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New W-mass anomaly
✦ CDF recently announced an updated measurement of MW. 

CDF,  Science 376, 170 (2022)

✦ 7σ away from SM value.
<latexit sha1_base64="cvCcKyxctJl+4w3hJqikiy0gZT4="></latexit>

MSM
W = 80357± 4 inputs ± 4 theory MeV

<latexit sha1_base64="wI8DjcrFGSinupp9hVFHo6Brx5Y="></latexit>

MW = 80433.5± 6.4 stat ± 6.9 syst MeV

✦ CDF new result also disagrees with 
previous measurements by ATLAS and D0. 

✦ MWSM is calculated from inputs (MZ, mt, GF, 
α, Δαhad, mH) with full 2-loop + leading 3-
loop and 4-loop corrections. 

Awramik et al., hep-ph/0311148

ATLAS: 2011 (7 TeV, 4.6 fb-1)

D0 II : 2002-2009 (5.3 fb-1)

CDF II : 2002-2011 (8.8 fb-1)

80354± 32 MeV

<latexit sha1_base64="Aay6y0KLOx9O7pxz6eyngKMK3PM="></latexit>

LHCb (2021): 

full dataset
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CDF updates

84A. V. Kotwal, Fermilab JETP Seminar, 4/8/22

Previous CDF Result (2.2 fb-1)   
Combined Fit Systematic Uncertainties

85A. V. Kotwal, Fermilab JETP Seminar, 4/8/22

New CDF Result (8.8 fb-1)   
Combined Fit Systematic Uncertainties

✦ More statistics. 

✦ Up-to-date proton PDFs.

✦ A number of improvements in analysis give reduction of systematic 

uncertainty. 
Kotwal, talk@Fermilab
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✦ RESBOS (RESummation for BOSons) is 
used to simulate pT distribution of W 
boson.


✦ CDF used RESBOS v1 (NNLL+NLO), 
while RESBOS v2 (N3LL+NNLO) is also 
available.


✦ Higher-order corrections would result in 
a decrease in the value reported by CDF 
by at most 10 MeV (consistent with 0 
MeV), and may reduce the anomaly 
from 7σ to 6σ.

5 / 33

RESBOS uncertainty?

Isaacson, Fu and Yuan, 2205.02788

<latexit sha1_base64="xaCN9pf78+L176GflTSmiaWTonM="></latexit>

<latexit sha1_base64="UkExdKrlJQ17zzufFKet6Bk2VAk="></latexit>
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Mass Shift [MeV]
Observable ResBos2 +Detector E↵ect+FSR

mT 1.5 ± 0.5 0.2 ± 1.8 ± 1.0
pT (`) 3.1 ± 2.1 4.3 ± 2.7 ± 1.3
pT (⌫) 4.5 ± 2.1 3.0 ± 3.4 ± 2.2

TABLE II. Summary of the shift in MW due to higher or-
der corrections. For reference, the CDF result was 80,433
± 9 MeV [2] and the SM predicted value is 80,359.1 ± 5.2
MeV [1]. The second column shows the shift in the mass ne-
glecting detector e↵ects and final state radiation (FSR), while
the third column includes an estimate for detector e↵ects and
FSR in the mass shift. The first uncertainty is the statistical
uncertainty induced in the mass extraction due to the number
of ResBos events generated for the pseudoexperiments and
the mass templates. The second uncertainty is the detector
e↵ect uncertainty calculated by using 100 di↵erent smearings
of the data to extract the W mass. Additional details on the
smearing can be found in Appendix C.

FIG. 4. W mass fit results to the pseudoexperiment for mT .
The pseudodata is generated at N3LL+NNLO accuracy with
the default BLNY parametrization. The tuned NNLL+NLO
results are then used for a template fit to extract the W
mass [2]. The tuning resulted in a best fit value of g2 = 0.66
GeV�2 and ↵s(MZ) = 0.120. The best fit mass (80,386 MeV)
is shown in red. The blue band represents the statistical un-
certainty of the CDF result. Detector e↵ects and FSR are
not included here, but the corresponding result for mT can
be found in Appendix C.

certainties from individual observables to the final mass
extraction, we just quote the results from the dominant
mT observable. The shifts found in the W mass using
mT for the various PDFs are shown in Tab. III, with ad-
ditional details for the other observables in Appendix E.
The PDF uncertainties that we find are consistent with
the 3.9 MeV quoted by CDF [2].

In conclusion, two of the major criticisms leveled
against the theory calculations involved in the ResBos
program cannot explain the deviation from the SM that
is reported by CDF. We found that the data-driven tech-
niques used by the CDF experiment help to reduce the

FIG. 5. Similar to Fig. 4 but using pT (`) to extract the W
mass. The best fit mass (red) is 80,388 MeV.

FIG. 6. Similar to Fig. 4 but using pT (⌫) to extract the W
mass. The best fit mass (red) is 80,389 MeV.

e↵ects of higher order corrections. The estimated shift
due to including these corrections is at most 10 MeV, and
may reduce the disagreement from 7� to 6�. The PDF
uncertainty is found to be consistent with the numbers
quoted by CDF. While there remain main questions per-
taining to the CDF result, we have addressed the most
important questions related to the theory calculations

mT

PDF Set NNLO NLO
CT18 0.0 ± 1.3 1.8 ± 1.2

MMHT2014 1.0 ± 0.6 2.6 ± 0.6
NNPDF3.1 1.1 ± 0.3 2.1 ± 0.4
CTEQ6M N/A 2.8 ± 0.9

TABLE III. Comparison of the shift of MW for di↵erent PDF
sets using the mT observable. The central prediction used
was CT18NNLO with a mass of 80,385 MeV. The uncertainties
quoted are the PDF uncertainties for the given PDF set.



✦ ATLAS result is consistent with SM, and                                   
dominated by systematic uncertainty. 


✦ CMS result is not yet available. 


✦ In general, MW measurement at LHC is more challenging compared 
with Tevatron.


- LHC measurements require PDFs in                                            
smaller x region due to its higher energy.  


- Since LHC is a proton-proton collider,                                               
a sea quark participates in Drell-Yan. 


- A large number of pileup events.
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LHC measurements
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p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

CT10 CT14 MMHT2014
14 |⌘` | < 2.4 16.0 (10.6 � 12.0) 17.3 (11.4 � 13.0) 15.4 (10.7 � 11.1)
14 |⌘` | < 4 11.9 (8.8 � 8.0) 12.4 (9.2 � 8.4) 10.3 (9.0 � 5.1)
27 |⌘` | < 2.4 18.3 (10.2 � 15.1) 18.8 (10.5 � 15.5) 16.5 (9.4 � 13.5)
27 |⌘` | < 4 12.3 (7.5 � 9.8) 12.7 (8.2 � 9.7) 11.4 (7.9 � 8.3)

14+27 |⌘` | < 4 10.1 (6.3 � 7.9) 10.1 (6.9 � 7.4) 8.6 (6.5 � 5.5)

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

HL-LHC LHeC
14 |⌘` | < 2.4 11.5 (10.0 � 5.8 ) 10.2 (9.9 � 2.2)
14 |⌘` | < 4 9.3 (8.6 � 3.7) 8.7 (8.5 � 1.6)

Table 3: Measurement uncertainty for di�erent lepton acceptance regions, centre-of-mass energies and PDF sets,
combined fits to the p

`
T and mT distributions, and for 200 pb�1collected at each energy. The numbers quoted for

0 < |⌘` | < 2.4 correspond to the combination of the four pseudorapidity bins in this range. In each case, the first
number corresponds to the sum of statistical and PDF uncertainties, and the numbers between parentheses are the
statistical and PDF components, respectively.

CT10 CT14 MMHT2014 HL-LHC LHeC

 [M
eV

]
W

 m
Δ

0

2

4

6

8

10

12

14

16

18

20
ATLAS Simulation Preliminary

-1 PDF 200 pb⊕Stat. 
-1 PDF 1 fb⊕Stat. 

PDF

> = 2µ = 14 TeV, <s
| < 4
l
η, |l

T
 & pT from mWm

Figure 6: Measurement uncertainty for di�erent PDF sets, combining p
`
T and mT fits for |⌘` | < 4, and for 200 pb�1and

1 fb�1collected at
p

s = 14 TeV.

10

ATL-PHYS-PUB-2018-026



✦ Future e+e- colliders would be able to measure Mw very precisely.   


- ILC: δMW~2.5 MeV


- CEPC: δMW~1 MeV


- FCC-ee: δMW~±0.5stat±0.3syst MeV
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Future lepton colliders

2203.07622

1811.10545

FCC CDR Vol.1 (2019)

Eur. Phys. J. C           (2019) 79:474 Page 37 of 161   474 
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Fig. 3.2 Production cross section of W boson (left) and top-quark pairs
(right) in the vicinity of the production thresholds, with different values
of the masses and widths. In the left panel, the pink and green bands
include variations of the W mass and width by ± 1 GeV. In the right

panel, the grey and green bands include variations of the top-quark mass
and width by ± 0.2 and ± 0.15 GeV. The dots with error bars indicate
the result of a 10-point energy scan in steps of 1 GeV, with 0.02 ab−1

per point

of the hadron collider measurements. More importantly, such a window is needed to accurately map out the full shape of
the threshold, including the 1S resonance (Fig. 3.2, right panel). In addition, the tt̄ cross section depends on the top Yukawa
coupling, arising from the Higgs boson exchange at the tt̄ vertex (Sect. 4.2.2). This dependence can be fitted away with
supplementary data at centre-of-mass energies slightly above the tt̄ threshold. The non-tt̄ background, on the other hand,
needs to be evaluated from data at centre-of mass energies slightly below the tt̄ threshold.

With a luminosity of 25 fb−1 recorded at eight different centre-of-mass energies (340, 341, 341.5, 342, 343, 343.5, 344,
and 345 GeV), the top-quark mass and width can be determined with statistical precisions of ± 17 MeV and ± 45 MeV,
respectively. The uncertainty on the mass improves to less than 10 MeV if the width is fixed to its SM value. Each of the
centre-of-mass energies can be measured with a precision smaller than 10 MeV from the final state reconstruction [42] of
e+e− → W+W−, ZZ, and Zγ events and from the knowledge of the W and Z masses, which causes a 3 MeV uncertainty
on the top-quark mass. Today, the uncertainty on the theoretical value due to missing higher orders QCD corrections in the
e+e− → tt̄ process is at the 40 MeV level for the top quark mass and width.

To conclude on the top, an uncertainty of 17 (45) MeV is achievable for the top-quark mass (width) measurement at the
FCC-ee, with 0.2 ab−1 accumulated around the tt̄ threshold. The corresponding parametric uncertainties on the SM predictions
of sin2 θeff

W and mW are accordingly reduced to 6 × 10−7 and 0.11 MeV, respectively.

3.2.5 Summary and demands on theoretical calculations

Table 3.1 summarises some of the most significant FCC-ee experimental accuracies and compares them to those of the present
measurements.

Some important comments are in order:

– FCC-ee will provide a set of ground breaking measurements of a large number of new-physics sensitive observables,
with improvement with respect to the present status by a factor of 20-50 or even more; moreover it will improve input
parameters, mZ of course, but also mtop, αs(mZ) and, for the first time a direct and precise measurement of αQED(mZ).
Consequently, parametric uncertainties in the electroweak predictions will be reduced considerably. Once, and only when,
all the above measurements are performed, the total parametric uncertainty on the W mass and on sin2 θeff

W predictions
(0.6 MeV and 10−5, respectively), dominated by the in-situ precision on αQED(m2

Z), will match the uncertainty on their
direct determination (0.5 MeV and 5 × 10−6, respectively). The FCC-ee is the only future e+e− collider project able to
accomplish this tour-de-force, a prerequisite for an optimal sensitivity to new physics.

– Table 3.1 is only a first sample of the main observables accessible. Work on the future projections of experimental and
theory requirements are, and will need to be, the subject of further dedicated studies within the FCC-ee design study groups.
Important contributions are expected from b, c and τ physics at the Z pole, such as forward–backward and polarisation

123
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√s=500 GeV

Full simulation study with 
background overlay

Before pileup 
mitigation (black)

After pileup 
mitigation and 
event selection 
(green)
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Figure 9.5: Illustrations of sensitivity to mW . Hadronic mass resolution (left) in semi-leptonic
events from full simulation study at

p
s = 500 GeV [415]. Endpoints and pseudomass methods at

p
s = 250 GeV (right).

expectation is that this measurement will be systematics limited. With much improved detectors
compared to LEP2 and with much better lepton and jet energy resolution, it is expected that
uncertainties at the few MeV level can be targeted. Table 1-9 in [414] estimates an uncertainty
of 2.8 MeV at

p
s = 250 GeV based on extrapolating LEP2 methods using only the semi-leptonic

channels with electrons or muons.

Method 2 is based purely on the hadronic mass and was not used explicitly at LEP2. With
the increased cross-section for singly-resonant events (e+e�

! We⌫) at higher
p

s, the excellent
resolution for particles in jets expected from particle-flow detectors, and the availability of control
channels with hadronic decays of the Z, an opportunity exists to make a competitive measurement
also using this method. However the demands on the e↵ective jet energy scale calibration are very
challenging. It was estimated (Table 1-10 in [414]) that a mW uncertainty of 3.7 MeV could be
reached. This is likely to be dominated by the hadronic energy scale systematic uncertainty.

The endpoints method 3 was only used for fully leptonic events at LEP2. It has the inherent
advantage that the systematic uncertainties are dominated simply by the uncertainties on the lepton
energy scale and the beam energy, given that one can express mW in terms of the endpoints as
follows:

m2
W = 4El(Eb � El) . (9.15)

This can also be used as a simple complementary method for semi-leptonic events, but of course it
will be strongly correlated with the constrained reconstruction method.

The pseudo-mass method and the endpoints method were applied to the fully leptonic chan-
nel in [417]. Little correlation (+11%) was found between the two methods, indicating that the
two methods can be independently e↵ective and can be combined. An updated study includ-
ing beamstrahlung e↵ects based on [421] using these leptonic observables with just the 2 ab�1 of
p

s = 250 GeV data projects a statistical uncertainty on mW of 4.4 MeV (including the semi-
leptonic channel endpoints). Experimental systematic uncertainties are expected to be under good
control.

Method 5 needs dedicated running near
p

s = 161 GeV. This is now feasible for the ILC



✦ Standard Model prediction of MW 


✦ New physics interpretations of CDF anomaly


- Oblique NP


- Non-oblique NP

SMEFT fit

single-field extensions


✦ Summary

8 / 33

Outline

M.Endo and SM, arXiv:2204.05965



✦ At tree level, W-boson mass is related to three parameters: 


- Gμ : Fermi constant extracted from muon lifetime

- α : EM coupling determined very precisely at low energy

- MZ : Z-boson mass measured at LEP

9 / 33

W-boson mass in SM

✦ This relation is corrected by loop contributions, which depend also on

- αs : strong coupling constant

- Δαhad : hadronic contribution to EM coupling

- mt : top-quark mass

- mH : Higgs-boson mass

- mf : light-fermion masses

quadratic

<latexit sha1_base64="k4lEL/dAELu9FBNOzFiGElFbp+I="></latexit>
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✦ Δr is calculated with full 2-loop + leading 3- and 4-loop corrections.


✦ The size of missing higher-order corrections is estimated as


✦ Numerical formula is available: 
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Theoretical uncertainty
Awramik et al., hep-ph/0311148

in units of 10-4 

�M theo
W ⇡ 4 MeV

<latexit sha1_base64="yDKStBqLmdeqerj4tpvPKmSmuyc="></latexit>

where
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(745)

and the values of the coe�cients are given by

M0
W = 80.3799 (80.3800) , c1 = 0.05429 (0.05253) , c2 = 0.008939 (0.010345) ,

c3 = 0.0000890 (0.001021) , c4 = 0.000161 (�0.000070) , c5 = 1.070 (1.077) ,

c6 = 0.5256 (0.5270) , c7 = 0.0678 (0.0698) , c8 = 0.00179 (0.004055) ,

c9 = 0.0000659 (0.000110) , c10 = 0.0737 (0.0716) , c11 = 114.9 (115.0)

(746)

in units of GeV47. This parametrisation approximates the full result for MW to better than 0.5
(0.2) MeV over the range of 10GeV  mh  1TeV (100GeV  mh  1TeV), if all other inputs
vary within their combined 2� region around their central values, where the data used in [51] are

↵s(M2
Z) = 0.1190 ± 0.0027, �↵`+5q(M2

Z) = 0.05907 ± 0.00036 (�↵(5)
had(M

2
Z) = 0.02757 ± 0.00036),

MZ = 91.1875± 0.0021 GeV and Mt = 174.3± 5.1 GeV. See Eq. (5) and Table 2 of [51]. In the above
formula, the following corrections to �r are taken into account:

�r = �r↵ +�r↵↵s +�r↵↵
2
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where the numerical values are estimated with mh = 100 GeV, etc. [51]. The remaining theoretical
uncertainty coming from missing higher-order corrections was estimated to be 4 MeV for mh . 300
GeV [51], while the current experimental uncertainty is about 20 MeV [4,5].

The resummations of �↵ and �⇢ are not used in Ref. [51], since the the higher-order corrections
involve powers of �↵ and �⇢ beyond two-loop order. Namely, the W -boson mass is related to �r as

M2
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M2
Z
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2GµM2
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!
. (748)

D.2 E↵ective weak mixing angle

A simple formula for the e↵ective weak mixing angle for a final state ff̄ is given by [61,76,77]
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47ZFitter uses the values outside of the parentheses
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100 283.41 35.89 7.23 1.27 28.56 0.64 −1.27 −0.16

200 307.35 35.89 7.23 1.27 30.02 0.35 −2.11 −0.09

300 323.27 35.89 7.23 1.27 31.10 0.23 −2.77 −0.03

600 353.01 35.89 7.23 1.27 32.68 0.05 −4.10 −0.09

1000 376.27 35.89 7.23 1.27 32.36 −0.41 −5.04 −1.04

Table 1: The numerical values (×104) of the different contributions to ∆r specified in
eq. (1) are given for different values of MH and MW = 80.426 GeV (the W and Z masses
have been transformed so as to correspond to the real part of the complex pole). The
other input parameters are listed in eq. (5).

calculation into the mass parameter defined according to the real part of the complex
pole, which corresponds to a Breit–Wigner parametrisation with a constant decay width,
see Ref. [8]. It is understood that MW in this paper always refers to the conventional
definition according to a Breit–Wigner parametrisation with running width. The change
of parametrisations is achieved with the one loop QCD corrected value of the W-boson
width as described in Ref. [8].

Table 1 shows that the two-loop QCD correction, ∆r(ααs), and the fermionic elec-

troweak two-loop correction, ∆r(α
2)

ferm are of similar size. They both amount to about 10%
of the one-loop contribution, ∆r(α), entering with the same sign. The most important
correction beyond these contributions is the three-loop QCD correction, ∆r(αα

2
s ), which

leads to a shift in MW of about −11 MeV. For large values of MH also the contribu-

tion ∆r(G
2
µαsm4

t
) becomes sizable. The purely bosonic two-loop contribution, ∆r(α

2)
bos , and

the leading electroweak three-loop correction, ∆r(G
3
µm

6
t
), and leading QCD four-loop cor-

rection, ∆r(αα
3
sm

2
t
), give rise to shifts in MW which are significantly smaller than the

experimental error envisaged for a future Linear Collider, δM exp,LC
W = 7 MeV [16].

Since ∆r is evaluated in Table 1 for a fixed value of MW, the contributions ∆r(ααs)

and ∆r(αα
2
s ) are MH-independent. In the iterative procedure for evaluating MW according

to eq. (3), on the other hand, also these contributions become MH-dependent through the
MH-dependence of the inserted MW value.

The result for MW based on eqs. (3), (4) can be approximated by the following simple
parametrisation (see Ref. [22] for an earlier parametrisation of MW),

MW = M0
W − c1 dH− c2 dH

2 + c3 dH
4 + c4(dh− 1)− c5 dα + c6 dt− c7 dt

2

− c8 dHdt + c9 dh dt− c10 dαs + c11 dZ, (6)

3

δMW [MeV]  -450   -50     -10       -2      -40     -1       +2       +0.2
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Parametric uncertainty

5

standard scenario conservative scenario

Prediction ↵s(M
2
Z) �↵

(5)
had(M

2
Z) MZ mt Total mt Total

MW [GeV] 80.3545 ±0.0006 ±0.0018 ±0.0027 ±0.0027 ±0.0042 ±0.0060 ±0.0069
�W [GeV] 2.08782 ±0.00040 ±0.00014 ±0.00021 ±0.00021 ±0.00052 ±0.00047 ±0.00066
�Z [GeV] 2.49414 ±0.00049 ±0.00010 ±0.00021 ±0.00010 ±0.00056 ±0.00023 ±0.00060
�
0
h [nb] 41.4929 ±0.0049 ±0.0001 ±0.0020 ±0.0003 ±0.0053 ±0.0007 ±0.0053

sin2
✓
lept
e↵ 0.231534 ±0.000003 ±0.000035 ±0.000015 ±0.000013 ±0.000041 ±0.000030 ±0.000048

A` 0.14692 ±0.00003 ±0.00028 ±0.00012 ±0.00010 ±0.00032 ±0.00023 ±0.00038
Ac 0.66775 ±0.00001 ±0.00012 ±0.00005 ±0.00005 ±0.00014 ±0.00011 ±0.00017
Ab 0.934727 ±0.000001 ±0.000023 ±0.000010 ±0.000003 ±0.000025 ±0.000007 ±0.000026
A

0,`
FB 0.016191 ±0.000006 ±0.000060 ±0.000026 ±0.000023 ±0.000070 ±0.000052 ±0.000084

A
0,c
FB 0.07358 ±0.00001 ±0.00015 ±0.00006 ±0.00006 ±0.00018 ±0.00013 ±0.00021

A
0,b
FB 0.10300 ±0.00002 ±0.00020 ±0.00008 ±0.00007 ±0.00023 ±0.00016 ±0.00027

R
0
` 20.7464 ±0.0062 ±0.0006 ±0.0003 ±0.0002 ±0.0063 ±0.0004 ±0.0063

R
0
c 0.172198 ±0.000020 ±0.000002 ±0.000001 ±0.000005 ±0.000020 ±0.000011 ±0.000023

R
0
b 0.215880 ±0.000011 ±0.000001 ±0.000000 ±0.000015 ±0.000019 ±0.000034 ±0.000035

BRW!`⌫̄` 0.108386 ±0.000024 ±0.000000 ±0.000000 ±0.000000 ±0.000024 ±0.000000 ±0.000024
As 0.935637 ±0.000002 ±0.000022 ±0.000010 ±0.000009 ±0.000026 ±0.000020 ±0.000031
Ruc 0.172220 ±0.000019 ±0.000002 ±0.000001 ±0.000005 ±0.000020 ±0.000011 ±0.000023

TABLE III. SM predictions computed using the theoretical expressions for the EWPO without the corresponding experimental
constraints, and individual uncertainties associated with each input parameter, except for mH (see text).

7. The updates in the Z-lineshape observables reported in Ref. [70] have been included. Compared to Ref. [32],
these updates are due to the use of more accurate calculations of the Bhabha cross section, which lead to a
better understanding of any systematic bias on the integrated luminosity. Only the Z width, �Z , the hadronic
cross section at the Z peak, �0

h
, and its correlations with other Z-lineshape observables are noticeably a↵ected

by these updates.

8. We have included the update in the determination of the forward-backward asymmetry of the bottom quark,
A

0,b
FB

, after taking into account the massive O(↵2
s
) corrections in e

+
e
�

! bb̄ at the Z pole [71]. As we will
see, these corrections slightly reduce the longstanding tension between the experimental measurement of this
observable and its SM prediction.

Apart from these updates, we have also extended the EW fit by including the following extra observables:

9. The determination of the s-quark asymmetry parameter As at SLD [72].

10. The PDG average of the di↵erent LEP experiment determinations of the ratio Ruc ⌘
1
2�Z!uū+cc̄/�Z!had [58].

11. The leptonic branching ratio of the W boson, BRW!`⌫̄` ⌘ �W�!`�⌫̄`
/�W [58].

We use flat priors for all the SM input parameters, and include the information of their experimental measurements
in the likelihood. We assume that all experimental distributions are Gaussian. The known intrinsic theoretical
uncertainties due to missing higher-order corrections to EWPO are also included in the fits, using the results of
Ref. [31] to which we refer for more details. The main theory uncertainties we consider are:

�thMW = 4MeV , �th sin
2
✓W = 5 · 10�5

, �th�Z = 0.4MeV , �th�
0
had = 6pb ,

�thR
0
`
= 0.006 , �thR

0
c
= 0.00005 , �thR

0
b
= 0.0001 . (1)

These uncertainties are implemented in the fit as nuisance parameters with Gaussian prior distributions. Theoretical
uncertainties are still small compared to the experimental ones and, therefore, they have a very small impact on the fit.
The same applies to the parametric theory uncertainties, obtained by propagating the experimental errors of the SM
inputs into the predictions for the EWPO. The breakdown of these parametric errors is detailed in Table III, except
for the contributions coming from the uncertainty in mH , which, even in the conservative scenario, are numerically
irrelevant in the total parametric uncertainty.

For each observable, we give in Tables I and II, the experimental information used as input (Measurement), together
with the output of the combined fit (Posterior), and the Prediction of the same quantity. The latter is obtained from
the posterior predictive distribution derived from a combined analysis of all the other quantities. The compatibility
of the constraints is then evaluated by sampling the posterior predictive distribution and the experimental one, by

5

standard scenario conservative scenario

Prediction ↵s(M
2
Z) �↵

(5)
had(M

2
Z) MZ mt Total mt Total

MW [GeV] 80.3545 ±0.0006 ±0.0018 ±0.0027 ±0.0027 ±0.0042 ±0.0060 ±0.0069
�W [GeV] 2.08782 ±0.00040 ±0.00014 ±0.00021 ±0.00021 ±0.00052 ±0.00047 ±0.00066
�Z [GeV] 2.49414 ±0.00049 ±0.00010 ±0.00021 ±0.00010 ±0.00056 ±0.00023 ±0.00060
�
0
h [nb] 41.4929 ±0.0049 ±0.0001 ±0.0020 ±0.0003 ±0.0053 ±0.0007 ±0.0053

sin2
✓
lept
e↵ 0.231534 ±0.000003 ±0.000035 ±0.000015 ±0.000013 ±0.000041 ±0.000030 ±0.000048

A` 0.14692 ±0.00003 ±0.00028 ±0.00012 ±0.00010 ±0.00032 ±0.00023 ±0.00038
Ac 0.66775 ±0.00001 ±0.00012 ±0.00005 ±0.00005 ±0.00014 ±0.00011 ±0.00017
Ab 0.934727 ±0.000001 ±0.000023 ±0.000010 ±0.000003 ±0.000025 ±0.000007 ±0.000026
A

0,`
FB 0.016191 ±0.000006 ±0.000060 ±0.000026 ±0.000023 ±0.000070 ±0.000052 ±0.000084

A
0,c
FB 0.07358 ±0.00001 ±0.00015 ±0.00006 ±0.00006 ±0.00018 ±0.00013 ±0.00021

A
0,b
FB 0.10300 ±0.00002 ±0.00020 ±0.00008 ±0.00007 ±0.00023 ±0.00016 ±0.00027

R
0
` 20.7464 ±0.0062 ±0.0006 ±0.0003 ±0.0002 ±0.0063 ±0.0004 ±0.0063

R
0
c 0.172198 ±0.000020 ±0.000002 ±0.000001 ±0.000005 ±0.000020 ±0.000011 ±0.000023

R
0
b 0.215880 ±0.000011 ±0.000001 ±0.000000 ±0.000015 ±0.000019 ±0.000034 ±0.000035

BRW!`⌫̄` 0.108386 ±0.000024 ±0.000000 ±0.000000 ±0.000000 ±0.000024 ±0.000000 ±0.000024
As 0.935637 ±0.000002 ±0.000022 ±0.000010 ±0.000009 ±0.000026 ±0.000020 ±0.000031
Ruc 0.172220 ±0.000019 ±0.000002 ±0.000001 ±0.000005 ±0.000020 ±0.000011 ±0.000023

TABLE III. SM predictions computed using the theoretical expressions for the EWPO without the corresponding experimental
constraints, and individual uncertainties associated with each input parameter, except for mH (see text).

7. The updates in the Z-lineshape observables reported in Ref. [70] have been included. Compared to Ref. [32],
these updates are due to the use of more accurate calculations of the Bhabha cross section, which lead to a
better understanding of any systematic bias on the integrated luminosity. Only the Z width, �Z , the hadronic
cross section at the Z peak, �0

h
, and its correlations with other Z-lineshape observables are noticeably a↵ected

by these updates.

8. We have included the update in the determination of the forward-backward asymmetry of the bottom quark,
A

0,b
FB

, after taking into account the massive O(↵2
s
) corrections in e

+
e
�

! bb̄ at the Z pole [71]. As we will
see, these corrections slightly reduce the longstanding tension between the experimental measurement of this
observable and its SM prediction.

Apart from these updates, we have also extended the EW fit by including the following extra observables:

9. The determination of the s-quark asymmetry parameter As at SLD [72].

10. The PDG average of the di↵erent LEP experiment determinations of the ratio Ruc ⌘
1
2�Z!uū+cc̄/�Z!had [58].

11. The leptonic branching ratio of the W boson, BRW!`⌫̄` ⌘ �W�!`�⌫̄`
/�W [58].

We use flat priors for all the SM input parameters, and include the information of their experimental measurements
in the likelihood. We assume that all experimental distributions are Gaussian. The known intrinsic theoretical
uncertainties due to missing higher-order corrections to EWPO are also included in the fits, using the results of
Ref. [31] to which we refer for more details. The main theory uncertainties we consider are:

�thMW = 4MeV , �th sin
2
✓W = 5 · 10�5

, �th�Z = 0.4MeV , �th�
0
had = 6pb ,

�thR
0
`
= 0.006 , �thR

0
c
= 0.00005 , �thR

0
b
= 0.0001 . (1)

These uncertainties are implemented in the fit as nuisance parameters with Gaussian prior distributions. Theoretical
uncertainties are still small compared to the experimental ones and, therefore, they have a very small impact on the fit.
The same applies to the parametric theory uncertainties, obtained by propagating the experimental errors of the SM
inputs into the predictions for the EWPO. The breakdown of these parametric errors is detailed in Table III, except
for the contributions coming from the uncertainty in mH , which, even in the conservative scenario, are numerically
irrelevant in the total parametric uncertainty.

For each observable, we give in Tables I and II, the experimental information used as input (Measurement), together
with the output of the combined fit (Posterior), and the Prediction of the same quantity. The latter is obtained from
the posterior predictive distribution derived from a combined analysis of all the other quantities. The compatibility
of the constraints is then evaluated by sampling the posterior predictive distribution and the experimental one, by

standard scenario conservative scenario
↵s(M2

Z
) 0.1177± 0.0010 0.1177± 0.0010

�↵(5)
had(M

2
Z
) 0.02766± 0.00010 0.02766± 0.00010

MZ [GeV] 91.1875± 0.0021 91.1875± 0.0021
mt [GeV] 172.58± 0.45 172.6± 1.0
mH [GeV] 125.21± 0.12 125.21± 0.21

<latexit sha1_base64="mjlxPzMGqsI+QXOu3D99WsG/Mko="></latexit>

✦ There are small tensions in measurements of mt (and those of mH). 

✦ Two scenarios are considered to estimate parametric uncertainty. 

de Blas, …., SM,…, 2112.07274

✦ Parametric uncertainty on MW is dominated by δmt (and δMZ), where 
δmH is negligibly small. 

�M inputs
W ⇡ 4 MeV

<latexit sha1_base64="AarnHKQ8mNlQPdyaWsd3NXegzGg="></latexit>
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SM prediction de Blas, Pierini, Reina & Silvestrini, 
2204.04204

standard scenario conservative scenario
↵s(M2

Z
) 0.1177± 0.0010 0.1177± 0.0010

�↵(5)
had(M

2
Z
) 0.02766± 0.00010 0.02766± 0.00010

MZ [GeV] 91.1875± 0.0021 91.1875± 0.0021
mt [GeV] 171.79± 0.38 171.8± 1.0
mH [GeV] 125.21± 0.12 125.21± 0.12

<latexit sha1_base64="PXfpKw7M4IbHdzgMeYJO+t857zU="></latexit>

✦ Up-to-date input parameters: 

✦ “Standard” and “conservative” averages of MW data, including CDF: 

M exp
W =

(
80.4133± 0.0080 MeV (standard scenario)

80.413 ± 0.015 MeV (conservative scenario)

<latexit sha1_base64="4FOrvM0nxAqKMPgReDwJAatjuyE="></latexit>

M theo
W =

(
80.3496± 0.0057 MeV (standard scenario) 6.5 �

80.3497± 0.0079 MeV (conservative scenario) 3.7 �

<latexit sha1_base64="t9Zvs78qCLqKd1vHFKc5e/9kvbs="></latexit>

✦ SM predictions with above input parameters: 
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EW precision fit
✦ Input parameters can be further constrained by EW precision fit. 

Z-pole obs. (LEP/
SLD)

W obs. (LEP2, Tevatron, LHC)

✦ EW precision fit provides indirect determination of MW, omitting 
experimental constraint on MW, 

M indirect
W =

(
80.3499± 0.0056 MeV (standard scenario) 6.5 �

80.3505± 0.0077 MeV (conservative scenario) 3.7 �

<latexit sha1_base64="dtT9+7HvecqLbF3rA4KYjdD1GUE="></latexit>

✦ Results are very similar to those obtained without EW precision fit, 
since constraints from Z-pole observables are much weaker than 
those from input parameters. 

MW , �W

<latexit sha1_base64="EQ5cMAcANz9OIEKqDFZOns+WNzg="></latexit>

MZ , �Z , �0
h , sin2 ✓lepte↵ , Af , A0,f

FB , R0
f

<latexit sha1_base64="3pND3u5ked32XP7d0wxO292R1Y8="></latexit>

M theo
W =

(
80.3496± 0.0057 MeV (standard scenario) 6.5 �

80.3497± 0.0079 MeV (conservative scenario) 3.7 �

<latexit sha1_base64="t9Zvs78qCLqKd1vHFKc5e/9kvbs="></latexit>

Without EW fit:
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EW precision fit
Measurement Posterior Indirect/Prediction Pull

↵s(MZ) 0.1177± 0.0010 0.11762± 0.00095 0.11685± 0.00278 0.3

�↵(5)
had(MZ) 0.02766± 0.00010 0.027535± 0.000096 0.026174± 0.000334 4.3

MZ [GeV] 91.1875± 0.0021 91.1911± 0.0020 91.2314± 0.0069 �6.1
mt [GeV] 171.79± 0.38 172.36± 0.37 181.45± 1.49 �6.3
mH [GeV] 125.21± 0.12 125.20± 0.12 93.36± 4.99 4.3
MW [GeV] 80.4133± 0.0080 80.3706± 0.0045 80.3499± 0.0056 6.5
�W [GeV] 2.085± 0.042 2.08903± 0.00053 2.08902± 0.00052 �0.1

sin
2 ✓lepte↵ (Qhad

FB ) 0.2324± 0.0012 0.231471± 0.000055 0.231469± 0.000056 0.8
P pol
⌧

= A` 0.1465± 0.0033 0.14742± 0.00044 0.14744± 0.00044 �0.3
�Z [GeV] 2.4955± 0.0023 2.49455± 0.00065 2.49437± 0.00068 0.5
�0
h
[nb] 41.480± 0.033 41.4892± 0.0077 41.4914± 0.0080 �0.3

R0
`

20.767± 0.025 20.7487± 0.0080 20.7451± 0.0087 0.8
A0,`

FB 0.0171± 0.0010 0.016300± 0.000095 0.016291± 0.000096 0.8
A` (SLD) 0.1513± 0.0021 0.14742± 0.00044 0.14745± 0.00045 1.8
R0

b
0.21629± 0.00066 0.215892± 0.000100 0.215886± 0.000102 0.6

R0
c

0.1721± 0.0030 0.172198± 0.000054 0.172197± 0.000054 �0.1
A0,b

FB 0.0996± 0.0016 0.10335± 0.00030 0.10337± 0.00032 �2.3
A0,c

FB 0.0707± 0.0035 0.07385± 0.00023 0.07387± 0.00023 �0.9
Ab 0.923± 0.020 0.934770± 0.000039 0.934772± 0.000040 �0.6
Ac 0.670± 0.027 0.66796± 0.00021 0.66797± 0.00021 0.1
As 0.895± 0.091 0.935678± 0.000039 0.935677± 0.000040 �0.4
BRW!`⌫̄` 0.10860± 0.00090 0.108388± 0.000022 0.108388± 0.000022 0.2
sin

2 ✓lepte↵ (HC) 0.23143± 0.00025 0.231471± 0.000055 0.231474± 0.000056 �0.2
Ruc 0.1660± 0.0090 0.172220± 0.000031 0.172220± 0.000032 �0.7

<latexit sha1_base64="xfGhU6y56tNmu54TxUpOXjjJxUI="> Ktk/22Hzvl5UgQFDIULcln7ORfkc4k/ONR+Cdfvpirjn9iRn7BVVfAx1kofNU19lzTNSNXv1jRUMrip2zzCsJy1i+VNPHvdrrq/R0FHabHlE8BP4yVfXfDLKE0vx2JgrTsOrOmXF3AvXEJZ28bm36Z9DCPjh67dxXMDXi3n9rfG3S/c/oHs3cnfJx9PjidkQidfTJ5MTifPJtHBLwf/PvjPwX8PPzs8PTw//LETffut/szfJoPPYfh/hkxQsQ==</latexit>

de Blas, Pierini, Reina & Silvestrini, 
2204.04204

✦ Strong constraints from 
input parameters and MW. 


✦ Fit prefers heavier mt and 
lighter mH. 


✦ Pull between measurement 
and indirect determination 
of MW is 6.5σ. 


✦ Pull between measurement 
and posterior of MW is 4.7σ. 



✦ Standard Model prediction of MW 


✦ New physics interpretations of CDF anomaly


- Oblique NP


- Non-oblique NP

SMEFT fit

Single-field extensions


✦ Summary
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Outline

M.Endo and SM, arXiv:2204.05965
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Oblique NP
✦ Suppose that dominant NP effects appear in                                   

self-energies of gauge bosons: 


✦ Two of them are zero due to U(1)em, and three of them can be fixed 
by MZ, GF & α


✦ The others can be parameterized as 
Kennedy & Lynn (89); Peskin & Takeuchi (90,92); 
Barbieri, Pomarol, Rattazzi & Strumia, hep-ph/0405040

(U is associated with dim. 8 operator.)

<latexit sha1_base64="31ZlfnLuISI5FodZfMEl6zxdstk="></latexit>

S = 16⇡⇧NP0
W3B(0)

T =
4⇡

s2W c2WM2
Z

⇥
⇧NP

W3W3
(0)�⇧NP

W+W�(0)
⇤

U = 16⇡
⇥
⇧NP0

W3W3
(0)�⇧NP0

W+W�(0)
⇤

<latexit sha1_base64="slOc9NOTcltKGwHT4eLgLWCNZds="></latexit>

L = �1

2
W 3

µ⇧W3W3(p
2)W 3µ � 1

2
Bµ⇧BB(p

2)Bµ �W 3
µ⇧W3B(p

2)Bµ �W+
µ ⇧W+W�(p2)Wµ

�

<latexit sha1_base64="CyX4E/isv6ZH+Nv7IWdoUo5dgnQ="></latexit>

⇧i(p
2) = ⇧i(0) + p2 ⇧0

i(0) + · · ·



✦ EW precision observables depend on three combinations S and T: 
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Oblique NP

5
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FIG. 2. P.d.f’s for oblique parameters from a global fit to all EWPO for the standard average scenario. (Left panel) Scenario
with U = 0. (Center and right panels) Scenario with U 6= 0. Dark (light) regions correspond to 68% (95%) probability ranges.

Measurement ST STU SMEFT
MW [GeV] 80.4133± 0.0080 80.4100± 0.0077 80.4133± 0.0080 80.4133± 0.0080
�W [GeV] 2.085± 0.042 2.09214± 0.00072 2.09251± 0.00075 2.0778± 0.0070

sin2 ✓lepte↵ (Qhad
FB ) 0.2324± 0.0012 0.23142± 0.00013 0.23147± 0.00014 –

P pol
⌧ = A` 0.1465± 0.0033 0.1478± 0.0011 0.1474± 0.0011 0.1488± 0.0014

�Z [GeV] 2.4955± 0.0023 2.49812± 0.00099 2.4951± 0.0022 2.4955± 0.0023
�0
h [nb] 41.480± 0.033 41.4910± 0.0077 41.4905± 0.0077 41.481± 0.032
R0

` 20.767± 0.025 20.7506± 0.0084 20.7510± 0.0084 20.769± 0.024
A0,`

FB 0.0171± 0.0010 0.01638± 0.00023 0.01630± 0.00024 0.01659± 0.00032
A` (SLD) 0.1513± 0.0021 0.1478± 0.0011 0.1474± 0.0011 0.1488± 0.0014

R0
b 0.21629± 0.00066 0.21591± 0.00010 0.21591± 0.00010 0.21632± 0.00065

R0
c 0.1721± 0.0030 0.172198± 0.000054 0.172200± 0.000054 0.17159± 0.00099

A0,b
FB 0.0996± 0.0016 0.10362± 0.00075 0.10336± 0.00077 0.1008± 0.0014

A0,c
FB 0.0707± 0.0035 0.07407± 0.00058 0.07387± 0.00059 0.0734± 0.0022
Ab 0.923± 0.020 0.934812± 0.000097 0.934779± 0.000099 0.903± 0.013
Ac 0.670± 0.027 0.66815± 0.00052 0.66796± 0.00053 0.658± 0.020
As 0.895± 0.091 0.935710± 0.000096 0.935676± 0.000097 0.905± 0.012

BRW!`⌫̄` 0.10860± 0.00090 0.108386± 0.000022 0.108380± 0.000022 0.10900± 0.00038
sin2 ✓lepte↵ (HC) 0.23143± 0.00025 0.23142± 0.00013 0.23147± 0.00014 –

Ruc 0.1660± 0.0090 0.172220± 0.000032 0.172222± 0.000032 0.17161± 0.00098

TABLE IV. Posterior distributions for the global fit to all EWPO in the NP scenarios discussed in the text. For the reader’s
convenience we also report experimental data in the first column. The measurements interpreted as determinations of the
e↵ective leptonic weak mixing angle, namely sin2 ✓lepte↵ (Qhad

FB ) and sin2 ✓lepte↵ (HC), are not included in the SMEFT fits.

changes in their correlations as well as mild changes, of
order ten percent, in their uncertainties, whereas the cen-
tral values of the Wilson coe�cients stay approximately
the same. The posterior for the EWPO in this case is
also reported in Tables IV and IX.

In conclusion, recent measurements of mt [1] and
MW [2] are introducing some tensions in global fits of
EW precision observables. In this Letter we have stud-
ied their impact on electroweak precision fits both in the
SM and in some prototype scenarios of NP beyond the
SM. Future EW precision measurements at both the LHC
and the HL-LHC will add to this picture and contribute
to confirm or resolve potential tensions in the SM.
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APPENDIX ON THE CONSERVATIVE AVERAGE

SCENARIO

In this appendix we present the results of our analy-
sis in the conservative average scenario for mt and MW .
Figure 3 presents the posteriors for di↵erent fits in the
mt vs MW and sin2 ✓lepte↵ vs MW planes in the SM. Re-
sults of SM fits are reported in Table VI, while Figure 4
and Table VII present results obtained in the scenario
with dominant oblique NP contributions, and Table VIII
presents the corresponding results for the SMEFT. Pos-
teriors for all EWPO in the NP scenarios considered are
reported in Table IX.

de Blas et al., 2204.04204
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��Z / �10(3� 8s2W )S + (63� 126s2W � 40s4W )T

others / S � 4c2W s2W T

✦ CDF MW can be explained well by introducing 
non-zero T, which breaks custodial and weak 
isospin symmetries. 

✦ In recent papers, various UV models have 
been considered to explain non-zero T. 

(singlet, doublet or triplet scalar, SUSY,  

 vector-like fermions, leptoquarks, etc.)  
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More general case
✦ Generic heavy NP can be described by higher-dimensional operators 

in SMEFT. 


✦ MW receives oblique & non-oblique corrections:  

GF =
1p
2 v2

(1 + �GF ) , �GF = v2
h
(C(3)

�` )11 + (C(3)
�` )22 � (C``)1221

i
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S =
4sW cW v2

↵(M2
Z)
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2↵(M2
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C�D
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oblique NP:

non-oblique NP via Fermi constant GF

MW = (MW )SM
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4sW cW v2C�WB + c2W v2C�D + 2s2W �GF

⌘#

<latexit sha1_base64="beRm+QKm+DIvE4bdDUGnNyyfxGU="></latexit>

O�WB =
�
�†�a�

�
W a

µ⌫B
µ⌫

O�D =
�
�†Dµ�

�⇤�
�†Dµ�

�

(O``)ijkl =
�
¯̀
i�µ`j

��
¯̀
k�

µ`l
�

(O(3)
�` )ij =

�
�†i

$
Da

µ�
��
¯̀
i�

µ�a`j
�

<latexit sha1_base64="YFg/mALOQly4/OwWKeKGs5s+2m4="></latexit>

<latexit sha1_base64="+UQ6EGOFYu2nmi/OjQ9vpVslRxk="></latexit>

LSMEFT = LSM +
X

i

CiOi



19 / 33

Non-oblique NP
✦ Oφl(3) gives corrections to charged-current and neutral-current 

interactions after EW symmetry breaking:  
�†

$
Da

µ� = �†�a(Dµ�)� (Dµ�)
†�a�
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SMEFT fit

✦ Mw anomaly can be explained by CφD ( = T ).  


✦ CφWB, Cll and Cφl(3) can relax anomaly, but not as good as CφD. 


✦ ΛNP ~ 19(φWB), 11(φD), 10(ll), 14(φL(3)) TeV for Ci=1. 

- red: fit results

- gray: results omitting direct measurements of Mw

Bagnaschi et al., 2204.05260
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Our scenarios
✦ We assume that oblique corrections are not significant, e.g., due to 

custodial symmetry. 


✦ We focus on the cases where NP affects GF through Cφl(3) & Cll.


✦ CDF MW anomaly is explained by δGF.


✦ We perform SMEFT fits to EW precision data, and consider tree-level 
single-field extensions of SM.

GF =
1p
2 v2

(1 + �GF ) , �GF = v2
h
(C(3)

�` )11 + (C(3)
�` )22 � (C``)1221

i
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✦ MW receives corrections in GF:
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EW precision fit
✦ We perform a Bayesian fit of SMEFT coefficients to EW precision data.  

Measurement Measurement
↵s(M2

Z) 0.1177± 0.0010 MZ [GeV] 91.1876± 0.0021

�↵(5)
had(M

2
Z) 0.02766± 0.00010 �Z [GeV] 2.4955± 0.0023

mt [GeV] 171.79± 0.38 �0
h [nb] 41.4807± 0.0325

mh [GeV] 125.21± 0.12 R0
e 20.8038± 0.0497

MW [GeV] 80.4133± 0.0080 R0
µ 20.7842± 0.0335

�W [GeV] 2.085± 0.042 R0
⌧ 20.7644± 0.0448

B(W ! e⌫) 0.1071± 0.0016 A0,e
FB 0.0145± 0.0025

B(W ! µ⌫) 0.1063± 0.0015 A0,µ
FB 0.0169± 0.0013

B(W ! ⌧⌫) 0.1138± 0.002 A0,⌧
FB 0.0188± 0.0017

R(⌧/µ) 0.992± 0.013 R0
b 0.21629± 0.00066

Ae (SLD) 0.1516± 0.0021 R0
c 0.1721± 0.0030

Aµ (SLD) 0.142± 0.015 A0,b
FB 0.0996± 0.0016

A⌧ (SLD) 0.136± 0.015 A0,c
FB 0.0707± 0.0035

Ae (LEP) 0.1498± 0.0049 Ab 0.923± 0.020
A⌧ (LEP) 0.1439± 0.0043 Ac 0.670± 0.027
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flavor non-universal NP

ATLAS
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R(⌧/µ) =
B(W ! ⌧⌫)

B(W ! µ⌫)

ATLAS, 2007.14040

Bernreuther, 1611.07942

massive O(αs2) 

corrections to AFB0,b
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Fit results
✦ Positive shift in MW leads to positive (negative) shift in Cll (Cφl(3)).  
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�
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Flavor non-universal cases
✦ Either (Cφl(3))11 or (Cφl(3))22 is switched on: 

✦ Simultaneous fit of (Cφl(3))11 and (Cφl(3))22:

�
C(3)

�`

�
11

< 0

�
C(3)

�`

�
22

< 0
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Pulls

SM
C`` C(3)

�`

1221 11 22 univ 11, 22
IC 86 65 65 64 54 58

↵s(M2
Z) �0.1 0.1 0.5 0.2 0.5 0.5

�↵(5)
had(M

2
Z) 0.9 0.2 0.4 0.2 0.0 0.1

mt �1.1 �0.5 �0.7 �0.6 �0.4 �0.4
mh 0.0 0.0 0.0 0.0 0.0 0.0
MW 4.6 2.9 2.9 3.0 2.1 2.2

�thMW �2.0 �1.3 �1.3 �1.3 �1.0 �1.0
�W �0.1 �0.2 �0.2 �0.2 �0.2 �0.2

B(W ! e⌫) �0.8 �0.8 �0.7 �0.8 �0.7 �0.7
B(W ! µ⌫) �1.4 �1.4 �1.4 �1.2 �1.3 �1.3
B(W ! ⌧⌫) 2.6 2.6 2.6 2.6 2.6 2.5

R(⌧/µ) �0.6 �0.6 �0.6 �0.8 �0.6 �0.8
Ae (SLD) 2.0 0.4 1.7 0.5 0.6 0.7
Aµ (SLD) �0.4 �0.6 �0.6 �0.4 �0.5 �0.5
A⌧ (SLD) �0.8 �1.0 �1.0 �1.0 �0.9 �1.1
Ae (LEP) 0.5 �0.2 0.4 �0.1 �0.1 �0.1
A⌧ (LEP) �0.8 �1.5 �1.5 �1.5 �1.5 �1.8

MZ �1.2 �0.4 �0.7 �0.5 �0.3 �0.3
�Z 0.4 �1.4 �0.9 �1.0 �1.4 �1.5
�0
h �0.2 �0.3 2.2 �1.0 0.8 1.0

R0
e 1.4 1.3 0.2 1.3 0.4 0.5

R0
µ 1.5 1.3 1.4 �0.3 0.0 0.1

R0
⌧ �0.3 �0.5 �0.4 �0.4 �1.4 �0.5

A0,e
FB �0.7 �1.0 �0.8 �1.0 �1.0 �1.0

A0,µ
FB 0.5 �0.1 0.1 0.2 �0.0 0.0

A0,⌧
FB 1.5 1.0 1.2 1.1 1.1 1.0
R0

b 0.6 0.6 0.6 0.6 0.6 0.6
R0

c �0.0 �0.0 �0.0 �0.0 �0.0 �0.0
A0,b

FB �2.3 �3.5 �2.6 �3.5 �3.5 �3.4
A0,c

FB �0.9 �1.4 �1.0 �1.4 �1.4 �1.3
Ab �0.6 �0.6 �0.6 �0.6 �0.6 �0.6
Ac 0.1 0.0 0.0 0.0 �0.0 0.0
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SM
C`` C(3)

�`

1221 11 22 univ 11, 22
IC 86 65 65 64 54 58

↵s(M2
Z) �0.1 0.1 0.5 0.2 0.5 0.5

�↵(5)
had(M

2
Z) 0.9 0.2 0.4 0.2 0.0 0.1

mt �1.1 �0.5 �0.7 �0.6 �0.4 �0.4
mh 0.0 0.0 0.0 0.0 0.0 0.0
MW 4.6 2.9 2.9 3.0 2.1 2.2

�thMW �2.0 �1.3 �1.3 �1.3 �1.0 �1.0
�W �0.1 �0.2 �0.2 �0.2 �0.2 �0.2

B(W ! e⌫) �0.8 �0.8 �0.7 �0.8 �0.7 �0.7
B(W ! µ⌫) �1.4 �1.4 �1.4 �1.2 �1.3 �1.3
B(W ! ⌧⌫) 2.6 2.6 2.6 2.6 2.6 2.5

R(⌧/µ) �0.6 �0.6 �0.6 �0.8 �0.6 �0.8
Ae (SLD) 2.0 0.4 1.7 0.5 0.6 0.7
Aµ (SLD) �0.4 �0.6 �0.6 �0.4 �0.5 �0.5
A⌧ (SLD) �0.8 �1.0 �1.0 �1.0 �0.9 �1.1
Ae (LEP) 0.5 �0.2 0.4 �0.1 �0.1 �0.1
A⌧ (LEP) �0.8 �1.5 �1.5 �1.5 �1.5 �1.8

MZ �1.2 �0.4 �0.7 �0.5 �0.3 �0.3
�Z 0.4 �1.4 �0.9 �1.0 �1.4 �1.5
�0
h �0.2 �0.3 2.2 �1.0 0.8 1.0

R0
e 1.4 1.3 0.2 1.3 0.4 0.5

R0
µ 1.5 1.3 1.4 �0.3 0.0 0.1

R0
⌧ �0.3 �0.5 �0.4 �0.4 �1.4 �0.5

A0,e
FB �0.7 �1.0 �0.8 �1.0 �1.0 �1.0

A0,µ
FB 0.5 �0.1 0.1 0.2 �0.0 0.0

A0,⌧
FB 1.5 1.0 1.2 1.1 1.1 1.0
R0

b 0.6 0.6 0.6 0.6 0.6 0.6
R0

c �0.0 �0.0 �0.0 �0.0 �0.0 �0.0
A0,b

FB �2.3 �3.5 �2.6 �3.5 �3.5 �3.4
A0,c

FB �0.9 �1.4 �1.0 �1.4 �1.4 �1.3
Ab �0.6 �0.6 �0.6 �0.6 �0.6 �0.6
Ac 0.1 0.0 0.0 0.0 �0.0 0.0
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✦ Pulls for MW & Ae(SLD) are relaxed, but that for AFB0,b is worsened. 

✦ Overall quality of fit can be evaluated with Information Criterion (IC): 

IC = �2 lnL+ 4�2
lnL, lnL, �2

lnL : mean and variance of the posterior log-likelihood distribution.
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c.f., IC = 40 for C�D(= T param.)
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New physics interpretation
✦ We consider single-field extensions of SM: 

S1 ⌅1 E ⌃1 B W
Spin 0 0 1/2 1/2 1 1

(SU(3)c, SU(2)L)U(1)Y (1, 1)1 (1, 3)1 (1, 1)�1 (1, 3)�1 (1, 1)0 (1, 3)0
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Y = Q� T 03
L
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✦ These fields can have couplings with left-handed leptons.

✦ Singlet scalar (1,1)0 and triplet lepton (1,3)0 are not considered, since 

the are likely to generate too large neutrino masses by seesaw 
mechanisms.   


✦ Cll and/or Cφl(3) are generated at tree level. 
S1 ⌅1 E ⌃1 B W

C`` X X — — X X
C(3)

�` — — X X — —
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E, ⌃1
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B, W
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Scalar extension
✦ S1 and Ξ1 have Yukawa interactions with left-handed leptons: 

�Lint = (yS1)ijS
†
1

�
¯̀
ii�

2`cj
�
+ (y⌅1)ij⌅

a†
1

�
¯̀
i�

ai�2`cj
�
+ h.c.
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✦ yS1 and yΞ1 are anti-symmetric and symmetric in flavor space, 
respectively.  


✦ We neglect Ξ1-H-H coupling, since they are generically independent of 
the above Yukawa interactions and irrelevant to δGF. 


✦ S1 and Ξ1 contribute to (Cll)1221 negatively and positively, respectively.


✦ Ξ1 can be a source of CDF anomaly. 

(C``)1221 = �
��(yS1)12

��2

M2
S1

+

��(y⌅1)12
��2

M2
⌅1
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0 0
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Vector extension
✦ B and W have following interactions with left-handed leptons: 

✦ We do not assume any mechanism to generate vector-boson masses 
or any UV realization of the model. 


✦ We don’t consider interactions of B and W with other SM fields, since 
they are irrelevant to δGF. 


✦ W can give positive contribution to (Cll)1221:


✦ W can be a source of CDF anomaly. 

(C``)1221 = �
��(gB)12

��2

2M2
B

� (gW)11(gW)22
4M2

W
+

��(gW)12
��2

8M2
W
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Fermion extension

✦ E can be a source of CDF anomaly.

✦ E and Σ1 have Yukawa interactions with left-handed leptons: 
�Lint = (�E)i ĒR �†`i +

1

2
(�⌃1)i ⌃̄

a
1R �†�a`i + h.c.
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✦ They are assumed to have vector-like masses (                 ). 

✦ Operators Oeφ and Oφl(1) are generated in addition to Oφl(3): 
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✦ Cφl(1) and Cφl(3) contribute to EW precision observables.

✦ EW precision fits give constraints on λE for ME=1 TeV:   

✦ Ceφ affects signal strengths of Higgs decays (h→ei+ej-), but they are 
much weaker than experimental sensitivities. 


✦ Muon g-2 anomaly can be explained by introducing extra lepton, 
Δ1~(1,2)-1/2 or Δ3~(1,2)-3/2, in addition to E.  

��(�E)1
�� <

��(�E)2
��
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NP scale
✦ scalar Ξ1=(1,3)1

M⌅1 ⇠ 6� 7 TeV for
��(y⌅1)12

�� ⇠ 1
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✦ vector W=(1,3)0 

MW ⇠ 2� 4 TeV for GW ,
��(gW)12
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<latexit sha1_base64="rZ5BoSYvs8d9M0IfMxIn4CZpzVU="></latexit>

c.f. Bound from muonium-antimuonium oscillation is much weaker. 

✦ fermion E=(1,1)-1
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Summary
✦ New CDF measurement of MW disagrees with SM predictions as 

well as previous measurements. 


✦ CDF anomaly can be explained well by non-zero T parameter. 


✦ We studied non-oblique NP scenarios that affect Fermi constant GF. 


✦ CDF anomaly corresponds to positive (negative) shift in Cll (Cφl(3)).  


✦ Ξ1, E and W at multi-TeV scale can relax the anomaly. 
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