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grangian terms of dimension six. A systematic study of various Higgs boson production channels

(γγ , ZZ, WW , bb̄, ττ̄) at the Large Hadron Collider (LHC) and the International Linear Collider

(ILC) in the Standard Model extension by the effective operators is carried out. Statistical meth-

ods are used to establish a degree of consistency for the standard Higgs sector with the accumu-

lated LHC and the forthcoming ILC data. Global fits in the two-parametric anomalous coupling

space indicating to possible deviations from the standard Higgs-fermion and Higgs-gauge boson

couplings are performed.
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Combined fits of the Higgs signal

The existence of a scalar partcle with properties compatible with the Standard Model (SM)

Higgs boson has been reliably established by ATLAS and CMS Collaborations [1]. The signal

significance exceeds 7σ in both experiments. The properties of the SM Higgs boson could be in

principle modified by a new physics at the TeV scale Λ, so the question to what extent the observed

boson is consistent with the SM Higgs seems the most interesting question to be addressed.

Essential aspects of this problem have been investigated in [2] in a rather general framework

of the SM extension by the dimension-six effective operators. At the electroweak energy scale the

new physics degrees of freedom can be integrated out and the low-energy effective Lagrangian can

be written as

Le f f = LSM +
1

Λ2 ∑
k=V,F

ckΦOkΦ (1)

where the anomalous couplings ckΦ modify the SM Higgs boson couplings to the vector bosons and

to the fermions. A general set of the dimension-six operators from [2] in the Buchmueller-Wyler

basis [3] modified by the subtraction of v.e.v.: Φ†Φ → Φ†Φ− v2/2 (see [4]) to avoid undesirable

mixing in the gauge field kinetic terms, can be reduced to a restricted set of only five fermion-Higgs

and vector boson-Higgs operators OtΦ, ObΦ, OτΦ and O
(1)
Φ , OΦG, disposing the tensor structure of

interaction vertices identical to the SM and dependent only on the two anomalous couplings cV ,

which rescales the vector boson-Higgs vertices, and cF , which rescales the fermion-antifermion-

Higgs vertices. The anomalous couplings Cn, Cmn in front of the dimension-six operators On, Omn

are conformably redefined [2], for example

cF = 1+CtΦ · v2

Λ2
, cV = 1+

v2

2Λ2
·C(1)

Φ , cG = cF +
6π

αs

·CΦG · v2

Λ2
, ...

(v =246 GeV). The last equation here means that in the case under consideration the one-loop

H → γγ and H → gg vertices are "resolved" in the sense that the anomalous parameters cV and cF

are included in the one-loop effective cG and cγ couplings which parametrise H → gg and H → γγ

vertices.

Statistical methods are used to reconstruct the exclusion contours in the anomalous couplings

space. In the framework of Bayesian statistics the evidence about the true state of an object under

investigation is expressed in terms of degrees of belief (Bayesian probabilities). Baesian infer-

ence is based on the assumption p(ci|data,ESM) ⇒ p(data|ci,ESM)p(ci|ESM), where ci is the

n-parameter set of the SM extension (ESM), the distribution p(ci|data,ESM) is the posterior prob-

ability density function (PDF), p(data|ci,ESM) is the likelihood function defined by the data, and

p(ci|ESM) is the proior PDF, representing an apriori degree of belief on ci set. The likelihood

p(data|ci,ESM) is defined by a product of likelihoods for individual production channels. Integra-

tion of the posterior PDF over a subset c j ( j < n) of the ci parameter set we get the inference on

the unintegrated parameter(s).

The method of exclusion contours reconstruction [5] introduced to CompHEP version 4 is real-

ized for the one- and the two-dimensional anomalous parameter space. Theoretical signal strength

in the infinitely small width approximation (ISW or production × decay approximation) is defined

as

µi =
[∑ j σ j→hBr(h → i)]ESM

[∑ j σ j→hBr(h → i)]SM

(2)
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Combined fits of the Higgs signal

where i is the number of Higgs boson decay channel and j is the number of Higgs production

process for a given final state. In our extension the efficiences in the numerator and denominator

are cancelled. The signal strength can be expressed using the observed cross section σobs, the

background cross section σbackgr and the SM signal cross section σ SM
signal

µ̂i =
σobs,i −σbackgr,i

σ SM
signal,i

(3)

The global χ2 for the signal strength is defined as

χ2(µi) =
Nch

∑
i

(µi − µ̂i)
2

σ 2
i

(4)

for the number of production channels Nch. Minimization of χ2 → χ2
min gives us 1σ , 2σ and 3σ

regions χ2 = χ2
min +∆χ2 where ∆χ2 is defined by cumulative distribution function. Assuming

that the signal strengths of various channels have Gaussian distributions with the probability den-

sity functions having the expected values µ̂i and the dispersions σi normalized to one, combined

PDF for a number of production channels can be found by multiplication of PDF’s for individual

channels. Combined probability density function is also Gaussian characterized by µc and σc

1

σ 2
c

=
Nch

∑
i

1

σ 2
i

,
µ̂c

σ 2
c

=
Nch

∑
i

µ̂i

σ 2
i

(5)

The combined PDF allows one to determine, for example, 95% CL exclusion upper µU and lower

µL limits on the signal strength parameter integrating the combined pdf from µ̂ to µU and from µL

to µ̂ , respectively, then equating the result to 0.95/2.

If the SM is fully adequate, the values of µi are as close to one as allowed by experimental

errors. In the framework of the SM extension by dimension-six effective operators the values of µi

obviously may depart from one for individual channels, so it is convenient to normalize the signal

strengths to the expectation values in the given SM extension Nsignal,i,cF ,cV ,cW ... rather than the SM

expectation NSM
signal,i. In the following fits we are using the signal strength calculated at mH =125

GeV. Calculation of the ∆χ2 for the best fit defines a given number × CL contours corresponding to

the departure of the SM point (1,1) from the best fit point in the (cV ,cF) parameter plane. Contours

in the following figures correspond to 65%, 90% and 99% best fit CL regions with ∆χ2 less than

2.10, 4.61 and 9.21, respectively.

At the LHC calculations of complete gauge invariant sets of diagrams are more precise than

production × decay approximation. They take into account (1) untrivial interference between the

signal diagrams. The four-lepton final state l+l−l+l−, for example, is produced through H → Z∗Z∗

and γγ intermediate states with interferences not accounted for in the production × decay approx-

imation; (2) untrivial interference between the signal and the irreducible background diagrams.

Although very small for narrow width resonances of the order of a few MeV, the anomalous Higgs

boson width can be one order of magnitude greater than the SM total width. Numerical results for

complete tree level sets are in some cases very sensitive to Breit-Wigner propagators; (3) lepton

and jet distributions, important for detector simulation, are based on correct kinematics when cal-

culated at complete tree level. Correct distributions are oftenly not available for the production ×
decay approximation.
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Combined fits of the Higgs signal

The following Higgs production processes were calculated (1) for the γγ event signature:

gluon fusion gg → γγ , vector boson fusion (VBF) qq → qqγγ , associated production with vector

bosons qq →W γγ , qq → Zγγ and the top-antitop quark pair qq → tt̄γγ . 20 partonic subprocesses

q#q# → q#q#γγ were accounted for in the VBF channel, including interference terms between the

diagrams. The notation q# is used to account for all possible combinations of u,d,c,s quarks and

anti-quarks; (2) event signatures with four leptons gg → νl ν̄ll
+l− and gg → l+l−l+l− including

interference terms between H → W+W− and H → ZZ. Vector boson channels H → W+W− and

H → ZZ usually mix. In the complete set of six Higgs production diagrams for the channel pp →
WW → νµ ν̄µ µ+µ− (WW production via gluon fusion) the WW ∗-ZZ∗ interference term is negative

with the value of the order of a few percent in comparison with |WW ∗|2 + |ZZ∗|2), cancelling the

yield of |ZZ∗|2 term. In the ZZ → µ+µ−µ+µ− channel the "exchange" interference term ZZ∗-ZZ∗

is positive with the magnitude approximately 20% of the |ZZ∗|2 term. Diagrams with intermediate

photons contribute insignificantly in the anomalous coupling space; (3) event signatures with bb̄

and τ+τ−. For H → bb̄ the processes q1q̄2 →W bb̄ and qq̄ → Zbb̄ were calculated. For H → τ+τ−

channel we calculated τ+τ−, τ+τ− VBF, τ+τ−tt̄, τ+τ−W and τ+τ−Z production.

For example, within the ISW for the process pp → νµ ν̄µ µ+µ− first the 2 → 3 process pp →
Zµ+µ− is calculated on a grid 31×31 in the (cV ,cF ) plane, which is then convoluted with the

branching Z → µ+µ− calculated on the same grid. A special regime of ’table calculations’ (nu-

merical operations with multidimensional tables) has been implemented in CompHEP version 4.5

[6]. Latest data from LC2013 [7] (Hamburg, May 2013) improve significantly the precision which

has been achieved for bb̄ and τ+τ− channels in 2012. The contours generated with LC2013 data

are shown in Fig.2c. The area at negative cV available with 2012 data, see Fig.2b, disappeared

almost completely while contours of the positive (cV ,cF ) quadrant demonstrate the consistency of

the SM hypothesis with the data on the level of 95%.

It follows from the LHC combined fits that "minimal" extensions of the SM by the dimension-

six [3, 8] effective operators, which lead to the rescaling of Higgs couplings, demonstrate insignif-

icant (of the order of a few percent) departures of the nonstandard couplings from their SM limit.

Precise measurements are required to study the couplings. Although ATLAS and CMS experi-

ments are sensitive to almost all couplings (except invisible modes and H → cc̄) which have been

analysed recently using the LHC data [9], the best sensitivity of individual production channels

g(H → PP̄)/g(H → PP̄)SM −1 (P = γ ,W,Z,τ ,b) estimated in a model independent way [10] using

the production × decay approximation is from 5% to 20% 1. Such accuracy will be not sufficient

to test the deviations at the percent level, inherent for the MSSM in the decoupling limit or models

with composite Higgs boson, where the compositeness scale is of the order of 1 TeV.

Clean environment and better signal-to-background ratios of the ILC allows to measure more

precisely the couplings of the Higgs boson, which can be observed in all modes including the

two-jet decay modes and the invisible modes. Only two production channels are relevant, Hig-

gsstrahlung e+e− → ZH and vector boson fusion (VBF) e+e− → νeν̄eH . Although it will be not

possible to measure directly the total width of the scalar which is about 4 MeV, it can be indirectly

determined separating the events with the Higgs recoiling from the Z in the Higgsstrahlung process

and measuring directly the branching fractions. The accuracies expected from the ILC experi-

1these numbers are 1σ intervals at the energy 14 TeV with the accumulated luminosity 300 fb−1, see [11]
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Combined fits of the Higgs signal

ments, estimated from the full detector simulation studies for a realistic accumulated luminosities

at
√

s =250 GeV, 500 GeV and 1 TeV can be found in [11]. A combination of simultaneous fits for

all possible Higgs boson production channels is presented in Fig.3, where the exclusion contours

for ∆χ2 =2.10, 4.61 and 9.21 are reconstructed at the energies 250, 500 and 1000 GeV. Small signal

strength error in the channels e+e− → ZH,νν̄H with the following H → bb̄ or H →WW ∗ results

in the most significant influence of the modes H → bb̄ and H → WW ∗ on the combined χ2 fit.

The shape of exclusion contours is most sensitive to the interplay of these two modes, which have

opposite behaviour of the cross section dependence σ(cV ,cF) on the anomalous couplings. Naive

expectation that H → WW ∗ channel should be more sensitive to cV , than to cF , is delusive since

the branching ratios are generally speaking not proportional to partial widths because of an untrival

dependence of the total width on the anomalous couplings. Despite a small cross section and low

expected precision, the channel H → γγ is very important to exclude the region in the vicinity of

(cV ,cF )=(1,-1) which is acceptable for LHC global fits. In the absence of H → γγ data this region

immediately appears for the ILC combined fit due to an asymmetric dependence of χ2(cV ,cF ) on

the fermion anomalous coupling cF , illustrated by the three-dimensional χ2 in Fig.3a. Asymmetric

behaviour with respect to cF is a consequence of asymmetric behavior of χ2 for the H → γγ chan-

nel taken separately. At the energies
√

s =500 GeV and
√

s =1000 GeV the role of VBF increases

with the cross section growth and smaller signal strength error, as illustrated by Fig.3c.

Evaluation of the exclusion contours was carried out for complete gauge invariant sets of

diagrams e+e− → (HZ or νν̄H)→ ( f f̄ f f̄ or f f̄VV ) with the four-fermion and the two-fermion

− two vector boson (including H → gg) final states. Interferences play a role for LHC fits. For

the ILC case, some examples also had been found; e.g. in connection with LEP2 analyses it had

been mentioned that the four-fermion state νeν̄ebb̄ was formed by both e+e− → HZ and e+e− →
νeν̄eH interfering production mechanisms, see details at LEP2 and NLC energies in [12]. Untrivial

interferences between signal diagrams, not available in the production × decay approximation,

were found insignificant for our fits, although they could play a role in specific reconstructions of

phase space distributions beyond the infinitely small width approximation [13].
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Figure 1: Three-dimensional plots of the Higgs boson decay width as a function of (cV ,cF ): (a) - two-body

decays, (b) - WW ∗ and ZZ∗ modes only, (c) - total decay width, (d) - total cross section for γγ production

processes at the LHC,
√

s =8 TeV.
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Figure 2: (a) Three-dimensional plot of χ2 as a function of (cV ,cF ), LHC
√

s =8 TeV - all channels, (b) -

thre exclusion contours for the combined χ2 fit in the (cV ,cF ) plane based on 2012 data, (c) - the same based

on 2013 data. Blue, green and yellow areas correspond to ∆χ2 =2.10, 4.61 and 9.21 (CL of the fit is 65%,

90% and 99%), respectively.
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Figure 3: (a) Three-dimensional plot of χ2 as a function of (cV ,cF ) for the ILC,
√

s=250 GeV, all channels,

(b)- exclusion contours for the combined χ2 fit in the (cV ,cF ) plane,
√

s =250 GeV, (c) -
√

s =500 GeV, (d) -√
s =1000 GeV. Blue, green and yellow areas correspond to ∆χ2 =2.10, 4.61 and 9.21 (CL of the fit is 65%,

90% and 99%), respectively.
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