TTP12-023, CERN-PH-TH-2012-182

Status of the fourth fermion generation before ICHEP2012:

Higgs data and electroweak precision observables

Otto Eberhardt^a, Alexander Lenz^b, Andreas Menzel^c, Ulrich Nierste^a, and Martin Wiebusch^a

a Institut für Theoretische Teilchenphysik, Karlsruhe Institute of Technology, D-76128 Karlsruhe, Germany, email: otto.eberhardt@kit.edu, ulrich.nierste@kit.edu, martin.wiebusch@kit.edu b CERN - Theory Divison, PH-TH, Case C01600, CH-1211 Geneva 23, e-mail: alenz@cern.ch c Humboldt-Universität zu Berlin, Institut für Physik, Newtonstr. 15, D-12489 Berlin, Germany, e-mail: amenzel@physik.hu-berlin.de

(Dated: August 6, 2013)

We perform a global fit of the parameters of the Standard Model with a sequential fourth generation (SM4) to LHC and Tevatron Higgs data and electroweak precision data. Using several likelihood ratio tests we compare the performance of the SM4 and SM3 at describing the measured data. Since the SM3 and SM4 are not nested (i.e. the SM3 can not be considered as a special case of the SM4 with some parameters fixed) the usual analytical formulae for p-values in likelihood ratio tests do not hold. We thus apply a new method to compute these p-values. For a Higgs mass of 126.5 GeV and fourth-generation quark masses above 600 GeV we find that the SM4 is excluded at 3.1σ.

PACS numbers:

METHOD AND INPUTS

In this paper we study the SM4, which differs from the established Standard Model (denoted by SM3) by an additional fermion generation. We treat the masses of the extra fermions as free parameters and allow for arbitrary flavor mixings among the quarks of the four generations in our fits. Large mixings of the fourth-generation lepton doublet with those of the first three generations are ruled out [? ] from data on lepton-flavor violating decays and lepton-flavor universality [? ]. Recent NA62 data constrain these mixing angles even further [? ]. Including lepton mixing within the allowed range has a negligible impact on the electroweak precision observables (EWPOs). In the absence of lepton mixing the decay of the Higgs boson into neutrinos is invisible as long as the fourth-generation charged lepton is heavier than the corresponding neutrino. This invisible Higgs decay mode increases the total Higgs width and potentially counterbalances the effect of the enhanced gg → H production mechanism [? ? ], because the branching fractions into the observed final states are reduced [? ? ]. Allowing for (even small) mixing of the fourth with the other lepton doublets can render the neutrino decay mode visible. Since we want to quantify the level at which the SM4 is ruled out, we may confine ourselves to the most conservative scenario with an unmixed fourth-generation lepton doublet. Like the SM3, the SM4 can be studied with Dirac or Majorana neutrinos. In the fits presented in this paper we use Dirac neutrinos. In our conclusions we briefly discuss the (marginal) changes in the results expected for Majorana neutrinos. From a model-building point of view, the hierarchy between three almost massless neutrinos and a fourth neutrino with mass of order of the electroweak scale can be motivated by a symmetry enforcing massless neutrinos in the exact symmetry limit: e.g. three right-handed neutrino fields might carry some U(1) charge while the fourth neutrino field and the left-handed lepton doublets are uncharged under this new symmetry. The Yukawa couplings are small spurions breaking this symmetry, leading to three tiny neutrino masses and tiny mixings between the fourth and the other generations.

A sequential fourth generation of fermions decouples neither from the production cross section σ(gg → H) nor from the Higgs decay rate into photons. Consequently, current LHC Higgs data put the SM4 under serious pressure [? ? ? ? ]. In a recent publication [? ] we presented a global fit of the SM4 parameters to EWPOs and Higgs signal strengths measured at Tevatron and the LHC. The signal strength is defined as

μ̂(X → H → Y ) = σ(X → H)B(H → Y )|_{SM4} σ(X → H)B(H → Y )|_{SM3}

. (1)

Here we update our results with all available data and analyse the status of the SM4 prior to the ICHEP2012 conference. We also compute the statistical significance (p-value) at which the SM4 is excluded. As explained in [? ] the computation of the p-value is non-trivial: due to the non-decoupling nature of the fourth-generation fermions the

2 SM3 can not be regarded as a special case of the SM4, i.e. the two models are not nested. Analytical formulae for p-values only hold for nested models and thus the p-value of the SM4 has to be computed numerically. To this end, a new C++ framework for maximum likelihood fits and likelihood ratio tests called myFitter [? ] was written. The implementation is discussed in [? ].

In total, the following aspects of our previous analysis have been improved:

1. The masses of all four fourth-generation fermions are now consistently treated as free parameters. To avoid non-perturbative Yukawa couplings and constraints from direct searches of fourth-generation quarks we require 600 GeV ≤ m_t′ , m_b′ ≤ 800 GeV. We are aware that for fermion masses of 800 GeV the validity of perturbation theory is questionable at best. However, reducing the upper limit for the fermion masses can only lead to larger χ^2 values in the SM4 and thus to smaller p-values. In this sense, the upper limit of 800 GeV is a conservative estimate.

2. The signal strength for pp → H → ττ measured at the LHC [? ] is included in the analysis.

3. In the global fit, the Higgs mass is no longer fixed at 125 GeV, but is allowed to float in the range where experimental data on the Higgs signal strengths is available, i.e. 115 GeV ≤ m_H ≤ 150 GeV.[? ]

4. Since, for a variable Higgs mass, no separate H → γγ signal strengths for the gluon fusion and vector boson fusion production modes are available we only use the combined signal strength for pp → H → γγ as input.

5. For the two cases m_H = 126.5 GeV (the preferred Higgs mass of the SM3) and m_H = 147 GeV (the preferred Higgs mass of the SM4) we perform likelihood ratio tests to compare the performance of the SM3 and SM4 at describing the measured data.

Regarding the last point, a few more comments are in order. In likelihood ratio tests the difference Δχ^2 of minimal χ^2 values obtained in the SM3 and the SM4 is used as a test statistic. One then assumes that the measured observables are random variables distributed around the prediction of one model (e.g. the SM4) with a spread determined by their errors and computes the probability (p-value) that a random set of “toy-observables” leads to a Δχ^2 which is more extreme (e.g. more SM3-like) than the Δχ^2-value obtained from the real data. Note that this is different from the goodness-of-fit analysis presented in [? ], which used the χ^2 value of the SM4 as a test statistic and therefore did not compare the performance of the SM3 and the SM4. Also, the H → ττ signal strengths were not included in their analysis.

Unfortunately, the likelihood ratio tests can not be done (by us) if the Higgs mass is treated as a free parameter. In that case, the signal strengths measured in each invariant mass bin of each Higgs decay mode would have to be treated as separate observables, and we do not have any information on statistical correlations between adjacent bins. Thus we only perform likelihood ratio tests for specialisations of the SM3 and SM4, where the Higgs mass is fixed to m_H = 126.5 GeV (the value preferred by the global SM3 fit) or m_H = 147 GeV (the value preferred by the global SM4 fit). Then only the signal strengths at m_H = 126.5 GeV and m_H = 147 GeV have to be treated as independent observables and correlations between these observables can safely be neglected.

Note, however, that the information from all invariant mass bins is encoded in our χ^2 function. So, for example, the χ^2 value at m_H = 147 GeV has a contribution due to the fact that there is a signal at m_H = 126.5 GeV. If the model under consideration had a Higgs boson outside the discovery reach of LHC (or no Higgs boson at all), the theory prediction for all signal strengths in all invariant mass bins would be zero. This leads to a constant contribution to the χ^2, which we are allowed to drop. Now assume that the model has a Higgs boson with some mass m_H and a predicted signal strength μ̂_{th}(m_H ). Let μ̂_{ex}(m_H ) and Δμ̂(m_H ) be the measured signal strength and experimental error for the corresponding invariant mass bin. After dropping the constant, the χ^2 function is

χ^2(m_H ) =

[μ̂_{th}(m_H ) − μ̂_{ex}(m_H )]^2 − [μ̂_{ex}(m_H )]^2 [Δμ̂(m_H )]^2

. (2)

If there is a clear signal at the Higgs mass m_H , the second term gives a large negative contribution to the χ^2 function. This contribution is not present if m_H is in a region without a signal, so the minimum of the χ^2 function will usually be at a Higgs mass close to the signal.

In the present analysis, the following experimental inputs are used:

i) μ̂(pp → H → W W^∗) measured by ATLAS [? ],

ii) μ̂(pp → H → γγ) measured by ATLAS [? ],