arXiv:hep-ph/0508168 v1 16 Aug 2005

2005 International Linear Collider Workshop - Stanford, U.S.A.

Physics Gain of a Precise m_t Measurement

S. Heinemeyer CERN TH Division, Department of Physics, CH-1211 Geneva 23, Switzerland G. Weiglein Institute for Particle Physics Phenomenology, University of Durham, Durham DH1 3LE, UK

The top quark mass is currently measured to δm^{exp,Tevatron}_t = 2.9 GeV and will be measured at the LHC to a precision of δm^{exp,LHC} t ≈ 1–2 GeV. We show that even this impressive precision will not be sufficient for many future physics applications. These include electroweak precision observables, Higgs physics in extensions of the Standard Model as well as cold dark matter predictions in Supersymmetry. The desired experimental precision can only be reached at the ILC with δm^{exp,ILC}_t ≈ 100 MeV.

1. INTRODUCTION

The mass of the top quark, m_t, is a fundamental parameter of the electroweak theory. It is by far the heaviest of all quark masses and it is also larger than the masses of all other known fundamental particles. The large value of m_t gives rise to a large coupling between the top quark and the Higgs boson and is furthermore important for flavor physics. It could therefore provide a window to new physics. The correct prediction of m_t will be a crucial test for any fundamental theory. The top-quark mass also plays an important role in electroweak precision physics, as a consequence in particular of non-decoupling effects being proportional to powers of m_t. A precise knowledge of m_t is therefore indispensable in order to have sensitivity to possible effects of new physics in electroweak precision tests.

The current world average for the top-quark mass from the measurement at the Tevatron is m_t = 172.7 ± 2.9 GeV [1]. The prospective accuracy at the LHC is δm^{exp}_t = 1–2 GeV [2], while at the ILC a very precise determination of m_t with an accuracy of δm^{exp}_t <∼ 100 MeV will be possible [3, 4]. This error contains both the experimental error of the mass parameter extracted from the tt̄ threshold measurements at the ILC and the envisaged theoretical uncertainty from its transition into a suitable short-distance mass (like the MS mass).

In the following we show for some examples that in many physics applications the experimental error on m_t achievable at the LHC would be the limiting factor, demonstrating the need for the ILC precision. More examples can be found in Ref. [5].

2. ELECTROWEAK PRECISION OBSERVABLES

Electroweak precision observables (EWPO) can be used to perform internal consistency checks of the model under consideration and to obtain indirect constraints on unknown model parameters. This is done by comparing experimental results of the EWPO with their theory prediction within, for example, the Standard Model (SM) or the Minimal Supersymmetric Standard Model (MSSM).

The two most prominent EWPO are the mass of the W boson, M_W , and the effective leptonic weak mixing angle, sin^2 θ_{eff} . Their current experimental uncertainties and the prospective precisions with further data from the Tevatron, the LHC and the ILC (including the GigaZ option) are summarized in Tab. I, see Refs. [6, 7] for further details.

In addition to the experimental uncertainties there are two sources of theoretical uncertainties: those from unknown higher-order corrections (“intrinsic” theoretical uncertainties), and those from experimental errors of the input parameters (“parametric” theoretical uncertainties). The current and estimated future intrinsic uncertainties within the SM are [6, 8]

ΔM^{intr,today,SM}

W ≈ 4 MeV, Δ sin^2 θ^{intr,today,SM} eff ≈ 5 × 10^{−5} , (1) ΔM^{intr,future,SM}

W ≈ 2 MeV, Δ sin^2 θ^{intr,future,SM} eff ≈ 2 × 10^{−5} , (2)

while in the MSSM the current intrinsic uncertainties are estimated to [7, 9, 10]

ΔM^{intr,today,MSSM}

W ≈ (5 − 9) MeV, Δ sin^2 θ^{intr,today,MSSM} eff ≈ (5 − 7) × 10^{−5} , (3)

depending on the supersymmetric (SUSY) mass scale. In the future one expects that they can be brought down to the level of the SM, see Eq. (2).

The parametric errors of M_W and sin^2 θ_{eff} induced by the top quark mass, the uncertainty of Δα_{had} (we assume a future determination of δ(Δα_{had}) = 5 × 10^{−5} [11]) and the experimental uncertainty of the Z boson mass, δM_Z = 2.1 MeV, are collected in Tab. II.

In order to keep the theoretical uncertainty induced by m_t at a level comparable to or smaller than the other parametric and intrinsic uncertainties, δm_t has to be of O(0.1 GeV) in the case of M_W , and about 0.5 GeV in the case of sin^2 θ_{eff} . If the experimental error of m_t remains substantially larger, it would constitute the limiting factor of the theoretical uncertainty. Using the EWPO to distinguish different models from each other or to determine indirectly the unknown model parameters the ILC precision on m_t is crucial, in particular in view of the precision measurement of sin^2 θ_{eff} at GigaZ [5].

Table I: Expected experimental accuracies of MW and sin^2 θeff at the Tevatron, the LHC and the ILC/GigaZ.

today Tev./LHC ILC GigaZ

δ sin^2 θeff [10^{−5}] 17 17 – 1.3

δMW [MeV] 34 15 10 7

Table II: Parametric errors on the prediction of MW and sin^2 θeff .

δmt = 2.9 GeV δmt = 2 GeV δmt = 1 GeV δmt = 0.1 GeV δ(Δαhad) δMZ

δ sin^2 θeff [10^{−5} ] 8.7 6 3 0.3 1.8 1.4

ΔMW [MeV] 17.4 12 6 1 1 2.5

3. HIGGS PHYSICS IN THE MSSM AND OTHER EXTENSIONS OF THE SM

Because of its large mass, the top quark is expected to have a large Yukawa coupling to Higgs bosons, being proportional to m_t. In each model where the Higgs boson mass is not a free parameter but predicted in terms of the the other model parameters (as e.g. in the MSSM), the diagram in Fig. 1 contributes to the Higgs mass. This diagram gives rise to a leading m_t contribution of the form

Δm^2_h ∼ G_F N_C C m^4_t , (4)

where G_F is the Fermi constant, N_C is the color factor and the coefficient C depends on the specific model. Thus the experimental error of m_t necessarily leads to a parametric error in the Higgs boson mass evaluation.

H t

t̄

H

Figure 1: Loop contribution of the top quark to the Higgs boson mass.

Taking the MSSM as a specific example (including also the scalar top contributions and the appropriate renormalization) N_C C is given for the light CP-even Higgs boson mass by

N_C C = 3 √ 2 π^2 sin^2 β log ( m_{t̃1} m_{t̃2} m^2_t ) . (5)

Here m_{t̃1,2} denote the two masses of the scalar tops. The optimistic LHC precision of δm_t = 1 GeV leads to an uncertainty of ∼ 2.5% in the prediction of m_h, while the ILC will yield a precision of ∼ 0.2%. These uncertainties have to be compared with the anticipated precision of the future Higgs boson mass measurements. With a precision of δm^{exp,LHC} h ≈ 0.2 GeV [12] the relative precision is at the level of ∼ 0.2%. It is apparent that only the ILC precision of m_t will yield a parametric error small enough to allow a precise comparison of the Higgs boson mass prediction (where also the intrinsic theoretical uncertainty has to be improved accordingly) and its experimental value.

In Fig. 2 the effects of the current top quark mass uncertainty on the m_h prediction [13] are compared to the ILC precision in two benchmark scenarios, the m^{max}_h and the no-mixing scenario [14]. The plot shows m_h as a function of tan β, the ratio of the two vacuum expectation values of the two MSSM Higgs doublets. Also indicated is a hypothetical m_h measurement at the LHC, while no intrinsic theoretical uncertainty from unknown higher-order corrections is included. Currently this error is estimated to δm^{intr,today}_h ≈ 3 GeV [7, 15, 16, 17]. In the future one can hope for an improvement down to <∼ 0.5 GeV [7, 17]. If the intrinsic error could be reduced even to ∼ 0.1 GeV, its effect in the plot would be roughly as big as the one induced by δm_t = 0.1 GeV. The inclusion of an intrinsic uncertainty of ∼ 1 GeV would lead to a significant widening of the inner band (δm_t from ILC) of predicted m_h values. In this case the intrinsic uncertainty would dominate, implying that a reduction of δm_t = 1 GeV to δm_t = 0.1 GeV would lead only to a moderate improvement of the overall uncertainty on m_h.

Confronting the theoretical prediction of m_h with a precise measurement of the Higgs boson mass constitutes a very sensitive test of the MSSM, which allows to obtain constraints on the model parameters, in this case tan β. However, the sensitivity of the m_h prediction on tan β shown in Fig. 2 cannot directly be translated into a prospective indirect determination of tan β, since fixed values are assumed for all other SUSY parameters. In a realistic situation the anticipated experimental errors of the other SUSY parameters have to be taken into account. For examples including these parametric errors see Refs. [5, 18].

4. COSMOLOGY

In this section we focus on the framework of the constrained MSSM (CMSSM), in which the soft supersymmetrybreaking scalar and gaugino masses are each assumed to be equal at some Grand Unification Theory (GUT) input scale. In this case, the new independent MSSM parameters are just four in number: the universal gaugino mass m_{1/2}, the scalar mass m_0, the trilinear soft supersymmetry-breaking parameter A_0, and tan β. The pseudoscalar Higgs mass M_A and the magnitude of the Higgs mixing parameter μ can be determined by using the electroweak vacuum conditions, leaving the sign of μ as a residual ambiguity.

The non-discovery of supersymmetric particles and the Higgs boson at LEP and other present-day colliders imposes significant lower bounds on m_{1/2} and m_0. An important further constraint is provided by the density of cold dark matter (CDM) in the Universe, which is tightly constrained by WMAP and other astrophysical and cosmological data [19], leading to 0.094 < Ω_{CDM} h^2 < 0.129. This has the effect within the CMSSM, assuming that the dark

Figure 2: mh as a function of tan β in the m^{max}_h and the no-mixing scenario. The light (green) shaded area corresponds to the current top quark mass uncertainty of δm^{exp}_t = 2.9 GeV, the dark (blue) shaded one to the anticipated ILC accuracy, δm^{exp}_t = 0.1 GeV. Also shown is a possible future mh measurement at the LHC of δmh = 0.2 GeV.

Figure 3: The WMAP strips for μ > 0, A0 = 0 and tan β = 10 (left) or tan β = 50 (right). The strips are shown for three top quark mass values, mt = 174, 178, 182 GeV [23].

PSN0401 matter consists largely of neutralinos [20], of restricting m_0 to very narrow allowed strips for any specific choice of A_0, tan β and the sign of μ [21, 22]. It is then possible to restrict phenomenological analysis to these ‘WMAP strips’, see e.g. Ref. [23] and references therein.

Varying the value of m_t has a significant effect on the regions of CMSSM parameter space allowed by CDM, particularly in the ‘funnels’ where neutralinos annihilate rapidly via the H, A poles. Because of the constraints from the anomalous magnetic moment of the muon [24, 25] we focus here on the case with μ > 0.

Plotted in Fig. 3 [23] is the region in the m_{1/2}–m_0 plane for fixed tan β, A_0 and μ > 0 for which the relic density is in the WMAP range. We have applied cuts based on the lower limit to the Higgs mass [26, 27], b → sγ [28], and require that the LSP be a neutralino rather than the stau, see Ref. [23] for further details. The thin strips correspond to the relic density being determined by either the coannihilation between nearly degenerate τ̃ ’s and χ’s or, as seen at high tan β, by rapid annihilation when m_χ ≈ M_A/2. One can see in the left plot of Fig. 3 that the change in the WMAP strips for μ > 0 and tan β = 10 is moderate as m_t is varied, reflecting the fact that the allowed strip is dominated by annihilation of the neutralino LSP χ with the lighter stau. The main effect of varying m_t is that the truncation at low m_{1/2}, due to the Higgs mass constraint, becomes more important at low m_t. This effect is not visible in the right plot of Fig. 3 with tan β = 50, where the cutoff at low m_{1/2} is due to the b → sγ constraint, and rapid χχ → A, H annihilation is important at large m_{1/2}. The allowed regions at larger m_{1/2} vary significantly with m_t for tan β = 50, because the A, H masses and hence the rapid-annihilation regions are very sensitive to m_t through the renormalization group (RG) running.

Thus for large tan β a precise determination of m_t is indispensable to connect the GUT scale parameters with the CDM measurement. An uncertainty of δm^{exp}_t = 1–2 GeV would sweep out a large part of the m_{1/2}–m_0 plane. A precise determination of δm^{exp}_t = 0.1 GeV, on the other hand, would result in very thin and precisely determined strips that give m_0 as a function of m_{1/2} (depending on the precision of A_0 and tan β and the theory uncertainty in the RG running), see also Ref. [29].

5. CONCLUSIONS

We have investigated the impact of the experimental error of the top quark mass on various physics scenarios. Especially we have compared the parametric error induced by the LHC uncertainty of δm^{exp,LHC}_t ≈ 1–2 GeV with the one of the ILC, δm^{exp,ILC}_t ≈ 0.1 GeV.

Concerning electroweak precision observables such as M_W and sin^2 θ_{eff} the parametric error induced by δm^{exp}_t has been investigated. It will match the intrinsic error of M_W and sin^2 θ_{eff} and their other parametric errors only if the ILC precision of δm^{exp}_t ∼ 0.1 GeV can be reached. Otherwise the parametric error from m_t will dominate the future uncertainties and hamper the otherwise powerful consistency checks of the model under investigation.

The large Yukawa coupling of the top quark can induce large corrections to the prediction of the Higgs boson mass and result in corresponding parametric uncertainties. As has been discussed for the specific example of the MSSM, the prospective experimental error of m_h at the LHC can only be matched if δm^{exp}_t ∼ 0.1 GeV can be achieved.

Furthermore, the prediction of the cold dark matter abundance in the CMSSM has been analyzed. An m_t uncertainty enters the CDM prediction in particular through renormalization group running from the GUT scale to the electroweak scale. For large values of tan β the m_t error can induce a large uncertainty in the CDM prediction. The precision of δm^{exp}_t ∼ 0.1 GeV is desirable for fully exploiting the restrictions of the CDM measurements on the CMSSM parameter space, permitting thorough consistency checks of the model.

Summarizing, the already impressive LHC precision on m_t will not be sufficient to match the required future precisions in various physics models and scenarios. Only the ILC precision will be able to reach the desired accuracy.

Acknowledgments

We thank J. Ellis, J. Haestier, S. Kraml, K. Olive, W. Porod and D. Stöckinger for collaboration on various aspects presented here.

References

[1] [The Tevatron Electroweak Working Group], hep-ex/0507091. [2] M. Beneke et al., hep-ph/0003033.

[3] J. A. Aguilar-Saavedra et al., “TESLA Technical Design Report Part III:”, hep-ph/0106315, see:

tesla.desy.de/tdr ;

T. Abe et al., hep-ex/0106055; K. Abe et al., hep-ph/0109166. [4] A. Hoang et al., Eur. Phys. Jour. C 3 (2000) 1, hep-ph/0001286;

M. Martinez, R. Miquel, Eur. Phys. Jour. C 27 (2003) 49, hep-ph/0207315.

[5] S. Heinemeyer, S. Kraml, W. Porod and G. Weiglein, JHEP 0309 (2003) 075, hep-ph/0306181; hep-ph/0306181. [6] U. Baur, R. Clare, J. Erler, S. Heinemeyer, D. Wackeroth, G. Weiglein and D. Wood, hep-ph/0111314. [7] S. Heinemeyer, W. Hollik and G. Weiglein, hep-ph/0412214.

[8] M. Awramik, M. Czakon, A. Freitas, G. Weiglein, Phys. Rev. D 69 (2004) 053006, hep-ph/0311148; Phys. Rev.

Lett. 93 (2004) 201805, hep-ph/0407317.

[9] S. Heinemeyer and G. Weiglein, JHEP 0210 (2002) 072, hep-ph/0209305; hep-ph/0301062. [10] J. Haestier, S. Heinemeyer, D. Stöckinger and G. Weiglein, hep-ph/0508139. [11] F. Jegerlehner, talk presented at the LNF Spring School, Frascati, Italy, 1999, see:

www.ifh.de/∼fjeger/Frascati99.ps.gz ; hep-ph/0105283.

[12] ATLAS Collaboration, Detector and Physics Performance Technical Design Report, CERN/LHCC/99-15 (1999), see: atlasinfo.cern.ch/Atlas/GROUPS/PHYSICS/TDR/access.html ; CMS Collaboration, see: cmsinfo.cern.ch/Welcome.html/CMSdocuments/CMSplots/ .

[13] S. Heinemeyer, W. Hollik and G. Weiglein, JHEP 0006 (2000) 009, hep-ph/9909540. [14] M. Carena, S. Heinemeyer, C. Wagner and G. Weiglein, Eur. Phys. J. C 26 (2003) 601, hep-ph/0202167. [15] G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich and G. Weiglein, Eur. Phys. J. C 28 (2003) 133, hep-ph/0212020.

[16] B. Allanach, A. Djouadi, J. Kneur, W. Porod and P. Slavich, JHEP 0409 (2004) 044, hep-ph/0406166. [17] S. Heinemeyer, hep-ph/0407244.

[18] G. Weiglein et al. [LHC / ILC Study Group], hep-ph/0410364. [19] C. Bennett et al., Astrophys. J. Suppl. 148 (2003) 1, astro-ph/0302207;

D. Spergel et al. [WMAP Collaboration], Astrophys. J. Suppl. 148 (2003) 175, astro-ph/0302209. [20] H. Goldberg, Phys. Rev. Lett. 50 (1983) 1419;

J. Ellis, J. Hagelin, D. Nanopoulos, K. Olive and M. Srednicki, Nucl. Phys. B 238 (1984) 453. [21] J. Ellis, K. Olive, Y. Santoso and V. Spanos, Phys. Lett. B 565 (2003) 176, hep-ph/0303043. [22] U. Chattopadhyay, A. Corsetti and P. Nath, Phys. Rev. D 68 (2003) 035005, hep-ph/0303201;

H. Baer and C. Balazs, JCAP 0305, 006 (2003), hep-ph/0303114; A. Lahanas and D. Nanopoulos, Phys. Lett. B 568, 55 (2003), hep-ph/0303130; R. Arnowitt, B. Dutta and B. Hu, hep-ph/0310103.

[23] J. Ellis, S. Heinemeyer, K. Olive and G. Weiglein, JHEP 0502 013, hep-ph/0411216. [24] [The Muon g-2 Collaboration], Phys. Rev. Lett. 92 (2004) 161802, hep-ex/0401008. [25] T. Moroi, Phys. Rev. D 53 (1996) 6565 [Erratum-ibid. D 56 (1997) 4424], hep-ph/9512396;

G. Degrassi and G. Giudice, Phys. Rev. D 58 (1998) 053007, hep-ph/9803384;

S. Heinemeyer, D. Stöckinger and G. Weiglein, Nucl. Phys. B 690 (2004) 62, hep-ph/0312264; Nucl. Phys. B 699 (2004) 103, hep-ph/0405255.

[26] LEP Higgs working group, Phys. Lett. B 565 (2003) 61, hep-ex/0306033. [27] LEP Higgs working group, hep-ex/0107030; hep-ex/0107031; LHWG-Note 2005-01, see:

lephiggs.web.cern.ch/LEPHIGGS/papers/ .

[28] S. Eidelman et al. [Particle Data Group Collaboration], Phys. Lett. B 592 (2004) 1. [29] G. Belanger, F. Boudjema, A. Cottrant, A.Pukhov and A. Semenov, hep-ph/0407218.