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• The Standard Model is the most successful theory we have in particle physics: 

To a large extent this is known thanks to the Electroweak Precision Tests 
(Comparison of SM with the so-called Electroweak Precision Observables)

• Electroweak Precision Observables (EWPO)

• Traditionally EWPO refers to a set of observables that, interpreted 
within the SM, allows the determination of the Z & W properties

• Their measurements, mostly from LEP/SLD but also Tevatron/LHC, are 
some of the most precise we have, in many cases at per mile level 

• Enough to test the quantum structure of the SM to the 2-loop level!

• The importance of precision:  The more we have, the farther we can go in 
testing the limits of the Standard Model ⟹ Indirect search of New Physics

Separate SM vs NP: Precision means both experimental and theoretical!
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Figure 1.9: Higher-order corrections to the gauge boson propagators due to boson and fermion
loops.

These tree-level quantities are modified by radiative corrections to the propagators and vertices
such as those shown in Figures 1.9 and 1.10. When these corrections are renormalized in the
“on-shell” scheme [26], which we adopt here, the form of Equation 1.5 is maintained, and taken
to define the on-shell electroweak mixing angle, θW, to all orders, in terms of the vector boson
pole masses:

ρ0 =
m2

W

m2
Z cos2 θW

. (1.10)

In the following, ρ0 = 1 is assumed.
The bulk of the electroweak corrections [25] to the couplings at the Z-pole is absorbed into

complex form factors, Rf for the overall scale and Kf for the on-shell electroweak mixing angle,
resulting in complex effective couplings:

GVf =
√

Rf (T f
3 − 2QfKf sin2 θW) (1.11)

GAf =
√

Rf T f
3 . (1.12)

In terms of the real parts of the complex form factors,

ρf ≡ #(Rf) = 1 + ∆ρse + ∆ρf (1.13)

κf ≡ #(Kf) = 1 + ∆κse + ∆κf , (1.14)

the effective electroweak mixing angle and the real effective couplings are defined as:

sin2 θf
eff ≡ κf sin2 θW (1.15)

gVf ≡ √
ρf (T f

3 − 2Qf sin2 θf
eff) (1.16)

gAf ≡
√
ρf T f

3 , (1.17)
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• The Standard Model is the most successful theory we have in particle physics: 

To a large extent this is known thanks to the comparison with the so-called 
Electroweak Precision Observables (Electroweak Precision Tests)

• Electroweak Precision Observables (EWPO)

• Traditionally EWPO refers to a set of observables that, interpreted 
within the SM, allows the determination of the Z & W properties

• Their measurements, mostly from LEP/SLD but also Tevatron/LHC, are 
some of the most precise we have, in many cases at per mile level 

• Enough to test the quantum structure of the SM to the 2-loop level!

• Why the need of more precision? The more precision we have, the farther we 
can go in testing the limits of the model ⟹ Indirect search of New Physics

Precision means both experimental and theoretical!
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2012: All SM parameters are known
EWPO even more relevant after the Higgs discovery in the search of new physics  

Agreement/deviation with/wrt SM predictions gives information  
(constraints/evidence) about new physics 
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Result Correlation Matrix

dg
b

R
0.016±0.006 1.00

dg
b

L
0.002±0.001 0.90 1.00

Table 4: Results of the fit for the shifts in the left-
handed and right-handed Zbb̄ couplings.

Result Correlation Matrix
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b

V
0.018±0.007 1.00

dg
b

A
�0.013±0.005 �0.98 1.00

Table 5: Results of the fit for the shifts in the vector
and axial-vector Zbb̄ couplings.
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Figure 3: (Left) 1D probability distribution for kV derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (k f ) and vector bosons (kV ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to kV at future collid-
ers. Different shades of the same colour correspond to results including or neglecting the future theoretical
uncertainties.

We also find a preference for kV > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of kV < 1, unless extra contributions to the
oblique parameters are present. It is noteworthy that, as can be seen in the central panel of Fig. 3,
the EWPO constraints still dominate the LHC run 1 bounds from Higgs signal strengths [1].

Finally, we consider the general parametrization of NP effects using the SM effective field
theory up to dimension 6. Assuming that the fields and symmetries of nature at energies below
a given cutoff L are those of the SM, the most general Lorentz and SM gauge invariant theory
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EW precision measurements as complement to high-energy collider searches 
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Figure 1.1: Feynman diagrams exemplifying loop corrections to the W boson propagator and the Z ! bb̄ vertex.

the tree level relations,

sin2✓W ⌘
g
02

g2 + g02
= 1�

g
2

g2 + g02
= 1�

M
2
W

M
2
Z

, (1.4)

where the W boson mass is in turn related to GF and the fine-structure constant ↵ via

MW =
1

2
gv =

r
↵⇡

p
2GF sin2✓W

=
MZ
p
2

vuut1 +

s

1�

p
8⇡↵

GFM
2
Z

. (1.5)

Equation (1.4) has been used in the last step and subsequently solved for MW .
Inserting the measured values of MZ , GF and ↵ into Equation (1.5), a value of MW ⇡ 80.94 GeV is

predicted. Comparison with the current experimental world average, MW ⇡ 80.38 GeV, reveals a significant
discrepancy, which is due to higher order electroweak and QCD corrections to the tree level relations. As
examples of higher-loop Feynman diagrams we show loop corrections to the W boson self-energy and similar
correction to the Z ! bb̄ vertex in Figure 1.1.

The electroweak corrections can be absorbed into the quantity �r [8] describing the electroweak radiative
corrections [9] to µ decay [10], as well as into form factors [11] ⇢

f

Z
, modifying the vector and axial-vector

couplings of fermion f to the Z boson, and 
f

Z
, modifying the additional corrections to the vector coupling,

M
2
W =

M
2
Z

2

0

@1 +

s

1�

p
8⇡↵(1 +�r)

GFM
2
Z

1

A , (1.6)

sin2✓fe↵ = 
f

Z
sin2✓W , (1.7)

g
f

V
=

q
⇢
f

Z

⇣
I
f

3 � 2Qf sin2✓fe↵

⌘
, (1.8)

g
f

A
=

q
⇢
f

Z
I
f

3 , (1.9)

where Q
f and I

f

3 denote the electric charge and the third component of isospin, respectively. In general, the
form factors are momentum dependent quantities and except at the Z resonance they are gauge dependent.
For the following discussion of the effective mixing angle, the Z boson mass scale, MZ , is chosen. If not stated
otherwise, sin2✓W will from now on refer to the on-shell definition of the weak mixing angle, i.e. the last form
in Equation (1.4) is defined to hold to all orders in perturbation theory.

The one-loop radiative corrections depend logarithmic on MH , and their dependence on the quark masses
is dominated by quadratic terms in the mass of the heaviest SM particle, i.e., the top quark mass mt. Hence,
precise measurements of all observables of the electroweak sector plus the heavy quark masses and ↵s, allow
for tests of the consistency of the SM, and are therefore best analyzed in a global context.

Global electroweak analyses and fits have a long history in particle physics and were pioneered by Paul
Langacker and collaborators [12, 13], as well as other group [14], starting already before the discovery of
the W [15, 16] and Z [17, 18] bosons by the UA1 and UA2 experiments. The Z boson factories, LEP and
SLC [19], produced high-precision measurements of MZ and sin2✓le↵ and of many other observables. Including
these, the global analyses at the time [19, 20, 21, 22] successfully predicted mt in the range between 140 and
190 GeV before the top quark discovery by the CDF [23] and DØ [24] detectors at the Tevatron Collider in
1995. There were even first hints [22] — albeit statistically weak — at a relatively light Higgs with a mass of

3
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• Z pole observables: mainly coming from the LEP/SLC era
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3 E↵ective Lagrangian description of New Physics:

Equations
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1
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4 New Particles

3

0.002-O(1)%

LEP and SLD Collaborations, 
arXiv: 0509008 [hep-ex]
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.
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Electroweak precision observables: Z-pole

Z-pole obs.
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• Z pole observables: mainly coming from the LEP/SLC era

• Recently revisited using updated (more accurate) prediction of Bhabha process:
✓ New corrections decrease the Bhabha cross section by 0.048% 

(uncertainty 0.037%)
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.
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outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.
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Results depend on measuring precisely the integrated luminosity (L)
 Obtained via low-angle Bhabha scattering (known to 0.061% during LEP era)

P. Janot, S. Jadach, Phys.Lett.B 803 (2020) 135319

Electroweak precision observables: Z-pole

Z-pole obs.
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• Z pole observables: mainly coming from the LEP/SLC era

• Recently revisited using updated (more accurate) prediction of Bhabha process:
✓ New corrections decrease the Bhabha cross section by 0.048% 

(uncertainty 0.037%)
➡ Increase the measured luminosity ➡︎ Decrease measured value for the 

on-peak hadronic cross section (Z width also slightly modified)

MZ, �Z, �0
had, sin

2 ✓lept
E↵ , P pol

⌧
, Af , A0,f

FB
, R0

f

Low Energy observables:

Parity Violation: QW (
133
55 Cs, 205

81 Tl), QW (e)(Møller)

⌫ scatt. : gV,A(⌫µe), g2
L,R

(⌫µN)

CKM unitarity :
P

i
|Vui|2

LEP 2 data:

�(e+e� ! `+`�, had), A`
+
`
�

FB
, d�

e+e�!e+e�

d cos ✓

Higgs signal strengths:

H ! ��, ZZ, W+W�, bb̄, ⌧+⌧�

LHC Drell-Yan
�(pp ! `+`�)

3 E↵ective Lagrangian description of New Physics:

Equations

LE↵ =
P1

d=4
1

⇤d�4Ld = LSM +
1
⇤
L5 +

1
⇤2L6 + · · · (2)

Ld =
P

i
↵d

i
Od

i
(3)

⇥
Od

i

⇤
= d (4)

E ⌧ ⇤ (5)

4 New Particles

3

0.002-O(1)%

Ecm [GeV]

σ
ha

d [
nb
]

σ from fit
QED corrected

measurements (error bars
increased by factor 10)

ALEPH
DELPHI
L3
OPAL

σ0

ΓZ

MZ

10

20

30

40

86 88 90 92 94

Ecm [GeV]

A
FB

(µ
)

AFB from fit

QED corrected
average  measurements

ALEPH
DELPHI
L3
OPAL

MZ

AFB
0

-0.4

-0.2

0

0.2

0.4

88 90 92 94

Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
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define the Z parameters described in the text.
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Results depend on measuring precisely the integrated luminosity
 Obtained via low-angle Bhabha scattering (known to 0.061% during LEP era)

P. Janot, S. Jadach, Phys.Lett.B 803 (2020) 135319
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Electroweak precision observables: Z-pole
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• Z pole observables: Heavy flavor measurements from LEP/SLC

• AFBb also revisited recently, including:

✓ Reassessment of QCD uncertainties using modern Parton showers (Pythia 8)

✓ NNLO (2-loop) massive b-quark corrections

✓ New corrections tend to reduce the discrepancy with the SM
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Electroweak precision observables: Z-pole

Since the energy dependence of the asymmetries is described by the SM prediction, in
a second fit all asymmetries are corrected to the peak energy before fitting, resulting in 14
free parameters. The results of this fit are shown in Table 5.10. The χ2/dof of the fit is
53/(105− 14). The corresponding correlation matrix is given in Table 5.11. Note that here the
values of Aqq

FB(pk) actually found in the fit have already been corrected to pole asymmetries,
as described in Section 5.7.3.6 If the off-peak asymmetries are included in the fit the pole
asymmetry A0, b

FB is about half a sigma below the values without these asymmetries. This is due
to the somewhat low b-asymmetry at 92.94 GeV.

Observable Result

R0
b 0.21629 ± 0.00066

R0
c 0.1721 ± 0.0030

A0, b
FB 0.0992 ± 0.0016

A0, c
FB 0.0707 ± 0.0035

Ab 0.923 ± 0.020
Ac 0.670 ± 0.027
B(b → "−) 0.1071 ± 0.0022

B(b → c → "+) 0.0801 ± 0.0018
B(c → "+) 0.0969 ± 0.0031

χ 0.1250 ± 0.0039
f(D+) 0.235 ± 0.016

f(Ds) 0.126 ± 0.026
f(cbaryon) 0.093 ± 0.022
P (c → D∗+→ π+D0) 0.1622 ± 0.0048

Table 5.10: The results of the 14-parameter fit to the LEP/SLD heavy flavour data. The
correlations are listed in Table 5.11.

In all cases, the fit χ2 is smaller than expected. As a cross check the fit has been repeated
using statistical errors only, resulting in consistent central values and a χ2/dof of 92/(105−14).
In this case a large contribution to the χ2 comes from B(b → "−) measurements, which is
sharply reduced when detector systematics are included. Subtracting the χ2 contribution from
B(b → "−) measurements one gets χ2/dof = 65/(99 − 13). This shows that the low χ2 largely
comes from a statistical fluctuation. In addition many systematic errors are estimated very
conservatively. Several error sources are evaluated by comparing test quantities between data
and simulation. The statistical errors of these tests are taken as systematic uncertainties but
no explicit correction is applied because of this test. Also in some cases fairly conservative
assumptions are used for the error evaluation. Especially for the b → "− model only fairly old
publications exist where the central spectrum describes the data well, but the two alternatives
that are used for the error evaluation are no longer really compatible with the data. However
it should be noted that especially for the quark forward backward asymmetries the systematic
errors are much smaller than the statistical ones so that a possible overestimate of these errors
cannot hide disagreements with other electroweak measurements.

6To correct the peak asymmetries to the pole asymmetries only a number with negligible additional uncer-
tainty is added, see Table 5.7. All errors and correlations thus remain unchanged.
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Rb Rc A0, b
FB A0, c

FB Ab Ac B(1) B(2) B(3) χ f(D+) f(Ds) f(cbar.) P

Rb 1.00

Rc −0.18 1.00

A0, b
FB −0.10 0.04 1.00

A0, c
FB 0.07 −0.06 0.15 1.00

Ab −0.08 0.04 0.06 −0.02 1.00
Ac 0.04 −0.06 0.01 0.04 0.11 1.00

B(1) −0.08 0.05 −0.01 0.18 −0.02 0.02 1.00
B(2) −0.03 −0.01 −0.06 −0.23 0.02 −0.04 −0.24 1.00
B(3) 0.00 −0.30 0.00 −0.21 0.03 −0.02 0.01 0.10 1.00

χ 0.00 0.02 0.11 0.08 0.06 0.00 0.29 −0.23 0.16 1.00
f(D+) −0.15 −0.10 0.01 −0.04 0.00 0.00 0.04 0.02 0.00 0.02 1.00

f(Ds) −0.03 0.13 0.00 −0.02 0.00 0.00 0.01 0.00 −0.01 −0.01 −0.40 1.00
f(cbar.) 0.11 0.18 −0.01 0.04 0.00 0.00 −0.02 −0.01 −0.02 0.00 −0.24 −0.49 1.00

P 0.13 −0.43 −0.02 0.04 −0.02 0.02 −0.01 0.01 0.13 0.00 0.08 −0.06 −0.14 1.00

Table 5.11: The correlation matrix for the set of the 14 heavy flavour parameters. B(1), B(2) and B(3) denote B(b → "−),
B(b → c → "+) and B(c → "+) respectively, P denotes P (c → D∗+→ π+D0).
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Figure 10: Values of sin2 q`eff measured with the AFB and A4 fits, for seven alternative PDF sets,
combining the four detection channels and using the full Run 2 data sample. The orange line
and the yellow band correspond to the default result, obtained with the CT18Z PDFs. The green
open squares show the results obtained without profiling the corresponding PDF uncertainties.
For the AFB-based result, the violet error band represents the PDF uncertainty while the black
error bar represents the total uncertainty.
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Figure 11: Comparison of the sin2 q`eff values measured in this analysis with previous measure-
ments and the SM prediction.

the CT18Z set of parton densities, the result is

sin2 q`eff = 0.23157 ± 0.00010 (stat) ± 0.00015 (syst) ± 0.00009 (theo) ± 0.00027(PDF).

The total uncertainty, dominated by the PDF term, is 0.00031, accounting for correlated uncer-
tainties; it varies between 0.00024 and 0.00035, depending on the PDF set used. For the central
values of the CT18Z set, the combined statistical and experimental systematic uncertainty is
0.00014. The measured sin2 q`eff value is in good agreement with the standard model predic-
tion, 0.23155 ± 0.00004, and is the most precise among the hadron-collider measurements. The
precision is comparable to that of the two most precise measurements performed in e+e� col-
lisions at LEP and SLD, with respective uncertainties of 0.00026 and 0.00029. We have also
measured the A4 coefficient differentially, as a function of the dilepton’s mass and rapidity, a
result that can be used in combination with other LHC measurements and in improvements of
the sin2 q`eff measurement with future PDF sets.
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• Effective weak mixing angle at hadron colliders:
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and µ+µ- final states, with invariant dilepton masses around MZ

0.07% Precision

Jorge de Blas - U. of Granada Present and Future of Electroweak Precision Tests 
September 17, 2024 9



Electroweak precision observables: Z-pole

18

0.23 0.231 0.232 0.233
l
effθ2sin

 CT18ZFBA
 (no-prof)FBA
 (pdf)FBA

4A

NNPDF31  
NNPDF40  

MSHT20  
CT18  

CT18Z  
CT18A  
CT18X  CMS

Preliminary

Figure 10: Values of sin2 q`eff measured with the AFB and A4 fits, for seven alternative PDF sets,
combining the four detection channels and using the full Run 2 data sample. The orange line
and the yellow band correspond to the default result, obtained with the CT18Z PDFs. The green
open squares show the results obtained without profiling the corresponding PDF uncertainties.
For the AFB-based result, the violet error band represents the PDF uncertainty while the black
error bar represents the total uncertainty.
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Figure 11: Comparison of the sin2 q`eff values measured in this analysis with previous measure-
ments and the SM prediction.

the CT18Z set of parton densities, the result is

sin2 q`eff = 0.23157 ± 0.00010 (stat) ± 0.00015 (syst) ± 0.00009 (theo) ± 0.00027(PDF).

The total uncertainty, dominated by the PDF term, is 0.00031, accounting for correlated uncer-
tainties; it varies between 0.00024 and 0.00035, depending on the PDF set used. For the central
values of the CT18Z set, the combined statistical and experimental systematic uncertainty is
0.00014. The measured sin2 q`eff value is in good agreement with the standard model predic-
tion, 0.23155 ± 0.00004, and is the most precise among the hadron-collider measurements. The
precision is comparable to that of the two most precise measurements performed in e+e� col-
lisions at LEP and SLD, with respective uncertainties of 0.00026 and 0.00029. We have also
measured the A4 coefficient differentially, as a function of the dilepton’s mass and rapidity, a
result that can be used in combination with other LHC measurements and in improvements of
the sin2 q`eff measurement with future PDF sets.
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• Effective weak mixing angle at hadron colliders:
✓ LEP/SLC determination from fermion asymmetries Af/AFBf:

✓ Hadron colliders can measure same quantity via AFB in Drell-Yan for e+e- 
and µ+µ- final states, with invariant dilepton masses around MZ

0.07% Precision
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Electroweak precision observables: W properties

2024 PDG Combination:

See also S. Amoroso et al., arXiv: 2308.09417 [hep-ex]

Table 4: Uncertainty components for the ?
✓

T, <T and combined <, measurements using the CT18 PDF set. The first
columns give the total, statistical and overall systematic uncertainty in the measurements. The following columns
show the contributions of modelling and experimental systematic uncertainties, grouped into categories.

Unc. [MeV ] Total Stat. Syst. PDF �8 Backg. EW 4 ` DT Lumi �, PS

?
✓

T 16.2 11.1 11.8 4.9 3.5 1.7 5.6 5.9 5.4 0.9 1.1 0.1 1.5
<T 24.4 11.4 21.6 11.7 4.7 4.1 4.9 6.7 6.0 11.4 2.5 0.2 7.0
Combined 15.9 9.8 12.5 5.7 3.7 2.0 5.4 6.0 5.4 2.3 1.3 0.1 2.3

80200 80300 80400
 [MeV]Wm

 measurementsWmOverview of 

LE
P

Te
va

tro
n

LH
C

LEP Combination
Phys. Rep. 532 (2013) 119  

 33 MeV± = 80376 Wm

D0 (Run 2)
Phys. Rev. Lett. 108 (2012) 151804

 23 MeV± = 80375 Wm

CDF (Run 2)
Science 376 (2022) 6589

 9 MeV± = 80434 Wm

LHCb 2021
JHEP 01 (2022) 036

 32 MeV± = 80354 Wm

ATLAS 2017
Eur. Phys. J. C 78 (2018) 110 

 19 MeV± = 80370 Wm

ATLAS 2024
This work

 16 MeV± = 80367 Wm

Measurement
Stat. Unc.
Total Unc.
SM Prediction

ATLAS
-1 = 7 TeV, 4.6 fbs

(a)

165 170 175 180 185
 [GeV]tm

80.25

80.3

80.35

80.4

80.45

80.5

 [G
eV

]
W

m

ATLAS  15.9 MeV± = 80366.5 Wm
 0.33 GeV± = 172.52 tm
 0.11 GeV± = 125.11 Hm

tm and Wm68/95% CL of 

68/95% CL of Electroweak
tm and Wm Fit w/o 

 (Eur. Phys. J. C 74 (2014) 3046)

(b)

Figure 10: (a) Present measured value of <, , compared to SM prediction from the global electroweak fit [6], and to
the measurements of LEP [10], Tevatron [18, 19] and the LHC [12, 13]. (b) The 68% and 95% confidence level
contours of the <, and <C indirect determinations from the global electroweak fit [7], compared to the 68% and
95% confidence-level contours of the present ATLAS measurement of <, , the ATLAS measurement of <� [61]
and the LHC measurement of <C [60].

Standard Model electroweak fit are shown in Figure 10(b), and are compared to the present measurement
of <, and to the combined value of the LHC top-quark mass determinations at 7 and 8 TeV [60].

7 Measurement of the ]-boson width

7.1 Overview

The ?
✓

T and <T distributions are not only sensitive to <, but also to �, , as shown in Figure 1. In particular,
the high tails of the ?

✓

T and <T distributions are sensitive to changes of �, . The fit to the <T distribution
is expected to be more sensitive, because events with high <T are more likely to come from the tail of
the ,-boson Breit–Wigner distribution than events with high ?

✓

T. The measurement of �, relies on the
same statistical framework, the same calibration, and the same distributions as the previously presented
measurement of <, . However, �, is left free in the fit, while the ,-boson mass is treated as NP and
set to its SM expectation within the global electroweak fit, <SM

,
= 80355 ± 6 MeV [6]. The templates are

generated with different values of �, , centred around the reference value used in the Monte Carlo signal
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Figure 15: (a) Present measurement of �, , compared to the SM prediction from the global electroweak fit [6], and
to the measurements of LEP [10] and Tevatron [64]. (b) 68% and 95% CL uncertainty contours for the simultaneous
determination of <, and �, using the CT18 PDF set and combining results from the ?

✓

T and <T distributions. The
triangular marker represents the best fit, while the star corresponds to the SM prediction of Ref. [6].

�, = 2198 ± 49 MeV,

with a correlation of �30% that reflects the negative slope of the dependencies reported in Sections 6.4
and 7.2. The 68% and 95% CL uncertainty contours are shown in Figure 15(b).

9 Conclusion

This paper reports on a first measurement of the ,-boson width at the LHC as well as the reanalysis
of the data used in the published ,-boson mass measurement, using an improved fitting technique and
updated parton distribution functions. Both measurements are based on proton–proton collision data
at a centre-of-mass energy of

p
B = 7 TeV recorded by the ATLAS detector at the LHC in 2011, and

corresponding to an integrated luminosity of 4.6 fb�1 and 4.1 fb�1 in the electron and muon channels,
respectively.

The measurements of <, using the ?
✓

T and <T distributions are found to be consistent and their combination
yields

<, = 80366.5 ± 9.8 (stat.) ± 12.5 (syst.) MeV = 80366.5 ± 15.9 MeV.

The present result is compatible with and supersedes the previous measurement of <, at ATLAS using
the same data. No significant deviation from the SM expectation is observed. The PDF dependence of the
<, result is driven by the pre-fit PDF uncertainties, and is strongly reduced when allowing for enlarged
uncertainties. The final results are obtained using the CT18 PDF set, which is the most conservative PDF
set for these measurements and compatible with the fits using enlarged PDF uncertainties of other sets.
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~4 σ tension with other measurements
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W obs. (LEP2/Hadron Coll.)
0.02-O(1)%

Model Pred. Ab,0
FB Pull Pred. Ab,0

FB Pull
standard average conservative average

SM 0.10337± 0.00032 �2.3 � 0.10325± 0.00034 �2.2 �

Table 3: Predictions and pulls for MW in the SM, in the oblique NP models and in the SMEFT,
using the standard and conservative averaging scenarios. The predictions are obtained without
using the experimental information on MW . See text for more details.
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• Experimental measurements of MW and ΓW:

See also Lidia Dell’Asta’s talk yesterday

To be updated with  
CMS results in ~1h



Electroweak precision observables: W properties

• Experimental measurements of W Branching ratios: LEP2 vs CMS

19

Table 4: Values of the W boson decay branching fractions measured here compared with the
corresponding LEP measurements [8, 9]. The lower rows list the average leptonic and inclu-
sive hadronic W branching fractions derived assuming LFU. The first and second uncertainties
quoted for each branching fraction correspond to statistical and systematic sources, respec-
tively.

CMS LEP
B(W ! ene) (10.83 ± 0.01 ± 0.10)% (10.71 ± 0.14 ± 0.07) %
B(W ! µnµ) (10.94 ± 0.01 ± 0.08)% (10.63 ± 0.13 ± 0.07) %
B(W ! tnt ) (10.77 ± 0.05 ± 0.21)% (11.38 ± 0.17 ± 0.11) %
B(W ! qq 0) (67.46 ± 0.04 ± 0.28)% —

Assuming LFU

B(W ! `n) (10.89 ± 0.01 ± 0.08)% (10.86 ± 0.06 ± 0.09)%
B(W ! qq 0) (67.32 ± 0.02 ± 0.23)% (67.41 ± 0.18 ± 0.20)%

Figure 6: Summary of the measured values of the W leptonic branching fractions compared
with the corresponding LEP results [8, 9]. The vertical green-yellow band shows the extracted
W leptonic branching fraction assuming LFU (the hatched band shows the corresponding LEP
result). The horizontal error bars on the data points indicate their total uncertainty.

21

can be compared between each other as well as with the SM expectation, as shown in Fig. 9.
Table 5 lists the ratios obtained as described above, compared with those measured at LEP,
LHC, and Tevatron. The ATLAS Rt/µ extraction [13] has a smaller uncertainty than that of
CMS because it benefits, in part, from a four times larger pp data sample analyzed. Within the
current uncertainties, all CMS ratios are consistent with the LFU hypothesis given by R`/`0 ⇡ 1.

Figure 9: Two-dimensional distribution of the ratio Rt/e versus Rt/µ , compared with the corre-
sponding LEP [8, 9] and ATLAS [13] results and with the SM expectation. The green and yellow
bands (dashed lines for the LEP results) correspond to the 68% and 95% CL, respectively, for the
resulting two-dimensional Gaussian distribution. The corresponding 68% CL one-dimensional
projections (black error bars) are also overlaid for a better visual comparison with the ATLAS
Rt/µ result.

Table 5: Ratios of different leptonic branching fractions, Rµ/e = B(W ! µnµ)/B(W ! ene),
Rt/e = B(W ! tnt )/B(W ! ene), and Rt/µ = B(W ! tnt )/B(W ! µnµ), measured here
compared with the values obtained by other LEP [8], LHC [13, 16, 17], and Tevatron [14, 15]
experiments.

CMS LEP ATLAS LHCb CDF D0
Rµ/e 1.009 ± 0.009 0.993 ± 0.019 1.003 ± 0.010 0.980 ± 0.012 0.991 ± 0.012 0.886 ± 0.121
Rt/e 0.994 ± 0.021 1.063 ± 0.027 — — — —
Rt/µ 0.985 ± 0.020 1.070 ± 0.026 0.992 ± 0.013 — — —
Rt/` 1.002 ± 0.019 1.066 ± 0.025 — — — —

CMS collaboration, arXiv: 2201.07861 [hep-ex] 

0.7-2% Precision

CMS not only more precise than LEP2 but 
also no sign of tension in τ channel

Similar systematics but CMS 3-10 times more precise statistically → 1.5 x better for e/μ, similar for τ
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• Standard Model inputs:  α scheme  

• Fermi constant (GF) and α(0) known with much higher precision than any 
EWPO such that their uncertainty can be neglected in EW precision tests.
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LaTeX materials for the lecture on EW precision test at
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• Standard Model inputs:  α scheme  

• Fermi constant (GF) and α(0) known with much higher precision than any 
EWPO such that their uncertainty can be neglected in EW precision tests.
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• State-of-the-art of SM theory calculations of EWPO:
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Electroweak precision tests Ayres Freitas

MW GZ s0
had Rb sin2 q `

eff
Exp. error 15 MeV 2.3 MeV 37 pb 6.6⇥10�4 1.6⇥10�4

Theory error 4 MeV 0.5 MeV 6 pb 1.5⇥10�4 0.5⇥10�4

Table 1: Current experimental errors and theory uncertainties for the SM prediction of some of the most
important electroweak precision observables. Here Rb ⌘ G[Z ! bb̄]/G[Z ! hadrons].

2. Z-boson width at two loops

As a concrete example for the electroweak two-loop corrections to electroweak precision ob-
servables, this section will discuss the calculation of the O(Nf a2) contribution to the (partial)
Z-boson width(s). The total Z-width is defined through the imaginary part of the complex pole of
the Z-boson propagator,

s0 = M2
Z � iMZGZ. (2.1)

This definition leads to a Breit-Wigner function with constant width near the Z-pole, s µ
|s� s0|�2 = [(s�M2

Z)
2 +M2
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�1. Note that this differs from the Breit-Wigner function with
a running width used in the experimental analyses, so that one has to include a finite shift when
relating MZ and GZ to the reported measured values:

MZ = Mexp
Z �34.1 MeV, GZ = Gexp

Z �0.9 MeV. (2.2)

Expanding (2.1) up to next-to-next-to-leading order (NNLO) and using the power counting GZ ⇠
O(a)MZ, the result for GZ can be written as [8]1
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where SZ is the Z self-energy. Using the optical theorem, the imaginary part of the self-energy can
be related to the decay process Z ! f f̄ , resulting in
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where N f
c = 3(1) for quarks (leptons). Here the functions R

f
V,A have been introduced, which capture

effects from final-state QED and QCD corrections. They are known up to O(a4
s ), O(aas) and

O(a2) in the limit of massless fermions, while mass corrections are known up to three-loop order
[10]. The electroweak corrections are contained in S0

Z and the effective Z f f̄ vector and axial-vector
couplings v f and a f . Note that v f and a f include contributions from photon-Z mixing. Eq. (2.4) is
accurate up to NNLO.

For the calculation of the fermionic electroweak O(a2) corrections, Feynman diagrams have
been generated with FeynArts 3.3 [11]. In addition to the diagrams for the Z ! f f̄ vertex cor-
rections, one also needs two-loop self-energy diagrams for the on-shell renormalization [12]. In
the on-shell renormalization scheme used here, particle masses are defined through the (complex)

1Here a term µ ImS00
Z has been omitted, since ImS00

Z = 0 at leading order for massless final-state fermions.
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Figure 1.12: Average over measurements of the hadronic cross-sections (top) and of the muon
forward-backward asymmetry (bottom) by the four experiments, as a function of centre-of-mass
energy. The full line represents the results of model-independent fits to the measurements, as
outlined in Section 1.5. Correcting for QED photonic effects yields the dashed curves, which
define the Z parameters described in the text.

33

21

can be compared between each other as well as with the SM expectation, as shown in Fig. 9.
Table 5 lists the ratios obtained as described above, compared with those measured at LEP,
LHC, and Tevatron. The ATLAS Rt/µ extraction [13] has a smaller uncertainty than that of
CMS because it benefits, in part, from a four times larger pp data sample analyzed. Within the
current uncertainties, all CMS ratios are consistent with the LFU hypothesis given by R`/`0 ⇡ 1.

Figure 9: Two-dimensional distribution of the ratio Rt/e versus Rt/µ , compared with the corre-
sponding LEP [8, 9] and ATLAS [13] results and with the SM expectation. The green and yellow
bands (dashed lines for the LEP results) correspond to the 68% and 95% CL, respectively, for the
resulting two-dimensional Gaussian distribution. The corresponding 68% CL one-dimensional
projections (black error bars) are also overlaid for a better visual comparison with the ATLAS
Rt/µ result.

Table 5: Ratios of different leptonic branching fractions, Rµ/e = B(W ! µnµ)/B(W ! ene),
Rt/e = B(W ! tnt )/B(W ! ene), and Rt/µ = B(W ! tnt )/B(W ! µnµ), measured here
compared with the values obtained by other LEP [8], LHC [13, 16, 17], and Tevatron [14, 15]
experiments.

CMS LEP ATLAS LHCb CDF D0
Rµ/e 1.009 ± 0.009 0.993 ± 0.019 1.003 ± 0.010 0.980 ± 0.012 0.991 ± 0.012 0.886 ± 0.121
Rt/e 0.994 ± 0.021 1.063 ± 0.027 — — — —
Rt/µ 0.985 ± 0.020 1.070 ± 0.026 0.992 ± 0.013 — — —
Rt/` 1.002 ± 0.019 1.066 ± 0.025 — — — —
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Figure 15: (a) Present measurement of �, , compared to the SM prediction from the global electroweak fit [6], and
to the measurements of LEP [10] and Tevatron [64]. (b) 68% and 95% CL uncertainty contours for the simultaneous
determination of <, and �, using the CT18 PDF set and combining results from the ?

✓

T and <T distributions. The
triangular marker represents the best fit, while the star corresponds to the SM prediction of Ref. [6].

�, = 2198 ± 49 MeV,

with a correlation of �30% that reflects the negative slope of the dependencies reported in Sections 6.4
and 7.2. The 68% and 95% CL uncertainty contours are shown in Figure 15(b).

9 Conclusion

This paper reports on a first measurement of the ,-boson width at the LHC as well as the reanalysis
of the data used in the published ,-boson mass measurement, using an improved fitting technique and
updated parton distribution functions. Both measurements are based on proton–proton collision data
at a centre-of-mass energy of

p
B = 7 TeV recorded by the ATLAS detector at the LHC in 2011, and

corresponding to an integrated luminosity of 4.6 fb�1 and 4.1 fb�1 in the electron and muon channels,
respectively.

The measurements of <, using the ?
✓

T and <T distributions are found to be consistent and their combination
yields

<, = 80366.5 ± 9.8 (stat.) ± 12.5 (syst.) MeV = 80366.5 ± 15.9 MeV.

The present result is compatible with and supersedes the previous measurement of <, at ATLAS using
the same data. No significant deviation from the SM expectation is observed. The PDF dependence of the
<, result is driven by the pre-fit PDF uncertainties, and is strongly reduced when allowing for enlarged
uncertainties. The final results are obtained using the CT18 PDF set, which is the most conservative PDF
set for these measurements and compatible with the fits using enlarged PDF uncertainties of other sets.
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Figure 1: Samples of Feynman integral topologies for the Zb̄b vertex.

• For 12 single-scale six-propagator integrals with two massive lines and s = M
2

Z
, results with

only few significant digits were achieved with sector decomposition: see Fig. 1 (b) with m1 =
m4 = MZ, (c) with m1 = m4 = MZ, (d) with m5 = m6 = MZ. The corresponding MB-
representations are at most 4-dimensional.

• For 26 planar integrals with zero threshold and s = M
2

Z
, the number of integration points

had to be increased up to several millions to reach a numerical accuracy of few digits with
sector decomposition: see Fig. 1 (b) with m4 = MZ or m4 = 0 and m1 = MW,mt and
m5 = m6 = mt,MW, (d) with m1 = MZ, where m2 = MW,mt and m3 = m6 = mt,MW.
The corresponding MB-representations are at most 4-dimensional.

• For 8 planar integrals with zero threshold and s = M
2

Z
, the number of integration points had

to be increased to about 80 millions in order to determine six significant digits with sector
decomposition: see Fig. 1 (d) with m5 = m6 = MW,mt and m1 = m2 = mt,MW, and
also with m5 = MZ and m6 = MW,mt and m2 = m3 = mt,MW. The corresponding MB-
representations are at most 5-dimensional.

With our implementation of the alternative Mellin-Barnes method, at least 8 significant digits were
achieved for all integrals in this list, with exclusion of the last item where we obtain an accuracy of 6
digits.

2.2 Using the MBtools suite
The number of dimensions of the Mellin-Barnes integrals increases with the number of mass scales
and the complexity of the integral topology. AMBRE 2.1 and AMBRE 3 find the lowest dimen-
sionality of the MB integrals to be solved [38, 44].† The largest number of MB dimensions en-
countered here is eight: for the constant terms of the non-planar integrals shown in Fig. 1 (c) with
m2 = MZ,m3 = MH and m1 = m6 = mt,MW,m4 = m5 = MW,mt. For Euclidean kinematics we
could confirm, sometimes with a lower accuracy, that all the MB representations are correct.

Now let us turn to the treatment of Minkowskian kinematics with the MB method. From a tech-
nical point of view, one has to integrate over products and ratios of �-functions and their derivatives,
multiplied by products of terms like [�(s + i")/M2]f(zi). Here f(zi) are linear functions of the
MB integration variables zi, which are parameterized as zi = xi + iti, where the xi are fixed and
ti 2 (�1,+1). The integrands are rapidly varying and, for Minkowskian kinematics, may be

†In some cases, lower dimensionality may be obtained when the integrands are allowed to contain hypergeometric
functions in addition to �-functions and their derivatives; see Eq. (20) of [51].
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Figure 1:
Diagrams with closed fermion loops contributing to self-energies at different

orders. A
box with number n indicates a counterterm

of loop order n.One should notice

that there are no one-particle irreducible diagrams with two or three explicit closed fermion

loops.

when inserting these into eq. (19), δZ γZ
(2) drops out without needing to include an explicit

expression for it.

Other relevant counterterms are given by

δZ Zγ
(n) = 0,

(20)

δZ
e(1) = α

9π

[

12
ε + 50

3 − 2L(m 2
t )− 10L(M 2

Z )
]

+ ∆α
2 ,

(21)

δZ
e(2) = 3

2 (δZ
e(1) ) 2,

(22)

δZ
e(3) = 5

2 (δZ
e(1) ) 3,

(23)

s
W + δs

W =

√

√

√

√

1− M 2
W + δM 2

W
M 2

Z + δM 2
Z

(24)

with L(m 2) ≡
ln m 2

4πµ 2 + γ
E .

The simple results in eqs. (20)–(23) are a consequence of

restricting ourselves to only closed fermion loop. The weak mixing angle counterterm
is

obtained by demanding that the relation s 2
W = 1 −M 2

W /M 2
Z holds to all orders. Order-by-

order expressions for δs
W(n) can be obtained by plugging the previous expressions for the

mass counterterms into (24), but we refrain from
spelling them

out here.

The symbol ∆α in eq. (21) stems from
light-fermion loop contributions in the photon

vacuum
polarization,

∆α = Π γγ
lf (M 2

Z )−Π γγ
lf (0),

where
Π γγ

(q 2
) = Σ γγ

(q 2)q 2 .

(25)

Π γγ
lf (q 2) can be divided into a leptonic part, which is perturbatively calculable [33], and a

hadronic part that becomes non-perturbative for small q 2. Therefore the hadronic contri-

bution is commonly extracted from
data [34]. When using results from

the literature for
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bo-

son propagator.

Z

f

f

f

f

f

f
f

f

f

Z

Z

Z

W

W

_

_

_

_

Figure 2.2: Feynman diagrams of loop corrections to the decay
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measurements of the weak mixing angle [48], and weak polarized electron scattering [49].

2. Status of Theoretical Calculatio
ns in

the Precisio
n Electro

weak Sector

Significant progress has been made in the calculation of electroweak radiative corrections in recent years,

leading to reduced theoretical uncertainties in observables, and thus to a higher sensitivity of the global elec-

troweak fit to possible contributions of new physics. Here, we briefly review the status of the theoretical

calculations of �r, 
f

Z
and ⇢

f

Z
, which absorb the radiative corrections for the relations between MW

, sin
2 ✓W

,

gV,f
and gA,f

. Moreover, we summarize the theoretical description of the scale dependences of the electromag-

netic and strong coupling constants, as well as the precision calculations which are required for the extraction

of the Fermi constant GF
.

2.1. Radiative correcti
ons to the W boson mass

One of the most important observables in the global electroweak fit is the mass of the W
boson. The

parameter �r [8] in Equation (1.6) absorbs the remaining radiative corrections to µ decay after the factorizing

QED corrections already present and calculable in the Fermi V �A theory [50, 51, 52] have been removed [53].

It has dominantly quadratic dependence on mt
which enters through the correction �⇢ ⌘

⇢ � 1, where the

electroweak ⇢ parameter describes the ratio of neutral-current to charged-current interaction strengths. One

can write,

�r =
�↵� cot

2 ✓W
�⇢+�

rem
r

,

(2.1)

where �↵ accounts for the scale dependence of ↵ (QED running) and is numerically very important due to

logarithmic singularities regulated by the fermion masses. �
rem
r

collects the remaining radiative corrections.

The MH
dependence is much milder than the dependence on mt

and at one-loop order it is only logarithmic for

asymptotically large values. Since the radiative corrections depend themselves on MW
and sin

2 ✓W
, an iterative

procedure is necessary to solve Equation (1.6).

The Feynman diagrams of the most important radiative corrections to the W
boson propagator are illus-

trated in Figure 2.1. The correction term of O(↵m
2
t
) [54] is dominant because it is enhanced by the large value

of the top quark mass. The full one-loop calculation was completed in the 1980s [8, 11, 55], and strategies

were developed to re-sum certain reducible higher-order terms, both in the on-shell [56, 57] and MS [58]

renormalization schemes. For example, writing �r in the form [57]

1 +�r =

1

(1�
�↵) (1

+ cot
2 ✓W

�⇢)
+�

rem
r

,

(2.2)

correctly anticipates the terms of the form (�↵)
n , (�⇢)

2 , �↵�⇢ and �↵�rem
.

Mixed electroweak-QCD two-loop corrections also arrived at around that time, again starting with the m
2
t

enhanced term of O(↵↵s
m
2
t
) [59, 60], followed by the residual correction of O(↵↵s

) [61, 62] with the full

quark mass dependence [63] soon thereafter. As for the purely electroweak two-loop corrections, the leading

O(↵
2m

4
t
) correction was first obtained for MH

⌧
mt

[64], and then for arbitrary MH
[65, 66]. The next terms
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Figure 2.3: Feynman diagrams generating the QED (left) and QCD (right) radiator functions.

where,

sin2 ✓`,0e↵ = 0.231533 dt = 27.14 d
0
t = �1.62 dZ = 6550. d↵ = �96.7 d↵s

= �4.05 (2.8)

This approximation reproduces the full calculation to better than 5 ⇥ 10�6. The sign configuration in the di

coefficients is identical to the one in the ci coefficients, reconfirming that the effects from �↵ and �⇢ dominate.
The predictions for the effective weak mixing angles sin2✓le↵ of the four light quarks (f = u, d, s and c)

differ slightly from the prediction for charged leptons. For example, there are flavor dependent corrections
of O(↵↵s) that do not factorize in the total Z width and need to be included [92, 93]. For bottom quarks
additional O(↵m2

t ) [94, 95, 96, 97] and O(↵2
m

4
t ) [65, 98] enhanced effects enter the Zbb̄-vertex, resulting in

a qualitatively different dependence on the input parameters. The leading two-loop corrections of O(↵↵sm
2
t )

were obtained in Ref. [98, 99]. The full two-loop electroweak fermionic [100] and bosonic [101] corrections
have been completed more recently.

2.3. Radiative corrections to gauge boson decay rates
The flavor-dependent normalization factors ⇢

Z

f
defined through Equations (1.8) and (1.9) absorb the re-

maining electroweak radiative corrections to the vector and axial-vector couplings g
f

V
and g

f

A
, and thus to the

W and Z boson partial and total decay widths. They have been computed alongside the 
Z

f
, and we refer to

the previous subsection for the corresponding references.
The partial width of the Z boson to decay into an ff̄ pair plus any number of photons and gluon jets is

given by,

�ff̄

Z
=

p
2GFM

3
Z

12⇡
N

f

c

h
|g

f

V
|
2
R

f

V
(MZ) + |g

f

A
|
2
R

f

A
(MZ)

i
. (2.9)

N
f
c denotes the number of colors, so that Nf

c = 1 for leptons and N
f
c = 3 for quarks. It should be noted that

scale for the effective couplings is MZ and that the effective coupling g
f

V
and g

f

A
are in general complex-valued,

a fact that starts to be relevant starting at two-loop precision. The vector and axial-vector radiator functions
R

f

V
(MZ) and R

f

A
(MZ) describe QED and QCD corrections [102] to the final state particles and are illustrated

in Figure 2.3. For example, for massless quarks they are available up to four-loop order in QCD and take the
form,

R
q

V
= R

q

A
= 1+

↵s(MZ)

⇡
+1.409

↵
2
s

⇡2
�12.77

↵
3
s

⇡3
�80.0

↵
4
s

⇡4
+Q

2
q


3

4
�

↵s

4⇡
�

✓
1.106 +

3

32
Q

2
q

◆
↵

⇡

�
↵(MZ)

⇡
. (2.10)

The one-loop correction was known [103, 104] already before the discovery of the charm quark. The non-
Abelian character of QCD became fully explicit with the advent of the two-loop result [105, 106, 107], which
also radically reduced the scale setting ambiguity in ↵s(µ). The three-loop [108, 109] and four-loop [110]
calculations brought the uncertainty in the massless series to a currently negligible level. Fermion mass ef-
fects [111, 112], other than from mt, lead to R

f

V
(MZ) 6= R

f

A
(MZ) and are small at the electroweak scale,

provided one uses the MS quark mass definitions evaluated at the Z mass scale. The last term gives the QED
and mixed QED/QCD corrections [113]. Expressions for finite quark masses can also be found in [102].

The radiator functions account for the so-called non-singlet diagrams where both gauge bosons in the
two-point correlation function couple to the same fermion. The non-singlet QCD corrections to W and Z
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The Standard Model Electroweak fit 2

The study presented in this paper is carried out using the HEPfit package [49, 50], a software tool to combine
direct and indirect contraints on the Standard Model and its extensions.2 We perform several Bayesian fits using the
HEPfit Markov Chain Monte Carlo (MCMC) engine based on the BAT library [51].

Global SM EW fit (standard scenario)

Measurement Posterior Individual Prediction 1D Pull nD Pull
↵s(M

2
Z) 0.1177± 0.0010 0.11792± 0.00094 0.1198± 0.0028 �0.7

�↵
(5)
had(M

2
Z) 0.02766± 0.00010 0.027627± 0.000096 0.02717± 0.00037 1.3

MZ [GeV] 91.1875± 0.0021 91.1883± 0.0021 91.2047± 0.0088 �1.9
mt [GeV] 172.58± 0.45 172.75± 0.44 176.2± 2.0 �1.8
mH [GeV] 125.21± 0.12 125.21± 0.12 108.3± 11.7 1.3
MW [GeV] 80.379± 0.012 80.3591± 0.0052 80.3545± 0.0057 1.8
�W [GeV] 2.085± 0.042 2.08827± 0.00055 2.08829± 0.00056 �0.1
BRW!`⌫̄` 0.10860± 0.00090 0.108381± 0.000022 0.108380± 0.000022 0.2

sin2
✓
lept
e↵ (Qhad

FB ) 0.2324± 0.0012 0.231509± 0.000056 0.231506± 0.000056 0.7
P

pol
⌧ = A` 0.1465± 0.0033 0.14712± 0.00044 0.14713± 0.00045 �0.2

[0.14625, 0.14799] [0.14626, 0.14801]
�Z [GeV] 2.4955± 0.0023 2.49443± 0.00065 2.49423± 0.00069 0.5
�
0
h [nb] 41.480± 0.033 41.4908± 0.0076 41.4927± 0.0079 �0.4 1.0

R
0
` 20.767± 0.025 20.7493± 0.0080 20.7462± 0.0087 0.8

A
0,`
FB 0.0171± 0.0010 0.016234± 0.000098 0.016225± 0.000097 0.9

A` (SLD) 0.1513± 0.0021 0.14712± 0.00044 0.14713± 0.00046 1.9
R

0
b 0.21629± 0.00066 0.215878± 0.000100 0.21587± 0.00010 0.6

R
0
c 0.1721± 0.0030 0.172205± 0.000054 0.172206± 0.000053 0.0

A
0,b
FB 0.0996± 0.0016 0.10314± 0.00031 0.10315± 0.00033 �2.2 1.3

A
0,c
FB 0.0707± 0.0035 0.07369± 0.00023 0.07370± 0.00024 �0.9

Ab 0.923± 0.020 0.934738± 0.000040 0.934739± 0.000040 �0.6
Ac 0.670± 0.027 0.66782± 0.00022 0.66783± 0.00022 0.0
As 0.895± 0.091 0.935651± 0.000040 0.935651± 0.000040 �0.4

sin2
✓
lept
e↵ (HC) 0.23143± 0.00025 0.231509± 0.000056 0.231512± 0.000057 �0.3

Ruc 0.1660± 0.0090 0.172227± 0.000032 0.172228± 0.000032 �0.7

TABLE II. Experimental measurement, result of the global fit, individual prediction, and pull for the five input parameters
(↵s(M

2
Z), �↵

(5)
had(M

2
Z), MZ , mt, mH), and for the set of EWPO considered in the fit, in the standard scenario for mt and mH .

Groups of correlated observables are identified by shades of grey. For the results of the global fit and for the predictions, the
95% probability range is reported in square brackets. The values in the column Individual Prediction are determined without
using the experimental information in the same row, or in the rows with the same gray shade. Pulls are calculated both as
individual pulls (1D Pull) and as global pulls (nD Pull) for sets of correlated observables, and are given in units of standard
deviations.

The di↵erent fits presented in this paper, to be explained in detail below, are summarized for the reader’s convenience
in Table I. The list of SM parameters, EWPO, and EWPD included in our study is shown in Tables II and III, where
we present results for the SM fit of EWPD both in a standard (Table II) and in a conservative (Table III) scenario,
depending on the assumptions made in combining di↵erent measurements of mt and mH , as described below.

The main framework of the EW fit as implemented in HEPfit can be found in Refs. [52, 53], to which we refer the
reader for a more detailed description of how various EWPO have been implemented, and for a complete account
of the literature on which such implementations are based. With respect to our previous studies, we now also take
into account the latest developments on the theory side, such as the recent calculation of the 2-loop EW bosonic
corrections to sin2 ✓be↵ [30], as well as the full 2-loop corrections to the partial decays of the Z from Ref. [31]. As
explained in Ref. [31], such corrections are very small and indeed we find they have no noticeable e↵ect on the fit
results.3

Among the SM input parameters, which we choose as
�
↵(M2

Z
), Gµ,MZ ,mt,mH ,↵s(M2

Z
)
 
, Gµ and ↵(0) are fixed

(Gµ = 1.1663787 ⇥ 10�5 GeV�2 and ↵(0) = 1/137.035999139 [56]), while �↵
(5)
had(M

2
Z
), MZ , mt, mH and ↵s(M2

Z
)

observables that can be predicted as a function of the previous set of input parameters as EWPO. The experimental measurements of
these EWPO is what we refer to as EWPD. SM parameters and their measurements should also be considered as part of the EWPO
and EWPD, respectively, but for the sake of clarity we refer to them and their experimental inputs separately.

2 The HEPfit package is available under the GNU General Public License (GPL) [50].
3 The recent evaluation of the leading fermionic three-loop corrections to EWPO [54, 55] results in even smaller e↵ects, which have been
neglected in our fits.

• Reported here using the observables assuming Lepton Flavor Universality

“Posterior”: The full fit results

“Indirect/Prediction”:  
Drop each (set of correlated) 
observable(s) at a time → fit  

→ predict the removed observable 

“1D pull”:  
Individual pull for each observable  

“nD pull”:  
Global pull for sets  

of correlated observables  
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• Tensions in the Standard Model electroweak fit (Excluding the MWCDF):

Interesting? Maybe… (3rd family) 

Statistically significant? Not so much…

consistency between the measurement of all EWPO and
their SM predictions. Only A0;b

FB shows some tension
(at the 2σ level), which should be considered in inves-
tigating new physics but also treated with care given the
large number of observables considered in the EW fit (see
the discussion below for a quantitative assessment of the
global significance taking the look-elsewhere effect into
account).
Moreover, when interpreting this 1D pull one needs to

take into account that A0;b
FB is actually part of a set of

experimentally correlated observables. In order to check
the consistency between SM and experiments in this case,
one can define an nD pull by removing from the fit one set
of correlated observables at a time and computing the
prediction for the set of observables together with their
covariance matrix. Then the same procedure described for
1D pulls can be carried out, this time sampling the posterior
predictive and experimental n-dimensional p.d.f.’s. This nD
pull is shown in the last column inTables II and III, aswell as

in Fig. 1, in which case we see that the global pull for the set
of correlated observables involving A0;b

FB is reduced to 1.3σ.
To get an idea of the agreement between the SM and EWPD,
it is useful to consider the distribution of the p-values
corresponding to the 1D pulls for the individual measure-
ments. For purely statistical fluctuations, one expects the
p-values to be uniformly distributed between 0 and 1. From
the results in Tables II and III, we obtain in both scenarios an
averagep-value of 0.5 with σ ¼ 0.3, fully compatiblewith a
flat distribution.
In addition to the individual predictions obtained remov-

ing each individual observable/set of correlated observables
from the fit, one can obtain a full prediction by dropping all
experimental information on EWPO and just using the SM
and the information on SM parameters. Conversely, one
can obtain a full indirect determination of the SM param-
eters by dropping all information on all parameters simul-
taneously and determining all of them from the fit to
EWPD. The results of these two extreme possibilities are

FIG. 1. 1D pulls between the observed experimental values and the SM predictions (indirect determinations) for the different EWPO
(SM input parameters) considered in the fit, for the standard and conservative scenarios. (The different colors in the figure are simply
used to distinguish the SM inputs [orange], charged-current observables [green] and neutral-current observables [blue].) Each individual
prediction is obtained removing the corresponding observable/set of correlated observables from the fit. The transparent bars represent
the corresponding nD pulls for groups of correlated observables. See text for details.
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Individual Predictions The only persistent “anomaly” 
(>2σ) in the EW fit is AFBb

Global p-value of the fit 
p-value:  0.53    (0.6 σ)

Excellent overall agreement of data 
with SM predictions to the level of 

2-loop corrections
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results including or neglecting the future theoretical uncertainties.

Result Correlation Matrix

dg
b

R
0.016±0.006 1.00

dg
b

L
0.002±0.001 0.90 1.00

Table 4: Results of the fit for the shifts in the left-
handed and right-handed Zbb̄ couplings.

Result Correlation Matrix

dg
b

V
0.018±0.007 1.00

dg
b

A
�0.013±0.005 �0.98 1.00

Table 5: Results of the fit for the shifts in the vector
and axial-vector Zbb̄ couplings.
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Figure 3: (Left) 1D probability distribution for kV derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (k f ) and vector bosons (kV ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to kV at future collid-
ers. Different shades of the same colour correspond to results including or neglecting the future theoretical
uncertainties.

We also find a preference for kV > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of kV < 1, unless extra contributions to the
oblique parameters are present. It is noteworthy that, as can be seen in the central panel of Fig. 3,
the EWPO constraints still dominate the LHC run 1 bounds from Higgs signal strengths [1].

Finally, we consider the general parametrization of NP effects using the SM effective field
theory up to dimension 6. Assuming that the fields and symmetries of nature at energies below
a given cutoff L are those of the SM, the most general Lorentz and SM gauge invariant theory
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• Tensions in the Standard Model electroweak fit:
Individual Predictions 
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following the particle data group (PDG) average method
[57] the error might be rescaled up to 1.7 GeV, we consider
1 GeV to be conservative enough, also in view of the
measurements of mt from cross sections which recently
achieved an accuracy better than 1 GeV [58]. For com-
pleteness, however, in the following we also comment on
the impact of considering a 1.7 GeV uncertainty.
For theW-boson mass, we compute the average of all the

existing measurements from LEP 2, the Tevatron, and the
LHC. The new measurement from CDF gives, when
combined with the D0 one, a Tevatron combination of
ð80.427" 0.0089Þ GeV [48]. This was combined with the
LHC ATLAS [59] and LHCb [60] measurements assuming
a common systematic uncertainty of 4.7 MeV, correspond-
ing to the CDF uncertainty from parton distribution
functions and QED radiation. The resulting number is
combined in an uncorrelated manner with the LEP2
determination, obtaining a new average [61]:

MW ¼ 80.4133" 0.0080 GeV: ð5Þ

As in the top-quark mass case, there is however a
significant tension between the new CDF measurement
and the other measurements that enter in the calculation of
Eq. (5), with χ2=ndof ¼ 3.59. Therefore in a conservative
average, we rescale the error on MW to 0.015 GeV using
the same method discussed for the case of mt.
We then perform a series of fits to the different EWPO

using both the standard [see Eqs. (4) and (5)] and
conservative assumptions for the uncertainties of the top-
quark andW-boson masses [62]. (Although we will discuss
both scenarios throughout the text, the tables and figures in
the main text will only report the results pertaining to the
standard average. The results for the conservative average

scenario can be found in the Supplemental Material [46]
associated with this Letter.) In particular, we are interested
in comparing the new averages with the corresponding
predictions obtained in the SM. For that purpose we first
perform a pure SM fit of all EWPO, excluding the
experimental input for MW, and from the posterior of such
fit, we compute the SM prediction for MW. The results are
shown in Table I, where we also compare with the
combined MW values in each scenario via the 1D pull,
computed as explained in Ref. [3]. As it is apparent, there
exists a significant 6.5σ discrepancy with the SM in the
standard average, which persists at the level of 3.7σ even
in the conservative scenario [63], due to the large difference
between the new CDF measurement and the SM prediction.
In Table II we consider the standard average scenario

and present, in addition to the experimental values for
all EWPO used, the posterior from the global fit, the
prediction of individual parameters and observables
obtained omitting the corresponding experimental infor-
mation, the indirect determination of SM parameters
obtained solely from EWPO, and the full prediction
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FIG. 1. Posterior from a global fit of all EWPO in the SM in themt vsMW (top) and sin2 θlepteff vsMW (bottom) planes, superimposed to
the posteriors obtained omitting different observables from the fit in the standard average scenario. Dark (light) regions correspond to
68% (95%) probability ranges. Direct measurements are shown in gray. The corresponding results in the conservative average scenario
are presented in the Supplemental Material [46] associated with this Letter.

TABLE I. Predictions (Pred.) and pulls for MW in the SM, in
the oblique NPmodels and in the SMEFT, using the standard and
conservative averaging scenarios. The predictions are obtained
without using the experimental information on MW . See text for
more details on the models listed in the table.

Pred. MW (GeV) Pull Pred. MW (GeV) Pull

Model Standard average Conservative average

SM 80.3499" 0.0056 6.5σ 80.3505" 0.0077 3.7σ
ST 80.366" 0.029 1.6σ 80.367" 0.029 1.4σ
STU 80.32" 0.54 0.2σ 80.32" 0.54 0.2σ
SMEFT 80.66" 1.68 −0.1σ 80.66" 1.68 −0.1σ
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Oblique STU Electroweak fit

• New physics contributing only to gauge boson self-energies. Typically referred as  
“oblique” corrections (S, T, U)
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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.
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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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Figure 3 presents the posteriors for di↵erent fits in the
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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-
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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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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.

4

EW oblique corrections (here denoted as oblique models)
and the case in which NP is described at the EW scale
by more general e↵ective interactions, taking as proto-
type example the dimension-six SM E↵ective Field The-
ory (SMEFT). Let us first consider a class of NP models
in which the dominant contributions to EWPO are ex-
pected to arise as oblique corrections, i.e. via modifica-
tions of the EW gauge-boson self energies, and can thus
be parameterized in terms of the S, T , and U parameters
introduced in Ref. [47, 48] (or equivalently by the "1,2,3
parameters introduced in refs. [49–51], although, for the
sake of brevity, we consider here only the former set of
parameters). The explicit dependence of the EWPO on
S, T , and U can be found in appendix A of Ref. [52].
If one assumes NP contributions to U to be negligible,
then a prediction for MW can be obtained from all other
EWPO, as reported in Table I, and could reduce the SM
discrepancy with the experimental value of MW to a ten-
sion at the 1.5 � level. This scenario, U ⌧ S, T , is ex-
pected in extensions with heavy new physics where the
SM gauge symmetries are realized linearly in the light
fields, in which case U is generated by interactions of
mass dimension eight, and is then suppressed with re-
spect to S and T , which are given by dimension-six in-
teractions. Alternatively, to describe scenarios where siz-
able contributions to U are generated, we also consider
the case where this parameter is left free. 4 In this case,
since U is only very loosely constrained by �W , MW can-
not be predicted with a reasonable accuracy. At the same
time, this means that the apparent discrepancy with the
new MW measurement can be solved by a nonvanishing
U parameter. In Tables III and VII we report the results
of a global fit, including MW , for the oblique parame-
ters, while the corresponding probability density func-
tions (p.d.f.) are presented in Figs. 2 and 4. We also
report the value of the Information Criterion (IC) [54] of
the fits, compared to the SM one. The posterior for the
EWPO is reported in Tables IV and IX.

Result Correlation Result Correlation
(ICST/ICSM = 25.0/80.2) (ICSTU/ICSM = 25.3/80.2)

S 0.100± 0.073 1.00 0.005± 0.096 1.00
T 0.202± 0.056 0.93 1.00 0.040± 0.120 0.91 1.00
U � � � 0.134± 0.087 �0.65 �0.88 1.00

TABLE III. Results of the global fit of the oblique parameters
to all EWPO in the standard average scenario.

We then relax the assumption of dominant oblique NP
contributions and consider generic heavy NP within the
formalism of the dimension-six SMEFT. Here we work
in the so-called Warsaw basis [55] assuming fermion uni-
versality and, as in the fits presented above, we use the

4 The STU results can also be used to derive constraints in terms
of the three combinations of four dimension-six oblique operators
that a↵ect EWPO, namely S, T,W , and Y [53], via their relation
with the "1,2,3 parameters [53].

{↵, Gµ,MZ} EW input scheme [56]. In the Warsaw ba-
sis, there are a total of ten operators that can modify the
EWPO at leading order, but only eight combinations of
the corresponding Wilson coe�cients can be constrained
by the data in Table II [57, 58]. Using the notation of [55],
these combinations can be written as, e.g. [57]

Ĉ(1)
'f

=C(1)
'f

� Yf

2
C'D, f = l, q, e, u, d, (6)

Ĉ(3)
'f

=C(3)
'f

+
c2
w

4s2
w

C'D +
cw
sw

C'WB , f = l, q, (7)

Ĉll =
1

2
((Cll)1221 + (Cll)2112) = (Cll)1221, (8)

where sw, cw are the sine and cosine of the weak mix-
ing angle, Yf denotes the fermion hypercharge and we
have absorbed the dependence on the cut-o↵ scale of the
SMEFT, ⇤, in the Wilson coe�cients, i.e. the above co-
e�cients carry dimension of [mass]�2. Furthermore, the
e↵ective EW fermion couplings always depend on Ĉll via
the following combinations, fixed by the corresponding
fermionic quantum numbers (see e.g. [59]),

Ĉ(3)
'f

� c2
w

2s2
w

Ĉll and Ĉ(1)
'f

+ Yf Ĉll, (9)

such that the e↵ects of Ĉll cannot be separated from
other operators using only Z-pole observables. The flat
direction can be broken by the W -boson mass, which de-

pends on Ĉ(3)
'l

� Ĉll/2, or any observable sensitive to its
value, e.g. the W -boson width �W . The comparatively
low precision of the experimental measurement of �W

(⇠ 2%) thus results in a weak prediction for MW from
the SMEFT fit, with an uncertainty somewhat below 2
GeV5, see Table I, which can easily fit the experimental
measurement, via a non-zero value of the combination

Ĉ(3)
'l

� Ĉll/2. Indeed, as can be seen in Tables V and
VIII for the standard and conservative scenarios, respec-
tively, the two operators involved in the combination are

strongly correlated between them, but also with Ĉ(1)
'l

.
The latter correlation can be understood from the fact
that the combination Ĉ(1)

'l
+ Ĉ(3)

'l
is the one that directly

corrects the left-handed electron couplings, which is mea-
sured to the permil level. The extraction of this coupling
from data, however, is typically correlated with the one
on the right-handed coupling, sensitive to Ĉ'e, compli-
cating slightly more the correlation pattern in the output
of the global fit. It is, in fact, in the information of the
leptonic operators where one observes the main di↵erence
between the fits using the standard and conservative av-
erages of the experimental values. This is reflected in

5 This only accounts for the SMEFT parametric and SM intrinsic
uncertainties but neglects the uncertainty associated to higher-
order e↵ects in the SMEFT, e.g. from dimension-eight contribu-
tions, which could be evaluated via the methods of [60].
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• New physics contributing only to gauge boson self-energies. Typically referred as  
“oblique” corrections (S, T, U)
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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.
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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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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.
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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
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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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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.
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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.

4

EW oblique corrections (here denoted as oblique models)
and the case in which NP is described at the EW scale
by more general e↵ective interactions, taking as proto-
type example the dimension-six SM E↵ective Field The-
ory (SMEFT). Let us first consider a class of NP models
in which the dominant contributions to EWPO are ex-
pected to arise as oblique corrections, i.e. via modifica-
tions of the EW gauge-boson self energies, and can thus
be parameterized in terms of the S, T , and U parameters
introduced in Ref. [47, 48] (or equivalently by the "1,2,3
parameters introduced in refs. [49–51], although, for the
sake of brevity, we consider here only the former set of
parameters). The explicit dependence of the EWPO on
S, T , and U can be found in appendix A of Ref. [52].
If one assumes NP contributions to U to be negligible,
then a prediction for MW can be obtained from all other
EWPO, as reported in Table I, and could reduce the SM
discrepancy with the experimental value of MW to a ten-
sion at the 1.5 � level. This scenario, U ⌧ S, T , is ex-
pected in extensions with heavy new physics where the
SM gauge symmetries are realized linearly in the light
fields, in which case U is generated by interactions of
mass dimension eight, and is then suppressed with re-
spect to S and T , which are given by dimension-six in-
teractions. Alternatively, to describe scenarios where siz-
able contributions to U are generated, we also consider
the case where this parameter is left free. 4 In this case,
since U is only very loosely constrained by �W , MW can-
not be predicted with a reasonable accuracy. At the same
time, this means that the apparent discrepancy with the
new MW measurement can be solved by a nonvanishing
U parameter. In Tables III and VII we report the results
of a global fit, including MW , for the oblique parame-
ters, while the corresponding probability density func-
tions (p.d.f.) are presented in Figs. 2 and 4. We also
report the value of the Information Criterion (IC) [54] of
the fits, compared to the SM one. The posterior for the
EWPO is reported in Tables IV and IX.

Result Correlation Result Correlation
(ICST/ICSM = 25.0/80.2) (ICSTU/ICSM = 25.3/80.2)

S 0.100± 0.073 1.00 0.005± 0.096 1.00
T 0.202± 0.056 0.93 1.00 0.040± 0.120 0.91 1.00
U � � � 0.134± 0.087 �0.65 �0.88 1.00

TABLE III. Results of the global fit of the oblique parameters
to all EWPO in the standard average scenario.

We then relax the assumption of dominant oblique NP
contributions and consider generic heavy NP within the
formalism of the dimension-six SMEFT. Here we work
in the so-called Warsaw basis [55] assuming fermion uni-
versality and, as in the fits presented above, we use the

4 The STU results can also be used to derive constraints in terms
of the three combinations of four dimension-six oblique operators
that a↵ect EWPO, namely S, T,W , and Y [53], via their relation
with the "1,2,3 parameters [53].

{↵, Gµ,MZ} EW input scheme [56]. In the Warsaw ba-
sis, there are a total of ten operators that can modify the
EWPO at leading order, but only eight combinations of
the corresponding Wilson coe�cients can be constrained
by the data in Table II [57, 58]. Using the notation of [55],
these combinations can be written as, e.g. [57]

Ĉ(1)
'f

=C(1)
'f

� Yf

2
C'D, f = l, q, e, u, d, (6)

Ĉ(3)
'f

=C(3)
'f

+
c2
w

4s2
w

C'D +
cw
sw

C'WB , f = l, q, (7)

Ĉll =
1

2
((Cll)1221 + (Cll)2112) = (Cll)1221, (8)

where sw, cw are the sine and cosine of the weak mix-
ing angle, Yf denotes the fermion hypercharge and we
have absorbed the dependence on the cut-o↵ scale of the
SMEFT, ⇤, in the Wilson coe�cients, i.e. the above co-
e�cients carry dimension of [mass]�2. Furthermore, the
e↵ective EW fermion couplings always depend on Ĉll via
the following combinations, fixed by the corresponding
fermionic quantum numbers (see e.g. [59]),

Ĉ(3)
'f

� c2
w

2s2
w

Ĉll and Ĉ(1)
'f

+ Yf Ĉll, (9)

such that the e↵ects of Ĉll cannot be separated from
other operators using only Z-pole observables. The flat
direction can be broken by the W -boson mass, which de-

pends on Ĉ(3)
'l

� Ĉll/2, or any observable sensitive to its
value, e.g. the W -boson width �W . The comparatively
low precision of the experimental measurement of �W

(⇠ 2%) thus results in a weak prediction for MW from
the SMEFT fit, with an uncertainty somewhat below 2
GeV5, see Table I, which can easily fit the experimental
measurement, via a non-zero value of the combination

Ĉ(3)
'l

� Ĉll/2. Indeed, as can be seen in Tables V and
VIII for the standard and conservative scenarios, respec-
tively, the two operators involved in the combination are

strongly correlated between them, but also with Ĉ(1)
'l

.
The latter correlation can be understood from the fact
that the combination Ĉ(1)

'l
+ Ĉ(3)

'l
is the one that directly

corrects the left-handed electron couplings, which is mea-
sured to the permil level. The extraction of this coupling
from data, however, is typically correlated with the one
on the right-handed coupling, sensitive to Ĉ'e, compli-
cating slightly more the correlation pattern in the output
of the global fit. It is, in fact, in the information of the
leptonic operators where one observes the main di↵erence
between the fits using the standard and conservative av-
erages of the experimental values. This is reflected in

5 This only accounts for the SMEFT parametric and SM intrinsic
uncertainties but neglects the uncertainty associated to higher-
order e↵ects in the SMEFT, e.g. from dimension-eight contribu-
tions, which could be evaluated via the methods of [60].
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This would only explain the average value of the W value,  
combining all measurements

But not the ~4 σ tension between the different measurements,  
which needs to be understood
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The SMEFT global fit

• Example: CP-even + U(3)5 flavor symmetric fit (Ignoring CDF W mass)

‣ Fit to EWPO+diBoson+Higgs+Top → Closed fit with 32 operators (Warsaw)
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In general, if NP enters in EWPO → NP interaction scale > 1 TeV 
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EW precision at future e+e- colliders

• Future collider projects:  The Intensity/Energy frontier

Accuracy/Intensity Frontier
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The physics case of a 3 TeV muon collider stage

Submitted to the Proceedings of the US Community Study
on the Future of Particle Physics (Snowmass 2021)

Abstract
In the path towards a muon collider with center of mass energy of 10 TeV or
more, a stage at 3 TeV emerges as an appealing option. Reviewing the
physics potential of such collider is the main purpose of this document. In
order to outline the progression of the physics performances across the stages,
a few sensitivity projections for higher energy are also presented.
There are many opportunities for probing new physics at a 3 TeV muon
collider. Some of them are in common with the extensively documented
physics case of the CLIC 3 TeV energy stage, and include measuring the
Higgs trilinear coupling and testing the possible composite nature of the
Higgs boson and of the top quark at the 20 TeV scale.
Other opportunities are unique of a 3 TeV muon collider, and stem from the
fact that muons are collided rather than electrons. This is exemplified by
studying the potential to explore the microscopic origin of the current g-2 and
B-physics anomalies, which are both related with muons.
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– A “Signatory” expresses support to the efforts described in the report and endorses the Collabora-
tion plans.
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EW precision at future e+e- colliders

Energy
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EW precision at future e+e- colliders
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EW precision at future e+e- colliders

• More than Higgs factories: Future e+e- colliders will also help us improve 
our knowledge of the EW interactions:

• Improved Z pole run:

‣ LEP/SLC: ~107 Z → O(0.1-1%)

‣ FCCee/CEPC: 1012 Z

‣ ILC (GigaZ): 109 Z (with polarization)

• Z-pole measurements are also possible during the Higgs factory phase      
(√s ~250 GeV) via radiative return to the Z resonance

e+

e−

γ

f
−

f

e+

e−

Z

f
−

f

Figure 1.1: The lowest-order s-channel Feynman diagrams for e+e− → ff. For e+e− final states,
the photon and the Z boson can also be exchanged via the t-channel. The contribution of Higgs
boson exchange diagrams is negligible.

10

10 2

10 3

10 4

10 5

0 20 40 60 80 100 120 140 160 180 200 220
Centre-of-mass energy (GeV)

C
ro

ss
-s

ec
tio

n 
(p

b)

CESR
DORIS

PEP
PETRA

TRISTANKEKB
PEP-II

SLC
LEP I LEP II

Z

W+W-

e+e−→hadrons

Figure 1.2: The hadronic cross-section as a function of centre-of-mass energy. The solid line is
the prediction of the SM, and the points are the experimental measurements. Also indicated
are the energy ranges of various e+e− accelerators. The cross-sections have been corrected for
the effects of photon radiation.
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3 E↵ective Lagrangian description of New Physics:

Equations

LE↵ =
P1

d=4
1

⇤d�4Ld = LSM +
1
⇤
L5 +

1
⇤2L6 + · · · (2)

Ld =
P

i
↵d

i
Od

i
(3)

⇥
Od

i

⇤
= d (4)

E ⌧ ⇤ (5)

4 New Particles

3

Z-pole EWPO:

2

I. INTRODUCTION

At a polarized e+e� collider, Ae is given by the left-right asymmetry ALR in the total rate for

Z production,

Ae = ALR ⌘ �L � �R
�L + �R

, (1)

where �L and �R are the cross section for 100% polarized e�
L
e+
R
and e�

R
e+
L
initial states. This ALR

is important for the electroweak study, and it induces corrections to the e+e� ! Zhh, e+e� ! Zh,

and e+e� ! Z (Z-pole) processes. Therefore, it can provide a very useful constraint for operators

cHL, c0HL
, and cHE in the global SMEFT fit [1][2][3][4].

It turned out that the precision of the ALR measurement performed with the SLD detector

at the SLAC Linear Collider (SLC), being at around 1.5% i.e.ALR = 0.1514 ± 0.0019 (stat) ±

0.0011 (syst) [5], is not precise enough for the global fit. There were 2 dominant systematic errors

in the measurement of ALR in the SLD: uncertainty of beam ECM and uncertainty of beam

polarization. At the ILC 250, we can use the radiative return process, e+e� ! �Z, to measure

the ALR and it has roughly 150 times more statistics than the SLC had. There is a fast detector

simulation study available for this reaction [6]. Then we tried to perform full detector simulation

study to get more realistic estimations including systematic errors.

II. DETECTOR SIMULATION

We performed full simulation including e+e� ! �Z and possible background processes. The

whole set of software programs used in this analysis is packaged as iLCSoft version v02-02 [7] [8] [9].

Events were generated using Whizard 2.85 [9] based on full tree-level helicity amplitudes for a

given final state including non-resonant diagrams. Interactions of generated particles with the de-

tector material are simulated with a full detector simulator based on GEANT4 [10] using DD4hep

(Detector Description for HEP) [11], which is the common detector geometry description for iLC-

Soft, including the 14 mrad crossing angle, IP smearing and o↵set depending on initial particles.

The event reconstruction programs are implemented as event processors in the framework of Mar-

lin [12]. The event simulation for this analysis has been done at the center-of-mass energy of

250GeV. The assumed integrated luminosity is
R
Ldt = 900 fb�1 each for the two beam polariza-

tions (Pe� , Pe+) = (�0.8,+0.3) and (+0.8,�0.3). In our analysis, all particles are forced to be

clustered into 2 jets and the jet with higher reconstructed energy is defined as “jet 1” and the

other as “jet 2”.

ILC 250 with 2 ab-1: 77 (12) million hadronic (leptonic) Zs 
5 (100) times more statistics than LEP (SLC)!

T. Mizuno, K. Fuji, J. Tian, arXiv: 2203.07944 [hep-ph]
K. Fuji et al. , arXiv: 1908.11299 [hep-ex]

Jorge de Blas - U. of Granada Present and Future of Electroweak Precision Tests 
September 17, 2024 28



Top physics at CLIC and ILC Aleksander Filip Żarnecki
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Figure 1: Simulated cross section measurements for top pair production at the threshold (background sub-
tracted) with the luminosity spectra expected for ILC (left) and CLIC (right). Threshold scan with measure-
ments at 10 energy points with 10 fb�1 each, simulated for the generator mass of 174 GeV (full line) as well
as for a shift in mass of ±200 MeV (dotted lines). Figure taken from [8].

missing energy can be strongly suppressed thanks to very good detector hermeticity, with instru-
mentation extending down to a minimum angle of qmin ⇠ 5 mrad. Although based on different
technology choices, a similar performance is expected for the two ILC detector concepts: ILD and
SiD [6]. Detailed simulation studies for CLIC were initially based on the adopted ILC concepts [7].
Recently, however, a dedicated detector model has become available for the analysis.

3. Top Quark measurements

3.1 Mass and width

The dependence of the theoretical top pair production cross section on the centre of mass en-
ergy shows a clear resonance-like structure at the threshold, corresponding to a narrow tt̄ bound
state. The shape of the cross section is very sensitive to top quark properties and model parameters:
mass mt , width Gt , Yukawa coupling yt and strong coupling as. In spite of the significant cross
section smearing due to luminosity spectra and initial state radiation (ISR), a precise mt measure-
ment is possible already with 100 fb�1. Detailed simulation studies were performed for both ILC
and CLIC [8, 9] showing that with cross section measurements at 10 different values of collision
energy, each with 10 fb�1 of data (see Fig. 1), a statistical accuracy of 15–20 MeV can be obtained.
Theoretical uncertainties are currently estimated to be at the level of 40 MeV [11, 12], uncertainty
from as to about 30 MeV (for today’s world average) and experimental uncertainties (backgrounds,
etc.) are estimated on the 10–20 MeV level. The total uncertainty expected on mt is ⇠50 MeV,
while Gt could be extracted to about 40 MeV [13].

The main advantage of mt determination from the threshold scan is that the extracted parameter
is well defined from the theoretical point of view. Direct reconstruction of the top quark mass
from its decay products has been considered for energies above the threshold (continuum) [8].
Competitive statistical precision can be expected (⇠80 MeV for 100 fb�1 at 500 GeV). However,
the measurement suffers from significant theoretical uncertainties when converting the extracted
mt value to a particular mass scheme (as for the “standard” measurements at LHC).

2

EW precision at future e+e- colliders

• More than Higgs factories: Future e+e- colliders will also help us improve       
our knowledge of the EW interactions:

✓ WW production at 161 GeV and above: W mass and width, BRs, aTGCs, …

✓ 350/365 GeV: Clean production of top pairs around threshold                   
→ Multipoint scan ~350 GeV to determine mt

→365 GeV:  Top interactions
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Figure 1. Tree-level diagrams contributing to the e+e≠
æ bW + b̄W ≠ production at lepton col-

liders: (a) the top-quark pair production through a s-channel Z boson or photon exchange, (b)
representative diagram for single top-quark production e+e≠

æ tb̄W ≠.

available for these operators in the e+e≠
æ bW + b̄W ≠ process.

The impact of runs at various centre-of-mass energies and for several beam polariza-
tions is examined. We derive global constraints on the whole ten-dimensional e�ective-
field-theory parameter space considered for di�erent collider programmes. A special focus
is devoted to two benchmark run scenarios covering the ranges of possibilities contem-
plated by future linear colliders, with runs at centre-of-mass energies of 500 GeV and 1 TeV
and P (e+, e≠) = (±30%, û80%) beam polarizations for the ILC [22, 23], and 380 GeV,
1.4 TeV and 3 TeV runs with P (e+, e≠) = (0%, û80%) beam polarizations for CLIC [24].
Circular lepton collider could also access top-quark pair production, collecting for instance
1.5 ab≠1 at a centre-of-mass energy of 365 GeV, in addition to 200 fb≠1 at the top-quark
pair production threshold, without beam polarization [25]. We will also briefly discuss this
scenario.

This paper is organized as follows. Top-quark production at lepton colliders is intro-
duced in Sec. 2. Section 3 describes our e�ective-field-theory setup. Various observables are
then discussed in Sec. 4, together with their sensitivity to operator coe�cients. Statisti-
cally optimal observables are treated in a separate Sec. 5. The global reach of future lepton
collider is then finally presented in Sec. 6. Our main results appear in Figs. 23, 24, and 25
for the three benchmark run scenarios considered. Comparisons with existing constraints
and various HL-LHC prospects are provided Sec. 7. A few appendices include additional
material, notably a conversion of our results into the e�ective-field-theory conventions es-
tablished by the LHC TOP WG [26]. Useful computer codes and numerical results are
made available at https://github.com/gdurieux/optimal_observables_ee2tt2bwbw.

2 Top-quark production at lepton colliders

In the standard model, lepton colliders primarily produce top quarks in pairs through a s-
channel Z boson or photon, as pictured in Fig. 1(a). A number of other processes, including
single top-quark production illustrated in Fig. 1(b), also contribute to the bW + b̄W ≠ final
state. Although certain regions of the bW energies and invariant masses are enriched in
double- and single-resonant processes [27, 28], a clean separation is generally not achievable.
It is therefore in principle preferable to consider the inclusive e+e≠

æ bW + b̄W ≠ process.
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Improvement ranges from 1 to 2 orders of magnitude for the  
most relevant observables of the EW fit
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Quantity current ILC250 ILC-GigaZ FCC-ee CEPC CLIC380

�↵(mZ)�1 (⇥103) 17.8⇤ 17.8⇤ 3.8 (1.2) 17.8⇤

�mW (MeV) 12⇤ 0.5 (2.4) 0.25 (0.3) 0.35 (0.3)

�mZ (MeV) 2.1⇤ 0.7 (0.2) 0.2 0.004 (0.1) 0.005 (0.1) 2.1⇤

�mH (MeV) 170⇤ 14 2.5 (2) 5.9 78

��W (MeV) 42⇤ 2 1.2 (0.3) 1.8 (0.9)

��Z (MeV) 2.3⇤ 1.5 (0.2) 0.12 0.004 (0.025) 0.005 (0.025) 2.3⇤

�Ae (⇥105) 190⇤ 14 (4.5) 1.5 (8) 0.7 (2) 1.5 64

�Aµ (⇥105) 1500⇤ 82 (4.5) 3 (8) 2.3 (2.2) 3.0 (1.8) 400

�A⌧ (⇥105) 400⇤ 86 (4.5) 3 (8) 0.5 (20) 1.2 (6.9) 570

�Ab (⇥105) 2000⇤ 53 (35) 9 (50) 2.4 (21) 3 (21) 380

�Ac (⇥105) 2700⇤ 140 (25) 20 (37) 20 (15) 6 (30) 200

��0
had (pb) 37⇤ 0.035 (4) 0.05 (2) 37⇤

�Re (⇥103) 2.4⇤ 0.5 (1.0) 0.2 (0.5) 0.004 (0.3) 0.003 (0.2) 2.7

�Rµ (⇥103) 1.6⇤ 0.5 (1.0) 0.2 (0.2) 0.003 (0.05) 0.003 (0.1) 2.7

�R⌧ (⇥103) 2.2⇤ 0.6 (1.0) 0.2 (0.4) 0.003 (0.1) 0.003 (0.1) 6

�Rb (⇥103) 3.0⇤ 0.4 (1.0) 0.04 (0.7) 0.0014 (< 0.3) 0.005 (0.2) 1.8

�Rc(⇥103) 17⇤ 0.6 (5.0) 0.2 (3.0) 0.015 (1.5) 0.02 (1) 5.6

Table 3: EWPOs at future e
+
e
�: statistical error (experimental systematic error). �

(�) stands for absolute (relative) uncertainty, while * indicates inputs taken from current
data [24]. See Refs. [9, 18, 21,25–27].

measurement for e+e� ! ZH, which is enabled by recoil mass technique at lepton
colliders. Observables for di↵erential cross sections are not included. The projections
of Higgs measurements are listed in Tab. 4 for HL-LHC, Tab. 5-13 for future e+e�,
and Tab. 14-16 for muon colliders. Note that in some cases two sets of numbers are
provided for each observable. Numbers without parentheses are directly provided by
collider collaborations, which the final fit results will be based on. However there
are often subtle inconsistency between di↵erent projections for similar observables
due to di↵erent level of realism that was adopted in the relevant simulation analyses.
Apparently those types of di↵erence should not bring bias to the true capabilities of
di↵erent future colliders. In order to allow us to isolate out those di↵erences, we also
provide uncertainties in parentheses that are extrapolated from a same set of anal-
yses, which are mostly from ILC full detector simulation studies∗. This can provide
us a clue to understand the di↵erence in final results. In fact one can see from the
tables that two sets of inputs are rather consistent in most cases. It often happens

∗This doesn’t mean the extrapolated uncertainties are more accurate, but provides a way of
comparing the capabilities of future colliders in a more equal footing.

16

2IPs

Snowmass 2021
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Quantity Current HL-LHC FCC-ee CEPC ILC CLIC

Giga-Z 250 GeV Giga-Z 380 GeV

δmtop [MeV] ∼500 a) ∼400 a) 20 b) − − 17 b) − 20-22 b)

δMZ [MeV] 2.1 − 0.1 0.5 − − − −
δΓZ [MeV] 2.3 − 0.1 0.5 1 − 1 −
δΓZ→had [MeV] 2.0 − − − 0.7 − 0.7 −
δσ0

had [pb] 37 − 4 5 − − − −
δMW [MeV] 12 7 0.7 1.0 (2-3) c) − 2.4 d) − 2.5

δΓW [MeV] 42 − 1.5 3 − − − −
δBRW→eν [10−4] 150 − 3 3 − 4.2 − 11

δBRW→µν [10−4] 140 − 3 3 − 4.1 − 11

δBRW→τν [10−4] 190 − 4 4 − 5.2 − 11

δBRW→had[10−4] 40 − 1 1 − − − −
δAe [10−4] 140 − 1.1 e) 3.2 e) 5.1 10 10 42

δAµ [10−4] 1060 − − − 5.4 54 13 270

δAτ [10−4] 300 − 3.1 e) 5.2 e) 5.4 57 17 370

δAb [10−4] 220 − − − 5.1 6.4 9.9 40

δAc [10−4] 400 − − − 5.8 21 10 30

δAµ
FB [10−4] 770 − 0.54 4.6 − − − −

δAb
FB [10−4] 160 − 30 f) 10 f) − − − −

δAc
FB [10−4] 500 − 80 f) 30 f) − − − −

δRe [10−4] 24 − 3 2.4 5.4 11 4.2 27

δRµ [10−4] 16 − 0.5 1 2.8 11 2.2 27

δRτ [10−4] 22 − 1 1.5 4.5 12 4.3 60

δRb [10−4] 31 − 2 2 7 11 7 18

δRc [10−4] 170 − 10 10 30 50 23 56

δRν [10−3] g) − − − − − − − 9.4

δRinv [10−3] g) − − 0.27 0.5 − − − −

Table 27. Uncertainty on several observables related to the properties of the electroweak vector
bosons. We also list the uncertainty on the top mass. For dimensionful quantities the absolute
uncertainty is given, while relative errors are listed for dimensionless quantities. A few comments
on some particular numbers are in order: a) For hadron colliders the top mass is not the pole
mass. b) For the top mass all lepton colliders require a dedicated top threshold scan to achieve the
uncertainty given here. (For ILC the quoted value comes from a dedicated run at 350 GeV.) c)
From direct reconstruction in the ZH run 2-3 MeV can be achieved [2]. d) In a 4-year dedicated run
2 MeV can be achieved by ILC [137]. e) From τ polarization measurements. f) At circular colliders,
for Ab and Ac previous measurement uncertainties were dominated by the physics modelling [138]
and the systematic uncertainty arising from this was only estimated by FCC-ee [135]. When these
systematics are set to zero in the measurements of Ab

FB and Ac
FB the uncertainty in Ab and Ac is

controlled by the statistical errors plus the uncertainty on Ae. This is the setup used for the baseline
fits. See discussion in section 3.4.1 for details. g) Rν ≡ ΓZ→inv/ΓZ→had and Rinv ≡ ΓZ→inv/ΓZ→"".
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EW precision at future e+e- colliders: Experiment

JB et al., JHEP 01 (2020) 139

• Consistency tests of the EW sector:  HL-LHC vs. Giga Z vs. Tera Z 
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H Consistency of electroweak precision data

Before the discovery of a Higgs boson, the consistency of the SM has often been illustrated

by comparing the direct measurement of mW andmtop with the indirect constraints derived

from precision measurement at the Z-pole and at low-energy experiments. Figure 18 for

the future e+e− colliders.

68% and 95% prob. regions
HL­LHC
HL+ILC250
HL+ILC250 (no ThIntr)
Exp. projections
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165
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Figure 18. Constraints on mW and mtop from direct measurements (horizontal and vertical lines)
and indirect constraints (ellipses). In all cases the constraints from current data plus HL-LHC are
compared to the ones expected for the e+e− collider. For ILC and CLIC the result is shown without
(top row) and with a Giga-Z (bottom row) run.
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Theory Challenges at the precision frontier

• Proper interpretation of precision measurements require precision theory

‣ The goal of improved precision measurements is to learn about new physics 
⇒ We need to distinguish between new physics (signal) and SM (background)

• We need to have very good control of the background so its uncertainties do 
not affect the new physics interpretation

• Theory challenges: Future projections assume full EW & QCD-EW 3-loop + 
leading 4 loop (Yt enhanced) are computed by the time of future e+e-

✓ Enough only to lower theory uncertainty to the experimental level

Physics at the Z pole – central EW precision (pseudo-)observables
FCC-ee: Freitas et al., 1906.05379; ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic th. unc. parametric unc.
current ILC FCC-ee current prospect prospect source

�MZ[MeV] 2.1 � 0.1

��Z[MeV] 2.3 1 0.1 0.4 0.15 0.1 ↵s

� sin2 ✓`e↵ [10
�5] 23 1.3 0.6 4.5 1.5 2(1) �↵had

�Rb[10
�5] 66 14 6 11 5 1 ↵s

�R`[10
�3] 25 3 1 6 1.5 1.3 ↵s

Parametric uncertainties of EW pseudo-observables:

I QCD:
⇧ most important: �↵s ⇠ 0.00015 @ FCC-ee?

,! ↵s from EW POs competitive ) cross-check with other results!
⇧ quark masses mt, mb, mc

I �↵had: �(�↵had) ⇠ 5(3)⇥ 10�5 for/from FCC-ee?
⇧ new exp. results from BES III / Belle II on e

+
e
�
! hadrons

⇧ �↵had from fit to radiative return e
+
e
�
! � + hadrons

I other EW parameters: MZ, MW, MH less critical (improved at ILC/FCC-ee)

S.Dittmaier Physics Landscape 2nd ECFA Workshop on e+e– . . . , Paestum, Oct 2023 43

A. Freitas et al., arXiv: 1906.05379 [hep-ph]
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Theory Challenges at the precision frontier

• Precision Experiment vs. Theory: Impact of SM theory uncertainties

• Even accounting for future progress, SM theory uncertainties will have an impact 
on BSM interpretation of EWPO

• Parametric uncertainties expected to have similar effect (αem → Al → S par.)
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2-σ region (no ThIntr)
HL+CLIC380,Giga Z
HL+ILC250,Giga Z
HL+CEPC
HL+FCCee
Including ThIntr
HL+CLIC380,Giga Z
HL+ILC250,Giga Z
HL+CEPC
HL+FCCee

-0.04 -0.02 0.00 0.02 0.04
-0.04

-0.02
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0.02

0.04
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S

Figure 17. (Left) 2-σ regions in the S − T plane at the different future colliders, combined with
the HL-LHC (including also the LEP/SLD EWPO programme). We express the results in terms
of the usually normalised parameters: S = 4 sin2 θwŜ/α and T = T̂ /α. The results include the
future projected parametric uncertainties in the SM predictions of the different EWPO, but not the
intrinsic ones. (Right) The same illustrating the impact of neglecting such intrinsic theory errors.
For each project (including the Giga-Z option for linear colliders) the solid regions show the results
in the left panel, to be compared with the regions bounded by the dashed lines, which include the
full projected theory uncertainty.

finally, also assuming that parametric uncertainties become subdominant (No ThPar+Intr

Unc.). Since several of the SM EW inputs are to be measured at the future collider under

consideration, the latter scenario goes beyond the physics potential of these machines. This

scenario is presented only to illustrate whether the precision of the measurements of such

inputs can become a limiting factor in terms of the reach of Ŝ and T̂ . This seems to be

the case for the circular colliders and, to a less extent, the linear collider Giga-Z options.
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Global SMEFT constraints at Future Colliders

• Example: SMEFT at HL-LHC vs FCCee: Sensitivity improvement

Modifications of SM interactions
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where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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. (15)
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:

�gff
V,L/R

⌘
(�̂gf
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)ff

gf,SM
V,L/R

. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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particles compared to their values predicted robustly in SM itself. These fits relied
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include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
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are, again, 3x3 matrices in flavor space and parameterize, in par-
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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Result Correlation Matrix
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0.016±0.006 1.00
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0.002±0.001 0.90 1.00

Table 4: Results of the fit for the shifts in the left-
handed and right-handed Zbb̄ couplings.

Result Correlation Matrix
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Table 5: Results of the fit for the shifts in the vector
and axial-vector Zbb̄ couplings.
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Figure 3: (Left) 1D probability distribution for kV derived from EWPD. (Center) Comparison of the 68%
and 95% probability contours for rescaled Higgs couplings to fermions (k f ) and vector bosons (kV ), from
EWPO and Higgs signal strengths (see [1] for details). (Right) Expected sensitivities to kV at future collid-
ers. Different shades of the same colour correspond to results including or neglecting the future theoretical
uncertainties.

We also find a preference for kV > 1, with 90% of probability. This imposes significant constraints
on composite Higgs models, which generate values of kV < 1, unless extra contributions to the
oblique parameters are present. It is noteworthy that, as can be seen in the central panel of Fig. 3,
the EWPO constraints still dominate the LHC run 1 bounds from Higgs signal strengths [1].

Finally, we consider the general parametrization of NP effects using the SM effective field
theory up to dimension 6. Assuming that the fields and symmetries of nature at energies below
a given cutoff L are those of the SM, the most general Lorentz and SM gauge invariant theory
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are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X
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. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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and Yukawa interactions no longer holds and these are two sets of independent
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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where �̂yf mf should be thought as 3 ⇥ 3 matrices in flavour space. FCNC
are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
parameters.

• Vector couplings to fermions: while corrections to the QED and QCD ver-
tices are protected by gauge invariance, the electroweak interactions of fermions
V ff (V = Z,W ) are modified at dimension 6. These modifications are directly
related to contact interactions of the form hV ff :
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The �̂gY
X,L/R

are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
6:
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:
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For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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are avoided when �̂yf is diagonal in the same basis as mf . Note that once we
include dimension-6 contributions, the SM relation between the fermion masses
and Yukawa interactions no longer holds and these are two sets of independent
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are, again, 3x3 matrices in flavor space and parameterize, in par-
ticular, absolute modifications of the EW couplings. Also, not all terms in the
previous equation are independent and the following relations hold to dimension
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with VCKM the Cabibbo-Kobayashi-Maskawa (CKM) matrix which, unless oth-
erwise is stated, we approximate to the identity matrix.

2.2 E↵ective couplings

As done in [8, 9], some of the results will be presented, not in terms of the Wil-
son coe�cients of the manifestly gauge-invariant operators, but in terms of pseudo-
observable quantities, referred to as e↵ective Higgs and electroweak couplings, com-
puted from physical observables and thus, independent of the basis one could have
chosen for the dimension-6 Lagrangian. This is done by performing the fit internally
in terms of the Wilson coe�cients and then, from the posterior of the fit, compute
the posterior prediction for the quantities
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Note that the definition in Eq. (15) is not phenomenologically possible for the top-
Higgs coupling and the Higgs self-interaction. Being aware of this, for presentational
purpose we will nevertheless still apply similar definition for ge↵

Htt
. To further connect

with diboson processes, and even though they are technically not pseudo-observables,
we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM

3 , to
describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:

�X ⌘ X �XSM, �X ⌘
�X

XSM
. (17)

For instance, in this notation, the new physics contributions to the e↵ective couplings
between fermions and electroweak bosons are given by:
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. (18)

Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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we will also use the aTGC �g1,Z , �� and �Z . Finally, we use gHHH ⌘ �3/�SM
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describe modifications of the Higgs self coupling.

In the results presented below, we will report the expected sensitivities to relative
modifications of these e↵ective couplings with respect to the SM values, whenever
these are non-zero. Such relative shifts are always indicated by the symbol �, whereas
absolute shifts will be indicated with �, i.e., given a quantity X:
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Whenever a given quantity is zero in the SM, e.g. �Z or any of the Wilson coe�cients
Ci, the sensitivity will be reported directly on the parameter.

3 Recap on SMEFT fits for ESG

Global fits of the data expected at HL-LHC and future colliders have been carried
out in the context of the 2020 European Strategy Update for Particle Physics [9] with
a special emphasis on the Higgs sector. One key question addressed was the sensitivity
of the various colliders to the deformations of the Higgs couplings to the di↵erent SM
particles compared to their values predicted robustly in SM itself. These fits relied
on the measurements of the Higgs production cross section times its decay branching
ratios in the di↵erent channels. Two di↵erent approaches, as model-independent
as possible, were adopted. On the one hand, in the -framework, it is assumed
that the structure of the Higgs interactions remain identical to the SM one. While
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Figure 3: Projected bounds on the masses of new scalar fields. The vertical dashed lines separate fields

which contribute to EWPOs at tree level (left), via one-loop RG evolution (middle), and via one-loop

matching (right). The green and blue bars correspond to di↵erent assumptions for the coupling to SM

fermions, as described near the start of Sec. 4, while red bars are used when the state does not have

couplings to fermions. Fields indicated with a p˚q correspond to cases where the tree-level contribution has

been set to zero by forbidding a specific coupling (see Table 3). Hatched bars correspond to pure tree-level

limits, without RG running.

EWPOs under leading RG evolution. This interesting exception warrants further study

and, at present, is the only exception across all scalar UV-completions which can generate

a tree-level dimension-6 SMEFT contribution without also leading to EWPO corrections

at tree or one-loop level. Note, however, that if one resums beyond the first leading-log

level this operator does generate an RG contribution to CHD [2, 5], hence this model, too,

is in fact not immune to EWPO measurements.

For the remainder of the states the mass ranges probed span approximately 1 ´ 10

TeV for states whose contribution to EWPOs is only through one-loop RG contributions,

showing the extraordinary power of a Tera-Z programme in directly probing beyond the

mass ranges accessible to the HL-LHC, especially for purely EW-charged states, even at

the one-loop level. In the majority of cases the third-generation only ansatz is more weakly

probed than the universal one, with only three exceptions (⌅1, ⇣ and !1).

These can be traced back to the structure of the SMEFT RGE, together with the

particular contributions to di↵erent EWPOs in each case. A generic feature that always

appears in this context is that the leading top Yukawa running of four-fermion operators

into Z coupling modifications (H operators) typically has the opposite sign than the gauge

coupling contribution. This often leads to a cancellation in the RGE which is stronger in

the case of universal couplings due to the sum over all flavours, and is typically of Op10q%.
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• Continuing with the interpretation within the EFT, the sensitivity to BSM effects 
benefits not only from experimental precision but also from access to high-E:

• Example: HL-LHC 2→2 fermion processes 
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EFT: E↵ects suppressed by �
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1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10
�4

(10
�6

)

�Z [GeV] 10
�4

(4 ⇥ 10
�5

)

�
0
had [nb] 5⇥10

�3
(10

�4
)
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)

Rµ 0.001 (5 ⇥ 10
�4

)

R⌧ 0.002 (10
�4

)

Rb 0.00006 (3 ⇥ 10
�4

)

Rc 0.00026 (15 ⇥ 10
�4

)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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E-const effects

E-growing effects

Sensitivity benefits from: 

Accuracy  
(L, low sys., low TH. unc.)

Accuracy and High Energy

Figure 2: 95% CL allowed regions for W and Y at the 14 TeV HL-LHC. The green and orange shaded
regions correspond to the bounds from charged and neutral DY, respectively, whereas the combined
bounds are given by the blue shaded regions. The fully-di↵erential analysis results are reported with
solid contours while the dashed contours represent the sensitivity of the single-di↵erential measurements.

thus expected to improve the determination of Y. It must be however noticed that the di↵erential
cross-section in the y ⇠ ymax and c⇤ ⇠ �1 corner is somewhat suppressed, and is an order of
magnitude smaller than in the c⇤ > 0 region. This means that a significant improvement in the
Y determination can be obtained only when a high number of signal events are collected, so
that the y ⇠ ymax and c⇤ ⇠ �1 region is su�ciently populated at high m``. To give an idea, at
the HL-LHC, out of ⇠ 12000 SM events with m`` > 1.1 TeV, only 210 events are expected in
the region with y/ymax > 0.4 and c⇤ < �0.6.

We show in Figure 2 the comparison of the projected exclusion reach on the W and Y
parameters obtained from a fit taking into account the fully-di↵erential distribution or the
single-di↵erential (invariant mass or transverse momentum for neutral and charged DY, respec-
tively) distributions. To obtain the bounds we considered the HL-LHC benchmark, with collider
energy 14 TeV and L = 3 ab�1 integrated luminosity, and we assumed that the experimental
measurements of the cross-section coincide with the SM predictions.7 The fit of the charged DY
process was obtained by considering a set of bins in the transverse momentum and rapidity of
the charged lepton, whose boundaries are

pT,` : {150, 180, 225, 300, 400, 550, 750, 1000, 1300, 7000} GeV , (11)

⌘l/⌘max : {0, 1/3, 2/3, 1} , (12)

where ⌘max is the minimum between the acceptance cut of 2.5 and the maximal kinematically
allowed rapidity arctanh[(1�4p2

T,`
/S)1/2]. For the neutral DY channel we instead used a binning

in m``, c⇤ and y, with boundaries

m`` : {300, 360, 450, 600, 800, 1100, 1500, 2000, 2600, 14000} GeV , (13)

c⇤ : {�1,�0.6,�0.2, 0.2, 0.6, 1} , (14)

y/ymax : {0, 0.2, 0.4, 0.6, 1} . (15)

7Results for the LHC run 3 benchmark are reported in Appendix C.

7

Figure 6: Left panel: 95% CL exclusion reach in the (gY /M, gBL/M) plane from EWPT (gray shaded
region) [35] and projected exclusion at the HL-LHC (blue and orange shaded regions). Right panel:
Comparison of direct (green shaded region) and indirect (blue and orange shaded regions) exclusions at
the HL-LHC for a heavy vector of mass M = 7 TeV. In both panels the blue shaded region corresponds
to the fully-di↵erential fit, while the orange shaded region is obtained with the single-di↵erential one.

(EWPT) performed at LEP and other experiments.10

When integrated out at tree-level, the massive Z 0 produces all the flavor-universal lepton-
quark operators in Table 1 except O

(3)
lq

, with Wilson coe�cients that are readily computed in
terms of the three free parameters gY , gBL and M . Clearly the Wilson coe�cients are quadratic
polynomials in the ratios gY /M and gBL/M , which are therefore the only two parameter com-
binations that can be probed by indirect searches11. Furthermore the indirect constraints are
symmetric under an overall change of sign of the couplings (gY , gBL) ! (�gY ,�gBL). The
95% CL reach on the model at the HL-LHC is displayed in Figure 6 on the (gY /M, gBL/M)
plane (left panel) and on the (gY , gBL) plane for a fixed mass M = 7 TeV (right panel). The
bounds are obtained from the fully and single-di↵erential analyses described in the previous sec-
tion, but including in this case a 2% uncorrelated experimental uncertainty in the measurements,
aiming at a more conservative result.

The advantage of the fully-di↵erential analysis over the single-di↵erential one is mainly in
the region gBL ' �gY . This region is particularly di�cult to probe as it entails the cancellation
of the Z 0 coupling to the right-handed electrons as well as the suppression of the couplings
to the left handed quark doublets, the right-handed up-type quarks and the left-handed lepton
doublets. Therefore in this region Gqe, Geu and Ged vanish and G(1)

lq
, Glu and Gld are suppressed

(and G(3)
lq

is always zero). We notice in passing that the suppression of the couplings to quarks
also determines a reduction of the direct production cross-section at the LHC, which makes
direct searches less e↵ective. The fully-di↵erential analysis not only improves the sensitivity
along the gBL = �gY direction, it also mitigates the impact of the quadratic terms in the cross-
section prediction. This is shown by the dashed lines in the left panel of Figure 6, reporting
the results of the linearized fits. The single-di↵erential linearized analysis possesses two very
pronounced flat directions that correspond to directions in the (gY , gBL) plane where the G+

E

10For the model to be free of gauge anomalies, three right handed neutrinos with B � L coupling must be
present. Contrary to Ref. [35], we take these states to be nearly massless.

11Strictly speaking this is statement is true only a tree level. In fact, already at our level of accuracy (NLL),
the RG flow induces an additional logarithmic dependence on M in our observables. However these e↵ects are
extremely small as can be appreciated in Figure 7, where the indirect searches contours are well approximated by
straight lines.
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• Within the context of Future Lepton Colliders, this is of special relevance for 
high-energy (multi-TeV) muon colliders

                                                  
Induce 4-fermion operators:  
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[ŝ�̂]H (4)

�L(sL) = �H(
p
sL, sH) (5)

2

W & Y parameters in 2→2 fermion processes 

Figure 6: 95% CL sensitivities to the W and Y at the 10 and 30 TeV muon collider.

Exclusive-only [95% CL] Combined [95% CL]
W⇥107 Y⇥107 ⇢W,Y W⇥107 Y⇥107 ⇢W,Y

3 TeV [�53, 53] [�48, 48] -0.72 [�41, 41] [�46, 46] -0.60
10 TeV [�5.71, 5.71] [�4.47, 4.47] -0.74 [�3.71, 3.71] [�4.16, 4.16] -0.54
14 TeV [�3.11, 3.11] [�2.31, 2.31] -0.74 [�1.90, 1.90] [�2.13, 2.13] -0.52
30 TeV [�0.80, 0.80] [�0.52, 0.52] -0.75 [�0.42, 0.42] [�0.47, 0.47] -0.48

Table 4: Single-operator 95% CL reach and correlation for the W&Y parameters at di↵erent
muon collider energies including only exclusive cross-sections and combining all measurements.
Since the likelihood is dominated by the linear terms in the new physics parameters, the single
parameter reach plus the correlation characterizes our results completely.

central final state particles, with a selection that reduces the background to a manageable
level. Notice that this final state is dominated by the longitudinal helicity channel Z0h.

• W+W�
: Again like in [7], we assume a 44% e�ciency for the detection of the two W

bosons in the semi-leptonic decay channel, where the charge of the W ’s can be recon-
structed. Transverse WW production plays here the role of background.

• Wh : We consider an e�ciency of 19%, having in mind the leptonic W decay, and h ! bb.
Like for Zh, there is no relevant background from transverse production.

• WZ : We apply an e�ciency of 23%, which corresponds to the leptonic W and the
hadronic Z decay. The background from transverse WZ production is considerable, and
is taken into account.

In our analysis we do not consider the possibility of employing the decay angles of the
bosons to extract information on their polarization. Therefore the transverse di-bosons processes
W+

T W�

T and WTZT are e↵ectively irreducible backgrounds to the corresponding longitudinal
processes, and the scattering angle ✓⇤ is the only discriminating variable. An increased lower
cut on ✓⇤ benefits the sensitivity, as it suppresses the t-channel enhancement of the transverse
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Vector bosons and Higgs production
(Zh, WW, Wh, WZ)

Figure 7: Left: 95% sensitivity contours in the (CB, CW ) plane at the 30 TeV muon collider. A
second allowed region, not shown in the figure, can be eliminated by other measurements [7].
Right: Zh and WW likelihood contours at tree-level. Notice that the ellipses for WW and Zh
are tangent in two points, one being the SM, the other being the point where the amplitudes
have the same magnitude as in the SM but opposite sign.

The possibility of binning ✓⇤ has been considered, but found not to improve the sensitivity.
Our analysis will thus be only based on the measurement of the fiducial WW and WZ cross-
sections in the above region, and of the Zh and Wh cross-sections for ✓⇤ 2 [30�, 150�]. As in
the previous section, both exclusive and semi-inclusive cross-sections will be employed for the
neutral processes WW and Zh, plus the semi-inclusive charged cross-sections for Wh and WZ.

The results of our analysis are reported in Table 5 and on the left panel of Figure 7, in terms
of the dimensionful coe�cients (CB and CW ) of the O0

B and O0

W operators of Table 2. Our
finding are quantitatively similar to the ones of Ref. [7]. We can thus refer to that article for
the (very favorable) assessment of the muon collider sensitivity to CB and CW in comparison
with current knowledge and with other future colliders. We devote the rest of this section to
discuss the approximate flat direction of the likelihood in the (CB, CW ) plane, which we observe
in Figure 7 (left panel).

The flat direction entails a strong degradation of the marginalized sensitivity, as in Table 5.
Furthermore this degradation brings the marginalized CB and CW limits to large values, in a
region where the likelihood is considerably a↵ected by the contributions to the cross-sections of
the terms that are quadratic in the new physics parameters. In theories like Composite Higgs
where CB,W ⇠ 1/m2

⇤, this fact implies that the marginalized limits correspond to a new physics
scale m⇤ not much above the collider energy. In fact, looking at Table 5 we notice that the
30 TeV CB reach corresponds to m⇤ = 43 TeV. Thus, if new physics happened to sit along the
flat direction in Figure 7, diboson processes would fail to extend the muon collider sensitivity
well above the direct mass-reach. We do not have reasons to expect new physics to lie in
that direction. Actually in certain Composite Higgs models one expects it to lie in the nearly
orthogonal direction CB = CW [7]. However the presence of the flat direction is an obstruction
to the broad exploration of new physics and to the characterization of a putative discovery. It
is thus worth explaining its origin and discussing strategies to eliminate it.

The origin of the flat direction in the tree-level sensitivity contour (showed dashed, on the
left panel of Figure 7) is readily understood analytically, by considering the gradients “r” of the
Born-level cross-sections in the (CB, CW ) plane, around the SM point (0, 0). Using the results
for WW and Zh shown in Figure 8 and rescaling the gradients by the common factor 2E2

cm�0
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Induce VHff operators:  
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Summary

• EW precision tests have been traditionally a powerful tool to validate the SM 
description of electroweak interactions and constrain new physics

• Current precision established the need for precision calculations, testing the 
SM to the level of quantum corrections (2-loops)

• While the SM global EW fit is “dominated” by measurements at previous 
lepton colliders (LEP/SLD), it also receives important information from hadron 
colliders (Tevatron, LHC):

✓ Some input parameters can only be measured there (Top and Higgs masses)

✓ In some cases better precision: W mass  

✓ Plus some measurements of the neutral current are starting to compete 
with the LEP/SLC precision

• (If we ignore MW from CDF) No statistically significant deviation in the SM EW 
fit, though interesting tensions still present (AFBb)

✓ Strong constraints on new physics affecting the EW sector!!!        
(Sensitivity to new physics ~few TeV, depending on new physics couplings) 
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Summary

• Future e+e- colliders like any of the proposed Higgs factories would be capable 
of significantly improving our knowledge of the EW sector

✓ Different ways of improving the precision of EWPO: 
‣ Run at Z-pole (Tera Z/Giga Z)

‣ Measurements at Higgs factory run (250 GeV) via radiative return to Z
✓ Higgs factory runs (250 and 350 GeV) → Improvement in W and Top-quark 

mass precision

• Typically, one order of magnitude improvement in sensitivity to new physics… 

• …But requires a substantial improvement in SM theory calculations to match 
the expected experimental precision of EWPO

✓ Challenging but needed so SM theory is not a bottleneck for new physics 
interpretations

• High Energy Future Colliders (e.g. Muon colliders) also benefit of the high-E 
reach to provide other interesting EW measurements beyond EWPO, and 
strong BSM sensitivity without relying crucially on EXP precision   
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Table 4: Uncertainty components for the ?
✓

T, <T and combined <, measurements using the CT18 PDF set. The first
columns give the total, statistical and overall systematic uncertainty in the measurements. The following columns
show the contributions of modelling and experimental systematic uncertainties, grouped into categories.

Unc. [MeV ] Total Stat. Syst. PDF �8 Backg. EW 4 ` DT Lumi �, PS

?
✓

T 16.2 11.1 11.8 4.9 3.5 1.7 5.6 5.9 5.4 0.9 1.1 0.1 1.5
<T 24.4 11.4 21.6 11.7 4.7 4.1 4.9 6.7 6.0 11.4 2.5 0.2 7.0
Combined 15.9 9.8 12.5 5.7 3.7 2.0 5.4 6.0 5.4 2.3 1.3 0.1 2.3
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Figure 10: (a) Present measured value of <, , compared to SM prediction from the global electroweak fit [6], and to
the measurements of LEP [10], Tevatron [18, 19] and the LHC [12, 13]. (b) The 68% and 95% confidence level
contours of the <, and <C indirect determinations from the global electroweak fit [7], compared to the 68% and
95% confidence-level contours of the present ATLAS measurement of <, , the ATLAS measurement of <� [61]
and the LHC measurement of <C [60].

Standard Model electroweak fit are shown in Figure 10(b), and are compared to the present measurement
of <, and to the combined value of the LHC top-quark mass determinations at 7 and 8 TeV [60].

7 Measurement of the ]-boson width

7.1 Overview

The ?
✓

T and <T distributions are not only sensitive to <, but also to �, , as shown in Figure 1. In particular,
the high tails of the ?

✓

T and <T distributions are sensitive to changes of �, . The fit to the <T distribution
is expected to be more sensitive, because events with high <T are more likely to come from the tail of
the ,-boson Breit–Wigner distribution than events with high ?

✓

T. The measurement of �, relies on the
same statistical framework, the same calibration, and the same distributions as the previously presented
measurement of <, . However, �, is left free in the fit, while the ,-boson mass is treated as NP and
set to its SM expectation within the global electroweak fit, <SM

,
= 80355 ± 6 MeV [6]. The templates are

generated with different values of �, , centred around the reference value used in the Monte Carlo signal
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• W mass at HL-LHC  

• Effective weak mixing angle at HL-LHC

�

Introduction SM parameters VBF&Dibosons VBS&Tribosons ATGC/AQGC Conclusion

Systematic uncertainties

arXiv:2403.1508

Snowmass report, ATL-PHYS-
PUB-2022-018/CMS-FTR-22-00

At HL-LHC: increased lepton acceptance.
But need a dataset with low instantaneous luminosity.
Final precision will depend on PDFs and amount of data.

A.-M. Magnan EW @ LHC and HL-LHC 10/07/2024, LCWS 2024 11 / 48

�

Introduction SM parameters VBF&Dibosons VBS&Tribosons ATGC/AQGC Conclusion

Best measurement at hadron collider to date

sin2✓`eff = 0.23157 ± 0.00010 (stat)± 0.00015 (exp)± 0.00009 (theo)± 0.00027 (PDF)

Uncertainties dominated by PDF.
Exp. systematics: MC stat (0.00008), lepton efficiency (0.00006), calibrations
(0.00006), bkg (0.00004), others (0.00003).

PDF profiling reduces PDF set differences.
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CMS 2024:

�

Introduction SM parameters VBF&Dibosons VBS&Tribosons ATGC/AQGC Conclusion

The weak mixing angle at HL-LHC

ATLAS: ee only extended to |y | < 4.0

CMS: µµ only extended to |y | < 2.8

ATL-PHYS-PUB-2022-018/FTR-
22-001

New CMS
measurement
already better than
expectations in
YR2018.

[We are never better beaten than
by oneself]
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Table 27: The value of sin2 ✓lept
eff with the breakdown of uncertainties from the ATLAS preliminary

results at
p
s = 8 TeV with 20 fb�1 [491] is compared to the projected sin2 ✓lept

eff measurements with
3000 fb�1 of data at

p
s = 14 TeV for two PDF sets considered in this note. All the numbers values

are given in units of 10�5. Note that other sources of systematic uncertainties, such as the impact of the
MC statistical uncertainty, evaluated in Ref. [491] are not considered in this prospect analysis. For the
HL-LHC prospect PDFs the "ultimate" scenario is chosen.

ATLAS
p
s = 8 TeV ATLAS

p
s = 14 TeV ATLAS

p
s = 14 TeV

L [fb�1] 20 3000 3000
PDF set MMHT14 CT14 PDF4LHC15HL�LHC

sin2 ✓lept
eff [⇥10

�5
] 23140 23153 23153

Stat. ± 21 ± 4 ± 4
PDFs ± 24 ± 16 ± 13
Experimental Syst. ± 9 ± 8 ± 6
Other Syst. ± 13 - -
Total ± 36 ± 18 ± 15

To conclude, the accuracy of measurements of the weak mixing angle obtained with an analysis of
AFB in Z events at

p
s = 14 TeV with 3000 fb�1 at ATLAS and CMS and 300 fb�1 at LHCb at

the HL-LHC exceed the precision achieved in all previous single-experiment results to date and the
measurements are dominated by PDF uncertainties. To explore the full potential of the HL-LHC data it
will be therefore essential to reduce PDF uncertainties. A significant improvement of the sensitivity of
the measurement is observed in the ATLAS analysis when using prospect PDF sets including ancillary
Drell-Yan measurements performed with the data collected during the high luminosity phase of the LHC
and at the LHeC collider.

4.4.6 The global EW fit22

The measurement of the Higgs Boson mass (MH ) at the Large Hadron Collider (LHC) has provided the
last input to the global fit of electroweak (EW) precision observables (EWPO), which can now be used
to effectively constrain new physics. Moreover, the measurement of Higgs-boson production and decay
rates that is at the core of the physics program of the LHC Run-2 will further constrain those interactions
that directly affect Higgs-boson physics.
The HL-LHC will have the potential to provide more constraining bounds on new physics via the global
fit to EWPO and Higgs data, thanks to the higher precision it will reach both in the measurement of
some of the crucial input parameters of global EW fits (e.g. MW , mt, MH , and sin2 ✓lepte↵ ), and in
the measurement of Higgs-boson total and differential rates. In this study the reach of the HL-LHC in
constraining new physics is explored via a global fit to EWPO. Earlier studies on the prospects for the
LHC were performed in [492, 493].
In the following, details are provided first on the parameters and procedure of the global EW fit. Next
the results are interpreted within the Standard Model (SM). Finally, the EW fit is used to constrain new
physics beyond the SM. The results are presented for both the current data and the projections in the
HL-LHC scenario.
The global fit of EWPO is performed using the HEPFIT package [494], a general tool to combine direct
and indirect constraints on the SM and its extensions in any statistical framework. The default fit proce-

22Contribution by J. de Blas, M. Ciuchini, E. Franco, S. Mishima, M. Pierini, L. Reina, and L. Silvestrini.
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ATLAS 2024 (CT18):

Table 3: Uncertainty correlation between the ?
✓

T and <T fits, combination weights and combination results for <,

and the indicated PDF sets.

PDF set Correlation weight (?✓T) weight (<T) Combined <, [MeV ]

CT14 52.2% 88% 12% 80363.6 ± 15.9
CT18 50.4% 86% 14% 80366.5 ± 15.9
CT18A 53.4% 88% 12% 80357.2 ± 15.6
MMHT2014 56.0% 88% 12% 80366.2 ± 15.8
MSHT20 57.6% 97% 3% 80359.3 ± 14.6
ATLASpdf21 42.8% 87% 13% 80367.6 ± 16.6
NNPDF3.1 56.8% 89% 11% 80349.6 ± 15.3
NNPDF4.0 59.5% 90% 10% 80345.6 ± 14.9

6.4 Combination

All event categories are statistically independent as long as only the ?
✓

T or only the <T distributions are
considered. The correlation between the final ?✓T- and <T-based results for <, is determined from an
ensemble of fit results obtained by fluctuating the data and the most probable values of the nuisance
parameters within their respective uncertainties. The ?

✓

T and <T results are then combined using the BLUE
prescription [59]. The results of this procedure are given in Table 3. The weight of the ?

✓

T fit ranges from
86% to 97%, depending on the PDF set, and dominates the final result. For the CT18 PDF set, the final
result is:

<, = 80366.5 ± 9.8 (stat.) ± 12.5 (syst.) MeV = 80366.5 ± 15.9 MeV,

where the first uncertainty component is statistical and the second corresponds to the total systematic
uncertainties.

The decomposition of the post-fit uncertainties is performed according to Ref. [51] and shown in Table 4.
Statistical uncertainties contribute about 10 MeV in the present fit. This is in contrast with 6 MeV obtained
from fits considering statistical uncertainties only, with all nuisance parameters fixed to their best-fit values.
The increase reflects the larger number of parameters determined from the same data. Correspondingly,
the systematic uncertainty components are smaller than systematic ‘impacts’ conventionally reported for
PLH fits.3 Systematic uncertainties contribute about 13 MeV, dominated by PDF uncertainties, missing
higher-order electroweak corrections, and electron and muon calibration uncertainties.

The fits are performed assuming the SM value for the ,-boson width, �SM
,

= 2088± 1 MeV [6]. The fitted
value of <, varies with the assumed value for �, following �<, = �0.06��, . Assuming an alternate
SM prediction of �SM

,
= 2091 ± 1 MeV, as obtained in Ref. [7], does not change the measured value of the

,-boson mass significantly.

The compatibility of the measured value of the ,-boson mass using the CT18 PDF set with the Standard
Model expectation is illustrated in Figure 10(a), together with selected previous measurements. The
two-dimensional 68% and 95% confidence limits for the predictions of <, and <C in the context of the

3 Impacts are obtained from the quadratic subtraction between the total fit uncertainty and the uncertainty of a fit with selected
nuisance parameters removed and overestimate the genuine systematic uncertainty.

20

Snowmass 2021: ATLAS-PHYS-PUB-2022-018/CMS PAS FTR-22-001

Final precision will largely depend on PDFs and amount of data
HLLHC will benefit from improved lepton acceptance

(Depending again on PDFs)
Final precision at the LEP/SLD level
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• EWPO at HL-LHC: Impact on EWPO fit  

arXiv: 1902.04070

level. The improvement in the precision on mt would also reduce the parametric uncertainty on some
observables, e.g. the W mass, bringing the total residual error very close to the intrinsic uncertainty as-
sociated to missing higher-order corrections in the calculation of MW . As in the case of some of the SM
inputs, the expected improvement on the experimental precision of MW , without a significant deviation
on the central value, would add some tension between theory and experiment, pushing the pull for this
observable well beyond the 2� level. The impact of the HL-LHC measurements on the EW fit is well
illustrated in Fig. 46 where one can see the comparison between direct (i.e. experimental) and indirect
constraints on the fit input parameters given for both the current and HL-LHC scenarios in the MW vs.
mt and the MW vs. sin2 ✓lepte↵ planes respectively.
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Fig. 46: Comparison of the indirect constraints on MW and mt with the current experimental mea-
surements and the expected improvements at the HL-LHC (left). The same in the MW -sin2 ✓lepte↵ plane
(right).

The EWPO, being measured in processes mediated by the exchange of a Z or W boson, are extremely
sensitive to any new physics that modifies the propagation of such particles. This results in a universal
modification of the interactions between the EW gauge bosons and the SM fermions, which, from the
point of view of EWPO, can be described in terms of only three parameters: the well-known S, T , and
U oblique parameters [512]. The study of the constraints on the S, T , and U parameters is one of the
classical benchmarks in the study of EW precision constraints on new physics, and it is well motivated
from a theory point of view, within the context of universal theories. The results of the fit to the S, T ,
and U parameters are given in Table 29. The results are presents in terms of the full (S,T ,U ) fit and also
assuming U = 0, which is motivated in theories where EW symmetry breaking is realised linearly, since
in that case U ⌧ S, T . In both cases the current constraints are compared with the expected precision at
the HL-LHC, which, in some cases, could improve the sensitivity to such new physics effects by up to
⇠ 30%. The results for the ST fit (U = 0) are shown in Fig. 47, illustrating also the constraints imposed
by the different EWPO.
As stressed above, the STU parameterisation only describes universal deformations with respect to
the SM predictions. In order to systematically explore the impact of global EW precision fits on new
physics, the framework of the SMEFT is adopted in what follows. In this formalism, the SM Lagrangian
is extended via operators of dimension five and higher, i.e.

Le↵ = LSM +
X

d>4

1

⇤d�4
Ld, with Ld =

X

i

CiO
(d)
i ,

h
O

(d)
i

i
= d , (28)
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Table 29: Results of the fit for the oblique parameters S, T , U ; and S, T (U = 0). Projections for the
uncertainties at the HL-LHC are given in the last column.

Result Correlation Matrix Precision at HL-LHC
S 0.04± 0.10 1.00 0.09
T 0.08± 0.12 0.90 1.00 0.12
U 0.00± 0.09 �0.62 �0.84 1.00 0.08
S 0.04± 0.08 1.00 0.06
T 0.08± 0.06 0.90 1.00 0.05

(U = 0)
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Fig. 47: Comparison of the currently allowed 68% and 95% probability regions in the S, T fit (U = 0)
(dashed contours) with the HL-LHC projections (solid contours). The different bands illustrate the
bounds from the different EWPO included in the fit and the projected improvements at the HL-LHC.

where ⇤ denotes the cut-off scale of the SMEFT. This new physics scale introduces a first hierar-
chical ordering between contributions of operators of lower versus higher dimension, where higher-
dimension operators are suppressed by inverse powers of ⇤. Each term in Ld is a linear combination of
d-dimensional operators O(d)

i built in terms of SM fields, with Wilson coefficients Ci that can depend on
both SM masses and couplings, as well as new physics parameters. For the analysis of EWPO the lead-
ing new physics corrections come from dimension-six operators (L6). The study is limited to this order
in the effective theory expansion. Using the complete basis of dimension-six interactions presented in
Ref. [513], the Z-pole and W observables in Table 28 are corrected at the leading order by 10 different
operators. The bosonic operators

O�D = |�†Dµ�|2 and O�WB = (�†�a�)W
a
µ⌫B

µ⌫ ,

modify the gauge-boson propagators in a way similar to the T and S parameters, respectively. Among
the remaining operators,

O
(1)
� = (�†

$
Dµ�)( �µ ) and O

(3)
�F = (�†�a

$
Dµ�)(F�µ�aF ),

with  = l, e, q, u , d and F = l, q (where l and q denote the SM left-handed fermion doublets, e, u, d
the SM right-handed fermion singlets, and flavour universality is assumed), correct, upon EW symmetry
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Including expected HLLHC  
improvements on: 

-W mass 
- Effective angle  
- Top Quark mass

SM EW fit

Only small effect compared to  
2016 SM EW fit

Oblique parameters STU
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