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Introduction



Weak Lagrangian

• ℒ = ℒgauge + ℒfermion + ℒHiggs + ℒ Yukawa

• ℒfermion + ℒ Yukawa ≡ ℒψ + ℒQED + ℒW + ℒZ

                                     = ℒψ  − g∕2 (2 sinθW JμQED Aμ

                                     + JμW W−μ + JμW† W+μ +  JμZ Zμ∕cosθW)

• electromagnetic current:

JμQED = ∑i (⅔ uī γμ ui − ⅓ dī γμ di − eī γμ ei)

• weak charged current:

JμW† = √2 ∑i (ūi0 γμ PL di0 + ν̄i0 γμ PL ei0)    [PL,R ≡ ½ (1 ∓ γ5)]
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Weak neutral current

• weak neutral current:

JμZ = ∑i (ūi γμ PL ui − dī γμ PL d + ν̄i γμ PL νi − eī γμ PL ei)

     − 2 sin2θW JμQED 

        ≡ ∑i ψ̅i γμ [gLi PL + gRi PR] ψi ≡ ∑i ψ̅i γμ [gVi − gAi γ5] ψi

• gLi =     τ3i − 2 Qi sin2θW                                       (τi: Pauli matrices)

• gRi =          − 2 Qi sin2θW

• gVi = ½ τ3i − 2 Qi sin2θW = ½ (gLi + gRi) 

• gAi = ½ τ3i                      = ½ (gLi − gRi)
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Effective interactions

• ℋeffNC = ½ (g∕2 cosθW MZ)2 JμZ JμZ = GF∕√2 JμZ JμZ

          ≡ GF∕√2 ∑abij habij ψ̅i γμ Pa ψi ψ̅j γμ Pb ψj

                    [a, b = L, R] where habij = gai  gbj

               ≡ GF∕√2 ∑MNij hMNij ψ̅i ΓM ψi ψ̅j ΓN ψj

                    [ΓM, ΓN = γμ (V), γμγ5 (A)] where hABij = gAi  gBj

• ℋeffCC = (g∕2 MW)2 JμW† JμW ≡ √2 GF JμW† JμW

               ≡ √2 GF ∑abijkl habijkl ψ̅i γμ Pa ψj ψ̅k γμ Pb ψl

               ≡ √2 GF ∑MNijkl hMNijkl ψ̅i ΓM ψj ψ̅k ΓN ψl (Michel, Sirlin) 
6



Radiative Corrections



Radiative corrections to PVDIS

ωPVDIS ≡ (2 C1u − C1d) + 0.84 (2 C2u − C2d) 

• 2 C1u − C1d = − 3⁄2 [ρNC − α⁄2π] [1 − 20⁄9 (sin²θ̅W(0) − 2α⁄9π)] 

+ 5ᾱ⁄9π [1 − 4 sin²θ̅W(MZ)] [ln (MZ∕me) + 1⁄12]

+ ❑WW + ❑ZZ + ❑γZ        Marciano & Sirlin, PRD 1984          [ᾱ ≡ α(̅MZ)]

• 2 C2u − C2d = − 3⁄2 [ρNC − α⁄6π] [1 − 4 (sin²θ̅W(0) − 2α⁄9π)] 

+ 5ᾱ⁄9π [1 − 12⁄5 sin²θ̅W(MZ)] [ln (MZ∕mq) + 1⁄12] 

− 8ᾱ⁄9π [ln (MW∕mq) + 1⁄12] + ❑WW + ❑ZZ + ❑γZ

• ρNC ≈ 1.0007 (oblique + vertex relative to μ-decay) 
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Box contributions 

• 2 C1u − C1d:

• ❑WW = − 9α̅∕[8π sin²θ̅W(MZ)] [1 − ⅓ αs̅(MZ)∕π]

• ❑γZ = − 3α⁄̅4π [1 − 4 sin²θ̅W(MZ)] [ln (MZ∕Mρ) + ¾]

• 2 C2u − C2d:

• ❑WW = − 9α̅∕[8π sin²θ̅W(MZ)] [1 − ? αs̅(MZ)∕π]

• ❑γZ = − 3α⁄̅4π [1 − 28⁄9 sin²θ̅W(MZ)] [ln (MZ∕Mρ) + ¾]

• ❑ZZ ≪ ❑WW

                 Marciano & Sirlin, PRD 1984; JE, Kurylov & Ramsey-Musolf, PRD 2003
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Box contributions to C2q
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2 C1u − C1d 2 C2u − C2d ωPVDIS

tree + QED

charge radii

❑WW

❑γZ

other

-0.7060 -0.0715 -0.7660

+0.0013 -0.0110 -0.0079

-0.0120 -0.0120 -0.0220

-0.0008 -0.0029 -0.0032

-0.0009 -0.0011 -0.0018

TOTAL -0.7184 -0.0985 -0.8011
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Renormalization group equations

• Define in M̅S ̅-scheme: sin²θ̅W(μ) ≡ g′̄²(μ)∕[ḡ²(μ) + g′̄²(μ)]

• RGE for α:̅ μ² dᾱ∕dμ² ≡ ᾱ∕24π ∑k NCk γk (Qk)²

• RGE for vī: X̅ ≡∑i NCi γi vī Qi ⟹ dX̅∕X ̅ = dᾱ∕α

➡ running of ᾱ (e+e− and/or τ data) ⟹ running of sin²θ̅W if

• either no mass threshold is crossed

• or perturbation theory applies (W±, leptons, b & c quarks)

• or all coefficient are equal (RGE factorizes) like for (d,s)

• or there is a symmetry like SU(2)I or SU(3)F
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➡ only problem area: u vs. (d,s) or s vs. (u,d) (ms ≠ md ≈ mu)

• strategy: define threshold masses, m̅q = ½ ξq M1S (0≤ ξq ≤1)

• expect: ξb > ξc > ξs > ξd > ξu

• compute m̅b and m̅c in perturbative QCD ⟹ ξb > ξc (✓)

• heavy quark limit for m̅s: ξs ⟶ ξc ⟹ m̅s < 387 MeV

• SU(3)F limit: ξs ⟶ ξd ≈ ξu + dispersion result for        
Δα̅(3)(m ̅c) ⟹ m̅s > 240 MeV 

                                                     JE & Ramsey-Musolf, PRD 2005
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• at ≧ 3 loops there is the (OZI rule violating) singlet (QCD 
annihilation) contribution to the RGE for α but not to the 
RGE for vī [Qu + Qd + Qs = Tu + Td = 0] (±3×10−5)

• parametric uncertainties from m̅c and m̅b (QCD sum rule)

• parametric uncertainty from ᾱs(MZ)

13



14



PVDIS radiative corrections: conclusions

15



PVDIS radiative corrections: conclusions

• Many types of radiative corrections larger than anticipated 
experimental uncertainty

15



PVDIS radiative corrections: conclusions

• Many types of radiative corrections larger than anticipated 
experimental uncertainty

• for DIS, replace hadronic cut-off scales (mq, Mρ, …) by Q² in 
sin²θ̅W, charge radii & ❑γZ; also chang QED correction to gA 

(these should be the dominant effects)

15



PVDIS radiative corrections: conclusions

• Many types of radiative corrections larger than anticipated 
experimental uncertainty

• for DIS, replace hadronic cut-off scales (mq, Mρ, …) by Q² in 
sin²θ̅W, charge radii & ❑γZ; also chang QED correction to gA 

(these should be the dominant effects)

๏ obtain 1-loop radiative corrections with full Q² and y- 
dependence (like in Czarnecki & Marciano, PRD 1996 for Møller)

15



PVDIS radiative corrections: conclusions

• Many types of radiative corrections larger than anticipated 
experimental uncertainty

• for DIS, replace hadronic cut-off scales (mq, Mρ, …) by Q² in 
sin²θ̅W, charge radii & ❑γZ; also chang QED correction to gA 

(these should be the dominant effects)

๏ obtain 1-loop radiative corrections with full Q² and y- 
dependence (like in Czarnecki & Marciano, PRD 1996 for Møller)

๏ compute leading QCD corrections to charge radii & ❑γZ

15



PVDIS radiative corrections: conclusions

• Many types of radiative corrections larger than anticipated 
experimental uncertainty

• for DIS, replace hadronic cut-off scales (mq, Mρ, …) by Q² in 
sin²θ̅W, charge radii & ❑γZ; also chang QED correction to gA 

(these should be the dominant effects)

๏ obtain 1-loop radiative corrections with full Q² and y- 
dependence (like in Czarnecki & Marciano, PRD 1996 for Møller)

๏ compute leading QCD corrections to charge radii & ❑γZ

๏ correct PVDIS asymmetry for Q² ≠ 0 effects ⎯ or define 
new C2q, which could supersede less precise old ones

15



Z′ Physics
The search for a fifth force



Introduction

17



Introduction

• Extra Z′ bosons are predicted anywhere you look:

17



Introduction

• Extra Z′ bosons are predicted anywhere you look:

• Grand Unfied Theories, LR-models, Strings, Technicolor, 
Large Extra Dimensions, Little Higgs Theories, …

17



Introduction

• Extra Z′ bosons are predicted anywhere you look:

• Grand Unfied Theories, LR-models, Strings, Technicolor, 
Large Extra Dimensions, Little Higgs Theories, …

➡ expect Mz′ at the electroweak or TeV scale

17



Introduction

• Extra Z′ bosons are predicted anywhere you look:

• Grand Unfied Theories, LR-models, Strings, Technicolor, 
Large Extra Dimensions, Little Higgs Theories, …

➡ expect Mz′ at the electroweak or TeV scale

• LHC: 100 (1,000) fb−1 probe Mz′ ≲ 5 (6) TeV Godfrey, hep-ph/0201093

17



Introduction

• Extra Z′ bosons are predicted anywhere you look:

• Grand Unfied Theories, LR-models, Strings, Technicolor, 
Large Extra Dimensions, Little Higgs Theories, …

➡ expect Mz′ at the electroweak or TeV scale

• LHC: 100 (1,000) fb−1 probe Mz′ ≲ 5 (6) TeV Godfrey, hep-ph/0201093

• angular distribution of leptons helps to discriminate 
spin-1 (Z′) against spin-0 (sneutrino) and spin-2 (KK 
graviton) resonances     Osland, Pankov, Paver & Tsytrinov, arXiv:0904.4857

17



Introduction

• Extra Z′ bosons are predicted anywhere you look:

• Grand Unfied Theories, LR-models, Strings, Technicolor, 
Large Extra Dimensions, Little Higgs Theories, …

➡ expect Mz′ at the electroweak or TeV scale

• LHC: 100 (1,000) fb−1 probe Mz′ ≲ 5 (6) TeV Godfrey, hep-ph/0201093

• angular distribution of leptons helps to discriminate 
spin-1 (Z′) against spin-0 (sneutrino) and spin-2 (KK 
graviton) resonances     Osland, Pankov, Paver & Tsytrinov, arXiv:0904.4857

• Diagnostic tools: leptonic FB asymmetries, heavy quark 
final states           Barger, Han & Walker, PRL 2008; Godfrey & Martin, PRL 2008
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• β = 90° ⟹ Zψ [E6 ⟶ SO(10)×U(1)ψ]

• β ≈ −52.2° ⟹ Zη [heterotic string on Calabi-Yau manifold]

• β ≈ 37.8° ⟹ ZI ⊥ Zη [hadrophobic: no up-quark couplings]

• β ≈ 23.3° ⟹ ZS [secluded U(1)′ breaking: MZ ≪ MZ′ and EW 
baryogenesis]      JE, Langacker & Li, PRD 2002; Kang, Langacker, Li & Liu, PRL 2005

• β ≈ 75.5° ⟹ ZN [no couplings to νR: see-saw possible]

18



Other Z′ models

19



Other Z′ models

kinetic mixing: Z′ = cosα cosβ Zχ + sinα cosβ ZY + sinβ Zψ

19



Other Z′ models

kinetic mixing: Z′ = cosα cosβ Zχ + sinα cosβ ZY + sinβ Zψ

• (α, β) ≈ (50.8°, 0°) ⟹ ZR [SU(2)R ⟶ U(1)R]

19



Other Z′ models

kinetic mixing: Z′ = cosα cosβ Zχ + sinα cosβ ZY + sinβ Zψ

• (α, β) ≈ (50.8°, 0°) ⟹ ZR [SU(2)R ⟶ U(1)R]
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• ZLR ∝ ᾱ ZR − ZB-L∕2ᾱ, where ᾱ = √(gR2∕gL2 cot2θW − 1) ≈ 
1.53 (for gR = gL); [(α, β) ≈ (−39.2°, 0°) ⟹ ZB-L ⊥ ZR]

• (α, β) ≈ (28.6°,−48.6°) ⟹ ZL ̷ [leptophobic: no couplings to 
charged leptons and νL]

19



Other Z′ models

kinetic mixing: Z′ = cosα cosβ Zχ + sinα cosβ ZY + sinβ Zψ

• (α, β) ≈ (50.8°, 0°) ⟹ ZR [SU(2)R ⟶ U(1)R]
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• ZLR ∝ ᾱ ZR − ZB-L∕2ᾱ, where ᾱ = √(gR2∕gL2 cot2θW − 1) ≈ 
1.53 (for gR = gL); [(α, β) ≈ (−39.2°, 0°) ⟹ ZB-L ⊥ ZR]

• (α, β) ≈ (28.6°,−48.6°) ⟹ ZL ̷ [leptophobic: no couplings to 
charged leptons and νL]

• sequential Z′: couples like ordinary Z; could be excited state

• Zstring: family non-universal Z′ appearing in a specific string 
model          Chaudhuri, Chung, Hockney & Lykken, NPB 1995; Cleaver et al., PRD 1999
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⟹ ρ ≡ GNC∕ GCC = 1; otherwise ρ ≠ 1 (also without Z′)

• anomaly cancellation and gauge coupling unification require 
extra “exotic” fermions ⟹ T ≠ 0 (in general)

➡ phenomenologically ρ and T are indistinguishable               
⟹ only one effective combination enters: ρ∕(1 − αT)

•  ρ∕(1 − αT) ≠ 1 has relatively little impact on extracted  
Z′ parameters ⟹ will mostly set ρ∕(1 − αT) = 1
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• tan2θZZ′ = (M02 - MZ2)∕(MZ′2 - M02): general relation from 
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• Example: x ≡〈ϕν〉 in 16SO(10), v(v̄)≡〈ϕN(N̄)〉in 5 ̅(5)SU(5)                   

|v|2 + |v̄|2 + |x|2 = (√2 GF)−1 = (246.22 GeV)2       (27 of E6) 

also define: τ ≡ √2 GF |v̄|2, ω ≡ √2 GF |x|2   (0 ≤ τ,ω ≤ 1)

• ZI for illustration: C = τ + 2 ω − 1 ⟹ −1 ≤ C ≤ 1             
restricted range for SUSY (ω = 0, τ ≥ ½) ⟹ −½ ≤ C ≤ 0
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phase at LEP 1 ⟹ go off peak: LEP 2 and low energies

• loop effects (small but not necessarily negligible):

• MW-GF interdependence: δ(ΔrŴ) =                                      
− 5 λ εLe εLμ αY∕π ln(MZ′∕MW)∕(MZ′2∕MW2 − 1) (λ ~ 1)

• δ(|Vud|2 + |Vus|2 + |Vub|2): same with εLμ ⟶ −2 (εLμ − εLd)

• δaμ = 5∕36 λ (vμ2 − 5 aμ2) αY∕π mμ2∕MZ′2
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Pivotal data
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Quantity Group(s) Value SM pull

gL2

gR2

QW(e) 

QW(Cs)

cosγ C1d−sinγ C1u

sinγ C1d+cosγ C1u

CKM unitarity

aμ − α∕(2π)

MW [GeV]

NuTeV 0.3010(15) 0.3039(2) -2.0

NuTeV 0.0308(11) 0.0300 0.7

SLAC E158 -0.0403(53) -0.0472(5) 1.3

Boulder -73.16(35) -73.16(3) 0.0

Young et al. 0.342(63) 0.3885(2) -0.7

(tanγ ≈ 0.445) -0.0285(43) -0.0335(1) 1.2

various 1.0000(6) 1 0.0

BNL E821 4511.07(74) 4509.04(9) 2.7

LEP 2, Tevatron 80.399(25) 80.380(15) 0.8



Z′ limits
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Z′ EW CDF LEP 2 θZZ′min θZZ′max χ2min

Zχ
Zψ
Zη
ZI

ZS

ZN

ZR

ZLR

ZL ̷

ZSM

1,141 892 673 -0.0016 0.0006 47.3
147 878 481 -0.0018 0.0009 46.5
427 982 434 -0.0047 0.0021 47.7

1,204 789 -0.0005 0.0012 47.4
1,257 821 -0.0013 0.0005 47.3

623 861 -0.0015 0.0007 47.4
442 -0.0015 0.0009 46.1
998 Run I: 630 804 -0.0013 0.0006 47.3

C2 = 3/8: 803 jj (ZSM): 740 -0.0094 0.0081 47.7
1,403 1,030 1,787 -0.0026 0.0006 47.2
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• EW subject to ρ = 1 (fixed) and 114.4 GeV < MH < 1 TeV

• Tevatron assumes no SUSY or exotic decay channels open

• CDF mass limits are from μ+μ−  channel; limits from e+e− 
channel (CDF and DØ) are slightly lower

• significant excess at mee ≈ 240 GeV at CDF (but not 
confirmed in dimuon channel)

• LEP 2 mass limits are from virtual Z′ (interference) effects 
on dilepton, hadron, bb̄ and cc̄ final states 

• The various mass limits are highly complementary (e.g., 
limits from EW and LEP 2 scale with coupling strength)

25



MH with LEP 2 bound removed
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Z′ MH [GeV] χ2min

Zχ

Zψ

Zη

ZI

ZS

ZN

171+493−89 47.3

97+31−25 46.1

423+577−350 47.7

141+304−61 47.4

149+353−68 47.3

117+222−40 47.4

Z′ MH [GeV] χ2min

ZR

ZLR

ZL ̷

ZSM

Zstring

SM

84+31−24 45.1

110+174−35 47.3

126+276−52 47.7

331+669−246 47.2

134+299−58 47.7

96+29−25 48.0
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• However, ∃ 2 extra fit parameters (MZ′ & θZZ′) and various 
adjustable charges (e.g., α & β) ⟹ little significance; still 
surprising since SM fit is quite good:  χ2min = 48.0∕45 d.o.f.

• Δχ2min = −2.9 mainly from PAVI observables, QW(e) (−1.7) & 
e−-hadron (−0.9); LEP 1 also changes, σhad (−1.1) & Rl (+0.7)

• MZ′ = 667 GeV (best fit) ⟹ Δ|QW(e,p)| = −0.0073 (6.6 & 2.5 
σ) and Δ|2 C1u − C1d + 0.84 (2 C2u − C2d)| = −0.0200 (4.2 σ)

• MZ′ = 1 TeV ⟹ shifts of −0.0033 (3.0 & 1.1 σ) and −0.0090 
(1.9 σ), respectively
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more complicated but also

cleaner than at Q² = 0 (some 

theory work still to be done)

• Z′ details in

JE, Langacker, Munir & Rojas, arXiv:0906.2435

• … go and find the ZR in 

PAVI experiments
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