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Overview
• Introduction 

• Reminder of CMS+ATLAS Run 1 Higgs results 

• Interpretation using simple coupling modifiers

• Introduction to Effective Field Theory (EFT) approach

• Some ATLAS results from diphoton differential Run1 and Run2 measurements

• Projections for achievable precision of EFT fits with full ATLAS dataset

• EFT studies of CP mixing in tau and weak boson channels

• Some recent ATLAS results in ZZ*

disclaimer: not discussing simplified template cross sections scheme!
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How we “see” Higgs Bosons
• Production modes: 

• Main mode is gluon fusion 

• Rare modes have characteristic signatures

• Decay modes: 

• ZZ, γγ: low branching fractions (BR), clean signal

• WW: good sensitivity, difficult backgrounds

• ττ, bb: medium-high BR, fermion couplings, very 
difficult backgrounds

Table 1: Standard Model predictions for the Higgs boson production cross sections together with their theoretical
uncertainties. The value of the Higgs boson mass is assumed to be mH = 125.09 GeV and the predictions are
obtained by linear interpolation between those at 125.0 and 125.1 GeV from Ref. [32] except for the tH cross
section, which is taken from Ref. [78]. The pp ! ZH cross section, calculated at NNLO in QCD, includes both
the quark-initiated, i.e. qq ! ZH or qg ! ZH, and the gg ! ZH contributions. The contribution from the
gg ! ZH production process, calculated only at NLO in QCD and indicated separately in brackets, is given
with a theoretical uncertainty assumed to be 30%. The uncertainties in the cross sections are evaluated as the sum
in quadrature of the uncertainties resulting from variations of the QCD scales, parton distribution functions, and
↵s. The uncertainty in the tH cross section is calculated following the procedure of Ref. [79]. The order of the
theoretical calculations for the di↵erent production processes is also indicated. In the case of bbH production, the
values are given for the mixture of five-flavour (5FS) and four-flavour (4FS) schemes recommended in Ref. [74].

Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD) + NLO(EW)
VBF 1.22 ± 0.03 1.58 ± 0.04 NLO(QCD+EW) + approx. NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD) + NLO(EW)
ZH 0.334 ± 0.013 0.414 ± 0.016 NNLO(QCD) + NLO(EW)
[ggZH] 0.023 ± 0.007 0.032 ± 0.010 NLO(QCD)
ttH 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)
tH 0.012 ± 0.001 0.018 ± 0.001 NLO(QCD)
bbH 0.156 ± 0.021 0.203 ± 0.028 5FS NNLO(QCD) + 4FS NLO(QCD)

Total 17.4 ± 1.6 22.3 ± 2.0

Table 2: Standard Model predictions for the decay branching fractions of a Higgs boson with a mass of 125.09 GeV,
together with their uncertainties [32]. Included are decay modes that are either directly studied or important for the
combination because of their contributions to the Higgs boson width.

Decay mode Branching fraction [%]
H ! bb 57.5 ± 1.9
H ! WW 21.6 ± 0.9
H ! gg 8.56 ± 0.86
H ! ⌧⌧ 6.30 ± 0.36
H ! cc 2.90 ± 0.35
H ! ZZ 2.67 ± 0.11
H ! �� 0.228 ± 0.011
H ! Z� 0.155 ± 0.014
H ! µµ 0.022 ± 0.001
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Basic Properties

• Confirmed scaling of coupling with mass

• Precise mass measurement in γγ and ZZ* channels

JHEP 1608 (2016) 045 
Phys. Rev. Lett. 114, 191803
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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

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

6.3.2. Probing the lepton and quark symmetry

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

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

45

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
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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Limits on alternative Spin/CP 
Hypotheses

Eur. Phys. J. C75 (2015) 476
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• Channels: γγ, ZZ* and WW

• Signal models: 0- quark-induced, 1+/- gluon-induced, 2+ different mixtures

• Results: All hypotheses except 0+ excluded at >99.9% confidence level



Couplings: Fit Model
• Derive couplings from event yields n in the different analysis channels k

• Parameters of interest are the “signal strengths” μi,f for production and decay modes

• Defined such that μi,f = 1 represents signal strength consistent with the SM

• Other parameters need to be measured in each channel k for all production and decay modes

Signal%parametriza*on%

2/27/14% M.Chelstowska% 17%

For%each%analysis%category%(k,%list%on%the%previous%slide)%the%number%of%signal%events%is%

parametrized%in%terms%of%scale%factors%for:%

\  the%cross%sec*on%σi,SM%of%each%SM%Higgs%boson%produc*on%mode%i%\%%μi%=%σi/σi,SM%

\  the%branching%ra*o%Bf,SM%of%the%SM%Higgs%boson%decay%modes%f%\%μf%=%Bf/Bf,SM.%

\  generalizes%the%dependence%on%the%signal%yields%

%%%%%from%the%x\sec%and%branching%frac*ons%

\  rela*onship%between%the%produc*on%and%decay%(specific%theory%or%%%%%%%%%%%%%%%%

%%%%%%benchmark)%is%achieved%via%a%parametriza*on%of%μi,μf!f(κ);%%

A%\%detector%acceptance%

ε%–%reconstruc*on%efficiency%

L%–%integrated%luminosity%%%

μiμf%–%the%product%can%be%represented%by%μj%(or%globally%by%μ,%where%μ=1%!%SM%Higgs%

boson%and%μ=0%!%bkg\only).%

SM production cross section

detector acceptance

selection efficiency integrated Lumi

SM branching ratio
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Fit Inputs
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Figure 7: Best fit values of �i · B f for each specific channel i ! H ! f , as obtained from the generic paramet-
erisation with 23 parameters for the combination of the ATLAS and CMS measurements. The error bars indicate
the 1� intervals. The fit results are normalised to the SM predictions for the various parameters and the shaded
bands indicate the theoretical uncertainties in these predictions. Only 20 parameters are shown because some are
either not measured with a meaningful precision, in the case of the H ! ZZ decay channel for the WH, ZH, and
ttH production processes, or not measured at all and therefore fixed to their corresponding SM predictions, in the
case of the H ! bb decay mode for the ggF and VBF production processes.

21

• Measured signal strength in units of SM cross section x branching ratio

• Not possible to measure either by itself without theory assumptions

• In all decay channels signal strength agrees with SM expectation within 1-2 σ

JHEP 1608 (2016) 045
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Table 5: Overview of the decay channels analysed in this paper. The ttH production process, which has contributions
from all decay channels, is also shown. To show the relative importance of the various channels, the results from the
combined analysis presented in this paper for mH = 125.09 GeV (Tables 12 and 13 in Section 5.2) are reported as
observed signal strengths µ with their measured uncertainties. The expected uncertainties are shown in parentheses.
Also shown are the observed statistical significances, together with the expected significances in parentheses, except
for the H ! µµ channel, which has very low sensitivity. For most decay channels, only the most sensitive analyses
are quoted as references, e.g. the ggF and VBF analyses for the H ! WW decay channel or the VH analysis
for the H ! bb decay channel. Although not exactly the same, the results are close to those from the individual
publications, in which slightly di↵erent values for the Higgs boson mass were assumed and in which the signal
modelling and signal uncertainties were slightly di↵erent, as discussed in the text.

Channel References for Signal strength [µ] Signal significance [�]
individual publications from results in this paper (Section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS
H ! �� [92] [93] 1.14 +0.27

�0.25 1.11 +0.25
�0.23 5.0 5.6

⇣

+0.26
�0.24

⌘ ⇣

+0.23
�0.21

⌘

(4.6) (5.1)

H ! ZZ [94] [95] 1.52 +0.40
�0.34 1.04 +0.32

�0.26 7.6 7.0
⇣

+0.32
�0.27

⌘ ⇣

+0.30
�0.25

⌘

(5.6) (6.8)

H ! WW [96, 97] [98] 1.22 +0.23
�0.21 0.90 +0.23

�0.21 6.8 4.8
⇣

+0.21
�0.20

⌘ ⇣

+0.23
�0.20

⌘

(5.8) (5.6)

H ! ⌧⌧ [99] [100] 1.41 +0.40
�0.36 0.88 +0.30

�0.28 4.4 3.4
⇣

+0.37
�0.33

⌘ ⇣

+0.31
�0.29

⌘

(3.3) (3.7)

H ! bb [101] [102] 0.62 +0.37
�0.37 0.81 +0.45

�0.43 1.7 2.0
⇣

+0.39
�0.37

⌘ ⇣

+0.45
�0.43

⌘

(2.7) (2.5)

H ! µµ [103] [104] �0.6 +3.6
�3.6 0.9 +3.6

�3.5
⇣

+3.6
�3.6

⌘ ⇣

+3.3
�3.2

⌘

ttH production [78, 105, 106] [108] 1.9 +0.8
�0.7 2.9 +1.0

�0.9 2.7 3.6
⇣

+0.7
�0.7

⌘ ⇣

+0.9
�0.8

⌘

(1.6) (1.3)

channel i ! H ! f , or as ratios of cross sections and branching fractions plus one reference �i ·
B f product. In these parameterisations, the theoretical uncertainties in the signal inclusive cross sections
for the various production processes do not a↵ect the measured observables, in contrast to measurements
of signal strengths, such as those described in Section 2.3. These analyses lead to the most model-
independent results presented in this paper and test, with minimal assumptions, the compatibility of the
measurements with the SM. The third generic parameterisation is derived from the one described in
Section 2.4 and is based on ratios of coupling modifiers. None of these parameterisations incorporate
any assumption about the Higgs boson total width other than the narrow-width approximation. Some
theoretical and experimental systematic uncertainties largely cancel in the parameterisations involving
ratios but at the current level of sensitivity the impact is small.

Table 6 gives an overview of the parameters of interest for the two generic parameterisations involving
ratios which are described in more detail in Sections 4.1.2 and 4.2. The first row makes explicit that the
gg! H ! ZZ channel is chosen as a reference. The �Zg = Z/g term in the fourth row is related to the
ratio of the ZH and ggF production cross sections. Once �WZ = W/Z is also specified, the VBF, WH,
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The Kappa Framework
• First attempt to parametrize deviations of Higgs couplings from SM expectations

• In narrow width approximation production cross sections and branching ratios factorize

• Then introduce kappa parameters to scale cross section or partial widths

• Can reduce complexity by correlating kappa parameters, e.g. one k for all fermions or bosons

• By construction only modifies event rates, not shapes

• Does not predict where deviations from SM could occur

JHEP 1608 (2016) 045

2.4. Coupling modifiers

Based on a LO-motivated framework [32] (-framework), coupling modifiers have been proposed to
interpret the LHC data by introducing specific modifications of the Higgs boson couplings related to
BSM physics. Within the assumptions already mentioned in Section 1, the production and decay of
the Higgs boson can be factorised, such that the cross section times branching fraction of an individual
channel �(i ! H ! f ) contributing to a measured signal yield can be parameterised as:

�i · B f =
�i(~) · �f (~)
�H

, (4)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the
final state f . A set of coupling modifiers, ~, is introduced to parameterise possible deviations from the
SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production process
or decay mode, denoted “ j”, a coupling modifier  j is defined such that:

2j = � j/�
SM
j or 2j = �

j/� j
SM, (5)

where all  j values equal unity in the SM; here, by construction, the SM cross sections and branching
fractions include the best available higher-order QCD and EW corrections. This higher-order accuracy is
not necessarily preserved for  j values di↵erent from unity, but the dominant higher-order QCD correc-
tions factorise to a large extent from any rescaling of the coupling strengths and are therefore assumed to
remain valid over the entire range of  j values considered in this paper. Di↵erent production processes and
decay modes probe di↵erent coupling modifiers, as can be visualised from the Feynman diagrams shown
in Figs. 1–6. Individual coupling modifiers, corresponding to tree-level Higgs boson couplings to the
di↵erent particles, are introduced, as well as two e↵ective coupling modifiers, g and �, which describe
the loop processes for ggF production and H ! �� decay. This is possible because BSM particles that
might be present in these loops are not expected to appreciably change the kinematics of the correspond-
ing process. The gg ! H and H ! �� loop processes can thus be studied, either through these e↵ective
coupling modifiers, thereby providing sensitivity to potential BSM particles in the loops, or through the
coupling modifiers corresponding to the SM particles. In contrast, the gg ! ZH process, which occurs
at LO through box and triangular loop diagrams (Figs. 2b and 2c), is always taken into account, within the
limitations of the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z
and t.

Contributions from interference e↵ects between the di↵erent diagrams provide some sensitivity to the
relative signs of the Higgs boson couplings to di↵erent particles. As discussed in Section 6.4, such
e↵ects are potentially largest for the H ! �� decays, but may also be significant in the case of ggZH
and tH production. The ggF production process, when resolved in terms of its SM structure, provides
sensitivity, although limited, to the relative signs of t and b through the t–b interference. The relative
signs of the coupling modifiers ⌧ and µ with respect to other coupling modifiers are not considered in
this paper, since the current sensitivity to possible interference terms is negligible.

As an example of the possible size of such interference e↵ects, the tH cross section is small in the SM, ap-
proximately 14% of the ttH cross section, because of destructive interference between diagrams involving
the couplings to the W boson and the top quark, as shown in Table 4. However, the interference becomes
constructive for negative values of the product W · t. In the specific case where W · t = �1, the tHW
and tHq cross sections increase by factors of 6 and 13, respectively, so that the tH process displays some
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2.4. Coupling modifiers

Based on a LO-motivated framework [32] (-framework), coupling modifiers have been proposed to
interpret the LHC data by introducing specific modifications of the Higgs boson couplings related to
BSM physics. Within the assumptions already mentioned in Section 1, the production and decay of
the Higgs boson can be factorised, such that the cross section times branching fraction of an individual
channel �(i ! H ! f ) contributing to a measured signal yield can be parameterised as:

�i · B f =
�i(~) · �f (~)

�H
, (4)

where �H is the total width of the Higgs boson and �f is the partial width for Higgs boson decay to the
final state f . A set of coupling modifiers, ~, is introduced to parameterise possible deviations from the
SM predictions of the Higgs boson couplings to SM bosons and fermions. For a given production process
or decay mode, denoted “ j”, a coupling modifier  j is defined such that:

2
j = � j/�

SM
j or 2

j = � j/� j
SM, (5)

where all  j values equal unity in the SM; here, by construction, the SM cross sections and branching
fractions include the best available higher-order QCD and EW corrections. This higher-order accuracy is
not necessarily preserved for  j values di↵erent from unity, but the dominant higher-order QCD correc-
tions factorise to a large extent from any rescaling of the coupling strengths and are therefore assumed to
remain valid over the entire range of  j values considered in this paper. Di↵erent production processes and
decay modes probe di↵erent coupling modifiers, as can be visualised from the Feynman diagrams shown
in Figs. 1–6. Individual coupling modifiers, corresponding to tree-level Higgs boson couplings to the
di↵erent particles, are introduced, as well as two e↵ective coupling modifiers, g and �, which describe
the loop processes for ggF production and H ! �� decay. This is possible because BSM particles that
might be present in these loops are not expected to appreciably change the kinematics of the correspond-
ing process. The gg ! H and H ! �� loop processes can thus be studied, either through these e↵ective
coupling modifiers, thereby providing sensitivity to potential BSM particles in the loops, or through the
coupling modifiers corresponding to the SM particles. In contrast, the gg ! ZH process, which occurs
at LO through box and triangular loop diagrams (Figs. 2b and 2c), is always taken into account, within the
limitations of the framework, by resolving the loop in terms of the corresponding coupling modifiers, Z
and t.

Contributions from interference e↵ects between the di↵erent diagrams provide some sensitivity to the
relative signs of the Higgs boson couplings to di↵erent particles. As discussed in Section 6.4, such
e↵ects are potentially largest for the H ! �� decays, but may also be significant in the case of ggZH
and tH production. The ggF production process, when resolved in terms of its SM structure, provides
sensitivity, although limited, to the relative signs of t and b through the t–b interference. The relative
signs of the coupling modifiers ⌧ and µ with respect to other coupling modifiers are not considered in
this paper, since the current sensitivity to possible interference terms is negligible.

As an example of the possible size of such interference e↵ects, the tH cross section is small in the SM, ap-
proximately 14% of the ttH cross section, because of destructive interference between diagrams involving
the couplings to the W boson and the top quark, as shown in Table 4. However, the interference becomes
constructive for negative values of the product W · t. In the specific case where W · t = �1, the tHW
and tHq cross sections increase by factors of 6 and 13, respectively, so that the tH process displays some

9
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Couplings: KV vs. Kf

• Scale all vector boson couplings with kV and 
fermion couplings with kf

• New physics could change ratio and relative sign

• Measurement compatible with SM and positive 
sign preferred

• top and W loops in diphoton decay lift 
degeneracy of sign

JHEP 1608 (2016) 045

f
Vκ

0 0.5 1 1.5 2

f F
κ

2−

1−

0

1

2

Combined γγ→H

ZZ→H WW→H

ττ→H bb→H

68% CL

95% CL

Best fit

SM expected

Run 1 LHC
CMS and ATLAS

Figure 24: Negative log-likelihood contours at 68% and 95% CL in the ( f
F ,  f

V ) plane for the combination of
ATLAS and CMS and for the individual decay channels, as well as for their combination (F versus V shown in
black), without any assumption about the sign of the coupling modifiers. The other two quadrants (not shown) are
symmetric with respect to the point (0,0).

H ! ��, H ! WW, and H ! ZZ channels. Nonetheless, the best fit values for most of the individual
channels correspond to negative values of  f

F . However, the best fit value from the global fit yields F � 0,
a result that is driven by the large asymmetry between the positive and negative coupling ratios in the case
of H ! �� decays.

The fact that, for four of the five individual channels, the best fit values correspond to  f
F  0 is not

significant, as shown by the likelihood curves in Figs. 25 (a-e). The H ! bb decay channel displays the

49
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Couplings: Kg vs. Kγ
JHEP 1608 (2016) 045

γκ
0.6 0.8 1 1.2 1.4 1.6

g
κ
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0.8

1

1.2

1.4

1.6 Run 1 LHC
CMS and ATLAS ATLAS+CMS

ATLAS
CMS

68% CL 95% CL Best fit SM expected

Figure 17: Negative log-likelihood contours at 68% and 95% CL in the (�, g) plane for the combination of ATLAS
and CMS and for each experiment separately, as obtained from the fit to the parameterisation constraining all the
other coupling modifiers to their SM values and assuming BBSM = 0.

coupling modifiers decrease, such that the values of �i(~) · Bf remain consistent with the observed signal
yields. The p-value of the compatibility between the data and the SM predictions is 74%.

A di↵erent view of the relation between the fitted coupling modifiers and the SM predictions is presented
in Fig. 19. New parameters are derived from the coupling modifiers, to make explicit the dependence
on the particle masses: linear for the Yukawa couplings to the fermions and quadratic for the gauge
couplings of the Higgs boson to the weak vector bosons. These new parameters are all assumed in this
case to be positive. For fermions with mass mF,i, the parameters are F,i · yF,i/

p
2 = F,i · mF,i/v,

where yF,i is the Yukawa coupling strength, assuming a SM Higgs boson with a mass of 125.09 GeV,
and v = 246 GeV is the vacuum expectation value of the Higgs field. For the weak vector bosons with
mass mV,i, the new parameters are

p

V,i · gV,i/2v =
p
V,i · mV,i/v, where gV,i is the absolute Higgs boson

gauge coupling strength. The linear scaling of these new parameters as a function of the particle masses
observed in Fig. 19 indicates qualitatively the compatibility of the measurements with the SM. For the
b quark, the running mass evaluated at a scale equal to mH , mb(mH) = 2.76 GeV, is used.

Following the phenomenological model suggested in Ref. [129], the coupling modifiers can also be ex-

42

• gluon and photon coupling sensitive to new 
particles through loops

• Set all other couplings to SM values

• SM values for kg and kγ firmly within 1σ boundary

• P-value for SM case 82%
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Couplings: 8D Fit

• Can also allow for individual k-factors for 
all measurable couplings

• Assume positive kt, no loss of generality 

• Results depend on whether the fit allows 
for a non-zero BSM contribution to width

• Then kZ and kW <= 1 and same sign

• Compatibility with SM is 11%

• Non-SM width constrained to BBSM < 0.34

JHEP 1608 (2016) 045

1.5− 1− 0.5− 0 0.5 1 1.5 2
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|γκ|

|gκ|

|bκ|

|τκ|

tκ
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Zκ

 0≥ BSMB
 1≤| Vκ|

Parameter value
1.5− 1− 0.5− 0 0.5 1 1.5 2

BSMB

|γκ|
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|bκ|

|τκ|

tκ

Wκ

Zκ

 = 0BSMB

 Run 1LHC
CMS and ATLAS

ATLAS+CMS ATLAS CMS
σ1±
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Figure 15: Fit results for two parameterisations allowing BSM loop couplings discussed in the text: the first one
assumes that BBSM � 0 and that |V |  1, where V denotes Z or W , and the second one assumes that there
are no additional BSM contributions to the Higgs boson width, i.e. BBSM = 0. The measured results for the
combination of ATLAS and CMS are reported together with their uncertainties, as well as the individual results
from each experiment. The hatched areas show the non-allowed regions for the t parameter, which is assumed
to be positive without loss of generality. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
When a parameter is constrained and reaches a boundary, namely |V | = 1 or BBSM = 0, the uncertainty is not
defined beyond this boundary. For those parameters with no sensitivity to the sign, only the absolute values are
shown.

and �� decay loops may be a↵ected by the presence of additional particles. The results of this fit, which
has only the e↵ective coupling modifiers � and g as free parameters, with all other coupling modifiers
fixed to their SM values of unity, are shown in Fig. 17. The point � = 1 and g = 1 lies within the 68%
CL region and the p-value of the compatibility between the data and the SM predictions is 82%.

39
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Effective Field Theory
• Kappa framework is useful to tell us where deviations from SM predictions occur

• Only takes into account rate information

• Assumptions on correlations in couplings need to be put into fit by hand

• Effective field theory (EFT) approach starts from: 

• Construct effective Lagrangian with all possible operators up to dimension six 
[JHEP 1010:085,2010]

• Require lepton and baryon number conservation and Lorentz invariance

• Wilson coefficients describe strength of effective coupling

• Directly gives coherent predictions of modified differential cross sections
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The SILH Basis

�L(6) = �LSILH +�Lcc +�Ldipole +�LV ++�L4�

6

Effective Lagrangian for a Higgs doublet

�LSILH =
c̄H
2v2

⇤µ
�
H†H

�
⇤µ

�
H†H

�
+

c̄T
2v2

⇣
H†⇥⇤DµH

⌘⇣
H†⇥⇤D µH

⌘
� c̄6 �

v2
�
H†H

�3

+
⇣ c̄u
v2

yu H
†H q̄LH

cuR +
c̄d
v2

yd H
†H q̄LHdR +

c̄l
v2

yl H
†H L̄LHlR + h.c.

⌘

+
ic̄W g

2m2
W

⇣
H†⇥i⇥⇤DµH

⌘
(D⇥Wµ⇥)

i +
ic̄B g�

2m2
W

⇣
H†⇥⇤DµH

⌘
(⇤⇥Bµ⇥)

+
ic̄HW g

m2
W

(DµH)†⇥i(D⇥H)W i
µ⇥ +

ic̄HB g�

m2
W

(DµH)†(D⇥H)Bµ⇥

+
c̄� g�

2

m2
W

H†HBµ⇥B
µ⇥ +

c̄g g2S
m2

W

H†HGa
µ⇥G

aµ⇥

+
ic̃HW g

m2
W

(DµH)†⇥i(D⇥H)W̃ i
µ⇥ +

ic̃HB g�

m2
W

(DµH)†(D⇥H)B̃µ⇥

+
c̃� g�

2

m2
W

H†HBµ⇥B̃
µ⇥ +

c̃g g2S
m2

W

H†HGa
µ⇥G̃

aµ⇥

16 operators
(12 CP even, 4 CP odd)

SILH operators
Giudice, Grojean, Pomarol, Rattazzi  JHEP 0706 (2007) 045

brazenly stolen from here

• Many possible bases, popular example is “strongly interacting light higgs” (SILH) 
[JHEP 1307 (2013) 035]
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Ingredients for EFT Fit
• Several groups provide predictions for EFT models for some operators natively 

(HAWK arXiv:0707.0381,1412.5390  VBFNLO arXiv:0811.4559,…)

• But also full EFT models available in so-called universal FeynRules output (UFO) 
format 

• Can use this generate signal models using generators with UFO support (MadGraph, 
Sherpa) [JHEP 06 (2011) 128 , Eur.Phys.J. C75 (2015) 135] 

• Usually renormalize partial widths to SM prediction from HDecay

• Using these signal predictions hypothesis tests can be done with fit framework of 
your choice (SFitter widely used in theory community)

 14
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H→γγ EFT Interpretation

• Using Run 1 H→γγ differential 
measurements

• Interpretation in SILH basis

• EFT models formulated in universal FeynRules 
output (UFO) format

• Use this to produce signal predictions with 
Madgraph 

• Information both from total and differential 
XS dependence on Wilson coefficients
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H->γγ EFT Interpretation
• Sensitive mainly to dim. 6 operators involving photons, gluons

• But also W and Z via vector boson fusion and associated production

• Both in CP even (bar) and odd (tilde) variants due to including ΔΦjj
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1 Introduction

The discovery of a Higgs boson at the ATLAS and CMS experiments [1,2] offers a new opportunity to search
for physics beyond the Standard Model (SM) by examining the strength and structure of the Higgs boson’s
interactions with other particles. Thus far, the interactions of the Higgs boson have been probed using the
κ-framework [3], in which the strength of a given coupling is allowed to vary from the SM prediction by a
constant value. In this approach, the total rate of a given production and decay channel can differ from the
SM prediction, but the kinematic properties of the Higgs boson in each decay channel are unchanged.

An alternative framework for probing physics beyond the SM is the effective field theory (EFT) approach [3–
8], whereby the SM Lagrangian is augmented by additional operators of dimension six or higher. Some of
these operators produce new tensor structures for the interactions between the Higgs boson and the SM
particles, which can modify the shapes of the Higgs boson kinematic distributions as well as the associated
jet spectra. The new interactions arise as the low-energy manifestation of new physics that exists at energy
scales much larger than the partonic centre-of-mass energies being probed.

In this Letter, the effects of operators that produce anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W bosons and Z bosons are studied using an EFT-inspired effective
Lagrangian. The analysis is performed using a simultaneous fit to five detector-corrected differential cross
sections in the H → γγ decay channel, which were previously published by the ATLAS Collaboration [9].
These are the differential cross sections as functions of the diphoton transverse momentum (pγγT ), the number
of jets produced in association with the diphoton system (Njets), the leading-jet transverse momentum (pj1T ),
and the invariant mass (mj j) and difference in azimuthal angle (∆φ j j) of the leading and sub-leading jets
in events containing two or more jets. The inclusion of differential information significantly improves the
sensitivity to operators that modify the Higgs boson’s interactions with W and Z bosons. To perform a
simultaneous analysis of these distributions, the statistical correlations between bins of different distributions
need to be included in the fit procedure. These correlations are evaluated by analysing the H → γγ candidate
events in the data, and are published as part of this Letter to allow future studies of new physics that produces
non-SM kinematic distributions for H → γγ.

2 Higgs effective Lagrangian

The effective Lagrangian used in this analysis is presented in Ref. [8]. In this model, the SM Lagrangian is
augmented with the dimension six CP-even operators of the Strongly Interacting Light Higgs formulation [6]
and corresponding CP-odd operators. The H → γγ differential cross sections are mainly sensitive to the
operators that affect the Higgs boson’s interactions with gauge bosons and the relevant terms in the effective
Lagrangian can be specified by

Leff = c̄γOγ + c̄gOg + c̄HWOHW + c̄HBOHB
+ c̃γÕγ + c̃gÕg + c̃HWÕHW + c̃HBÕHB,

where c̄i and c̃i are ‘Wilson coefficients’ specifying the strength of the new CP-even and CP-odd interactions,
respectively, and the dimension-six operators Oi are those described in Refs. [8, 10]. In the SM, all of the
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How Theorists do it
• Several theorists already take ATLAS data and feed it to 

working EFT frameworks

• Here use one example that can be directly compared to 
the ATLAS H->γγ EFT result

• Also uses SILH basis

• Signal predictions with modified version of VBFNLO 
using FeynRules

• Includes all production modes apart from di-Higgs

• Fitted Decay modes cover all ATLAS Run 1 results

• Results in slightly tighter limits on gluon and photon 
Wilson coefficients due to including other channels

5

for H ! bb̄ in V H production [92, 93] and a search
for H ! µ+µ� [94]. The coupling to top quarks has
been addressed through tt̄H production in the H ! bb̄
decay [95, 96] and in leptonic decays, sensitive to the
H ! ZZ(⇤), H ! WW (⇤) and H ! ⌧+⌧� chan-
nels [96, 97]. This results in a total of 78 measurements
included in the fit. All measurements used are listed in
appendix B, together with the values of µ, the uncertain-
ties and details on the signal acceptances. Correlations
between the measurements are introduced due to the ac-
ceptance of a given experimental measurement to a num-
ber of production and decay modes and the overall lumi-
nosity measurement. Also, the theoretical uncertainties
from the normalisation of the signal strength measure-
ments to the SM prediction, as included in the experi-
mental results, are taken to be fully correlated among the
experimental measurements [76, 77]. Correlations due to
theory uncertainties in the calculations with dimension
six e↵ects are included as well.

The results are shown in Fig. 3 and are in good agree-
ment with the results obtained in Refs. [24, 28]. Numer-
ical values are given below in Tab. V. Small di↵erences
can be understood from working under di↵erent assump-
tions (specifically the strict linearisation of dimension six
e↵ects) as well as including more analyses. It should be
noted that our choice of limiting the range of Wilson co-
e�cient values (necessary for the positive definiteness of
di↵erential distributions) is necessitated by our extrapo-
lation and inclusion of di↵erential distributions. Conse-
quently, we cannot set a limit on many operators in the
light of Run 1 measurements within our approximations.
However, the direct comparison to the Figs. 4 and 5 will
allow us to see how these can be improved when going to
higher centre-of-mass energy and luminosity. Relaxing
these constraints will lead to increased Wilson coe�cient
intervals for the marginalised scans over the 8 TeV signal
strength measurements (for a recent fit without limited
coe�cient ranges see Ref. [51]).

The fit converges with a minimum value of �2 of
87.7 for 70 degrees of freedom (ndof), corresponding to
a p-value of about 0.07. Without theory uncertain-
ties the value of �2 increases to 96.5. The goodness-
of-fit is slightly worse than the result of a �2 test of
the SM hypothesis, which gives a minimum value of
�2/ndof = 91.3/78 = 1.17, or a p-value of 0.14. The
smaller p-value for the dimension-six fit with respect to
the SM result can be understood because of the addition
of free parameters not needed to describe the data, in
other words, some dimension-six coe�cients are not con-
strained by the current data. Two coe�cients, c̄g and c̄� ,
can be reliably constrained at 95% confidence level (CL)
within the range of Wilson coe�cient values considered.
We find the allowed 95% CL ranges

c̄g 2 [�0.64, 0.43 ]⇥ 10�4

c̄� 2 [�7.8, 4.3 ]⇥ 10�4 . (10)

These constraints are somewhat tighter than the ones ob-
tained by the ATLAS collaboration, c̄g 2 [�0.7, 1.3 ] ⇥

10�4 and c̄� 2 [�7.4, 5.7 ] ⇥ 10�4 [28], because the AT-
LAS values are derived using only the ATLAS H ! ��
measurement.
Let us compare these limits to the SM to get an

estimate of how big these constraints are if we move
away from the bar convention. The limits on, e.g.,
c̄g . 0.4 ⇥ 10�4 can be compared for instance against
the e↵ective ggH operator that arises from integrating
out the top quark in the limit mt ! 1. The e↵ective
operator for this limit, using low energy e↵ective theo-
rems [98–100] reads

↵s

12⇡
Ga

µ⌫G
aµ⌫ log(1 +H/v)

' ↵s

12⇡v
Ga

µ⌫G
aµ⌫H + . . . (11)

Matching this operator onto SILH convention of Eq. (3),
we obtain |c̄g(e↵ective SM)| ' 0.2 ⇥ 10�3. So in this
sense, new physics is constrained to a O(10%) deviation
relative to the SM from inclusive observables. The rel-
ative deviations in the tails of the Higgs transverse mo-
mentum distributions that are induced by this operator
can easily be as big as factors of two (see e.g. [54, 61, 62]),
which highlights the necessity to resolve this deviation
with energy or momentum dependent observables during
Run 2 and the high luminosity phase to best constrain
the presence of non-resonant physics using high momen-
tum transfers.

V. PROJECTIONS FOR 14 TEV AND THE
HIGH LUMINOSITY PHASE

Throughout our analysis we normalise our results to
the recommendation of the Higgs cross section working
group [101–103]. Predicted rates are using the narrow
width approximation of Eq. (2). We construct pseudo-
measurements to asses the sensitivity of the LHC with
a centre-of-mass energy of 14 TeV to the set of opera-
tors considered in this work. The theoretically predicted
number of events for a specific final state Nth is obtained
by multiplying by additional branching ratios if necessary
and the luminosity L of the particular analysis:

Nth = �(H +X)⇥ BR(H ! Y Y )

⇥ L⇥ BR(X,Y ! final state) . (12)

This number is then multiplied by the e�ciency to mea-
sure the production channel ✏p and the e�ciency to mea-
sure the decay products ✏d, to obtain the measured num-
ber of events

Nev = ✏p✏dNth. (13)

The relative statistical uncertainty for a given pseudo-
measurement is estimated to be

p
Nev. For the e�ciency

to reconstruct a specific final state, we rely on experimen-
tal results from Run 1, where available. The e�ciencies
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FIG. 3: Confronting the Lagrangian Eq. (3) with the 8 TeV LHC Run 1 measurements. Solid lines correspond to a fit with
theoretical uncertainties included, dashed lines show results without theoretical uncertainties, the band shows the impact of
these. Grey lines and bands denote the individual constraints on a given parameter, and blue refers to the marginalised results.
For details see the main text.
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FIG. 3: Confronting the Lagrangian Eq. (3) with the 8 TeV LHC Run 1 measurements. Solid lines correspond to a fit with
theoretical uncertainties included, dashed lines show results without theoretical uncertainties, the band shows the impact of
these. Grey lines and bands denote the individual constraints on a given parameter, and blue refers to the marginalised results.
For details see the main text.
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Full LHC Dataset Projections
• Extrapolate to 300 (green) and 3000 (orange) fb-1 using 

• Published object selection efficiencies for production and decay 

• Estimates of background levels and systematic uncertainties

• Comparison of fits with only rate information (left) and full differential pT,H (right)
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FIG. 5: Confronting the Lagrangian Eq. (3) with the 14 TeV LHC measurements with L = 300 (green) and 3000 fb�1 (orange).
We include the full pT,H distribution and the signal strength measurement for pp ! H production in the limit setting procedure.
Solid lines correspond to a fit with theoretical uncertainties included, dashed lines show results without theoretical uncertainties,
the band shows the impact of these.
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FIG. 5: Confronting the Lagrangian Eq. (3) with the 14 TeV LHC measurements with L = 300 (green) and 3000 fb�1 (orange).
We include the full pT,H distribution and the signal strength measurement for pp ! H production in the limit setting procedure.
Solid lines correspond to a fit with theoretical uncertainties included, dashed lines show results without theoretical uncertainties,
the band shows the impact of these.
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FIG. 4: Confronting the Lagrangian Eq. (3) with the 14 TeV LHC measurements with L = 300 (green) and 3000 fb�1 (orange).
We only take signal strength measurements into account. Solid lines correspond to a fit with theoretical uncertainties included,
dashed lines show results without theoretical uncertainties, the band shows the impact of these. For details see the text.
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FIG. 4: Confronting the Lagrangian Eq. (3) with the 14 TeV LHC measurements with L = 300 (green) and 3000 fb�1 (orange).
We only take signal strength measurements into account. Solid lines correspond to a fit with theoretical uncertainties included,
dashed lines show results without theoretical uncertainties, the band shows the impact of these. For details see the text.
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Figure 33: (a) The measured di�erential cross sections as a function of p��T , Njets, mj j , |�� j j |, and pj1
T are

compared to the SM hypothesis and two non-SM hypotheses with c̄g = 1 ⇥ 10�4 and c̄HW = 0.05, respectively.
(b) Ratios of di�erential cross sections, as predcited for specific by specific choices of Wilson coe�cient, to the
di�erential cross sections predicted by the SM: the impact of non-zero c̄g and c̃g is shown relative to the SM
ggH prediction, while the impact of non-zero c̄HW and c̃HW is shown relative to the SM VBF+VH prediction.
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H->γγ: ATLAS strikes back
• ATLAS published the Run 2 version of this analysis in February 2018

• Again sensitivity is obtained from simultaneous fit of differential cross 
sections in multiple observables

• Limits in Wilson coefficients improve significantly 

• but again heavily dependent on rate information 

• sensitivity mostly from mjj and pT(γγ)

arxiv: 1802.04146
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Table 18: Observed allowed ranges at 95% CL for the c̄g and c̄HW Wilson coe�cients and the CP-conjugate
coe�cients. Limits on c̄g and c̃g are each derived with all other Wilson coe�cients set to zero. Limits on c̄HW

and c̃HW are derived with c̄HB = c̄HW and c̃HB = c̃HW , respectively.

Coe�cient Observed 95% CL limit Expected 95% CL limit
c̄g [�0.8, 0.1] ⇥ 10�4 [ [�4.6,�3.8] ⇥ 10�4 [�0.4, 0.5] ⇥ 10�4 [ [�4.9,�4.1] ⇥ 10�4

c̃g [�1.0, 0.9] ⇥ 10�4 [�1.4, 1.3] ⇥ 10�4

c̄HW [�5.7, 5.1] ⇥ 10�2 [�5.0, 5.0] ⇥ 10�2

c̃HW [�0.16, 0.16] [�0.14, 0.14]
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Figure 34: The observed 68% (dark) and 95% (light) confidence level regions from the simultaneous fit to the
c̄HW and c̃HW Wilson coe�cients. The values of c̄HB and c̃HB are set to be equal to c̄HW and c̃HW , respectively,
and all other Wilson coe�cients are set to zero, except for c̄HB and c̃HB which are set to be equal to c̄HW

and c̃HW , respectively. The SM expectation at (0, 0) is also shown, together with the Run-1 confidence regions
reported in Ref. [14].
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Figure 6: The 68% (dark) and 95% (light) confidence regions for the fit to the c̄HW and c̃HW Wilson coefficients. All
other Wilson coefficients are set to zero, except for c̄HB and c̃HB which are set to be equal to c̄HW and c̃HW , respectively.
The shaded area represents the allowed region of parameter space and the marker indicates the SM value.

boson production channels arising from the inclusion of rate and jet kinematic information in the signal
hypothesis.

The observed limits on c̄HW and c̃HW are also not excluded by current signal strength measurements. For
example, the signal strength in the H → ZZ∗ and H → WW∗ channels is predicted to be approximately 1.3
for c̄HW = 0.1, which is consistent with the dedicated measurements [37, 38].

The 95% confidence regions for a one-dimensional scan of the Wilson coefficients are given in Table 1.

7 Summary

The strength and structure of the Higgs boson’s interactions with other particles have been investigated us-
ing an effective Lagrangian. Limits are placed on anomalous CP-even and CP-odd interactions between
the Higgs boson and photons, gluons, W-bosons and Z-bosons, using a fit to five differential cross sections
previously measured by ATLAS in the H → γγ decay channel at

√
s = 8 TeV [9]. No significant deviations

from the SM predictions are observed. To allow a simultaneous fit to all distributions, the statistical correla-
tions between these distributions have been determined by re-analysing the candidate H → γγ events in the
proton-proton collision data. These correlations are made publicly [15] available to allow for future analysis
of theories with non-SM Higgs boson interactions.
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CP Mixing in Higgs Sector
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• ATLAS and CMS have published >99.9% confidence level (CL) 
exclusion limits on pure CP-odd behaviour of new scalar boson

• But CP mixing still possible 

• Look for small admixtures of CP-odd state to discovered scalar 
boson

• Can look at HVV coupling in vector boson fusion (VBF) 
production

• Using Hττ decay mode due to relatively large VBF sample

• CP-mixing in HVV vertex also studied in H→WW and ZZ decay 

• results of both will be compared here

• Disclaimer: won’t be discussing CP mixing in Hττ vertex



HVV in Effective Field Theory
• Most general, Lorentz-invariant tensor structure of HVV vertex

• With a3 = 0 in SM and != 0 in CP-mixed case

• Yields effective Lagrangian:

• Wilson coefficients g proportional to d-tilde parameter from HAWK EFT model

General Tensor Structure of HVV vertex 

Theoretical background

General HVV vertex

Tµ⌫(q1, q2) = a1(q1, q2) g
µ⌫ (SM: CP even)

+ a2(q1, q2) [q1 · q2gµ⌫ � qµ2 q
⌫
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Most general tensor structure of coupling between scalar and massive gauge boson 

In Standard Model: 
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This analysis: test for presence of additional anomalous CP odd contribution 
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ai are momentum dependent and Lorentz invariant form factors 

2 E↵ective Lagrangian framework

The e↵ective Lagrangian considered is the SM Lagrangian augmented by CP-violating operators of mass
dimension six, which can be constructed from the Higgs doublet � and the U(1)Y and SU(2)IW ,L elec-
troweak gauge fields Bµ and Wa,µ (a = 1,2,3), respectively. No CP-conserving dimension-six operators
built from these fields are taken into account. All interactions between the Higgs boson and other SM
particles (fermions and gluons) are assumed to be as predicted in the SM; i.e. the coupling structure in
gluon fusion production and in the decay into a pair of ⌧-leptons is considered to be the same as in the
SM.

The e↵ective U(1)Y - and SU(2)IW ,L-invariant Lagrangian is then given by (following Ref. [21, 22]):

Le↵ = LSM +
fB̃B

⇤2 OB̃B +
fW̃W

⇤2 OW̃W +
fB̃

⇤2OB̃ (1)

with the three dimension-six operators

OB̃B = �
+ ˆ̃Bµ⌫B̂µ⌫� OW̃W = �

+ ˆ̃Wµ⌫Ŵµ⌫� OB̃ = (Dµ�)+ ˆ̃Bµ⌫D⌫� . (2)

and three dimensionless Wilson coe�cients fB̃B, fW̃W and fB̃; ⇤ is the scale of new physics.

Here Dµ denotes the covariant derivative Dµ = @µ + i
2g
0Bµ + ig�a

2 Wa
µ , V̂µ⌫ (V = B,Wa) the field-strength

tensors and Ṽµ⌫ = 1
2✏µ⌫⇢�V⇢� the dual field-strength tensors, with B̂µ⌫ + Ŵµ⌫ = ig

0
2 Bµ⌫ + ig2�

aWa
µ⌫.

The last operator OB̃ contributes to the CP-violating charged triple gauge-boson couplings ̃� and ̃Z via

the relation ̃� = � cot2 ✓W ̃Z =
m2

W
2⇤2 fB̃. These CP-violating charged triple gauge boson couplings are

constrained by the LEP experiments [23–25] and the contribution from OB̃ is neglected in the following;
i.e. only contributions from OB̃B and OW̃W are taken into account.

After electroweak symmetry breaking in the unitary gauge the e↵ective Lagrangian in the mass basis of
Higgs boson H, photon A and weak gauge bosons Z and W± can be written, e.g. as in Ref. [26]:

Le↵ = LSM + g̃HAAHÃµ⌫Aµ⌫ + g̃HAZHÃµ⌫Zµ⌫ + g̃HZZHZ̃µ⌫Zµ⌫ + g̃HWW HW̃+µ⌫W
�µ⌫ . (3)

Only two of the four couplings g̃HVV (V = W±,Z, �) are independent due to constraints imposed by U(1)Y
and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B as:

g̃HAA =
g

2mW
(d̃ sin2 ✓W + d̃B cos2 ✓W) g̃HAZ =

g

2mW
sin 2✓W(d̃ � d̃B) (4)

g̃HZZ =
g

2mW
(d̃ cos2 ✓W + d̃B sin2 ✓W) g̃HWW =

g

mW
d̃ . (5)

Hence in general WW, ZZ, Z� and �� fusion contribute to VBF production. The relations between d̃ and
fW̃W , and d̃B and fB̃B are given by:

d̃ = �m2
W

⇤2 fW̃W d̃B = �
m2

W

⇤2 tan2 ✓W fB̃B . (6)

As the di↵erent contributions from the various electroweak gauge-boson fusion processes cannot be dis-
tinguished experimentally, the arbitrary choice d̃ = d̃B is adopted. This yields the following relation for
the g̃HVV :

g̃HAA = g̃HZZ =
1
2
g̃HWW =

g

2mW
d̃ and g̃HAZ = 0 . (7)

4

CP in VBF 
•  Probe tensor structure of HVV  

coupling in VBF 
–  Possible signs of CP-odd contribution: 

clear indication of new physics 
•  CP-mix parametrised in 

terms of d parameter 
–  Other parameter of the model,  

dB set equal to d 
–  Same assumptions as HWW/HZZ  

CP analysis combination 
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Most general Lorentz invariant tensor structure of 
coupling of Higgs to massive gauge bosons:  

Considering CP-odd contributions, effective 
Lagrangian can be written as: 

Couplings can be parametrized as: 

Setting dB=d: 

Expressed in terms of the 
parameters used for the 
HWW/HZZ CP analysis  
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2 E↵ective Lagrangian framework
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the relation ̃� = � cot2 ✓W ̃Z =
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2⇤2 fB̃. These CP-violating charged triple gauge boson couplings are

constrained by the LEP experiments [23–25] and the contribution from OB̃ is neglected in the following;
i.e. only contributions from OB̃B and OW̃W are taken into account.

After electroweak symmetry breaking in the unitary gauge the e↵ective Lagrangian in the mass basis of
Higgs boson H, photon A and weak gauge bosons Z and W± can be written, e.g. as in Ref. [26]:
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µ⌫W�µ⌫ . (3)

Only two of the four couplings g̃HVV (V = W±, Z, �) are independent due to constraints imposed by U(1)Y
and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B as:
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(d̃ sin2 ✓W + d̃B cos2 ✓W) g̃HAZ =
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Hence in general WW, ZZ, Z� and �� fusion contribute to VBF production. The relations between d̃ and
fW̃W , and d̃B and fB̃B are given by:

d̃ = �m2
W

⇤2 fW̃W d̃B = �m2
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⇤2 tan2 ✓W fB̃B . (6)

As the di↵erent contributions from the various electroweak gauge-boson fusion processes cannot be dis-
tinguished experimentally, the arbitrary choice d̃ = d̃B is adopted. This yields the following relation for
the g̃HVV :

g̃HAA = g̃HZZ =
1
2
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4



• Using the EFT Lagrangian from previous page, the VBF matrix element can 
be written as:

• Squaring M gives three terms. Only term linear in d-tilde is cp-violating:

• Quadratic term only affects total yield, but no contribution to CP violation

• Not exploiting yield information in this analysis 

• In principle can also have CP-violation other Higgs coupling

• here assume SM couplings (also for gluon fusion production), but could 
have additional  interpretation with additional non-SM couplings
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The parameter d̃ is related to the parameter ̂W = �̃W/SM tan↵ used in the investigation of CP properties
in the decay H ! WW [15] via d̃ = �̂W = �̃W/SM tan↵. The choice d̃ = d̃B yields ̂W = ̂Z as assumed
in the combination of the H ! WW and H ! ZZ decay analyses [15].

The e↵ective Lagrangian yields the following Lorentz structure for each vertex in the Higgs bosons coup-
ling to two identical or charge-conjugated electroweak gauge bosons HV(p1)V(p2) (V = W, Z, �), with
p1,2 denoting the momenta of the gauge bosons:

T µ⌫(p1, p2) =
X

V=W,Z

2m2
V

v
gµ⌫ +

X

V=W,Z,�

2g

mW
d̃ "µ⌫⇢�p1⇢p2� . (8)

The first terms (/ gµ⌫) are CP-even and describe the SM coupling structure, while the second terms
(/ "µ⌫⇢�p1⇢p2�) are CP-odd and arise from the CP-odd dimension-six operators. The choice d̃ = d̃B
gives the same coe�cients multiplying the CP-odd structure for HW+W�, HZZ and H�� vertices and a
vanishing coupling for the HZ� 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 di↵erential cross section or squared matrix element has three contributions:

|M|2 = |MSM|2 + d̃ · 2 Re(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 violation. The second term d̃ · 2 Re(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 violation 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 selec-
tion criteria. The third term increases the total cross section by an amount quadratic in d̃, but this is not
exploited in the analysis presented 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 hOCPi. If CP invariance holds, the mean value has to vanish hOCPi = 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” di↵erence in the azimuthal angle between
the two tagging jets �� j j, was suggested in Ref. [22] and is formally defined as:

✏µ⌫⇢�bµ
+ p⌫+b⇢�p�� = 2pT+ pT� sin(�+ � ��) = 2pT+ pT� sin�� j j . (11)

Here bµ
+ and bµ

� denote the normalised four-momenta of the two proton beams, circulating clockwise and
anti-clockwise, and pµ

+ (�+) and pµ
� (��) 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 �� j j.

5

The parameter d̃ is related to the parameter ̂W = �̃W/SM tan ↵ used in the investigation of CP properties
in the decay H ! WW [15] via d̃ = �̂W = �̃W/SM tan ↵. The choice d̃ = d̃B yields ̂W = ̂Z as assumed
in the combination of the H ! WW and H ! ZZ decay analyses [15].

The e↵ective Lagrangian yields the following Lorentz structure for each vertex in the Higgs bosons coup-
ling to two identical or charge-conjugated electroweak gauge bosons HV(p1)V(p2) (V = W, Z, �), with
p1,2 denoting the momenta of the gauge bosons:

T µ⌫(p1, p2) =
X

V=W,Z

2m2
V

v
gµ⌫ +

X

V=W,Z,�

2g

mW
d̃ "µ⌫⇢� p1⇢ p2� . (8)

The first terms (/ gµ⌫) are CP-even and describe the SM coupling structure, while the second terms
(/ "µ⌫⇢� p1⇢ p2�) are CP-odd and arise from the CP-odd dimension-six operators. The choice d̃ = d̃B
gives the same coe�cients multiplying the CP-odd structure for HW+W�, HZZ and H�� vertices and a
vanishing coupling for the HZ� 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 di↵erential cross section or squared matrix element has three contributions:

|M|2 = |MSM|2 + d̃ · 2 Re(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 violation. The second term d̃ · 2 Re(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 violation 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 selec-
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Tests of CP invariance can be performed in a completely model-independent way by measuring the mean
value of a CP-odd observable hOCPi. If CP invariance holds, the mean value has to vanish hOCPi = 0.
An observation of a non-vanishing mean value would be a clear sign of CP violation. A simple CP-odd
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Optimal Observable

• Use all kinematic information of  VBF final state

• Reconstructed 4-vectors of tagging jets and 
Higgs

• Bjorken 

• Combine into ratio of matrix elements

• Matrix elements calculated at leading order 
using HAWK 2.0

The final state consisting of the Higgs boson and the two tagging jets can be characterised by seven
phase-space variables while assuming the mass of the Higgs boson, neglecting jet masses and exploiting
momentum conservation in the plane transverse to the beam line. The concept of the Optimal Observ-
able 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 contribu-
tions 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 distribu-
tion [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 Ob-
servable of second order was introduced 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 Optimal Observable OO (called Optimal Observable
below) for the measurement of d̃ via 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 =
2 Re(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.
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Figure 1: Distribution of the Optimal Observable at parton-level for two arbitrary d̃ values. The SM sample was
generated using MadGraph5_aMC@NLO [40] (see Sect. 5) at leading order, and then reweighted to di↵erent d̃
values. Events are chosen such that there are at least two outgoing partons with pT > 25 GeV, |⌘| < 4.5, large
invariant mass (m(p1, p2) > 500 GeV) and large pseudorapidity gap (�⌘(p1, p2) > 2.8 ).

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 the
Higgs boson and tagging jet four-momenta as:

xreco
1/2 =

mH j jp
s

e±yH j j (13)
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Ratio of HWW and HZZ anomalous coupling 

In principle arbitrary ratio possible  
 
Suggestion:    d-tilde   =d_B-tilde 
! gHZZ –tide =  ½  gHWW-tilde   in Lagrangian and   
    a(3)

HZZ= a(3)
HWW                     in Feynman rules 

ΦTP2Higgs production processes
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g(1)
HWW =

g mW

m2
Z

∆gZ
1

g(2)
HWW =

g

mW
d

Die Vorfaktoren g̃HV V der CP-ungeraden Terme können durch die drei dimensions-

losen Parameter d̃, d̃B und κ̃γ ausgedrückt werden.

g̃Hγγ =
g

2 mW
(d̃ sin2 θw + d̃B cos2 θw)

g̃HZγ =
g

2 mW

(
− κ̃γ tan θw + sin 2θw (d̃ − d̃B)

)

g̃HZZ =
g

2 mW
(κ̃γ tan2 θw + d̃ cos2 θw + d̃B sin2 θw)

g̃HWW =
g

mW
d̃

Die Beziehungen zwischen den hier eingeführten Parametern und den Koeffizienten
fi aus (2.6) lauten dann:

d = −m2
W

Λ2
fWW d̃ = −m2

W

Λ2
fW̃W

dB = −m2
W

Λ2

sin2 θw

cos2 θw
fBB d̃B = −m2

W

Λ2

sin2 θw

cos2 θw
fB̃B

∆κγ = κγ − 1 =
m2

W

2Λ2
(fB + fW ) κ̃γ =

m2
W

2Λ2
fB̃

∆gZ
1 = gZ

1 − 1 =
m2

Z

Λ2

fW

2
.

(2.8)

Die Parameter ∆gZ
1 , ∆κγ und κ̃γ liefern auch Beiträge zu den WWV -Vertizes mit

V = γ, Z. Diese werden in Kapitel 4.3.1 genauer besprochen.

2.2.2 Die Operatoren der Dimension 5

Für ein skalares Teilchen wie es vom SM vorhergesagt wird, also ein skalares SU(2)-

Dublett, ist es nicht möglich Operatoren der Dimension 5 zu konstruieren. Geht
man aber von einem skalaren SU(2)-Singulett S aus, so ist es durchaus möglich aus

diesem skalaren Teilchen und den Feldstärketensoren der Eichfelder Operatoren der
Dimension 5 zu erhalten. Solch ein Teilchen wird in einigen supersymmetrischen Mo-

dellen wie zum Beispiel dem “Next to Minimal Supersymmetric Standard Model”,
oder kurz NMSSM, vorhergesagt [7]. Die anomalen Kopplungen, die aus solchen
Operatoren der Dimension 5 gebildet werden können sind dieselben, wie diejenigen,

die man aus den Operatoren der Dimension 6 erhält.
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In VBF WW and ZZ fusion contribute, experimentally not distinguishable 
--> need to assume ratio of HWW and HZZ 

neglect κ γ –tilde constrained by TGC 

This is the same choice of ratio as used in the combination of  
the CP analysis in the H--> WW  and H--> ZZ decay modes 

Mean value of OO allows to  
perform test of CP invariance 

Optimal Observable II 
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for d-tilde ≠ 0  <OO> ≠ 0 
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ME for calculation of Optimal Observable from HAWK 2.0  
(Ciccolini et al arXiv:0707.0381, Denner at al. arXiv:1412.5390 and private communication)   
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VBF H→ττ Fit Model
• Signal strength fitted in binned, maximum likelihood fit

• No constraint on signal strength from CP-odd signal 
predictions 

• Control regions enter to constrain nuisance parameters (NPs)

• Top (and Z->ll) CR as single bin to constrain normalization

• Low-BDT CR binned in BDT score: constrain shape NP’s
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Process ⌧lep⌧lep ⌧lep⌧had

Data 54 68
VBF H ! ⌧⌧/WW 9.8±2.1 16.7±4.1

Z ! ⌧⌧ 19.6±1.0 19.1±2.2
Fake lepton/⌧ 2.3±0.3 24.1±1.5
tt̄ +single-top 3.8±1.0 4.8±0.7

Others 11.5±1.7 5.3±1.6
ggH/V H, H ! ⌧⌧/WW 1.6±0.2 2.5±0.7

Sum of backgrounds 38.9±2.3 55.8±3.3
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Fit to Optimal Observable

VBF H→ττ Fit Interpretation

• Reminder pure CP-odd already excluded and high 
mixing therefore also unlikely

• Focus on small values of d-tilde

• Mean of OO consistent with zero 

• → No sign of CP-violation 

• Perform signal strength fit for various d-tilde values

• d-tilde outside [-0.11,0.05] excluded at 68% CL 
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Comparison with H→Bosons

• Limits on CP-mixing also extracted from combination of  WW 
and ZZ channels

• EFT model predictions derived from MadGraph

• Approach for WW analogous to analysis used to exclude spin 
1,2 hypotheses

• In ZZ a matrix element method is used also based on ratios of 
CP-odd and even matrix elements

• Main difference is inclusion of second order term that grows 
quadratically with CP-mixing parameter
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EPJC 75 (2015) 476
The final state consisting of the Higgs boson and the two tagging jets can be characterised by seven
phase-space variables while assuming the mass of the Higgs boson, neglecting jet masses and exploiting
momentum conservation in the plane transverse to the beam line. The concept of the Optimal Observ-
able 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 contribu-
tions 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 distribu-
tion [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 Ob-
servable of second order was introduced 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 Optimal Observable OO (called Optimal Observable
below) for the measurement of d̃ via 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 =
2 Re(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.
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Figure 1: Distribution of the Optimal Observable at parton-level for two arbitrary d̃ values. The SM sample was
generated using MadGraph5_aMC@NLO [40] (see Sect. 5) at leading order, and then reweighted to di↵erent d̃
values. Events are chosen such that there are at least two outgoing partons with pT > 25 GeV, |⌘| < 4.5, large
invariant mass (m(p1, p2) > 500 GeV) and large pseudorapidity gap (�⌘(p1, p2) > 2.8 ).

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 the
Higgs boson and tagging jet four-momenta as:

xreco
1/2 =

mH j jp
s

e±yH j j (13)
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the information of the high-dimensional phasespace in a single observable, which can be shown to have94

the highest sensitivty for small values of the parameter of interest and neglecting the terms in the maxtrix95

element qudratic in it. The method was first suggested for the estimation of a single parameter using the96

mean value only [12] and via a maximum likelihood fit to the full distribution [13] using teh so-called97

Optimal Observable of first order. The extension to several parameters and exploiting also the matrix98

element contributions quadratic in the parameters by using in addition Optimal Observable of second99

order was instroduced in [14–16]. The technique has been applied in various experimental analysis e.g.100

[2, 11, 17–21]101

The Optimal Observables of first and second order are defined as follows as follows:

O1 :=
2<(M⇤SMMCP-odd)

|MSM |2 , (12)

O2 :=
|MCP-odd |2
|MSM |2 . (13)

The first order Optimal Observable, O1 , has a mean value of 0 if CP is conserved, whereas if CP is102

violated (d̃ , 0) its mean value is shifted from zero in the positive or negative direction, depending on103

the sign of d̃. Figure 1 shows the distribution of the first order Optimal Observable, both for the Standard104

Model case and for non vanishing d̃ , 0 values, which introduce an asymmetry in the distribution and105

yield a non vanishing mean value.106

OO1
-10 -8 -6 -4 -2 0 2 4 6 8 10

En
tri

es

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14 SM
d = 0.1
d = -0.1
d = 0.6
d = - 0.6

Figure 1: Distribution of O1 at generator-level for various d̃ values. The Standard Model sample was generated
using aMC@NLO at leading order, and then reweighted to di↵erent d̃ values using the same procedure as described
in section 4.3. A typical VBF selection has been applied - see table 26

The values of the leading order Matrix Elements needed for the calculation of the Optimal Observable are107

extracted from HAWK [22–24]. The evaluation requires the four vectors of the Higgs boson and the two108

tagging jets. The Bjorken x values of the incoming partons 1 (2) in positive (negative) z-direction can be109

derived exploiting energy-momentum conservation from the Higgs boson and tagging jet four-momenta110

as:111

xreco
1/2 =

MHjjp
s

e±yHjj (14)

where MHjj (yHjj) is the mass (rapidity) of the vectorial sum of the tagging jets and the Higgs boson four-112

momenta. As experimentally the flavour of the incoming and outgoing partons can not be determined,113
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CP-Mixing limits from H→Bosons
• Extraction of limits from DNLL curves

• 95% CL limits given, also on additional CP even coupling

• At 95% CL these limits naturally exceed the VBF production 
analysis

• Though 68% CL interval for VBF analysis more narrow

• Production and decay information complementary → combine
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CP in VBF 
•  Probe tensor structure of HVV  

coupling in VBF 
–  Possible signs of CP-odd contribution: 

clear indication of new physics 
•  CP-mix parametrised in 

terms of d parameter 
–  Other parameter of the model,  

dB set equal to d 
–  Same assumptions as HWW/HZZ  

CP analysis combination 

Elias Coniavitis - Open Presentation - Htautau VBF CP Paper - 16/12/2015 6"

Most general Lorentz invariant tensor structure of 
coupling of Higgs to massive gauge bosons:  

Considering CP-odd contributions, effective 
Lagrangian can be written as: 

Couplings can be parametrized as: 

Setting dB=d: 

Expressed in terms of the 
parameters used for the 
HWW/HZZ CP analysis  
(E.P. J. C75 (2015) 476): 

~ 

~ ~ 

~ ~ 
, γ 

, γ 

Coupling ratio Best-fit value 95% CL Exclusion Regions
Combined Observed Expected Observed
̃HV V /SM �0.48 (�1,�0.55]

S
[4.80,1) (�1,�0.73]

S
[0.63,1)

(̃AV V /SM) · tan↵ �0.68 (�1,�2.33]
S

[2.30,1) (�1,�2.18]
S

[0.83,1)

EPJC 75 (2015) 476

involvement by Freiburg, Munich, Mainz



Run 2Update from H→ZZ*
• Analysis using 2015+16 dataset

• More events than Run1 but split across a lot of categories

• “Symptom” of STXS trend

• From rate in each category, derive sensitivity to EFT parameters

• much less sensitive than Run1-style matrix element analysis

• to be fair also missing WW* final state still
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Figure 3: The expected and observed four-lepton invariant mass distribution for the selected Higgs boson candidates
with a constrained Z boson mass, shown for an integrated luminosity of 36.1 fb�1 and at

p
s = 13 TeV assuming the

SM Higgs boson signal with a mass mH = 125.09 GeV.

Table 6: The expected and observed numbers of signal and background events in the four-lepton decay channels
for an integrated luminosity of 36.1 fb�1 and at

p
s = 13 TeV, assuming the SM Higgs boson signal with a mass

mH = 125.09 GeV. The second column shows the expected number of signal events for the full mass range while the
subsequent columns correspond to the mass range of 118 < m4` < 129 GeV. In addition to the Z Z⇤ background, the
contribution of other backgrounds is shown, comprising the data-driven estimate from Table 4 and the simulation-
based estimate of contributions from rare triboson and tt̄V processes. Statistical and systematic uncertainties are
added in quadrature.

Decay Signal Signal Z Z⇤ Other Total Observed
channel (full mass range) background backgrounds expected

4µ 21.0 ± 1.7 19.7 ± 1.6 7.5 ± 0.6 1.00 ± 0.21 28.1 ± 1.7 32
2e2µ 15.0 ± 1.2 13.5 ± 1.0 5.4 ± 0.4 0.78 ± 0.17 19.7 ± 1.1 30
2µ2e 11.4 ± 1.1 10.4 ± 1.0 3.57 ± 0.35 1.09 ± 0.19 15.1 ± 1.0 18
4e 11.3 ± 1.1 9.9 ± 1.0 3.35 ± 0.32 1.01 ± 0.17 14.3 ± 1.0 15

Total 59 ± 5 54 ± 4 19.7 ± 1.5 3.9 ± 0.5 77 ± 4 95
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Figure 9: Observed (solid black line) and SM expected (dashed blue line) negative log-likelihood scans for (a) Agg,
(b) HVV and (c) AVV coupling parameters using 36.1 fb�1 of data at

p
s = 13 TeV. The horizontal lines indicate

the value of the profile likelihood ratio corresponding to the 68% and 95% CL intervals for the parameter of interest,
assuming the asymptotic �2 distribution of the test statistic.

31

Aggκ
1− 0.5− 0 0.5 1

)λ
-2

ln
 (

0

5

10

15

20

25

68% CL

95% CL

Observed

SM expected

ATLAS
 4l→ ZZ* →H 

-113 TeV, 36.1 fb

 = 1SMκ = 1, Hggκ

| = 0.43AggκObserved: |
 = 0.00AggκExpected: 

(a)

Hvvκ
6− 4− 2− 0 2 4 6

)λ
-2

ln
 (

0

5

10

15

20

25

30

68% CL

95% CL

Observed

SM expected

ATLAS
 4l→ ZZ* →H 

-113 TeV, 36.1 fb

 = 1SMκ = 1, Hggκ

 = 2.9HvvκObserved: 
 = 0.0HvvκExpected: 

(b)
Avvκ

8− 6− 4− 2− 0 2 4 6 8

)λ
-2

ln
 (

0

5

10

15

20

25

30

68% CL

95% CL

Observed

SM expected

ATLAS
 4l→ ZZ* →H 

-113 TeV, 36.1 fb

 = 1SMκ = 1, Hggκ

| = 2.9AvvκObserved: |
 = 0.0AvvκExpected: 

(c)

Figure 9: Observed (solid black line) and SM expected (dashed blue line) negative log-likelihood scans for (a) Agg,
(b) HVV and (c) AVV coupling parameters using 36.1 fb�1 of data at

p
s = 13 TeV. The horizontal lines indicate

the value of the profile likelihood ratio corresponding to the 68% and 95% CL intervals for the parameter of interest,
assuming the asymptotic �2 distribution of the test statistic.
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what’s up in Run 2 ?  
• A lot of effort went into “rediscovery” of Higgs at 13 TeV

• WW* published only recently on 2015+16 dataset, H→ττ

• ATLAS recently combined differential measurements in γγ and ZZ*

• So far only stating combined differential cross sections

• no combined interpretation w.r.t. BSM Higgs theory

• Hope for proper EFT interpretation in combination with further channels

arxiv: 1805.10197v1 
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Figure 2: Di�erential cross sections in the full phase space measured with the H ! �� (red upward triangle) and
H ! Z Z⇤ ! 4` (blue downward triangle) decay channels, as well as the combined measurement (black circle)
for (a) Higgs boson transverse momentum pH

T , (b) Higgs boson rapidity |yH |, (c) number of jets Njets with pT >

30 GeV, and (d) the transverse momentum of the leading jet pj1
T . The first bin in the pj1

T distribution corresponds to
the 0-jet bin in the Njets distribution, as indicated by the black vertical line. Di�erent SM predictions are overlaid,
their bands indicating the PDF uncertainties as well as uncertainties due to missing higher-order corrections. The
ordering of the predictions is the same in the legend as in the figure. Predictions for the other production processes
XH are added to the ggF predictions, and also shown separately as a shaded area. The dotted red line corresponds to
the central value of the NNLOPS ggF prediction, scaled to the total N3LO cross section by the given K-factor, and
added to the XH prediction. The uncertainties due to higher orders in the NNLOPS prediction are obtained as in
Refs. [10, 11, 77]. The M�������5_�MC@NLO prediction is scaled to the total N3LO cross section by the given
K-factor. For better visibility, all bins are shown as having the same size, independent of their numerical width.
The panel on the bottom shows the ratio of the predictions to the combined measurement. The total uncertainties of
the combined measurement are indicated by the black error bars.
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Figure 2: Di�erential cross sections in the full phase space measured with the H ! �� (red upward triangle) and
H ! Z Z⇤ ! 4` (blue downward triangle) decay channels, as well as the combined measurement (black circle)
for (a) Higgs boson transverse momentum pH

T , (b) Higgs boson rapidity |yH |, (c) number of jets Njets with pT >

30 GeV, and (d) the transverse momentum of the leading jet pj1
T . The first bin in the pj1

T distribution corresponds to
the 0-jet bin in the Njets distribution, as indicated by the black vertical line. Di�erent SM predictions are overlaid,
their bands indicating the PDF uncertainties as well as uncertainties due to missing higher-order corrections. The
ordering of the predictions is the same in the legend as in the figure. Predictions for the other production processes
XH are added to the ggF predictions, and also shown separately as a shaded area. The dotted red line corresponds to
the central value of the NNLOPS ggF prediction, scaled to the total N3LO cross section by the given K-factor, and
added to the XH prediction. The uncertainties due to higher orders in the NNLOPS prediction are obtained as in
Refs. [10, 11, 77]. The M�������5_�MC@NLO prediction is scaled to the total N3LO cross section by the given
K-factor. For better visibility, all bins are shown as having the same size, independent of their numerical width.
The panel on the bottom shows the ratio of the predictions to the combined measurement. The total uncertainties of
the combined measurement are indicated by the black error bars.
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Summary

• (non-comprehensive and biased) review of Higgs measurements at LHC

• CMS and ATLAS provide fits of some well motivated coupling modifications

• using only rate information,  not considering predictions for correlations

• EFT approach provides complete set of possible modifications of rate and shapes

• Run1 data has been also interpreted in EFT approach, but in uncoordinated way

• Several theorists using Run 1 inputs and even making predictions for Run 2

• Should collaborate more closely to ensure valid systematics treatment

• First results appearing for EFT interpretation of Run2 data
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Backup
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“Tagging” Production Modes
• separating production modes by jet 

multiplicity

• 2-jet categories enriched with VBF

• Increase purity with selections on Δηjj, 
mjj and similar variables

• Third-Jet veto sometimes used, but 
introduces large theory uncertainties

• high Higgs-candidate pT improves 
sensitivity

• Higgs from gluon fusion (ggF) has large 
theory uncertainties on pT spectrum 

• QCD-scale uncertainties on ggF one of 
the dominant uncertainties in all 
channels
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Fit Inputs
Table 5: Overview of the decay channels analysed in this paper. The ttH production process, which has contributions
from all decay channels, is also shown. To show the relative importance of the various channels, the results from the
combined analysis presented in this paper for mH = 125.09 GeV (Tables 12 and 13 in Section 5.2) are reported as
observed signal strengths µ with their measured uncertainties. The expected uncertainties are shown in parentheses.
Also shown are the observed statistical significances, together with the expected significances in parentheses, except
for the H ! µµ channel, which has very low sensitivity. For most decay channels, only the most sensitive analyses
are quoted as references, e.g. the ggF and VBF analyses for the H ! WW decay channel or the VH analysis
for the H ! bb decay channel. Although not exactly the same, the results are close to those from the individual
publications, in which slightly di↵erent values for the Higgs boson mass were assumed and in which the signal
modelling and signal uncertainties were slightly di↵erent, as discussed in the text.

Channel References for Signal strength [µ] Signal significance [�]
individual publications from results in this paper (Section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS
H ! �� [92] [93] 1.14 +0.27

�0.25 1.11 +0.25
�0.23 5.0 5.6

⇣

+0.26
�0.24

⌘ ⇣

+0.23
�0.21

⌘

(4.6) (5.1)

H ! ZZ [94] [95] 1.52 +0.40
�0.34 1.04 +0.32

�0.26 7.6 7.0
⇣

+0.32
�0.27

⌘ ⇣

+0.30
�0.25

⌘

(5.6) (6.8)

H ! WW [96, 97] [98] 1.22 +0.23
�0.21 0.90 +0.23

�0.21 6.8 4.8
⇣

+0.21
�0.20

⌘ ⇣

+0.23
�0.20

⌘

(5.8) (5.6)

H ! ⌧⌧ [99] [100] 1.41 +0.40
�0.36 0.88 +0.30

�0.28 4.4 3.4
⇣

+0.37
�0.33

⌘ ⇣

+0.31
�0.29

⌘

(3.3) (3.7)

H ! bb [101] [102] 0.62 +0.37
�0.37 0.81 +0.45

�0.43 1.7 2.0
⇣

+0.39
�0.37

⌘ ⇣

+0.45
�0.43

⌘

(2.7) (2.5)

H ! µµ [103] [104] �0.6 +3.6
�3.6 0.9 +3.6

�3.5
⇣

+3.6
�3.6

⌘ ⇣

+3.3
�3.2

⌘

ttH production [78, 105, 106] [108] 1.9 +0.8
�0.7 2.9 +1.0

�0.9 2.7 3.6
⇣

+0.7
�0.7

⌘ ⇣

+0.9
�0.8

⌘

(1.6) (1.3)

channel i ! H ! f , or as ratios of cross sections and branching fractions plus one reference �i ·
B f product. In these parameterisations, the theoretical uncertainties in the signal inclusive cross sections
for the various production processes do not a↵ect the measured observables, in contrast to measurements
of signal strengths, such as those described in Section 2.3. These analyses lead to the most model-
independent results presented in this paper and test, with minimal assumptions, the compatibility of the
measurements with the SM. The third generic parameterisation is derived from the one described in
Section 2.4 and is based on ratios of coupling modifiers. None of these parameterisations incorporate
any assumption about the Higgs boson total width other than the narrow-width approximation. Some
theoretical and experimental systematic uncertainties largely cancel in the parameterisations involving
ratios but at the current level of sensitivity the impact is small.

Table 6 gives an overview of the parameters of interest for the two generic parameterisations involving
ratios which are described in more detail in Sections 4.1.2 and 4.2. The first row makes explicit that the
gg! H ! ZZ channel is chosen as a reference. The �Zg = Z/g term in the fourth row is related to the
ratio of the ZH and ggF production cross sections. Once �WZ = W/Z is also specified, the VBF, WH,
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Figure 7: Best fit values of �i · B f for each specific channel i ! H ! f , as obtained from the generic paramet-
erisation with 23 parameters for the combination of the ATLAS and CMS measurements. The error bars indicate
the 1� intervals. The fit results are normalised to the SM predictions for the various parameters and the shaded
bands indicate the theoretical uncertainties in these predictions. Only 20 parameters are shown because some are
either not measured with a meaningful precision, in the case of the H ! ZZ decay channel for the WH, ZH, and
ttH production processes, or not measured at all and therefore fixed to their corresponding SM predictions, in the
case of the H ! bb decay mode for the ggF and VBF production processes.
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• Measured signal strength in units of SM cross section x branching ratio

• Not possible to measure either by itself without theory assumptions

• In all decay channels signal strength agrees with SM expectation within 1-2 σ

JHEP 1608 (2016) 045
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H → ZZ*

• Selection: 2 pairs of isolated, opposite sign leptons, lead pair consistent with Z mass

• Categorization: one each for VBF, ggF and VH

• Backgrounds: ZZ* continuum, Z+jets and ttbar

• Main Results: obs. (exp.) 6.6 (4.4) σ at 124.3 GeV, corresponding to μ = 1.7+0.5-0.4

ATLAS-CONF-2013-013 / PLB 726, pp 88-119
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H → γγ

• Selection: 2 high ET, isolated photons

• Categorization: split 14 ways by production mode and sensitivity

• Backgrounds: γ-γ, γ-jet, jet-jet and Drell-Yan fit in mass sidebands

• Main Results: obs. (exp.) 7.4 (4.1) σ at 126.8 GeV, corresponding 
to μ = 1.65+0.35-0.30

ATLAS-CONF-2013-013 / PLB 726, pp 88-119
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H → WW(lνlν)

• Selection: 2 isolated, opposite sign leptons, large ETMiss

• Categorization:  VBF and ggF split by jet multiplicity

• Backgrounds: WW continuum, other VV, top, V+jets

• Main Results: obs. (exp.) 3.8 (3.7) σ at 125 GeV, corresponding to μ = 1.01+0.31-0.31

ATLAS-CONF-2013-013 / PLB 726, pp 88-119
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VH →(ll,lν,νν)bb

• Selection: 2 b-tagged jets and either large ETMiss or 1-2 leptons 

• Categorization:  split by W/Z decay, jet multiplicity and di-jet system pT

• Backgrounds: ttbar,V+heavy flavour, VV, QCD multijet

• Main Results: obs. (exp.) 95% CL 1.4 (1.3) x SM at 125 GeV, μ = 0.2+0.7-0.6

ATLAS-CONF-2013-079
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H →ττ

• Selection: 2 opposite sign τ lepton decays (all modes)

• Categorization:  VBF and boosted category, split by decay mode of τ lepton

• Backgrounds: Z→ττ, ttbar, VV Depending on tau decay: Drell-Yan, W+jets, QCD multijet

• Main Results: obs. (exp.) 4.1 (3.2) σ at 125 GeV, corresponding to μ = 1.4+0.5-0.4

ATLAS-CONF-2013-108
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Property Measurements
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Fit Inputs
Table 5: Overview of the decay channels analysed in this paper. The ttH production process, which has contributions
from all decay channels, is also shown. To show the relative importance of the various channels, the results from the
combined analysis presented in this paper for mH = 125.09 GeV (Tables 12 and 13 in Section 5.2) are reported as
observed signal strengths µ with their measured uncertainties. The expected uncertainties are shown in parentheses.
Also shown are the observed statistical significances, together with the expected significances in parentheses, except
for the H ! µµ channel, which has very low sensitivity. For most decay channels, only the most sensitive analyses
are quoted as references, e.g. the ggF and VBF analyses for the H ! WW decay channel or the VH analysis
for the H ! bb decay channel. Although not exactly the same, the results are close to those from the individual
publications, in which slightly di↵erent values for the Higgs boson mass were assumed and in which the signal
modelling and signal uncertainties were slightly di↵erent, as discussed in the text.

Channel References for Signal strength [µ] Signal significance [�]
individual publications from results in this paper (Section 5.2)

ATLAS CMS ATLAS CMS ATLAS CMS
H ! �� [92] [93] 1.14 +0.27

�0.25 1.11 +0.25
�0.23 5.0 5.6

⇣

+0.26
�0.24

⌘ ⇣

+0.23
�0.21

⌘

(4.6) (5.1)

H ! ZZ [94] [95] 1.52 +0.40
�0.34 1.04 +0.32

�0.26 7.6 7.0
⇣

+0.32
�0.27

⌘ ⇣

+0.30
�0.25

⌘

(5.6) (6.8)

H ! WW [96, 97] [98] 1.22 +0.23
�0.21 0.90 +0.23

�0.21 6.8 4.8
⇣

+0.21
�0.20

⌘ ⇣

+0.23
�0.20

⌘

(5.8) (5.6)

H ! ⌧⌧ [99] [100] 1.41 +0.40
�0.36 0.88 +0.30

�0.28 4.4 3.4
⇣

+0.37
�0.33

⌘ ⇣

+0.31
�0.29

⌘

(3.3) (3.7)

H ! bb [101] [102] 0.62 +0.37
�0.37 0.81 +0.45

�0.43 1.7 2.0
⇣

+0.39
�0.37

⌘ ⇣

+0.45
�0.43

⌘

(2.7) (2.5)

H ! µµ [103] [104] �0.6 +3.6
�3.6 0.9 +3.6

�3.5
⇣

+3.6
�3.6

⌘ ⇣

+3.3
�3.2

⌘

ttH production [78, 105, 106] [108] 1.9 +0.8
�0.7 2.9 +1.0

�0.9 2.7 3.6
⇣

+0.7
�0.7

⌘ ⇣

+0.9
�0.8

⌘

(1.6) (1.3)

channel i ! H ! f , or as ratios of cross sections and branching fractions plus one reference �i ·
B f product. In these parameterisations, the theoretical uncertainties in the signal inclusive cross sections
for the various production processes do not a↵ect the measured observables, in contrast to measurements
of signal strengths, such as those described in Section 2.3. These analyses lead to the most model-
independent results presented in this paper and test, with minimal assumptions, the compatibility of the
measurements with the SM. The third generic parameterisation is derived from the one described in
Section 2.4 and is based on ratios of coupling modifiers. None of these parameterisations incorporate
any assumption about the Higgs boson total width other than the narrow-width approximation. Some
theoretical and experimental systematic uncertainties largely cancel in the parameterisations involving
ratios but at the current level of sensitivity the impact is small.

Table 6 gives an overview of the parameters of interest for the two generic parameterisations involving
ratios which are described in more detail in Sections 4.1.2 and 4.2. The first row makes explicit that the
gg! H ! ZZ channel is chosen as a reference. The �Zg = Z/g term in the fourth row is related to the
ratio of the ZH and ggF production cross sections. Once �WZ = W/Z is also specified, the VBF, WH,
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Figure 7: Best fit values of �i · B f for each specific channel i ! H ! f , as obtained from the generic paramet-
erisation with 23 parameters for the combination of the ATLAS and CMS measurements. The error bars indicate
the 1� intervals. The fit results are normalised to the SM predictions for the various parameters and the shaded
bands indicate the theoretical uncertainties in these predictions. Only 20 parameters are shown because some are
either not measured with a meaningful precision, in the case of the H ! ZZ decay channel for the WH, ZH, and
ttH production processes, or not measured at all and therefore fixed to their corresponding SM predictions, in the
case of the H ! bb decay mode for the ggF and VBF production processes.
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• Measured signal strength in units of SM cross section x branching ratio

• Not possible to measure either by itself without theory assumptions

• In all decay channels signal strength agrees with SM expectation within 1-2 σ

JHEP 1608 (2016) 045
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Couplings: Fit Model

• We derive couplings from event yields n in the different analysis channels k

• Parameters of interest are the “signal strengths” μi for production and μf for decay modes

• These are defined such that μi,f = 1 represents signal strength consistent with the SM

• Other parameters are: 

• σi,SM,Bf,SM : standard model production cross section and branching ratios

• Akif : detector acceptance for production mode i, decay mode f and analysis channel k

• εkif : selection efficiency for production mode i, decay mode f and analysis channel k

• Lk : integrated luminosity analysed in channel k

Signal%parametriza*on%

2/27/14% M.Chelstowska% 17%

For%each%analysis%category%(k,%list%on%the%previous%slide)%the%number%of%signal%events%is%

parametrized%in%terms%of%scale%factors%for:%

\  the%cross%sec*on%σi,SM%of%each%SM%Higgs%boson%produc*on%mode%i%\%%μi%=%σi/σi,SM%

\  the%branching%ra*o%Bf,SM%of%the%SM%Higgs%boson%decay%modes%f%\%μf%=%Bf/Bf,SM.%

\  generalizes%the%dependence%on%the%signal%yields%

%%%%%from%the%x\sec%and%branching%frac*ons%

\  rela*onship%between%the%produc*on%and%decay%(specific%theory%or%%%%%%%%%%%%%%%%

%%%%%%benchmark)%is%achieved%via%a%parametriza*on%of%μi,μf!f(κ);%%

A%\%detector%acceptance%

ε%–%reconstruc*on%efficiency%

L%–%integrated%luminosity%%%

μiμf%–%the%product%can%be%represented%by%μj%(or%globally%by%μ,%where%μ=1%!%SM%Higgs%

boson%and%μ=0%!%bkg\only).%
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Production vs. Decay
• Possible to fit production and decay rates separately, assuming SM values for the other part

• Production modes compatible with SM, though large ratio of ttH to for example ggH

• All decay channels signal strength agrees with SM expectation within 1-2 σ

JHEP 1608 (2016) 045
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Figure 12: Best fit results for the production signal strengths for the combination of ATLAS and CMS data. Also
shown are the results from each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
The measurements of the global signal strength µ are also shown.
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Parameter value
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bbµ
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WWµ
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Figure 13: Best fit results for the decay signal strengths for the combination of ATLAS and CMS data (the results
for µµµ are reported in Table 13). Also shown are the results from each experiment. The error bars indicate the
1� (thick lines) and 2� (thin lines) intervals.
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Production Couplings

• separately fit couplings in production

• fix decay BR to SM values

• simplify production couplings

• VBF = VH : “ VBF+VH”

• ttH = ggF :  “ggF+ttH”

JHEP 1608 (2016) 045
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 bb→H 
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Figure 14: Negative log-likelihood contours at 68% CL in the (µ f
ggF+ttH , µ f

VBF+VH) plane for the combination of
ATLAS and CMS, as obtained from the ten-parameter fit described in the text for each of the five decay channels
H ! ZZ, H ! WW, H ! ��, H ! ⌧⌧, and H ! bb. The best fit values obtained for each of the five decay
channels are also shown, together with the SM expectation.

mass measurements in the di↵erent channels. Several BSM models predict, for example, a superposition
of states with indistinguishable mass values [122–125], possibly with di↵erent coupling structures to the
SM particles. With such an assumption, it may be possible to distinguish between single and multiple
states by measuring the cross sections of individual production processes independently for each decay
mode, as described in Section 4.1.1. Several methods have been proposed to assess the compatibility
of the data with a single state [126, 127]. A test for the possible presence of overlapping Higgs boson
states is performed, based on a profile likelihood ratio suggested in Ref. [128]. This test accounts both
for missing measurements, such as the H ! bb decay mode in the ggF and VBF production processes,
and for uncertainties in the measurements, including their correlations.
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γγ: Spin/CP

• Sensitivity: only sensitive to 0+ and 2+

• Variables: PT,γγ and cos(θ*) in Collins-Soper frame

• Unique feature: observation of this decay strongly disfavors spin 1 (Landau-Yang theor.)

Spin\Parity%

2/27/14% M.Chelstowska% 11%

SM%spin\parity%JP%=%0+%hypothesis%is%compared%with%alterna*ves%from%three%channels:%
H!γγ,%H!ZZ*%and%H!WW*%
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requirement is applied on the diphoton transverse momentum, pγγT < 300 GeV, motivated by the assumed
validity limit of the spin-2 EFT model, as explained in Section 3. After this selection, 17 220 events are
left at a centre-of-mass energy

√
s = 7 TeV and 94 540 events at

√
s = 8 TeV.

Kinematic variables sensitive to the spin of the resonance are the diphoton transverse momentum pγγT and
the production angle of the two photons, measured in the Collins–Soper frame [34]:

| cos θ∗| =
| sinh (∆ηγγ) |
√

1 +
(

pγγT /mγγ
)2

2pγ1
T pγ2

T

m2
γγ

, (7)

where ∆ηγγ is the separation in pseudorapidity of the two photons.
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Figure 1: Expected distributions of kinematic variables sensitive to the spin of the resonance considered in the
H → γγ analysis, (a) transverse momentum of the γγ system pγγT and (b) the production angle of the two photons
in the Collins-Soper frame | cos θ∗|, for a SM Higgs boson and for spin-2 particles with three different choices of
the QCD couplings.

The predicted distributions of these variables, for events passing the selection, are shown in Figure 1, for
a SM Higgs boson and for a spin-2 particle with different QCD couplings. For the κq ! κg cases, the
enhanced high-pγγT tail offers the best discrimination, whereas for κq = κg the most sensitive variable is
| cos θ∗|.

To exploit the signal distribution in both pγγT and | cos θ∗|, the selected events are divided into 11 mutually
exclusive categories: 10 categories (labelled from C1 to C10) collect events with pγγT < 125 GeV, divided
into 10 bins of equal size in | cos θ∗|, while the 11th category (labelled C11) groups all events with pγγT ≥
125 GeV. As described in Section 3, for the non-UC spin-2 models the analysis is performed with two
pγγT selections, namely pγγT < 300 GeV and pγγT < 125 GeV: the latter case corresponds to not using the
11th category.

The number of signal events above the continuum background can be estimated through a fit to the
observed mγγ distribution in each category. The mγγ distribution is modelled in each category as the sum

11



ZZ*: Spin/CP

• Sensitivity: all Jp hypotheses

• Variables: full 4 lepton decay kinematics available, combined into BDT

• Unique feature: Dominant channel wrt sensitivity to 0- vs 0+

PLB 726, pp 120-144
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WW: Spin/CP

• Sensitivity: all Jp hypotheses, but only small separation between 0+ and 0-

• Variables: ΔpT(ll), Δφ(ll), pT(ll), m(ll), Ellνν and mT, combined into several BDT’s

• Unique feature: higher event yields than ZZ*, but difficult due to ETMiss

PLB 726, pp 120-144 and Eur. Phys. J. C75 (2015) 231
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Limits on alternative Spin/CP 
Hypotheses

• Channels: γγ, ZZ* and WW

• Signal models: 0- quark-induced, 1+/- gluon-induced, 2+ different mixtures

• Results: All hypotheses except 0+ excluded at >99.9% confidence level

Eur. Phys. J. C75 (2015) 476
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Tested Hypothesis palt
exp,µ=1 palt

exp,µ=µ̂ pSM
obs palt

obs Obs. CLs (%)
0+h 2.5 · 10−2 4.7 · 10−3 0.85 7.1 · 10−5 4.7 · 10−2

0− 1.8 · 10−3 1.3 · 10−4 0.88 < 3.1 · 10−5 < 2.6 · 10−2

2+(κq = κg) 4.3 · 10−3 2.9 · 10−4 0.61 4.3 · 10−5 1.1 · 10−2

2+(κq = 0; pT < 300 GeV) < 3.1 · 10−5 < 3.1 · 10−5 0.52 < 3.1 · 10−5 < 6.5 · 10−3

2+(κq = 0; pT < 125 GeV) 3.4 · 10−3 3.9 · 10−4 0.71 4.3 · 10−5 1.5 · 10−2

2+(κq = 2κg; pT < 300 GeV) < 3.1 · 10−5 < 3.1 · 10−5 0.28 < 3.1 · 10−5 < 4.3 · 10−3

2+(κq = 2κg; pT < 125 GeV) 7.8 · 10−3 1.2 · 10−3 0.80 7.3 · 10−5 3.7 · 10−2

Table 6: Expected and observed p-values for different spin-parity hypotheses, for the combination of the three
channels: H → γγ , H → ZZ∗ → 4ℓ and H → WW∗ → eνµν. The observed CLs for the alternative hypothesis is
reported in the last column. The expected and observed p-values and the observed CLs are defined in Section 5.5.
The definitions of alternative hypotheses are given in Section 3.

ensemble tests that confirm its validity in the range of the parameters for which the 95% CL limits are
derived.

6.2 Tensor structure analyses in the H → WW∗ → eνµν channel

The H → WW∗ → eνµν analysis used to study the spin-0 tensor structure is already described in Sec-
tion 5.3 and detailed in Ref. [8]. Only the 0-jet category is considered and the BDT0 and BDTCP are used
as discriminant variables in the likelihood defined to measure the spin-0 tensor structure couplings. The
only difference with respect to the spin hypothesis test is that, in this analysis, the BSM spin-0 couplings
are treated as continuous variables in the test statistic.

6.3 Tensor structure analyses in the H → ZZ∗ → 4ℓ channel

To allow for a cross-check and validation of the obtained results, two different fitting methods based on
the analytical calculation of the leading-order matrix element of the H → ZZ∗ → 4ℓ process are used.

The method of the matrix-element-observable fit is based on modelling the distributions of the final-state
observables in each bin of coupling ratios using Monte Carlo simulation. Using the Lagrangian defined
in Eq. (1), which is linear in the coupling constants κSM, κHVV and κAVV , the differential cross section
at each point in the phase space can be expressed as a term corresponding to the SM amplitude, plus
two additional terms, linear and quadratic in the coupling constants. In this way it is possible to define
two observables for each coupling, the so-called first- and second-order optimal observables, upon which
the amplitude depends at each point of the phase space. For each event, they contain the full kinematic
information about the couplings, which can thus be extracted from a fit to their shapes. More details of
the method can be found in Refs. [39–42].

The observables sensitive to the presence and structure of κSM, κHVV and κAVV considered in the current
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HVV in Effective Field Theory
• Most general, Lorentz-invariant tensor structure of HVV vertex

• With SM values of: 

• To add CP violation one needs: 

• Yields effective Lagrangian:

• with the couplings given by:

• assuming d-tilde = d-tilde_b simplifies this to:
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ai are momentum dependent and Lorentz invariant form factors 
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ai are momentum dependent and Lorentz invariant form factors 

2 E↵ective Lagrangian framework

The e↵ective Lagrangian considered is the SM Lagrangian augmented by CP-violating operators of mass
dimension six, which can be constructed from the Higgs doublet � and the U(1)Y and SU(2)IW ,L elec-
troweak gauge fields Bµ and Wa,µ (a = 1,2,3), respectively. No CP-conserving dimension-six operators
built from these fields are taken into account. All interactions between the Higgs boson and other SM
particles (fermions and gluons) are assumed to be as predicted in the SM; i.e. the coupling structure in
gluon fusion production and in the decay into a pair of ⌧-leptons is considered to be the same as in the
SM.

The e↵ective U(1)Y - and SU(2)IW ,L-invariant Lagrangian is then given by (following Ref. [21, 22]):

Le↵ = LSM +
fB̃B

⇤2 OB̃B +
fW̃W

⇤2 OW̃W +
fB̃

⇤2OB̃ (1)

with the three dimension-six operators

OB̃B = �
+ ˆ̃Bµ⌫B̂µ⌫� OW̃W = �

+ ˆ̃Wµ⌫Ŵµ⌫� OB̃ = (Dµ�)+ ˆ̃Bµ⌫D⌫� . (2)

and three dimensionless Wilson coe�cients fB̃B, fW̃W and fB̃; ⇤ is the scale of new physics.

Here Dµ denotes the covariant derivative Dµ = @µ + i
2g
0Bµ + ig�a

2 Wa
µ , V̂µ⌫ (V = B,Wa) the field-strength

tensors and Ṽµ⌫ = 1
2✏µ⌫⇢�V⇢� the dual field-strength tensors, with B̂µ⌫ + Ŵµ⌫ = ig

0
2 Bµ⌫ + ig2�

aWa
µ⌫.

The last operator OB̃ contributes to the CP-violating charged triple gauge-boson couplings ̃� and ̃Z via

the relation ̃� = � cot2 ✓W ̃Z =
m2

W
2⇤2 fB̃. These CP-violating charged triple gauge boson couplings are

constrained by the LEP experiments [23–25] and the contribution from OB̃ is neglected in the following;
i.e. only contributions from OB̃B and OW̃W are taken into account.

After electroweak symmetry breaking in the unitary gauge the e↵ective Lagrangian in the mass basis of
Higgs boson H, photon A and weak gauge bosons Z and W± can be written, e.g. as in Ref. [26]:

Le↵ = LSM + g̃HAAHÃµ⌫Aµ⌫ + g̃HAZHÃµ⌫Zµ⌫ + g̃HZZHZ̃µ⌫Zµ⌫ + g̃HWW HW̃+µ⌫W
�µ⌫ . (3)

Only two of the four couplings g̃HVV (V = W±,Z, �) are independent due to constraints imposed by U(1)Y
and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B as:

g̃HAA =
g

2mW
(d̃ sin2 ✓W + d̃B cos2 ✓W) g̃HAZ =

g

2mW
sin 2✓W(d̃ � d̃B) (4)

g̃HZZ =
g

2mW
(d̃ cos2 ✓W + d̃B sin2 ✓W) g̃HWW =

g

mW
d̃ . (5)

Hence in general WW, ZZ, Z� and �� fusion contribute to VBF production. The relations between d̃ and
fW̃W , and d̃B and fB̃B are given by:

d̃ = �m2
W

⇤2 fW̃W d̃B = �
m2

W

⇤2 tan2 ✓W fB̃B . (6)

As the di↵erent contributions from the various electroweak gauge-boson fusion processes cannot be dis-
tinguished experimentally, the arbitrary choice d̃ = d̃B is adopted. This yields the following relation for
the g̃HVV :

g̃HAA = g̃HZZ =
1
2
g̃HWW =

g

2mW
d̃ and g̃HAZ = 0 . (7)
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particles (fermions and gluons) are assumed to be as predicted in the SM; i.e. the coupling structure in
gluon fusion production and in the decay into a pair of ⌧-leptons is considered to be the same as in the
SM.

The e↵ective U(1)Y - and SU(2)IW ,L-invariant Lagrangian is then given by (following Ref. [21, 22]):

Le↵ = LSM +
fB̃B

⇤2 OB̃B +
fW̃W

⇤2 OW̃W +
fB̃

⇤2 OB̃ (1)

with the three dimension-six operators

OB̃B = �+ ˆ̃Bµ⌫B̂µ⌫� OW̃W = �+ ˆ̃Wµ⌫Ŵµ⌫� OB̃ = (Dµ�)+ ˆ̃Bµ⌫D⌫� . (2)

and three dimensionless Wilson coe�cients fB̃B, fW̃W and fB̃; ⇤ is the scale of new physics.

Here Dµ denotes the covariant derivative Dµ = @µ + i
2g0Bµ + ig�a

2 Wa
µ , V̂µ⌫ (V = B, Wa) the field-strength

tensors and Ṽµ⌫ = 1
2✏µ⌫⇢�V⇢� the dual field-strength tensors, with B̂µ⌫ + Ŵµ⌫ = ig0

2 Bµ⌫ + ig
2�aWa

µ⌫.

The last operator OB̃ contributes to the CP-violating charged triple gauge-boson couplings ̃� and ̃Z via

the relation ̃� = � cot2 ✓W ̃Z =
m2

W
2⇤2 fB̃. These CP-violating charged triple gauge boson couplings are

constrained by the LEP experiments [23–25] and the contribution from OB̃ is neglected in the following;
i.e. only contributions from OB̃B and OW̃W are taken into account.

After electroweak symmetry breaking in the unitary gauge the e↵ective Lagrangian in the mass basis of
Higgs boson H, photon A and weak gauge bosons Z and W± can be written, e.g. as in Ref. [26]:

Le↵ = LSM + g̃HAAHÃµ⌫Aµ⌫ + g̃HAZHÃµ⌫Zµ⌫ + g̃HZZHZ̃µ⌫Zµ⌫ + g̃HWW HW̃+
µ⌫W�µ⌫ . (3)

Only two of the four couplings g̃HVV (V = W±, Z, �) are independent due to constraints imposed by U(1)Y
and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B as:

g̃HAA =
g

2mW
(d̃ sin2 ✓W + d̃B cos2 ✓W) g̃HAZ =

g

2mW
sin 2✓W(d̃ � d̃B) (4)

g̃HZZ =
g

2mW
(d̃ cos2 ✓W + d̃B sin2 ✓W) g̃HWW =

g

mW
d̃ . (5)

Hence in general WW, ZZ, Z� and �� fusion contribute to VBF production. The relations between d̃ and
fW̃W , and d̃B and fB̃B are given by:

d̃ = �m2
W

⇤2 fW̃W d̃B = �m2
W

⇤2 tan2 ✓W fB̃B . (6)

As the di↵erent contributions from the various electroweak gauge-boson fusion processes cannot be dis-
tinguished experimentally, the arbitrary choice d̃ = d̃B is adopted. This yields the following relation for
the g̃HVV :

g̃HAA = g̃HZZ =
1
2

g̃HWW =
g

2mW
d̃ and g̃HAZ = 0 . (7)

4

CP in VBF 
•  Probe tensor structure of HVV  

coupling in VBF 
–  Possible signs of CP-odd contribution: 

clear indication of new physics 
•  CP-mix parametrised in 

terms of d parameter 
–  Other parameter of the model,  

dB set equal to d 
–  Same assumptions as HWW/HZZ  

CP analysis combination 

Elias Coniavitis - Open Presentation - Htautau VBF CP Paper - 16/12/2015 6"

Most general Lorentz invariant tensor structure of 
coupling of Higgs to massive gauge bosons:  

Considering CP-odd contributions, effective 
Lagrangian can be written as: 

Couplings can be parametrized as: 

Setting dB=d: 

Expressed in terms of the 
parameters used for the 
HWW/HZZ CP analysis  
(E.P. J. C75 (2015) 476): 
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The H→ττ Decay Channel
• Utilize H→ττ due to relatively large VBF sample 

• But method independent of Higgs decay, so could include more channels in Run2

• Based on Run1 H→ττ ATLAS analysis (JHEP 04 (2015) 117)

• same background (BG) models and multivariate classifier (BDT)

• But instead of fitting BDT score distribution, cut on score and fit OO

• Prove that BDT score and optimal observable are uncorrelated
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Generating Signal Models
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• Generating signals for continuous CP-mixing 
parameter is CPU- and disk-intensive

• Prefer to re-weight SM signal sample with large 
number of events

• Use final state kinematics at generator level to 
calculate weight based on ratio of CP-odd and SM 
matrix elements

• Matrix elements calculated at leading order using 
HAWK 2.0

• Leading-order calculation validated against NLO 
calculation with Madgraph 5

Ratio of HWW and HZZ anomalous coupling 

In principle arbitrary ratio possible  
 
Suggestion:    d-tilde   =d_B-tilde 
! gHZZ –tide =  ½  gHWW-tilde   in Lagrangian and   
    a(3)

HZZ= a(3)
HWW                     in Feynman rules 

ΦTP2Higgs production processes
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g(1)
HWW =

g mW

m2
Z

∆gZ
1

g(2)
HWW =

g

mW
d

Die Vorfaktoren g̃HV V der CP-ungeraden Terme können durch die drei dimensions-

losen Parameter d̃, d̃B und κ̃γ ausgedrückt werden.

g̃Hγγ =
g

2 mW
(d̃ sin2 θw + d̃B cos2 θw)

g̃HZγ =
g

2 mW

(
− κ̃γ tan θw + sin 2θw (d̃ − d̃B)

)

g̃HZZ =
g

2 mW
(κ̃γ tan2 θw + d̃ cos2 θw + d̃B sin2 θw)

g̃HWW =
g

mW
d̃

Die Beziehungen zwischen den hier eingeführten Parametern und den Koeffizienten
fi aus (2.6) lauten dann:

d = −m2
W

Λ2
fWW d̃ = −m2

W

Λ2
fW̃W

dB = −m2
W

Λ2

sin2 θw

cos2 θw
fBB d̃B = −m2

W

Λ2

sin2 θw

cos2 θw
fB̃B

∆κγ = κγ − 1 =
m2

W

2Λ2
(fB + fW ) κ̃γ =

m2
W

2Λ2
fB̃

∆gZ
1 = gZ

1 − 1 =
m2

Z

Λ2

fW

2
.

(2.8)

Die Parameter ∆gZ
1 , ∆κγ und κ̃γ liefern auch Beiträge zu den WWV -Vertizes mit

V = γ, Z. Diese werden in Kapitel 4.3.1 genauer besprochen.

2.2.2 Die Operatoren der Dimension 5

Für ein skalares Teilchen wie es vom SM vorhergesagt wird, also ein skalares SU(2)-

Dublett, ist es nicht möglich Operatoren der Dimension 5 zu konstruieren. Geht
man aber von einem skalaren SU(2)-Singulett S aus, so ist es durchaus möglich aus

diesem skalaren Teilchen und den Feldstärketensoren der Eichfelder Operatoren der
Dimension 5 zu erhalten. Solch ein Teilchen wird in einigen supersymmetrischen Mo-

dellen wie zum Beispiel dem “Next to Minimal Supersymmetric Standard Model”,
oder kurz NMSSM, vorhergesagt [7]. Die anomalen Kopplungen, die aus solchen
Operatoren der Dimension 5 gebildet werden können sind dieselben, wie diejenigen,

die man aus den Operatoren der Dimension 6 erhält.

16

In VBF WW and ZZ fusion contribute, experimentally not distinguishable 
--> need to assume ratio of HWW and HZZ 

neglect κ γ –tilde constrained by TGC 

This is the same choice of ratio as used in the combination of  
the CP analysis in the H--> WW  and H--> ZZ decay modes 
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Testing for CP Violation
• Define CP odd observable X

• <X> != 0  → CP violation

• Possible Observables:

• ”Optimal” observable

• Signed ΔΦjj = Φ+ - Φ- : Φ+ is Φ of the jet in positive z-direction 

Methodology

Method

I Define CP odd observable X

I Mean hX i:
model independent test of CP invariance

I hX i 6= 0 ) violation of CP invariance

CP odd observables

I ��jj = �+ � �� : Signed azimuthal angle between
jets
(Klämke, Zeppenfeld: arXiv:hep-ph/0703202)

I Optimal Observable

Example: ��jj
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Optimal Observables

Definition and properties

I Definition:

O :=
d�nonSM

d�SM
'

2 <(M⇤
SM MCPodd )

|MSM |2

I Optimal to investigate deviations in ME:

MnonSM = MSM + d̃ · MCPodd

|MnonSM |2 = |MSM |2 (CP even)

+ d̃ · 2 <(M⇤
SM MCPodd ) (CP odd)

+ d̃2 · |MCPodd |2 (CP even)

I Computed from events kinematics, using information
from full phase space

I Mean hOi: same sensitivity as full distribution for
small d̃
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Previous applications

I Measurement of tau polarization
(LEP)

I Weak dipole moment of tau
(LEP)

I Triple gauge boson couplings
(LEP)

I Sensitivity study of CP violation
in ZH process (ILC)

Florian Kiss (Univ. Freiburg) CP in VBF H ! �� April 9, 2014 6 / 15
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Embedding
• Feel a bit cheeky talking about embedding in Bonn, just wanted to say it’s important also for 

this analysis

• Large irreducible background from  Z→ττ decays

• Complex final states (boosted, VBF) want to rely as little as possible on simulation 

• Cannot select pure Z→ττ control region in data, but we can get a very pure Z→μμ 

→
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Confirm BG Model

• Control Regions:

•  Low BDT-score region (Z→ττ, Fakes) 

•  Inverted b-veto (ttbar)

•  Z→ll mass-window (only leplep channel) 
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Signed ΔΦjj Analysis

• Signed ΔΦjj = Φ+ - Φ- : Φ+ is Φ of the jet in positive z-direction 

• CP-odd observable proposed previously in Phys. Rev. D74 (2006) 095001

• Significantly better performance of optimal observable
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Comparison with Decay 
Analyses

• Reminder of effective Lagrangian

• To be compared with: 

• With some simplifications

• This leads to:

•

 55

The third case would imply CP-violation in the Higgs sector. In the case of CP mixing, the Higgs boson
would be a mass eigenstate, but not a CP eigenstate. In all cases, only one resonance with a mass of
about 125 GeV is considered. It is also assumed that the total width of the resonance is small compared
to the typical experimental resolution of the ATLAS detector (of the order of 1–2 GeV in the four-lepton
and γγ final states, as documented in Ref. [12]). Interference effects between the BSM signals and SM
backgrounds are neglected.

The EFT approach, used by the Higgs boson characterisation model, is only valid up to a certain energy
scale, Λ. The models described in Ref. [7] assume that the resonance structure corresponds to one new
boson (X(JP) with JP = 0± or 2+), assuming that any other BSM particle only exists at an energy scale
larger than Λ. The Λ scale is set to 1 TeV to account for the experimental results obtained at the LHC and
previous collider experiments, which do not show any evidence of new physics at lower energy scales.

The case where the observed resonance has JP = 1± is not studied in this paper. The H → γγ 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 → ZZ∗ → 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:

LV0 =
{

cos(α)κSM
[

1
2gHZZZµZ

µ + gHWWW+µW−µ
]

− 1
4

1
Λ

[

cos(α)κHZZZµνZµν + sin(α)κAZZZµνZ̃µν
]

(1)

− 1
2

1
Λ

[

cos(α)κHWWW+µνW−µν + sin(α)κAWWW+µνW̃−µν
]}

X0.

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

2ε
µνρσVρσ. The symbol Λ 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, represented by the X0 field, with ZZ 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 modifications 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 altern-
atives: the CP-odd JP = 0− and the BSM CP-even JP = 0+h hypotheses. All three models are obtained
by selecting the corresponding parts of the Lagrangian described in Eq. (1) while setting all other con-
tributions 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 interaction is based on the assumption that the ob-
served particle has spin zero. Following the parameterisation defined in Eq. (1), scenarios are considered

4

2 E↵ective Lagrangian framework

The e↵ective Lagrangian considered is the SM Lagrangian augmented by CP-violating operators of mass
dimension six, which can be constructed from the Higgs doublet � and the U(1)Y and SU(2)IW ,L elec-
troweak gauge fields Bµ and Wa,µ (a = 1,2,3), respectively. No CP-conserving dimension-six operators
built from these fields are taken into account. All interactions between the Higgs boson and other SM
particles (fermions and gluons) are assumed to be as predicted in the SM; i.e. the coupling structure in
gluon fusion production and in the decay into a pair of ⌧-leptons is considered to be the same as in the
SM.

The e↵ective U(1)Y - and SU(2)IW ,L-invariant Lagrangian is then given by (following Ref. [21, 22]):

Le↵ = LSM +
fB̃B

⇤2 OB̃B +
fW̃W

⇤2 OW̃W +
fB̃

⇤2OB̃ (1)

with the three dimension-six operators

OB̃B = �
+ ˆ̃Bµ⌫B̂µ⌫� OW̃W = �

+ ˆ̃Wµ⌫Ŵµ⌫� OB̃ = (Dµ�)+ ˆ̃Bµ⌫D⌫� . (2)

and three dimensionless Wilson coe�cients fB̃B, fW̃W and fB̃; ⇤ is the scale of new physics.

Here Dµ denotes the covariant derivative Dµ = @µ + i
2g
0Bµ + ig�a

2 Wa
µ , V̂µ⌫ (V = B,Wa) the field-strength

tensors and Ṽµ⌫ = 1
2✏µ⌫⇢�V⇢� the dual field-strength tensors, with B̂µ⌫ + Ŵµ⌫ = ig

0
2 Bµ⌫ + ig2�

aWa
µ⌫.

The last operator OB̃ contributes to the CP-violating charged triple gauge-boson couplings ̃� and ̃Z via

the relation ̃� = � cot2 ✓W ̃Z =
m2

W
2⇤2 fB̃. These CP-violating charged triple gauge boson couplings are

constrained by the LEP experiments [23–25] and the contribution from OB̃ is neglected in the following;
i.e. only contributions from OB̃B and OW̃W are taken into account.

After electroweak symmetry breaking in the unitary gauge the e↵ective Lagrangian in the mass basis of
Higgs boson H, photon A and weak gauge bosons Z and W± can be written, e.g. as in Ref. [26]:

Le↵ = LSM + g̃HAAHÃµ⌫Aµ⌫ + g̃HAZHÃµ⌫Zµ⌫ + g̃HZZHZ̃µ⌫Zµ⌫ + g̃HWW HW̃+µ⌫W
�µ⌫ . (3)

Only two of the four couplings g̃HVV (V = W±,Z, �) are independent due to constraints imposed by U(1)Y
and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B as:

g̃HAA =
g

2mW
(d̃ sin2 ✓W + d̃B cos2 ✓W) g̃HAZ =

g

2mW
sin 2✓W(d̃ � d̃B) (4)

g̃HZZ =
g

2mW
(d̃ cos2 ✓W + d̃B sin2 ✓W) g̃HWW =

g

mW
d̃ . (5)

Hence in general WW, ZZ, Z� and �� fusion contribute to VBF production. The relations between d̃ and
fW̃W , and d̃B and fB̃B are given by:

d̃ = �m2
W

⇤2 fW̃W d̃B = �
m2

W

⇤2 tan2 ✓W fB̃B . (6)

As the di↵erent contributions from the various electroweak gauge-boson fusion processes cannot be dis-
tinguished experimentally, the arbitrary choice d̃ = d̃B is adopted. This yields the following relation for
the g̃HVV :

g̃HAA = g̃HZZ =
1
2
g̃HWW =

g

2mW
d̃ and g̃HAZ = 0 . (7)

4

JP 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

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.

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 → ZZ∗ and H → WW∗ decays, the
ratios of couplings (κ̃AVV/κSM) · tanα and κ̃HVV/κSM are measured. Here κ̃AVV and κ̃HVV are defined as
follows:

κ̃AVV =
1
4

v
Λ
κAVV and κ̃HVV =

1
4

v
Λ
κHVV , (2)

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

The mixing parameters (κ̃AVV/κSM) · tanα 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] and [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 (VH) processes with respect to the gluon-
fusion (ggF) production process, 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 process [16]. This study uses only kinematic
properties of particles from H → VV∗ decays to derive information on the CP nature of the Higgs boson.
The use of the signal rate information 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 VH 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 the predictions of the
signal rates are not used to constrain the BSM couplings.

As described in Section 6.2, only events with no reconstructed jets (the 0-jet category) are used in the H →
WW∗ → eνµν analysis for the studies of the tensor structure; hence this analysis has little sensitivity to
the VBF production mode. The H → ZZ∗ → 4ℓ analysis also has little sensitivity to this production mode
since it is mainly based on variables related to the four-lepton kinematics. The Boosted Decision Tree
(BDT) algorithm [17] used to discriminate signals from the ZZ∗ background, described in Sections 5.4
and 6.3, includes the transverse momentum of the four-lepton system and is trained on simulated samples
of ggF-produced signals. An enhancement of the VBF production mode would improve the separation
between background and signal since it predicts larger values of the transverse momentum spectrum for
events produced via VBF than via ggF [3].

5

2 E↵ective Lagrangian framework

The e↵ective Lagrangian considered is the SM Lagrangian augmented by CP-violating operators of mass
dimension six, which can be constructed from the Higgs doublet � and the U(1)Y and SU(2)IW ,L elec-
troweak gauge fields Bµ and Wa,µ (a = 1,2,3), respectively. No CP-conserving dimension-six operators
built from these fields are taken into account. All interactions between the Higgs boson and other SM
particles (fermions and gluons) are assumed to be as predicted in the SM; i.e. the coupling structure in
gluon fusion production and in the decay into a pair of ⌧-leptons is considered to be the same as in the
SM.

The e↵ective U(1)Y - and SU(2)IW ,L-invariant Lagrangian is then given by (following Ref. [21, 22]):

Le↵ = LSM +
fB̃B

⇤2 OB̃B +
fW̃W

⇤2 OW̃W +
fB̃

⇤2 OB̃ (1)

with the three dimension-six operators

OB̃B = �+ ˆ̃Bµ⌫B̂µ⌫� OW̃W = �+ ˆ̃Wµ⌫Ŵµ⌫� OB̃ = (Dµ�)+ ˆ̃Bµ⌫D⌫� . (2)

and three dimensionless Wilson coe�cients fB̃B, fW̃W and fB̃; ⇤ is the scale of new physics.

Here Dµ denotes the covariant derivative Dµ = @µ + i
2g0Bµ + ig�a

2 Wa
µ , V̂µ⌫ (V = B, Wa) the field-strength

tensors and Ṽµ⌫ = 1
2✏µ⌫⇢�V⇢� the dual field-strength tensors, with B̂µ⌫ + Ŵµ⌫ = ig0

2 Bµ⌫ + ig
2�aWa

µ⌫.

The last operator OB̃ contributes to the CP-violating charged triple gauge-boson couplings ̃� and ̃Z via

the relation ̃� = � cot2 ✓W ̃Z =
m2

W
2⇤2 fB̃. These CP-violating charged triple gauge boson couplings are

constrained by the LEP experiments [23–25] and the contribution from OB̃ is neglected in the following;
i.e. only contributions from OB̃B and OW̃W are taken into account.

After electroweak symmetry breaking in the unitary gauge the e↵ective Lagrangian in the mass basis of
Higgs boson H, photon A and weak gauge bosons Z and W± can be written, e.g. as in Ref. [26]:

Le↵ = LSM + g̃HAAHÃµ⌫Aµ⌫ + g̃HAZHÃµ⌫Zµ⌫ + g̃HZZHZ̃µ⌫Zµ⌫ + g̃HWW HW̃+
µ⌫W�µ⌫ . (3)

Only two of the four couplings g̃HVV (V = W±, Z, �) are independent due to constraints imposed by U(1)Y
and SU(2)IW ,L invariance. They can be expressed in terms of two dimensionless couplings d̃ and d̃B as:

g̃HAA =
g

2mW
(d̃ sin2 ✓W + d̃B cos2 ✓W) g̃HAZ =

g

2mW
sin 2✓W(d̃ � d̃B) (4)

g̃HZZ =
g

2mW
(d̃ cos2 ✓W + d̃B sin2 ✓W) g̃HWW =

g

mW
d̃ . (5)

Hence in general WW, ZZ, Z� and �� fusion contribute to VBF production. The relations between d̃ and
fW̃W , and d̃B and fB̃B are given by:

d̃ = �m2
W

⇤2 fW̃W d̃B = �m2
W

⇤2 tan2 ✓W fB̃B . (6)

As the di↵erent contributions from the various electroweak gauge-boson fusion processes cannot be dis-
tinguished experimentally, the arbitrary choice d̃ = d̃B is adopted. This yields the following relation for
the g̃HVV :

g̃HAA = g̃HZZ =
1
2

g̃HWW =
g

2mW
d̃ and g̃HAZ = 0 . (7)
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tt̄H HZ HW H incl. H + j H + 2j

H ! bb̄ 80 25 40 100 100 150
H ! �� 60 70 30 10 10 20

H ! ⌧+⌧� 100 75 75 80 80 30
H ! 4l 70 30 30 20 20 30

H ! 2l2⌫ 70 100 100 20 20 30
H ! Z� 100 100 100 100 100 100

H ! µ+µ� 100 100 100 100 100 100

TABLE III: Relative systematic uncertainties for each pro-
duction times decay channel in %.

production process decay process

pp ! H 14.7 H ! bb̄ 6.1
pp ! H + j 15 H ! �� 5.4
pp ! H + 2j 15 H ! ⌧+⌧� 2.8
pp ! HZ 5.1 H ! 4l 4.8
pp ! HW 3.7 H ! 2l2⌫ 4.8
pp ! tt̄H 12 H ! Z� 9.4

H ! µ+µ� 2.8

TABLE IV: Theoretical uncertainties for each production and
decay channel in %.

are constructed using the SM hypothesis, i.e. all Wilson
coe�cients are set to zero. We construct expected sig-
nal strength measurements for all accessible production
and decay modes. Additionally, di↵erential cross sections
as function of the Higgs transverse momentum are simu-
lated with a bin size of 100 GeV. In 2 ! 3 processes like
ttH other di↵erential distributions might provide higher
sensitivity than pT,H , but at this point we restrict the
analysis to include pT,H distributions only, as these are
likely to be provided as unfolded distributions by the ex-
perimental collaborations. We leave studies on the sensi-
tivity of additional kinematic variables in a global fit to
future work [74].

Comparing our predictions for the uncertainties on
the signal strength measurements for 14 TeV using an
integrated luminosity of L14 = 300 fb�1 and L14 =
3000 fb�1, with the expectations published by AT-
LAS [113, 114] and CMS [115, 116], we find good quan-
titative agreement with the publicly available channels.

Theory uncertainties included in the fit are listed in
Tab. IV and have been obtained by the Higgs cross sec-
tion working group [101–103] (see also [117] about their
role in Higgs fits). We assume the same size of theory
uncertainties for the SM predictions as for calculations
using the EFT framework. The theory uncertainties are
not scaled with luminosity and retain the values given in
Tab. IV throughout this work.

Systematic uncertainties are crucial limiting factors of
a coupling extraction and the scaling we choose in the
present paper are unlikely to be realistic, but provide
a clean extrapolation picture for potential progress over
the next decades. In summary, the assumptions chosen
to get our estimate are

• the above luminosity scaling of experimental uncer-

tainties,

• a clean separation of the measurements of all pro-
duction and decay channels (no cross talk between
channels),

• flat experimental systematic uncertainties as func-
tion of pT,H ,

• flat theory uncertainties as function of pT,H as
quoted in Tab. IV, which we assume to be inde-
pendent of the Wilson coe�cients.

A more detailed investigation of systematics beyond the
approximations chosen in this work can provide a guide-
line for future precision e↵orts, this work is currently
ongoing [74].

VI. PREDICTED CONSTRAINTS

The projected measurements of the Higgs signal
strengths and the Higgs transverse momentum (pT,H)
distributions are used to test the sensitivity to the dimen-
sion six operators that can be obtained with the LHC. In
all fits theory uncertainties are included as nuisance pa-
rameters with Gaussian constraints. The constraints on
individual Wilson coe�cients are obtained by a marginal-
isation over the remaining coe�cients and the nuisance
parameters related to the theory uncertainties.
In order to test this approach, we first generate pseudo-

data for 8 TeV following the procedure detailed above.
The integrated luminosity is chosen to be L8, i.e. 25 fb�1

per experiment which corresponds to the full Run 1 data.
With this setting no luminosity scaling of experimental
uncertainties is performed. Besides statistical uncertain-
ties, the generated 8 TeV data have systematic uncertain-
ties corresponding to the values given in Tabs. II and III.
We compare the constraints obtained with these pseudo-
data with the ones obtained from the Run 1 analysis in
Tab. V. Similar to the constraints derived in Sec. IV no
reliable constraints at 95% CL on coe�cients other than
c̄g and c̄� can be derived within the parameter ranges
considered in this work. We observe that the constraints
using pseudo-data are considerably weaker than the ones
from the existing Run 1 measurements. This is no sur-
prise, as the simplified approach outlined above can not
reflect the complexity of real analyses, where a number
of signal regions are used to disentangle di↵erent pro-
duction modes. This picture does not change when in-
cluding di↵erential distributions (last column of Tab. V)
which results in slightly better constraints at 8 TeV com-
pared to the fit with signal strengths only. We note that
although the constraints obtained with pseudo-data are
generally weaker, they are very similar to the ones using
current Run 1 experimental data. We therefore trust our
method and proceed to derive the expected sensitivity of
the LHC.
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using pseudo-data are considerably weaker than the ones
from the existing Run 1 measurements. This is no sur-
prise, as the simplified approach outlined above can not
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of signal regions are used to disentangle di↵erent pro-
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current Run 1 experimental data. We therefore trust our
method and proceed to derive the expected sensitivity of
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used are ✏p,tt̄h = 0.10 [95, 96, 104, 105], ✏p,ZH = 0.12,
✏p,WH = 0.04, ✏p,VBF = 0.30 [4, 82, 83, 92]. We assume
a value of ✏p,H+j = 0.5 [106] (see also [67, 107, 108])
where no experimental results targeting this production
mode are available so far. In order to simplify the as-
sumptions and the background estimates, we consider
only leptonic channels for the V H and tt̄H production
modes. Here only final states with electrons and muons
are used. These are however allowed to originate from
⌧ -decays. In case of the gluon fusion production mode,
analyses targeting di↵erent final states have di↵erent re-
construction e�ciencies. We use the following e�ciencies
for the process pp ! H: ✏p,GF = 0.4 for H ! �� [82, 83],
✏p,GF = 0.01 for H ! ⌧+⌧� [90, 91], ✏p,GF = 0.25 for
H ! 4l [4, 84], ✏p,GF = 0.10 for H ! 2l2⌫ [86, 88],
✏p,GF = 0.10 for H ! Z� [109, 110], and ✏p,GF = 0.50 for
H ! µµ [94, 111]. The H ! bb̄ decay is not considered
for the gluon fusion production mode. Taking a con-
servative approach we assume the same reconstruction
e�ciencies for measurements at 14 TeV, independent of
the Higgs transverse momentum.

In the reconstruction of the Higgs boson we include
reconstruction and identification e�ciencies of the final
state objects:

H ! bb̄: We assume a flat b-tagging e�ciency of 60%,
i.e. ✏d,bb̄ = 0.36.

H ! ��: For the identification and reconstruction of iso-
lated photons we assume respectively an e�ciency
of 85%. Hence, we find ✏d,�� ' 0.72.

H ! ⌧+⌧�: We consider ⌧ -decays into hadrons
(BRhad = 0.648) or leptons, i.e. an electron
(BRe = 0.178) or muon (BRµ = 0.174). For the
reconstruction e�ciency of the hadronic ⌧ we
assume a value of 50% and for the electron and
muon we use 95%. Thus, the total reconstruction
e�ciency is ✏d,⌧⌧ ' 0.433.

H ! ZZ⇤ ! 4l: We consider Z decays into electrons
and muons only, also taking into account ⌧ decays
into lighter leptons. For each lepton we assume a
reconstruction e�ciency of 95%, which gives a total
reconstruction e�ciency of ✏d,4l ' 0.815.

H ! WW ⇤ ! 2l2⌫: Only lepton decays into electrons
and muons are considered and for each visible lep-
ton we include a 95% reconstruction e�ciency, i.e.
✏d,2l2⌫ = 0.9025

H ! Z�: Again, we include separately an 85% identi-
fication and reconstruction e�ciency for isolated
photons and a 95% reconstruction e�ciency for
each electron and muon. As a result we find
✏d,Z� ' 0.767.

H ! µ+µ�
: Each muon is assumed to have a reconstruc-

tion e�ciency of 95%, resulting in ✏d,µµ = 0.9025.

Owing to the di↵erent selections made in the vari-
ous experimental analyses, each channel has a unique
background composition, resulting in di↵erent additional

production process decay process

pp ! H 10 H ! bb̄ 25
pp ! H + j 30 H ! �� 20
pp ! H + 2j 100 H ! ⌧+⌧� 15
pp ! HZ 10 H ! 4l 20
pp ! HW 50 H ! 2l2⌫ 15
pp ! tt̄H 30 H ! Z� 150

H ! µ+µ� 150

TABLE II: Relative systematic uncertainties due to back-
ground processes for each production and decay channel in
%.

systematic uncertainties on the measurements. We ap-
proximate those by adding uncorrelated systematic un-
certainties for each production and decay channel in
quadrature. The uncertainties used are given in Tab. II
and are assumed to be flat in pT,H . The uncertainties
are taken from experimental Run 1 analyses [3, 4, 82–
88, 90, 91, 94, 95, 109–112], where publicly available. In
cases where these uncertainties are not explicitly given
they are approximated to reproduce the total experi-
mental uncertainties. The total uncorrelated uncertainty
is obtained by adding the systematic uncertainty from
background processes to the statistical uncertainty from
signal events in quadrature.
Beyond identification and reconstruction e�ciencies

for production channels and Higgs decays, each chan-
nel is plagued by individual experimental systematic un-
certainties. We adopt flat systematic uncertainties in
pT,H for the individual channels. The numerical val-
ues are based on the results from experimental Run
1 analyses [3, 4, 82–88, 90, 91, 94, 95, 109–112], see
Tab. III. In channels where no measurement has been
performed or no information is publicly available, e.g.
pp ! H + 2j, H ! Z�, we choose a conservative esti-
mate of systematic uncertainties of 100%. In addition to
the uncertainties listed in Tab. III, we include a system-
atic uncertainty of 30% for the H ! 2l2⌫ channel for
di↵erential cross sections. This uncertainty is due to the
inability of reconstructing the Higgs transverse momen-
tum accurately.
During future runs, experimental uncertainties are

likely to improve with the integrated luminosity. Hence
for our results at 14 TeV we use the 8 TeV uncertain-
ties as a starting point, as displayed in Tabs. II and III,
and rescale them by L8/L14 for a given integrated lu-
minosity at 14 TeV L14. This results in a reduction of
statistical and experimental systematic uncertainties by
a factor of about 0.3 for L14 = 300 fb�1 and about 0.1
for L14 = 3000 fb�1. This simplified procedure has also
been adopted by the ATLAS and CMS collaborations to
extrapolate the sensitivity of experimental analyses to fu-
ture runs [113–116] We use this extrapolation for ease of
comparison and reproducibility.
We only consider measurements with more than 5 sig-

nal events after the application of all e�ciencies and a
total uncertainty smaller than 100%. The pseudo-data
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Comparison with H→Bosons
• Limits on CP-mixing also extracted from combination of  WW 

and ZZ channels

• EFT model predictions derived from MadGraph

• Approach for WW analogous to analysis used to exclude spin 
1,2 hypotheses

• In ZZ a matrix element method is used also based on ratios of 
CP-odd and even matrix elements

• Main difference is inclusion of second order term that grows 
quadratically with CP-mixing parameter

• Reminder:  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analysis are defined as follows:

O1(κHVV ) = 2ℜ[ME(κSM!0; κHVV ,κAVV=0; α=0)∗ ·ME(κHVV!0; κSM,κAVV=0; α=0)]
|ME(κSM!0; κHVV ,κAVV=0; α=0)|2 ,

O2(κHVV ) = |ME(κHVV!0; κSM,κAVV=0; α=0)|2
|ME(κSM!0; κHVV ,κAVV=0; α=0)|2 ,

O1(κAVV ,α) = 2ℜ[ME(κSM!0; κHVV ,κAVV=0; α=0)∗·ME(κAVV!0; κSM,κHVV=0; α=π/2)]
|ME(κSM!0; κHVV ,κAVV=0; α=0)|2 ,

O2(κAVV ,α) = |ME(κAVV!0; κSM,κHVV=0; α=π/2)|2
|ME(κSM!0; κHVV ,κAVV=0; α=0)|2 . (10)

Here ME(κSM, κHVV , κAVV ,α) denotes the leading-order matrix element of the H → ZZ∗ → 4ℓ process.
These definitions correspond to the first- and second-order optimal observables for a BSM amplitude with
a three-component structure.

The observables O1,2(κHVV ) and O1,2(κAVV ,α) are used for the κ̃HVV/κSM and (κ̃AVV/κSM)·tanα individual
fits respectively. In order to suppress the ZZ∗ background, a kinematic BDT discriminant similar to those
described in Section 5.4 is used as an additional observable in all fits. The BDT training is performed
independently for each final state using observables with small sensitivity to parity: η4ℓ, pT,4ℓ,m4ℓ, cos(θ∗)
and Φ1. This BDT discriminant is denoted hereafter by BDT(ZZ).

To simplify their use in the analysis, all observables defined in Eq. (10) undergo a pdf transformation
such that each observable becomes normally distributed in the Standard Model case. These transformed
observables are referred to hereafter as TO1,2(κHVV ) and TO1,2(κAVV ,α) respectively. The distributions of
transformed observables for the Monte Carlo signal samples generated with (κ̃HVV/κSM = 0,±1; κ̃AVV =
0) and ((κ̃AVV/κSM) · tan α = 0,±5; κ̃HVV = 0) are shown in Figure 8. The contributions of all backgrounds
considered in this analysis are also included. By construction the TO2 observables are sensitive to the
modulus of the κ̃HVV/κSM and (κ̃AVV/κSM) · tanα ratios: their distributions change with the strength of the
respective coupling. These observables are insensitive to the relative sign of κ̃HVV and κ̃AVV with respect
to κSM. The sign sensitivity comes from the TO1 observables, which are based on the interference terms:
their distributions feature pronounced sign-dependent asymmetries. It was also found that the observables
TO1(κ̃HVV ) and TO2(κ̃HVV ) are linearly correlated. To maximise the population of analysis histograms
with currently available Monte Carlo event samples, it is desirable to reduce this correlation. This is
achieved by considering the modified observables TO1(κ̃HVV )+TO2(κ̃HVV) and TO1(κ̃HVV )−TO2(κ̃HVV )
in the current analysis.

The analysis is performed in several steps. First, multi-dimensional histograms of observables are created
in 81 bins of κ̃HVV/κSM and (κ̃AVV/κSM) · tanα for all fits. The predicted shapes of the observables for the
signal are produced by reweighting the base Monte Carlo sample described in Section 4. The correspond-
ing weights are derived using the analytical calculation of the H → ZZ∗ → 4ℓ matrix elements at leading
order in perturbative QCD. The weights are calculated and applied at the Monte Carlo generator level.
The observables used in the analysis are evaluated after detector simulation, accounting for the detector
acceptance, resolution and reconstruction efficiency. The distributions of observables for backgrounds
are estimated using Monte Carlo (for the irreducible background) and data-driven techniques (for the
reducible backgrounds) described in Section 5 and Refs. [12, 18].

The distributions of observables are three-dimensional: TO1(κ̃AVV , α), TO2(κ̃AVV ,α), BDT(ZZ) and TO1(κ̃HVV )
+ TO2(κ̃HVV ), TO1(κ̃HVV ) − TO2(κ̃HVV ), BDT(ZZ) respectively. To obtain a reliable description for bins
with an insufficient number of Monte Carlo events, the Kernel Density Estimation [43] smoothing pro-
cedure is applied to signal and background multi-dimensional histograms. In the smoothing procedure
the smearing is done separately in four bins of BDT(ZZ), preserving the original normalisation.
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Simplified Template Cross Sections (STXS)
• Evolution of Run 1 coupling framework

- Measure cross sections, instead of signal strengths

• Allows for global combination 
across all decay modes
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Stage-0 categories:
separated into production modes

NEW

CMS-PAS-HIG-17-031

• Stage-0 analysis:  
Combination of main channels
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Simplified Template Cross Sections (STXS)
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