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Old Physics Implications: 
the electroweak global fit

(PDG 2016 & some 2017 updates)
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Introduction:  The electroweak fit

5 inputs needed to fix the bosonic sector of the SM:           
SU(3) × SU(2) × U(1) gauge couplings and 2 Higgs parameters

fine structure constant: α e.g. from the Rydberg constant 
(leaves ge–2 as derived quantity and extra SM test)

Fermi constant: GF from PSI (muon lifetime)

Z mass: MZ from LEP

Higgs mass: MH from the LHC

strong coupling constant: αs(MZ) is fit output ☛
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Z width, height and BRs: only αs constraint not limited by theory 

αs(MZ) = 0.1203 ± 0.0028

Nν = 2.992 ± 0.007 Freitas, JE 2016

W width: 1st + 2nd row CKM unitarity test

τ lifetime & BRs: 

αs at the verge of a perturbative breakdown: FOPT vs. CIPT

αs(mτ) = 0.314+0.016
–0.013 and αs(MZ) = 0.1174+0.0019

–0.0017

electroweak fit ⟹ αs(MZ) = 0.1182 ± 0.0016 Freitas, JE (PDG 2016)

Weak probes of the strong coupling
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Top quark mass

mt = 172.97 ± 0.28uncorr. ± 0.29corr. ± 0.50QCD GeV      

future reduction of QCD error at hadron colliders to 70 MeV?                                          

change from previous mt = 173.34 ± 0.81 GeV ⟹ ΔMH = –3 GeV

indirectly from EW fit: mt = 176.7 ± 2.1 GeV Freitas, JE (PDG 2016)
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central value statistical error systematic error total error
ATLAS 172.84 0.34 0.61 0.70

Tevatron 174.30 0.35 0.54 0.64
CMS 172.43 0.13 0.46 0.48

grand average 172.97 0.13 0.38 0.41
JE, Eur. Phys. J. C 75 (2015)
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event kinematics ATLAS, CMS 2015 125.09 ± 0.24 GeV

Higgs BRs Freitas, JE (PDG 2016) 126.1 ± 1.9 GeV

Electroweak fit (2017) 90+18−16 GeV

MH
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Key Observables
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Weak Mixing Angle (sin2θW)
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sin2θW & MW most precise derived quantities in EW sector:

Standard Model:  
key test of EW  
symmetry breaking

Higgs sector:  
predict MH and  
compare with LHC

3 σ conflict:  
between most precise  
LEP and SLC results



Z-Zʹ mixing: modification of Z vector coupling

oblique parameters: STU (also need MW and ΓZ)

new amplitudes: off- versus on-Z pole measurements (e.g. Zʹ)

dark Z: renormalization group evolution (running)
14

sin2θW beyond the SM
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use PQCD where possible 
(mc and mb needed)

where not, relate to 
dispersion relation result for 
running α where possible

flavor separation: construction 
of upper and lower limits on 
strange quark contribution

singlet separation: adaptation 
of lattice result for gμ−2

sin2θW̅(0)

Rodolfo Ferro, JE 
(update in preparation)
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Figure 6: Prediction for MW as a function of mt. The left plot shows all points allowed by
HiggsBounds, the middle one requires Mh to be in the mass region 125.6 ± 3.1 GeV, while
in the right plot MH is required to be in the mass region 125.6 ± 3.1 GeV. The color coding
is as in Figs. 1 and 4. In addition, the blue points are the parameter points for which the
stops and sbottoms are heavier than 500 GeV and squarks of the first two generations and
the gluino are heavier than 1200 GeV.

sleptons, charginos and neutralinos, as analyzed above.

While so far we have compared the various predictions with the current experimental
results for MW and mt, we now discuss the impact of future improvements of these mea-
surements. For the W boson mass we assume an improvement of a factor three compared
to the present case down to �MW = 5 MeV from future measurements at the LHC and a
prospective Linear Collider (ILC) [118], while for mt we adopt the anticipated ILC accuracy
of �mt = 100 MeV [119]. For illustration we show in Fig. 7 again the left plot of Fig. 4,
assuming the mass of the light CP-even Higgs boson h in the region 125.6 ± 3.1 GeV, but
supplement the gray ellipse indicating the present experimental results for MW and mt with
the future projection indicated by the red ellipse (assuming the same experimental central
values). While currently the experimental results for MW and mt are compatible with the
predictions of both models (with a slight preference for a non-zero SUSY contribution), the
anticipated future accuracies indicated by the red ellipse would clearly provide a high sen-
sitivity for discriminating between the models and for constraining the parameter space of
BSM scenarios.

As a further hypothetical future scenario we assume that a light scalar top quark has
been discovered at the LHC with a mass of m

˜t1 = 400 ± 40 GeV, while no other new
particle has been observed. As before, for this analysis we use an anticipated experimental
precision of �MW = 5 MeV (other uncertainties have been neglected in this analysis).
Concerning the masses of the other SUSY particles, we assume lower limits of 300 GeV
on both sleptons and charginos, 500 GeV on other scalar quarks of the third generation
and of 1200 GeV on the remaining colored particles. We have selected the points from our
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Heinemeyer, 
Hollik, 
Weiglein, 
Zeune 2013

MW in the MSSM



aμ ≡ (1165920.91 ± 0.63)×10−9 BNL-E821 2004

SM: aμ = (1165917.63 ± 0.46)×10−9 (4.2 σ)

hadronic vacuum polarization (VP):  
use data + PQCD Luo, JE 2002  
(mc and mb needed)

19

Davier et al. 2011

gµ – 2
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aμ ≡ (1165920.91 ± 0.63)×10−9 BNL-E821 2004

SM: aμ = (1165917.63 ± 0.46)×10−9 (4.2 σ)

hadronic vacuum polarization (VP):  
use data + PQCD Luo, JE 2002  
(mc and mb needed)

consistency between experimental                        
B(τ− → ν π0 π−) and prediction from                    
e+e− and CVC after accounting for                         
γ-ρ mixing Jegerlehner, Szafron 2011
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gµ – 2
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VP in space-like region from Bhabba Carloni Calame et al. 2015                            

and μe-scattering Abbiendi et al. 2016 using                                
aμhad = α∕π∫dx (1–x) Δαhad[x2 mμ

2∕(x–1)] Lautrup et al. 1972 

hadronic γ×γ error: ±0.32×10−9 (30%)

lattice:

5% statistical error (systematic error  
under investigation) Blum et al. 2015

only quark-connected diagrams

cross-check: calculation of muonic γ×γ agrees within 2%

VP: also few % errors (~1 year to achieve sub-%?)
21

gµ – 2 theory prospects
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New Physics Implications



Oblique physics beyond the SM

STU describe corrections to gauge-boson self-energies

T breaks custodial SO(4)

a multiplet of heavy degenerate chiral fermions contributes       
ΔS = NC∕3π ∑i [t3Li − t3Ri]2

extra degenerate fermion family yields ΔS = 2∕3π ≈ 0.21

S and T (U) correspond to dimension 6 (8) operators
2323



Δρ0 = GF Σi Ci / (8 √2 π2) Δmi2      

where Δmi2 ≥ (m1 – m2)2

despite appearance there is decoupling                                              
(see-saw type suppression of Δmi2)

summer 2017 update: ρ0 = 1.00039 ± 0.00019 (2.0 σ)

(15 GeV)2  ≤  Σi Ci /3 Δmi2 ≤ (47 GeV)2 @ 90%CL

CEPC can measure T within ± 0.00008
24

Non-degenerate doublets (T)
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2017 update CEPC
S 0.06 ± 0.08 ± 0.014

T 0.09 ± 0.06 ± 0.017

Δχ2 –4.0 ?

Freitas, JE 
(PDG 2016)

S and T
ρ0 (T) constrains 
VEVs of higher 
dimensional Higgs 
representations to 
≲ 10 GeV

S rules out: 

QCD-like 
technicolor 

degenerate        
4th generation



long-standing deviation in AFB(b) from LEP 1

currently: ρb = 0.056 ± 0.020      κb = 0.182 ± 0.068 (2.7 σ)  
                                Freitas, JE (PDG 2016)

difficult to explain without affecting / tuning Rb

CEPC:      ρb → ± 0.005             κb → ± 0.007

Results virtually independent of STU (fixed or floating)

26

Non-oblique parameters
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Conclusions
SM almost 50 but in remarkable health!

SM over-constrained: derived quantities like MW, sin2θW,  gμ–2 
and weak charges computed and measured

Precision in sin2θW (AFB) & MW and future QW(e) & QW(p) 
measurements challenge theory → needs major global effort

indirect MH: 1.9 σ below direct

ρ-parameter: 2.0 σ high in SM + ρ fit (S = U = 0)

Contact interactions: compare sin2θW at low Q2 with Z-pole 
and test Λnew up to 𝒪(50 TeV) in the case of strong coupling
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Backup



Lab experiment precision Δ sin2θW̅(0) Λnew 
(expectedAPV 133Cs 0.58 % 0.0019 32.3 TeV

E158 14 % 0.0013 17.0 TeV
Qweak I 19 % 0.0030 17.0 TeV
PVDIS 4.5 % 0.0051 7.6 TeV

Qweak final 4.5 % 0.0008 33 TeV
SoLID 0.6 % 0.00057 22 TeV

MOLLER 2.3 % 0.00026 39 TeV
P2 1.7 % 0.00032 52 TeV

PVES 12C 0.3 % 0.0007 49 TeV
APV 225Ra 0.5 % 0.0018 34 TeV

APV 213Ra/225Ra 0.1 % 0.0037 16 TeV
Belle II 0.14 % ― 33 TeV

CEPC / FCC ? ? ?
30



Charm and bottom quark masses

31

• gμ–2: c quark and γ×γ effects 
comparable; ± 70 MeV in mc would 
induce an error of ± 1.6 × 10−10 — 
comparable to projections for   
FNAL & J-PARC

•α(MZ) & sin2θW(0): PQCD for heavy 
quark contributions if masses known

• Yukawa coupling – mass relation:  
Δmb = ± 9 MeV & Δmc = ± 8 MeV 
to match future precision in 
HiggsBRs (FCC-ee & CEPC) 



• QCD sum rule of moments of vector current correlator Πq

• pQCD to 𝒪(αS3) Chetyrkin, Kühn, Sturm 2006; Boughezal, Czakon, 

Schutzmeier 2006; Kniehl, Kotikov 2006; Maier, Maierhofer, Marquard 2008; 
Maier, Maierhofer, Marquard, Smirnov 2010

• t → 0 ⇒ 1st moment sum rule ℳ1

• differentiating ⇒ higher moments ℳn Novikov et al. 1978

• t → ∞ ⇒ 0th moment sum rule ℳ0 JE, Luo 2003

• regularization: subtract Rc(s) = 4/3 λ1(s) at mc = 0

trivial, it is innocuous as long as one does not mix these descriptions on either side of the sum
rule. As far as the evaluation of the imaginary part is concerned, one is forced, however, to
switch at some specific point in the squared energy s from experimental data to perturbative
QCD since in practice data are necessarily constrained to a finite region while the upper
integration limit is unbounded. In this way one has to rely on local quark-hadron duality
which – at least as a matter of principle – is unjustified. Still, as long as s is large enough,
one introduces little additional uncertainty. Now, the largest value of

p
s for which data of

the total hadronic cross section in e+e� annihilation are available (see the data points in
Figure 5 in Section 3) is 5 GeV, and beyond

p
s = 4.6 GeV data points are scarce and have

very large errors. Around this energy there is still considerable fluctuations in the measured
cross-section, shedding some doubt on the applicability of local quark-hadron duality even
in practice. One of the features of our work is that it merely relies on quark-hadron duality
in a finite region, namely between the  (2S) resonance and the continuum threshold. While
this is still not rigorously justified, it should largely mitigate the aforementioned problem.
Furthermore, by using continuum data only as a calibration of the uncertainty, we control
the error associated with the necessary deviation from strict global quark-hadron duality.
Our approach for the uncertainty calibration of the charm mass is conceptually new since it
allows us to estimate the e↵ect from correlated errors. This should lead to a more reliable
uncertainty estimate than is possible in other approaches.

The paper is organized as follows. In the next section we review the formalism following
Ref. [5] and describe how self-consistency between moments of the current correlator allows
us to constrain the continuum region and determine a precise value of the charm quark mass.
This section will already contain our main result, m̂c(m̂c) = 1272 ± 8 MeV for ↵̂s(MZ) =
0.1182. In Section 3 we add a detailed discussion of the influence of the continuum region using
experimental data and confirm the validity of the result of Section 2. Section 4 o↵ers details
of a more general fit procedure where parameter uncertainties can be taken into account in a
more systematic way, and we also include a comparison with earlier results. We summarize
in Section 6.

2 Formalism and charm-mass determination

We consider the transverse part of the correlator ⇧̂q(t) of two heavy-quark vector currents
where the caret indicates MS subtraction. ⇧̂q(t) can be calculated in perturbative QCD
(pQCD) order by order and obeys the subtracted dispersion relation [6]

12⇡2

⇧̂q(0)� ⇧̂q(�t)

t
=

Z 1

4m̂2
q

ds

s

Rq(s)

s+ t
, (1)

3

Relativistic sum rule formalism
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• only experimental input: electronic widths of J/ψ and ψ(2S) 

• continuum contribution from self-consistency between sum 
rules

• include ℳ0 →  
stronger (milder) sensitivity  
to continuum (mc)

• quark-hadron duality needed 
only in finite region (not locally)

m̅c(m̅c) = 1272 ± 8 + 2616 [α̅s(MZ) – 0.1182] MeV
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• experimental input error

• truncation error (we use more  
conservative estimate than  
taking last computed term)

• we use e+ e– → hadron data  
to control method (higher  
order in OPE & quark-hadron  
duality violations)

• parametric uncertainty (100%)

• α̅S(MZ) = 0.1182 ± 0.0016
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• Rc
cont = 4/3 λ1(s) [ 1 – 4 m̅2(2MD)/sʹ ]½ [ 1 + 2 λ3 m̅2(2MD)/sʹ ]

• sʹ ≡ s + 4 [ m̅2(2M) – M2 ]

•λ1 known asymptotic behaviour

•λ3 free parameter (expect ≈ 1)

•ℳ0 & ℳ2 ⟹ λ3 = 1.23(6)

• removing background from light quarks and singlet contributions 
from Crystal Ball, BES & CLEO data ⟹ λ3 = 1.34(17)

• fit normalization of sub-continuum data to pQCD ⟹ λ3 = 1.15(16)
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Continuum
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