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Figure 19: Best fit values as a function of particle mass for the combination of ATLAS and CMS data in the case of
the parameterisation described in the text, with parameters defined as F · mF/v for the fermions, and as

p
V · mV/v

for the weak vector bosons, where v = 246 GeV is the vacuum expectation value of the Higgs field. The dashed
(blue) line indicates the predicted dependence on the particle mass in the case of the SM Higgs boson. The solid
(red) line indicates the best fit result to the [M, ✏] phenomenological model of Ref. [129] with the corresponding
68% and 95% CL bands.

6.3.2. Probing the lepton and quark symmetry

The parameterisation for this test is very similar to that of Section 6.3.1, which probes the up- and down-
type fermion symmetry. In this case, the free parameters are �lq = l/q, �Vq = V/q, and qq = q ·q/H ,
where the latter term is positive definite, like uu. The quark couplings are mainly probed by the ggF
process, the H ! �� and H ! bb decays, and to a lesser extent by the ttH process. The lepton couplings
are probed by the H ! ⌧⌧ decays. The results are expected, however, to be insensitive to the relative
sign of the couplings, because there is no sizeable lepton–quark interference in any of the relevant Higgs
boson production processes and decay modes. Only the absolute value of the �lq parameter is therefore
considered in the fit.

The results of the fit are reported in Table 19 and Fig. 22. The p-value of the compatibility between
the data and the SM predictions is 79%. The likelihood scan for the �lq parameter is shown in Fig. 23
for the combination of ATLAS and CMS. Negative values for the parameter �Vq are excluded by more
than 4�.
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1. Introduction

 It looks very much like the SM Higgs!

JP = 0+

 In 2012, a Higgs boson was discovered at the LHC.

mH ⇡ 125 GeV

 However the SM is not satisfactory: 

 finite neutrino masses, origins of the gauge 
and flavor structures, cosmological problems 
(dark matter, baryon asymmetry, inflation, 
dark energy), quantum gravity, naturalness, …

1606.02266

 But, no NP particle has been found so far at the LHC!

F,i =
v · m✏

F,i

M1+✏

V,i =
v · m2✏

V,i

M1+2✏
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Naturalness?

Naturalness suggests the existence of NP at TeV 
scale or below,  but no new particle has been 
observed so far. 

The naturalness argument is facing a puzzling situation!

 Naturalness has been a guideline to the scale of new 
physics (NP) beyond the SM over the last three decades. 

’t Hooft (79)
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NP scale? 

 The NP scale might be higher than the TeV scale, 
against the naturalness argument.

 Indirect searches for NP through the virtual effects of 
new particles can explore above TeV scale. 

NP searches

Direct searches Indirect searches
high-energy frontier high-intensity frontier

ATLAS, CMS LHCb, Belle II, …
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Indirect searches for NP

 Indirect searches are as relevant as ever after the LHC 
7-8 TeV run. 

 Historically, indirect hints to unobserved heavy particles 
were obtained from low-energy experiments:

 It is important to investigate the interplay of direct and 
indirect searches in the light of experimental data 
available currently and in the forthcoming years:

ATLAS/CMS/LHCb at LHC, Belle II (phase-3: 2018/12-), 
other flavor factories

 the existence of charm quark from kaon decays,      
the heavy top mass from B-Bbar oscillation,             
the Higgs mass from the EW precision fit, …
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Current work

 We revisit the global fit to EW precision observables 
(EWPO). 

- a fit in the SM

- model-independent constraints on several general 
NP scenarios

 We present a future projection of the fit, and compare 
the constraining power of proposed experiments. 

 Numerical results are obtained with the HEPfit code. 



Outline

2. HEPfit

3. EW precision fit in the SM

4. EW precision constraints on NP 

5. Expected sensitivities at future colliders

6. Summary
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2.  fit
1

HEP
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HEPfit

 HEPfit is a framework for calculating various 
observables (EWPO, Higgs, flavor…) in the SM 
and in its extensions and for constraining their 
parameter space with a global fit. 

 The real effort of this project started about six 
years ago, when I was in Rome. 

fit
1

HEP
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HEPfit codes

HEPfit is written in C++, supporting MPI parallelization.  

 Dependencies:  ROOT,  GSL,  Boost header files

HEPfit will be made available to the public under GPL. 

Bayesian Analysis Toolkit (BAT)

Beaujean, Caldwell, Greenwald, Kollar & Kroninger

https://github.com/silvest/HEPfit

 Working developer versions, requiring NetBeans IDE, 
are always available through github. 

http://hepfit.roma1.infn.it
HEPfit ver.1.0 will be released soon(?).

optional

fit
1

HEP

https://github.com/silvest/HEPfit
http://hepfit.roma1.infn.it
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HEPfit

your observable

config file

SUSY

SM

2HDM Effective 
Lagrangian

your model

Models

Obs' ThObservable

histograms
Br(B ! Xs�)

…
Predictions

Bayesian Analysis Toolkit

 alternatively, a library to compute observables in a given model. 

 a stand-alone program to perform a Bayesian statistical analysis. 

 add user’s favorite models and observables as external modules. 

(base class)

…

…
…

HEPfit

(libHEPfit.a and HEPfit.h)

fit
1

HEP



12 Satoshi Mishima (KEK)/71

Models
 Each model class contains the definitions of parameters, 
effective couplings, RGEs, etc. 

- Standard Model

- Some NP extensions for model-independent 
studies of EW and Higgs

- MSSM (SLHA2 compatible, in progress)

- Two-Higgs-doublet models

(FeynHiggs is used to compute Higgs masses, etc.)

dim-6 operators,  oblique parameters,  etc. 

fit
1

HEP



13 Satoshi Mishima (KEK)/71

Observables

 Observables are computed from the parameters, 
the effective couplings and so on that are defined in 
each model class.  

- EW precision observables

- Higgs-boson signal strengths

- LEP2 two-fermion processes (in progress/testing)

- Flavor observables          next slide

MW , �W , �Z , �0

h, sin2 ✓lept

e↵

(Qhad

FB

), P pol

⌧ , Af , A0,f
FB

, R0

f

for f = `, c, b

� and AFB for e+e� ! e+e�, µ+µ�, ⌧+⌧�, cc̄, b¯b

H ! ��, ZZ, WW, ⌧+⌧�, bb̄ for di↵erent categories

fit
1

HEP
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Examples of flavor observables
UT-analysis observables:

Rare decays:

Non-leptonic decays:
B ! PP, PV ✏0/✏ (in progress)

Bs,d ! µ+µ�

K ! ⇡⌫⌫̄ K ! µ+µ� (in progress)

B ! K⇤`+`�

CKM sides and angles,               amplitudes,             �F = 2

(tested against              )

B ! ⌧⌫

B ! Xs� B ! Xs`
+`�

B ! K⇤� B ! K`+`�

,
, , NNLL

NNLO+EW
NLO(NNLO)+NLO-EW

⌧ ! 3`, µ ! 3e

⌧ ! µ�, ⌧ ! e�, µ ! e�

,

,

fit
1

HEP

Introduction HEPfit Models Fitter Summary

Structure of the code

Observable SM THDM SUSY Dim-6
Flavour:
B(Bs ! µ+µ�) X X ⇥ ⇥
B(B̄ ! Xs�) X X ⇥ ⇥
B(⌧ ! µ�, 3µ) – – X ⇥
(...)
Higgs:
µ’s X X ⇥ X
Direct searches – X ⇥ –
Electroweak precision observables:
STU X X ⇥ X
(...)

Otto Eberhardt 18 / 46
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Public release
We are going to release HEPfit to the public with 

- a cross-platform build system with CMake; 

- detailed documentation (paper, doxygen); 
- example codes.

- EWPO/Higgs + flavor [CMK fit, radiative, (semi-)leptonic]; 

fit
1

HEP

in progress!

 Current version:  RC1 (Release Candidate 1)
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1

HEP

ICHEP2014

ICHEP2014

LHCP2013

• J. de Blas, M. Ciuchini, E. Franco, D. Ghosh, S.M., M. Pierini, L. Reina, L. Silvestrini,  
PoS EPS-HEP2015 (2015) 187 EPS-HEP2015

• J. de Blas, M. Ciuchini, E. Franco, D. Ghosh, S.M., M. Pierini, L. Reina, L. Silvestrini,  
PoS LeptonPhoton2015 (2016) 013 Lepton-Photon2015

• J. de Blas, M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini,  
JHEP 1612 (2016) 135 [arXiv:1608.01509]

• J. de Blas, M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini,  
PoS ICHEP2016 (2017) 690  [arXiv:1611.05354] ICHEP2016



17 Satoshi Mishima (KEK)/71

HEPfit developers & contributors
     CERN:  Maurizio Pierini (CMS)

     Florida State U.:  Laura Reina

     IFIC:  Otto Eberhardt

     KEK:   S. M.

     Lanzhou U.:  Fu-Sheng Yu

     Padova U.:  Jorge de Blas

     Rome I & III:  Debtosh Chowdhury,  Marco Ciuchini,  António Coutinho,   

                         Marco Fedele,  Enrico Franco,  Ayan Paul,  Luca Silvestrini,  

                         Mauro Valli

     São Paulo State U.:  Giovanni Grilli di Cortona

     Tehran U.:  Shehu AbdusSalam

     Tohoku U.:  Norimi Yokozaki

     Weizmann:  Diptimoy Ghosh

fit
1

HEP
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3.  EW precision fit in the SM
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EW precision fit

 The precise measurements of the W and top masses at 
the Tevatron/LHC improve the power of the fit.

 Electroweak precision observables (EWPO) offer a 
very powerful handle on the mechanism of EWSB and 
allow us to strongly constrain NP models relevant to 
solve the naturalness (hierarchy) problem.

 Theoretical calculations of higher-order corrections in 
the SM have been improved in recent years.

No free SM parameter in the fit

 Recent qualitative change:   Higgs mass measurements

 Precision is such that SM predictions can be tested to 
the level of radiative corrections. 
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EW precision observables (EWPO)

Z-pole ob’s are given in terms of effective couplings:  

MW , �W and 13 Z-pole observables

A0,f
LR = Af =

2Re
⇣
gf
V /gf

A

⌘

1 +
h
Re

⇣
gf
V /gf

A

⌘i2 A0,f
FB =

3

4
AeAf

P pol

⌧ = A⌧

(LEP/SLD)(LEP2/Tevatron)

(f = `, c, b)

�Z , �0
h =

12⇡

M2
Z

�e�h

�2
Z

, R0
` =

�h

�`
, R0

c,b =
�c,b

�h

)

)
�f = �(Z ! ff̄) /

��gf
A

��2
2

4
�����
gf
V

gf
A

�����

2

Rf
V + Rf

A

3

5

gf
V , gf

A

gf
V /gf

A

L =
e

2sW cW
Zµ f̄

⇣
gf
V �µ � gf

A�µ�5

⌘
f

sin2 ✓lept
e↵ =

1

4|Q`|

"
1 � Re

 
g`
V

g`
A

!#
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Experimental data
 Very precise measurements of the W & Z boson 
properties at e+ e- colliders:

MW , �W

Z-pole obs. 
(LEP/SLD)

MZ , �Z , �0
h, sin2 ✓lept

e↵ , Af , A0,f
FB, R0

f

0.002% O(0.1%) � O(1%)

W obs. 
(LEP2)

2%

 Measurements at hadron colliders (Tevatron & LHC):

MW , �W

0.020% (CDF + D0)

0.024% (ATLAS)

0.04%

mt mh

0.4% 0.2%

GF , ↵            are fixed to be constants. 
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Recent experimental updates
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured
values of mW for positively and negatively charged W bosons are also shown.
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LEP+Tevatron 15 MeV±80385
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Electroweak Fit 8 MeV±80356
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Stat. Uncertainty
Full Uncertainty
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Figure 29: The present measurement of mW is compared
to the SM prediction from the global electroweak fit [16]
updated using recent measurements of the top-quark and
Higgs-boson masses, mt = 172.84± 0.70 GeV [117] and
mH = 125.09 ± 0.24 GeV [118], and to the combined
values of mW measured at LEP [119] and at the Tevatron
collider [24].

 [GeV] tm
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 [G
eV

]
W

m

80.25

80.3

80.35

80.4
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80.5 ATLAS  0.019 GeV± = 80.370 Wm
 0.70 GeV± = 172.84 tm
 0.24 GeV± = 125.09 Hm

t and mW68/95% CL of m

68/95% CL of Electroweak
t and mW Fit w/o m

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

Figure 30: The 68% and 95% confidence-level contours
of the mW and mt indirect determination from the global
electroweak fit [16] are compared to the 68% and 95%
confidence-level contours of the ATLAS measurements
of the top-quark and W-boson masses. The determin-
ation from the electroweak fit uses as input the LHC
measurement of the Higgs-boson mass, mH = 125.09 ±
0.24 GeV [118].

The determination of the W-boson mass from the global fit of the electroweak parameters has an uncer-
tainty of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass
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represent the final world average value of αs(M2

Z).

below, it may be worth mentioning that the collider results listed above average to a
value of αs(M2

Z) = 0.1172 ± 0.0059.

So far, only one analysis is available which involves the determination of αs from
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Precision Electroweak physics at the FCCee

J. de Blasa†

a
INFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk at the LHC, FCC-ee, FCC-hh Interplay meeting. See also the
materials for other talks from 2016.

1 Equations

Values of ↵S first update 2016:

↵S(MZ) = 0.1179 ± 0.0012 (1)

↵S(MZ)|
2014

= 0.1185 ± 0.0005 (2)

↵S(MZ)|PDG

Lattice

= 0.1187 ± 0.0012 (3)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (4)

Values of ↵S second update 2016:

↵S(MZ) = 0.1180 ± 0.0010 (5)

↵S(MZ)|
2016

= 0.1179 ± 0.0012 (6)

↵S(MZ)|PDG

Lattice

= 0.1188 ± 0.0011 (7)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (8)

Values of mt:

mt = 173.34 ± 0.27 (stat.) ± 0.71 (sys.) GeV (9)

†E-mail: Jorge.DeBlasMateo@roma1.infn.it

1

Top quark mass

Current world average (2014)

168 169 170 171 172 173 174 175 176

mt [GeV]

173.34 ± 0.27 ± 0.71 GeV

2014 World Average

(arXiv: 1403.4427)

174.3 ± 0.35 ± 0.54 GeV

2016 Tevatron comb.

(arXiv: 1608.01881 )

172.84 ± 0.34 ± 0.61 GeV

2016 ATLAS comb.

(arXiv: 1606.02179)

172.44 ± 0.13 ± 0.47 GeV

2016 CMS comb.

(PRD 93(2016)2004)

2

2016

2014

↵S(MZ)|
2014

= 0.1185 ± 0.0005 (15)

↵S(MZ)|PDG

Lattice
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↵S(MZ)|FLAG

Lattice
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Values of ↵S second update 2016:

↵S(MZ) = 0.1180 ± 0.0010 (18)

↵S(MZ)|
2016

= 0.1179 ± 0.0012 (19)

↵S(MZ)|PDG

Lattice

= 0.1188 ± 0.0011 (20)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (21)

Values of mt:

mt = 173.34 ± 0.27 (stat.) ± 0.71 (sys.) GeV (22)

mt = 173.34 ± 0.76 GeV (23)

Values of MW :

MW (ATLAS) = 80.370 ± 0.019 GeV (24)

Correction to bottom assymetries

Ab = 0.93465 �! 0.93478 (25)

A0,b
FB

= 0.103383 �! 0.103397 (26)

⇣
�Ab

Ab
,

�A
0,b
FB

A
0,b
FB

= 0.014%
⌘

(27)

EWPO at HC:

MH (28)

sin2 ✓lept

E↵

(29)

mt (30)

MH range in plots
10 GeV  MH  1000 GeV (31)
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mt = 173.34 ± 0.76 GeV (23)

Values of MW :

MATLAS

W = 80.370 ± 0.019 GeV (24)

Correction to bottom assymetries

Ab = 0.93465 �! 0.93478 (25)

A0,b
FB

= 0.103383 �! 0.103397 (26)

⇣
�Ab

Ab
,

�A
0,b
FB

A
0,b
FB

= 0.014%
⌘
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EWPO at HC:

MH (28)

sin2 ✓lept

E↵
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mt (30)

MH range in plots
10 GeV  MH  1000 GeV (31)

3

First LHC meas. of MW

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

 Strong coupling: 

↵s(MZ) = 0.1180 ± 0.0010

PDG2016 (w/o EW fit)

↵s(MZ) = 0.1185 ± 0.0005

previous PDG ave. (w/o EW fit)
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Strong coupling
36 9. Quantum chromodynamics
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Figure 9.2: Summary of determinations of αs(M2
Z) from the six sub-fields

discussed in the text. The yellow (light shaded) bands and dashed lines indicate the
pre-average values of each sub-field. The dotted line and grey (dark shaded) band
represent the final world average value of αs(M2

Z).

below, it may be worth mentioning that the collider results listed above average to a
value of αs(M2

Z) = 0.1172 ± 0.0059.

So far, only one analysis is available which involves the determination of αs from
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↵s(MZ) = 0.1180 ± 0.0010

PDG2016 (w/o EW fit)

↵s(MZ) = 0.1185 ± 0.0005

previous PDG ave. (w/o EW fit)

23/71

lower value

a more conservative averaging 
procedure for lattice results



              :  full bosonic EW two-loop
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Theoretical status

      :  full fermionic EW two-loop

              :  full EW two-loop (bosonic is missing for f=b)

 Mw :  full EW 2-loop + leading 3- & 4-loop 

See also Sirlin; Marciano&Sirlin; Bardin et al; Djouadi&Verzegnassi; Djouadi; Kniehl; Halzen&Kniehl; Kniehl&Sirlin; Barbieri et al; 
Fleischer et al; Djouadi&Gambino; Degrassi et al; Avdeev et al; Chetyrkin et al; Freitas et al; Awramik&Czakon; Onishchenko&Veretin; 
Van der Bij et al; Faisst et al; Awramik et al, and many other works

Awramik, Czakon, Freitas & Weiglein (04)

Awramik, Czakon & Freitas (06); Awramik, Czakon, Freitas & Kniehl (09)

sin2 ✓f
e↵

Freitas & Huang (12); Freitas (13); Freitas (14)

 on-shell scheme

�f
Z

sin2 ✓b
e↵

Dubovyk, Freitas, Gluza, Riemann & Usovitsch (16)

+ leading higher-order
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Exp. vs. Theo. uncertainties

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 R

b

⌘ 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(N

f

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 = M

2
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�M

2
Z)

2 +M

2
ZG2

Z]
�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 = M

exp
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

GZ =
1

MZ
ImSZ(s0) =

1
MZ


ImSZ

1+ReS0
Z

�

s=M

2
Z

+O(G3
Z), (2.3)

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

GZ = Â
f

G
f

, G
f

=
N

f

c

MZ

12p
⇥
R f

V

F

f

V

+R f

A

F

f

A

⇤
s=M

2
Z
, F

f

V

⇡
|v

f

|2

1+ReS0
Z
, F

f

A

⇡
|a

f

|2

1+ReS0
Z
, (2.4)

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.

3

A. Freitas, 1406.6980

Theory errors from missing higher-order corrections 
are safely below current experimental errors. 
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EW precision fits

Erler et al. (for PDG)
GAPP (Global Analysis of Particle Properties)

MSbar scheme  &  frequentist

Gfitter group

http://gfitter.desy.de

http://www.fisica.unam.mx/erler/GAPPP.html

on-shell scheme  &  frequentist
Gfitter (Generic fitting package)

Many other groups with ZFITTER
on-shell scheme

Our group

on-shell scheme  &  Bayesian

M. Ciuchini, E. Franco, S.M., L. Silvestrini and others …

http://zfitter.com

http://gfitter.desy.de
http://www.fisica.unam.mx/erler/GAPPP.html
http://zfitter.com
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SM fitThe SM fit to EWPD

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

Measurement Posterior Prediction 1D Pull nD Pull

↵s(MZ) 0.1180±0.0010 0.1181±0.0009 0.1184±0.0028 -0.1

�↵
(5)

had

(MZ) 0.02750±0.00033 0.02740±0.00025 0.02730±0.00038 0.4
MZ [GeV] 91.1875±0.0021 91.1879±0.0021 91.199±0.011 -1.0
mt [GeV] 173.34±0.76 173.62±0.73 176.8±2.5 -1.3
mH [GeV] 125.09±0.24 125.09±0.24 104±27 0.8

MW [GeV] 80.385±0.015 80.366±0.006 80.362±0.007 1.4

�W [GeV] 2.085±0.042 2.0889±0.0006 2.0889±0.0006 -0.1

sin2 ✓lept

e↵

(Qhad

FB

) 0.2324±0.0012 0.231440±0.000086 0.231434±0.000086 0.8

P pol

⌧ =A` 0.1465±0.0033 0.14767±0.00067 0.14772±0.00069 -0.4

�Z [GeV] 2.4952±0.0023 2.4943±0.0006 2.4942±0.0006 0.4
�0

h [nb] 41.540±0.037 41.490±0.005 41.491±0.005 1.3 0.7
R0

` 20.767±0.025 20.749±0.006 20.748±0.006 0.7
A0,`

FB

0.0171±0.0010 0.01635±0.00015 0.01632±0.00015 0.8

A` (SLD) 0.1513±0.0021 0.14767±0.00067 0.14789±0.00075 1.5
Ac 0.670±0.027 0.6682±0.0003 0.6683±0.0003 0.06
Ab 0.923±0.020 0.93479±0.00006 0.93481±0.00006 -0.6
A0,c

FB

0.0707±0.0035 0.07400±0.00037 0.07412±0.00041 -1.0 1.5
A0,b

FB

0.0992±0.0016 0.10353±0.00048 0.10368±0.00053 -2.7
R0

c 0.1721±0.0030 0.17223±0.00002 0.17223±0.00002 -0.04
R0

b 0.21629±0.00066 0.21579±0.00003 0.21579±0.00003 0.8

sin2 ✓ee
e↵

(CDF) 0.23248±0.00053

0.231440±0.000086 0.231440±0.000090

1.9
sin2 ✓µµ

e↵

0.2315±0.0010 0.06
sin2 ✓ee

e↵

(D0) 0.23147±0.00047 0.06
sin2 ✓µµ

e↵

0.23002±0.00066 -2.1
sin2 ✓ee,µµ

e↵

(ATLAS) 0.2308±0.0012 -0.5
sin2 ✓µµ

e↵

(CMS) 0.2287±0.0032 -0.9
sin2 ✓µµ

e↵

(LHCb) 0.2314±0.0011 -0.04

Table 2: UPDATED LHCP

10

�2.7�
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SM input parameters

 Indirect determinations of the SM input parameters 
from the fit are consistent with the measurements. 
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Pulls for the EWPO
The SM fit to EWPD
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SM input parameters Pulls for the EWPO

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

-3 -2 -1 0 1 2 3

-3 -2 -1 0 1 2 3

Pull= O
exp

�O
th

�
exp

↵S

�
M2

Z

�

�↵
(5)
had

�
M2

Z

�

mt [GeV]

mH [GeV]

MW [GeV]

�W [GeV]

MZ [GeV]

�Z [GeV]

�0
had [nb]

R`

A0,`
FB

P pol
⌧

A` (SLD)

Ac

Ab

A0,c
FB

A0,b
FB

R0
c

R0
b

sin2 ✓`
e↵(Q

had
FB )

sin2 ✓ee
e↵

sin2 ✓µµ
e↵

sin2 ✓ee
e↵

sin2 ✓µµ
e↵

sin2 ✓ee,µµ
e↵

sin2 ✓µµ
e↵

2

only one significant 
discrepancy!

The theoretical+parametric 
uncertainty of the predictions 
is well below the experimental 
errors. 

�2.7�
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Impact of ATLAS measurement of Mw
Impact of ATLAS measurement of W mass

W mass combination: 

Minor effect on the global SM EW fit

↵S(MZ)|
2014

= 0.1185 ± 0.0005 (15)

↵S(MZ)|PDG

Lattice

= 0.1187 ± 0.0012 (16)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (17)

Values of ↵S second update 2016:

↵S(MZ) = 0.1180 ± 0.0010 (18)

↵S(MZ)|
2016

= 0.1179 ± 0.0012 (19)

↵S(MZ)|PDG

Lattice

= 0.1188 ± 0.0011 (20)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (21)

Values of mt:

mt = 173.34 ± 0.27 (stat.) ± 0.71 (sys.) GeV (22)

mt = 173.34 ± 0.76 GeV (23)

Values of MW :

MATLAS

W = 80.370 ± 0.019 GeV (24)

Naive combination MW

MW = 80.379 ± 0.012 GeV (25)

Future values inputs: strong coupling

�↵S(M2

Z) ⇡ 0.0002 (26)

Em constant: BES
�(�↵(5)

had

(M2

Z)) ⇡ 0.00005 (27)

Em constant FCC
↵

QED

(M2

Z) (28)

�↵�1

QED

(M2

Z) ⇠ 0.003% (29)

Aµµ
FB (30)

e+e� ! W+W� (31)

3

Measurement Posterior Prediction 1D Pull nD Pull

↵s(MZ) 0.1180±0.0010 0.1181±0.0009 0.1185±0.0028 -0.2

�↵
(5)

had

(MZ) 0.02750±0.00033 0.02747±0.00025 0.02743±0.00038 0.04
MZ [GeV] 91.1875±0.0021 91.1879±0.0021 91.199±0.011 -1.0
mt [GeV] 173.34±0.76 173.61±0.73 176.6±2.5 -1.3
mH [GeV] 125.09±0.24 125.09±0.24 102.8±26.3 0.8

MW [GeV] 80.385±0.015 80.364±0.006 80.360±0.007 1.5

�W [GeV] 2.085±0.042 2.0888±0.0006 2.0887±0.0006 -0.2

sin2 ✓lept

e↵

(Qhad

FB

) 0.2324±0.0012 0.231464±0.000086 0.231435±0.000090 0.8

P pol

⌧ =A` 0.1465±0.0033 0.14748±0.00068 0.14752±0.00069 -0.4

�Z [GeV] 2.4952±0.0023 2.4942±0.0006 2.4941±0.0007 0.5
�0

h [nb] 41.540±0.037 41.490±0.005 41.491±0.006 1.3 0.7
R0

` 20.767±0.025 20.749±0.007 20.747±0.008 0.8
A0,`

FB

0.0171±0.0010 0.01631±0.00015 0.01628±0.00015 0.8

A` (SLD) 0.1513±0.0021 0.14748±0.00068 0.14765±0.00076 1.7
Ac 0.670±0.027 0.6681±0.0003 0.6682±0.0003 0.02
Ab 0.923±0.020 0.93478±0.00006 0.93479±0.00006 -0.6
A0,c

FB

0.0707±0.0035 0.07390±0.00037 0.07399±0.00042 -0.9 1.5
A0,b

FB

0.0992±0.0016 0.10339±0.00048 0.10350±0.00054 -2.6
R0

c 0.1721±0.0030 0.17223±0.00002 0.17223±0.00002 -0.05
R0

b 0.21629±0.00066 0.21579±0.00003 0.21579±0.00003 0.7

sin2 ✓ee
e↵

0.23248±0.00052

0.231464±0.000086 0.231435±0.000090

2.1
sin2 ✓µµ

e↵

0.2315±0.0010 0.07
sin2 ✓ee

e↵

0.23146±0.00047 0.1
sin2 ✓ee,µµ

e↵

0.2308±0.0012 -0.5
sin2 ✓µµ

e↵

0.2287±0.0032 -0.8
sin2 ✓µµ

e↵

0.2314±0.0011 -0.1

Table 1: UPDATED except predictions (but should stay almost the same)
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MW LEP2+Tevatron MW LEP2+Tevatron+ATLAS

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

LEP2

Tevatron

LEP2+Tevatron

ATLAS

EW fit

↵S(MZ)|
2014

= 0.1185 ± 0.0005 (15)

↵S(MZ)|PDG

Lattice

= 0.1187 ± 0.0012 (16)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (17)

Values of ↵S second update 2016:

↵S(MZ) = 0.1180 ± 0.0010 (18)

↵S(MZ)|
2016

= 0.1179 ± 0.0012 (19)

↵S(MZ)|PDG

Lattice

= 0.1188 ± 0.0011 (20)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (21)

Values of mt:

mt = 173.34 ± 0.27 (stat.) ± 0.71 (sys.) GeV (22)

mt = 173.34 ± 0.76 GeV (23)

Values of MW :

MATLAS

W = 80.370 ± 0.019 GeV (24)

Correction to bottom assymetries

Ab = 0.93465 �! 0.93478 (25)

A0,b
FB

= 0.103383 �! 0.103397 (26)

⇣
�Ab

Ab
,

�A
0,b
FB

A
0,b
FB

= 0.014%
⌘

(27)

EWPO at HC:

MH (28)

sin2 ✓lept

E↵

(29)

mt (30)

MH range in plots
10 GeV  MH  1000 GeV (31)

3

First LHC meas. of MW

Measurement Posterior Prediction 1D Pull nD Pull

↵s(MZ) 0.1180±0.0010 0.1181±0.0009 0.1184±0.0028 -0.1

�↵
(5)

had

(MZ) 0.02750±0.00033 0.02740±0.00025 0.02730±0.00038 0.4
MZ [GeV] 91.1875±0.0021 91.1879±0.0021 91.199±0.011 -1.0
mt [GeV] 173.34±0.76 173.62±0.73 176.8±2.5 -1.3
mH [GeV] 125.09±0.24 125.09±0.24 104±27 0.8

MW [GeV] 80.385±0.015 80.366±0.006 80.362±0.007 1.4

�W [GeV] 2.085±0.042 2.0889±0.0006 2.0889±0.0006 -0.1

sin2 ✓lept

e↵

(Qhad

FB

) 0.2324±0.0012 0.231440±0.000086 0.231434±0.000086 0.8

P pol

⌧ =A` 0.1465±0.0033 0.14767±0.00067 0.14772±0.00069 -0.4

�Z [GeV] 2.4952±0.0023 2.4943±0.0006 2.4942±0.0006 0.4
�0

h [nb] 41.540±0.037 41.490±0.005 41.491±0.005 1.3 0.7
R0

` 20.767±0.025 20.749±0.006 20.748±0.006 0.7
A0,`

FB

0.0171±0.0010 0.01635±0.00015 0.01632±0.00015 0.8

A` (SLD) 0.1513±0.0021 0.14767±0.00067 0.14789±0.00075 1.5
Ac 0.670±0.027 0.6682±0.0003 0.6683±0.0003 0.06
Ab 0.923±0.020 0.93479±0.00006 0.93481±0.00006 -0.6
A0,c

FB

0.0707±0.0035 0.07400±0.00037 0.07412±0.00041 -1.0 1.5
A0,b

FB

0.0992±0.0016 0.10353±0.00048 0.10368±0.00053 -2.7
R0

c 0.1721±0.0030 0.17223±0.00002 0.17223±0.00002 -0.04
R0

b 0.21629±0.00066 0.21579±0.00003 0.21579±0.00003 0.8

sin2 ✓ee
e↵

(CDF) 0.23248±0.00053

0.231440±0.000086 0.231440±0.000090

1.9
sin2 ✓µµ

e↵

0.2315±0.0010 0.06
sin2 ✓ee

e↵

(D0) 0.23147±0.00047 -2.1
sin2 ✓µµ

e↵

0.23002±0.00066 -2.1
sin2 ✓ee,µµ

e↵

(ATLAS) 0.2308±0.0012 -0.5
sin2 ✓µµ

e↵

(CMS) 0.2287±0.0032 -0.9
sin2 ✓µµ

e↵

(LHCb) 0.2314±0.0011 -0.04

Table 2: UPDATED LHCP
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Measurement Posterior Prediction 1D Pull nD Pull

↵s(MZ) 0.1180±0.0010 0.1180±0.0009 0.1184±0.0028 -0.1

�↵
(5)

had

(MZ) 0.02750±0.00033 0.02740±0.00024 0.02730±0.00038 0.4
MZ [GeV] 91.1875±0.0021 91.1879±0.0021 91.199±0.011 -1.0
mt [GeV] 173.34±0.76 173.64±0.72 176.8±2.5 -1.3
mH [GeV] 125.09±0.24 125.09±0.24 104±27 0.8

MW [GeV] 80.385±0.015 80.366±0.006 80.362±0.007 1.4

�W [GeV] 2.085±0.042 2.0889±0.0006 2.0889±0.0006 -0.1

sin2 ✓lept

e↵

(Qhad

FB

) 0.2324±0.0012 0.231437±0.000083 0.231434±0.000086 0.8

P pol

⌧ =A` 0.1465±0.0033 0.14769±0.00065 0.14772±0.00069 -0.4

�Z [GeV] 2.4952±0.0023 2.4943±0.0006 2.4942±0.0006 0.4
�0

h [nb] 41.540±0.037 41.490±0.005 41.491±0.005 1.3 0.7
R0

` 20.767±0.025 20.749±0.006 20.748±0.006 0.7
A0,`

FB

0.0171±0.0010 0.01636±0.00015 0.01632±0.00015 0.8

A` (SLD) 0.1513±0.0021 0.14769±0.00065 0.14789±0.00075 1.5
Ac 0.670±0.027 0.6682±0.0003 0.6683±0.0003 0.06
Ab 0.923±0.020 0.93480±0.00005 0.93481±0.00006 -0.6
A0,c

FB

0.0707±0.0035 0.07401±0.00036 0.07412±0.00041 -1.0 1.5
A0,b

FB

0.0992±0.0016 0.10354±0.00046 0.10368±0.00053 -2.7
R0

c 0.1721±0.0030 0.17223±0.00002 0.17223±0.00002 -0.04
R0

b 0.21629±0.00066 0.21579±0.00003 0.21579±0.00003 0.8

sin2 ✓ee
e↵

(CDF) 0.23248±0.00053

0.231437±0.000083 0.231440±0.000090

1.9
sin2 ✓µµ

e↵

0.2315±0.0010 0.06
sin2 ✓ee

e↵

(D0) 0.23147±0.00047 -2.1
sin2 ✓µµ

e↵

0.23002±0.00066 -2.1
sin2 ✓ee,µµ

e↵

(ATLAS) 0.2308±0.0012 -0.5
sin2 ✓µµ

e↵

(CMS) 0.2287±0.0032 -0.9
sin2 ✓µµ

e↵

(LHCb) 0.2314±0.0011 -0.04

Table 3: Using ATLAS MW. UPDATED LHCP (only posterior but not predictions)
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MW = 80.379 ± 0.012GeVMW = 80.385 ± 0.015GeV

Minor effect!
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Oblique parameters

S = �16⇡⇧0
30(0) = 16⇡

h
⇧NP0

33 (0) � ⇧NP0
3Q (0)

i

T =
4⇡

s2W c2WM2
Z

⇥
⇧NP

11 (0) � ⇧NP
33 (0)

⇤

U = 16⇡
⇥
⇧NP0

11 (0) � ⇧NP0
33 (0)

⇤

 Suppose that dominant NP effects appear in the vacuum 
polarizations of the gauge bosons: 

Kennedy & Lynn (89); 
Peskin & Takeuchi (90,92)

 When the EW symmetry is realized linearly, U is 
associated with a dim. 8 operator and thus small.  

Re(rho) Re(kappa) Re(gV) Re(gA)

nu: 1.0080615 1.034866 0.50201132 0.50201132

e: 1.0051936 1.0365488 -0.037095553 -0.50129811

u: 1.005868 1.0360421 0.19204789 0.50146567

d: 1.00683 1.0355437 -0.34699825 -0.50170486

b: 0.98797022 1.0428401 -0.34265627 -0.49698365

where Re(⇢bZ) = 0.98797022 is derived with the two-loop approximate formula of R0

b . Not using the
approximate formula, we obtain a bit larger coupling Re(⇢bZ) = 0.99372123.

Using “NPEpsilons” model in SusyFit codes by inputting the SM predictions for the ✏ parameters
above, the couplings are computed as

Re(rho) Re(kappa) Re(gV) Re(gA)

nu: 1.0079048 1.0350129 0.5019723 0.5019723

e: 1.0051936 1.0365488 -0.037109872 -0.50129671

u: 1.0058569 1.036117 0.19203107 0.50146209

d: 1.0067607 1.035605 -0.3469788 -0.50168732

b: 0.99283957 1.0428401 -0.34349816 -0.49820668

where the small di↵erences between Re(geV,A) and the corresponding SM predictions originate from the
omission of the imaginary parts. If neglecting the flavor nonuniversal vertex corrections, but keeping
the value of ✏b to be ✏b = �0.0069378641, the couplings become

Re(rho) Re(kappa) Re(gV) Re(gA)

nu: 1.0051936 1.0365488 0.50129671 0.50129671

e: 1.0051936 1.0365488 -0.037109872 -0.50129671

u: 1.0051936 1.0365488 0.19183882 0.50129671

d: 1.0051936 1.0365488 -0.34656777 -0.50129671

b: 0.99129417 1.0437905 -0.34308984 -0.49781879

8.4 Peskin-Takeuchi S, T and U parameters

(The formulae in this subsection are not directly used in our codes.)
Below we review the formalism in Refs. [91, 95]16 First of all, we define ⇧0

XY (q
2) by

⇧XY (q
2) ⌘ ⇧XY (0) + q2⇧0

XY (q
2) , (255)

where ⇧0
XY (q

2) = d⇧XY (q2)/dq2 for q2 ⇡ 0. Suppose the NP scale is su�ciently higher than the weak
scale, the vacuum polarization amplitudes can be expanded in terms of q2 ⇡ 0:

⇧
11

(q2) = ⇧
11

(0) + q2⇧0
11

(0) , (256)

⇧
33

(q2) = ⇧
33

(0) + q2⇧0
33

(0) , (257)

⇧
3Q(q

2) = q2⇧0
3Q(0) , (258)

⇧QQ(q
2) = q2⇧0

QQ(0) (259)

with ⇧
3Q(0) = 0 and ⇧QQ(0) = 0, which should be understood as the relations for the finite parts.

The three of the above six amplitudes can be fixed by using the precisely measured quantities ↵(0),
MZ and GF . In Refs. [90, 91], Peskin and Takeuchi introduced the three oblique parameters:

↵(0)S = 4e2
⇥

⇧NP0
33

(0)�⇧NP0
3Q (0)

⇤

,

16The sign of s
W

in Refs. [91, 95] is identical to ours.
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Re(rho) Re(kappa) Re(gV) Re(gA)

nu: 1.0080615 1.034866 0.50201132 0.50201132

e: 1.0051936 1.0365488 -0.037095553 -0.50129811

u: 1.005868 1.0360421 0.19204789 0.50146567

d: 1.00683 1.0355437 -0.34699825 -0.50170486

b: 0.98797022 1.0428401 -0.34265627 -0.49698365

where Re(⇢bZ) = 0.98797022 is derived with the two-loop approximate formula of R0

b . Not using the
approximate formula, we obtain a bit larger coupling Re(⇢bZ) = 0.99372123.

Using “NPEpsilons” model in SusyFit codes by inputting the SM predictions for the ✏ parameters
above, the couplings are computed as

Re(rho) Re(kappa) Re(gV) Re(gA)

nu: 1.0079048 1.0350129 0.5019723 0.5019723

e: 1.0051936 1.0365488 -0.037109872 -0.50129671

u: 1.0058569 1.036117 0.19203107 0.50146209

d: 1.0067607 1.035605 -0.3469788 -0.50168732

b: 0.99283957 1.0428401 -0.34349816 -0.49820668

where the small di↵erences between Re(geV,A) and the corresponding SM predictions originate from the
omission of the imaginary parts. If neglecting the flavor nonuniversal vertex corrections, but keeping
the value of ✏b to be ✏b = �0.0069378641, the couplings become
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u: 1.0051936 1.0365488 0.19183882 0.50129671

d: 1.0051936 1.0365488 -0.34656777 -0.50129671

b: 0.99129417 1.0437905 -0.34308984 -0.49781879

8.4 Peskin-Takeuchi S, T and U parameters

(The formulae in this subsection are not directly used in our codes.)
Below we review the formalism in Refs. [91, 95]16 First of all, we define ⇧0

XY (q
2) by

⇧XY (q
2) ⌘ ⇧XY (0) + q2⇧0

XY (q
2) , (255)

where ⇧0
XY (q

2) = d⇧XY (q2)/dq2 for q2 ⇡ 0. Suppose the NP scale is su�ciently higher than the weak
scale, the vacuum polarization amplitudes can be expanded in terms of q2 ⇡ 0:

⇧
11

(q2) = ⇧
11

(0) + q2⇧0
11

(0) , (256)

⇧
33

(q2) = ⇧
33

(0) + q2⇧0
33

(0) , (257)

⇧
3Q(q

2) = q2⇧0
3Q(0) , (258)

⇧QQ(q
2) = q2⇧0

QQ(0) (259)

with ⇧
3Q(0) = 0 and ⇧QQ(0) = 0, which should be understood as the relations for the finite parts.

The three of the above six amplitudes can be fixed by using the precisely measured quantities ↵(0),
MZ and GF . In Refs. [90, 91], Peskin and Takeuchi introduced the three oblique parameters:

↵(0)S = 4e2
⇥

⇧NP0
33

(0)�⇧NP0
3Q (0)

⇤

,

16The sign of s
W

in Refs. [91, 95] is identical to ours.
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Three of the above can be fixed by                  , and the others are ↵, MZ , GF
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Constraints on the oblique parameters

U = 0U 6= 0

EWPO depend on the three combinations: 

�MW , ��W / �S + 2c2W T +

(c2W � s2W )U

2s2W
��Z / �10(3 � 8s2W )S + (63 � 126s2W � 40s4W ) T

others / S � 4c2W s2W TNew Physics, e.g., contributing to gauge boson self-energies:         
Oblique parameters( S, T, U ):

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

↵S(MZ)|
2014

= 0.1185 ± 0.0005 (15)

↵S(MZ)|PDG

Lattice

= 0.1187 ± 0.0012 (16)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (17)

Values of ↵S second update 2016:

↵S(MZ) = 0.1180 ± 0.0010 (18)

↵S(MZ)|
2016

= 0.1179 ± 0.0012 (19)

↵S(MZ)|PDG

Lattice

= 0.1188 ± 0.0011 (20)

↵S(MZ)|FLAG

Lattice

= 0.1182 ± 0.0012 (21)

Values of mt:

mt = 173.34 ± 0.27 (stat.) ± 0.71 (sys.) GeV (22)

mt = 173.34 ± 0.76 GeV (23)

Values of MW :

MATLAS

W = 80.370 ± 0.019 GeV (24)

Naive combination MW

MW = 80.379 ± 0.012 GeV (25)

Future values inputs: strong coupling

�↵S(M2

Z) ⇡ 0.0002 (26)

Em constant: BES
�(�↵(5)

had

(M2

Z)) ⇡ 0.00005 (27)

Em constant FCC
↵

QED

(M2

Z) (28)

�↵�1

QED

(M2

Z) ⇠ 0.003% (29)

Aµµ
FB (30)

e+e� ! W+W� (31)

3

→

M
W

 LEP2+Tevatron
M

W
 LEP2+Tevatron+A

T
LA

S

Impact of ATLAS measurement of W mass
EWSB linearly realized
⇒ U (dim 8) ≪ S,T (dim 6)

EW constraints on NP: S, T, U

Prediction ↵s �↵
(5)

had

MZ mt

MW [GeV] 80.3618±0.0080 ±0.0007 ±0.0060 ±0.0026 ±0.0046
�W [GeV] 2.08849±0.00074 ±0.00040 ±0.00047 ±0.00021 ±0.00036
�Z [GeV] 2.49403±0.00065 ±0.00050 ±0.00031 ±0.00021 ±0.00017
�0

h [nb] 41.4910±0.0053 ±0.0049 ±0.0005 ±0.0020 ±0.0005
sin2 ✓lept

e↵

0.23148±0.00012 ±0.00000 ±0.00012 ±0.00002 ±0.00002
P pol

⌧ = A` 0.14731±0.00093 ±0.00003 ±0.00091 ±0.00012 ±0.00019
Ac 0.66802±0.00041 ±0.00001 ±0.00040 ±0.00005 ±0.00008
Ab 0.934643±0.000075 ±0.000001 ±0.000075 ±0.000010 ±0.000005
A0,`

FB

0.01627±0.00021 ±0.00001 ±0.00020 ±0.00003 ±0.00004
A0,c

FB

0.07381±0.00052 ±0.00002 ±0.00050 ±0.00007 ±0.00010
A0,b

FB

0.10326±0.00067 ±0.00002 ±0.00065 ±0.00008 ±0.00013
R0

` 20.7478±0.0065 ±0.0062 ±0.0020 ±0.0003 ±0.0003
R0

c 0.172222±0.000022 ±0.000019 ±0.000007 ±0.000001 ±0.000009
R0

b 0.215800±0.000029 ±0.000011 ±0.000004 ±0.000000 ±0.000026

Table 4: UPDATED

Fit result Correlations

S 0.08±0.10 1.00
T 0.1±0.12 0.86 1.00
U 0.00±0.09 �0.55 �0.81 1.00

Table 5: STU fit. UPDATED LHCP

Fit result Correlations

S 0.07±0.08 1.00
T 0.10±0.07 0.85 1.00

Table 6: ST fit with U = 0. UPDATED LHCP

Fit result Correlations

S 0.06±0.08 1.00
T 0.08±0.06 0.86 1.00

Table 7: ST fit with U = 0. UPDATED LHCP. Including MW ATLAS

Fit result 95% Prob.

V 1.02±0.02 [0.99, 1.07]

Table 8: UPDATED LHCP (I take median from 68 prob interval)

12

Prediction ↵s �↵
(5)
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MZ mt

MW [GeV] 80.3618±0.0080 ±0.0007 ±0.0060 ±0.0026 ±0.0046
�W [GeV] 2.08849±0.00074 ±0.00040 ±0.00047 ±0.00021 ±0.00036
�Z [GeV] 2.49403±0.00065 ±0.00050 ±0.00031 ±0.00021 ±0.00017
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0.23148±0.00012 ±0.00000 ±0.00012 ±0.00002 ±0.00002
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⌧ = A` 0.14731±0.00093 ±0.00003 ±0.00091 ±0.00012 ±0.00019
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` 20.7478±0.0065 ±0.0062 ±0.0020 ±0.0003 ±0.0003
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c 0.172222±0.000022 ±0.000019 ±0.000007 ±0.000001 ±0.000009
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b 0.215800±0.000029 ±0.000011 ±0.000004 ±0.000000 ±0.000026

Table 4: UPDATED

Fit result Correlations

S 0.08±0.10 1.00
T 0.1±0.12 0.86 1.00
U 0.00±0.09 �0.55 �0.81 1.00

Table 5: STU fit. UPDATED LHCP

Fit result Correlations

S 0.07±0.08 1.00
T 0.10±0.07 0.85 1.00

Table 6: ST fit with U = 0. UPDATED LHCP

Fit result Correlations

S 0.06±0.08 1.00
T 0.08±0.06 0.86 1.00

Table 7: ST fit with U = 0. UPDATED LHCP. Including MW ATLAS

Fit result 95% Prob.

V 1.02±0.02 [0.99, 1.07]

Table 8: UPDATED LHCP (I take median from 68 prob interval)
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Gfitter, EPJC72, 2003 (2012)

Example 1:  Two Higgs doublet models

V =
g2HDM
hV V

gSM
hV V

= sin(� � ↵)

 5 physical Higgs bosons: h,H,A,H±

 6 parameters: mh,mH ,mA,mH± , ↵, tan� = v2/v1

 Several models (Type-I, Type-II, …)      FCNC

 Same S, T and U among 
the models at one-loop.

mH ⇡ mH± mA ⇡ mH±or

 See more studies with Higgs and flavor data.

 EWPO alone cannot fix all the parameters.
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Example 2:  EW chiral Lagrangian

Barberi, Bellazzini, Rychkov & Varagnolo (07)

No new state below cutoff + custodial symmetry:

⌃ : Goldstone bosons

V V

h

V

Modified HVV coupling contributes to S and T at 
one-loop:

V = 1 in the SM

⇤ = 4⇡v/
q
|1 � 2

V |

L =
v2

4
Tr

�
Dµ⌃

†Dµ⌃
� ✓

1 + 2V
h

v
+ · · ·

◆
+ · · ·

S =
1

12⇡
(1 � 2

V ) ln

✓
⇤2

m2
h

◆

T = �
3

16⇡c2W
(1 � 2

V ) ln

✓
⇤2

m2
h

◆

+V V

G

V

ln(⇤2/M2
Z) � 2

V ln(⇤2/m2
h)
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Vκ
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κ
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HEP fit

Vκ
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0
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68% Probability

95% Probability

HEP fit

Modified Higgs couplings (κV):

Implications for composite Higgs (κV<1): 
Extra contrib. to S, T required to agree with 

EWPD fit 
Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

EWPD bounds (κV)  
stronger than Higgs limits (LHC run 1 & 2)

EW constraints on NP: Mod. Higgs couplings

Prediction ↵s �↵
(5)
had MZ mt

MW [GeV] 80.3615 ± 0.0080 ±0.0003 ±0.0060 ±0.0027 ±0.0046
�W [GeV] 2.08872 ± 0.00066 ±0.00020 ±0.00047 ±0.00021 ±0.00036
�Z[GeV] 2.49433 ± 0.00049 ±0.00025 ±0.00031 ±0.00021 ±0.00017
�0

h[nb] 41.4881 ± 0.0032 ±0.0024 ±0.0005 ±0.0020 ±0.0005
sin2 ✓lept

e↵ (Qhad
FB ) 0.23149 ± 0.00012 ±0.00000 ±0.00012 ±0.00002 ±0.00002

P pol
⌧ = A` 0.14730 ± 0.00094 ±0.00001 ±0.00091 ±0.00012 ±0.00019

Ac 0.66802 ± 0.00041 ±0.00001 ±0.00040 ±0.00005 ±0.00008
Ab 0.934642 ± 0.000076 ±0.000001 ±0.000075 ±0.000010 ±0.000005
A0,`

FB 0.01627 ± 0.00021 ±0.00000 ±0.00020 ±0.00003 ±0.00004
A0,c

FB 0.07380 ± 0.00052 ±0.00001 ±0.00050 ±0.00007 ±0.00010
A0,b

FB 0.10325 ± 0.00067 ±0.00001 ±0.00065 ±0.00008 ±0.00013
R0

` 20.7515 ± 0.0037 ±0.0031 ±0.0020 ±0.0003 ±0.0003
R0

c 0.172234 ± 0.000015 ±0.000010 ±0.000007 ±0.000001 ±0.000009
R0

b 0.215794 ± 0.000027 ±0.000006 ±0.000004 ±0.000000 ±0.000026

Table 8: OLD ↵S

Fit result Correlations

S 0.09±0.10 1.00
T 0.10±0.12 0.86 1.00
U 0.01±0.09 �0.54 �0.81 1.00

Table 9: STU fit. UPDATED

Fit result Correlations

S 0.10±0.08 1.00
T 0.12±0.07 0.86 1.00

Table 10: ST fit with U = 0. UPDATED

Fit result 95% Prob.

V 1.02±0.02 [0.98, 1.07]

Table 11: UPDATED

8

(LHC Run 1 & 2)

5.3 HV V +Hff

�V ⇠ 0.001–0.002 (89)

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 1.03±0.10 [0.85, 1.23] 0.14 1.00

Table 9: Same as Table ??, but considering both the Higgs-boson signal strengths and the EWPO. Run
1. UPDATED LHCP

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.98±0.08 [0.81, 1.14] 0.18 1.00

Table 10: Same as Table ??, but considering both the Higgs-boson signal strengths and the EWPO. USing
Run 2. UPDATED LHCP

Fit result 95% Prob. Correlations

V 1.02±0.02 [0.99, 1.06] 1.00
f 0.98±0.08 [0.81, 1.14] 0.18 1.00

Table 11: Same as Table ??, but considering both the Higgs-boson signal strengths and the EWPO. USing
Run 2 (orange). UPDATED LHCP

Fitresult 95% Prob. Correlations

V 1.02±0.02 [0.98, 1.06] 1.00
` 1.07±0.12 [0.82, 1.32] 0.15 1.00
u 1.01±0.12 [0.79, 1.27] 0.10 0.24 1.00
d 1.01±0.13 [0.76, 1.30] 0.31 0.38 0.78 1.00

Table 12: Same as Table ??, but considering both the Higgs-boson signal strengths and the EWPO.
UPDATED

13

Example 2:  EW chiral Lagrangian

             .

Falkowski, Rychkov & Urbano (12)

WLWL scattering is dominated by isospin 2 channelV > 1

1 � 2

V =
v2

6⇡

Z 1

0

ds

s

�
2�tot

I=0

(s) + 3�tot

I=1

(s) � 5�tot

I=2

(s)
�

  
⇤ & 13TeV @95% for V < 1
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 Composite Higgs models typically generate             .

Example 2’:  Composite Higgs models

 Extra contributions to S and T are required to fix the 
EW fit under             .

Grojean et al. (13)

Fermionic resonances

x=0 HSML
x=0.1
x=0.2
x=0.25

UV con tr.

fe
rm
io
n
co
n t
r.

IR
con tr.

-2 -1 0 1 2 3

-1

0

1

2

S
`
¥ 103

T`
¥
10

3

V < 1

V < 1

e.g.  Minimal Composite Higgs Models (MCHM) based on SO(5)/SO(4)

V =
p

1 � ⇠ ⇠ =

✓
v

f

◆2

f :  scale of compositeness

IR contribution

UV cont’ from heavy vector resonances
+

+

Agashe, Contino & Pomarol (05)
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✦ oblique parameters (S, T, U)

✦ epsilon parameters

✦ modified Zbb couplings

✦ Dimension-six operators

Satoshi Mishima (KEK)39/71

4.  EW precision constraints on NP
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Epsilon parameters

 Unlike STU,      involve non-oblique vertex corrections. 

Altarelli et al. (91,92,93)✏
1

= �⇢0 (2)

✏
2

= c2
0

�⇢0 +
s2
0

c2
0

� s2
0

�rW � 2s2
0

�0 (3)

✏
3

= c2
0

�⇢0 + (c2
0

� s2
0

)�0 (4)

s2W c2W =
⇡↵(M2

Z)p
2GµM

2

Z(1 � �rW )
(5)

p
Re ⇢e

Z = 1 +
�⇢0

2
(6)

sin2 ✓e
e↵

= (1 + �0) s2
0

(7)

s2
0

c2
0

=
⇡↵(M2

Z)p
2GµM

2

Z

(8)

9

✏
1

= �⇢0 (2)

✏
2

= c2
0

�⇢0 +
s2
0

c2
0

� s2
0

�rW � 2s2
0

�0 (3)

✏
3

= c2
0

�⇢0 + (c2
0

� s2
0

)�0 (4)

s2W c2W =
⇡↵(M2

Z)p
2GµM

2

Z(1 � �rW )
(5)

p
Re ⇢e

Z = 1 +
�⇢0

2
(6)

sin2 ✓e
e↵

= (1 + �0) s2
0

(7)

s2
0

c2
0

=
⇡↵(M2

Z)p
2GµM

2

Z

(8)

9

✏
1

= �⇢0 (2)

✏
2

= c2
0

�⇢0 +
s2
0

c2
0

� s2
0

�rW � 2s2
0

�0 (3)

✏
3

= c2
0

�⇢0 + (c2
0

� s2
0

)�0 (4)

s2W c2W =
⇡↵(M2

Z)p
2GµM

2

Z(1 � �rW )
(5)

p
Re ⇢e

Z = 1 +
�⇢0

2
(6)

sin2 ✓e
e↵

= (1 + �0) s2
0

(7)

s2
0

c2
0

=
⇡↵(M2

Z)p
2GµM

2

Z

(8)

9

and ✏b

 Moreover,      also involve SM(top/Higgs) contributions. 

✏
1

= �⇢0 (2)

✏
2

= c2
0

�⇢0 +
s2
0

c2
0

� s2
0

�rW � 2s2
0

�0 (3)

✏
3

= c2
0

�⇢0 + (c2
0

� s2
0

)�0 (4)

s2W c2W =
⇡↵(M2

Z)p
2GµM

2

Z(1 � �rW )
(5)

p
Re ⇢e

Z = 1 +
�⇢0

2
(6)

sin2 ✓e
e↵

= (1 + �0) s2
0

(7)

s2
0

c2
0

=
⇡↵(M2

Z)p
2GµM

2

Z

(8)

�✏i = ✏i � ✏SMi (9)

9

     involve the oblique corrections beyond S, T and U.

✏i

✏i

✏i

⇧V V 0(q2) ' ⇧V V 0(0) + q2 ⇧0
V V 0(0) +

(q2)2

2!
⇧00

V V 0(0) + · · ·

3 parameters
7 parameters

g, g0, v

⇧��(0) = ⇧Z�(0) = 0

3 are absorbed in
V V 0 = {WW,ZZ,Z�, ��}
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Modified epsilon parameters
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� s2
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s2W c2W =
⇡↵(M2

Z)p
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(5)

p
Re ⇢e

Z = 1 +
�⇢0

2
(6)

sin2 ✓e
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= (1 + �0) s2
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s2
0

c2
0

=
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Z)p
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Figure 4. Two-dimensional probability distributions for �"
1

and �"
3

(left), and �"
1

and �"b (right)
varying all �"i parameters. From darker to lighter the di↵erent regions correspond to 68%, 95%,
and 99% probability.

beyond those connected to the S, T , and U parameters. More precisely,

�"1 = ↵T �W + 2X
sin ✓W
cos ✓W

� Y
sin2 ✓W
cos2 ✓W

, (4.2)

�"2 = � ↵

4 sin2 ✓W
U �W + 2X

sin ✓W
cos ✓W

� V, (4.3)

�"3 =
↵

4 sin2 ✓W
S �W +

X

sin ✓W cos ✓W
� Y, (4.4)

where V, W, X, Y are part of the extended set of oblique parameters defined in [36].

With the results in table 7 and the above equations, one can therefore obtain approximate

constraints on NP scenarios with vanishing contributions to S, T , and/or U but non-zero

values of some of the other parameters (V , W , X, and Y ).

4.2 Modified Zbb̄ couplings

Motivated by the apparent discrepancy between the SM prediction for A0,b
FB and the corre-

sponding experimental result, we also consider here the case where dominant NP contribu-

tions appear in the Zbb̄ couplings. We parameterize NP contributions to the Zbb̄ couplings

as follows:

gbi = gbi,SM + �gbi for i = L, R or V, A , (4.5)

and we present results for both V , A, and L, R couplings. Details on the definitions

of these couplings can be found in ref. [3]. The EW precision fit finds four solutions

for these couplings, but two of them are disfavoured by the o↵-peak measurement of the

forward-backward asymmetry in e+e� ! bb̄ [37]. In table 8 and figure 5, we present only

the solution closer to the SM. The observed deviations from zero of the parameters �gbi
reflect the deviation from the SM of the measured value of A0,b

FB. While the agreement
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U=0

all
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asymmetries

ZΓ

HEP fit

Figure 3. Two-dimensional probability distributions for the oblique parameters S and T (upper-
left panel), and T and U (upper-right panel). From darker to lighter the di↵erent regions correspond
respectively to 68%, 95%, and 99% probability. In the lower panel we show the two-dimensional
distributions for S and T fixing U = 0, together with the individual constraints from MW , the
asymmetry parameters sin2 ✓lept

e↵

, P pol

⌧ , Af , and A0,f
FB

with f = `, c, b, and �Z . In this last plot the
dark (light) region corresponds to 68% (95%) probability.

the SM. Note that, as mentioned above, the �"i parameters include oblique corrections

Result Correlation Matrix

�"1 0.0007± 0.0010 1.00

�"2 �0.0002± 0.0008 0.82 1.00

�"3 0.0007± 0.0009 0.87 0.56 1.00

�"b 0.0004± 0.0013 �0.34 �0.32 �0.24 1.00

Table 7. Results of the fit for the �"i parameters (i = 1, 2, 3, b).
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NP in Zbb couplings

 Two solutions are disfavored 
by the off Z-pole data for 
AFBb. 

Choudhury et al. (2002)
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e

2sW cW
Zµ b̄

�
gb
V �µ � gb

A�µ�5

�
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gb
V ! gb
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V gb

A ! gb
A + �gb
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 Z-pole data yield four solutions. (gL, gR)
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L|2
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Deviation from the SM due to 

�V ⇡ 0.06

V 2 [1.05, 1.22] @ 68%

V 2 [0.81, 0.97] @ 68%

Ab

A0,b
FB

�R0

b ⇠ 6.6 ⇥ 10�4 ! �R0

b ⇠ 6 ⇥ 10�5

5

between the SM and R0
b results in a preferred value of �gbL consistent with the SM at the

2� level, a sizeable contribution to �gbR is required to explain the A0,b
FB, and the resulting

95% probability region in the �gbL-�g
b
R plane is only marginally compatible with the SM

predictions.

Result Correlation Matrix

�gbR 0.016± 0.006 1.00

�gbL 0.002± 0.001 0.90 1.00

�gbV 0.018± 0.007 1.00

�gbA �0.013± 0.005 �0.98 1.00

Table 8. Results of the fit for the shifts in the Zbb̄ couplings.
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Figure 5. Two-dimensional probability distributions for �gbR, �g
b
L (left), and �gbV , �g

b
A (right). In

the left plot, the dark (light) regions correspond to 68% (95%) probability regions.

4.3 Modified Zbb̄ couplings and oblique corrections

In several extensions of the SM, oblique corrections and modifications of the Zbb̄ vertex

occur simultaneously, possibly a↵ecting only a specific chirality of the vertex (see for ex-

ample refs. [38, 39]). We therefore consider the following cases: oblique contributions with

i) �gbL and �gbR, ii) �g
b
L only and iii) �gbR only. The corresponding results are presented in

table 9.

5 Constraints on Higgs-boson couplings

In addition to the standard set of EWPO, we have considered all most recent measurements

of Higgs-boson signal strengths, i.e. the ratio between the measured e↵ective cross section

and the corresponding SM prediction (µ ⌘ �/�SM), taken from refs. [40, 41] for H ! ��,
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NP in Zbb couplings + oblique corrections
J. de Blas, M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini,  JHEP 1612 (2016) 135 [arXiv:1608.01509]

Result Correlation Matrix

S 0.04± 0.09 1.00

T 0.08± 0.07 0.86 1.00

�gbL 0.003± 0.001 �0.24 �0.15 1.00

�gbR 0.017± 0.008 �0.29 �0.22 0.91 1.00

�gbR = 0

S 0.10± 0.09 1.00

T 0.12± 0.07 0.85 1.00

�gbL �0.0001± 0.0006 0.07 0.13 1.00

�gbL = 0

S 0.08± 0.09 1.00

T 0.10± 0.07 0.86 1.00

�gbR 0.004± 0.003 �0.19 �0.21 1.00

Table 9. Results of the combined fit of the oblique parameters S and T , and of the modified Zbb̄

couplings, in the case when both �gbR and �gbL are non zero, and in the case in which either �gbR = 0
or �gbL = 0.

refs. [42, 43] for H ! ⌧+⌧�, refs. [44–46] for H ! ZZ, refs. [47–49] for H ! W+W�, and

refs. [50–53] as well as the Tevatron papers [54, 55] for H ! bb̄. The Higgs-boson signal

strength µ of a specific Higgs-search analysis can be calculated as

µ =
X

i

wiri with ri =
(� ⇥Br)i

(�SM ⇥BrSM)i
and wi =

✏i(�SM ⇥BrSM)iP
j ✏j(�SM ⇥BrSM)j

, (5.1)

where the sum runs over all channels which can contribute to the final state of the spe-

cific analysis. The SM Higgs-boson production cross sections (including QCD and, when

available, EW corrections) are taken from ref. [56] and the SM Higgs-boson decay rates

are taken from ref. [57]. In the presence of NP, the relative experimental e�ciencies, ✏i,

will in general be di↵erent from their values in the SM. In particular, the appearance of

new tensor structures in the vertices can modify the kinematic distributions of the final-

state particles, thereby changing the e�ciencies. In this work we only consider rescalings

of the SM Higgs couplings and use the SM weight factors throughout. This assumption

is justified a posteriori by the overall compatibility of the measurements of Higgs-boson

properties with the corresponding SM predictions.

We first consider a minimal scenario consisting of an e↵ective theory with only one

Higgs boson below the cuto↵ scale ⇤. We assume that custodial symmetry is approximately

realized, and corrections from NP are flavour diagonal and universal. This scenario can be

described by a general e↵ective Lagrangian of the form (see e.g. [58–61]):

Le↵ =
v2

4
tr
�
Dµ⌃

†Dµ⌃
�✓

1 + 2V
H

v
+ · · ·

◆
�mif̄

i
L

✓
1 + 2f

H

v
+ · · ·

◆
f i
R + · · · , (5.2)

where v is the vacuum expectation value of the Higgs field, and the longitudinal com-

ponents of the W and Z bosons, �a(x), are described by the two-by-two matrix ⌃(x) =

– 14 –
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Dim-6 SMEFT

 Experimental data suggest that the NP scale is well 
above the EW scale.

 We consider an effective theory built exclusively from 
the SM fields with the SM gauge symmetries. 

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

 Contributions from higher-dimensional operators are 
suppressed by powers of the NP scale. 

L = L(4)
SM +

1

⇤

X

i

C
(5)
i O

(5)
i +

1

⇤2

X

j

C
(6)
j O

(6)
j + O

✓
1

⇤3

◆

 We have found only a Higgs and no other new particle 
so far at the LHC.
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 Correlations among observables are induced by gauge-
invariant operators.

 Model-independent

Useful guide to look for NP effects

 Constraints on the Wilson coefficients will give us 
clues for constructing the UV theory.

Pros: 

Cons: 

 EFT analyses cannot capture the stronger correlations 
among operators that may arise in specific NP models.

 Too many operators in general.

Effective field theory approach
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Dimension-six operators

Grzadkowski, Iskrzynski, Misiak & Rosiek, JHEP10, 085 (2010)

 Only one dim-5 operator (LH)(LH).

L = L(4)
SM +

1

⇤

X

i

C
(5)
i O

(5)
i +

1

⇤2

X

j

C
(6)
j O

(6)
j + O

✓
1

⇤3

◆

 Dim-6 operators contribute to EW/Higgs physics.

Buchmuller & Wyler, NPB268, 621(1986)

80 op’s (for one generation) that respect B/L.

59 independent op’s
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List of dimension-six operators
Grzadkowski, Iskrzynski, Misiak & Rosiek (10)X3 H6 and H4D2  2H3

OG fABCGA⌫
µ GB⇢

⌫ GCµ
⇢ OH (H†H)3 OeH (H†H)(L̄eH)

O eG fABC eGA⌫
µ GB⇢

⌫ GCµ
⇢ OH⇤ (H†H)⇤(H†H) OuH (H†H)(Q̄ufH)

OW "IJKW I⌫
µ W J⇢

⌫ WKµ
⇢ OHD

�
H†DµH

�? �
H†DµH

� OdH (H†H)(Q̄dH)

OfW "IJK fW I⌫
µ W J⇢

⌫ WKµ
⇢

X2H2  2XH  2H2D

OHG (H†H)GA
µ⌫G

Aµ⌫ OeW (L̄�µ⌫e)⌧ IHW I
µ⌫ O(1)

HL (H†i
$
Dµ H)(L̄�µL)

OH eG (H†H) eGA
µ⌫G

Aµ⌫ OeB (L̄�µ⌫e)HBµ⌫ O(3)

HL (H†i
$
D I

µ H)(L̄⌧ I�µL)

OHW (H†H)W I
µ⌫W

Iµ⌫ OuG (Q̄�µ⌫TAu)fH GA
µ⌫ OHe (H†i

$
Dµ H)(ē�µe)

OHfW (H†H) fW I
µ⌫W

Iµ⌫ OuW (Q̄�µ⌫u)⌧ IfH W I
µ⌫ O(1)

HQ (H†i
$
Dµ H)(Q̄�µQ)

OHB (H†H)Bµ⌫B
µ⌫ OuB (Q̄�µ⌫u)fH Bµ⌫ O(3)

HQ (H†i
$
D I

µ H)(Q̄⌧ I�µQ)

OH eB (H†H) eBµ⌫B
µ⌫ OdG (Q̄�µ⌫TAd)H GA

µ⌫ OHu (H†i
$
Dµ H)(ū�µu)

OHWB (H†⌧ IH)W I
µ⌫B

µ⌫ OdW (Q̄�µ⌫d)⌧ IH W I
µ⌫ OHd (H†i

$
Dµ H)(d̄�µd)

OHfWB (H†⌧ IH) fW I
µ⌫B

µ⌫ OdB (Q̄�µ⌫d)H Bµ⌫ OHud i(fH†DµH)(ū�µd)

Table 11: Dimension-six operators other than the four-fermion ones.

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

OLL (L̄�µL)(L̄�µL) Oee (ē�µe)(ē�
µe) OLe (L̄�µL)(ē�µe)

O(1)

QQ (Q̄�µQ)(Q̄�µQ) Ouu (ū�µu)(ū�
µu) OLu (L̄�µL)(ū�µu)

O(3)

QQ (Q̄�µ⌧
IQ)(Q̄�µ⌧ IQ) Odd (d̄�µd)(d̄�

µd) OLd (L̄�µL)(d̄�µd)

O(1)

LQ (L̄�µL)(Q̄�µQ) Oeu (ē�µe)(ū�
µu) OQe (Q̄�µQ)(ē�µe)

O(3)

LQ (L̄�µ⌧
IL)(Q̄�µ⌧ IQ) Oed (ē�µe)(d̄�

µd) O(1)

Qu (Q̄�µQ)(ū�µu)

O(1)

ud (ū�µu)(d̄�
µd) O(8)

Qu (Q̄�µT
AQ)(ū�µTAu)

O(8)

ud (ū�µT
Au)(d̄�µTAd) O(1)

Qd (Q̄�µQ)(d̄�µd)

O(8)

Qd (Q̄�µT
AQ)(d̄�µTAd)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

OLedQ (L̄je)(d̄Qj) OduQ "↵��"jk
⇥
(d↵)TCu�

⇤ ⇥
(Q�j)TCLk

⇤

O(1)

QuQd (Q̄ju)"jk(Q̄
kd) OQQu "↵��"jk

⇥
(Q↵j)TCQ�k

⇤ ⇥
(u�)TCe

⇤

O(8)

QuQd (Q̄jTAu)"jk(Q̄
kTAd) O(1)

QQQ "↵��"jk"mn

⇥
(Q↵j)TCQ�k

⇤ ⇥
(Q�m)TCLn

⇤

O(1)

LeQu (L̄je)"jk(Q̄
ku) O(3)

QQQ "↵��(⌧ I")jk(⌧
I")mn

⇥
(Q↵j)TCq�k

⇤ ⇥
(Q�m)TCLn

⇤

O(3)

LeQu (L̄j�µ⌫e)"jk(Q̄
k�µ⌫u) Oduu "↵��

⇥
(d↵)TCu�

⇤ ⇥
(u�)TCe

⇤

Table 12: Four-fermion operators.
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Table 11: Dimension-six operators other than the four-fermion ones.

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

OLL (L̄�µL)(L̄�µL) Oee (ē�µe)(ē�
µe) OLe (L̄�µL)(ē�µe)
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QQ (Q̄�µQ)(Q̄�µQ) Ouu (ū�µu)(ū�
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O(1)

LQ (L̄�µL)(Q̄�µQ) Oeu (ē�µe)(ū�
µu) OQe (Q̄�µQ)(ē�µe)

O(3)

LQ (L̄�µ⌧
IL)(Q̄�µ⌧ IQ) Oed (ē�µe)(d̄�

µd) O(1)

Qu (Q̄�µQ)(ū�µu)

O(1)

ud (ū�µu)(d̄�
µd) O(8)

Qu (Q̄�µT
AQ)(ū�µTAu)

O(8)

ud (ū�µT
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O(8)
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⇤ ⇥
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⇤ ⇥
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⇤

Table 12: Four-fermion operators.

5

 10 CP-even op’s for EWPO.

 To avoid dangerous FCNC, 
we assume flavor universality.

(Alternatively, MFV may be assumed. )

 Other choices of the basis 
are possible.

See, e.g., Giudice et al. (07); Contino et al. (13)

direct connections to observables
operator mixing in the RG running
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Indirect and direct contributions

 Direct contribution:

 Indirect contribution via input parameters:

OHWB = (H†⌧ IH)W I
µ⌫B

µ⌫ ,

=
v2

2

✓
1 +

2h

v

◆⇥
sW cWZµ⌫Z

µ⌫ � sW cWFµ⌫F
µ⌫ � (c2W � s2W )Zµ⌫F

µ⌫
⇤

� iv2gW+

µ W�
⌫

�
sWZµ⌫ � cWFµ⌫

�
+ · · ·

(0.1)

OHD = (H†DµH)⇤(H†DµH)

=
v2

4

✓
1 +

2h

v
+

h2

v2

◆
(@µh)(@µh) +

g2v4

16c2W
ZµZµ

✓
1 +

4h

v
+

6h2

v2

+
4h3

v3

+
h4

v4

◆

6

OHWB = (H†⌧ IH)W I
µ⌫B

µ⌫ ,

=
v2

2

✓
1 +

2h

v

◆⇥
sW cWZµ⌫Z

µ⌫ � sW cWFµ⌫F
µ⌫ � (c2W � s2W )Zµ⌫F

µ⌫
⇤

� iv2gW+

µ W�
⌫

�
sWZµ⌫ � cWFµ⌫

�
+ · · ·

(0.1)

OHD = (H†DµH)⇤(H†DµH)

=
v2

4

✓
1 +

2h

v
+

h2

v2

◆
(@µh)(@µh) +

g2v4

16c2W
ZµZµ

✓
1 +

4h

v
+

6h2

v2

+
4h3

v3

+
h4

v4

◆

M2

Z = M2

Z,SM

✓
1 +

v2

2⇤2

CHD

◆
(0.2)

6

contributes to EW/Higgs observables.

Le↵ =
M2

Z

v

✓
1 +

v2

⇤2
CHD

◆
ZµZ

µh
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Dim-6 contributions to EWPO

 switch on one operator at a time

Right-handed       

Left-handed        

!
!

S parameter (W3-B mixing)

T parameter (Mz)

! Fermi constant

!

! Zff̄

Zff̄

OHWB = (H†⌧ IH)W I
µ⌫B

µ⌫

OHD = (H†DµH)⇤(H†DµH)

OLL = (L�µL)(L�µL)

O(3)

HL = (H†i
 !
D I

µH)(L ⌧ I�µL)

O(1)

HL = (H†i
 !
D µH)(L�µL)

O(3)

HQ = (H†i
 !
D I

µH)(Q ⌧ I�µQ)

O(1)

HQ = (H†i
 !
D µH)(Q�µQ)

OHe = (H†i
 !
D µH)(eR�µeR)

OHu = (H†i
 !
D µH)(uR�µuR)

OHd = (H†i
 !
D µH)(dR�µdR)

17

 There are two flat directions in the fit. See, e.g., Han & Skiba (05)
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EW constraints on dim-six operators
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95% prob. bound on
Ci

⇤

2 [TeV�2] ⇤ [TeV]
Operator Ci = 1 Ci = �1 Ci = ±1

O�WB

�
�†�a�

�
W a

µ⌫B
µ⌫ [�0.010, 0.004] 14 (22.4%) 10 (77.6%) 11

O�D

���†Dµ�
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EW constraints in a different basis

In the Warsaw basis EWPO receive contributions from 10 operators:
Bosonic ops: contribute to oblique corrections

Corrections to EW Vff couplings

Also sensitive to                                through indirect effects:         
the extraction of GF from µ decay is corrected by                

OHD =
��H†iDµH

��2 OHWB = (H†�aH)W a
µ⌫B

µ⌫ (29)

OHG =
�
H†H

�
GA

µ⌫G
A µ⌫ (30)

OHW =
�
H†H

�
W a

µ⌫W
a µ⌫ (31)

OHB =
�
H†H

�
Bµ⌫B

µ⌫ (32)

OH⇤ =
�
H†H

�
⇤
�
H†H

�
(33)

OH =
�
H†H

�3
(34)

OeH =
�
H†H

� �
lLHeR

�
(35)

OuH =
�
H†H

� ⇣
qLH̃uR

⌘
(36)

OdH =
�
H†H

�
(qLHdR) (37)

Oll = (l�µl)(l�µl) (38)

O(3)
Hl = (H†i

$
Da

µH)(l�µ�al) (39)

O(3)
Hl = (H†i

$
Da

µH)(l�µ�al) Oll = (l�µl)(l�µl) (40)

GF (41)

µ (42)
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2
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Hq(l) ⌥ C

(3)
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v2

⇤2 (43)
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2
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�V q,l
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2↵
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Z pole resonance
The LEP and SLC measurements of e+e� ! f̄f cross sections near the Z pole provide the most

precise determination of the properties of the Z boson, and have been crucial in determining the validity
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 EWPO are sensitive only to 8 combinations of the 10 
dim-6 operators in the GIMR/Warsaw basis.

no flat direction in the EW precision fit
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EW constraints on NP: dim 6 SMEFT

Dimension six SMEFT (EWPD): 
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Only 8 combinations of dim 6 operators can be constrained. Redefine                       away.                       
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Complementary between EWPO & Higgs
Correlations and complementarity between different observables:

Also enter in EWPO & VV prod.

Strongly constrained by EWPO
 (induce modified Vff couplings) Enter in all EW processes

h→
VV

h→
ff

h→
Vf
f

Not directly testable with EWPO 
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Z pole resonance
The LEP and SLC measurements of e+e� ! f̄f cross sections near the Z pole provide the most

precise determination of the properties of the Z boson, and have been crucial in determining the validity
of the SM description of NC. Around the Z pole the process is dominated by the Z-exchange diagram and
the di↵erential cross section for f 6= e is given by1
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where Pe is the polarization of the electron in the beam, and �f and Af are the partial decay width of the
Z into f̄f and the left-right asymmetries, respectively, whose expressions will be given below. Roughly
speaking, once we know the beam polarization, these quantities as well as the Z boson mass can be
determined from experiment by scanning in the center of mass energy and fitting the above expression to
the total cross section as well as the angular distribution of the outgoing particles.

Z pole observables SM:

1
For f = e� there is also a t-channel diagram contributing to the cross section.
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where Pe is the polarization of the electron in the beam, and �f and Af are the partial decay width of the
Z into f̄f and the left-right asymmetries, respectively, whose expressions will be given below. Roughly
speaking, once we know the beam polarization, these quantities as well as the Z boson mass can be
determined from experiment by scanning in the center of mass energy and fitting the above expression to
the total cross section as well as the angular distribution of the outgoing particles.

Z pole observables SM:

1
For f = e� there is also a t-channel diagram contributing to the cross section.
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Z pole resonance
The LEP and SLC measurements of e+e� ! f̄f cross sections near the Z pole provide the most

precise determination of the properties of the Z boson, and have been crucial in determining the validity
of the SM description of NC. Around the Z pole the process is dominated by the Z-exchange diagram and
the di↵erential cross section for f 6= e is given by1

d�
e+e�!Z!f̄f

d⌦
= 9

4

s�e�f/M
2
Z

(s�M2
Z)

2
+s2�2

Z/M2
Z

[(1 + cos2 ✓) (1 � PeAe) + 2 cos ✓Af (�Pe + Ae)]

d�f̄f

d⌦
= 9

4

s�e�f/M
2
Z

(s�M2
Z)

2
+s2�2

Z/M2
Z

⇥�
1 + cos

2 ✓
�
(1 � PeAe) + 2Af (�Pe + Ae)cos ✓

⇤

d�
d⌦

= 9

4

s�e�f/M
2
Z

(s�M2
Z)

2
+s2�2

Z/M2
Z

⇥�
1 + cos

2 ✓
�
(1 � PeAe) + 2Af (�Pe + Ae)cos ✓

⇤

(f 6= e)

where Pe is the polarization of the electron in the beam, and �f and Af are the partial decay width of the
Z into f̄f and the left-right asymmetries, respectively, whose expressions will be given below. Roughly
speaking, once we know the beam polarization, these quantities as well as the Z boson mass can be
determined from experiment by scanning in the center of mass energy and fitting the above expression to
the total cross section as well as the angular distribution of the outgoing particles.

Z pole observables SM:

1
For f = e� there is also a t-channel diagram contributing to the cross section.

2

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

EW constraints on NP: dim 6 SMEFT
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EW precision data (EWPD) + Higgs data
Dimension six SMEFT (EWPD+Higgs): 

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

EW constraints on NP: dim 6 SMEFT
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5.  Expected sensitivities 
at future colliders



EWPO at Future colliders

4 Expected sensitivities

FCC-ee run Z pole WW HZ tt̄ Above tt̄
threshold threshold threshold

p
s [GeV] 90 160 240 350 > 350

L [ab�1/year] 88 15 3.5 1.0 1.0
Years of operation 0.3 / 2.5 1 3 0.5 3

Events 1012/1013 108 2 ⇥ 106 2.1 ⇥ 105 7.5 ⇥ 104

Table 9: Expected performances of the FCCee machine.

Current HL-LHC FCCee
e+e�!HZ W+W�!H

H ! bb̄ &23% 5-36% 0.2% 0.6-2.2%
H ! cc̄ 1.2%
H ! gg 1.4%
H ! WW & 15% 4-11 % 0.9%
H ! ⌧⌧ & 25 % 5-15% 0.7%
H ! ZZ & 24% 4-17 % 3.1%
H ! �� & 20 % 4-28 % 3.0%
H ! Z� 10-27%
H ! µµ 14-23% 13%

Table 10: Future expected sensitivity to Higgs-boson observables at various future colliders
considered in this study.

11

Several future e+ e-  collider projects: FCC-ee, CEPC, ILC, CLIC

Physics at the FCC-ee:

Physics at the CEPC:

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

Z factories → EWPO

95% prob. bound on
Ci

⇤

2 [TeV�2]
Operator

O(1)

�l (�†i
$
Dµ�)

�
lL�

µlL
�

[�0.012, 0.035]

O(3)

�l (�†i
$
Da

µ�)
�
lL�

µ�alL
�

[�0.064, 0.009]

O(1)

�e (�†iDµ�) (eR�µeR) [�0.025, 0.012]

O(1)

�q (�†i
$
Dµ�) (qL�µqL) [�0.104, 0.075]

O(3)

�q (�†i
$
Da

µ�) (qL�µ�aqL) [�0.183, 0.002]

O(1)

�u (�†i
$
Dµ�) (uR�µuR) [�0.220, 0.420]

O(1)

�d (�†i
$
Dµ�)

�
dR�µdR

�
[�1.15,�0.160]

Oll (l�µl)(l�µl) [�0.085, 0.027]

Table 15: All ops UPDATED LHCP

FCC-ee run Z pole WW HZ tt̄ Above tt̄
threshold threshold threshold

p
s [GeV] 90 160 240 350 > 350

L [ab�1/year] 88 15 3.5 1.0 1.0
Years of operation 0.3 / 2.5 1 3 0.5 3

Events 1012/1013 108 2 ⇥ 106 2.1 ⇥ 105 7.5 ⇥ 104

Table 16: Expected performances of the FCCee machine.

CEPC run Z pole HZ tt̄
threshold threshold

p
s [GeV] 90 240 350R L [fb�1] >150 5 ⇥ 103

Events 1010 >106 ?

Table 17: Expected performances of the CEPC machine.

CEPC run Z pole HZ
threshold

p
s [GeV] 90 240R L [fb�1] >150 5 ⇥ 103

Events 1010 >106

Table 18: Expected performances of the CEPC machine.

17
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Future colliders 

 Physics at FCC-ee: 

[80–83]. In this section we describe the di↵erent physics scenarios we will consider, and

estimate the improvements they o↵er in terms of sensitivity to the di↵erent NP models

described in sections 4 and 5, comparing the results with those obtained using current

data. See refs. [8, 84–86] for earlier analyses of this kind.

Across its years of operation, the FCCee design includes running at the Z pole, and

at the WW , HZ, and tt̄ production thresholds, with the possibility of a dedicated run

at center-of-mass energy
p
s & 350 GeV to explore the top-quark couplings. Compared

to other options for future e+e� colliders, the FCCee also o↵ers the largest integrated

luminosity and allows to assess an optimistic best-case scenario. The expected performance

of the FCCee machine is documented in refs. [76, 87], and summarized in table 17. The

values of integrated luminosity presented there are a useful baseline for our study. Further

improvements in performance are under consideration, including an increase in center-of-

mass energy. Within the context of our analyses, these improvements would further reduce

the statistical uncertainties. On the other hand, since the precision on the observables

considered in our study will be mainly dominated by the systematic uncertainties, our

conclusions would still hold to a large extent.

FCCee Z pole WW HZ tt̄ Above tt̄

threshold threshold threshold thresholdp
s [GeV] 90 160 240 350 > 350

L [ab�1/year] 88 15 3.5 1.0 1.0

Years of operation 0.3 / 2.5 1 3 0.5 3

Events 1012/1013 108 2⇥ 106 2.1⇥ 105 7.5⇥ 104

Table 17. Expected performances of the FCCee machine, taken from Ref. [87]

The ILC project consists of a linear e+e� collider optimized for Higgs-boson and top-

quark precision measurements, and would initially run at energies
p
s = 250, 350, and 500

GeV [77]. The current proposed scenarios would involve approximately 20 years of opera-

tion, including a luminosity upgrade. There is also the possibility of extending the energy

reach of the machine up to 1 TeV, and we include this in our list of physics scenarios.

The energy and luminosity settings of the Higgs-boson runs that we study in this work

are given in table 18 [88]. Improved measurements of the properties of the Z lineshape atp
s ⇡ 91 GeV, on the other hand, would require a machine upgrade from the Technical

Design Report to achieve an optimal luminosity performance [77]. We therefore do not

consider this scenario here. As far as EWPO are concerned, we only include the improve-

ments in the Higgs-boson, top-quark, and W masses, where the latter is obtained from the

measurements of e+e� ! W+W� above threshold with a target overall uncertainty at the

level of approximately 3 MeV.

Finally, the CepC project is designed as a Higgs-boson and/or Z factory [79]. Running

at
p
s ⇡ 240 GeV the CepC would produce about 106 Higgs-boson particles, allowing

measurements of its couplings at the percent level or better. During the
p
s ⇡ 91 GeV

run, on the other hand, up to 1011 Z bosons could be produced, improving the sensitivity

– 20 –

 Physics at CEPC: 

 Future e+e- collider projects: ILC, FCC-ee, CEPC, CLIC, …

Each run improves the precision of different sectors of EWPO 
and/or Higgs observables.

ILC [                                        ,   ~2028-]e+e�,
p
s = 90 � 500GeV ??? hep-ph/0106315, arXiv:1306.6352

FCC-ee [                                 ,  ~2035-]e+e�,
p
s = 90 � 400GeV arXiv:1308.6176

CEPC [                                 ,  ~2030-]e�p,
p
s = 90 � 250GeV IHEP-CEPC-DR-2015-01

Circumference:
   LHC: 27 km
   FCC: 80-100 km
   CEPC: 50-70 km

1011
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Expected sensitivities to EWPO

old. From the shape of the di↵erential cross section one can derive the top-quark mass in

di↵erent theoretically well-defined schemes, e.g. the potential-subtracted (PS) top-quark

mass [93], or the so-called 1S top-quark mass [94]. In both schemes the top-quark mass can

be extracted with a theoretical uncertainty . 50 MeV [95, 96], to be added to the expected

statistical uncertainties shown in table 19. The relation between the PS or 1S top-quark

mass and the MS top-quark mass has been calculated to 4 loops in perturbative QCD [97],

and introduces an additional uncertainty of approximately ⇠ 20 MeV (⇠ 10 MeV) in the

translation from the PS (1S) mass. In our fits we will assume a combined uncertainty in

the top-quark mass of 50 MeV for both the ILC and FCCee-tt̄ scenarios.

Current HL-LHC ILC FCCee CepC

Data (Run)

↵s(MZ) 0.1179±0.0012

�↵(5)

had

(MZ) 0.02750±0.00033

MZ [GeV] 91.1875±0.0021 ±0.0001 (FCCee-Z) ±0.0005

mt [GeV] 173.34±0.76 ±0.6 ±0.017 ±0.014 (FCCee-t¯t)

mH [GeV] 125.09±0.24 ±0.05 ±0.015 ±0.007 (FCCee-HZ) ±0.0059

MW [GeV] 80.385±0.015 ±0.011 ±0.0024 ±0.001 (FCCee-WW ) ±0.003

�W [GeV] 2.085±0.042 ±0.005 (FCCee-WW )

�Z [GeV] 2.4952±0.0023 ±0.0001 (FCCee-Z) ±0.0005

�0

h [nb] 41.540±0.037 ±0.025 (FCCee-Z) ±0.037

sin2 ✓lept
e↵

0.2324±0.0012 ±0.0001 (FCCee-Z) ±0.000023

P pol

⌧ 0.1465±0.0033 ±0.0002 (FCCee-Z)

A` 0.1513±0.0021 ±0.000021 (FCCee-Z [pol])

Ac 0.670±0.027 ±0.01 (FCCee-Z [pol])

Ab 0.923±0.020 ±0.007 (FCCee-Z [pol])

A0,`
FB

0.0171±0.0010 ±0.0001 (FCCee-Z) ±0.0010

A0,c
FB

0.0707±0.0035 ±0.0003 (FCCee-Z)

A0,b
FB

0.0992±0.0016 ±0.0001 (FCCee-Z) ±0.00014

R0

` 20.767±0.025 ±0.001 (FCCee-Z) ±0.007

R0

c 0.1721±0.0030 ±0.0003 (FCCee-Z)

R0

b 0.21629±0.00066 ±0.00006 (FCCee-Z) ±0.00018

Table 19. Expected experimental sensitivities to the di↵erent EWPO at future colliders.
Apart from the improvements quoted in this table, we also assume that future measurements of
�↵

(5)

had

(MZ) and ↵S(MZ), whose errors dominate in the parametric uncertainties of the theoretical
predictions, are possible with an error of approximately ±5⇥ 10�5 and ±0.0002, respectively. This
assumption is particularly relevant for the FCCee and CepC fits, where the experimental precision
for the bulk of electroweak precision measurements will be largely improved.

In what follows we estimate the sensitivity to the di↵erent new physics scenarios at the

above-mentioned future experiments. To do so, we assume that the future experimental

measurements will be fully compatible with the SM predictions. In particular, we use the

following reference values of the SM input parameters (see column Posterior in table 1),

mH = 125.09 GeV, mt = 173.61 GeV, MZ = 91.1879 GeV,

↵s(MZ) = 0.1180 and �↵
(5)
had(MZ) = 0.02747,

(6.1)

– 22 –

O(10) improvement in experimental precision!



62 Satoshi Mishima (KEK)/71

Experimental vs. Theoretical uncertainties

Current HL-LHC ILC FCCee CepC

Phase 1 Phase 2

250 500 1000 250 500 1000

H ! bb̄ & 23% 5-36% 1.2% 1.8-28% 0.3-6% 0.56% 0.37-16% 0.3-3.8% 0.2% 0.28%

H ! cc̄ 8.3% 6.2-13% 3.1% 3.9% 3.5-7.2% 2% 1.2% 2.2%

H ! gg 7% 4.1-11% 2.3% 3.3% 2.3-6% 1.4% 1.4% 1.6%

H ! WW & 15% 4-11% 6.4% 2.4-9.2% 1.6% 3% 1.3-5.1% 1% 0.9% 1.5%

H ! ⌧⌧ & 25% 5-15% 4.2% 5.4-9% 3.1% 2% 3-5% 2% 0.7% 1.2%

H ! ZZ & 24% 4-17% 19% 8.2-25% 4.1% 8.8% 4.6-14% 2.6% 3.1% 4.3%

H ! �� & 20% 4-28% 38% 20-38% 7% 16% 13-19% 5.4% 3.0% 9%

H ! Z� 10-27%

H ! µµ 14-23% 31% 20% 13% 17%

Table 20. Future expected sensitivity to Higgs-boson observables at various future colliders con-
sidered in this study.

Current Future Current ILC FCC-ee CepC

Observable Th. Error Th. Error Exp. Error

MW [MeV] 4 1 15 3� 4 1 3

sin2 ✓lept
e↵

[10�5] 4.5 1.5 16 0.6 2.3

�Z [MeV] 0.5 0.2 2.3 0.1 0.5

R0

b [10�5] 15 10 66 6 17

Table 21. Projected theoretical uncertainty for the di↵erent EWPO and comparison with the
corresponding experimental sensitivity at various future colliders considered in this study.

and take as errors the ones given in Tables 19 and 20. In our analysis we assume that the

theoretical calculations necessary to match the experimental precision will be available, and

in our fits we use the future projected uncertainties in table 21. To illustrate the impact

of theoretical uncertainties, we also consider another scenario where, as in the current

EWPO fit, theoretical uncertainties are subdominant and are neglected in the analysis.

In this scenario we also assume that the only uncertainty a↵ecting the top-quark mass

parameter is the one given in table 19.

With these settings we have performed fits to the main NP scenarios studied in sec-

tions 4 and 5, and compared the results with those obtained in a fit assuming the errors

of current data.3 The results of the fits to EWPO only are summarized in table 22, while

those from the fits to EWPO plus Higgs-boson observables are reported in table 23. In

these tables we illustrate the sensitivity to each NP parameter introduced in sections 4

and 5 by showing the 1-� uncertainty on the corresponding parameter from the fit. A

comparison of the projected sensitivity on EW parameters and Higgs coupling constants

for various future colliders is shown in fig. 11.

From the results in table 22 we observe how the FCCee, with dedicated runs aimed at

improving the measurements of the di↵erent EWPO, o↵ers the best performance in terms

of constraints on NP. We show the results obtained with the Z-pole runs, with and without

polarization, and also show the e↵ect of adding the improved measurement of the W mass

3For consistency in the comparison, in this fit we also set the central values to the SM predictions

summarized in eq. (6.1).

– 23 –

A. Freitas, arXiv:1604.00406

 Theoretical efforts are necessary to match future 
experimental precision. 

O(↵2↵s) O(↵3)O(↵↵2
s) Assume that             , fermionic                and           , 

and leading 4-loop corrections in the rho parameter 
will become available. 
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Expected sensitivity to Higgs observables

Current HL-LHC ILC FCCee CepC

Phase 1 Phase 2

250 500 1000 250 500 1000

H ! bb̄ & 23% 5-36% 1.2% 1.8-28% 0.3-6% 0.56% 0.37-16% 0.3-3.8% 0.2% 0.28%

H ! cc̄ 8.3% 6.2-13% 3.1% 3.9% 3.5-7.2% 2% 1.2% 2.2%

H ! gg 7% 4.1-11% 2.3% 3.3% 2.3-6% 1.4% 1.4% 1.6%

H ! WW & 15% 4-11% 6.4% 2.4-9.2% 1.6% 3% 1.3-5.1% 1% 0.9% 1.5%

H ! ⌧⌧ & 25% 5-15% 4.2% 5.4-9% 3.1% 2% 3-5% 2% 0.7% 1.2%

H ! ZZ & 24% 4-17% 19% 8.2-25% 4.1% 8.8% 4.6-14% 2.6% 3.1% 4.3%

H ! �� & 20% 4-28% 38% 20-38% 7% 16% 13-19% 5.4% 3.0% 9%

H ! Z� 10-27%

H ! µµ 14-23% 31% 20% 13% 17%

Table 20. Future expected sensitivity to Higgs-boson observables at various future colliders con-
sidered in this study.

Current Future Current ILC FCC-ee CepC

Observable Th. Error Th. Error Exp. Error

MW [MeV] 4 1 15 3� 4 1 3

sin2 ✓lept
e↵

[10�5] 4.5 1.5 16 0.6 2.3

�Z [MeV] 0.5 0.2 2.3 0.1 0.5

R0

b [10�5] 15 10 66 6 17

Table 21. Projected theoretical uncertainty for the di↵erent EWPO and comparison with the
corresponding experimental sensitivity at various future colliders considered in this study.

and take as errors the ones given in Tables 19 and 20. In our analysis we assume that the

theoretical calculations necessary to match the experimental precision will be available, and

in our fits we use the future projected uncertainties in table 21. To illustrate the impact

of theoretical uncertainties, we also consider another scenario where, as in the current

EWPO fit, theoretical uncertainties are subdominant and are neglected in the analysis.

In this scenario we also assume that the only uncertainty a↵ecting the top-quark mass

parameter is the one given in table 19.

With these settings we have performed fits to the main NP scenarios studied in sec-

tions 4 and 5, and compared the results with those obtained in a fit assuming the errors

of current data.3 The results of the fits to EWPO only are summarized in table 22, while

those from the fits to EWPO plus Higgs-boson observables are reported in table 23. In

these tables we illustrate the sensitivity to each NP parameter introduced in sections 4

and 5 by showing the 1-� uncertainty on the corresponding parameter from the fit. A

comparison of the projected sensitivity on EW parameters and Higgs coupling constants

for various future colliders is shown in fig. 11.

From the results in table 22 we observe how the FCCee, with dedicated runs aimed at

improving the measurements of the di↵erent EWPO, o↵ers the best performance in terms

of constraints on NP. We show the results obtained with the Z-pole runs, with and without

polarization, and also show the e↵ect of adding the improved measurement of the W mass

3For consistency in the comparison, in this fit we also set the central values to the SM predictions

summarized in eq. (6.1).

– 23 –

ILC Phase 1 Phase 2

(Luminosity upgrade)p
s [GeV] 250 500 1000 250 500 100R L dt [ab�1] 0.25 0.5 1 1.15 1.6 2.5R
dt (107 s) 3 3 3 3 3 3

Table 18. Expected performances of the ILC machine, taken from Ref. [88]

to the Z couplings to the 10�4 level. With this statistics, the overall uncertainty for most

observables is expected to be dominated by systematic e↵ects. For the run at the Z-pole

energy, we will assume a total integrated luminosity larger than 150 fb�1, necessary to

achieve the expected precision for all the di↵erent EWPO in table 4.1 of ref. [79]. As in

the case of the ILC, an improved measurement of the W mass is possible at center-of-mass

energies above the W+W� production threshold. For the
p
s = 250 GeV run a direct MW

measurement is expected with a similar uncertainty of approximately 3 MeV.

The expected experimental uncertainties on the di↵erent EWPO and Higgs-boson sig-

nal strengths at the future colliders introduced above are summarized in tables 19 and 20,

where we also include projections for the HL-LHC [80–83].

On the theory side, while the theoretical uncertainties associated to unknown higher-

order corrections to EWPO in perturbation theory are subdominant compared with current

experimental errors, this is no longer the case when we take into account the projected fu-

ture experimental precision summarized in table 19. The present theoretical uncertainties

for the most relevant EWPO are shown in table 21, where we compare them to the cor-

responding current and future experimental errors. It is clear that we need to improve

SM calculations in order for theoretical uncertainties in the predictions of EWPO not to

become a limiting factor at future experiments. The future projected theoretical errors in

table 21 assume that the complete O(↵↵2
s) corrections, the fermionic O(↵2↵2

s) and O(↵3)

corrections, and the leading 4-loop corrections entering via the ⇢ parameter in the di↵er-

ent observables will become available [85, 89, 90]. There are other sources of theoretical

uncertainties not considered in the previous discussion. First, as explained in section 3,

the parametric uncertainties on the theoretical predictions for the di↵erent EWPO re-

ceive important contributions from the current errors in the experimental measurements

of �↵
(5)
had(MZ) and ↵s(MZ) (see table 2). Apart from the experimental improvements

summarized in table 19, we also assume in all future scenarios that a measurement of

�↵
(5)
had is possible with a precision of ±5 ⇥ 10�5. Such an improvement is expected to

be within the reach of ongoing and future experiments measuring the e+e� ! hadrons

cross section. This requires measuring the ratio R of the hadronic to the muonic e+e�

cross sections with a relative uncertainty of 1% [91]. Likewise, for the strong coupling

constant at the Z pole, we use future lattice QCD projections, which estimate an uncer-

tainty �↵s(MZ) = ±0.0002 [92]. Another observable which su↵ers of additional theoretical

uncertainties is the top-quark mass. At e+e� colliders the top-quark mass can be extracted

by reconstructing the tt̄ production cross section in a scan around the production thresh-

– 21 –



 the shape of the      production cross section in a 
scan around the threshold at future e+e- colliders

      :  
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Parametric uncertainties  

�↵(5)
had(MZ)

↵s(MZ)

�↵s(MZ) ⇡ ±0.0002

��↵(5)
had(MZ) ⇡ ±0.00005

           :   lattice QCD projection

��↵(5)
had(MZ) = ±0.00033

�↵s(MZ) = ±0.0010

                :   ongoing and future experiments for
�(e+e� ! hadrons)

mt tt̄

�mt ⇡ ±50MeV�mt = ±760MeV
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Strategy

 Assume that the future exp. measurements will be fully 
compatible with the SM predictions. 

 Use SM predictions as central values of inputs:

old. From the shape of the di↵erential cross section one can derive the top-quark mass in

di↵erent theoretically well-defined schemes, e.g. the potential-subtracted (PS) top-quark

mass [93], or the so-called 1S top-quark mass [94]. In both schemes the top-quark mass can

be extracted with a theoretical uncertainty . 50 MeV [95, 96], to be added to the expected

statistical uncertainties shown in table 19. The relation between the PS or 1S top-quark

mass and the MS top-quark mass has been calculated to 4 loops in perturbative QCD [97],

and introduces an additional uncertainty of approximately ⇠ 20 MeV (⇠ 10 MeV) in the

translation from the PS (1S) mass. In our fits we will assume a combined uncertainty in

the top-quark mass of 50 MeV for both the ILC and FCCee-tt̄ scenarios.

Current HL-LHC ILC FCCee CepC

Data (Run)

↵s(MZ) 0.1179±0.0012

�↵(5)

had

(MZ) 0.02750±0.00033

MZ [GeV] 91.1875±0.0021 ±0.0001 (FCCee-Z) ±0.0005

mt [GeV] 173.34±0.76 ±0.6 ±0.017 ±0.014 (FCCee-t¯t)

mH [GeV] 125.09±0.24 ±0.05 ±0.015 ±0.007 (FCCee-HZ) ±0.0059

MW [GeV] 80.385±0.015 ±0.011 ±0.0024 ±0.001 (FCCee-WW ) ±0.003

�W [GeV] 2.085±0.042 ±0.005 (FCCee-WW )

�Z [GeV] 2.4952±0.0023 ±0.0001 (FCCee-Z) ±0.0005

�0

h [nb] 41.540±0.037 ±0.025 (FCCee-Z) ±0.037

sin2 ✓lept
e↵

0.2324±0.0012 ±0.0001 (FCCee-Z) ±0.000023

P pol

⌧ 0.1465±0.0033 ±0.0002 (FCCee-Z)

A` 0.1513±0.0021 ±0.000021 (FCCee-Z [pol])

Ac 0.670±0.027 ±0.01 (FCCee-Z [pol])

Ab 0.923±0.020 ±0.007 (FCCee-Z [pol])

A0,`
FB

0.0171±0.0010 ±0.0001 (FCCee-Z) ±0.0010

A0,c
FB

0.0707±0.0035 ±0.0003 (FCCee-Z)

A0,b
FB

0.0992±0.0016 ±0.0001 (FCCee-Z) ±0.00014

R0

` 20.767±0.025 ±0.001 (FCCee-Z) ±0.007

R0

c 0.1721±0.0030 ±0.0003 (FCCee-Z)

R0

b 0.21629±0.00066 ±0.00006 (FCCee-Z) ±0.00018

Table 19. Expected experimental sensitivities to the di↵erent EWPO at future colliders.
Apart from the improvements quoted in this table, we also assume that future measurements of
�↵

(5)

had

(MZ) and ↵S(MZ), whose errors dominate in the parametric uncertainties of the theoretical
predictions, are possible with an error of approximately ±5⇥ 10�5 and ±0.0002, respectively. This
assumption is particularly relevant for the FCCee and CepC fits, where the experimental precision
for the bulk of electroweak precision measurements will be largely improved.

In what follows we estimate the sensitivity to the di↵erent new physics scenarios at the

above-mentioned future experiments. To do so, we assume that the future experimental

measurements will be fully compatible with the SM predictions. In particular, we use the

following reference values of the SM input parameters (see column Posterior in table 1),

mH = 125.09 GeV, mt = 173.61 GeV, MZ = 91.1879 GeV,

↵s(MZ) = 0.1180 and �↵
(5)
had(MZ) = 0.02747,

(6.1)

– 22 – Assume the expected uncertainties explained in the 
previous slides. 

 Consider another scenario, where theoretical 
uncertainties are subdominant and negligible.  

Limits provide future sensitivity to NP
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Oblique parameters
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Oblique Parameters ( S, T, U ): Present vs. Future

EWPO at Future colliders: sensitivity to NP

With th. unc. 

Neglecting th. unc. 

Current Future Current ILC FCC-ee CEPC
Observable Th. Error Th. Error Exp. Error

MW [MeV] 4 1 15 3� 4 1 3

sin2 ✓lept

e↵

[10�5] 4.5 1.5 16 0.6 2.3
�Z [MeV] 0.5 0.2 2.3 0.1 0.5
R0

b [10�5] 15 10 66 6 17

Table 1: Projected theoretical uncertainties for the di↵erent electroweak precision observables
and comparison with the experimental sensitivities at the di↵erent future colliders. DO NOT
SHOW EXP. CHECK AND COMPARE WITH TABLE EXP DATA.

Current Future
Observable Th. Error

MW [MeV] 4 1

sin2 ✓lept

e↵

[10�5] 4.5 1.5
�Z [MeV] 0.5 0.2
R0

b [10�5] 15 10

Table 2: Projected theoretical uncertainties for the di↵erent electroweak precision observables,
compared with the uncertainty for current predictions.

3 Summary Current

3.1 Oblique parameters

�S, �T ⇠ 0.006–0.01 (6)

�S, �T, �U ⇠ 0.01 (7)

�U ⇠ 0.005–0.01 (8)

�S ⇠ 0.006–0.01 (9)

�T ⇠ 0.004–0.007 (10)

�S ⇠ 0.01 (11)

†E-mail: Jorge.DeBlasMateo@roma1.infn.it
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INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  
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 Non-standard Zbb couplings: Present vs. Future

b

L
 gδ

0 0.005

b R
 g

δ

0

0.02

0.04

2.3 Zbb̄

�gb
L ⇠ 0.0001 (8)

�gb
R ⇠ 0.0005 (9)

Fit result Correlations
�gb

R 0.016±0.006 1.00
�gb

L 0.003±0.001 0.90 1.00
�gb

V 0.018±0.007 1.00
�gb

A �0.013±0.005 �0.98 1.00

Table 10: UPDATED

6

68% & 95% prob.

EWPO at Future colliders: sensitivity to NP

3.4 Zbb̄

�(�gb
L) ⇠ 0.0001 (19)

�(�gb
R) ⇠ 0.0005 (20)

Fit result Correlations
�gb

R 0.016±0.006 1.00
�gb

L 0.003±0.001 0.90 1.00
�gb

V 0.018±0.007 1.00
�gb

A �0.013±0.005 �0.98 1.00

Table 14: UPDATED

4 Summary Future

5 Summary

10

3.4 Zbb̄

�(�gb
L) ⇠ 0.0001 (19)

�(�gb
R) ⇠ 0.0005 (20)

Fit result Correlations
�gb

R 0.016±0.006 1.00
�gb

L 0.003±0.001 0.90 1.00
�gb

V 0.018±0.007 1.00
�gb

A �0.013±0.005 �0.98 1.00

Table 14: UPDATED

4 Summary Future

5 Summary

10

FCC-ee

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

NP in Zbb couplings
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 Modified HVV coupling 

EWPD+Higgs results

Assuming fermion
universal couplings

EWPO+Higgs at Fut. coll.: sensitivity to NP

Modified Higgs couplings (κV, κf): Present vs. Future

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  
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EWPD results

�V ⇠ 0.002
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Dimension-six operators (EWPO)
J. de Blas, M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini,  in preparation
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Neglecting th. & par. unc. 

With th. + par. unc. 

NP scale > 5-40 TeV (for Ci=1)
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Dimension-six operators (EWPO+Higgs)
J. de Blas, M. Ciuchini, E. Franco, S.M., M. Pierini, L. Reina, L. Silvestrini,  in preparation
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6. Summary

 We have been developing the HEPfit package. 

 Future e+e- colliders would strengthen the power of the EW 
precision fit. 

 EW precision measurements offer a very powerful handle to 
search for NP above the TeV scale. 

 EW precision fit shows a good agreement with the SM predictions 
at the 2-loop level, and gives strong constraints on NP at the TeV 
scale.  

Conclusions

Present: EWPO still as relevant as ever
EWPD fit shows good agreement with the SM pred. at the 2-loop level

EWPO & Higgs data ⇒ complementary information

Future e+e- colliders would strengthen the constraining/discriminating 
power of the fit to EWPD and Higgs observables

 Challenges: SM theoretical & parametric uncertainties

Strong constraints on NP at the TeV scale

Jorge de Blas 
INFN -University of Padova 

LHCP 2017 
Shanghai May 18, 2017  

2 Tables

3 Summary

Expected sensitivity Improvement

S, T, U �S, �T, �U ⇠ 5-10 · 10�3 20x

�ghV V,hff (V , f) �V ⇠ 0.001-0.002, �f ⇠ 0.003 10-20x

Ld=6

SMEFT

⇤NP ||Ci|=1

& 5-40 TeV ⇠ 4x

Table 1: Summary UPDATE

�gt
L = �1

2

⇣
V

⇣
↵

(1)

�q � ↵
(3)

�q

⌘
V †

⌘

tt

v2

⇤

2 = �↵
(t)
�q

v2

⇤

2 , �gt
R = �1

2

⇣
↵

(1)

�u

⌘

tt

v2

⇤

2

�gt
L

gt SM

L
2 [�0.048, 0.089] ,

�gt
R

gt SM

R
2 [�0.102, 0.044]

⇣
↵

(t)
�q 2 [�0.52, 0.28] , (↵(1)

�u)tt 2 [�0.50, 0.21]
⌘

�gt
L

gt SM

L
2 [�0.050, 0.088] ,

�gt
R

gt SM

R
2 [�0.123, 0.023] (S = 0.2)

�
Ci ⌘ ↵i

⇤

2

�
(71)

(⇤ = 1 TeV) (72)

7

(Guide and complement the information from LHC direct searches)

Improvement needed to match future exp. precision
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Hadronic corrections to the EM coupling

�↵(5)
had(M

2
Z) = 0.02750 ± 0.00033

Burkhardt & Pietrzyk (11) 
(see also Davier et al(11); Hagiwara et al(11) ; Jegerlehner(11))

Note: Smaller uncertainty has been obtained if using exclusive 
processes with pQCD: 

but discrepancy has been observed between inclusive and exclusive 
in low-energy data. 

 We adopt a conservative value:

measured with inclusive processes.

�
�
�↵(5)

had(M
2
Z)

�
⇠ ±0.00010
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Ambiguity in the top pole mass

 The measurements of the pole mass of the top quark at 
Tevatron and LHC suffer from ambiguities:

“All in all I believe that it is justified to assume that MC mass parameter is 
interpreted as mpole within the ambiguity intrinsic in the definition of mpole, 
thus at the level of ~250-500 MeV.”

M. Mangano at TOP2013:

“The uncertainty on the translation from the MC mass definition to a theoretically 
well defined short-distance mass definition at a low scale is currently estimated 
to be of the order of 1 GeV.”  (There is an additional uncertainty originating from 
the conversion of the short-distance mass to pole mass.)

S.O. Moch et al., 1405.4781 (report on the 2014 MITP scientific program):

S.O. Moch, 1408.6080: �mt =
+0.82
�0.62 GeV
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Ambiguity in the top pole mass
S.O. Moch, 1408.6080

out in the pole mass scheme so that Eq. (2) can be employed to relate mpole
t to the MS mass. For theory

predictions in terms of the MS mass the perturbative expansion in the strong coupling converges significantly
faster. At the same time, the residual scale dependence as a measure of the remaining theoretical uncertainty
is much improved when using the MS mass in contrast to the pole mass mpole

t .
These findings are illustrated in Figs. 2 and 3. The theory predictions for inclusive top-quark pair

production with the MS and the pole mass are compared in Fig. 2. The result in terms of the MS mass
mt(mt) displays a much improved convergence as the higher order corrections are successively added. The
corresponding scale dependence is shown in Fig. 3 and the predictions with the MS mass exhibit a much
better scale stability of the perturbative expansion. It is also interesting to observe, that the point of
minimal sensitivity where �LO ' �NLO ' �NNLO is located at scales µ = O(mt(mt)), i.e., it coincides with
the natural hard scale of the process for the MS mass (Fig. 3, left), whereas it resides at fairly low scales,
µ ' mpole

t /4 ' 45 GeV for the pole mass predictions (Fig. 3, right).

For the distribution in the invariant mass mtt of the top quark pair the same findings can be seen in
Fig. 4. For the MS mass predictions the convergence is improved. Also the overall shape of the distribution
changes in comparison to case of the pole mass, the peak becomes more pronounced, while the position of
the peak remains stable against radiative corrections. This is essential for precision determinations of the
MS mass in specific kinematic regions of the invariant mass distribution from LHC data in the upcoming
high-energy runs.

The results for the running mass imply, that experimental determinations of the mass parameter from
the measured cross section can be performed with very good accuracy and a small residual theoretical
uncertainty. This has been done in [25], where a fully correlated fit of the running mass from data for the
total cross section at Tevatron and the LHC has given the value for the MS mass at NNLO to

mt(mt) = 162.3± 2.3 GeV , (3)

with an error in mt(mt) due the experimental data, the PDFs and the value of ↵s(MZ). An additional
theoretical uncertainty from the variation of the factorization and renormalization scales in the usual range
(µ/mt(mt) 2 [1/2, 2]) is small, �mt(mt) = ±0.7 GeV. Eq. (3) is equivalent to the pole mass value of

mpole
t = 171.2± 2.4± 0.7 GeV , (4)

using the known perturbative conversion Eq. (2) at two loops. This is the value displayed in both plots of
Fig. 1, which show good consistency of the procedure and also with the top-quark mass values obtained from
other determinations within the current uncertainties. The accuracy of a mass determination in this way
is limited to order 1%, though, by the overall sensitivity of the total cross section to the mass parameter,
S ⇠ 5 in Eq. (1).

4 Monte Carlo mass

The currently most precise measurement of the top-quark mass has been reported in [39] as the world
combination of the experiments ATLAS, CDF, CMS and D0,

mt = 173.34 ± 0.76GeV . (5)

This combination is based on determinations of mt as a best fit to the mass parameter implemented in the
respective Monte Carlo program used to generate the theory input. It is referred to as Monte Carlo (MC)
top-quark mass definition and is, therefore, lacking a direct relation to a mass parameter in a well-defined
renormalization scheme.

Nonetheless, the MC mass definition can be translated to a theoretically well-defined short-distance mass
definition at a low scale with an uncertainty currently estimated to be of the order of 1 GeV, see [1,40]. This
translation uses the fact that multi-observable analyses like in [39] e↵ectively assign a high statistical weight
to the invariant mass distribution of the reconstructed boosted top-quarks, because of the large sensitivity
of the system on the mass parameter, especially around the peak region.

4The top-quark invariant mass distribution can be computed to higher orders in perturbative QCD, cf.,
Fig. 3, and its peak position can also be described in an e↵ective theory approach based on a factorization [41,
42] into a hard, a soft non-perturbative and a universal jet function. Each of those functions depends in a
fully coherent and transparent way on the mass at a particular scale. The reconstructed top object largely
corresponds to the jet function which is governed by a short-distance mass mMRS

t at the scale of the top
quark width �t, see, e.g., [1,40]. This line of arguments allows one to systematically implement proper short-
distance mass schemes for the description of the MC mass in Eq. (5), which can then indeed be converted
to the pole mass.

Thus, the top-quark mass parameter mMC
t is identified with a scale-dependent short-distance mass

mMSR
t (R) at low scales, cf. [40],

mMC
t = mMRS

t (3+6
�2 GeV) , (6)

with an uncertainty �mt originating from the range of possible scales, R ' 1 . . . 9 GeV. The value of �mt

can be read o↵ from Tab. 1 as �mt =+0.32
�0.62 GeV. It should be emphasized, though, that this uncertainty

is only an estimate of the conceptual uncertainty that is currently inherent in Eq. (6). Very likely, the true
corrections are not exactly calculable since a complete analytic control of the MC machinery is not feasible
and the exact definition of the MC mass also depends on details of the parton shower, the shower cut and
the hadronization model, see, e.g., [43].

Subsequently, there are two choices to convertmMSR
t in Eq. (6) to the pole massmpole

t . The first possibility
applies the renormalization group to runmMSR

t from the low scales, R ' 1 . . . 9 GeV, up to R = mt in order to
obtain the corresponding value for the MS mass mt(mt). This procedure e↵ectively resums large logarithms.
Afterwards, mt(mt) is then converted to the pole mass at a given order in perturbation theory. Tab. 1
illustrates this procedure for mMSR

t (3GeV) = 173.40 GeV, see [1] for a extensive documentation.

mMSR
t (1) mMSR

t (3) mMSR
t (9) mt(mt) mpole

1lp mpole
2lp mpole

3lp

173.72 173.40 172.78 163.76 171.33 172.95 173.45

Table 1: Columns 1-3: Top-quark MSR masses at di↵erent scales. Column 4: MS mass mt(mt) converted
at O(↵3

s) for ↵s(MZ) = 0.1185 from the MSR mass mMRS
t (3 GeV). Columns 5-7: Pole masses at 1, 2 and 3

loop converted from the MS mass mt(mt). All numbers are given in GeV units.

The second choice converts the short distance mass mMSR
t at the low scales directly to the pole mass as

shown in Tab. 2. This leads to relatively small corrections, however, the convergence of the perturbative
expansion is poor and it is therefore disfavored. In the application of the one-, two- or three-loop conversion
formula, the value of the mass parameter shifts by roughly �mt ⇠ 0.15GeV with every additional order.
This is due to large logarithms which need to be resummed via the renormalization group equation [44].

mMSR
t (3) mpole

1lp mpole
2lp mpole

3lp

173.40 173.72 173.87 173.98

Table 2: Column 1: Top-quark MSR mass at R = 3 GeV. Columns 2-4 show the 1, 2 and 3 loop pole
masses converted from the MSR mass mMRS

t (3 GeV). All numbers are given in GeV units.

In summary, this leads to the following result for the pole mass, which corresponds to the MC mass in
Eq. (5),

mpole
t = 173.39 ± 0.76GeV (exp) + �mth , (7)

where the small increase by 0.05GeV in the central value compared to Eq. (5), is due to the shift of the
three-loop pole mass with respect to mMSR

t (3GeV) in Tab. 1. The theoretical uncertainty can be estimated
to

�mth =+0.32
�0.62 GeV (mMC

t ! mMSR
t (3GeV)) + 0.50GeV (mt(mt) ! mpole

t ) , (8)

where, as indicated, the first part of the uncertainty is due to the scale choices when relating the MC mass
to the short-distance mass and is subject to the qualifications mentioned above. The second part of the
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Direct vs. Indirect
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Figure 2. Left: Comparison of the indirect constraints on sin2 ✓lept
e↵

and MW with the direct
experimental measurements. Dark (light) regions correspond to 68% (95%) probability. Right:
The same for mt and MW .

Prediction ↵s �↵
(5)
had MZ mt

MW [GeV] 80.3618± 0.0080 ±0.0008 ±0.0060 ±0.0026 ±0.0046

�W [GeV] 2.08849± 0.00079 ±0.00048 ±0.00047 ±0.00021 ±0.00036

�Z [GeV] 2.49403± 0.00073 ±0.00059 ±0.00031 ±0.00021 ±0.00017

�0
h [nb] 41.4910± 0.0062 ±0.0059 ±0.0005 ±0.0020 ±0.0005
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Ac 0.66802± 0.00041 ±0.00001 ±0.00040 ±0.00005 ±0.00008
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c 0.172222± 0.000026 ±0.000023 ±0.000007 ±0.000001 ±0.000009

R0
b 0.215800± 0.000030 ±0.000013 ±0.000004 ±0.000000 ±0.000026

Table 2. SM predictions computed using the theoretical expressions for the EWPO without the
corresponding experimental constraints, and individual uncertainties associated with each input
parameter, except for mH (see text).

measurements and the result of the SM precision fit. Care must be taken when interpreting

this as a possible hint of NP, for deviations at this level (⇠ 2�) are likely to occur when

fitting this many observables. Having this in mind, this anomaly will be taken into account

in exploring possible parameterizations of NP e↵ects in section 4.
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Constraint on Higgs-boson couplings
Result 95% Prob. Correlation Matrix

V 1.01± 0.04 [0.93, 1.10] 1.00

f 1.03± 0.10 [0.83, 1.23] 0.31 1.00

Table 11. SM-like solution in the fit of V and f to the Higgs-boson signal strengths.
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Figure 7. Left: constraints from individual channels at 95% probability. Right: two-dimensional
probability distributions for V and f at 68%, 95%, and 99% (darker to lighter), obtained from
the fit to the Higgs-boson signal strengths.

Result 95% Prob. Correlation Matrix

V 1.02± 0.02 [0.99, 1.06] 1.00

f 1.03± 0.10 [0.85, 1.23] 0.14 1.00

Table 12. Same as table 11 but considering both the Higgs-boson signal strengths and the EWPO.

left panel of of figure 7 shows the 95% probability contours obtained from a fit including

only each individual channel (e.g. H ! ��), as well as the result from the global fit.

Since both production cross sections and decay rates depend on the modified couplings via

products of the form ij , theoretical predictions are symmetric under the simultaneous

exchange {V , f} $ {�V , �f}. We therefore restrict the parameter space to positive

V only. Note also that, when performing the global fit to all channels, the region with

negative f is not populated even at 99% probability, so that we only show positive values

of f in the right-hand-side plot of figure 7. The e↵ect of performing a combined fit of

both Higgs-boson signal strengths and EWPO is summarized in table 12 and illustrated

in figure 8 (note that in tables 11 and 12 we only show the results corresponding to the

SM-like solution, i.e. V,f > 0). It is interesting to notice that the constraint on V from

EWPO is stronger than the one obtained from the Higgs-boson signal strengths alone.

We then lift the assumption of custodial symmetry and rescale theHZZ andHW+W�

couplings independently, introducing two parameters Z and W , while keeping a unique

rescaling factor for all fermionic couplings, f . We obtain the results summarized in table 13

and the corresponding probability distributions shown in figure 9, which are consistent
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Figure 8. Two-dimensional 68% (dark) and 95% (light) probability contours for V and f (from
darker to lighter), obtained from the fit to the Higgs-boson signal strengths and the EWPO.

Result 95% Prob. Correlation Matrix

W 1.00± 0.05 [0.89, 1.10] 1.00

Z 1.07± 0.11 [0.85, 1.27] �0.17 1.00

f 1.01± 0.11 [0.80, 1.22] 0.41 �0.14 1.00

Table 13. SM-like solution in the fit of W , Z , and f to the Higgs-boson signal strengths.

with custodial symmetry. We notice that theoretical predictions are symmetric under

the exchanges {W , f} $ {�W , �f} and/or Z $ �Z , where Z can flip the

sign independent of W , since the interference between the W and Z contributions to the

vector-boson fusion cross section is negligible. Hence we have considered only the parameter

space where both W and Z are positive. In this case, we ignore EWPO in the fit, since

setting W 6= Z generates power divergences in the oblique corrections, indicating that the

detailed information on the UV theory is necessary for calculating the oblique corrections.

We also consider the case in which we only lift fermion universality and introduce

di↵erent rescaling factors for charged leptons (`), up-type quarks (u), and down-type

quarks (d), while keeping a unique parameter V for both HV V couplings. In this case,

from the Higgs-boson signal strengths we obtain the constraints on the scale factors pre-

sented in table 14 and in the top plots of figure 10. By adding the EWPO to the fit, the

constraints become stronger, as shown in table 15 and in the bottom plots of figure 10.

In this case, the Higgs-boson signal strengths are approximately symmetric under the ex-

changes ` $ �`, d $ �d and/or {V , u} $ {�V , �u}. These approximate

symmetries follow from the small e↵ect of the interference between tau and/or bottom-

quark loops with top-quark/W loops in the Higgs-boson decay into two photons, as well

as the relatively small interference between bottom- and top-quark loops in gluon-fusion,

for |V,u,d,`| ⇠ 1. Moreover, we find that negative values of u are disfavoured in the fit.

Hence, in figure 10 we consider only the parameter space where all ’s are positive. Again,
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Figure 9. Two-dimensional probability distributions for W and f (left), for Z and f (center),
and for W and Z (right) at 68%, 95%, and 99% (darker to lighter), obtained from the fit to
the Higgs-boson signal strengths. Note that a small region with f < 0 is still allowed at 99%
probability.

Result 95% Prob. Correlation Matrix

V 0.97± 0.08 [0.80, 1.13] 1.00

` 1.01± 0.14 [0.73, 1.30] 0.54 1.00

u 0.97± 0.13 [0.73, 1.25] 0.42 0.41 1.00

d 0.91± 0.21 [0.48, 1.35] 0.81 0.61 0.77 1.00

Table 14. SM-like solution in the fit of V , `, u, and d to the Higgs-boson signal strengths.

Result 95% Prob. Correlation Matrix

V 1.02± 0.02 [0.98, 1.06] 1.00

` 1.07± 0.12 [0.82, 1.32] 0.15 1.00

u 1.01± 0.12 [0.79, 1.27] 0.10 0.24 1.00

d 1.01± 0.13 [0.76, 1.30] 0.31 0.38 0.78 1.00

Table 15. Same as table 14, but considering both the Higgs-boson signal strengths and the
EWPO.

the results on table 13 correspond to the SM-like solution, i.e. V,u,d,` > 0.

Finally, we consider the case in which both the assumptions of custodial symmetry

and fermion universality are lifted, and perform a five-parameter fit of W , Z , `, u, and

d reported in table 16. Following the previous discussion, we restrict all the parameters

but u (which has an important interference with W in H ! ��) to be positive.

The results presented in this section agree with the recent LHC combination of Higgs

couplings in ref. [67], taking into account that the coupling to down quarks in our analysis

also includes the Tevatron measurements. See also refs. [68–75] for other recent Higgs

couplings analyses.
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Figure 10. Two-dimensional probability distributions for V and `, for V and u, and for V

and d, at 68%, 95%, and 99% (darker to lighter), obtained from the fit to the Higgs-boson signal
strengths only (top plots) or the combination of Higgs-boson signal strengths and EWPO (bottom
plots).

Result 95% Prob. Correlation Matrix

W 0.94± 0.10 [0.73, 1.13] 1.00

Z 1.03± 0.13 [0.77, 1.28] 0.34 1.00

` 1.02± 0.15 [0.73, 1.33] 0.55 0.22 1.00

u 0.95± 0.13 [�0.96,�0.72] [ [0.68, 1.28] 0.49 0.04 0.44 1.00

d 0.91± 0.22 [0.46, 1.36] 0.81 0.36 0.62 0.78 1.00

Table 16. Results of the simultaneous fit of W , Z , `, u, and d, considering only Higgs-boson
signal strengths.

6 Expected sensitivities at future lepton colliders

Future lepton colliders represent an opportunity to reach the ultimate precision both on

EWPO and Higgs-boson couplings. In this work, we assess the impact of this improve-

ment in precision by considering the following proposed e+e� colliders: the Future Cir-

cular Collider (FCCee) project at CERN [76], the International Linear Collider (ILC) in

Japan [77, 78], and the Circular Electron Positron Collider (CepC) in China [79]. For

completeness in the comparison we also consider the improvements in the measurements of

EWPO and Higgs-boson signal strengths expected at the High Luminosity LHC (HL-LHC)
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and d, at 68%, 95%, and 99% (darker to lighter), obtained from the fit to the Higgs-boson signal
strengths only (top plots) or the combination of Higgs-boson signal strengths and EWPO (bottom
plots).

Result 95% Prob. Correlation Matrix
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Z 1.03± 0.13 [0.77, 1.28] 0.34 1.00
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Table 16. Results of the simultaneous fit of W , Z , `, u, and d, considering only Higgs-boson
signal strengths.
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EWPO and Higgs-boson couplings. In this work, we assess the impact of this improve-

ment in precision by considering the following proposed e+e� colliders: the Future Cir-

cular Collider (FCCee) project at CERN [76], the International Linear Collider (ILC) in
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completeness in the comparison we also consider the improvements in the measurements of

EWPO and Higgs-boson signal strengths expected at the High Luminosity LHC (HL-LHC)
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` 1.01± 0.14 [0.73, 1.30] 0.54 1.00

u 0.97± 0.13 [0.73, 1.25] 0.42 0.41 1.00

d 0.91± 0.21 [0.48, 1.35] 0.81 0.61 0.77 1.00

Table 14. SM-like solution in the fit of V , `, u, and d to the Higgs-boson signal strengths.

Result 95% Prob. Correlation Matrix

V 1.02± 0.02 [0.98, 1.06] 1.00

` 1.07± 0.12 [0.82, 1.32] 0.15 1.00

u 1.01± 0.12 [0.79, 1.27] 0.10 0.24 1.00

d 1.01± 0.13 [0.76, 1.30] 0.31 0.38 0.78 1.00

Table 15. Same as table 14, but considering both the Higgs-boson signal strengths and the
EWPO.

the results on table 13 correspond to the SM-like solution, i.e. V,u,d,` > 0.

Finally, we consider the case in which both the assumptions of custodial symmetry

and fermion universality are lifted, and perform a five-parameter fit of W , Z , `, u, and

d reported in table 16. Following the previous discussion, we restrict all the parameters

but u (which has an important interference with W in H ! ��) to be positive.

The results presented in this section agree with the recent LHC combination of Higgs

couplings in ref. [67], taking into account that the coupling to down quarks in our analysis

also includes the Tevatron measurements. See also refs. [68–75] for other recent Higgs
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Effective hgg coupling
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2Gluon-Fusionprocess2

2.1Higgs-bosonproductioningluon–gluonfusion
Gluonfusionthroughaheavy-quarkloop[6](seeFig.1)isthemainproductionmechanismofthe
StandardModelHiggsbosonathadroncolliders.WhencombinedwiththedecaychannelsH→γγ,
H→WW,andH→ZZ,thisproductionmechanismisoneofthemostimportantforHiggs-boson
searchesandstudiesovertheentiremassrange,100GeV<

∼MH<
∼1TeV,tobeinvestigatedatthe

LHC.

H t,b

g

g

Fig.1:Feynmandiagramcontributingtogg→Hatlowestorder.

Thedynamicsofthegluon-fusionmechanismiscontrolledbystronginteractions.Detailedstudies
oftheeffectofQCDradiativecorrectionsarethusnecessarytoobtainaccuratetheoreticalpredictions.
InQCDperturbationtheory,theleadingorder(LO)contribution[6]tothegluon-fusioncrosssection
isproportionaltoα2

s,whereαsistheQCDcouplingconstant.Themaincontributionarisesfromthe
topquark,duetoitslargeYukawacouplingtotheHiggsboson.TheQCDradiativecorrectionstothis
processatnext-to-leadingorder(NLO)havebeenknownforsometime,bothinthelarge-mtlimit[7,8]
andmaintainingthefulltop-andbottom-quarkmassdependence[9,10].TheyincreasetheLOcross
sectionbyabout80−100%attheLHC.Theexactcalculationisverywellapproximatedbythelarge-mt

limit.WhentheexactBorncrosssectionwiththefulldependenceonthemassofthetopquarkisusedto
normalizetheresult,thedifferencebetweentheexactandtheapproximatedNLOcrosssectionsisonly
afewpercent.Thenext-to-next-to-leadingorder(NNLO)correctionshavebeencomputedonlyinthis
limit[11–17],leadingtoanadditionalincreaseofthecrosssectionofabout25%.TheNNLOcalculation
hasbeenconsistentlyimprovedbyresummingthesoft-gluoncontributionsuptoNNLL[18].Theresult
leadstoanadditionalincreaseofthecrosssectionofabout7−9%(6−7%)at

√
s=7(14)TeV.The

NNLLresultisnicelyconfirmedbytheevaluationoftheleadingsoftcontributionsatN3LO[19–23].
Recentyearshaveseenfurtherprogressinthecomputationofradiativecorrectionsandinthe

assessmentoftheiruncertainties.Theaccuracyofthelarge-mtapproximationatNNLOhasbeenstud-
iedinRefs.[24–29].ThesepapershavedefinitelyshownthatiftheHiggsbosonisrelativelylight
(MH<

∼300GeV),thelarge-mtapproximationworksextremelywell,tobetterthan1%.Asdiscussed
below,theseresultsallowustoformulateaccuratetheoreticalpredictionswherethetopandbottomloops
aretreatedexactlyuptoNLO,andthehigher-ordercorrectionstothetopcontributionaretreatedinthe
large-mtapproximation[30].

Considerableworkhasalsobeendoneintheevaluationofelectroweak(EW)corrections.Two-
loopEWeffectsarenowknown[31–35].Theyincreasethecrosssectionbyafactorthatstrongly
dependsontheHiggs-bosonmass,changingfrom+5%forMH=120GeVtoabout−2%forMH=
300GeV[35].ThemainuncertaintyintheEWanalysiscomesfromthefactthatitisnotobvioushowto
combinethemwiththelargeQCDcorrections.InthepartialfactorizationschemeofRef.[35]theEW
correctionappliesonlytotheLOresult.Inthecompletefactorizationscheme,theEWcorrectioninstead
multipliesthefullQCD-correctedcrosssection.SinceQCDcorrectionsaresizeable,thischoicehasa
non-negligibleeffectontheactualimpactofEWcorrectionsinthecomputation.Thecomputationofthe
dominantmixedQCD–EWeffectsduetolightquarks[30],performedusinganeffective-Lagrangian

2M.Grazzini,F.Petriello,J.Qian,F.Stoeckli(eds.);J.Baglio,R.BoughezalandD.deFlorian.
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SM coupling at one-loop
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