arXiv:1102.5702v2 [hep-ph] 16 Oct 2011

Two photon decay of Z^′ as a probe of Bose symmetry violation at the CERN LHC

S.N. Gninenko^a, A.Yu.Ignatiev^b, and V.A. Matveev^a aInstitute for Nuclear Research of the Russian Academy of Sciences, Moscow 117312 bTheoretical Physics Research Institute, Melbourne 3163, Australia (Dated: October 18, 2011)

The question if the Bose statistics is broken at the TeV scale is discussed. The decay of a new heavy spin 1 gauge boson Z^′ into two photons, Z^′ → γγ, is forbidden by the Bose statistics among other general principles of quantum field theory (Landau-Yang theorem). We point out that the search for this decay can be effectively used to probe the Bose symmetry violation at the CERN LHC.

PACS numbers: 14.80.-j, 12.60.-i, 13.20.Cz, 13.35.Hb

I. INTRODUCTION

For all known particles, there is a remarkable one-to-one correspondence between their spin type and statistics type:

integer spin ↔ commutation relations ↔ exchange − symmetric wave functions ↔ (1) Bose statistics;

half − integer spin ↔ anticommutation relations ↔

exchange − antisymmetric wave functions ↔ (2) Fermi statistics.

In quantum field theory, this spin-statistics connection (SSC) can be understood in different ways. For free fields, the connection was established using conventional lagrangian and group-theoretical methods [1].

Interacting fields were tackled using axiomatic quantum field theory (without any lagrangians), and by early 1960s the celebrated spin-statistics theorem was proved [2].

It is worth recalling that the axiomatic treatment of the spin-statistics connection [2] does not cover the case of quantum electrodynamics and other gauge theories including the Standard Model (for a detailed explanation, see [3], Sec. 8.1).

The physical root of this difficulty is the fact that while the photon is a massless spin-1 particle with only two polarizations, the corresponding 4-potential A_μ has four components.

Consequently, ordinary Hilbert space with positive metric cannot accomodate the 4-component field operator A_μ, and the introduction of indefinite-metric space is required.

This is at odds with the axiom underlying the proof of the spin-statistics theorem, which states that the Hilbert space metric must be positive.

As a result, the original set of axioms [2] needs to be modified to include Hilbert spaces with indefinite metric as well. Although progress has been achieved in this area (see, e.g., [3], Ch.10) the extension of the spin-statistics theorem to gauge theories is yet to be formulated.

In any case, the theorem does not forbid small violation of the SSC and the question whether it exists or not remains open. (That does not mean, however, that construction of a theory with small statistics violation is easy. To date, most attempts to find a local relativistic quantum field theory with small statistics violation have been unsuccessful.)

There have been several works that have attempted to improve the original spin-statistics theorem by going beyond the Bose-Fermi alternative [4], and, in particular, to rule out the small violation of SSC. However, they also assume positivity of Hilbert space metric and hence do not apply to gauge theories.

Even if the small SSC violation was shown to be theoretically forbidden on the basis of general principles of QFT such as Lorentz invariance, locality etc., the experimental tests of SSC would still be of interest because they would be important tests of those general principles.

We may assume that at some extremal or small enough distances where the usual notions of the local fields become invalid, their proper reconsideration and a generalisation should be required, which can bring us the possibility of changing or correcting the usual Spin-Statistics Correspondence.

Since 1987 there have been significant theoretical and experimental efforts to motivate and find tiny departure from the established connection between spin and statistics.

Originally, most efforts [5-30], especially in the experimental field, were actually concentrated on discussing small violation of the Pauli exclusion principle rather than violation of Bose statistics. Many dedicated experiments have been performed to give strong bounds on the violation of the Pauli principle. Also, the topic was discussed in the context of string theories [31] and cosmology [32]. For recent reviews, see [33].

Later, Bose statistics came under scrutiny as well. Initially, experimental proposals of searching for deviations from Bose symmetry used the spin-zero nucleus of oxygen 16O as the test object [34, 35].

For a review of subsequent experiments with O_2 and CO_2 molecules, see [36].

The first experimental upper limit on the validity of Bose statistics for photons was obtained in Ref. [37] based on the idea of forbidden two-photon decays of Zboson.

The same idea was later explored in Ref. [38], in the context of low-energy, high-sensitivity atomic two-photon transitions (see also [39]).

This approach exploits one of the important consequences of the Bose symmetry, first observed by Landau [40] and Yang [41]: a pair of photons cannot form a state with total angular momentum equal to unity. The Landau-Yang theorem uses general principles of rotation invariance, gauge invariance, and Bose statistics to derive certain selection rules for decays of a parent particle into two photons. For a parent with spin one, the decay amplitude into the exchange-symmetric state of two photons vanishes.

Therefore, the decay of any spin-1 boson into two photons is absolutely forbidden (for a textbook proof, see, e.g., [42]). If, however photons do not obey Bose statistics, there will be a nonzero decay amplitude involving two photons in an exchange-antisymmetric state [37]. This provides a clear reason why the diphoton system is especially interesting in testing the degree with which Bose symmetry is exact.

Recent experiments have explored the possibility of small violations of the usual relationship between spin and statistics, which are impossible within conventional quantum field theory. Experiments searching for the transitions between atomic states with J = 0 and J^′ = 1 for degenerate photons (i.e. photons of equal energies) test the Bose statistics at the eV scale and yield upper limit on the ratio ν of the rate of statistics-violating transitions to an equivalent statistics-allowed transition rate, ν < 4.0 × 10^{−11} at the 90% confidence level [43]. At higher energies the limits on the branching fraction of two-photon decays of the triplet positronium (orthopositronium) Br(oP s → γγ) ≲ 2.4 × 10^{−5} [44] and charmonium Br(χ_{c1} → γγ) ≲ 3.5 × 10^{−5} [45] have been reported. At the energy scale of 100 GeV the results of the search for the gauge boson Z into two photons were obtained at LEP [46] Br(Z → γγ) < 1.4 × 10^{−4}.

From general arguments, one can expect that any violations of Bose symmetry, if any, would be better manifested at higher energy scales. Then the question arises: could interesting physics be found by combining the idea of searching for Bose statistics violation and assumption that Bose symmetry might be broken at a high energy frontier at the CERN LHC? Out of all (neutral) spin 1 bosons it is natural to concentrate on the heaviest onethe new heavy gauge boson Z^′ which appears naturally in many extensions of the SM.

The explicit goal of this paper is to extend the results of the previos work [37] to the TeV scale and to show that the search for the decay Z^′ → γγ at the CERN LHC could result in a more radical departure from standard physics: the possible observation of a small violation of Bose statistics, which would provide strong evidence for the existence of new physics. The rest of the paper is organized as follows: in Sect.II we describe the phenomenological model [37] of the Bose symmetry violation and its extensions; we then show how the parameters of the model are constrained by theoretical arguments and electroweak precision data. Following this, Sec. III deals with the Z^′ sector in some detail. The main characteristics of the Z^′ boson are described within the framework of several Z^′ models. Section IV-VI present the results of a sensitivity study for the Bose symmetry violating process pp → Z^′ → γγ at the CERN LHC at √ s = 14 TeV.

Finally, Sec. VII presents the conclusions of this work.

II. A MODEL FOR BOSE SYMMETRY VIOLATION

In this section we describe a simple model of Bose symmetry violation suggested in Ref. [37] and its extensions.

The method [37] is to write down the most general form of the decay amplitude of the spin-1 particle into two photons and then apply the conditions of gauge invariance and Bose symmetry to that amplitude. If both conditions are applied, the resulting amplitude is exactly zero. However, if we impose the condition of gauge invariance but do not require the Bose symmetry, the resulting amplitude is not zero. We then can obtain the two-gamma decay rate of Z-boson and compare it to the experimentally known upper bound on the branching ratio of Z → γγ. In this way a direct bound on Bose symmetry violation for photons can be obtained [37].

Now, a few remarks about the relation of this method to alternative models of small Bose symmetry violation. The most well-studied model is ”the quon model” proposed in [47]. Quons are particles described by the commutation relations of the form:

a_ka^+_l − qa^+_l la_k = δ_{kl}. (3)

However, it was shown in Ref.[48] that in relativistic field theories quons must be either fermions or bosons. For this reason, the quon theory cannot be used for the analysis of the decay Z → γγ.

Let us turn now to the construction of Z → γγ decay amplitude. We require that this amplitude satisfies all the standard conditions, such as relativistic invariance and gauge invariance, but we do not require this amplitude to be symmetric under the exchange of photon ends. The most general Lorentz invariant form of the amplitude S of the decay Z → γγ is:

S(k_1, k_2, ϵ_1, ϵ_2) = c_{λμν} (k_1, k_2)ϵ^λ_0 ϵ^μ_1 ϵ^ν_2 (4)

where k_1 and k_2 are photon momenta, ϵ_1 and ϵ_2 are photon polarization vectors, ϵ_0 is Z-boson polarization vector.

Even though violation of SSC could require violation of Lorentz invariance as well, using more general parametrization in Eq. (4) would be overkill.

Note that terms in c_{λμν} proportional to k_{1μ}, k_{2ν} and k_{1λ} + k_{2λ} do not contribute to S due to the conditions

ϵ^μ_1 k_{1μ} = 0, ϵ^ν_2 k_{2ν} = 0, ϵ^λ_0 (k_{1λ} + k_{2λ}) = 0 (5) and can therefore be ignored.

We focus first on the part of c_{λμν} that does not contain the ϵ-tensor: it has the following Lorentz invariant form:

c_{λμν} = b_1g_{λμ}k_{1ν} (6) +b_2g_{λν} k_{2μ} + gg_{μν} (k_{1λ} − k_{2λ}) + h(k_{1λ} − k_{2λ})k_{1ν} k_{2μ}

Now, the condition of the electromagnetic gauge invariance reads

c_{λμν} k^μ_1 = 0, c_{λμν} k^ν_2 = 0. (7)

These conditions can be satisfied if we put

b_1 = b_2 = 0, h = − 2g M^2_Z

. (8)

Then the amplitude c_{λμν} becomes [37]

c_{λμν} = g(k_1 − k_2)_λ(g_{μν} −

2k_{1ν} k_{2μ}

M^2_Z

). (9)

In principle, g could depend on some scalar products of the momenta, but in our case, since all the particles are on mass shell, we have k_1k_2 = M^2_Z /2 (and, of course, k^2_1 = k^2 = 0), so that g is a pure number. Note that the above amplitude automatically satisfies the condition (k_1 + k_2)^λc_{λμν} = 0. We see that this amplitude, as expected, violates Bose symmetry because

c_{λμν} (k_1, k_2) = −c_{λνμ}(k_2, k_1) (10)

whereas Bose symmetry requires c_{λμν} (k_1, k_2) = +c_{λνμ}(k_2, k_1).

Thus the parameter g can be interpreted as the parameter of Bose statistics violation which will be marked by the subscript B1: g ≡ g_{B1}.

Next, it can be shown that the following Lorentzinvariant terms containing the ϵ-tensor also satisfy the conditions of gauge invariance and Bose-antisymmetry: c_{λμν} = g_{B2} M^2

(k_{1λ} − k_{2λ})ϵ_{μναβ} k^α_1 k^β_2 (11) and c_{λμν} = g_{B3} M^2

[(ϵ_{λμαβ} k_{1ν} − ϵ_{λναβ} k_{2μ})k^α_1 k^β_2 + (12)

ϵ_{λμνα}(k_1 + k_2)^α(k_1k_2)].

Now, calculating the width of the decay Z → γγ with the help of the amplitude Eq.(9) we obtain [73]:

Γ_1(Z → γγ) = 1 16πM_Z |S|^2 = g^2_{B1}M_Z 24π . (13)

Experimentally, it has recently been measured at LEP [49] that Br(Z → γγ) < 5.2 × 10^{−5}. (14)

Therefore

Γ_1(Z → γγ) Γ_{tot}(Z) = g^2_{B1}M_Z 24πΓ_{tot}(Z) < 5.2 × 10^{−5}. (15)

Thus, taking into account that Γ_{tot}(Z) ≃ 2.5 GeV [49], finally, we can obtain our upper bound on the Bose violating coupling

g_{B1} < 1.1 × 10^{−2}. (16)

We see that in the framework of this model the rate of the decay Z → γγ is small; however, it can be enhanced for higher-mass particles. Hence, the heavier spin-1 Z^′ is a good candidate for the searching for effect of Bose symmetry violation through the Z^′ decay into two gammas.

A similar analysis can be carried out for the amplitudes of Eq.(11) and (12). The decay widths due to the amplitudes (11,12) are equal to:

Γ_2(Z → γγ) = g^2_{B2}M_Z 96π , Γ_3(Z → γγ) = g^2_{B3}M_Z 96π . (17)

The corresponding upper bounds on the constants g_{B2}, g_{B3} are:

g_{B2}, g_{B3} < 2.2 × 10^{−2}. (18)

In the context of our approach, the reason for treating the three amplitudes separately is purely technical and does not involve the essential physics. Indeed, adding the three amplitudes with three arbitrary coupling constants would be possible but it would only add considerable complexity and obscurity into experimental simulations without any gains in physical understanding.

A few remarks are now in order concerning the relationship between the approaches developed in Ref. [37] and a later work, Ref. [38].

In Ref. [38] it was claimed that the limit obtained in [37] is too weak to be of any significance. This conclusion was reached within a very specific model for Bose symmetry violation which is different from the modelindependent approach suggested in [37]. A detailed discussion of similarities and differences between the two frameworks would be out of place in the present paper, so we restrict ourselves to a few general comments only.

In a nutshell, the difference is this: Instead of constructing the most general Bose-violating amplitude of the decay and the coupling constant g_B , the authors of Ref.[38] introduce the “probability for two photons to be in an antisymmetric state” ν. The physical decay width Γ is then obtained as Γ = Γ_B +νΓ_F , where Γ_B is the width for the decay into ordinary “bose-photons”, and Γ_F is the width of Bose-symmetry violating decay into “fermiphotons”. For instance, if the decay amplitude for the usual, “bose-photons” 1 and 2 is A_B = A_{12} + A_{21}, then the corresponding amplitude for “fermi-photons” would be A_F = A_{12} − A_{21}, with Γ_B ∝ |A_B |^2 and Γ_F ∝ |A_F |^2.

This approach may look simple and natural, but five points should be kept in mind:

1. Well-known difficulties arise when ν is introduced. According to quantum mechanics, every probability is the square of (modulus of ) amplitude. So, after we introduced ν we must introduce the “amplitude for two photons to be in an antisymmetric state”, let us call it μ. So, the Bose-violating two-photon state will be |B⟩ = N(|S⟩ + μ|A⟩) (N is the normalization factor). Next, due to superposition principle, we can add to it the state −N|S⟩, obtaining |B^′⟩ = Nμ|A⟩. Now, |B^′⟩ is obviously not properly normalized, and after normalization, it becomes just |B^{′′}⟩ = |A⟩, i.e. “amplitude for two photons to be in an antisymmetric state” becomes 1 instead of μ.

So it is hard to give physical meaning to the concept of “probability for two photons to be in an antisymmetric state”, unless superposition principle is modified in some way.

2. It is believed [38] that the ‘Bose’ and ‘Fermi’ amplitudes A_B and A_F do not interfere, i.e., the total probability is assumed to be Γ ∝ |A_B |^2 + ν|A_F |^2 rather than Γ ∝ |A_B + μA_F |^2. In Ref. [38] this assumption is justified by invoking the rule that the matrix elements of a symmetric Hamiltonian has zero matrix elements between the states of different symmetry [7]. However, this rule appears to be superfluous as the model [38] itself dictates whether A_B and A_F interfere or not. Indeed, in this model, the necessary and sufficient condition of non-interference is |A_{12}| = |A_{21}| (assuming for simplicity that μ is real). (It should be noted that whether the superposition is coherent or incoherent is irrelevant for the decay Z^′ → γγ, which is forbidden at zeroth order.)

3. Should we consider ν is a ‘universal’ parameter, i.e., independent of the physical process, energy scale etc.? This may or may not be true depending on the details of the underlying specific theory. For instance, it is not inconceivable that ν could be energy-dependent and grow with energy. In this case, upper limits on ν obtained in low- and high-energy processes would not be directly comparable to each other.

4. Finally, Ref.[38] makes (implicitly) a strong but arbitrary conjecture that the amplitude A_{12} should be calculated in the Standard Model. There is nothing wrong with it as long as we remember that:

—this is just one of many possible assumptions, and certainly not the most general or unique.

—the parameter ν is meaningful only if this assumption is made.

5. If we pursued a similar approach, the result would be that the rate of Z^′ → γγ decay becomes rather small: due to a fermion loop it would be suppressed by at least a factor of α^2 (cf. [38]). As a result, its search at LHC would require a higher sensitivity.

By contrast, Ref. [37] did not rely on this or similar conjectures, but tried to be more general. In this general approach, there is no point in estimating ν, because this parameter belongs to a different model based on additional specific assumptions.

We feel that at the moment our level of understanding is, unfortunately, insufficient for telling on purely theoretical grounds which approach is correct, and we need an experimental search that could settle the issue.

III. THE Z^′ DECAYS

Consider now the new boson Z^′, which appears in many models of physics beyond the SM, see e.g. [50]-[58]. The Z^′ is assumed to be a more massive than the gauge boson Z of the standard model. The most direct channel to probe the existence of the Z^′ at a hadron collider, such as the CERN LHC [59], is the Drell-Yan process. The Z^′ that decay to leptons, pp → Z^′ → l^+l^− + X with l = e, μ, have a simple, clean experimental signature, and potentially could be discovered at the LHC with a mass up to 5 TeV, see e.g.[60, 61]. This new object is supposed to be neutral, colorless and self-adjoint, i.e., it is its own antiparticle. The mass of the new boson could be identified unambiguously by a study of a resonance peak in the dilepton invariant mass distribution. The Z^′ may be classified according to its spin, which could be defined by measuring the dilepton angular distribution in the reconstructed Z^′ rest frame. The Z^′ could be a spin-0 ν in R-parity violating SUSY, a spin-2 Kaluza- Klein (KK) excitation of the graviton as in the Randall- Sundrum (RS) model, or even a spin-1 KK excitation of a SM gauge boson from some extra dimensional model [53]. Another possibility for the spin-1 case is that the Z^′ is a true Z^′, i.e. a new neutral gauge boson, which is the carrier of a new force, arising from an extension of the SM gauge group. For much more extensive discussions of specific models and other implications see several excellent reviews [52–54, 57, 62], and a more complete list of references therein.

The current best direct experimental lower limits on the mass of Z^′ of a few popular models came from the Tevatron and restrict the Z^′ mass to be greater than about 900 GeV when its couplings to SM fermions are identical to those of the Z boson [49].

Consider now the allowed branching fraction Br(Z^′ → γγ) = Γ(Z^′ → γγ)/Γ(Z^′ → l^+l^−) in several interesting Z^′ models. First, we shortly describe these models and the SM fermions couplings the Z^′.

• the E_6 models are described by the breaking chain E_6 → SO(10)×U(1)_ψ → SU(5)×U(1)_χ ×U(1)_ψ → SM × U(1)_β. Many studies of Z^′ are focusing on the two extra U(1)^′ which occur in the above decomposition of the E_6. The lightest Z^′ is defined as : Z^′ = Z^′_χcosβ + Z^′_ψsinβ (19) where the values β = 0 and β = π/2 corresponds to pure Z^′_χ and Z^′_ψ states of the χ- and ψ-model, respectively. The value β = arctan(− √ 5/3) is related to a Z^′_η boson that would originate from the direct breaking of E_6 to a rank-5 group in superstrings inspired models.

• the Left-Right Symmetric (LRSM) model is based on the symmetry group SU_C (3) ⊗ SU_L(2) ⊗ SU_R(2) ⊗ U(1)_{B−L} [63], in which B and L are the baryon and lepton numbers, respectively. The model necessarily incorporates three additional gauge bosons W^±_R and Z^′. The most general Z^′ is coupled to a linear combination of right-handed and B − L currents:

J^μ_{LR} = α_{LR}J^μ_{3R} − (1/2α_{LR})J^μ_{B−L} (20)

where α_{LR} = √ (c^2_W g^2_R)/s^2_W g^2_L) − 1, with g_L = e/s_W and g_R are the SU(2)_L and SU(2)_R coupling constant with s^2_W = 1 − c^2_W = sin^2Θ_W . The α_{LR}-parameter is restricted to be in the range √ 2/3 ≲ α_{LR} ≲ √ 2. The upper bound corresponds to the so-called manifest LRSM with g_l = g_R, while the lower bound corresponds to the χ-model discussed above, since SO(10) can results to both SU(5) × U(1) and SU(2)_R ⊗ SU(2)_L ⊗ U(1) breaking parameter. To simplify our study, we will use further the following standard assumptions: (i) the mixing angles are small; (ii) right-handed CKM matrix is identical to the left-handed one, and (iii) g_R = g_L.

• in the sequential model (SSM) the corresponding Z^′ boson has the same couplings to fermions as the Z of the SM. The Z^′ could be considered as an excited state of the ordinary Z in models with extra dimensions at the weak scale.

• the Stueckelberg extension of the SM (StSM) is based on the gauge group SU(3)_C ⊗ SU(2)_L ⊗ U(1)_Y ⊗ U(1)_X [64]. This extension of the SM involves a mixing of the U(1)_Y hypercharge gauge field and the U(1)_X Stueckelberg gauge field. The Stueckelberg gauge field has no couplings to the visible sector fields, while it may couple to a hidden sector, and thus the new physical Z^′ gauge boson connects with the visible sector only via mixing with the gauge bosons of the physical sector. These mixings, however, must be small because of the LEP electroweak constraints and consequently the couplings of the Z^′ boson to the visible matter fields are extra weak, leading to a very narrow Z^′ resonance. The width of such a boson could be as low as a few MeV or even lower. An exploration of the Stueckelberg Z^′ boson in the Tevatron data was recently carried out in [65]. Such a resonance may also be detectable via the Drell-Yan process at the LHC by an analysis of a dilepton pair arising from the Z^′ decay [66]. The coupling structure of the Stueckelberg Z^′ gauge boson with visible matter fields is suppressed by small mass mixing parameters thus leading to a very narrow Z^′ resonance. Below we will assume that the Z^′ −Z mixing strength is ϵ = 0.06 [65].

The Z^′ boson partial decay width into a fermionantifermion pair is given by Γ(Z^′ → ff) = N_C αM_Z′ 6c^2_W √ 1 − 4η_f ×

[(1 + 2η_f )(g^f_L)^2 + (1 − 4η_f )(g^f_R)^2] (21)

where N_C is a color factor (N_C = 3 for quarks and N_C = 1 for leptons), g^f_L, g^f_R are the left- and right-handed couplings of the Z^′ to the SM fermions, α is the electromagnetic coupling constant, which is α ≃ 1/128 at the M_Z′ scale, and √η_f (= m_f /m_{Z‘}) is assumed to be ≪ 1. The left-handed couplings of the Z^′ to the SM neutrinos are g^f_L =^{3cosβ}_2^√_6 + √ 10sinβ 12 and g^f_L =^1_{2αLR} for E_6 and LRSM models, respectively, while the right-handed couplings g^f_R = 0 in both models. The (g^f_L)^2 is restricted to lie in the range 0.07(β ≃ π/2) ≲ (g^f_L)^2 ≲ 0.45 (β ≃ 0.4) for the E_6 model [67], and in the range 1/8 ≲ (g^f_L)^2 ≲ 3/8 for the LRSM model. The detail discussions of the StSM Z^′ decay modes and couplings can be found in [66].

For the decay rate Z^′ → γγ in the Z^′ mass range M_Z′ ≲ 5 TeV one may expect

Γ(Z^′ → γγ) ≲ 1.4 · M_Z′ [TeV] MeV, (22)

as it follows from Eqs.(13,16).

Due to the possible strong dependence of the couplings g_B on the boson mass and the discussion at the end of Section II, the inequality (22) should be viewed as an indication of the ballpark of the possible values of the width, rather than the firm limit. The same applies to Fig.3 and caption to Table 1. In Table 1 expected properties of Z^′ bosons for several models are summarized. The Z^′ → γγ decay rate is calculated by taking into account the LEP limit on the Bose violation coupling (16). model Γtot/M_Z′ B(Z^′ → μ^+μ^−)^{Γ(Z′ →γγ)}_{Γ(Z′→μ+μ− )} ×10^2 ×10^2 ×10^3 ZSSM 3.1 3.2 ≤ 1.5 Z_ψ 0.6 4.1 ≤ 5.8 Zη 0.7 3.5 ≤ 5.8 Zχ 1.4 5.6 ≤ 1.7 ZLRSM 2.2 2.2 ≤ 2.8 ZStSM 0.006 12.3 ≤ 23

TABLE I: Summary of expected properties of Z^′ bosons for several models. The first column shows the ratio of the Z^′ width to its mass M_Z′ , the second column shows the dimuon branching fraction, and the third column gives the upper limit for the ratio of the Z^′ diphoton and dimuon decay rates calculated taking into account the limit of (16). For interpretation of results, see comments after Eq. (22).

IV. SIGNAL AND BACKGROUNDS

Next, let us explain how to search for the Z^′ → γγ decay at the LHC. The Z^′ decay into two photons is a rare decay mode, with a branching fraction B(Z^′ → γγ) in the range of ≲ 10^{−4} − 10^{−3}. The final state consists of two high p_T photons, p_T ≃ M_Z′ /2 , detected in a LHC electromagnetic calorimeter surrounding the pp collision region [60, 61]. The experimental signature of the Z^′ → γγ decay is a peak in the invariant mass distribution of these photons over the continuum background. An important point is that if the decays of the Z^′ into leptons occur, the position of the Z^′ mass peak and its expected experimental width in the diphoton invariant mass distribution can be predicted by the analysis of on-peak data based on the observation of a leptonic Z^′ decay mode. The allowed maximal branching fraction Γ(Z^′ → γγ)/Γ(Z^′ → μ^+μ^−) calculated for the Bose violating coupling constant g_{B1} = 1.0 × 10^{−2} taking into account (22) is shown in Table I. One can see, that, for example, for the g_B ≃ 10^{−2}, the process Z^′ → γγ could amount to more then 1% of the total muonic Z^′ decay rate in the StSM model. Hence, if Z^′ is observed at the LHC the search for its diphoton decay mode is of great interest for possible observation of Bose symmetry violation.

FIG. 1: The production cross section σ(pp → Z^′)·B(Z^′ → γγ) at the LHC at √ s = 14 TeV in several Z^′ models indicated in the plot , calculated as a function of the Z^′ mass assuming the value of the Bose violating coupling constant gB1 = 1.0×10^{−2} .

For the appropriate Z^′ coupling constants discussed above, the production cross section σ(pp → Z^′) · B(Z^′ → γγ) at the LHC for several Z^′ models are calculated in the framework of PYTHIA [68]. In this evaluation, the default CTEQ5L parton distribution functions [69] are used with no K-factors included. In most of our analysis we also neglect errors associated with imprecise knowledge of parton distribution functions; the related systematic errors, however, will be included into the final results: see Sec. VI. Fig.1 shows the production cross section σ(pp → Z^′) · B(Z^′ → γγ) at the LHC at √ s = 14 TeV in the E_6, LRSM and Stückelberg models calculated as a function of the Z^′ mass assuming the value of the coupling constant g_{B1} = 1.0 × 10^{−2}. The StSM curve is calculated for the Z^′ − Z mixing strength value ϵ = 0.06. Interestingly, although the StSM production cross section σ(pp → Z^′) · B(Z^′ → l^+l^−) is an order of magnitude below those of other Z^′ models, the cross section σ(pp → Z^′) · B(Z^′ → γγ) is comparable to the corresponding cross sections in other models.

Although the experimental signature of the decay Z^′ → γγ at the LHC is expected to be relatively clean, in order to discover this process one has to determine whether the Z^′ mass peak in the diphoton invariant mass spectrum could be distinguished from the background due to the standard model reactions. At a hadron collider experiment the diphoton production with a large invariant mass is a well known and studied background not only for the search of the two photon decay of the Higgs boson, but also for searches of new heavy resonances, extra spatial dimensions, or cascade decays of heavy new particles [60, 61] where it is a source of significant background. The dominant standard model background sources to our signal are (see e.g.[60]):

• the prompt γγ production either form the quark annihilation or gluon fusion. As the final states from our signal and from these processes are identical, this is irreducible intrinsic background.

• The γ+jets production consisting of two parts: (i) prompt photon from hard interaction plus the second photon coming from the outgoing quark due to initial and final state radiation and (ii) prompt photon from hard interaction plus the decay of a neutral hadron (mostly isolated) in a jet, which could fake a decay photon. The γ + jet, pp → γ + jet + X with a jet faking photon production turned out to be one of the most important backgrounds.

• The background from QCD hadronic jets, consisting of quarks that fragment into a high momentum π^0 , which subsequently decays as π^0 → γγ. The resulting photon showers may overlap, and can pass the photon selection.

• other possible sources of background is the Drell Yan productions pp → e^+e^− + X. The production of a high-transverse-momentum lepton pair, can lead to a diphoton final state if both electrons produce hard bremsstrahlung photons, or if the electron tracks fail to be properly reconstructed. We, however, assume a high efficiency of a LHC detector silicon tracker veto which, being applied to photon-containing candidate events, makes this background negligible.

V. SIMULATIONS OF THE PROCESS pp → Z^′ → γγ AT √ s = 14 TEV

To make quantitative estimates, we performed simplified simulations at the generator level of the Z^′ production followed by the decay Z^′ → γγ in the reaction pp → Z^′ and the corresponding background processes at the LHC. We consider, as an example, the CMS detector [60]. As the signal events preferentially populate the large transverse momentum part of the phase space, events were generated with P_T > 100 GeV (CKIN(3) parameter) and |η| < 2.7 respectively. This allows us to reduce the time of computations and also to exclude of a very large fraction of the standard model events, which are peaked at small transverse momenta.

The CMS detector is described in detail in Ref. [60]. It consists of several subsystems: a superconducting magnet, a Si-tracker surrounded by an electromagnetic calorimeter followed by a hadronic calorimeter and muon chambers used for the detection and reconstruction of the events. The CMS experiment uses lead tungstate crystals for the electromagnetic calorimeter (ECAL). Each crystal measures about 22 × 22 mm^2 and covers 0.0175 × 0.0175 (about 1^o ) in the Δη − Δϕ space (ϕ being the azimuth angle).

For photon reconstruction at the generator level, we have used the “hybrid” clustering algorithm, to account for also fake photons arising from jets [70]. Photon candidates are reconstructed as superclusters in the CMS electromagnetic calorimeter (ECAL), within the fiducial regions of the barrel (EB) |η| < 1.4442 and endcaps (EE) 1.566 < |η| < 2.5. The superclusters are extended in ϕ to recover the energy deposited by electron bremsstrahlung and photon conversions. We consider a photon in the ECAL as a local deposition of electromagnetic energy by electrons or photons contained in a cone R = √ Δη^2 + Δϕ^2 < 0.09 with no associated tracks.

This definition is equivalent to 10 × 10 crystal size in the CMS detector. The CMS experiment uses 5 × 5 crystal size to form an energy cluster to reconstruct a photon candidate. However, in our efforts to mimic this reconstruction process at the generator level, we choose to be conservative and use only a 10 × 10 crystal. The momentum of the photon candidate is defined as the vector sum of the momenta of the electromagnetic objects in such a crystal.

As mentioned above, the main challenge to identifying the true photon candidates arises from jets faking photons, see e.g. [60]. This occurs when a jet from the standard model processes with γ + jet or jet − jet final state is dominated by a neutral hadron, such as, for example, a π^0 or η, which decays into two photons. If the hadron is highly energetic, so that the cosine of the opening angle between the two decay photons is cos(Θ_{γ1γ2} ) > 0.9, this angle is difficult to resolve and the photons can be misidentified as a single energetic photon. To suppress such backgrounds, we use various isolation variables, without, however, taking into account such photon object characteristics as the lateral and longitudinal electromagnetic shower shape. Jets typically have a larger number of charged particles reconstructed in their vicinty, and also a larger ratio of hadronic to electromagnetic deposited energy than photons. Likewise, hadronic and electromagnetic deposits arising from jets will be less isolated than for photons. Fake photon signals arising from a jet can be rejected by requiring either the absence of charged tracks above a certain minimum transverse momentum(P^{tr}_{T min} ) associated with the photon or the absence of additional energetic particles in an annular cone (R_{iso}) around the photon candidate. Following the diphoton analysis similar to Ref.[71], we have considered two variables for the isolation purposes: (i) the number of tracks (N_{tr}) from charged particles, such as π, K, p, ..., inside a cone around the photon and (ii) the scalar sum of transverse energy (E_T ) inside a cone around the photon. To identify the photons from the decay Z^′ → γγ, the following γ events selection criteria are used:

• P^{γ1}_T ≥ 100 GeV, P^{γ2}_T ≥ 100 GeV; • |η^{γ1,γ2}| < 2.5, |η^{γ1,γ2}| ≠ 1.4442 − 1.5666; • cos(Θ_{γ1,γ2}) ≤ 0.9; • N_{tr} = 0 for P^{tr}_T ≥ 3.0 GeV within R_{iso} ≤ 0.35;

• E_T < 5.0 GeV within R_{iso} ≤ 0.35;

Using this algorithm and requiring the photon to be isolated, the estimated probability of a jet faking a photon in γ +jet channel is ≃ 10^{−4} −10^{−3}. The major sources of fake photons are π^0 (≳ 80%), with the rest coming from other sources.

As the next step, the signal event candidates are selected by requiring that the final state contain at least two or more isolated photons and a jet(s). Events are studied in which either both photons are in the barrel calorimeter, or one photon is in the barrel and the other is in the end cup calorimeter. The diphoton invariant mass distribution is calculated for two highest P_T photons and histogrammed in bins equivalent to the mass resolution. The combined acceptance and selection efficiency for events with P_T > 100 GeV and for M^′_Z > 1000 GeV is found to be ≳ 70%.

VI. RESULTS

In Fig. 2 the invariant mass M_{γγ} distributions in the presence of the standard model background are shown for events simulated for the LRSM and E_6(Z_χ) models for the Z^′ with the mass of 1.5 TeV, the Bose violating coupling g_{B1} = 1.0 × 10^{−2}, and the LHC integrated luminosity L = 150 fb^{−1}. The additional broad peak and long tails below the Z^′ peak are from a combinatorial background due to the wrong choice of photons. For the invariant γγ-mass ≳ 1 TeV, the background under the Z^′ peak drops quickly.

FIG. 2: The diphoton invariant mass Mγγ distribution in the presence of the SM background calculated for the LRSM and E6(Zχ) models for the Z^′ with the mass of 1.5 TeV and the LHC integrated luminosity L = 150 fb^{−1}. The Bose violating coupling is assumed to be gB1 = 1.0 × 10^{−2}.

The significance of the discovery of the Z^′ → γγ events can be estimated as [72]:

S = 2( √ N_S + N_B − √ N_B ), (23)

where N_S and N_B are the numbers of signal and background events respectively, which pass the selection criteria described above. These numbers of events are estimated from a search for the Z^′ → γγ mass peak, which was performed in the following way. For every Z^′ mass value, the region around it in the M_{γγ} distribution was fitted with a parametrized signal shape centered at the M_{γγ} value and superimposed over a polynomial background. The normalization of each component is allowed to float in the fit. This procedure is also used for the background estimate as a function of M_{γγ} , with statistical uncertainties propagated from the fits. The systematic errors discussed below are also propagated to the fit procedure. The discovery potential of the Z^′ → γγ decay with the CMS detector is estimated assuming S ≳ 3.

The final results of this analysis are presented in Fig.3, where the most stingent limits for the coupling constant g_B 1 obtained for the LRS model are shown as a function of Z^′ mass. For the total luminosity of 100 fb^{−1} and the mass about 1 TeV, the limits are about one order of magnitude lower than the corresponding present limit from the search for Z → γγ decay mode at LEP, thus making the process Z^′ → γγ feasible for observation at the LHC. For the higher integrated luminosity of 1000

FIG. 3: The estimated CMS discovery potential in the (gB , M_Z′ ) parameter space calculated for the LRS model and for the integrated LHC luminosity 100 and 1000 fb^{−1}. For interpretation of results, see comments after Eq. (22).

fb^{−1}, the use of pp → Z^′ reaction allows to probe the decay Z^′ → γγ for the Z^′ masses up to 2 TeV.

The systematic errors in the number of expected Z^′ → γγ events coming from various background uncertainties are small since the background itself is rather small and the discovery region is usually limited by the fast drop of the signal cross section at high Z^′ mass. The largest systematic uncertainties of the expected number of Z^′- bosons arise from the luminosity measurement (6%) and the choice of PDF (5%). The latter uncertainty is determined from the variation in the efficiency when employing different PDF parameterizations. To study the effect of the detector energy resolution on this analysis, the energy of the photons was smeared with the stochastic term of the CMS electromagnetic calorimeter energy resolution [70]. Due to limitations in computing time, we did not fully simulate the background from jet-jet events. Although the dijet cross section is quite large, given the low probability of a jet faking a photon it is found that the kinematical and isolation cuts used above reject the dijet background substantially [71]. To get conservative estimate, we include uncertainties in the background estimate of 15%. Finally, the error of the measured LHC integrated luminosity is taken to be 3% [70].

VII. CONCLUSION

To summarize, we consider a phenomenological model of the Bose statistics violation. We show that if a new heavy Z^′ boson is observed at LHC, further searches for the Z^′ → γγ decay mode would suggest an interesting additional direction to probe Bose symmetry violation at the high energy frontier. We have demonstrated that the discovery regions in the (g_{B1}; M_{γγ} ) parameter space for the Z^′ → γγ decay substantially extend the excluded region from the CERN LEP. The low-energy experiment in atomic spectroscopy might be a sensitive probe of Bose symmetry violation that is complementary to collider experiments.

Acknowledgments

We thank D.S. Gorbunov and N.V. Krasnikov for helpful discussions, and M.M. Kirsanov for help in simulations and comments on the CMS ECAL photon isolation algorithm.

[1] W.Pauli Phys. Rev. 58, 716 (1940); for a modern treatment, see, e.g., S.Weinberg, The Quantum Theory of Fields v.1, Sec. 5 (CUP, 1995).

[2] G.Lüders and B.Zumino, Phys.Rev. 110, 1450 (1958);

N.Burgoyne, Nuovo Cim. 8, 607 (1958); see also R. F. Streater and A. S. Wightman, PCT, Spin and Statistics, and All That (W. A. Benjamin, New York, 1964).

[3] N.N.Bogoliubov et al., General Principles of Quantum Field Theory (Dordrecht, The Netherlands; Boston: Kluwer Academic Publishers, 1990);

[4] S. Doplicher, R. Haag and J. Roberts, Commun. Math.

Phys. 23, 199, 1971; ibid. 35, 49, 1974; K. Fredenhagen, Commun. Math. Phys. 79, 141, 1981. D.Buchholz and K.Fredenhagen, Comm. Math. Phys. 84, 1, 1982; A.B. Govorkov, Phys. Lett. A137, 7, 1989; Theor. Mat. Fiz. 54, 361, 1983; Mod. Phys. Lett. A7, 2383 (1992); see also I.G. Kaplan, Int. J. Quant. Chemistry, 89, 268 (2002).

[5] F.Reines and H.W.Sobel, Phys. Rev. Lett. 32, 954, 1974;

Trans. N.Y. Acad. Sci. ser.2, 40, 154 (1980).

[6] B.A. Logan and A. Ljubicic, Phys. Rev. C20, 1957, 1979. [7] R.D.Amado and H.Primakoff, Phys. Rev. C22, 1338, 1980 [8] V.A. Kuzmin in: Proc. of 3rd Seminar on Quantum Gravity, eds. M.A. Markov, V.A. Berezin and V.P. Frolov (World Scientific, Singapore, 1984), p.270; NORDITA preprint 85/4 (1985).

[9] A.Yu. Ignatiev and V.A. Kuzmin, Yad. Fiz. 46, 786, 1987 (Sov. J. Nucl. Phys. 47, 6, 1987)); in: Tests of Fundamental Laws in Physics, Proc. IX Moriond Workshop, ed. by O. Fackler and J. Tran Thanh Van, 1989, p.17; Phys.Lett. A 359, 26 (2006).

[10] L.B. Okun, Pisma ZhETF 46, 420, 1987 (JETP Lett.);

Comments on Nucl. and Particle Phys. 19, 99, 1989 [11] O.W. Greenberg and R.N. Mohapatra, Phys. Rev. Lett.

59, 2507, 1987, erratum ibid., 61, 1432, 1988; Phys. Rev. Lett. 62, 712, 1989; Phys. Rev. D 39, 2032 (1989).

[12] V.N. Gavrin, A.Yu. Ignatiev and V.A. Kuzmin, Phys.

Lett. B206, 343, 1988.

[13] D. Kelleher, Bull. Am. Phys. Soc. 33, 998, 1988. [14] V.M. Novikov and A.A. Pomansky, Pisma ZhETF, 49, 68, 1989; V.M. Novikov, A.A. Pomansky and E. Nolte in: Tests of Fundamental Laws in Physics, Proc. IX Moriond Workshop, ed. by O. Fackler and J. Tran Thanh Van, 1989, p.243.22.

[15] L.C. Biedenharn, P. Truini and H. van Dam, J. Phys. A.

Math. Gen. 22, L67, 1989.

[16] A.Yu.Ignatiev, Kyoto preprint RIFP-854, 1990 http://ccdb3fs.kek.jp/cgi-bin/img index?9005309.

[17] G.W. Drake, Phys. Rev. A39, 897, 1989.

[18] E. Fischbach, T. Kirsten and O.Q. Shaefer, Phys. Rev.

Lett. 20, 1012, 1968.

[19] A. Ramberg and G. Snow, Phys. Lett. B291, 484, 1992. [20] A.Ljubicic, D.Miljanic, B.A.Logan and E.H.Nolte, Fizika 21, 4, 413, 1989; D.Kekez, A. Ljubicic and B.A.Logan, Nature 348, 224, 1990; Europhys.Lett. 13(5), 385, 1990.

[21] T.Kushimoto et al., J.Phys.G 18, 443, 1992. [22] Yu.V. Ralchenko, J. Phys. A25, L1155, 1992. [23] M.V. Cougo-Pinto, J. Math. Phys. 34, 1110 (1993). [24] C. Curceanu (Petrascu) et al. (VIP Collaboration), Foundations of Physics 41, 282 (2011); S.Bartalucci et al. (VIP Collaboration), Foundations of Physics 40, 765 (2010); J. Phys.: Conf. Ser. 174 012065 (2009); Int. J. of Quantum Information 5, 299 (2007) [25] A.S.Barabash, Foundations of Physics 40, 703 (2010) [26] Javorsek II, D. et al., 2000. Phys. Rev. Lett. 85 (13), 2701-2704; Nucl. Instr. and Meth. in Phys. Res. B 194 (1), 78-89.

[27] NEMO Collaboration, 2000. Nucl. Phys. B (Proc. Suppl.)

87, 510.

[28] G. Bellini et al. (Borexino Collaboration), Phys. Rev. C 81, 034317 (2010); A. V. Derbin and K. A. Fomenko On behalf of the Borexino Collaboration, Physics of Atomic Nuclei 73, 2064 (2010); Back, H.O. et al. (Borexino Collaboration), 2004. Eur. Phys. J. C 37, 421-431.

[29] R. Bernabei et al., Found Phys (2010) 40, 807; Journal of Physics: Conference Series 202 (2010) 012039; Eur. Phys. J. C (2009) 62: 327 [30] V. Novikov, arXiv: 0706.4030 [31] M.G.Jackson Phys. Rev. D 77, 127901 (2008); ibid. D 78, 126009 (2008) [32] Dolgov, A.D., Smirnov, A.Y., Phys. Lett. B 621 (2005) 1; Dolgov, A.D., Hansen, S.H., Smirnov, A.Y., JCAP 0506 (2005) 004; Cucurull, L., Grifols, J.A., Toldrà, R., Astropart. Phys. 4, 391 (1996); S. Choubey and K. Kar, Phys. Lett. B 634, 14 (2006); A.S. Barabash et al., Nuclear Physics B, 783, 90 (2007).

[33] A.Yu. Ignatiev, Radiation Physics and Chemistry 75, 2090 (2006) Proceedings of the 20th International Conference on X-ray and Inner-Shell Processes - 4-8 July 2005, Melbourne, Australia arXiv:0509258 ; Greenberg, O.W., In: Hilborn, R.C., Tino, G.M. (Eds.), Spinstatistics connection and commutation relations, AIP Conf. Proc. 545 (2000), p.113 ; Gillaspy, J.D., ibid p.241.

[34] R.C.Hilborn, Bull. Am. Phys. Soc.35 982 (1990).

[35] G.M.Tino, Il Nuovo Cimento D 16, 523 (1994). [36] G.M.Tino, in Hilborn, R.C., Tino, G.M. (Eds.), Spinstatistics connection and commutation relations, AIP Conf. Proc. 545 (2000), p. 260.

[37] A. Yu. Ignatiev, G.C. Joshi, M. Matsuda, Mod. Phys.

Lett. A 11, 871 (1996).

[38] D. DeMille et al.,Phys. Rev. Lett. 83, 3978 (1999);

D.DeMille et al., in:Hilborn, R.C., Tino, G.M. (Eds.), Spin-statistics connection and commutation relations, AIP Conf. Proc. 545 (2000), p.227.

[39] K. D. Bonin and T. J. McIlrath, J. Opt. Soc. Am. B 1, 52 (1984).

[40] L. D. Landau, Dokl. Akad. Nauk SSSR 60, 207 (1948)(Doklady Sov.Acad.Sci.).

[41] C. N. Yang, Phys. Rev. 77, 242 (1950). [42] K. Nishijima, Fundamental Particles, Benjamin 1964. [43] D. English, V. Yashchuk, and D.Budker, arXive:1001.1771[phys.atom-ph].

[44] D. Gidley at el. Phys. Rev. Lett. 59, 1510 (1987); A.P.

Mills and P. Zukerman, Phys. Rev. Lett. 59, 1510 (1987); A. Asai at el., Phys. Rev. Lett. 59, 1510 (1987).

[45] K. M. Ecklund et al., CLEO collaboration, Phys. Rev.

D78, 091501 (2008); arXiv:0803.2869 [hep-ex]. [46] M.Z.Akrawy et al. OPAL, Phys. Lett. 257, 531, 1991 [47] O.W.Greenberg, Phys. Rev. Lett. 64, 705, 1990; Phys.

Rev. D 43, 4111, 1991; Physica A 180, 419, 1992; R.N. Mohapatra, Phys. Lett. B242, 407 (1990); see also Biedenharn, L.C., 1989. J. Phys. A 22 (18), L873; Macfarlane, A. J., 1989. J. Phys. A 22 (21), 4581-4588.

[48] C.-K. Chow, O.W. Greenberg, Phys. Lett. A 283, 20 (2001).

[49] K. Nakamura et al. (Particle Data Group), J. Phys. G 37, 075021 (2010).

[50] N.V.Krasnikov and V.A. Matveev, Phys. Atom. Nucl.

73, 191 (2010); Phys. Usp. 47, 643 (2004), arXive: hep-ph/0309200.

[51] P. Nath et al., arXiv:1001.2693 [hep-ph].

[52] P. Langacker, arXiv:0911.4294 [hep-ph]; P. Langacker, (2009), arXiv:0909.3260 [hep-ph]; P. Langacker, Rev. Mod. Phys. 81 (2009) 1199, arXiv:0801.1345 [hep-ph].

[53] T.G. Rizzo, (2006), arXiv:hep-ph/0610104. [54] A. Leike, Phys. Rept. 317 (1999) 143, arXiv:hep-ph/9805494.

[55] M. Goodsell et al., JHEP 11 (2009) 027, arXiv:0909.0515 [hep-ph];

[56] M. Cvetic and S. Godfrey, arXive:hep-ph/9504216; [57] M. Dittmar, A. Nicollerat, and A. Djouadi, Phys. Lett.

B 583, 111 (2004).

[58] G.A. Kozlov, Phys. Rev. D 72, 075015 (2005); G. Kozlov and I. Gorbunov arXiv:1009.0103 [hep-ph].

[59] L. Evans, (ed.), P. Bryant, (ed.), LHC Machine, JINST 3, S08001 (2008).

[60] G.L. Bayatian et al., CMS Collaboration , J. Phys. G 34, 995 (2007).

[61] G. Aad, et al., ATLAS Collaboration, arXiv:0901.0512 [hep-ex]; JINST 3, S08003 (2008).

[62] M. Carena et al., Phys. Rev. D 70, 093009 (2004). [63] J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974);

R. N. Mohapatra and J. C. Pati, Phys. Rev. D 11, 366 (1975);

G. Senjanovic and R. N. Mohapatra, Phys. Rev. D 12, 1502 (1975).

[64] B. Körs and P. Nath, Phys. Lett. B 586, 366 (2004), [hep-ph/0402047]; JHEP 12 005 (2004), [hep-ph/0406167]; JHEP 07 069 (2005), [hep-ph/0503208].

[65] D. Feldman, Z. Liu and P. Nath, Phys. Rev. Lett. 97, 021801 (2006), [hep-ph/0603039].

[66] D. Feldman, Z. Liu and P. Nath, JHEP 11 007 (2006). [67] The minimal possible value for (g^f_L)^2 in this model is zero , we take it to be ≃ 0.07 for β = π/2 to have non-zero Z^′ − ν coupling.

[68] T. Sjöstrand, S. Mrenna, P. Skands, PYTHIA 6.4 physics and manual, JHEP 05, 026 (2006).

[69] H. L. Lai et al. [CTEQ Collaboration], Eur. Phys. J. C 12, 375 (2000) [arXiv:hep-ph/9903282].

[70] CMS Collaboration, ”CMS Physics Technical Design Report volume -I”, CERN/LHCC 2006-001 (2006).

[71] S. Bhattacharya et al., Phys. Rev. D 76, 115017 (2007). [72] S.I. Bityukov and N.V. Krasnikov, Nucl. Instr. Meth. A 534, 152 (2004).

[73] the difference between the numerical factors here and in Ref.[37] is due to a mistake in the latter.