arXiv:1209.0040v1 [hep-ph] 1 Sep 2012

LHCHXSWG-2012-001

LHC HXSWG interim recommendations to explore the coupling structure of a Higgs-like particle

LHC Higgs Cross Section Working Group, Light Mass Higgs Subgroup A. David^1, A. Denner^2, M. Dührssen^3, M. Grazzini^{4∗}, C. Grojean^3, G. Passarino^5, M. Schumacher^6, M. Spira^7, G. Weiglein^8, and M. Zanetti^9.

1 Laboratório de Instrumentacão e Física Experimental de Partículas, Lisboa, Portugal 2 Universität Würzburg, Institut für Theoretische Physik und Astrophysik, Würzburg, Germany 3 CERN, Geneva, Switzerland 4 Institut für Theoretische Physik, Universität Zürich, Zürich, Switzerland 5 Dipartimento di Fisica Teorica, Università di Torino and INFN, Sezione di Torino, Torino, Italy 6 Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany 7 Paul Scherrer Institut, Würenling und Villigen, Villigen PSI, Switzerland 8 DESY, Hamburg, Germany 9 Massachusetts Institute of Technology, Cambridge, USA

Abstract This document presents an interim framework in which the coupling structure of a Higgs-like particle can be studied. After discussing different options and approximations, recommendations on specific benchmark parametrizations to be used to fit the data are given.

∗On leave of absence from INFN, Sezione di Firenze, Sesto Fiorentino, Florence, Italy

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 Panorama of experimental measurements at the LHC . . . . . . . . . . . . . . . . . . . . . 2 3 Interim framework for the search of deviations . . . . . . . . . . . . . . . . . . . . . . . . 3 3.1 Definition of coupling scale factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 3.2 Further assumptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 4 Benchmark parametrizations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 4.1 One common scale factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 4.2 Scaling of vector boson and fermion couplings . . . . . . . . . . . . . . . . . . . . . . . 11 4.3 Probing custodial symmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 4.4 Probing the fermion sector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 4.5 Probing the loop structure and invisible or undetectable decays . . . . . . . . . . . . . . 12 4.6 A minimal parametrization without assumptions on new physics contributions . . . . . . 15 A General parametrization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 B LO SM-inspired loop parametrizations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1 Introduction The recent observation of a new massive neutral boson by ATLAS and CMS [1, 2], as well as evidence from the Tevatron experiments [3], opens a new era where characterization of this new object is of central importance.

The Standard Model (SM), as any renormalizable theory, makes very accurate predictions for the coupling of the Higgs boson to all other known particles. These couplings directly influence the rates of production and decay of the Higgs boson. Therefore, measurement of the production and decay rates of the observed state yields information that can be used to probe whether data are compatible with the SM predictions for the Higgs boson.

While coarse features of the observed state can be inferred from the information that the experiments have made public, only a consistent and combined treatment of the data can yield the most accurate picture of the coupling structure. Such a treatment must take into account all the systematic and statistical uncertainties considered in the analyses, as well as the correlations among them.

This document outlines an interim framework to explore the coupling structure of the recently observed state. The framework proposed in this recommendation should be seen as a continuation of the earlier studies of the LHC sensitivity to the Higgs couplings initiated in Refs. [4–7], and has been influenced by the works of Refs. [8–15]. It follows closely the methodology proposed in the recent phenomenological works of Refs. [16–18] which have been further extended in several directions [19–60] along the lines that are formalized in the present recommendation. While the interim framework is not final, it has an accuracy that matches the statistical power of the datasets that the LHC experiments can hope to collect until the end of the 2012 LHC run and is an explicit attempt to provide a common ground for the dialogue in the, and between the, experimental and theoretical communities.

Based on that framework, a series of benchmark parametrizations are presented. Each benchmark parametrization allows to explore specific aspects of the coupling structure of the new state. The parametrizations have varying degrees of complexity, with the aim to cover the most interesting possibilities that can be realistically tested with the LHC 7 and 8 TeV datasets. On the one hand, the framework and benchmarks were designed to provide a recommendation to experiments on how to perform coupling fits that are useful for the theory community. On the other hand the theory community can prepare for results based on the framework discussed in this document.

Finally, avenues that can be pursued to improve upon this interim framework and recommendations on how to probe the tensor structure will be discussed in a future document.

2 Panorama of experimental measurements at the LHC In 2011, the LHC delivered an integrated luminosity of slightly less than 6 fb^{−1} of proton–proton (pp) collisions at a center-of-mass energy of 7 TeV to the ATLAS and CMS experiments. By July 2012, the LHC delivered more than 6 fb^{−1} of pp collisions at a center-of-mass energy of 8 TeV to both experiments. For this dataset, the instantaneous luminosity reached record levels of approximately 7 · 10^{33} cm^{−2}s^{−1}, almost double the peak luminosity of 2011 with the same 50 ns bunch spacing. The 2012 pp run will continue until the end of the year, hopefully delivering about 30 fb^{−1} per experiment.

At the LHC a SM-like Higgs boson is searched for mainly in four exclusive production processes: the predominant gluon fusion gg → H, the vector boson fusion qq^′ → qq^′H, the associated production with a vector boson qq → WH/ZH and the associated production with a top-quark pair qq/gg → ttH. The main search channels are determined by five decay modes of the Higgs boson, the γγ, ZZ^{(∗)}, WW^{(∗)}, bb and τ^+τ^− channels. The mass range within which each channel is effective and the production processes for which exclusive searches have been developed and made public are indicated in Table 1. A detailed description of the Higgs search analyses can be found in Refs. [1, 2].

Table 1: Summary of the Higgs boson search channels in the ATLAS and CMS experiments by July 2012. The √ symbol indicates exclusive searches targetting the inclusive gg → H production, the associated production processes (with a vector boson or a top quark pair) or the vector boson fusion (VBF) production process.

Channel m_H( GeV) ggH VBF VH ttH

ATLAS CMS ATLAS CMS ATLAS CMS ATLAS CMS

H → γγ 110–150 √ √ √ √ - - - - H → τ^+τ^− 110–145 √ √ √ √ √ √ - - H → bb 110–130 - - - - √ √ - √ H → ZZ^{(∗)} → ℓ^+ℓ^−ℓ^+ℓ^− 110–600 √ √ - - - - - - H → WW^{(∗)} → ℓ^+νℓ^−ν 110–600 √ √ √ √ √ √ - - Both the ATLAS and CMS experiments observe an excess of events for Higgs boson mass hypotheses near ∼ 125 GeV. The observed combined significances are 5.9σ for ATLAS [1] and 5.0σ for CMS [2], compatible with their respective sensitivities. Both observations are primarily in the H → γγ, H → ZZ^{(∗)} → ℓ^+ℓ^−ℓ^+ℓ^− and H → WW^{(∗)} → ℓ^+νℓ^−ν channels. For the H → γγ channel, excesses of 4.5σ and 4.1σ are observed at Higgs boson mass hypotheses of 126.5 GeV and 125 GeV, in agreement with the expected sensitivities of around 2.5σ and 2.8σ, in the ATLAS and CMS experiments respectively. For the H → ZZ^{(∗)} → ℓ^+ℓ^−ℓ^+ℓ^− channel, the significances of the excesses are 3.6σ and 3.2σ at Higgs boson mass hypotheses of 125 GeV and 125.6 GeV, in the ATLAS and CMS experiments respectively. The expected sensitivities at those masses are 2.7σ in ATLAS and 3.8σ in CMS respectively. For the low mass resolution H → WW^{(∗)} → ℓ^+νℓ^−ν channel ATLAS observes an excess of 2.8σ (2.3σ expected) and CMS observes 1.6σ (2.4σ expected) for a Higgs boson mass hypotheses of ∼ 125 GeV. The other channels do not contribute significantly to the excess, but are nevertheless individually compatible with the presence of a signal.

The ATLAS and CMS experiments have also reported compatible measurements of the mass of the observed narrow resonance yielding:

126.0 ±0.4(stat.) ±0.4(syst.) GeV(ATLAS), 125.3 ±0.4(stat.) ±0.5(syst.) GeV(CMS).

3 Interim framework for the search of deviations The idea behind this framework is that all deviations from the SM are computed assuming that there is only one underlying state at ∼ 125 GeV. It is assumed that this state is a Higgs boson, i.e. the excitation of a field whose vacuum expectation value (VEV) breaks electroweak symmetry, and that it is SM-like, in the sense that the experimental results so far are compatible with the interpretation of the state in terms of the SM Higgs boson. No specific assumptions are made on any additional states of new physics (and their decoupling properties) that could influence the phenomenology of the 125 GeV state, such as additional Higgs bosons (which could be heavier but also lighter than 125 GeV), additional scalars that do not develop a VEV, and new fermions and/or gauge bosons that could interact with the state at 125 GeV, giving rise, for instance, to an invisible decay mode.

The purpose of this framework is to either confirm that the light, narrow, resonance indeed matches the properties of the SM Higgs, or to establish a deviation from the SM behaviour, which would rule out the SM if sufficiently significant. In the latter case the next goal in the quest to identify the nature of electroweak symmetry breaking (EWSB) would obviously be to test the compatibility of the observed patterns with alternative frameworks of EWSB.

In investigating the experimental information that can be obtained on the coupling properties of the new state near 125 GeV from the LHC data to be collected in 2012 the following assumptions are made^1:

– The signals observed in the different search channels originate from a single narrow resonance with a mass near 125 GeV. The case of several, possibly overlapping, resonances in this mass region is not considered.

– The width of the assumed Higgs boson near 125 GeV is neglected, i.e. the zero-width approximation for this state is used. Hence the signal cross section can be decomposed in the following way for all channels:

(σ · BR) (ii → H → ff ) = σ_{ii} · Γ_ff Γ_H (1) where σ_{ii} is the production cross section through the initial state ii, Γ_ff the partial decay width into the final state ff and Γ_H the total width of the Higgs boson.

Within the context of these assumptions, in the following a simplified framework for investigating the experimental information that can be obtained on the coupling properties of the new state is outlined. In general, the couplings of the assumed Higgs state near 125 GeV are “pseudo-observables”, i.e. they cannot be directly measured. This means that a certain “unfolding procedure” is necessary to extract information on the couplings from the measured quantities like cross sections times branching ratios (for specific experimental cuts and acceptances). This gives rise to a certain model dependence of the extracted information. Different options can be pursued in this context. One possibility is to confront a specific model with the experimental data. This has the advantage that all available higher-order corrections within this model can consistently be included and also other experimental constraints (for instance from direct searches or from electroweak precision data) can be taken into account. However, the results obtained in this case are restricted to the interpretation within that particular model. Another possibility is to use a general parametrization of the couplings of the new state without referring to any particular model. While this approach is clearly less model-dependent, the relation between the extracted coupling parameters and the couplings of actual models, for instance the SM or its minimal supersymmetric extension (MSSM), is in general non-trivial, so that the theoretical interpretation of the extracted information can be difficult. It should be mentioned that the results for the signal strengths of individual search channels that have been made public by ATLAS and CMS, while referring just to a particular search channel rather than to the full information available from the Higgs searches, are nevertheless very valuable for testing the predictions of possible models of physics beyond the SM.

1The experiments are encouraged to test the assumptions of the framework, but that lies outside the scope of this document.

In the SM, once the numerical value of the Higgs mass is specified, all the couplings of the Higgs boson to fermions, bosons and to itself are specified within the model. It is therefore in general not possible to perform a fit to experimental data within the context of the SM where Higgs couplings are treated as free parameters. While it is possible to test the overall compatibility of the SM with the data, it is not possible to extract information about deviations of the measured couplings with respect to their SM values.

A theoretically well-defined framework for probing small deviations from the SM predictions — or the predictions of another reference model — is to use the state-of-the-art predictions in this model (including all available higher-order corrections) and to supplement them with the contributions of additional terms in the Lagrangian, which are usually called “anomalous couplings”. In such an approach and in general, not only the coupling strength, i.e. the absolute value of a given coupling, will be modified, but also the tensor structure of the coupling. For instance, the HW^+W^− LO coupling in the SM is proportional to the metric tensor g^{μν} , while anomalous couplings will generally also give rise to other tensor structures, however required to be compatible with the SU(2)×U(1) symmetry and the corresponding Ward-Slavnov-Taylor identities. As a consequence, kinematic distributions will in general be modified when compared to the SM case.

Since the reinterpretation of searches that have been performed within the context of the SM is difficult if effects that change kinematic distributions are taken into account and since not all the necessary tools to perform this kind of analysis are available yet, the following additional assumption is made in this simplified framework:

– Only modifications of couplings strengths, i.e. of absolute values of couplings, are taken into account, while the tensor structure of the couplings is assumed to be the same as in the SM prediction. This means in particular that the observed state is assumed to be a CP-even scalar.

3.1 Definition of coupling scale factors In order to take into account the currently best available SM predictions for Higgs cross sections, which include higher-order QCD and EW corrections [61–63], while at the same time introducing possible deviations from the SM values of the couplings, the predicted SM Higgs cross sections and partial decay widths are dressed with scale factors κ_i. The scale factors κ_i are defined in such a way that the cross sections σ_{ii} or the partial decay widths Γ_{ii} associated with the SM particle i scale with the factor κ^2_i when compared to the corresponding SM prediction. Table 2 lists all relevant cases. Taking the process gg → H → γγ as an example, one would use as cross section:

(σ · BR) (gg → H → γγ) = σ_{SM}(gg → H) · BR_{SM}(H → γγ) · κ^2_g · κ^2_γ

κ^2_H (2) where the values and uncertainties for both σ_{SM}(gg → H) and BR_{SM}(H → γγ) are taken from Ref. [63] for a given Higgs mass hypothesis.

By definition, the currently best available SM predictions for all σ · BR are recovered when all κ_i = 1. In general, this means that for κ_i ≠ 1 higher-order accuracy is lost. Nonetheless, NLO QCD corrections essentially factorize with respect to coupling rescaling, and are accounted for wherever possible. This approach ensures that for a true SM Higgs boson no artifical deviations (caused by ignored NLO corrections) are found from what is considered the SM Higgs boson hypothesis. The functions κ^2_{VBF}(κ_W , κ_Z, m_H), κ^2_g (κ_b, κ_t, m_H), κ^2_γ (κ_b, κ_t, κ_τ, κ_W, m_H) and κ^2_H(κ_i, m_H) are used for cases where there is a non-trivial relationship between scale factors κ_i and cross sections or (partial) decay widths, and are calculated to NLO QCD accuracy. The functions are defined in the following sections and all required input parameters as well as example code can be found in Refs. [63,64]. As explained in Sec. 3.2.3 below, the notation in terms of the partial widths Γ_{WW}(∗) and Γ_{ZZ}(∗) in Table 2 is meant for illustration only. In the experimental analysis the 4-fermion partial decay widths are taken into account.

Production modes σ_{ggH} σ^{SM}_{ggH} = { κ^2_g(κ_b, κ_t, m_H) κ^2_g (3) σ_{VBF} σ^{SM}_{VBF}

= κ^2_{VBF}(κ_W, κ_Z, m_H) (4) σ_{WH} σ^{SM}_{WH}

= κ^2_W (5) σ_{ZH} σ^{SM}_{ZH}

= κ^2_Z (6)

σ_{tt H} σ^{SM}_{tt H}

= κ^2_t (7)

Detectable decay modes Γ_{WW}(∗) Γ^{SM}_{WW(∗)}

= κ^2_W (8)

Γ_{ZZ}(∗) Γ^{SM}_{ZZ(∗)}

= κ^2_Z (9)

Γ_{bb} Γ^{SM}_{bb}

= κ^2_b (10)

Γ_τ−_τ+ Γ^{SM}_{τ−τ+}

= κ^2_τ (11) Γ_{γγ} Γ^{SM}_{γγ} = { κ^2_γ (κ_b, κ_t, κ_τ, κ_W , m_H) κ^2_γ

(12)

Γ_{Zγ} Γ^{SM}_{Zγ} = { κ^2_{(Zγ)}(κ_b, κ_t, κ_τ, κ_W, m_H) κ^2_{(Zγ)}

(13)

Currently undetectable decay modes Γ_{tt} Γ^{SM}_{tt}

= κ^2_t (14)

Γ_{gg} Γ^{SM}_{gg}

: see Section 3.1.2

Γ_{cc} Γ^{SM}_{cc}

= κ^2_t (15)

Γ_{ss} Γ^{SM}_{ss}

= κ^2_b (16)

Γ_μ−_μ+ Γ^{SM}_{μ−μ+}

= κ^2_τ (17)

Total width

Γ_H Γ^{SM}_H = { κ^2_H(κ_i, m_H) κ^2_H

(18)

Table 2: LO coupling scale factor relations for Higgs boson cross sections and partial decay widths relative to the SM. For a given m_H hypothesis, the smallest set of degrees of freedom in this framework comprises κ_W , κ_Z , κ_b, κ_t, and κ_τ. For partial widths that are not detectable at the LHC, scaling is performed via proxies chosen among the detectable ones. Additionally, the loop-induced vertices can be treated as a function of other κ_i or effectively, through the κ_g and κ_γ degrees of freedom which allow probing for BSM contributions in the loops. Finally, to explore invisible or undetectable decays, the scaling of the total width can also be taken as a separate degree of freedom, κ_H, instead of being rescaled as a function, κ^2_H(κ_i, m_H), of the other scale factors.

3.1.1 Scaling of the VBF cross section κ^2_{VBF} refers to the functional dependence of the VBF^2 cross section on the scale factors κ^2_W and κ^2_Z:

κ^2_{VBF}(κ_W , κ_Z, m_H) = κ^2_W · σ_{WF} (m_H) + κ^2_Z · σ_{ZF} (m_H) σ_{WF} (m_H) + σ_{ZF} (m_H)

(19)

The W- and Z-fusion cross sections, σ_{WF} and σ_{ZF} , are taken from Refs. [65,66]. The interference term is < 0.1% in the SM and hence ignored [67].

3.1.2 Scaling of the gluon fusion cross section and of the H → gg decay vertex κ^2_g refers to the scale factor for the loop-induced production cross section σ_{ggH}. The decay width Γ_{gg} is not observable at the LHC, however its contribution to the total width is also considered.

Gluon fusion cross-section scaling As NLO QCD corrections factorize with the scaling of the electroweak couplings with κ_t and κ_b, the function κ^2_g(κ_b, κ_t, m_H) can be calculated in NLO QCD:

κ^2_g(κ_b, κ_t, m_H) = κ^2_t · σ^{tt}_{ggH}(m_H) + κ^2_b · σ^{bb}_{ggH}(m_H) + κ_tκ_b · σ^{tb}_{ggH}(m_H) σ^{tt}_{ggH}(m_H) + σ^{bb}_{ggH}(m_H) + σ^{tb}_{ggH}(m_H)

(20)

Here, σ^{tt}_{ggH}, σ^{bb}_{ggH} and σ^{tb}_{ggH} denote the square of the top-quark contribution, the square of the bottom-quark contribution and the top-bottom interference, respectively. The interference term (σ^{tb}_{ggH}) is negative for a light mass Higgs, m_H < 200 GeV. Within the LHC Higgs Cross Section Working Group (for the evaluation of the MSSM cross section) these contributions were evaluated, where for σ^{bb}_{ggH} and σ^{tb}_{ggH} the full NLO QCD calculation included in HIGLU [68] was used. For σ^{tt}_{ggH} the NLO QCD result of HIGLU was supplemented with the NNLO corrections in the heavy-top-quark limit as implemented in GGH@NNLO [69], see Ref. [61, Sec. 6.3] for details.

Partial width scaling In a similar way, NLO QCD corrections for the H → gg partial width are implemented in HDECAY [70– 72]. This allows to treat the scale factor for Γ_{gg} as a second order polynomial in κ_b and κ_t:

Γ_{gg} Γ^{SM}_{gg} (m_H) = κ^2_t · Γ^{tt}_{gg}(m_H) + κ^2_b · Γ^{bb}_{gg} (m_H) + κ_tκ_b · Γ^{tb}_{gg}(m_H) Γ^{tt}_{gg}(m_H) + Γ^{bb}_{gg} (m_H) + Γ^{tb}_{gg}(m_H)

(21)

The terms Γ^{tt}_{gg}, Γ^{bb}_{gg} and Γ^{tb}_{gg} are defined like the σ_{ggH} terms in Eq. (20). The Γ^{ii}_{gg} correspond to the partial widths that are obtained for κ_i = 1 and all other κ_j = 0, j ≠ i. The cross-term Γ^{tb}_{gg} can then be derived by calculating the SM partial width by setting κ_b = κ_t = 1 and subtracting Γ^{tt}_{gg} and Γ^{bb}_{gg} from it.

Effective treatment In the general case, without the assumptions above, possible non-zero contributions from additional particles in the loop have to be taken into account and κ^2_g is then treated as an effective coupling scale factor parameter in the fit: σ_{ggH}/σ^{SM}_{ggH} = κ^2_g. The effective scale factor for the partial gluon width Γ_{gg} should behave in a very similar way, so in this case the same effective scale factor κ_g is used: Γ_{gg}/Γ^{SM}_{gg} = κ^2_g. As the contribution of Γ_{gg} to the total width is <10% in the SM, this assumption is believed to have no measurable impact.

2Vector Boson Fusion is also called Weak Boson Fusion, as only the weak bosons W and Z contribute to the production.

3.1.3 Scaling of the H → γγ partial decay width Like in the previous section, κ^2_γ refers to the scale factor for the loop-induced H → γγ decay. Also for the H → γγ decay NLO QCD corrections exist and are implemented in HDECAY. This allows to treat the scale factor for the γγ partial width as a second order polynomial in κ_b, κ_t, κ_τ, and κ_W:

κ^2_γ (κ_b, κ_t, κ_τ, κ_W, m_H) = ∑ i,j κ_iκ_j · Γ^{ij}_{γγ} (m_H) ∑ i,j Γ^{ij}_{γγ} (m_H) (22)

where the pairs (i, j) are bb, tt, ττ, WW, bt, bτ, bW, tτ, tW, τW. The Γ^{ii}_{γγ} correspond to the partial widths that are obtained for κ_i = 1 and all other κ_j = 0, (j ≠ i). The cross-terms Γ^{ij}_{γγ} , (i ≠ j) can then be derived by calculating the partial width by setting κ_i = κ_j = 1 and all other κ_l = 0, (l ≠ i, j), and subtracting Γ^{ii}_{γγ} and Γ^{jj}_{γγ} from them.

Effective treatment In the general case, without the assumption above, possible non-zero contributions from additional particles in the loop have to be taken into account and κ^2_γ is then treated as an effective coupling parameter in the fit.

3.1.4 Scaling of the H → Zγ decay vertex Like in the previous sections, κ^2_{(Zγ)} refers to the scale factor for the loop-induced H → Zγ decay. This allows to treat the scale factor for the Zγ partial width as a second order polynomial in κ_b, κ_t, κ_τ, and κ_W:

κ^2_{(Zγ)}(κ_b, κ_t, κ_τ, κ_W , m_H) = ∑ i,j κ_iκ_j · Γ^{ij}_{Zγ} (m_H) ∑ i,j Γ^{ij}_{Zγ} (m_H)

(23)

where the pairs (i, j) are bb, tt, ττ, WW, bt, bτ, bW, tτ, tW, τW. The Γ^{ij}_{Zγ} are calculated in the same way as for Eq. (22). NLO QCD corrections have been computed and found to be very small [73], and thus ignored here.

Effective treatment In the general case, without the assumption above, possible non-zero contributions from additional particles in the loop have to be taken into account and κ^2_{(Zγ)} is then treated as an effective coupling parameter in the fit.

3.1.5 Scaling of the total width The total width Γ_H is the sum of all Higgs partial decay widths. Under the assumption that no additional BSM Higgs decay modes (into either invisible or undetectable final states) contribute to the total width, Γ_H is expressed as the sum of the scaled partial Higgs decay widths to SM particles, which combine to a total scale factor κ^2_H compared to the SM total width Γ^{SM}_H :

κ^2_H(κ_i, m_H) = ∑ j = WW^{(∗)}, ZZ^{(∗)}, bb, τ^−τ^+, γγ, Zγ, gg, tt, cc, ss, μ^−μ^+

Γ_j(κ_i, m_H) Γ^{SM}_H (m_H)

(24)

Effective treatment In the general case, additional Higgs decay modes to BSM particles cannot be excluded and the total width scale factor κ^2_H is treated as free parameter.

The total width Γ_H for a light Higgs with m_H ∼ 125 GeV is not expected to be directly observable at the LHC, as the SM expectation is Γ_H ∼ 4 MeV, several orders of magnitude smaller than the experimental mass resolution. There is no indication from the results observed so far that the natural width is broadened by new physics effects to such an extent that it could be directly observable. Furthermore, as all LHC Higgs channels rely on the identification of Higgs decay products, there is no way of measuring the total Higgs width indirectly within a coupling fit without using assumptions. This can be illustrated by assuming that all cross sections and partial widths are increased by a common factor κ^2_i = r > 1. If simultaneously the Higgs total width is increased by the square of the same factor κ^2_H = r^2 (for example by postulating some BSM decay mode) the experimental visible signatures in all Higgs channels would be indistinguishable from the SM.

Hence without further assumptions only ratios of scale factors κ_i can be measured at the LHC, where at least one of the ratios needs to include the total width scale factor κ^2_H. Such a definition of ratios absorbs two degrees of freedom (e.g. a common scale factor to all couplings and a scale factor to the total width) into one ratio that can be measured at the LHC. In order to go beyond the measurement of ratios of coupling scale factors to the determination of absolute coupling scale factors κ_i additional assumptions are necessary to remove one degree of freedom. Possible assumptions are:

– No new physics in Higgs decay modes (Eq. (24)).

– κ_W ≤ 1, κ_Z ≤ 1. If one combines this assumption with the fact that all Higgs partial decay widths are positive definite and the total width is bigger than the sum of all (known) partial decay widths, this is sufficient to give a lower and upper bound on all κ_i and also determine a possible branching ratio BR_{inv.,undet.} into final states invisible or undetectable at the LHC. This is best illustrated with the VH(H → VV) process:

σ_{VH} · BR(H → VV) = κ^2_V · σ^{SM}_{VH} · κ^2_V · Γ^{SM}_V Γ_H and Γ_H > κ^2_V · Γ^{SM}_V (25)

give combined: σ_{VH} · BR(H → V V ) < κ^2_V · σ^{SM}_{VH} · κ^2_V · Γ^{SM}_V

κ^2_V · Γ^{SM}_V

=⇒ κ^2_V > σ_{VH} · BR(H → VV) σ^{SM}_{VH}

(26)

If more final states are included in Eq. (25), the lower bounds become tighter and together with the upper limit assumptions on κ_W and κ_Z, absolute measurements are possible. However, uncertainties on all κ_i can be very large depending on the accuracy of the bb decay channels that dominate the uncertainty of the total width sum.

In the following benchmark parametrizations always two versions are given: one without assumptions on the total width and one assuming no beyond SM Higgs decay modes.

3.2 Further assumptions 3.2.1 Theoretical uncertainties The quantitative impact of theory uncertainties in the Higgs production cross sections and decay rates is discussed in detail in Ref. [61].

Such uncertainties will directly affect the determination of the scale factors. When one or more of the scaling factors differ from 1, the uncertainty from missing higher-order contributions will in general be larger than what was estimated in Ref. [61].

In practice, the cross section predictions with their uncertainties as tabulated in Ref. [61] are used as such so that for κ_i = 1 the recommended SM treatment is recovered. Without a consistent electroweak NLO calculation for deviations from the SM, electroweak corrections and their uncertainties for the SM prediction (∼ 5% in gluon fusion production and ∼ 2% in the di-photon decay) are naively scaled together. In the absence of explicit calculations this is the currently best available approach in a search for deviations from the SM Higgs prediction.

3.2.2 Limit of the zero-width approximation Concerning the zero-width approximation (ZWA), it should be noted that in the mass range of the narrow resonance the width of the Higgs boson of the Standard Model (SM) is more than four orders of magnitude smaller than its mass. Thus, the zero-width approximation is in principle expected to be an excellent approximation not only for a SM-like Higgs boson below ∼ 150 GeV but also for a wide range of BSM scenarios which are compatible with the present data. However, it has been shown in Ref. [74] that this is not always the case even in the SM. The inclusion of off-shell contributions is essential to obtain an accurate Higgs signal normalization at the 1% precision level. For gg (→ H) → VV, V = W, Z, O(10%) corrections occur due to an enhanced Higgs signal in the region M_{VV} > 2 M_V, where also sizeable Higgs-continuum interference occurs. However, with the accuracy anticipated to be reached in the 2012 data these effects play a minor role.

3.2.3 Signal interference effects A possible source of uncertainty is related to interference effects in H → 4 fermion decay. For a light Higgs boson the decay width into 4 fermions should always be calculated from the complete matrix elements and not from the approximation

BR(H → VV) · BR^2(V → ff ) (27)

This approximation, based on the ZWA for the gauge boson V, neglects both off-shell effects and interference between diagrams where the intermediate gauge bosons couple to different pairs of final-state fermions. As shown in Chapter 2 of Ref. [62], the interference effects not included in Eq. (27) amount to 10% for the decay H → e^+e^−e^+e^− for a 125 GeV Higgs. Similar interference effects of the order of 5% are found for the e^+ν_ee^−ν_e and qqqq final states.

The experimental analyses take into account the full NLO 4-fermion partial decay width [75–77]. The partial width of the 4-lepton final state (usually described as H → ZZ^{(∗)} → 4l) is scaled with κ^2_Z. Similary, the partial width of the 2-lepton, 2-jet final state (usually described as H → ZZ^{(∗)} → 2l2q) is scaled with κ^2_Z. The partial width of the low mass 2-lepton, 2-neutrino final state (usually described as H → WW^{(∗)} → lν lν, although a contribution of H → Z^{(∗)}Z → ll νν exists and is taken into account) is scaled with κ^2_W .

3.2.4 Treatment of Γ_{cc} , Γ_{ss} , Γ_μ−_μ+ and light fermion contributions to loop-induced processes

When calculating κ^2_H(κ_i, m_H) in a benchmark parametrization, the final states cc, ss and μ^−μ^+ (currently unobservable at the LHC) are tied to κ_i scale factors which can be determined from the data. Based on flavour symmetry considerations, the following choices are made:

Γ_{cc} Γ^{SM}_{cc} (m_H)

= κ^2_c = κ^2_t (28)

Γ_{ss} Γ^{SM}_{ss} (m_H)

= κ^2_s = κ^2_b (29)

Γ_μ−_μ+ Γ^{SM}_{μ−μ+}(m_H)

= κ^2_μ = κ^2_τ (30)

Following the rationale of Ref. [61, Sec. 9], the widths of e^−e^+, uu, dd and neutrino final states are neglected.

Through interference terms, these light fermions also contribute to the loop-induced gg → H and H → gg, γγ, Zγ vertices. In these cases, the assumptions κ_c = κ_t, κ_s = κ_b and κ_μ = κ_τ are made.

3.2.5 Approximation in associated ZH production When scaling the associated ZH production mode, the contribution from gg → ZH through a topquark loop is neglected. This is estimated to be around 5% of the total associated ZH production cross section [61, Sec. 4.3].

4 Benchmark parametrizations In putting forward a set of benchmark parametrizations based on the framework described in the previous section several considerations were taken into account. One concern is the stability of the fits which typically involve several hundreds of nuisance parameters. With that in mind, the benchmark parametrizations avoid quotients of parameters of interest. Another constraint that heavily shapes the exact choice of parametrization is consistency among the uncertainties that can be extracted in different parametrizations. Some coupling scale factors enter linearly in loop-induced photon and gluon vertices. For that reason, all scale factors are defined at the same power, leading to what could appear as an abundance of squared expressions. Finally, the benchmark parametrizations are chosen such that some potentially interesting physics scenarios can be probed and the parameters of interest are chosen so that at least some are expected to be determined.

For every benchmark parametrization, two variations are provided:

1. The total width is scaled assuming that there are no invisible or undetected widths. In this case κ^2_H(κ_i, m_H) is a function of the free parameters.

2. The total width scale factor is treated as a free parameter. In this case no assumption is done and there will be a parameter of the form κ_{ij} = κ_i · κ_j/κ_H.

The benchmark parametrizations are given in tabular form where each cell corresponds to the scale factor to be applied to a given combination of production and decay mode.

For every benchmark parametrization, a list of the free parameters and their relation to the framework parameters is provided. To reduce the amount of symbols in the tables, m_H is omitted throughout. In practice, m_H can either be fixed to a given value or profiled together with other nuisance parameters.

4.1 One common scale factor The simplest way to look for a deviation from the predicted SM Higgs coupling structure is to leave the overall signal strength as a free parameter. This is presently done by the experiments, with ATLAS finding μ = 1.4 ± 0.3 at 126.0 GeV [1] and CMS finding μ = 0.87 ± 0.23 at 125.5 GeV [2].

In order to perform the same fit in the context of the coupling scale factor framework, the only difference is that μ = κ^2 · κ^2/κ^2 = κ^2, where the three terms κ^2 in the intermediate expression account for production, decay and total width scaling, respectively (Table 3).

Common scale factor

Free parameter: κ(= κt = κ_b = κτ = κW = κZ ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH κ^2 ttH VBF WH ZH Table 3: The simplest possible benchmark parametrization where a single scale factor applies to all production and decay modes.

This parametrization, despite providing the highest experimental precision, has several clear shortcomings, such as ignoring that the role of the Higgs boson in providing the masses of the vector bosons is very different from the role it has in providing the masses of fermions.

4.2 Scaling of vector boson and fermion couplings In checking whether an observed state is compatible with the SM Higgs boson, one obvious question is whether it fulfills its expected role in EWSB which is intimately related to the coupling to the vector bosons (W, Z).

Therefore, assuming that the SU(2) custodial symmetry holds, in the simplest case two parameters can be defined, one scaling the coupling to the vector bosons, κ_V(= κ_W = κ_Z), and one scaling the coupling common to all fermions, κ_f (= κ_t = κ_b = κ_τ). Loop-induced processes are assumed to scale as expected from the SM structure.

In this parametrization, presented in Table 4, the gluon vertex loop is effectively a fermion loop and only the photon vertex loop requires a non-trivial scaling, given the contributions of the top and bottom quarks, of the τ lepton, of the W-boson, as well as their (destructive) interference.

Boson and fermion scaling assuming no invisible or undetectable widths

Free parameters: κV (= κW = κZ ), κ_f (= κt = κ_b = κτ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH^{κ2}_f^{·κ2}γ^{(κ}f^{,κ}f^{,κ}f^{,κ}V^) κ2H (κi) κ2f ·κ2V κ2H (κi) κ2f ·κ2f κ2H (κi) ttH VBF_{κ2V ·κ2γ (κf ,κf ,κf ,κV )} κ2H (κi) κ2V ·κ2V κ2H (κi) κ2V ·κ2f κ2H (κi) WH ZH Boson and fermion scaling without assumptions on the total width

Free parameters: κVV (= κV · κV /κH ), λ_{f V} (= κ_f /κV ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH κ_{2VV} · λ_{2fV} · κ_{2γ} (λ_{fV}, λ_{fV}, λ_{fV}, 1) κ_{2VV} · λ_{2fV} κ_{2VV} · λ_{2fV} · λ_{2fV} ttH VBF κ^2_{VV} · κ^2_γ (λ_{fV}, λ_{fV}, λ_{fV}, 1) κ^2_{VV} κ^2_{VV} · λ^2_{fV} WH ZH κ^2_i = Γii/Γ^{SM}_{ii}

Table 4: A benchmark parametrization where custodial symmetry is assumed and vector boson couplings are scaled together (κ_V ) and fermions are assumed to scale with a single parameter (κ_f ).

This parametrization, though exceptionally succinct, makes a number of assumptions, which are expected to be object of further scrutiny with the accumulation of data at the LHC. The assumptions naturally relate to the grouping of different individual couplings or to assuming that the loop amplitudes are those predicted by the SM.

4.3 Probing custodial symmetry One of the best motivated symmetries in case the new state is responsible for electroweak symmetry breaking is the one that links its couplings to the W and Z bosons. Since SU(2)_V or custodial symmetry is an approximate symmetry of the SM (e.g. Δρ ≠ 0), it is important to test whether data are compatible with the amount of violation allowed by the SM at NLO.

In this parametrization, presented in Table 5, λ_{WZ}(= κ_W /κ_Z) is of particular interest for probing custodial symmetry. Though providing interesting information, both κ_Z and κ_f can be thought of as nuisance parameters when performing this fit. In addition to the photon vertex loop not having a trivial scaling, in this parametrization also the individual W and Z boson fusion contributions to the vector boson fusion production process need to be resolved.

4.4 Probing the fermion sector In many extensions of the SM the Higgs bosons couple differently to different types of fermions.

Given that the gluon-gluon fusion production process is dominated by the top-quark coupling, and that there are two decay modes involving fermions, one way of splitting fermions that is within experimental reach is to consider up-type fermions (top quark) and down-type fermions (bottom quark and tau lepton) separately. In this parametrization, presented in Table 6, the relevant parameter of interest is λ_{du}(= κ_d/κ_u), the ratio of the scale factors of the couplings to down-type fermions, κ_d = κ_τ(= κ_μ) = κ_b(= κ_s), and up-type fermions, κ_u = κ_t(= κ_c).

Alternatively one can consider quarks and leptons separately. In this parametrization, presented in Table 7, the relevant parameter of interest is λ_{lq}(= κ_l/κ_q), the ratio of the coupling scale factors to leptons, κ_l = κ_τ(= κ_μ), and quarks, κ_q = κ_t(= κ_c) = κ_b(= κ_s).

One further combination of top-quark, bottom-quark and tau-lepton, namely scaling the top-quark and tau-lepton with a common parameter and the bottom-quark with another parameter, can be envisaged and readily parametrized based on the interim framework but is not put forward as a benchmark.

4.5 Probing the loop structure and invisible or undetectable decays New particles associated with physics beyond the SM may influence the partial width of the gluon and/or photon vertices.

In this parametrization, presented in Table 8, each of the loop-induced vertices is represented by an effective scale factor, κ_g and κ_γ .

Particles not predicted by the SM may also give rise to invisible or undetectable decays. Invisible decays might show up as a MET signature and could potentially be measured at the LHC with dedicated analyses. An example of an undetectable final state would be a multi-jet signature that cannot be separated from QCD backgrounds at the LHC and hence not detected. With sufficient data it can be envisaged to disentangle the invisible and undetectable components.

In order to probe this possibility, instead of absorbing the total width into another parameter or leaving it free, a different parameter is introduced, BR_{inv.,undet.}. The definition of BR_{inv.,undet.} is relative to the rescaled total width, κ^2_H(κ_i), and can thus be interpreted as the invisible or undetectable fraction of the total width.

One particularity of this benchmark parametrization is that it should allow theoretical predictions involving new particles to be projected into the (κ_g , κ_γ ) or (κ_g, κ_γ , BR_{inv.,undet.}) spaces.

Probing custodial symmetry assuming no invisible or undetectable widths

Free parameters: κZ , λWZ (= κW /κZ ), κ_f (= κt = κ_b = κτ ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH^{κ2}_f^{·κ2}γ^{(κ}f^{,κ}f^{,κ}f^{,κ}Z^λWZ^) κ2H(κi) κ2f ·κ2Z κ2H (κi) κ2f ·(κZ λWZ )2 κ2H (κi) κ2f ·κ2f κ2H (κi) ttH VBF^{κ2VBF(κZ ,κZ λWZ )·κ2γ (κf ,κf ,κf ,κZ λWZ )} κ2H(κi) κ2VBF(κZ ,κZ λWZ )·κ2Z κ2H (κi) κ2VBF(κZ ,κZ λWZ )·(κZ λWZ )2 κ2H (κi) κ2VBF(κZ ,κZ λWZ )·κ2f κ2H (κi) WH^{(κZ λWZ )2·κ2γ (κf ,κf ,κf ,κZ λWZ )} κ2H(κi) (κ_Z λ_{WZ} )^2·κ^2_Z κ2H (κi) (κ_Z λ_{WZ} )^2·(κ_Z λ_{WZ} )^2 κ2H (κi) (κ_Z λ_{WZ} )^2·κ^2_f κ2H (κi) ZH^κ 2 Z ·κ^2_γ (κ_f ,κ_f ,κ_f ,κ_Zλ_{WZ} ) κ2H(κi) κ2Z·κ2Z κ2H (κi) κ2Z ·(κZ λWZ )2 κ2H (κi) κ2Z ·κ2f κ2H (κi) Probing custodial symmetry without assumptions on the total width

Free parameters: κZZ (= κZ · κZ /κH ), λWZ (= κW /κZ ), λF Z (= κ_f /κZ ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH κ_{2ZZ}λ_{2F Z} · κ_{2γ} (λ_{F Z} , λ_{F Z} , λ_{F Z} , λ_{WZ}) κ_{2ZZ}λ_{2F Z} κ_{2ZZ}λ_{2F Z} · λ_{2WZ} κ_{2ZZ}λ_{2F Z} · λ_{2F Z} ttH VBF κ^2_{ZZ}κ^2_{VBF}(1, λ^2_{WZ}) · κ^2_γ (λ_{F Z} , λ_{F Z} , λ_{F Z} , λ_{WZ}) κ^2_{ZZ}κ^2_{VBF}(1, λ^2_{WZ}) κ^2_{ZZ}κ^2_{VBF}(1, λ^2_{WZ}) · λ^2_{WZ} κ^2_{ZZ}κ^2_{VBF}(1, λ^2_{WZ}) · λ^2_{F Z} WH κ^2_{ZZ}λ^2_{WZ} · κ^2_γ (λ_{F Z} , λ_{F Z} , λ_{F Z} , λ_{WZ}) κ^2_{ZZ} · λ^2_{WZ} κ^2_{ZZ}λ^2_{WZ} · λ^2_{WZ} κ^2_{ZZ}λ^2_{WZ} · λ^2_{F Z} ZH κ^2_{ZZ} · κ^2_γ (λ_{F Z} , λ_{F Z} , λ_{F Z} , λ_{WZ}) κ^2_{ZZ} κ^2_{ZZ} · λ^2_{WZ} κ^2_{ZZ} · λ^2_{F Z}

κ^2_i = Γii/Γ^{SM}_{ii}

Table 5: A benchmark parametrization where custodial symmetry is probed through the λ_{WZ} parameter.

Probing up-type and down-type fermion symmetry assuming no invisible or undetectable widths

Free parameters: κV (= κZ = κW ), λ_{du} (= κ_d /κu ), κu(= κt ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH^{κ2g (κu λdu ,κu)·κ2γ (κu λdu ,κu,κuλdu ,κV )} κ2H (κi) κ2g (κu λdu ,κu)·κ2V κ2H(κi) κ2g (κu λdu ,κu)·(κu λdu )2 κ2H (κi) ttH^{κ2u ·κ2γ (κu λdu ,κu,κu λdu ,κV )} κ2H (κi) κ2u ·κ2V κ2H(κi) κ2u ·(κuλdu )2 κ2H (κi) VBF_{κ2V ·κ2γ (κu λdu ,κu,κuλdu ,κV )} κ2H (κi) κ2V ·κ2V κ2H(κi) κ2V ·(κu λdu )2 κ2H (κi) WH ZH Probing up-type and down-type fermion symmetry without assumptions on the total width

Free parameters: κuu (= κu · κu /κH ), λ_{du} (= κ_d /κu ), λVu (= κV /κu ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH κ^2_{uu}κ^2_g(λ_{du}, 1) · κ^2_γ (λ_{du}, 1, λ_{du}, λ_{Vu}) κ^2_{uu}κ^2_g(λ_{du}, 1) · λ^2_{Vu} κ^2_{uu}κ^2_g(λ_{du}, 1) · λ^2_{du} ttH κ^2_{uu} · κ^2_γ (λ_{du}, 1, λ_{du}, λ_{Vu}) κ^2_{uu} · λ^2_{Vu} κ^2_{uu} · λ^2_{du} VBF κ^2_{uu}λ^2_{Vu} · κ^2_γ (λ_{du}, 1, λ_{du}, λ_{Vu}) κ^2_{uu}λ^2_{Vu} · λ^2_{Vu} κ^2_{uu}λ^2_{Vu} · λ^2_{du} WH ZH κ^2_i = Γii/Γ^{SM}_{ii} , κ_d = κ_b = κτ

Table 6: A benchmark parametrization where the up-type and down-type symmetry of fermions is probed through the λ_{du} parameter.

Probing quark and lepton fermion symmetry assuming no invisible or undetectable widths

Free parameters: κV (= κZ = κW ), λ_{lq} (= κ_l /κq ), κq (= κt = κ_b ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH κ^2q ·κ^2γ (κq ,κq ,κqλlq ,κV ) κ2H (κi) κ2q ·κ2V κ2H (κi) κ2q ·κ2q κ2H (κi) κ2q ·(κq λlq )2 κ2H (κi) ttH VBF_{κ2V ·κ2γ (κq ,κq,κq λlq ,κV )} κ2H (κi) κ2V ·κ2V κ2H (κi) κ2V ·κ2q κ2H (κi) κ2V ·(κq λlq )2 κ2H (κi) WH ZH Probing quark and lepton fermion symmetry without assumptions on the total width

Free parameters: κqq (= κq · κq /κH ), λ_{lq} (= κ_l /κq ), λVq (= κV /κq ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH κ_{2qq} · κ_{2γ} (1, 1, λ_{lq}, λ_{Vq}) κ_{2qq} · λ_{2Vq} κ_{2qq} κ_{2qq} · λ_{2lq} ttH VBF κ^2_{qq}λ^2_{Vq} · κ^2_γ (1, 1, λ_{lq}, λ_{Vq}) κ^2_{qq}λ^2_{Vq} · λ^2_{Vq} κ^2_{qq} · λ^2_{Vq} κ^2_{qq}λ^2_{Vq} · λ^2_{lq} WH ZH κ^2_i = Γii/Γ^{SM}_{ii} , κ_l = κτ

Table 7: A benchmark parametrization where the quark and lepton symmetry of fermions is probed through the λ_{lq} parameter.

It can be noted that the benchmark parametrization including BR_{inv.,undet.} can be recast in a form that allows for an interpretation in terms of a tree-level scale factor and the loop-induced scale factors with the following substitutions: κ_j → κ^′_j /κ_{tree} (with j = g, γ) and (1 − BR_{inv.,undet.}) → κ^2_{tree}.

4.6 A minimal parametrization without assumptions on new physics contributions Finally, the following parametrization gathers the most important degrees of freedom considered before, namely κ_g, κ_γ , κ_V, κ_f . The parametrization, presented in Table 9, is chosen such that some parameters are expected to be reasonably constrained by the LHC data in the near term, while other parameters are not expected to be as well constrained in the same time frame.

It should be noted that this is a parametrization which only includes trivial scale factors. With the presently available analyses and data, κ^2_{gV} = κ^2_g · κ^2_V/κ^2_H seems to be a good choice for the common κ_{ij} parameter.

References [1] ATLAS Collaboration, G. Aad et al., Observation of a new particle in the search for the Standard Model Higgs boson with the ATLAS detector at the LHC, arXiv:1207.7214 [hep-ex].

[2] CMS Collaboration, S. Chatrchyan et al., Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC, arXiv:1207.7235 [hep-ex].

[3] CDF Collaboration, D0 Collaboration, T. Aaltonen et al., Evidence for a particle produced in association with weak bosons and decaying to a bottom-antibottom quark pair in Higgs boson searches at the Tevatron, arXiv:1207.6436 [hep-ex].

[4] D. Zeppenfeld, R. Kinnunen, A. Nikitenko, and E. Richter-Was, Measuring Higgs boson couplings at the CERN LHC, Phys.Rev. D62 (2000) 013009, arXiv:hep-ph/0002036 [hep-ph].

[5] M. Dührssen, Prospects for the measurement of Higgs boson coupling parameters in the mass range from 110 – 190 GeV, ATL-PHYS-2003-030 .

[6] M. Dührssen et al., Extracting Higgs boson couplings from LHC data, Phys. Rev. D70 (2004) 113009, arXiv:hep-ph/0406323.

[7] R. Lafaye, T. Plehn, M. Rauch, D. Zerwas, and M. Dührssen, Measuring the Higgs Sector, JHEP 0908 (2009) 009, arXiv:0904.3866 [hep-ph].

[8] K. Hagiwara, R. Szalapski, and D. Zeppenfeld, Anomalous Higgs boson production and decay, Phys.Lett. B318 (1993) 155–162, arXiv:hep-ph/9308347 [hep-ph].

[9] M. Gonzalez-Garcia, Anomalous Higgs couplings, Int.J.Mod.Phys. A14 (1999) 3121–3156, arXiv:hep-ph/9902321 [hep-ph].

[10] V. Barger, T. Han, P. Langacker, B. McElrath, and P. Zerwas, Effects of genuine dimension-six Higgs operators, Phys.Rev. D67 (2003) 115001, arXiv:hep-ph/0301097 [hep-ph].

[11] A. V. Manohar and M. B. Wise, Modifications to the properties of the Higgs boson, Phys.Lett.

B636 (2006) 107–113, arXiv:hep-ph/0601212 [hep-ph].

[12] G. Giudice, C. Grojean, A. Pomarol, and R. Rattazzi, The Strongly-Interacting Light Higgs, JHEP 0706 (2007) 045, arXiv:hep-ph/0703164 [hep-ph].

[13] I. Low, R. Rattazzi, and A. Vichi, Theoretical Constraints on the Higgs Effective Couplings, JHEP 1004 (2010) 126, arXiv:0907.5413 [hep-ph].

[14] J. Espinosa, C. Grojean, and M. Mühlleitner, Composite Higgs Search at the LHC, JHEP 1005 (2010) 065, arXiv:1003.3251 [hep-ph].

[15] C. Anastasiou, S. Bühler, F. Herzog, and A. Lazopoulos, Total cross-section for Higgs boson hadroproduction with anomalous Standard Model interactions, arXiv:1107.0683 [hep-ph].

Probing loop structure assuming no invisible or undetectable widths

Free parameters: κg , κγ .

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH^{κ2g ·κ2γ}_{κ2H (κi)}^{κ2g}_{κ2H (κi)} ttH κ2_γ κ2H (κi) 1 κ2H (κi) VBF WH ZH Probing loop structure allowing for invisible or undetectable widths

Free parameters: κg , κγ , BR_{inv.,undet.}.

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH^{κ2g ·κ2γ}

κ2H(κi)/(1−BRinv.,undet.) κ2g κ2H (κi)/(1−BRinv.,undet.) ttH κ2_γ κ2H(κi)/(1−BRinv.,undet.) 1 κ2H (κi)/(1−BRinv.,undet.) VBF WH ZH κ^2_i = Γii/Γ^{SM}_{ii}

Table 8: A benchmark parametrization where effective vertex couplings are allowed to float through the κ_g and κ_γ parameters. Instead of absorbing κ_H, explicit allowance is made for a contribution from invisible or undetectable widths via the BR_{inv.,undet.} parameter.

Probing loops while allowing other couplings to float assuming no invisible or undetectable widths

Free parameters: κg , κγ , κV (= κW = κZ ), κ_f (= κt = κ_b = κτ ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH^{κ2g ·κ2γ}_{κ2H (κi)}^κ 2 g ·κ^2_V κ2H (κi) κ2g ·κ2f κ2H (κi) ttH^κ 2 f ·κ^2_γ κ2H (κi) κ2f ·κ2V κ2H (κi) κ2f ·κ2f κ2H (κi) VBF_{κ2V ·κ2γ} κ2H (κi) κ2V ·κ2V κ2H (κi) κ2V ·κ2f κ2H (κi) WH ZH Probing loops while allowing other couplings to float allowing for invisible or undetectable widths

Free parameters: κgV (= κg · κV /κH ), λVg (= κV /κg ), λγ V (= κγ /κV ), λ_{f V} (= κ_f /κV ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH κ^2_{gV} · λ^2_{γV} κ^2_{gV} κ^2_{gV} · λ^2_{fV} ttH κ^2_{gV}λ^2_{Vg}λ^2_{fV} · λ^2_{γV} κ^2_{gV}λ^2_{Vg}λ^2_{fV} κ^2_{gV}λ^2_{Vg}λ^2_{fV} · λ^2_{fV} VBF κ^2_{gV}λ^2_{Vg} · λ^2_{γV} κ^2_{gV}λ^2_{Vg} κ^2_{gV}λ^2_{Vg} · λ^2_{fV} WH ZH κ^2_i = Γii/Γ^{SM}_{ii} , κV = κW = κZ , κ_f = κt = κ_b = κτ

Table 9: A benchmark parametrization where effective vertex couplings are allowed to float through the κ_g and κ_γ parameters and the gauge and fermion couplings through the unified parameters κ_V and κ_f .

[16] D. Carmi, A. Falkowski, E. Kuflik, and T. Volansky, Interpreting LHC Higgs Results from Natural New Physics Perspective, arXiv:1202.3144 [hep-ph].

[17] A. Azatov, R. Contino, and J. Galloway, Model-Independent Bounds on a Light Higgs, JHEP 1204 (2012) 127, arXiv:1202.3415 [hep-ph].

[18] J. Espinosa, C. Grojean, M. Mühlleitner, and M. Trott, Fingerprinting Higgs Suspects at the LHC, JHEP 1205 (2012) 097, arXiv:1202.3697 [hep-ph].

[19] J.-J. Cao, Z.-X. Heng, J. M. Yang, Y.-M. Zhang, and J.-Y. Zhu, A SM-like Higgs near 125 GeV in low energy SUSY: a comparative study for MSSM and NMSSM, JHEP 1203 (2012) 086, arXiv:1202.5821 [hep-ph].

[20] F. Boudjema and G. D. La Rochelle, BMSSM Higgses at 125 GeV, arXiv:1203.3141 [hep-ph]. [21] V. Barger, M. Ishida, and W.-Y. Keung, Total Width of 125 GeV Higgs Boson, Phys.Rev.Lett. 108 (2012) 261801, arXiv:1203.3456 [hep-ph].

[22] M. T. Frandsen and F. Sannino, Discovering a Light Scalar or Pseudoscalar at The Large Hadron Collider, arXiv:1203.3988 [hep-ph].

[23] P. P. Giardino, K. Kannike, M. Raidal, and A. Strumia, Reconstructing Higgs boson properties from the LHC and Tevatron data, JHEP 1206 (2012) 117, arXiv:1203.4254 [hep-ph].

[24] J. Ellis and T. You, Global Analysis of Experimental Constraints on a Possible Higgs-Like Particle with Mass 125 GeV, JHEP 1206 (2012) 140, arXiv:1204.0464 [hep-ph].

[25] P. Draper and D. McKeen, Diphotons from Tetraphotons in the Decay of a 125 GeV Higgs at the LHC, Phys.Rev. D85 (2012) 115023, arXiv:1204.1061 [hep-ph].

[26] A. Azatov, R. Contino, D. Del Re, J. Galloway, M. Grassi, et al., Determining Higgs couplings with a model-independent analysis of H → γγ, JHEP 1206 (2012) 134, arXiv:1204.4817 [hep-ph].

[27] M. Farina, C. Grojean, and E. Salvioni, (Dys)Zphilia or a custodial breaking Higgs at the LHC, JHEP 1207 (2012) 012, arXiv:1205.0011 [hep-ph].

[28] C. Englert, D. Goncalves-Netto, M. Spannowsky, and J. Terning, Constraining the Unhiggs with LHC data, arXiv:1205.0836 [hep-ph].

[29] C. Degrande, J. Gerard, C. Grojean, F. Maltoni, and G. Servant, Probing top-Higgs non-standard interactions at the LHC, arXiv:1205.1065 [hep-ph].

[30] M. Klute, R. Lafaye, T. Plehn, M. Rauch, and D. Zerwas, Measuring Higgs Couplings from LHC Data, arXiv:1205.2699 [hep-ph].

[31] A. Arhrib, R. Benbrik, and C.-H. Chen, H → γγ in the Complex Two Higgs Doublet Model, arXiv:1205.5536 [hep-ph].

[32] A. Akeroyd and S. Moretti, Enhancement of H to gamma gamma from doubly charged scalars in the Higgs Triplet Model, arXiv:1206.0535 [hep-ph].

[33] A. Azatov, S. Chang, N. Craig, and J. Galloway, Early Higgs Hints for Non-Minimal Supersymmetry, arXiv:1206.1058 [hep-ph].

[34] M. Carena, I. Low, and C. E. Wagner, Implications of a Modified Higgs to Diphoton Decay Width, JHEP 1208 (2012) 060, arXiv:1206.1082 [hep-ph].

[35] R. S. Gupta, H. Rzehak, and J. D. Wells, How well do we need to measure Higgs boson couplings?, arXiv:1206.3560 [hep-ph].

[36] K. Blum, R. T. D’Agnolo, and J. Fan, Natural SUSY Predicts: Higgs Couplings, arXiv:1206.5303 [hep-ph].

[37] J. Chang, K. Cheung, P.-Y. Tseng, and T.-C. Yuan, Distinguishing Various Models of the 125 GeV Boson in Vector Boson Fusion, arXiv:1206.5853 [hep-ph].

[38] S. Chang, C. A. Newby, N. Raj, and C. Wanotayaroj, Revisiting Theories with Enhanced Higgs Couplings to Weak Gauge Bosons, arXiv:1207.0493 [hep-ph].

[39] I. Low, J. Lykken, and G. Shaughnessy, Have We Observed the Higgs (Imposter)?, arXiv:1207.1093 [hep-ph].

[40] R. Benbrik, M. G. Bock, S. Heinemeyer, O. Stal, G. Weiglein, et al., Confronting the MSSM and the NMSSM with the Discovery of a Signal in the two Photon Channel at the LHC, arXiv:1207.1096 [hep-ph].

[41] T. Corbett, O. Eboli, J. Gonzalez-Fraile, and M. Gonzalez-Garcia, Constraining anomalous Higgs interactions, arXiv:1207.1344 [hep-ph].

[42] P. P. Giardino, K. Kannike, M. Raidal, and A. Strumia, Is the resonance at 125 GeV the Higgs boson?, arXiv:1207.1347 [hep-ph].

[43] J. Ellis and T. You, Global Analysis of the Higgs Candidate with Mass 125 GeV, arXiv:1207.1693 [hep-ph].

[44] M. Montull and F. Riva, Higgs discovery: the beginning or the end of natural EWSB?, arXiv:1207.1716 [hep-ph].

[45] J. Espinosa, C. Grojean, M. Mühlleitner, and M. Trott, First Glimpses at Higgs’ face, arXiv:1207.1717 [hep-ph].

[46] D. Carmi, A. Falkowski, E. Kuflik, T. Volansky, and J. Zupan, Higgs After the Discovery: A Status Report, arXiv:1207.1718 [hep-ph].

[47] M. E. Peskin, Comparison of LHC and ILC Capabilities for Higgs Boson Coupling Measurements, arXiv:1207.2516 [hep-ph].

[48] S. Banerjee, S. Mukhopadhyay, and B. Mukhopadhyaya, New Higgs interactions and recent data from the LHC and the Tevatron, arXiv:1207.3588 [hep-ph].

[49] J. Cao, Z. Heng, J. M. Yang, and J. Zhu, Status of low energy SUSY models confronted with the LHC 125 GeV Higgs data, arXiv:1207.3698 [hep-ph].

[50] D. Bertolini and M. McCullough, The Social Higgs, arXiv:1207.4209 [hep-ph]. [51] N. Arkani-Hamed, K. Blum, R. T. D’Agnolo, and J. Fan, 2:1 for Naturalness at the LHC?, arXiv:1207.4482 [hep-ph].

[52] F. Bonnet, T. Ota, M. Rauch, and W. Winter, Interpretation of precision tests in the Higgs sector in terms of physics beyond the Standard Model, arXiv:1207.4599 [hep-ph].

[53] N. Craig and S. Thomas, Exclusive Signals of an Extended Higgs Sector, arXiv:1207.4835 [hep-ph].

[54] L. G. Almeida, E. Bertuzzo, P. A. Machado, and R. Z. Funchal, Does H → γγ Taste like vanilla New Physics?, arXiv:1207.5254 [hep-ph].

[55] D. S. Alves, P. J. Fox, and N. J. Weiner, Higgs Signals in a Type I 2HDM or with a Sister Higgs, arXiv:1207.5499 [hep-ph].

[56] J. R. Espinosa, C. Grojean, V. Sanz, and M. Trott, NSUSY fits, arXiv:1207.7355 [hep-ph]. [57] E. Accomando, L. Fedeli, S. Moretti, S. De Curtis, and D. Dominici, Charged di-boson production at the LHC in a 4-site model with a composite Higgs boson, arXiv:1208.0268 [hep-ph].

[58] D. Elander and M. Piai, The decay constant of the holographic techni-dilaton and the 125 GeV boson, arXiv:1208.0546 [hep-ph].

[59] M. Reece, Vacuum Instabilities with a Wrong-Sign Higgs-Gluon-Gluon Amplitude, arXiv:1208.1765 [hep-ph].

[60] A. Djouadi, Precision Higgs coupling measurements at the LHC through ratios of production cross sections, arXiv:1208.3436 [hep-ph].

[61] LHC Higgs Cross Section Working Group Collaboration, S. Dittmaier et al., Handbook of LHC Higgs Cross Sections: 1. Inclusive Observables, arXiv:1101.0593 [hep-ph].

[62] LHC Higgs Cross Section Working Group Collaboration, S. Dittmaier et al., Handbook of LHC Higgs Cross Sections: 2. Differential Distributions, arXiv:1201.3084 [hep-ph].

[63] LHC Higgs Cross Section Working Group Collaboration, TWiki,

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections, 2012. [64] LHC Higgs Cross Section Working Group: Light Mass Higgs subgroup Collaboration, TWiki, https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsLightMass, 2012.

[65] K. Arnold et al., VBFNLO: A parton level Monte Carlo for processes with electroweak bosons, Comput. Phys. Commun. 180 (2009) 1661–1670, arXiv:0811.4559 [hep-ph].

[66] K. Arnold et al., VBFNLO: A parton level Monte Carlo for processes with electroweak bosons, http://www-itp.particle.uni-karlsruhe.de/~vbfnloweb, 2009.

[67] M. Ciccolini, A. Denner, and S. Dittmaier, Electroweak and QCD corrections to Higgs production via vector-boson fusion at the LHC, Phys. Rev. D77 (2008) 013002, arXiv:0710.4749 [hep-ph].

[68] M. Spira, HIGLU: A program for the calculation of the total Higgs production cross-section at hadron colliders via gluon fusion including QCD corrections, arXiv:hep-ph/9510347 [hep-ph].

[69] R. V. Harlander and W. B. Kilgore, Next-to-next-to-leading order Higgs production at hadron colliders, Phys. Rev. Lett. 88 (2002) 201801, arXiv:hep-ph/0201206.

[70] M. Spira, HIGLU and HDECAY: Programs for Higgs boson production at the LHC and Higgs boson decay widths, Nucl. Instrum. Meth. A389 (1997) 357–360, arXiv:hep-ph/9610350.

[71] A. Djouadi, J. Kalinowski, and M. Spira, HDECAY: A program for Higgs boson decays in the Standard Model and its supersymmetric extension, Comput. Phys. Commun. 108 (1998) 56–74, arXiv:hep-ph/9704448.

[72] A. Djouadi, J. Kalinowski, M. Mühlleitner, and M. Spira, An update of the program HDECAY, in The Les Houches 2009 workshop on TeV colliders: The tools and Monte Carlo working group summary report. 2010. arXiv:1003.1643 [hep-ph].

[73] M. Spira, A. Djouadi, and P. M. Zerwas, QCD corrections to the HZγ coupling, Phys. Lett. B276 (1992) 350–353.

[74] N. Kauer and G. Passarino, Inadequacy of zero-width approximation for a light Higgs boson signal, arXiv:1206.4803 [hep-ph].

[75] A. Bredenstein, A. Denner, S. Dittmaier, A. Mück, and M. M. Weber, Prophecy4f: A Monte Carlo generator for a proper description of the Higgs decay into 4 fermions, http://omnibus.uni-freiburg.de/~sd565/programs/prophecy4f/prophecy4f.html, 2010.

[76] A. Bredenstein, A. Denner, S. Dittmaier, and M. M. Weber, Precise predictions for the Higgs-boson decay H → WW/ZZ → 4 leptons, Phys. Rev. D74 (2006) 013004, arXiv:hep-ph/0604011.

[77] A. Bredenstein, A. Denner, S. Dittmaier, and M. Weber, Radiative corrections to the semileptonic and hadronic Higgs-boson decays H →W W / Z Z→ 4 fermions, JHEP 02 (2007) 080, arXiv:hep-ph/0611234 [hep-ph].

[78] M. Spira, A. Djouadi, D. Graudenz, and P. Zerwas, Higgs boson production at the LHC, Nucl.Phys. B453 (1995) 17–82, arXiv:hep-ph/9504378 [hep-ph].

Appendices A General parametrization Table A.1 presents the relations in a fit only with simple scale factors. It should be noted that the number of degrees of freedom is too large to make such a fit feasible in the near future.

Several choices are possible for κ_{ij}. With the currently available channels, κ_{gZ} = κ_g ·κ_Z/κ_H seems most appropriate, as shown in table A.1. The more appealing choices using vector boson scattering κ_{WW} = κ_W · κ_W/κ_H or κ_{ZZ} = κ_Z · κ_Z/κ_H will have lower sensitivity until more data is accumulated.

B LO SM-inspired loop parametrizations This appendix collects LO SM-inspired relations that could be used as scale factors of couplings involving loops. We stress that these relations are not used in the present note and are not recommended. They are added only for the sake of illustration.

Gluon vertex loop Under the assumption that the only relevant contributions to σ_{ggH} and Γ_{gg} are from top-quark and bottom-quark loops, κ^2_g(κ_b, κ_t, m_H) is a scaling function depending on the scale factors κ_b and κ_t:

κ^2_g(κ_b, κ_t, m_H) =

|κ_bA_b(m_H) + κ_tA_t(m_H)|^2 |A_b(m_H) + A_t(m_H)|^2

(B.1)

where A_{b,t} denotes the bottom-quark and top-quark amplitudes in the SM [78, Eq. (21)].

Photon vertex loop Under the assumption that the only relevant contributions to Γ_{γγ} are from W-boson, top-quark, and bottom-quark loops, κ^2_γ (κ_b, κ_t, κ_W , m_H) is a scaling function depending on the scale factors κ_b, κ_t and κ_W:

κ^2_γ (κ_b, κ_t, κ_W , m_H) =

|κ_bA^′_b(m_H) + κ_tA^′_t(m_H) + κ_WA^′_W (m_H)|^2 |A^′_b(m_H) + A^′_t(m_H) + A^′_W (m_H)|^2

(B.2)

where A^′_{b,t,W} denotes the bottom-quark, top-quark, and W-boson amplitudes in the SM, including color and charge factors [78, Eq. (1)].

Zγ vertex loop Under the assumption that the only relevant contributions to Γ_{Zγ} are from W-boson, top-quark, and bottom-quark loops, κ^2_{(Zγ)}(κ_b, κ_t, κ_W , m_H) is a scaling function depending on the scale factors κ_b, κ_t and κ_W:

κ^2_{(Zγ)}(κ_b, κ_t, κ_W , m_H) =

|κ_bB_b(m_H) + κ_tB_t(m_H) + κ_WB_W(m_H)|^2 |B_b(m_H) + B_t(m_H) + B_W(m_H)|^2

(B.3)

where B_{b,t,W} denotes the bottom-quark, top-quark, and W-boson amplitudes in the SM [73, Eq. (7)]. In the SM, κ^2_{(Zγ)} ∼ κ^2_W to within 10%.

Treatment of m_b Wherever the b-quark mass, m_b, appears in the κ^2_g and κ^2_{(Zγ)} above (Eqs. (B.1) and (B.3), respectively), the pole mass M_b = 4.49 GeV is used.

Based on the results of Ref. [78], for κ^2_γ , Eq. (B.2), the running mass m_b(μ), μ = m_H/2 is used.

General parametrization allowing other couplings to float

Free parameters: κgZ (= κg · κZ /κH ), λγ Z (= κγ /κZ ), λWZ (= κW /κZ ), λ_{bZ} (= κ_b /κZ ), λτZ (= κτ /κZ ), λZg (= κZ /κg ), λtg (= κt /κg ).

H → γγ H → ZZ^{(∗)} H → WW^{(∗)} H → bb H → τ^−τ^+ ggH κ^2_{gZ} 1 λ^2_{γZ} κ^2_{gZ} 1 1 κ^2_{gZ} 1 λ^2_{WZ} κ^2_{gZ} 1 λ^2_{bZ} κ^2_{gZ} 1 λ^2_{τZ} ttH κ^2_{gZ} λ^2_{tg} λ^2_{γZ} κ^2_{gZ} λ^2_{tg} 1 κ^2_{gZ} λ^2_{tg} λ^2_{WZ} κ^2_{gZ} λ^2_{tg} λ^2_{bZ} κ^2_{gZ} λ^2_{tg} λ^2_{τZ} VBF κ^2_{gZ}λ^2_{Zg}κ^2_{VBF}(1, λ_{WZ})λ^2_{γZ} κ^2_{gZ}λ^2_{Zg}κ^2_{VBF}(1, λ_{WZ})1 κ^2_{gZ}λ^2_{Zg}κ^2_{VBF}(1, λ_{WZ})λ^2_{WZ} κ^2_{gZ}λ^2_{Zg}κ^2_{VBF}(1, λ_{WZ})λ^2_{bZ} κ^2_{gZ}λ^2_{Zg}κ^2_{VBF}(1, λ_{WZ})λ^2_{τZ} WH κ^2_{gZ} λ^2_{Zg}λ^2_{WZ} λ^2_{γZ} κ^2_{gZ} λ^2_{Zg}λ^2_{WZ} 1 κ^2_{gZ} λ^2_{Zg} λ^2_{WZ} λ^2_{WZ} κ^2_{gZ} λ^2_{Zg} λ^2_{WZ} λ^2_{bZ} κ^2_{gZ} λ^2_{Zg}λ^2_{WZ} λ^2_{τZ} ZH κ^2_{gZ} λ^2_{Zg} λ^2_{γZ} κ^2_{gZ} λ^2_{Zg} 1 κ^2_{gZ} λ^2_{Zg} λ^2_{WZ} κ^2_{gZ} λ^2_{Zg} λ^2_{bZ} κ^2_{gZ} λ^2_{Zg} λ^2_{τZ}

κ^2_i = Γii/Γ^{SM}_{ii}

Table A.1: A benchmark parametrization without further assumptions and maximum degrees of freedom. The colors denote the common factor (black) and the factors related to the production (blue) and decay modes (red). Ones are used to denote the trivial factor.