arXiv:1303.0365v1 [hep-ph] 2 Mar 2013

Polarization effects in the Higgs boson decay to γ Z and test of CP and CP T symmetries

Alexander Yu. Korchin^{1, 2, ∗} and Vladimir A. Kovalchuk^{1, †} 1NSC ‘Kharkov Institute of Physics and Technology’, 61108 Kharkiv, Ukraine 2V.N. Karazin Kharkiv University, 61077 Kharkiv, Ukraine (Dated: today)

Polarization characteristics of γγ and γZ states in the Higgs boson decays h → γγ and h → γZ are discussed. Based on effective Lagrangian, describing hγγ and hγZ interactions with CP -even and CP -odd parts, we calculate polarization parameters ξ1, ξ2, ξ3. Nonzero value of the photon circular polarization, defined by parameter ξ2, arises due to presence of both parts in effective Lagrangian and its non-hermiticity. The circular polarization can be measured through the forward-backward asymmetry of fermions in the decay h → γ Z → γ f f̄. Sizable values of this observable may testify violation of CP T symmetry. We suggest also a way to measure parameters ξ1, ξ3, describing correlation of linear polarizations of photon and Z boson, in the decay h → γ^∗ Z → ℓ^+ℓ^− Z via distribution over the azimuthal angle between the decay planes of γ^∗ → ℓ^+ℓ^− and Z → f̄ f. Deviation of measured value of ξ1 from zero will indicate CP violation in the Higgs sector.

PACS numbers: 11.30.Er, 12.15.Ji, 12.60.Fr, 14.80.Bn, 14.80Cp

I. INTRODUCTION

The ATLAS and CMS Collaborations at the LHC have recently observed [1, 2] a boson h with mass around 126 GeV with statistical significance of about five standard deviations. The experimental evidence of this new particle is the strongest in the two-photon and four-lepton final channels, where the detectors give the best mass resolution.

Although the decay pattern of h is mainly consistent with the predictions of the standard model (SM), the clarification of the nature of this particle still needs more data and time. The spin of this boson is known to be zero or two, while the CP properties are not yet ascertained. Recent data are more consistent with the pure scalar boson hypothesis than the pure pseudoscalar one [3]. Though in the SM the Higgs boson has J^{P C} = 0^{++}, there are many extensions of the SM with a more complicated Higgs sector, in which some of the Higgs bosons may not have definite CP -parity [4–6].

This aspect of the Higgs study is also related to the origin of the CP violation. In the SM the dominant source of the CP violation is the complex irreducible phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [7], however this effect is not sufficient to explain the observed matter-antimatter asymmetry in the Universe [8]. There may be other mechanism of the CP violation beyond the CKM matrix, for example, in the Higgs sector. From this point of view, the elucidation of the CP properties of the observed h-boson would be an important step towards clarification of the mechanisms giving rise to the masses of particles, their mixing and CP violation.

∗Electronic address: korchin@kipt.kharkov.ua †Electronic address: koval@kipt.kharkov.ua

Recently the CP properties of the Higgs boson in the two-photon decay channel h → γ γ have been addressed in Ref. [9]. Indeed, in this channel the measured branching is larger than the value predicted in the SM by a factor of 1.80 ± 0.30 (stat)^{+0.21}_{−0.15} (syst)^{+0.20}_{−0.14} (theory) for m_h = 126.6±0.3 (stat)±0.7 (syst) GeV [10] or 1.56±0.43 for m_h = 125 GeV [11], thus leaving a space for a new physics beyond the SM. The author of [9], in framework of a model with vector-like fermions, showed that the CP violation in the h → γ γ decay results in the dependence of the differential decay rate on the angle between linear polarization vectors of the photons. Experimentally, this angular distribution can be measured after both photons are converted into the e^+, e^− pairs via the azimuthal angle distribution between the planes spanned by the two e^+, e^− pairs. In Ref. [12] a model-independent analysis of the CP violation effects in the Higgs boson into a pair of the gauge bosons W^+, W^− or Z, Z has been presented. The author has studied the angular distributions of the fermions f = ℓ, q in the cascade processes h → V_1 V_2 → (f_1 f̄_2) (f_3 f̄_4) and analyzed possibilities of observation the CP violation in these decays to various final lepton and quark pairs.

In the present paper we would like to address the decay of the Higgs boson to the photon and Z-boson, h → γ Z, pointing out to a possibility of studying in this decay not only the CP properties of the newly discovered boson, but also the validity of the CP T symmetry. In this connection, one can recall Ref. [13], in which author showed that an observation of the circular polarization of the photon in the neutral pion decay π^0 → γ γ (or η → γ γ) would signal violation of the CP T symmetry. Indeed, the product ⃗s ⃗k (where ⃗s is the photon spin and ⃗k is its momentum) is P odd and T even. Such a correlation in the π^0 decay arises due to interference of the two terms in the interaction Lagrangian: a scalar c̃ π^0 ϵ^{μνρσ} F_{μν} F_{ρσ} and a pseudoscalar c π^0 F_{μν} F^{μν} , with c̃ and c being couplings constants and F_{μν} = ∂_μA_ν − ∂_ν A_μ. The analysis of [13] demonstrated that a nonzero value of ⃗s⃗k correlation may appear due to a non-hermiticity of the treelevel amplitude, i.e. Imc̃ ≠ 0 or/and Imc ≠ 0, or/and higher-order loop corrections to the amplitude inducing imaginary part of c̃.

Note that such a correlation in the Higgs boson decay to two transversally polarized Z bosons in connection with possible violation of CP T symmetry has been discussed in [12].

Generally, similar arguments can be applied to the twophoton decay of the Higgs boson with analogous conclusion. However, measurement of the photon circular polarization in the h → γ γ decay is a rather difficult task. Therefore, in the present paper we explore another, a simpler possibility to study CP T (as well as CP ) properties of h boson in the decay h → γ Z → γ f f̄ , (1) with f = ℓ, q (ℓ = e^−, μ^−, τ^−). It turns out that the decay distribution over the angle θ between the momentum of the fermion f (in the rest frame of the Z) and momentum of the Z (in the rest frame of the h), gives information on the photon circular polarization. Namely, a nonzero photon circular polarization induces a term ∼ cos θ in this distribution which can be measured through the forward-backward asymmetry A_{FB}.

In the SM the h → γ Z decay amplitude in the lowest order is determined by the loop contributions [14, 15] which have a small but nonzero imaginary part. Therefore the net photon helicity will take a nonzero value once we assume a CP violating term in an effective interaction Lagrangian describing h, γ and Z. Then one can estimate the asymmetry A_{FB} by making a reasonable assumptions on the strength of the CP violating term. Any CP T violating effects, which may be present in effective Lagrangian, will also give contribution to this asymmetry. Note that the SM automatically satisfies CP T symmetry. However there are many extensions of the SM in which CP T violation appears due to nonlocality in the string theory, violation of Lorentz symmetry in the extra dimensional models, and so on (see, for example, [16] and references therein).

As for experimental results on the SM Higgs boson decay to Z boson and photon, we mention recent CMS experiment search [17]. The Higgs production cross-section times the h → γ Z branching fraction limits are about an order of magnitude larger than the SM expectation for m_h = 125 GeV.

The paper is organized as follows. In Section II effective Lagrangian for h γ γ and h γ Z interactions and coupling constants in the SM and some its extensions are considered. In Section III amplitudes and polarization parameters for the decays h → γ γ and h → γ Z are specified. Distribution of the h → γ Z → γ f f̄ decay in the polar angle, and distribution of the h → γ^∗ Z → ℓ^+ℓ^− Z decay (with Z → f̄f on mass shell) in the azimuthal angle are obtained. In Section IV results of calculation and discussion are presented. In Section V we draw conclusions.

II. FORMALISM

The effective Lagrangian for the h γ γ and h γ Z interactions can be written, as

L^{hγγ}_{eff} = e^2 32 π^2 v ( c_γ F_{μν} F^{μν} h − c̃_γ F_{μν} ~F^{μν} h ) , (2)

L^{hγZ}_{eff} = e g 16 π^2 v ( c_{1Z} Z_{μν} F^{μν} h − c_{2Z} (∂_μh Z_ν − ∂_ν h Z_μ) F^{μν} − c̃_Z Z_{μν} ~F^{μν} h ) , (3)

where e is the positron electric charge, g is the SU(2)_L coupling constant and v = (√ 2G_F )_{−1/2} ≈ 246 GeV is the vacuum expectation value of the Higgs field. Here F_{μν} and Z_{μν} are the standard field strengths for the electromagnetic and Z field and ~F_{μν} = ε_{μναβ} F^{αβ} /2, with convention ε_{0123} = +1. Dimensionless parameters c_γ , c_{1Z} , c_{2Z} , c̃_γ , and c̃_Z are effective coupling constants [32].

It is convenient to write the couplings c_γ and c_{1Z} as the sums of terms in the SM and New Physics (NP) beyond the SM: c_γ = c^{SM}_γ + c^{NP}_γ , c_{1Z} = c^{SM}_Z + c^{NP}_{1Z} . In the SM, c̃_γ =c_{2Z} =c̃_Z =0 and their nonzero values come from effects of the NP. In general, in the SM the couplings c^{SM}_γ and c^{SM}_Z have small imaginary parts which arise due to the intermediate on-mass-shell ℓ^+ ℓ^− and qq̄ states in the one-loop contributions (where ℓ = e^−, μ^−, τ^− denote leptons and q = u, d, s, c, b denote quarks (excluding t quark)). In the one-loop order c^{SM}_γ and c^{SM}_Z are given by [15, 19, 20]

c^{SM}_γ = A^γ_1 (τ_W ) + ∑ f N_f Q^2_f A^γ_{1/2}(τ_f )

≈ −6.60 + 0.08i , (4)

c^{SM}_Z = −A^Z_1 (τ_W , λ_W ) − ∑ f N_f Q_f g_f A^Z_{1/2}(τ_f , λ_f )

≈ −5.540 + 0.005i , (5)

where f = (ℓ, q, t), N_f = 1 (3) for leptons (quarks), Q_f is the charge of the fermion f in units of the electric charge of the positron. Here also g_f = (2 t_{3L, f} − 4 Q_f sin^2 θ_W )/ cos θ_W , where t_{3L, f} is the projection of the weak isospin of the f fermion, and θ_W is the weak angle. The one-loop functions A^γ_1 , A^γ_{1/2}, A^Z_1 , A^Z_{1/2} are defined in Appendix. These functions depend on arguments τ_W = 4m^2_W /m^2_h, λ_W = 4m^2_W /m^2_Z , τ_f = 4m^2_f /m^2_h, λ_f = 4m^2_f /m^2_Z , with m_h being the mass of the Higgs boson, m_W (m_Z ) - mass of the W (Z) boson, m_f - mass of the f-th fermion. Numerical values in (4), (5) are obtained for m_h = 126 GeV using the SM parameters from [21], and the quark masses are chosen according to [22].

The terms c_γ , c_{1Z} , and c_{2Z} above would correspond to a CP -even scalar h, while the terms c̃_γ and c̃_Z indicate a CP -odd pseudoscalar h. The presence of both sets of terms means that h is not a CP eigenstate. Interference of these terms lead to CP violating effects which reveal in polarization states of the photon. Generally, the couplings c^{NP}_γ , c^{NP}_{1Z} , c̃_γ , c_{2Z} , c̃_Z may be complex.

The SM can be considered as an effective low-energy theory of underlying unknown theory at a scale Λ (characteristic scale of the NP) which is much higher than the electroweak scale v. In effective field-theory language [20, 23–27], the couplings c^{NP}_γ , c^{NP}_{1Z} , c̃_γ , c_{2Z} , c̃_Z can be obtained from gauge invariant dimension-6 operators such as

O_B = i g^′ Λ^2

(D_μ H)^† (D_ν H) B^{μ ν} ,

O_W = i g Λ^2

(D_μ H)^† τ_k(D_ν H) W^{μ ν}_k , O_{BB} = g^{′2} 2 Λ^2 H^† H B_{μ ν} B^{μ ν} , ~O_{BB} = g^{′2} 2 Λ^2 H^† H B_{μ ν} ~B^{μ ν} , O_{W W} = g^2 2 Λ^2 H^† H W_{k μ ν} W^{μ ν}_k , ~O_{W W} = g^2 2 Λ^2 H^† H W_{k μ ν} ~W^{μ ν}_k , O_{W B} = g^′ g 2 Λ^2

H^† τ_k H W^{μ ν}_k B_{μ ν} , ~O_{W B} = g^′ g 2 Λ^2

H^† τ_k H W^{μ ν}_k ~B_{μ ν} . (6)

Here, g^′ is the weak hypercharge gauge coupling, B_{μν} is the field strength tensor for the hypercharge gauge group, W^{μν}_k is the field strength tensor for the weak SU(2) gauge group (k = 1, 2, 3), H represents the Higgs doublet, and τ_k are the Pauli matrices for weak isospin. The operators O_i are CP -even, and ~O_j are CP -odd. The dual fieldstrength tensors are defined by ~X_{μν} = (1/2) ε_{μναβ}X^{αβ}, for X = B, W_k . The corresponding effective Hamiltonian is H^{(6)}_{eff} = −L^{(6)}_{eff} = ∑ i c_i O_i + ∑ j c̃_j ~O_j , (7)

where i = (B, W, BB, W W, W B) and j = (BB, W W, W B). The h γ γ and h γ Z couplings follow from the effective Lagrangian (7) by making the replacement H → ( 0 , (v + h) / √ 2 )_T in the unitary gauge:

c^{NP}_γ = ( 4 πv Λ )_2

(c_{W B} − c_{BB} − c_{W W} ) , (8)

c̃_γ = ( 4 πv Λ )_2 (c̃_{BB} + c̃_{W W} − c̃_{W B} ) , (9) c^{NP}_{1Z} = ( 4 πv Λ )_2

sin θ_W ( c_{BB} tan θ_W − c_{W W} cot θ_W

+ c_{W B} cot 2 θ_W ) , (10)

c_{2Z} = ( 2 πv Λ )_2 c_B − c_W cos θ_W

, (11)

c̃_Z = ( 4 πv Λ )_2

sin θ_W ( c̃_{W W} cot θ_W − c̃_{BB} tan θ_W

− c̃_{W B} cot 2 θ_W ) . (12)

The effective dimensionless couplings c_B , c_W , c_{BB} , c_{W W} , c_{W B} , c̃_{BB} , c̃_{W W} , and c̃_{W B} could be of order unity based on naive dimensional analysis [28, 29]. If the theory is valid up to a scale Λ ∼ 4 πv then it follows from Eqs. (8)– (12) that c^{NP}_γ , c^{NP}_{1Z} , c̃_γ , c_{2Z} , c̃_Z can be of the order unity.

On the other hand, values of coupling constants c^{NP}_γ , c^{NP}_{1Z} , c̃_γ , c_{2Z} , c̃_Z can be calculated in various models. In particular, there are models with more than one Higgs doublet which induce CP violation due to the specific coupling of neutral Higgs bosons to fermions. We calculate c^{NP}_γ , c^{NP}_{1Z} , c̃_γ , c_{2Z} , c̃_Z assuming that the couplings of h boson to the fermion fields, ψ_f , are given by the Lagrangian including both scalar and pseudoscalar parts L^{hf f} = − ∑ f m_f v h ψ̄_f (1 + s_f + i p_f γ_5) ψ_f , (13)

where s_f , p_f are real parameters and s_f =p_f =0 corresponds to the SM.

Evaluating the fermion contribution to the one-loop h → γ γ and h → γ Z amplitudes we obtain

c^{NP}_γ = ∑ f N_f s_f Q^2_f A^γ_{1/2}(τ_f )

≈ 1.84s_t − (3s_b + 2s_c + 2s_τ ) × 10^{−2} + i 2 (2s_b + s_c + s_τ ) × 10^{−2} , (14)

c̃_γ = −2 ∑ f N_f p_f Q^2_f τ_f f(τ_f )

≈ 2.79p_t + (3p_b + 2p_c + 2p_τ ) × 10^{−2} − i 2 (2p_b + p_c + p_τ ) × 10^{−2} , (15)

c^{NP}_{1Z} = − ∑ f N_f s_f Q_f g_f A^Z_{1/2}(τ_f , λ_f )

≈ 0.3253s_t − (8.2s_b + 1.2s_c + 0.2s_τ ) × 10^{−3} + i (4.8s_b + 0.5s_c + 0.1s_τ ) × 10^{−3} , (16)

c̃_Z = − ∑ f N_f p_f Q_f g_f I_2(τ_f , λ_f )

≈ −0.4939p_t + (9.6p_b + 1.3p_c + 0.3p_τ ) × 10^{−3} − i (4.9p_b + 0.5p_c + 0.1p_τ ) × 10^{−3} , (17) where one-loop functions f(τ_f ), I_2(τ_f , λ_f ) are specified in Appendix, and their arguments τ_f , λ_f are defined after Eq. (5).

In obtaining the numerical values in (14)–(17) we have taken into account dominant contributions from the charm, bottom, top quarks and τ lepton, in particularly, the charm, bottom quarks and τ lepton give rise to the imaginary parts of the couplings in (14)–(17).

III. AMPLITUDES AND ANGULAR DISTRIBUTIONS

Let us consider the decay of the zero-spin Higgs h boson into a pair of photons h(p) → γ(k_1, ϵ_1) γ(k_2, ϵ_2) , (18) where p is the four-momentum of h boson, k_1, k_2 are the four-momentum of photons and ϵ_1, ϵ_2 are the corresponding polarization four vectors. In the rest frame of h, the amplitude of this decay can be written in the form A(h → 2 γ) = e^2m^2_h 16 π^2 v ( c_γ (⃗e^∗_1 ⃗e^∗_2 ) + c̃_γ (^⃗k [⃗e^∗_1 × ⃗e^∗_2 ]) ) , (19) where m_h is the mass of h boson. The polarization vectors are chosen in the form: ϵ_1 = (0, ⃗e_1), ϵ_2 = (0, ⃗e_2), where ⃗e_1 ⃗k = ⃗e_2 ⃗k = 0, ⃗k is the three-momentum of one of the photons and ^⃗k ≡ ⃗k/|⃗k|.

The helicity amplitudes for decay (18) are equal to

H_± = − e^2m^2_h 16 π^2 v

(c_γ ± i c̃_γ ) . (20)

The decay width of h → 2γ is

Γ(h → 2γ) = 1 32 πm_h ( |H_+|^2 + |H_−|^2 ) . (21)

The polarization states of a single photon are usually described through the density matrix ρ^{(γ)}. For the process (18), one can write the two-photon density matrix following Ref. [30] as follows

ρ^{(γγ)} = 1 4 (1 ⊗ 1 − σ_3 ⊗ σ_3 + ξ_1 (σ_1 ⊗ σ_2 − σ_2 ⊗ σ_1) + ξ_2 (σ_3 ⊗ 1 − 1 ⊗ σ_3) − ξ_3 (σ_1 ⊗ σ_1 + σ_2 ⊗ σ_2)) , (22) where ⃗σ = (σ_1, σ_2, σ_3) are the Pauli matrices, 1 is 2 × 2 unit matrix, and ⊗ means the direct product of two matrices. The reference frame is chosen with the OZ axis along ^⃗k, and matrices on the left (right) from symbol ⊗ refer to the photon with momentum ⃗k (−⃗k).

In (22) the following parameters are introduced

ξ_1 =

2 Im ( H_+H^∗_− ) |H_+|^2 + |H_−|^2 = 2 Re(c_γc̃^∗_γ ) |c_γ |^2 + |c̃_γ |^2 , ξ_2 =

|H_+|^2 − |H_−|^2 |H_+|^2 + |H_−|^2 = 2 Im(c_γc̃^∗_γ ) |c_γ |^2 + |c̃_γ |^2

, (23)

ξ_3 = −

2 Re ( H_+H^∗_− ) |H_+|^2 + |H_−|^2 = |c̃_γ |^2 − |c_γ |^2 |c_γ |^2 + |c̃_γ |^2 .

The Stokes parameter ξ_2 defines degree of the circular polarization of the photon with momentum ⃗k, it has the meaning of average photon helicity. Parameters ξ_1, ξ_3 define correlation of linear polarizations of two photons (in particular, for ξ_1 = 0, ξ_3 = −1 the linear polarizations are parallel, while for ξ_1 = 0, ξ_3 = 1 they are orthogonal).

Next we come to the decay of h to γ and Z boson

h(p) → γ(k_1, ϵ_1) Z(k_2, ϵ_2) , (24)

where k_1, (k_2) is the four-momentum of photon (Z boson), ϵ_1, (ϵ_2) is polarization vector of the photon (Z boson).

The helicity amplitudes for the decay (24) are

H_± = − egm^2_h 16 π^2 v ( 1 − m^2_Z m^2_h ) (c_{1Z} + c_{2Z} ± i c̃_Z ) , (25)

with the decay width Γ(h → γZ) = 1 16 πm_h ( 1 − m^2_Z m^2_h ) ( |H_+|^2 + |H_−|^2 ) , (26) where m_Z is the Z boson mass.

From definitions (23) we find the polarization parameters

ξ_1 = −

2 Im(A_‖ A^∗_⊥) |A_‖|^2 + |A_⊥|^2 , ξ_2 =

2 Re(A_‖ A^∗_⊥) |A_‖|^2 + |A_⊥|^2

, (27)

ξ_3 = |A_⊥|^2 − |A_‖|^2 |A_‖|^2 + |A_⊥|^2 , where H_± from Eq. (25) for further convenience are replaced by the amplitudes A_‖ = (H_+ + H_−)/ √ 2 and A_⊥ = (H_+ − H_−)/ √ 2 corresponding to linearly polarized final states.

Numerical values of parameters ξ_1, ξ_2, ξ_3 will be discussed in Section IV.

The circular polarization of the photon can be measured through the decay h → γ Z → γ ff̄. The angular distribution of the process in the polar angle θ between the momentum of the fermion f in the Z boson rest frame and the direction of the Z boson motion in the h boson rest frame has the form 1 Γ dΓ(h → γ Z → γ ff̄) d cos θ = 3 8 ( 1 + cos^2 θ

− 2 A^{(f )} ξ_2 cos θ ) , (28)

where

A^{(f )} ≡

2 g^f_V g^f_A (g^f_V )^2 + (g^f_A)^2

. (29)

The vector g^f_V and axial-vector g^f_A constants are

g^f_V ≡ t_{3L, f} − 2 Q_f sin^2 θ_W , g^f_A ≡ t_{3L, f} . (30)

5 Measurement of the forward-backward asymmetry A_{FB} relative to the direction of Z boson motion in the h boson rest frame for the f fermions produced in decay (1),

A_{FB} ≡ F − B F + B , (31)

where F ≡ ∫_1 0 1 Γ dΓ d cos θ d cos θ , B ≡ ∫_0 −1 1 Γ dΓ d cos θ d cos θ , which is

A_{FB} = − 3 4 A^{(f )} ξ_2 , (32)

allows one to find ξ_2.

Note that A^{(μ)} for the decay

h → γ Z → γ μ^−μ^+ (33)

is 0.142 ± 0.015 [21], therefore in view of the condition |ξ_2| ≤ 1, the absolute value of the asymmetry for this decay is not larger than 0.11. At the same time for the decay channel h → γ Z → γ b b̄ (34) (A^{(b)} = 0.923±0.020 [21]), the absolute value of A_{FB} can be much larger, namely, as large as 0.69.

Let us discuss a possibility to determine the polarization parameters ξ_1 and ξ_3. For this one can study the process

h → γ^∗ Z → ℓ^+ℓ^− Z (35)

with the decay Z → f̄f on mass shell. For the process (35) we obtain the distribution over the dilepton invariant mass squared q^2 and azimuthal angle ϕ between the decay planes of γ^∗ → ℓ^+ℓ^− and Z → f̄f in the h rest frame: dΓ(h → ℓ^+ℓ^−Z) dq^2 dϕ / dΓ dq^2 = 1 2 π ( 1 − 1 4 ( 1 − F_L(q^2) )

× ( ξ_3(q^2) cos 2ϕ + ξ_1(q^2) sin 2ϕ )) . (36)

Here

F_L(q^2) ≡

|A_0(q^2)|^2 |A_0(q^2)|^2 + |A_‖(q^2)|^2 + |A_⊥(q^2)|^2

(37)

is the fraction of longitudinal polarization of virtual photon, and the amplitudes are defined as

A_0(q^2) = e g 16 π^2 v √ q^2 m^2_Z ( 2 c_{1Z} m^2_Z

+ c_{2Z} ( m^2_h − q^2 + m^2_Z )) , (38)

A_‖(q^2) = − e g 8 √ 2 π^2 v ( c_{1Z} ( m^2_h − q^2 − m^2_Z )

+ c_{2Z} ( m^2_h + q^2 − m^2_Z )) , (39)

A_⊥(q^2) = −i e g 8 √ 2 π^2 v c̃_Z √ λ(m^2_h, q^2, m^2_Z ) , (40)

with λ(a, b, c) ≡ a^2 + b^2 + c^2 − 2 (ab + ac + bc) and the distribution over the invariant mass squared reads dΓ dq^2 = α_{em} √ λ(m^2_h, q^2, m^2_Z ) 48 π^2 m^3_h q^2 (| |A_0(q^2)|^2 + |A_‖(q^2)|^2 + | |A_⊥(q^2) | |^2 ) , (41)

where α_{em} = e^2/(4π) is the electromagnetic finestructure constant. The q^2-dependent quantities ξ_1(q^2) and ξ_3(q^2) can be obtained from Eqs. (27) in which the amplitudes A_‖ (A_⊥) are substituted by the q^2-dependent amplitudes A_‖(q^2) (A_⊥(q^2)). In derivation of (36) we assumed that leptons are massless.

In expressions (38)–(40) we did not take into account additional two-fermion current operators of dimension 6 [23, 26] in the effective Hamiltonian (7). These operators contribute at tree level to the decay h → ℓ^+ℓ^− Z which is one-loop process in the SM. In addition, contributions from the tree-level mechanism h → Z^∗ Z → ℓ^+ℓ^− Z were not considered.

From (36) one can approximately extract ξ_1 and ξ_3 in the decay h → γ Z. Neglecting the amplitude (38) for longitudinally polarized photon |A_0(q^2)|^2 ∼ q^2, and q^2-dependence of the transverse amplitudes, i.e. substituting A_‖(q^2) ≈ A_‖(0) and A_⊥(q^2) ≈ A_⊥(0), we obtain the distribution over the azimuthal angle dΓ(h → ℓ^+ℓ^−Z) dϕ ≈ ( α_{em} 3 π log q^2_{max} q^2_{min} ) Γ(h → γ Z) × 1 2 π ( 1 − 1 4 (ξ_3 cos 2ϕ + ξ_1 sin 2ϕ) ) . (42)

The lower integration limit q^2_{min} is determined by possibilities of detectors, in particular, to provide sufficient ϕ resolution to separate sin 2ϕ and cos 2ϕ terms in the distribution (42). The value of q^2_{max} should be (a few GeV)^2. Of course, account in the amplitudes A_0(q^2), A_‖(q^2), A_⊥(q^2) of contributions from the twofermion current operators and mechanism with virtual Z-boson decay to ℓ^+ℓ^− pair, mentioned above, would allow one to define accurately the range of applicability of Eq. (42). These aspects will be studied elsewhere.

IV. RESULTS OF CALCULATION AND DISCUSSION

First we note that in the SM the polarization parameters are ξ_1 = ξ_2 = 0 and ξ_3 = −1. Any deviations of the measured values of ξ_i (i = 1, 2, 3) from these values will indicate presence of effects beyond the SM.

In order to estimate magnitude of effects of NP, we consider (i) the approach in which the SM is an effective low-energy theory described by the effective Hamiltonian (7), and (ii) the model (13) with the scalar and pseudoscalar couplings of fermions to the Higgs boson.

In the effective Hamiltonian approach we take for definiteness c_B =c_W =1, c_{W B} =c_{BB} =c_{W W} =1, c̃_{W B} =c̃_{BB} =c̃_{W W} =1. Choosing the scale Λ = 4πv we obtain for the h → γγ decay

ξ_1 = −0.259, ξ_2 = 0.003, ξ_3 = −0.966, μ_{γγ} ≡ Γ(h → γ γ) Γ^{SM}(h → γ γ)

= 1.35 , (43)

and for h → γZ decay

ξ_1 = −0.107, ξ_2 = 0.0001, ξ_3 = −0.994, μ_{γZ} ≡ Γ(h → γ Z) Γ^{SM}(h → γ Z

= 1.12 . (44)

For another scale Λ = 2 TeV, for the h → γγ decay,

ξ_1 = −0.497, ξ_2 = 0.004, ξ_3 = −0.868, μ_{γγ} = 1.99 , (45)

and for h → γZ decay

ξ_1 = −0.236, ξ_2 = 0.0002, ξ_3 = −0.972, μ_{γZ} = 1.31 . (46)

In the model with scalar and pseudoscalar couplings of fermions to the Higgs boson we choose the parameters as follows

p_t = p_b = p_c = p_τ = ± 1/ √ 2 , s_t = s_b = s_c = s_τ = 1/ √ 2 − 1 (47)

assuming natural normalization (1 + s_f )^2 + p^2_f = 1.

As a result, for the decay h → γ γ we find

ξ_1 = ∓0.528, ξ_2 = ∓0.010, ξ_3 = −0.849, μ_{γγ} = 1.26 (48)

and for decay h → γ Z

ξ_1 = ±0.121, ξ_2 = ∓0.001, ξ_3 = −0.993, μ_{γZ} = 1.04. (49)

Note that the chosen model parameters lead to the ratios μ_{γγ} and μ_{γZ} for the decays h → γγ and h → γZ, which do not contradict the ATLAS and CMS data [10, 11, 17].

It follows from results of calculation that for the h → γZ decay the parameter ξ_2 takes on values about 10^{−3} or smaller. The corresponding forward-backward asymmetry (32) measured in the distribution (28) over the angle θ turns out to be very small as well. Indeed, ξ_2 ∝ Im((c_{1Z} +c_{2Z} )c̃^∗_Z ) = Im(c_{1Z} +c_{2Z} ) Rec̃_Z −Re(c_{1Z} + c_{2Z} ) Imc̃_Z , therefore ξ_2 is proportional to the imaginary parts of couplings c_{1Z} , c_{2Z} , c̃_Z . These imaginary parts come from final-state interactions or, in other words, absorptive parts of higher-order diagrams beyond the tree level and lead to non-hermiticity of the effective Lagrangian (3).

In the SM, the corresponding contribution in oneloop approximation is very small, Imc^{SM}_Z ≈ 0.005 (see Eq. (5)), while in the effective Hamiltonian approach Im c^{NP}_{1Z} = Im c_{2Z} = Im c̃_Z = 0, and in the model with scalar and pseudoscalar couplings of fermions to the h boson, the imaginary parts of these couplings are very small either, Im c^{NP}_{1Z} ∼ Im c_{2Z} ∼ Im c̃_Z ∼ 10^{−3} (see Eqs. (16)- (17)). Therefore the Stokes parameter ξ_2 turns out to be very small. One can expect that ξ_2 will also remain small in other extensions of the SM.

If analysis of the distribution (28) yields sizable values of ξ_2, substantially larger than ∼ 10^{−3}, then this will mean presence of additional sources of violation of hermiticity of effective Lagrangian, and therefore violation of unitarity of S-matrix. The latter condition is one of the requirements in the proof of the CP T theorem [31]. Therefore measurement of the photon circular polarization in the decay h → γZ → γf̄f through the forwardbackward asymmetry A_{FB} may be used for testing CP T symmetry.

The parameters ξ_1 and ξ_3 carry information on the CP properties of the Higgs boson. These polarization characteristics can be measured in the decay h → γ^∗ Z → ℓ^+ℓ^− Z via the distribution (36) or (42) over the azimuthal angle ϕ. Besides, ξ_1 is CP -odd and T -odd observable and, in the absence of final-state interaction between the leptons and fermions, non-zero value of ξ_1 will point to violation of T invariance.

V. CONCLUSIONS

In this paper polarization properties of the γγ and γZ states in the Higgs boson decays h → γγ and h → γZ have been discussed. We have chosen effective Lagrangian, describing hγγ and hγZ interactions with CP -even and CP -odd parts. This allowed for calculation of polarization parameters ξ_1, ξ_2, ξ_3.

The parameter ξ_2, which defines the circular polarization of the photon, can be measured in the h → γ Z → γ f f̄ decay through the forward-backward asymmetry A_{FB} ∼ ξ_2 of the fermion f. The parameters ξ_1, ξ_3, which define correlation of linear polarizations of γ and Z, can be extracted from the azimuthal angle distribution in the process h → γ^∗ Z → ℓ^+ℓ^− Z with decay Z → f̄f on the mass shell.

In numerical estimates of these parameters we included one-loop contribution from the SM and contributions from models beyond the SM. In particular, we applied approach in which the SM is an effective low-energy theory described by effective Hamiltonian, and a model with the scalar and pseudoscalar couplings of fermions to the Higgs boson.

According to these estimates, in framework of CP T symmetric theory, the value of photon circular polarization turns out to be very small, of the order of 10^{−3}. In general, nonzero value of ξ_2 arises due to presence of the CP -even and CP -odd parts in effective Lagrangian and absorptive parts of one-loop diagrams in the SM. Thus measurement of the forward-backward asymmetry A_{FB} in the h → γ Z → γ f f̄ decay can be used for testing validity of CP T symmetry in the h → γZ decay. In particular, a sizable value of the observed asymmetry will indicate violation of CP T symmetry.

Nonzero values of parameter ξ_1 will point to violation of CP symmetry in the h → γγ and h → γZ decays. In the chosen models of NP, for the h → γZ decay, ξ_1 appears to be 0.1-0.2. Therefore its experimental determination will put constraints on models describing physics beyond the SM.

Appendix A: Definition of Loop Functions

The loop functions for the W^± boson (A^{γ (Z)}_1 ) as well as the fermion f (A^{γ (Z)}_{1/2} ) are defined in Ref. [19]

A^γ_1 (τ) = − (2 + 3τ + 3τ(2 − τ)f(τ)) , (A1)

A^γ_{1/2}(τ) = 2τ (1 + (1 − τ)f(τ)) , (A2)

A^Z_1 (τ, λ) = cos θ_W ( 4 ( 3 − tan^2 θ_W ) I_2(τ, λ) + (( 1 + 2 τ ) tan^2 θ_W − ( 5 + 2 τ )) I_1(τ, λ) ) ,(A3)

A^Z_{1/2}(τ, λ) = I_1(τ, λ) − I_2(τ, λ) . (A4)

The functions I_1, I_2 are given by

I_1(τ, λ) = τ λ 2 (τ − λ) ( 1 + τ λ τ − λ (f(τ) − f(λ)) + 2 τ τ − λ (g(τ) − g(λ)) ) , (A5)

I_2(τ, λ) = − τ λ 2 (τ − λ) (f(τ) − f(λ)) , (A6)

where the functions f(τ) and g(τ) can be expressed as

f(τ) = arcsin^2 1 √ τ τ ≥ 1 − 1 4 ( log 1 + √ 1 − τ 1 − √ 1 − τ − iπ )2 τ < 1 , (A7)

g(τ) = √ τ − 1 arcsin 1 √ τ τ ≥ 1 √ 1 − τ 2 ( log 1 + √ 1 − τ 1 − √ 1 − τ − iπ ) τ < 1 . (A8)

[1] G. Aad et al., (ATLAS Collaboration), Phys. Lett. B 716 1 (2012).

[2] S. Chatrchyan et al., (CMS Collaboration), Phys. Lett. B 716 30 (2012).

[3] S. Chatrchyan et al., (CMS Collaboration), arXiv:1212.6639v1 [hep-ex].

[4] A. Pilaftsis and C.E.M. Wagner, Nucl. Phys. B 553, 3 (1999).

[5] V. Barger, P. Langacker, M. McCaskey et al., Phys. Rev.

D 79, 015018 (2009).

[6] G.C. Branco, P.M. Ferreira, L. Lavoura et al., Phys. Rep.

516, 1 (2012).

[7] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963);

M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).

[8] D. Bailin and A. Love, Cosmology in gauge field theory and string theory, (Institute of Physics Publishing, Bristol and Philadelphia, 2004).

[9] M.B. Voloshin, Phys. Rev. D 86, 093016 (2012). [10] ATLAS Collaboration, ATLAS-CONF-2012-168 (2012). [11] CMS Collaboration, CMS-PAS-HIG-12-015 (2012). [12] V.A. Kovalchuk, Zh. Eksp. Theor. Fiz. 134, 907 (2008)

[J. Exp. Theor. Phys. 107, 774 (2008)].

[13] L.B. Okun, talk at 14th Rencontres de Blois “Matter-antimatter asymmetry”, June 2002; arXiv:hep-ph/0210052.

[14] R. Cahn, M.S. Chanowitz, and N. Fleishon, Phys. Lett.

B 83, 113 (1979).

[15] L. Bergström and G. Hulth, Nucl. Phys. B 259, 137 (1985); Erratum-ibid. B 276, 744 (1986).

[16] A. Kostelecky, talk at Meeting on CPT and Lorentz Symmetry, IV, August 2007; arXiv:0802.0581v1 [gr-qc].

[17] CMS Collaboration, CMS-PAS-HIG-12-049 (2012). [18] K. Hagiwara and M.L. Stong, Z. Phys. C 62, 99 (1994). [19] M. Spira, Fortsch. Phys. 46, 203 (1998).

[20] A.V. Manohar and M.B. Wise, Phys. Lett. B 636, 107 (2006).

[21] J. Beringer et al., (Particle Data Group), Phys. Rev.

D 86, 010001 (2012).

[22] S. Dittmaier, C. Mariotti, G. Passarino, and R. Tanaka (Eds.) [LHC Higgs Cross Section Working Group], arXiv:1101.0593v3 [hep-ph].

[23] W. Buchmüller and D. Wyller, Nucl. Phys. B 268, 621 (1986).

[24] K. Hagiwara, R. Szalapski, and D. Zeppenfeld, Phys.

Lett. B 318, 155 (1993).

[25] K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld, Phys. Rev. D 48, 2182 (1993).

[26] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek, J. High Energy Phys. 10, 085 (2010).

[27] C. Grojean, E.E. Jenkins, A.V. Manohar, and M. Trott, arXiv:1301.2588v1 [hep-ph].

[28] A. Manohar and H. Georgi, Nucl. Phys. B 234, 189

(1984).

[29] H. Georgi and L. Randall, Nucl. Phys. B 276, 241 (1986). [30] J. Bernstein and L. Michel, Phys. Rev. 118, 871 (1960). [31] R.F. Streater and A.S. Wightman, PCT, Spin and Statistics and All That, (W.A. Benjamin, Inc. New York– Amsterdam, 1964).

[32] Note that the h γ Z effective interaction in the form (3) was discussed in [18].