP invariance and Optimal Observable

Tests of CP invariance can be performed in a completely
model-independent way by measuring the mean value of a
CP-odd observable ⟨OCP⟩. If CP invariance holds, the mean

value has to vanish ⟨OCP⟩ = 0. An observation of a non-
vanishing mean value would be a clear sign of CP violation.
A simple CP-odd observable for Higgs boson production in
VBF, the “signed” difference in the azimuthal angle between
the two tagging jets (φ j j , was suggested in Ref. [22] and is
formally defined as:

ϵµνρσb
µ
+ pν

+b
ρ
− pσ

− = 2pT+ pT− sin(φ+ − φ−)

= 2pT+ pT− sin (φ j j . (11)

Here bµ+ and bµ− denote the normalised four-momenta
of the two proton beams, circulating clockwise and anti-
clockwise, and pµ+ (φ+) and pµ− (φ−) denote the four-
momenta (azimuthal angles) of the two tagging jets, where
p+ (p−) points into the same detector hemisphere as bµ+ (bµ−).
This ordering of the tagging jets by hemispheres removes the
sign ambiguity in the standard definition of (φ j j .

The final state consisting of the Higgs boson and the two
tagging jets can be characterised by seven phase-space vari-
ables while assuming the mass of the Higgs boson, neglect-
ing jet masses and exploiting momentum conservation in
the plane transverse to the beam line. The concept of the
Optimal Observable combines the information of the high-
dimensional phase space in a single observable, which can be
shown to have the highest sensitivity for small values of the
parameter of interest and neglects contributions proportional
to d̃2 in the matrix element. The method was first suggested
for the estimation of a single parameter using the mean value
only [17] and via a maximum-likelihood fit to the full distri-
bution [18] using the so-called Optimal Observable of first
order. The extension to several parameters and also exploiting
the matrix-element contributions quadratic in the parameters
by adding an Optimal Observable of second order was intro-
duced in Refs. [19,27,28]. The technique has been applied
in various experimental analyses, e.g. Refs. [15,29–39].

The analysis presented here uses only the first-order Opti-
mal Observable OO (calledOptimal Observable below) for
the measurement of d̃ via a maximum-likelihood fit to the full
distribution. It is defined as the ratio of the interference term
in the matrix element to the SM contribution:

OO = 2Re(M∗
SMMCP-odd)

|MSM|2 . (12)

Figure 1 shows the distribution of the Optimal Observable,
at parton level both for the SM case and for two non-zero d̃
values, which introduce an asymmetry into the distribution
and yield a non-vanishing mean value.

The values of the leading-order matrix elements needed
for the calculation of the Optimal Observable are extracted
from HAWK [41–43]. The evaluation requires the four-
momenta of the Higgs boson and the two tagging jets. The
momentum fraction x1 (x2) of the initial-state parton from the
proton moving in the positive (negative) z-direction can be
derived by exploiting energy–momentum conservation from
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The parameter d̃ is related to the parameter κ̂W =
κ̃W /κSM tan α used in the investigation of CP properties in
the decay H → WW [15] via d̃ = −κ̂W . The choice
d̃ = d̃B yields κ̂W = κ̂Z as assumed in the combination
of the H → WW and H → Z Z decay analyses [15].

The effective Lagrangian yields the following Lorentz
structure for each vertex in the Higgs bosons coupling
to two identical or charge-conjugated electroweak gauge
bosons HV (p1)V (p2) (V =W±, Z , γ ), with p1,2 denoting
the momenta of the gauge bosons:
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The first terms (∝ gµν) are CP-even and describe the SM cou-
pling structure, while the second terms (∝ εµνρσ p1ρ p2σ ) are
CP-odd and arise from the CP-odd dimension-six operators.
The choice d̃ = d̃B gives the same coefficients multiplying
the CP-odd structure for HW+W−, HZZ and Hγ γ vertices
and a vanishing coupling for the HZγ vertex.

The matrix element M for VBF production is the sum
of a CP-even contribution MSM from the SM and a CP-
odd contribution MCP-odd from the dimension-six operators
considered:

M = MSM + d̃ ·MCP-odd. (9)

The differential cross section or squared matrix element has
three contributions:

|M|2 = |MSM|2 + d̃ · 2Re(M∗
SMMCP-odd)

+ d̃2 · |MCP-odd|2. (10)

The first term |MSM|2 and third term d̃2 · |MCP-odd|2 are
both CP-even and hence do not yield a source of CP vio-
lation. The second term d̃ · 2Re(M∗

SMMCP-odd), stemming
from the interference of the two contributions to the matrix
element, is CP-odd and is a possible new source of CP viola-
tion in the Higgs sector. The interference term integrated over
a CP-symmetric part of phase space vanishes and therefore
does not contribute to the total cross section and observed
event yield after applying CP-symmetric selection criteria.
The third term increases the total cross section by an amount
quadratic in d̃, but this is not exploited in the analysis pre-
sented here.

3 Test of CP invariance and Optimal Observable

Tests of CP invariance can be performed in a completely
model-independent way by measuring the mean value of a
CP-odd observable ⟨OCP⟩. If CP invariance holds, the mean

value has to vanish ⟨OCP⟩ = 0. An observation of a non-
vanishing mean value would be a clear sign of CP violation.
A simple CP-odd observable for Higgs boson production in
VBF, the “signed” difference in the azimuthal angle between
the two tagging jets (φ j j , was suggested in Ref. [22] and is
formally defined as:

ϵµνρσb
µ
+ pν
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− pσ

− = 2pT+ pT− sin(φ+ − φ−)

= 2pT+ pT− sin (φ j j . (11)

Here bµ+ and bµ− denote the normalised four-momenta
of the two proton beams, circulating clockwise and anti-
clockwise, and pµ+ (φ+) and pµ− (φ−) denote the four-
momenta (azimuthal angles) of the two tagging jets, where
p+ (p−) points into the same detector hemisphere as bµ+ (bµ−).
This ordering of the tagging jets by hemispheres removes the
sign ambiguity in the standard definition of (φ j j .

The final state consisting of the Higgs boson and the two
tagging jets can be characterised by seven phase-space vari-
ables while assuming the mass of the Higgs boson, neglect-
ing jet masses and exploiting momentum conservation in
the plane transverse to the beam line. The concept of the
Optimal Observable combines the information of the high-
dimensional phase space in a single observable, which can be
shown to have the highest sensitivity for small values of the
parameter of interest and neglects contributions proportional
to d̃2 in the matrix element. The method was first suggested
for the estimation of a single parameter using the mean value
only [17] and via a maximum-likelihood fit to the full distri-
bution [18] using the so-called Optimal Observable of first
order. The extension to several parameters and also exploiting
the matrix-element contributions quadratic in the parameters
by adding an Optimal Observable of second order was intro-
duced in Refs. [19,27,28]. The technique has been applied
in various experimental analyses, e.g. Refs. [15,29–39].

The analysis presented here uses only the first-order Opti-
mal Observable OO (calledOptimal Observable below) for
the measurement of d̃ via a maximum-likelihood fit to the full
distribution. It is defined as the ratio of the interference term
in the matrix element to the SM contribution:

OO = 2Re(M∗
SMMCP-odd)

|MSM|2 . (12)

Figure 1 shows the distribution of the Optimal Observable,
at parton level both for the SM case and for two non-zero d̃
values, which introduce an asymmetry into the distribution
and yield a non-vanishing mean value.

The values of the leading-order matrix elements needed
for the calculation of the Optimal Observable are extracted
from HAWK [41–43]. The evaluation requires the four-
momenta of the Higgs boson and the two tagging jets. The
momentum fraction x1 (x2) of the initial-state parton from the
proton moving in the positive (negative) z-direction can be
derived by exploiting energy–momentum conservation from
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The parameter d̃ is related to the parameter κ̂W =
κ̃W /κSM tan α used in the investigation of CP properties in
the decay H → WW [15] via d̃ = −κ̂W . The choice
d̃ = d̃B yields κ̂W = κ̂Z as assumed in the combination
of the H → WW and H → Z Z decay analyses [15].

The effective Lagrangian yields the following Lorentz
structure for each vertex in the Higgs bosons coupling
to two identical or charge-conjugated electroweak gauge
bosons HV (p1)V (p2) (V =W±, Z , γ ), with p1,2 denoting
the momenta of the gauge bosons:
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The first terms (∝ gµν) are CP-even and describe the SM cou-
pling structure, while the second terms (∝ εµνρσ p1ρ p2σ ) are
CP-odd and arise from the CP-odd dimension-six operators.
The choice d̃ = d̃B gives the same coefficients multiplying
the CP-odd structure for HW+W−, HZZ and Hγ γ vertices
and a vanishing coupling for the HZγ vertex.

The matrix element M for VBF production is the sum
of a CP-even contribution MSM from the SM and a CP-
odd contribution MCP-odd from the dimension-six operators
considered:

M = MSM + d̃ ·MCP-odd. (9)

The differential cross section or squared matrix element has
three contributions:

|M|2 = |MSM|2 + d̃ · 2Re(M∗
SMMCP-odd)

+ d̃2 · |MCP-odd|2. (10)

The first term |MSM|2 and third term d̃2 · |MCP-odd|2 are
both CP-even and hence do not yield a source of CP vio-
lation. The second term d̃ · 2Re(M∗

SMMCP-odd), stemming
from the interference of the two contributions to the matrix
element, is CP-odd and is a possible new source of CP viola-
tion in the Higgs sector. The interference term integrated over
a CP-symmetric part of phase space vanishes and therefore
does not contribute to the total cross section and observed
event yield after applying CP-symmetric selection criteria.
The third term increases the total cross section by an amount
quadratic in d̃, but this is not exploited in the analysis pre-
sented here.

3 Test of CP invariance and Optimal Observable

Tests of CP invariance can be performed in a completely
model-independent way by measuring the mean value of a
CP-odd observable ⟨OCP⟩. If CP invariance holds, the mean

value has to vanish ⟨OCP⟩ = 0. An observation of a non-
vanishing mean value would be a clear sign of CP violation.
A simple CP-odd observable for Higgs boson production in
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Here bµ+ and bµ− denote the normalised four-momenta
of the two proton beams, circulating clockwise and anti-
clockwise, and pµ+ (φ+) and pµ− (φ−) denote the four-
momenta (azimuthal angles) of the two tagging jets, where
p+ (p−) points into the same detector hemisphere as bµ+ (bµ−).
This ordering of the tagging jets by hemispheres removes the
sign ambiguity in the standard definition of (φ j j .

The final state consisting of the Higgs boson and the two
tagging jets can be characterised by seven phase-space vari-
ables while assuming the mass of the Higgs boson, neglect-
ing jet masses and exploiting momentum conservation in
the plane transverse to the beam line. The concept of the
Optimal Observable combines the information of the high-
dimensional phase space in a single observable, which can be
shown to have the highest sensitivity for small values of the
parameter of interest and neglects contributions proportional
to d̃2 in the matrix element. The method was first suggested
for the estimation of a single parameter using the mean value
only [17] and via a maximum-likelihood fit to the full distri-
bution [18] using the so-called Optimal Observable of first
order. The extension to several parameters and also exploiting
the matrix-element contributions quadratic in the parameters
by adding an Optimal Observable of second order was intro-
duced in Refs. [19,27,28]. The technique has been applied
in various experimental analyses, e.g. Refs. [15,29–39].

The analysis presented here uses only the first-order Opti-
mal Observable OO (calledOptimal Observable below) for
the measurement of d̃ via a maximum-likelihood fit to the full
distribution. It is defined as the ratio of the interference term
in the matrix element to the SM contribution:

OO = 2Re(M∗
SMMCP-odd)

|MSM|2 . (12)

Figure 1 shows the distribution of the Optimal Observable,
at parton level both for the SM case and for two non-zero d̃
values, which introduce an asymmetry into the distribution
and yield a non-vanishing mean value.

The values of the leading-order matrix elements needed
for the calculation of the Optimal Observable are extracted
from HAWK [41–43]. The evaluation requires the four-
momenta of the Higgs boson and the two tagging jets. The
momentum fraction x1 (x2) of the initial-state parton from the
proton moving in the positive (negative) z-direction can be
derived by exploiting energy–momentum conservation from
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Fig. 5 Distributions of theOptimal Observable in the signal region for
the a τlepτlep and b τlepτhad channel, after the global fit performed for
the d̃ = 0 hypothesis. The best-fit signal strength is µ = 1.55+0.87

−0.76. The

“Other” backgrounds include diboson and Z → ℓℓ. The error bands
include all uncertainties

Table 2 Event yields in the signal region, after the global fit performed
for the d̃ = 0 hypothesis. The errors include systematic uncertainties

Process τlepτlep τlepτhad

Data 54 68

VBF H → ττ /WW 9.8 ± 2.1 16.7 ± 4.1

Z → ττ 19.6 ± 1.0 19.1 ± 2.2

Fake lepton/τ 2.3 ± 0.3 24.1 ± 1.5

t t̄ +single-top 3.8 ± 1.0 4.8 ± 0.7

Others 11.5 ± 1.7 5.3 ± 1.6

ggH/V H , H → ττ/WW 1.6 ± 0.2 2.5 ± 0.7

Sum of backgrounds 38.9 ± 2.3 55.8 ± 3.3

8 Results

The mean value of the Optimal Observable for the signal is
expected to be zero for a CP-even case, while there may be
deviations in case of CP-violating effects. A mean value of
zero is also expected for the background, as has been demon-
strated. Hence, the mean value in data should also be con-
sistent with zero if there are no CP-violating effects within
the precision of this measurement. The observed values for
the mean value in data inside the signal regions are 0.3±0.5
for τlepτlep and −0.3 ± 0.4 for τlepτhad, fully consistent with
zero within statistical uncertainties and thus showing no hint
of CP violation.

As described in the previous section, the observed limit
on CP-odd couplings is estimated using a global maximum-
likelihood fit to theOptimal Observable distributions in data.
The observed distribution of #NLL as a function of the
CP-mixing parameter d̃ for the individual channels sepa-
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Fig. 6 Observed and expected #NLL as a function of the d̃ values
defining the underlying signal hypothesis, for τlepτlep (green), τlepτhad
(red) and their combination (black). The best-fit values of all nuisance
parameters from the combined fit at each d̃ point were used in all cases.
An Asimov dataset with SM backgrounds plus pure CP-even VBF signal
(d̃ = 0), scaled to the best-fit signal-strength value, was used to calculate
the expected values, shown in blue. The markers indicate the points
where an evaluation was made – the lines are only meant to guide the
eye

rately, and for their combination, is shown in Fig. 6. The
τlepτlep and τlepτhad curves use the best-fit values of all nui-
sance parameters from the combined fit at each d̃ point. The
expected curve is calculated assuming no CP-odd coupling,
with the H → ττ signal scaled to the signal-strength value
(µ = 1.55+0.87

−0.76) determined from the fit for d̃ = 0. In the
absence of CP violation the curve is expected to have a mini-
mum at d̃ = 0. Since the first-orderOptimalObservable used
in the present analysis is only sensitive to small variations in
the considered variable, for large d̃ values there is no further
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWG 


