Interactions of the Higgs boson with fermions:

with gauge bosons: (2M^Wv = g)

Electroweak precision tests

sensitivity to internal particles (X)

Loop contributions

quantum corrections, of O(1%)

on-shell renormalization: δm^2 = Re Σ(m^2) charge renormalization: e + δe δe for q^2 = 0 (real photons) involves

Π^γ(M^2_Z) − Π^γ(0) ≡ Δα α(M_Z) = α 1 − Δα effective charge

Δα = Δα_{lept} + Δα_{had},

Δα_{lept} = 0.031498 (3 − loop) Δα_{had} = 0.02758 ± 0.00035

Δα_{had} = − α 3π M^2_Z Re

∫_∞

4m^2_π

ds^′

R_{had}(s^′) s^′(s^′ − M^2_Z − iϵ )

MW – MZ correlation

SM prediction:

G_F √ 2 = πα M^2_W ( 1 − M^2_W /M^2_Z

) (1 + Δr)

Δr: quantum correction, Δr = Δr(m_t, M_H, . . . )

complete at 1-loop and 2-loop order

→ MW = MW (α, GF , MZ, mt, MH)

[Awramik, Czakon, Freitas, Weiglein]

Z resonance

Z-boson observables can be expressed in terms of • effective Z boson couplings: g^f_V → g^f_V + Δg^f_V , g^f_A → g^f_A + Δg^f_A with higher order contributions in Δg^f_{V,A} • effective ew mixing angle (for f = e): sin^2 θ_{eff} = 1 4 ( 1 − Re g^e_V g^e_A )

complete at 1-loop order, 2-loop fermionic contributions

Z Observables

• Z width, partial widths

Γ_f = Γ(Z → ff̄) ∼ [(g^f_V )^2 + (g^f_A)^2] · (1 + K_{QED} + K_{QCD})

Γ_{had} = ∑ q Γ_q, R_{had} =

Γ_{had} Γ_e

, R_b =

Γ_b Γ_{had}

• Asymmetries in e^+e^− → ff̄

A^f_{FB} = σ_F − σ_B σ_F + σ_B with

σ_F =

∫_π π/2 dθ dσ dθ , σ_B =

∫_{π/2} 0 dθ dσ dθ A_{LR} = σ(e_L) − σ(e_R) σ(e_L) + σ(e_R)

A^f_{FB} = 3 4 A_e · A_f , A_f =

2g^f_V g^f_A (g^f_V )^2 + (g^f_A)^2 A_{LR} = A_e

special :

A^b_{FB} ≃ const · A_e since A_b ≃ 0.935 (SM)

LEP Electroweak Working Group [Summer 2005]

LEP Electroweak Working Group

Global fit [M. Grünewald, EPS Lisbon 2005]

Bounds on m_t and M_H

MH < 186 GeV (95%C.L.)

renormalized probability for M_H > 114 GeV to 100%:

MH < 219 GeV (95%C.L.)

anomalous gauge couplings

generalization of gauge boson self couplings (F_{μν} = ∂_μA_ν − ∂_νA_μ, Z_{μν}, W^±_{μν} analogously)

L_{W W γ/Z} = e [ (∂_μW^+_ν − ∂_νW^+_μ ) W^{−μ}A^ν + κ_γ W^+_μ W^−_ν F^{μν} + λ_γ M^2_W

W^+_{ρμ}W^{−μ}_ν F^{ρν} + h. c.]

+e cot θ_W [ (∂_μW^+_ν − ∂_νW^+_μ ) W^{−μ}Z^ν +κ_Z W^+_μ W^−_ν Z^{μν} + λ_Z M^2_W

W^+_{ρμ}W^{−μ}_ν Z^{ρν} + h. c. ]

Standard Model:

κ_γ = κ_Z = 1, λ_γ = λ_Z = 0

LEP Electroweak Working Group

Anomalous g-factor of the muon

• Dirac theory: g = 2

• QED, 1-loop order: g = 2 + απ

• Standard Model prediction

QED part: 4-loop (5-loop estimate) Electroweak part: 2-loop

• Experiment 2004: Brookhaven E821 aμ = g − 2 2 = 11659208(6) · 10−10 above the SM prediction

Theory versus experiment

e+e− data based prediction: 2.7 σ below exp. value τ data based prediction: 0.7 σ below exp. value uncertainty mainly from hadronic vacuum polarization

Summary of precision tests

(expected) experimental precision

error for LEP/Tev Tev/LHC LC GigaZ

M_W [MeV] 33 15 15 7

sin^2 θ_{eff} 0.00017 0.00021 0.000013

m_{top} [GeV] 4.3 2 0.2 0.13

M_{Higgs} [GeV] – 0.1 0.05 0.05

together with δM_Z = 2.1 MeV (LEP) δG_F/G_F = 1 · 10^{−5} (μ lifetime)

[Erler, Heinemeyer, Hollik, Weiglein, Zerwas]

Higgs bosons

Higgs boson is the only missing ingredient of the SM exclusion limit (95% C.L.):

MH > 114.4 GeV

Theoretical bounds on Higgs boson mass from

• perturbativity

→ upper bound

• unitarity

→ upper bound

• triviality (Landau pole) → upper bound

• vacuum stability

→ lower bound

perturbativity

Higgs decay widths into fermions:

Γ(H → ff̄) = Γ_{tree} · K_f K_f = 1 + (1 − loop) + (2 − loop) + · · ·

Higgs decay widths into vector bosons:

Γ(H → V V̄ ) = Γ_{tree} · K_V K_V = 1 + (1 − loop) + (2 − loop) + · · ·

[Ghinculov; Frinck, Kniehl, Riesselmann] (1-loop) = (2-loop) for M_H = 930 GeV

unitarity

for s >> M^2_W , with t = −^s_2 (1 − cos θ),

M ≈ M^2_H v^2 ( 2 + M^2_H s − M^2_H + M^2_H t − M^2_H ) partial wave expansion:

M(s, t) = 8π ∞∑ l=0 (2l + 1) P_l(cos θ) a_l

unitarity condition: |a_l| < 1

project on l = 0 partial wave:

a_0 = 1 16π ∫_1 −1 d cos θ M(s, t)

= M^2_H 8πv^2 [ 2 + M^2_H s − M^2_H − M^2_H s log ( 1 + s M^2_H ) ]

≈ M^2_H 4πv^2 for s >> M^2_H

a0 < 1 → MH < 872 GeV

triviality (Landau pole)

Higgs self coupling is scale dependent, λ(Q)

variation with scale Q described by RGE dλ dt = 3 4π^2 λ^2, t = log

Q^2 v^2 solution:

λ(Q) = λ(v) 1 −^3_{4π2} λ(v) log^{Q2}_{v2} with λ(v) =

M^2_H 2v^2

diverges at scale Q = Λ_C (Landau pole)

Λ_C = v exp ( 4π^2v^2 3M^2_H )

maximum Higgs mass by condition Λ_C > M_H → M_H < 800 GeV

vacuum stability

top-quark Yukawa coupling

g_t = √ 2m_t v contributes to the running Higgs self coupling λ(Q) through top loop ∼ g^4_t

variation with scale Q described by RGE dλ dt = 3 4π^2 ( λ^2 − m^4_t v^4 )

approximate solution:

λ(Q) = λ(v) −

3m^4_t 2π^2v^4 log Q v λ(Q) < 0 for Q > Λ_C → vacuum not stable

high value of Λ_C needs M_H large enough Λ_C ∼ 10^{16} : M_H > 130 GeV Λ_C ∼ 10^3 : M_H > 70 GeV combined effects, RGE in two-loop order: dλ dt = 1 16π^2 ( 12λ^2 − 3 g^2_t + 6 λ g^2_t + · · · )

[Hambye, Riesselmann]

total width and branching ratios

Higgs production at the LHC

Higgs production at a Linear Collider

Open questions of the Standard Model

SUSY Higgs sector

SM Higgs:

• λΦ^4 term ad hoc • Higgs boson mass: free parameter • no a-priori reason for a light Higgs boson • SM (perturbatively) unstable at some high energy

SUSY Standard Model avoids these questions minimal model: MSSM

H_2 = ( H^+_2 v_2 + H^0_2 ) , H_1 = ( v_1 + H^0_1 H^−_1 )

couples to u couples to d

• SUSY gauge interaction → H^4 terms • self coupling remains weak

physical Higgs bosons: h^0, H^0, A^0, H^± 2 vacuum expectation values:^{v2}_{v1} = tan β

Spectrum of Higgs bosons in the MSSM (example)

large MA: h0 like SM Higgs boson m0h strongly influenced by quantum effects special: MW and aμ = (g − 2)/2 for muon

[Chankowski, Dabelstein, WH, Mösle, Pokorski, Rosiek] [update: Heinemeyer, Weiglein]

g − 2