HIGGS PHYSICS AND BEYOND THE STANDARD MODEL AT CMS/ATLAS

N. DE FILIPPIS Laboratoire Leprince Ringuet, École Polytechnique - IN2P3/CNRS 91128, PALAISEAU, France

Prospective searches about Higgs physics and beyond the Standard Model are presented for the CMS and ATLAS experiments. Possible excesses of events in real data could be an indication of the existence of new particles, even with few hundred pb^{−1} of integrated luminosity. In this paper the focus is on the current analyses strategies and on the potential both for a discovery and/or for an exclusion of the Standard Model Higgs boson in the main decay channels. The searches for some supersymmetric and exotic particles predicted by several theoretical models are also discussed.

1 Introduction

The field of high energy physics is approaching an important period of its history with the start of the operations of the Large Hadron Collider (LHC) at CERN, the world’s largest and highestenergy particle accelerator. The LHC will collide opposing beams of protons or lead ions, each carrying energies per nucleon up to 2.76 TeV. LHC started to operate with the injection of first beams in the beam pipe in fall 2008. The LHC has been built with the purpose of exploring new frontiers of particle physics, giving evidence of the existence of the Higgs boson and/or a wide spectrum of new particles predicted by supersymmetry and exotic models.

In general, the experiments at the LHC could provide answers or ingredients to answer some of the most fundamental open questions in particle physics, such as: the reality of the Higgs mechanism for generating gauge bosons and fermions masses, the problem of the hierarchy between the electroweak gauge boson scale and the Grand Unification or Planck scale, the existence of a supersymmetry which implies that the known Standard Model (SM) particles have supersymmetric partners, the existence of extra dimensions as predicted by various models inspired e.g. by string theory.

CMS and ATLAS are the two general purpose experiments built at the LHC aimed to provide answers to those fundamental questions. Prospective studies have been performed over the last years in the physics groups of the CMS and ATLAS collaborations to optimize strategies for the search of the Higgs boson(s), of the supersymmetric particles and of some exotic particles predicted by several models, at the center-of-mass energies of the LHC collider, both with low and high integrated luminosity.

2 Prospective searches at CMS/ATLAS

The search for Higgs and supersymmetric particles has been the major guide to define the detector requirements and performance that are detailed in Ref.^1 and Ref.^2 for CMS and ATLAS.

Detailed simulations of the detector closest to the real experimental set-up with miscalibration/misalignment conditions at start-up luminosity have been used in the CMS and ATLAS studies.

Advanced Monte Carlo physics generators has been used for signal and background simulation with the estimation of NLO QCD and electroweak corrections.

2.1 Searches for Standard Model Higgs

Direct searches for the SM Higgs particle at the LEP e^+e^− collider have led to a lower mass bound of m_H > 114.4 GeV/c^2 at 95% C.L.^3. On-going direct searches at the Tevatron pp̄ collider by the D0 and CDF experiments set constraints on the production cross-section for a SM-like Higgs boson in a mass range extending up to about 200 GeV/c^2 and allow to exclude his existence^4 with mass between 160 and 170 GeV/c^2.

The main production mechanisms for SM Higgs particle at LHC are the gluon-gluon fusion mechanism, the associated production with W/Z bosons, the weak vector boson fusion processes and the associated Higgs production with heavy top or bottom quarks, as detailed in Ref.^5. The gluon fusion mechanism dominates especially at low Higgs mass and the cross section at NLO is in between 0.1 and 50 pb depending on the Higgs mass; the cross section of Higgs production via the vector boson fusion is generally one order of magnitude lower with respect to gluon fusion while the other contributions are much less important.

SM Higgs couples to fermions, gauge bosons and to itself. In the low mass region (namely m_H < 130 GeV/c^2 ) the dominant decay is in bb̄ with a branching ratio between 60 and 90 %; H → τ^+τ^−, cc̄, γγ contribution to the total width is less that few %. In the high mass range the decay channels H → WW^{(∗)} and H → ZZ^{(∗)} play the main role given a clear signature of multi leptons in the final state.

A prospective analysis about the H → WW → llνν decay chain was performed both in CMS^6 and in ATLAS^7. The signature consists of two isolated high momentum leptons and missing energy related to the neutrinos escaping the detection. No hard jet in the central region of the acceptance is expected and it is not possible to reconstruct the Higgs mass peak due to the neutrinos. The main background comes from tt̄ and di-boson events, di-leptons a la Drell-Yan, tW and W+jets events in the topologies including two leptons in the final state.

The analysis mainly consists of selecting events with high transverse momentum leptons and sufficient missing energy; a central jet veto strategy is used to select events with no hard jet in central rapidity region and the angular correlation between the leptons coming from Higgs decays is used as a discriminating observable.

Both a cut-based and neural net-based approaches were used to gain discrimination between signal and background. The distribution of the output result of the neural net for signal and background is reported in Fig. 1 (left), for 1 fb^{−1} of integrated luminosity. Strategies to control the efficiency of leptons and jet reconstruction, the rate of jets faking leptons, the measurement

Figure 1: The distribution of the output result of the neural net (left) for signal and background in the H → WW → 2l2ν search, with 1 fb^{−1} of integrated luminosity; significance of the signal observation (right) in the H → WW → 2l2ν with an integrated luminosity of 1 fb^{−1}.

of the missing energy and the estimation of tt̄ and WW background rates from data were also developed.

The significance for the signal observation in CMS with 1 fb^{−1} of integrated luminosity as a function of the Higgs mass hypothesis is reported in Fig. 1 (right); that is converted in an equivalent number of one-sided tail σ of the Gaussian distribution and it is larger than 3 for Higgs masses between 155 and 185 GeV/c^2.

In the case of H → ZZ decay channel the topology of four leptons in the final state (electron and/or muons) was studied with an integrated luminosity of 1 and 30 fb^{−1} for CMS^8 and ATLAS^7 respectively; the irreducible background comes from the ZZ events with four leptons in the final state while Zbb̄ and tt̄ events could be reduced.

A preselection strategy aimed to get rid of QCD related background with jets faking leptons was developed in the CMS collaboration; that is based on electron identification techniques, loose isolation on leptons and a minimal cuts on di-lepton and four-lepton invariant mass. Zbb̄ and tt̄ events were substantially reduced with a tight isolation on leptons and cuts on their impact parameters at the closest approach point. Another powerful observable is the mass of the reconstructed off-mass shell Z. With the purpose of providing a robust baseline strategy for the observation of the Higgs, the complete selection is cut-based and m_H -independent. Strategies to control efficiencies of lepton reconstruction and estimate the rate of ZZ and Zbb̄ events from data were also developed.

The four-lepton invariant mass spectrum obtained in the case 2e2μ final state at the end of the selection is reported in Fig. 2 (left). The significance for the signal observation with an integrated luminosity of 1 fb^{−1} is reported in Fig. 2 (right), as obtained by the CMS collaboration. The significance of such an observation needs to be further de-rated by about 1s unit to take into account the probability of a random fluctuation anywhere in the mass spectrum (the so-called look-elsewhere effect); when taking into account that effect, it is unlikely that an integrated luminosity of 1 fb^{−1} will yield an observation of a mass peak with an overall significance above 2σ. Even if the branching ratio of the decay in two photons H → γγ is less than % at low Higgs mass the clear signature of the final state makes that topology very promising. Background

Figure 2: 2e2μ invariant mass (left) after the full selection, corresponding to an integrated luminosity of 1 fb^{−1}; significance for the signal observation (right) in the H → ZZ → 4l channel with an integrated luminosity of 1 fb^{−1}.

events come from the production of two isolated photons, which are usually referred to as irreducible, while reducible background sources are events with at least one fake photon. Fake photons are mostly due to the presence of a leading π^0 resulting from the fragmentation of a quark or a gluon.

The performance of the electromagnetic calorimeter and of the photon reconstruction, identification (to reject background from jets faking photons) and calibration are fundamental to disentangle the signal from the background. Considering Higgs boson decays with photons within the acceptance, about 57% of the selected events have at least one true conversion with a radius smaller than 80 cm in the ATLAS detector. Conversions are reconstructed by a vertexing algorithm using the reconstructed particle tracks. Among the reconstructed photons passing the identification cuts, the two with highest transverse momentum are assumed to come from the Higgs boson decay so the vertex position of that is reconstructed. The invariant mass distributions for photons pairs from 120 GeV/c^2 mass Higgs boson decays after trigger and identification cuts is reported in Fig. 3 (left).

In the ATLAS collaboration, in addition to the inclusive H → γγ search, many topologies with one or two jets, with missing transverse energy and isolated leptons or with only missing transverse energy, were also studied^7. The significance in the H → γγ as a function of the Higgs mass is reported in Fig. 3 (right); a significance based on event counting of 2.6 with 10 fb^{−1} for m_H = 120 GeV is obtained in the case of inclusive analysis.

Statistical procedures for combination of results were used in the ATLAS collaboration to derive the potential of discovery and exclusion from independent searches: H → τ^+τ^−, H → WW → eνμν, H → γγ and H → ZZ → 4l, as detailed in Ref.^7. The level of compatibility between data that give an observed value of a given estimator (typically a likelihood ratio) and a given hypothesis (background only or signal+bagkround) is quantified by giving the pvalue that is the probability, under the assumption of a given hypothesis, of seeing data with equal or greater incompatibility, relative to the data actually obtained. Any p-value below 0.05 indicates an exclusion; the median p-value obtained for excluding a SM Higgs Boson for the various channels as well as the combination with integrated luminosity of 2 fb^{−1} is reported in Fig. 4; ATLAS has the median sensitivity to exclude a SM Higgs boson with a mass in a 115-460 GeV range at 95 % C.L..

Figure 3: Invariant mass distributions (left) for photons pairs from Higgs boson decays with Higgs mass of 120 GeV/c^2 after trigger and identification cuts; signal significance (right) in H → γγ channel as a function of the Higgs mass for 10 fb^{−1} of integrated luminosity . The solid circles correspond to the sensitivity of the inclusive analysis by using event counting. The open circles display the event counting significance when the Higgs boson plus jet analyses are included. The squares markers correspond to the sensitivity obtained using a combined analysis.

Figure 4: The median p-value obtained for excluding a SM Higgs Boson for the various channels as well as the combination for (left) the lower mass range (right) for masses up to 600 GeV with integrated luminosity of 2 fb^{−1}.

2.2 Searches for supersymmetric particles

Hints of supersymmetry^9 are looked for at LHC via the production of squarks and gluinos, the supersymmetric partners of quark and gluons of the SM. The final state topologies of the supersymmetric events at LHC consist of multiple jets, often very energetic, with possibly some leptons and missing energy in the final state or simply with many leptons and missing energy.

Most of the studies performed in CMS and ATLAS were done in the context of the Minimal Supersymmetric Standard Model (MSSM) with R-parity conservation and in the scenario of heavy squarks and gluinos. in order to reduce the number of free parameters of MSSM the hypotheses of minimal Supergravity (mSUGRA^{10}) are used, in particular by assuming a common sfermion mass at GUT scale (m_0) and a common gaugino mass (m_{1/2}).

Prospective analyses were developed to search for final states including jets, leptons and missing energy both in CMS^{11} and in the ATLAS collaboration^{12}. Typically some benchmark points of the parameter space of MSSM with mSUGRA hypotheses are used as starting points and scans of parameters around them is performed to derive conservative limits.

Concerning ATLAS analyses, one possible inclusive signature is consist of four jets and missing energy. The main backgrounds are tt̄ and W/Z+jets events. Simple selection cuts are applied on the total transverse momentum of the jets, on the missing transverse energy, on the angle between the jet and the missing energy directions and on the effective mass of transverse momentum of the jets and leptons and missing transverse energy. Final state topologies with less than four jets and with one or more leptons were also studied.

In the Fig. 5 (left) is reported the 5σ discovery reach in the plane (m_0, m_{1/2}) in the case of four jets with one or more leptons in the final state and missing energy; zero-lepton mode can probe close to 1.5 TeV for the minimum between the squark and the gluino mass, with 1 fb^{−1} of integrated luminosity; the four-jets topology seems to give the best results in zero-lepton mode, as derived by Fig. 5 (right). Therefore ATLAS could discover signals with gluino and squark masses less than O(1 TeV) after having accumulated an integrated luminosity of about 1 fb^{−1}.

Figure 5: The 5σ discovery reach in the plane (m0, m_{1/2}) in the case of four jets with one or more leptons in the final state and missing energy (left) and in the case of two, three and four jets with zero lepton (right).

2.3 Searches for exotic particles

Exotic massive gauge bosons are expected in several theoretical models beyond the SM. In the sequential Standard Model^{13} (SSM) a Z-like boson, called Z’, with the same couplings of the Z to fermions and gauge bosons and with O(TeV) mass is predicted. Other exotic scenarios based on extra dimension^{14} predict the existence of a graviton with O(TeV) mass decaying in e^+e^−.

Searches for high mass gauge bosons decaying in e^+e^− pair were performed both in CMS^{15} and ATLAS^7. The cross section times the branching ratio is between few fb to few hundred fb depending on the mass of the resonance and the theoretical model. Main backgrounds for those searches were di-electron events produced via Drell Yan mechanism, tt̄ events with two electrons in the final state, QCD with jets faking electrons, W+jets, γ+jets, γγ.

Concerning the CMS analysis, an important aspect of the analysis was the usage of high threshold trigger patterns to tag those events (E_T > 80 GeV and loose isolation on leptons with E_T > 200 GeV in electromagnetic calorimeter). Saturation occurs in the electromagnetic calorimeter electronics for very high energy deposits in a single ECAL crystal (> 1.7 TeV for the barrel and > 3.0 TeV for the endcaps); the energy in the saturated crystal can be reconstructed, with a resolution of about 7%, using the energy deposit distribution in the surrounding crystals, as detailed in Ref.^{16}.

The di-electron invariant mass spectrum for signal and background at 100 pb^{−1} is reported

Figure 6: Di-electron invariant mass spectrum (left) for a 100 pb^{−1} integrated luminosity with 1 TeV/c^2 Z’ signal, compared to SM background estimates for the Drell-Yan process, tt̄, QCD di-jet, W+jet, γ+jet and γγ; 1 − CL_b distribution (right) obtained as a function of the integrated luminosity for the Z’ expected in the SSM at mass of 1 TeV/c^2, if the muon spectrometer is aligned with a precision of 300 μm. The effect of the systematic uncertainty on the trigger selection and on the knowledge of the SM Drell-Yan cross-section is also displayed.

in Fig. 6 (left); at high mass only few background events survive the selection giving an optimal signal to background rejection.

At the end of the analysis, after computing the integrated luminosity for 5σ discovery at √ s = 14 TeV as a function of the Z’ mass, it could be shown that few hundred pb^{−1} of integrated luminosity are needed to discover the Z’ with O(1 TeV) mass with 5σ.

Search for di-muon resonances at O(1TeV) mass were addressed too by CMS and ATLAS^7. Sources of background are di-muons from Drell Yan events and W+jets, Z+jets.

At large transverse momentum (> 100 GeV), an important contribution to the muon momentum resolution is related to the misalignment of the muon spectrometer. A detailed study was carried out in order to determine the effect of possible larger uncertainties in the position of the muon chambers to the Z’ search; in addition to the ideal case of no misalignment, several different hypotheses of misalignment were simulated. Muon chamber misalignment has an important effect causing a loss of Z’ mass resolution that degrade the determination of the charge of muon.

In the Fig. 6 (right) is reported the luminosity needed for a 5σ discovery of Z’ as predicted by the SSM. That luminosity ranges from 20 to 40 pb^{−1}, which makes the di-muon channel competitive with the di-electron channel. The inclusion of the effect of misalignment and all the systematics makes the prediction less powerful and the result worst.

References

1. The CMS experiment at the CERN LHC, CMS Collaboration, JINST 3 S08004, 2008. 2. The ATLAS experiment at the CERN LHC, ATLAS Collaboration, JINST 3 S08003, 2008. 3. R. Barate et al., LEP Working Group for Higgs boson searches, Search for the standard model Higgs boson at LEP, Phys. Lett. B 565, 61 (2003), arXiv:hep-ex/0306033.

4. The TEVNPH Working Group for the CDF and D0 Collaborations, Combined CDF and D0 Upper Limits on Standard Model Higgs-Boson Production with up to 4.2 fb^{−1} of Data, FERMILAB-PUB-09-060-E, CDF Note 9713, D0 Note 5889, arXiv:0903.4001v1.

5. The Anatomy of ElectroWeak Symmetry Breaking, LPTOrsay0517 March 2005, arXiv:hepph/0503172v2.

6. Search Strategy for a Standard Model e Higgs Boson Decaying to Two W Bosons in the Fully Leptonic Final State, CMS Collaboration, CMS PAS HIG-08-006.

7. Expected Performance of the ATLAS Experiment : Detector, Trigger and Physics, ATLAS Collaboration, CERN-OPEN-2008-020.

8. Search strategy for the Higgs boson in the ZZ^∗ decay 5 channel with the CMS experiment, CMS Collaboration, CMS PAS HIG-08-003.

9. P. Fayet, Phys. Lett. B 64, 159 (196); P. Fayet, Phys. Lett. B 69, 489 (1977), Phys. Lett.

B 84, 416 (1979); G.R. Farrar and P. Fayet, Phys. Lett. B 76, 575 (1978). 10. H.P. Nilles, Phys. Rev. C 110, 1 (1984).

11. SUSY searches with dijet events, CMS Collaboration, CMS PAS SUS-08-005. 12. Prospects for SUSY discovery based on inclusive searches with the ATLAS detector, ATLAS Collaboration, ATL-PHYS-PROC-2009-038; ATL-COM-PHYS-2009-035.

13. S. Dimopoulos and H. Georgi, NPB 193, 150 (1981) 14. A Large Mass Hierarchy from a Small Extra Dimension, Phys. Rev. Lett. 83, 3370 (1999). 15. Search for high mass resonance production decaying into an electron pair in the CMS experiment, CMS Collaboration, CMS PAS EXO-08-001.

16. B. Clerbaux, T. Mahmoud, C.Collard, M.-C. Lemaire and V. Litvin, TeV electron and photon saturation studies, CMS Collaboration, CMS NOTE, 2006-004 (2006).