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Introduction
The Standard Model (SM) is incomplete (in particular, it 
describes only three of the four fundamental interactions, i.e. it 
does not contain gravity) and cannot be the ultimate theory


How to get access to physics beyond the SM?


• Searches for physics beyond the Standard Model (BSM):            
light / heavy new states                                                                 
The options proposed in models that are currently discussed span 
many orders of magnitude from extremely light (e.g. axion-like 
particles: WISPs, …) to very heavy


• High-precision tests: high sensitivity to deviations from the SM         
SM vs. other explicit models                                                             
Effective field theory (EFT) analyses: new physics is assumed to be 
heavy �2
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Unitarity cancellation in longitudinal gauge boson 
scattering
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Unitarity cancellations in longitudinal gauge
boson scattering

E.g.: WW scattering, longitudinally polarised: WLWL → WLWL
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W

W
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+ γ, Z +

= −g2 E2

M2
W

+ O(1) for E ≫ MW

⇒ violation of probability conservation

Compensated by Higgs contribution:

MS =

W

W

W

W

H

+ H
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WWH
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W

+ O(1) for E ≫ MW, gWWH = g2 MW
Higgs physics after the discovery, Georg Weiglein, Physikalisches Kolloquium, Würzburg, 10 / 2012 – p.18

Electroweak effects at the hadron collider LHC

• Large logarithmic contributions ~ ln2(Q2/M2V), ln(Q2/M2V), V = W, Z  
``Sudakov logs’’


• Photon radiation


• Longitudinal vector boson scattering: large unitarity cancellations


• Mixed QCD/EW contributions


• Electroweak enhancement factors: ~mt2, mt4 (e.g. corrections in 
SUSY Higgs sector)


• Electroweak precision observables: electroweak effects are 
important for extracting the measured quantity, and per-mille level 
precision is needed to match the experimental accuracy

�3

110 Maarten Boonekamp, Stefan Dittmaier and Matthias Mozer

4.3.1 Electroweak Corrections at High Energies

At high energies, where scattering processes involve large scales Q2
� M2

W
,

EW corrections develop large logarithmic contributions such as (↵/s2w) ln
2(Q2/M2

W
)

and (↵/s2w) ln(Q
2/M2

W
) at NLO, and powers of these beyond NLO. These

mass-singular corrections originate from soft and/or collinear exchange of
EW gauge bosons in loop diagrams, as illustrated in figure 4.1.

j

k

γ, W, Z

(a) (b) (c)

Fig. 4.1 Diagrammatic illustration of soft/collinear EW gauge-boson exchange at high
scattering energies

In the TeV energy range, the corresponding logarithms grow to ten percent
or more, i.e. EW corrections become very significant at high energies.

The kinematic regime in which such EW corrections are most pronounced
is characterised by the situation that all invariants sij = 2ki · kj for pairs
of particles’ four-momenta ki,j become large (sij � M2

W
); it is known as

“Sudakov regime”. The structure of EW corrections in this domain has been
investigated in detail at O(↵) and beyond by several groups (see Refs. [12–
22] and references therein). As described for example in Refs. [16, 19, 22],
the leading EW logarithmic corrections, which are enhanced by large factors
L = ln(sij/M2

W
), can be derived in an e↵ectively SU(2) ⇥ U(1)-symmetric

theory in which W bosons, Z bosons and photons have a common mass MW .
The leading EW Sudakov corrections / (↵L2)n are obtained to all orders
from the respective NLO result via exponentiation.

While the high-energy structure of EW corrections was studied in the lit-
erature in great detail for the Sudakov regime, there is only little knowledge
on EW corrections beyond NLO in more general kinematical situations where
not all invariants sij are large. Note that there are many cross sections that
are in fact not dominated by the Sudakov regime in the high-energy limit,
including all processes that are dominated by t-channel diagrams. For ex-
ample, unless specifically designed cuts are applied, reactions like W -boson
pair production via e+e�, pp or �� collisions are dominated by the “Regge
limit”, where the Mandelstam variable t remains small while s gets large.
Moreover, it often depends on the specific observable which regime is probed
in high-energy tails of kinematical distributions. Taking Drell–Yan processes
(see e.g. Refs. [10, 23, 24]) and dijet production [25] at the LHC as examples,
di↵erential distributions in the transverse momenta of the produced leptons
or jets probe the Sudakov regime in the high-momentum tails. On the other

Non-comprehensive list!
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Example for impact of electroweak corrections
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ASSOCIATED PRODUCTION OF TOP PAIRS
tt̄W WITH FULL EW CORRECTIONS

(Frederix, Pagani, Zaro, 2018)

• FULL NLO QCD-EW CORRECTIONS COMPUTED: O(↵4
s) (NLO1), O(↵3

s↵) (NLO2),
O(↵2

s↵
2) (NLO3) O(↵4) (NLO4)

• NAIVE COUNTING O(↵) = O(↵2
s) = O(1/100) VIOLATED

• LARGE tW ! tW SCATTERING CONTRIBUTIONS, NLO3=20% OF NLO1 AT LHC13!
(WOULD BE 70% AT FCC!)

tt̄W WITH FULL EW CORRECTIONS

t̄

t

W±

H

q̄ q̄�
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[S. Forte ’18]
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Data-driven methods: theory uncertainties from 
extrapolations; example Higgs → invisible search
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Higgs ! Invisible

Higgs ! Invisible in VBF.
[ATLAS HIGG-2013-16; arXiv:1508.07869]

Signal

q
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Simultaneous fit to both signal region and W (! `⌫̄)+jets and
Z(! `¯̀)+jets control regions

d�QCD+EW(Z)

dpT
=


d�QCD+EW(Z)/dpT

d�QCD+EW(W )/dpT

�

theory

⇥


d�QCD+EW(W )

dpT

�

meas.

I Effective extrapolation for the sum of QCD and EW production processes
I In the presence of nontrivial VBF cuts and veto on 3rd jet

Uses common QCD scale and parton shower variations
) Should be very cautious to trust any substantially reduced scale

dependence to provide meaningful uncertainty estimate
Frank Tackmann (DESY) Extrapolating Between Electroweak Bosons. 2017-11-06 10 / 15No easy recipe available; close interaction between theory and 

experiment needed!                   For V + 1 jet, see [arXiv:1705.04664] 

[F. Tackmann ’17]
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Can electroweak effects (within or beyond the SM) account for 
certain deviations observed in lepton distributions?

Lepton distributions: invariant mass, pT, Δɸ, …

�6
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Recent results from 
ATLAS with di-leptons 
with Run II display same 
tendency as Run I 

[ATLAS Collaboration ’18]

[B. Mellado ’18]
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And what is this?
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• Relaxing pT
m2 threshold does not increase the signal 

• a structure at ~>25-30 GeV; is not present in sideband region

• sideband: 12 < mmm < 24 GeV or 34 < mmm < 50 GeV

09/09/2018 18

Two models,  2HDM and NMSSM are rejected  based on large event yield in the 

excess region and yield as a function of pT
m2. Scans and kinematics analysis in 

2HDM and NMSSM done by D. Barducci and S. Moretti  considering bbA, A->mm
and h->AA->mmbb with interference, plus additional processes: bq->mmbq (q=light q 
or b) EW and QCD diagrams.

1st search region at √s=8 TeV: dimuon mass

• Simulation does not show a “bump” at mmm ≈ 30 GeV 
09/09/2018 5

[CMS Collaboration ’18]

[see Sasha’s talk on Monday]
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Electroweak precision physics: high-precision data 
vs. theory predictions
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Comparison of electroweak precision data with
theory predictions

EW precision data: Theory:
MZ,MW, sin2 θlept

eff , . . . SM, MSSM, . . .
⇓

Test of theory at quantum level: sensitivity to loop corrections
H

⇓
Indirect constraints on unknown parameters: MH, . . .

Effects of “new physics”?
Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.111
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Electroweak precision observables
In addition to the ``traditional’’ electroweak precision observables, the 
mass of the detected Higgs boson is meanwhile also a high-
precision observable


The achievable accuracy at the LHC in comparison with former (LEP, 
SLC) and possibly future e+e- colliders depends on the type of 
observable. Statistics, systematics and also the collider energy 
(some observables profit from higher energy) play an important role.


In order to extract the quantity that is called precision observable, 
which is in fact a ``pseudo-observable’’, from what is actually 
measured, effects of both the strong and the electroweak interaction 
need to be taken into account at a sufficient level of accuracy.


Extraction of pseudo-observables is affected by experimental and 
theoretical uncertainties

�9

⇒
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What is actually meant by a ``measurement’’ of MW, 
sin2θeff, …?

�10

What is the mass of an unstable particle?

Particle masses are not directly physical observables
Can only measure cross sections, branching ratios,
kinematical distributions, . . .
⇒ masses are “pseudo-observables”

Need to define what is meant by MZ, MW, mt, . . . :
MS mass, pole mass (real pole, real part of complex pole,
Breit–Wigner shape with running or constant width), . . .

⇒ Determination of MZ, MW, mt, . . . involves deconvolution
procedure (unfolding)
Mass obtained from comparison data – Monte Carlo

⇒ MZ, MW, mt, . . . are not strictly model-independent
Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.53
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What is / was experimentally measured?

• LEP: e+e- → W+W- in the continuum and at threshold (small 
amount of data); impact of fully hadronic final state suffered 
from uncertainties due to BE correlations, colour reconnections


• Tevatron, LHC: transverse mass distribution


How is the measured parameter (Monte Carlo mass) related to 
the theoretically well-defined quantity MW? 


Similar question as for top-quark mass, where the latter is 
conceptually much more difficult (coloured object, renormalon 
ambiguities, ...), but here we are aiming for a two orders of 
magnitude higher accuracy

�11
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Mass of an unstable (elementary) particle

�12

Mass of an unstable (elementary) particle
For an unstable particle:
Σ(M2) is complex ⇒ Pole in the complex plane

M2 −m2 + Σ(M2) = 0, M2 = M2 − iMΓ

M : physical mass, Γ: decay width of the unstable particle

⇒ The mass of an unstable (elementary) particle is defined
according to the real part of the complex pole

Example:
resonant production
of the Z boson and its decay
(point-like particle!) 10
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The concept of mass in particle physics, Georg Weiglein, Symposium Begriff der Masse, DPG Frühjahrstagung 2013, Jena, 02 / 2013 – p.8
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Breit-Wigner factor 
with fixed width

�13

Expansion around the complex pole for a single 
resonance

Field renormalisation 
and wave function 
normalisation factor 
of unstable particle

p2 �m2 + ⌃̂(p2) =
�
p2 �M2

�
| {z }

(
1 +

d ⌃̂

d p2

)�����
p2=M2

| {z }

+ . . .

Note:


Wave-function normalisation factor needs to be evaluated at the 
complex pole


One-loop field renormalisation:                                                      
Complex quantity, no restriction to Re(…)

⟶
⟶

�Z(1) = �@⌃(p2)

@p2

�����
p2=m2
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Expansion around the complex pole (example: MZ)
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Renormalisation of MW, MZ at the two-loop level

Expansion of amplitude around complex pole:

A(e+e− → ff̄) =
R

s−M2
Z

+ S + (s−M2
Z) S′ + · · ·

M2
Z = M

2
Z − iMZ ΓZ

Expanding up to O(α2) using O(ΓZ/MZ) = O(α)

From 2-loop order on:

real part of complex pole, MZ ≠ pole of real part, M̃ 2
Z

δM
2
(2) = δM̃ 2

(2) + Im
{
Σ′

T,(1)(M
2)
}

Im
{
ΣT,(1)(M

2)
}

︸ ︷︷ ︸
gauge-parameter dependent!

Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.55
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Physical mass of unstable particles: real part of 
complex pole

�15

Renormalisation of MW, MZ at the two-loop level

⇒ Only the complex pole is gauge-invariant

Expansion around the complex pole leads to a Breit–Wigner
shape with constant width

For historical reasons, the experimental values of MZ, MW are
defined according to a Breit–Wigner shape with running width

⇒ Need to correct for the difference in definition when
comparing theory with experiment

Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.56

Fixed width / running width can be adjusted in the Monte Carlo 
code, but how about the renormalisation scheme for MW?
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W-mass measurement at the LHC
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Figure 26: Overview of the mW determinations from the p`T and mT distributions, and for the combination of the p`T
and mT distributions, in the muon and electron decay channels and for W+ and W� events. The horizontal lines and
bands show the statistical and total uncertainties of the individual mW determinations. The combined result for mW
and its statistical and total uncertainties are also indicated (vertical line and bands).

for the electron and the muon decay channels. The results are compatible, with values of �2/dof of 4/5
and 8/5 in the electron channel for the p`T and mT distributions, respectively, and values of 7/7 and 3/7 in
the muon channel for the p`T and mT distributions, respectively. The mW determinations in the electron
and in the muon channels agree, further validating the consistency of the electron and muon calibrations.
Agreement between the mW determinations from the p`T and mT distributions supports the calibration of
the recoil, and the modelling of the transverse momentum of the W boson.

The results are summarised in Table 11 and illustrated in Figure 26. The combination of all the determin-
ations of mW reported in Table 10 has a value of �2/dof of 29/27, and yields a final result of

mW = 80369.5 ± 6.8 MeV(stat.) ± 10.6 MeV(exp. syst.) ± 13.6 MeV(mod. syst.)
= 80369.5 ± 18.5 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental systematic uncertainty,
and the third to the physics-modelling systematic uncertainty. The latter dominates the total measurement
uncertainty, and it itself dominated by strong interaction uncertainties. The experimental systematic un-
certainties are dominated by the lepton calibration; backgrounds and the recoil calibration have a smaller
impact. In the final combination, the muon decay channel has a weight of 57%, and the p`T fit dominates
the measurement with a weight of 86%. Finally, the charges contribute similarly with a weight of 52%
for W+ and of 48% for W�.

The result is in agreement with the current world average of mW = 80385±15 MeV [29], and has a preci-
sion comparable to the currently most precise single measurements of the CDF and D0 collaborations [22,
23].
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Accuracy of 2 x 10-4, i.e. sub-per-mille level!
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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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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].
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 (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

60

[ATLAS Collaboration ’17]

Very many subtle effects contribute at this level                                
Control of theory / systematic uncertainties is crucial!
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Extrapolation from Z to W
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Introduction

Extrapolating from Z to W.

Focus on low pW
T . 30GeV relevant for mW

' 2% uncertainties in pW
T translate into

' 10MeV uncertainty in mW

) Use precise Z measurement to get best
possible prediction for W

 [GeV]W,Z
T

p
0 5 10 15 20 25 30 35 40

Z
σ/

W
σ
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0.99

1
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F
µ +LO PDF W +Total W

cm -LO PDF W -Total W

ATLAS  Simulation 
 Z+X→+X, pp± W→=7 TeV, pps

One way to think about it
d�(W )

dpT
=


d�(W )/dpT

d�(Z)/dpT

�

theory

⇥


d�(Z)

dpT

�

measured

I There is no direct resummation for ratio, it is always a derived quantity
I Relies on ratio being more precise than individual processes, which relies on

theory uncertainties being strongly correlated between processes

More general: Use common theory framework and fit to Z data
I Not restricted to a specific combination (like ratio)
I Tuning Pythia on Z data is one example of this
I Requires explicit information on correlations between processes

Frank Tackmann (DESY) QCD Aspects of Precision Measurements[0.5ex]Summary of Recent Progress 2018-06-21 1 / 21

[F. Tackmann ’18]
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Z production as input for the W mass 
measurement: bottom-quark effects
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APPROXIMATE 4FS-5FS PS MATCHING
W Z production and the W mass

(Bagnaschi, Maltoni, Vicini, Zaro, 2018)

• MATCH 4FS WITH MASS EFFECTS TO 5FS PS & SUBTRACT (VETO) ALL FINAL STATE bS

• TUNE MATCHING SCHEME TO Z PRODUCTION

• USE FOR W PRODUCTION ) �MW ⇠ 5 GeV EFFECT ON MW DETERMINATION

Z: IMPROVED TUNES VS 5FS MW TEMPLATES VS. IMPROVED TUNES
pT LEPTON mt

[S. Forte ’18]

typo!
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The role of the W-boson mass as a precision observable

• Very accurately known both experimentally and theoretically


• Highly sensitive to quantum corrections of new physics


• Global fits in the Standard Model: dominated by the two 
observables MW and sin2θeff                                                                                       


• Prospects for further experimental improvements of MW from 
analysis of Tevatron data, LHC, future e+e- collider


• Interpretation of constraints from sin2θeff is complicated by 
the fact that the two most precise individual measurements 
differ from each other by more than 3 σ
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Note:
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Theoretical prediction for the W-boson mass from 
muon decay: relation between MW, MZ, α, Gμ

Tree-level prediction: MWtree = 80.939 GeV, MWexp = 80.385 +- 0.015 GeV             
⇒ off by many σ                                                       (accuracy of 2 x 10-4)
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Observables with the highest sensitivity to the
Higgs-boson mass: MW, sin2 θeff

MW: Comparison of prediction for muon decay with experiment
(Fermi constant Gµ)

⇒ M 2
W

(
1− M 2

W

M 2
Z

)
=

πα√
2Gµ

(1 + ∆r) ,

⇕
loop corrections

⇒ Theo. prediction for MW in terms of MZ, α, Gµ, ∆r(mt,mt̃, . . .)

sin2 θeff : Effective couplings at the Z resonance:

⇒ sin2 θeff =
1

4

(
1− Re

gV

gA

)
=

(
1− M 2

W

M 2
Z

)
Re κl(s = M 2

Z)

Complete 2-loop results + leading higher-order corrections known
for MW, sin2 θeff in the SM Lectures on SM and SUSY Phenomenology, Georg Weiglein, Prague, 09/2007 – p.113
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Figure 5.1: Left: Muon decay in the Fermi model, tree level diagram with four-fermion
vertex. Right: Muon decay in the electroweak SM, tree level diagram with W boson
exchange.

5.2 Determination of the W boson mass

Muons decay via the weak interaction almost exclusively into eν̄eνµ [165]. The decay
was originally described within the Fermi model, which is a low-energy effective theory
that emerges from the SM in the limit of vanishing momentum transfer (left diagram
in Fig. 5.1). The Fermi constant, Gµ, is determined with high accuracy from precise
measurements of the muon life time [166] and the corresponding Fermi-model prediction
including QED corrections up to O(α2) for the point-like interaction [167–171]. Com-
parison of the muon-decay amplitude in the Fermi model and in the SM or extensions
of it (tree-level diagram at the right side of Fig. 5.1) yields the relation

Gµ√
2
=

e2

8s2WM2
W

(1 + ∆r) . (5.1)

Here ∆r represents the sum of all loop diagrams contributing to the muon-decay ampli-
tude after splitting off the Fermi-model type virtual QED corrections,

∆r =
∑

i

∆ri , (5.2)

with
MLoop,i = ∆ri MBorn . (5.3)

This decomposition is possible since after subtracting the Fermi-model QED corrections,
masses and momenta of the external fermions can be neglected, which allows the re-
duction of all loop contributions to a term proportional to the Born matrix element,
see Refs. [120, 129]. By rearranging Eq. (5.1), the W boson mass can be calculated via

M2
W = M2

Z

(

1

2
+

√

1

4
−

απ√
2GµM2

Z

(1 + ∆r)

)

. (5.4)

In different models, different particles can contribute as virtual particles in the loop
diagrams to the muon-decay amplitude. Therefore, the quantity ∆r depends on the
specific model parameters, and Eq. (5.4) provides a model-dependent prediction for the

Fermi model SM

⇠ Gµ

; QED corrections in Fermi model incl. in def. of Gμ
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W-mass prediction within the SM:                     
one-loop result vs. state-of-the-art prediction

Pure one-loop result would imply preference for heavy Higgs, Mh > 400 GeV                                                                                            
Corrections beyond one-loop order are crucial for reliable prediction of MW
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Figure 5.10: Prediction for MW in the SM. The orange line is the SM MW result using
only the one-loop ∆r result, the red line is the SM MW result using the full ∆r expression
as given in Eq. (5.21). The gray band indicated the current MW measurement with the
1 σ experimental uncertainty. The thin blue vertical band indicates the mass M exp

h of
the discovered Higgs boson.

5.7 Result for MW in the MSSM

In this section we discuss the results for MW in the MSSM, based on a parameter scan.
While the numerical analysis has been done for the MSSM, the results can also be of
interest in the context of the NMSSM. Obviously in the MSSM-limit the NMSSM results
are identical with the MSSM ones. Furthermore, the effect of the MW contributions from
the sfermion sector, in particular from stops and sbottoms, which are discussed in detail
in this section, are identical in the NMSSM (also away from the MSSM-limit).

5.7.1 MSSM parameter scan: Scan ranges and constraints

Our numerical results are based on the contributions to ∆r described in Sect. 5.3.3 and
Sect. 5.3.4, where the Fortran implementation has been used to generate the MSSM
results presented below.

In the following we will investigate the prediction for MW in the MSSM based on
scans of the MSSM parameters over a wide range (using flat distributions). We have
performed two versions of the random scan, one where the top-quark mass is kept fixed
at mt = 173.2 GeV and one where mt is allowed to vary in the scan. Both scans use
initially ∼ 5×106 points, and dedicated smaller scans have been performed in parameter
regions where the SUSY contributions to MW are relatively large. The scan ranges are
given in table 5.1. We restrict our numerical analysis based on the parameter scan to
the case of real parameters, for the effects of complex phases see Sect. 5.7.4. Possible

[L. Zeune, G. W. ’14]

Mh = 125GeV

⇒
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Sources of theoretical uncertainties

�22

Theoretical uncertainties: current status

From experimental errors of the input parameters

δmt = 0.9 GeV ⇒ ∆M
para
W ≈ 5.4 MeV, ∆ sin2 θparaeff ≈ 2.8× 10−5

δ(∆αhad) = 0.00014 ⇒ ∆M
para
W ≈ 2.5 MeV, ∆ sin2 θparaeff ≈ 4.8× 10−5

From unknown higher-order corrections (“intrinsic”)

SM: Complete 2-loop result + leading higher-order
corrections known for MW and sin2 θeff

⇒ Remaining uncertainties:
[M. Awramik, M. Czakon, A. Freitas, G.W. ’03, ’04]
[M. Awramik, M. Czakon, A. Freitas ’06]

∆M intr
W ≈ 4 MeV, ∆ sin2 θintreff ≈ 5× 10−5

– p. 24
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Prediction for MW in the SM and the MSSM vs. 
experimental results for MW and mt
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[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’18]

Slight preference for MSSM over SM⇒

MSSM region

SM ``line’’

168 170 172 174 176 178
mt

pole [GeV]

80.30

80.40

80.50

80.60

M
W

 [G
eV

]

MSSM

MH = 125.09 ± 0.48 GeVSM

Mh = 125.09 ± 3.1 GeV

MSSM
SM, MSSM

Heinemeyer, Hollik, Stockinger, Weiglein, Zeune ’18

experimental errors 68% CL

MW: LEP2/Tevatron/LHC
mt: Tevatron/LHC
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Prediction for MW (parameter scan): SM vs. MSSM
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Figure 4: Prediction for MW as a function of mt. The left plot shows the MW prediction
assuming the light CP-even Higgs boson h in the mass region 125.6±3.1 GeV. The red band
indicates the overlap region of the SM and the MSSM with MSM

H
= 125.6±0.7 GeV. The right

plot shows the MW prediction assuming the heavy CP-even Higgs boson H in the mass region
125.6±3.1 GeV. The blue band again indicates the SM region with MSM

H
= 125.6±0.7 GeV.

All points are allowed by HiggsBounds.

corrections in the MSSM prediction for the Higgs boson mass. We have added a global
uncertainty of 3 GeV [104] in quadrature, yielding a total uncertainty of 3.1 GeV.

Starting with the left plot, where the light CP-even Higgs boson has a mass that is
compatible with the observed signal, we find a similar result as in Fig. 1. In particular,
the comparison with the experimental results for MW and mt, indicated by the gray ellipse,
shows a slight preference for a non-zero SUSY contribution to MW . While the width of
the MSSM area shown in green is somewhat reduced compared to Fig. 1 because of the
additional constraint applied here (requiring Mh to be in the range Mh = 125.6 ± 3.1 GeV
leads to a constraint on the stop sector parameters, see, e.g., Ref. [32], which in turn limits
the maximal contribution to MW ), the qualitative features are the same as in Fig. 1. This is
not surprising, since the limits from the Higgs searches implemented in Fig. 1 have already
led to a restriction of the allowed mass range to the unexcluded region near the observed
signal. As in Fig. 1 the plot shows a small MSSM region (green) below the overlap region
between the MSSM and the SM (red), which is a consequence of the broadening of the allowed
range of Mh caused by the theoretical uncertainties from unknown higher-order corrections,
as explained above.

In the right plot of Fig. 4 we show the result for the case where instead the mass of
the heavy CP-even Higgs boson is assumed to be compatible with the observed signal, i.e.
MH = 125.6±3.1 GeV. While as mentioned above the interpretation of the discovered signal
in terms of the heavy CP-even Higgs boson within the MSSM is challenged in particular by
the recent ATLAS bound on light charged Higgs bosons [39] (which is not yet included in the

16

[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’14]

Signal interpreted as light (left) / heavy (right) CP-even Higgs

Both interpretations are compatible with experimental results⇒

MSSM: SUSY parameters varied
Exp. result for mt interpreted (perturb.) as pole mass
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The effective leptonic weak mixing angle: sin2 θeff

Of particular importance: effective leptonic weak mixing angle
at the Z resonance, sin2 θeff

Observable with the highest sensitivity to SM Higgs mass, . . .

sin2 θeff =
1

4

(

1 − Re
gV

gA

)

=

(

1 −
M2

W

M2
Z

)

(1 + ∆κ)

Current experimental value from LEP and SLD:
sin2 θeff = 0.23153 ± 0.00016 ⇒ Accuracy of 0.07%

However: the small experimental error of the world-average is
driven by two measurements that are not well compatible with
each other: ALR (SLD) and AFB (LEP)

sin2 θeff(ALR) = 0.23098±0.00026, sin2 θeff(AFB) = 0.23221±0.00029
Georg Weiglein, SUSY / BSM Fit Workshop, DESY, Hamburg, 07 / 2010 – p.4
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sin2 θeff: unclear experimental situation

10 2

10 3

0.23 0.232 0.234

sin2θ
lept
eff

m
H 

 [G
eV

]

χ2/d.o.f.: 11.8 / 5

A0,l
fb 0.23099 ± 0.00053

Al(Pτ) 0.23159 ± 0.00041

Al(SLD) 0.23098 ± 0.00026

A0,b
fb 0.23221 ± 0.00029

A0,c
fb 0.23220 ± 0.00081

Qhad
fb 0.2324 ± 0.0012

Average 0.23153 ± 0.00016

∆αhad= 0.02758 ± 0.00035∆α(5)

mt= 170.9 ± 1.8 GeV

[LEPEWWG ’07]

sin2 θeff has a high sensitivity
to MH and effects of new
physics

But:
large discrepancy between
ALR (SLD) and AFB (LEP),
has big impact on constraints
on new physics

Georg Weiglein, SUSY / BSM Fit Workshop, DESY, Hamburg, 07 / 2010 – p.5
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Extraction of sin2θeff: improved Born approx. (IBA)
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Started theoretical discussions

preliminary draft by S. Dittmaier, D. Wackeroth, A. Vicini

to give recommendations for a solid theoretical recipe for sin2 #`
e↵

extraction, based on the pole expansion which allowd to define an IBA
key observation: at the Z0 pole

in the high-energy region [?], where the latter is not relevant for Z-boson physics at the Z pole.
Mixed QCD–EW corrections were worked out in the resonance region as well [8, 10], revealing that
the dominant contributions can be accounted for by QCD precictions dressed by QED corrections
based on parton showers or QED structure functions. In summary, a state-of-the-art cross-section
contribution can be schematically written as

�(P1, P2) =
Z

1

0

dx1dx2

X

i,j

fi(x1, µ
2

F
) fj(x2, µ

2

F
)

Z Z
RQED⌦RQCD⌦d�̂(0)

ij (p1, p2) (1+�ij,weak), (11)

where the convolution with the QED and QCD correction factors RQED and RQCD is indicated
only in a sketchy way. In detail, those convolutions carefully have to retain full NLO accuracy
while catching higher-order e↵ects without double-counting or the creation of artifacts.

2.3 Weak corrections, e↵ective couplings, and improved Born approx-
imation

The NLO di↵erential partonic cross section including weak O(↵) corrections is of the following
form [5, 6],

d�̂(1)

ij,weak
(p1, p2) = �ij,weak d�̂(0)

ij (p1, p2)

= d�̂self

ij,weak
(ŝ, t̂) + d�̂vert

ij,weak
(ŝ, t̂) + d�̂box

ij,weak
(ŝ, t̂). (12)

The self-energy contributions d�̂ij,self
weak

are induced by the transverse parts of the ��, �Z, and ZZ
self-energies in the s-channel. Note that in the “complete on-shell renormalization scheme”, as
formulated in [9] (or in its complex version [3]), the �Z and ZZ self-energies are renormalized
in such a way that no resonant contribution to the one-loop corrected amplitude remains at
the Z pole. Since the �� self-energy contribution is not resonant at ŝ = M2

Z
, there remains no

resonant self-energy contribution at the Z pole in the on-shell renormalization scheme. Likewise,
the contribution d�̂box

ij,weak
, which comprises box diagrams with internal WW or ZZ pairs, is non-

resonant.
This leaves the contribution d�̂vert

ij,weak
of the vertex corrections as the only source for weak

corrections that are not suppressed on resonance. More precisely, only vertex corrections to the
Zf f̄ vertices lead to resonant contributions, while �f f̄ vertex corrections remain non-resonant. For
on-shell external fermions and Z bosons of virtuality q2 the weak corrections to the Zf f̄ vertices
can be described by (renormalized) formfactors F̂ �

Zff,weak
(q2) which e↵ectively correct the vector

and axial-vector couplings, vf and af , introduced above. Note, however, that these formfactors
are only gauge invariant for on-shell Z bosons, i.e. for q2 = M2

Z
. On the Z pole, the Zf f̄ vertex

correction to the amplitude can, thus, be written as

M
vert

ij,weak
= M

0

Z

���
vq!ḡV,q, aq!ḡA,q

+ M
0

Z

���
v`!ḡV,`, a`!ḡA,`

(13)

with the corrected (“e↵ective”) vector and axial-vector couplings

ḡV,f = vf

⇣
1 + F̂V

Zff,weak
(M2

Z
)
⌘
,

ḡA,f = af

⇣
1 + F̂A

Zff,weak
(M2

Z
)
⌘
. (14)

4

Explicit results on the formfactors can, e.g., be found in Refs. [7, ?].1 At NLO, the weak corrections
near the Z resonance can, thus, be included by the following modification of the LO cross section,

d�̂(0)

ij ! d�̂IBA

ij,weak
⌘ d�̂(0)

ij

���
vf!ḡV,f , af!ḡA,f

, (15)

which means that all (quark and lepton) LO couplings vf and af to the Z boson are replaced by
the e↵ective couplings ḡV,f and ḡA,f , respectively. Note that the values of the e↵ective couplings
depend on the chosen input scheme for the electromagnetic coupling constant ↵. We recommend
to take the “Gµ scheme” where ↵ = ↵Gµ , which absorbs universal corrections from the running of
↵ from ↵(0) to ↵(MZ) as well as some leading corrections from the ⇢ parameter into the coupling
factors (see, e.g., Ref. [7] for details).

In the IBA, the Z width is either considered to be an input parameter as well, set to the mea-
sured value, or calculated in terms of the e↵ective couplings to include the NLO weak corrections
and dressed by further QED and QCD corrections.

The IBA for the weak corrections can be dressed with QED and QCD corrections rather easily.
To this end, it is only necessary to replace the LO cross section d�̂(0)

ij in a combined QCD⇥QED
prediction by d�̂IBA

ij,weak
, which depends on the same kinematical variables as its LO counterpart.

The schematic cross-section prediction (11), thus, turns into

�IBA(P1, P2) =
Z

1

0

dx1dx2

X

i,j

fi(x1, µ
2

F
) fj(x2, µ

2

F
)

Z Z
RQED ⌦ RQCD ⌦ d�̂IBA

ij,weak
(p1, p2). (16)

Note that this IBA description far away from the Z pole becomes insu�cient for two reasons:
The e↵ective couplings are not static, but are functions of ŝ, and the non-resonant weak corrections
(e.g. from photon exchange or box graphs) are no longer negligible, but increase strongly with the
energy and hence contribute sizeably at high invariant masses of the lepton pair. Moreover, we
recall that e↵ective couplings simply based on o↵-shell formfactors would not be gauge invariant
(and thus not useful in phenomenology). The validity of the IBA should, thus, be carefully
validated, i.e. the dependence of its approximative quality on the size of the neighbourhood of the
Z resonance should be carefully investigated.

In summary, the IBA can be characterized by employing the pole approximation for the weak
corrections, while taking QCD and QED corrections with the full o↵-shell kinematics.

2.4 E↵ective weak mixing angle

The e↵ective weak mixing angle for a generic fermion f , quantified by s̄2

e↵ ,f , is related to the ratio
of vector to axial-vector e↵ective couplings as follows,

s̄2

e↵ ,f =
1

4|Qf |

✓
1 �

ReḡV,f

ReḡA,f

◆
. (17)

While the absolute size of the e↵ective couplings depends rather sensitively on the fermion flavour
f , the value of s̄2

e↵ ,f is quite robust against the change of the defining flavour. In fact, at NLO the

1In Ref. [7], the formfactors actually are given in the chirality basis as F±
Zff,weak, which translate into the v�a�5

basis according to FV = [(v � a)F+ + (v + a)F�]/(2v) and FA = [(v + a)F�
� (v � a)F+]/(2a). Following the

conventions of Ref. [9], the sign of sW in Ref. [7] di↵ers from the one of this work, but this di↵erence drops out in
F±, which depends only on s2W.

5

Outside the Z peak the form factors are not gauge invariant
the reliabilty of the IBA has to be checked with complete calculations

F. Piccinini (INFN Pavia) QED/EW June 2018 14 / 17

[F. Piccinini, LHCEWG Meeting ’18]



Electroweak Theory, Georg Weiglein, LHC Days in Split, Split, 09 / 2018

numerically

small, but 
required at 
this order

Recap: extraction of sin2θeff at LEP
Form factors implemented in ZFITTER:
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tions to the process e+e− → f f̄ are parametrized by four form factors ρef , κe, κf , κef ,

A[e+e− → f f̄ ] = 4πi α
QeQf

s
γµ ⊗ γµ

+ i

√
2GµM2

Z

1 + iΓZ/MZ
I(3)
e I(3)

f

1

s − M
2
Z + iMZΓZ

× ρef

[

γµ(1 + γ5) ⊗ γµ(1 + γ5)

− 4|Qe|s2
W κe γµ ⊗ γµ(1 + γ5)

− 4|Qf |s2
W κf γµ(1 + γ5) ⊗ γµ

+ 16|QeQf |s4
W κef γµ ⊗ γµ

]

(16)

Note that apart from the Z propagator, the gauge boson masses are defined according to
the running width prescription (un-barred symbols) instead of the pole scheme definition
(barred symbols). As a result the form factors κe, κf , κef can differ from the corresponding
form factors κe, κf , κef in the pole scheme. In the following, the relation between the two
sets of quantities will be worked out.

Zfitter includes all radiative corrections to e+e− → f f̄ consistently at the one-loop
level with some leading two-loop contributions. However, it has not been designed for a
complete next-to-next-to-leading order analysis and inconsistencies could occur at this level.
In Zfitter QED and QCD corrections are included via a convolution of the cross-section.
They will be discussed in more detail later. The effects from s-channel photon exchange,
γ-Z interference, off-shellness of the Z-boson and massive (non-QED) box contributions are
taken into account by the formulae [35]

κef(s) = κe(s)κf(s) −
M2

Z − s

s

1

(a(0)
e − v(0)

e )(a(0)
f − v(0)

f )
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e q(0)
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f q(0)

e − p(1)
f q(0)

e
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f
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− p(1)
e q(0)

f

v(0)
e

a(0)
e

− q(0)
e q(0)

f

Σ(1)
γγ

s
+ boxes

]

, (17)

κe,f(s) = κe,f
Z (s) +

M2
Z − s

s

[

q(0)
e,f

a(0)
e,f − v(0)

e,f

p(1)
f,e

a(0)
f,e

+ boxes

]

, (18)

κf
Z(s) = κf

Z(M2
Z) + (s − M2

Z)
â(1)

f

′

(M2
Z) v(0)

f − v̂(1)
f

′

(M2
Z) a(0)

f

a(0)
f (a(0)

f − v(0)
f )

. (19)
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[M. Awramik, M. Czakon, A. Freitas ’06]

tions to the process e+e− → f f̄ are parametrized by four form factors ρef , κe, κf , κef ,
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Note that apart from the Z propagator, the gauge boson masses are defined according to
the running width prescription (un-barred symbols) instead of the pole scheme definition
(barred symbols). As a result the form factors κe, κf , κef can differ from the corresponding
form factors κe, κf , κef in the pole scheme. In the following, the relation between the two
sets of quantities will be worked out.

Zfitter includes all radiative corrections to e+e− → f f̄ consistently at the one-loop
level with some leading two-loop contributions. However, it has not been designed for a
complete next-to-next-to-leading order analysis and inconsistencies could occur at this level.
In Zfitter QED and QCD corrections are included via a convolution of the cross-section.
They will be discussed in more detail later. The effects from s-channel photon exchange,
γ-Z interference, off-shellness of the Z-boson and massive (non-QED) box contributions are
taken into account by the formulae [35]

κef(s) = κe(s)κf(s) −
M2

Z − s

s

1

(a(0)
e − v(0)

e )(a(0)
f − v(0)

f )

×

[

q(1)
e q(0)

f + q(1)
f q(0)

e − p(1)
f q(0)

e

v(0)
f

a(0)
f

− p(1)
e q(0)

f

v(0)
e

a(0)
e

− q(0)
e q(0)

f

Σ(1)
γγ

s
+ boxes

]

, (17)

κe,f(s) = κe,f
Z (s) +

M2
Z − s

s

[

q(0)
e,f

a(0)
e,f − v(0)

e,f

p(1)
f,e

a(0)
f,e

+ boxes

]

, (18)

κf
Z(s) = κf

Z(M2
Z) + (s − M2

Z)
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From the pole expansion scheme one obtains in contrast to eqs. (17),(18)

κef(s) = κe(s)κf(s) −
M2

Z − iMZΓZ − s

s

1

(a(0)
e − v(0)

e )(a(0)
f − v(0)

f )

×

[

q(1)
e q(0)

f + q(1)
f q(0)

e − p(1)
f q(0)

e

v(0)
f

a(0)
f

− p(1)
e q(0)

f

v(0)
e

a(0)
e

− q(0)
e q(0)

f

Σ(1)
γγ

s
+ boxes

]

, (20)

κe,f(s) = κe,f
Z (s) +

M2
Z − iMZΓZ − s

s

[

q(0)
e,f

a(0)
e,f − v(0)

e,f

p(1)
f,e

a(0)
f,e

+ boxes

]

. (21)

with

κf = κf

[

1 +
c2
W

s2
W

(

Γ2
W

M2
W

−
Γ2

Z

M2
Z

)]

, (22)

κef = κef

[

1 +
c2
W

s2
W

(

Γ2
W

M2
W

−
Γ2

Z

M2
Z

)]2

, (23)

Note that for next-to-next-to-leading accuracy it is not necessary to distinguish between
barred and un-barred symbols in the radiative corrections, since M

2
Z − M2

Z = O(α2).
From eqs. (17–21) one finds a difference for the derivation of the value of sin2 θf

eff between
Zfitter and the pole scheme:

sin2 θf
eff,Zfitter = s2

W Re
{

κf
Z(M2

Z)
}

(24)

sin2 θf
eff,pole = s2

W Re
{

κf
Z(M2

Z)
}

= sin2 θf
eff,Zfitter −

ΓZ

MZ

q(0)
f

a(0)
e (a(0)

f − v(0)
f )

Im
{

p(1)
e

}

(25)

with

s2
W =

(

1 −
M

2
W

M
2
Z

)

= s2
W

[

1 +
c2
W

s2
W

(

Γ2
W

M2
W

−
Γ2

Z

M2
Z

)]−1

. (26)

A similar deviation is found for the contribution of the form factors κef , κef between the two
schemes, which however cannot be expressed directly as a shift in sin2 θf

eff.
In principle, an additional discrepancy arises from the box contributions. The massive

boxes with Z and W boson exchange are included in Zfitter at the one-loop level, which is
sufficient for the next-to-next-to-leading order calculation in the pole scheme. Nevertheless,
in (21) an extra term stemming from the box contributions arises, which is proportional to
iMZΓZ. However, this term does not contribute to the squared matrix element since the
massive boxes have no absorptive part1.

1A special case is Bhabha scattering, f = e, where additional box and t-channel diagrams contribute. For
the purpose of this work, the subtraction of these contributions has not been analyzed in detail, justified by
the fact that the e+e− final state has a relatively small impact on the determination of the effective weak
mixing angle at present. In general, a more careful analysis of this process should be done in the future.

8

Relation between sin2θefff determined from expansion around the 
complex pole and the one defined in ZFITTER:
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Prediction for MW and sin2θeff in the SM and the 
MSSM vs. experimental accuracies
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[S. Heinemeyer, W. Hollik, G. W., L. Zeune ’16]

Precision measurements could rule out the SM and the MSSM!⇒

MSSM region
SM ``line’’

Electroweak Precision Observables and the Mass of the Top Quark: As dis-
cussed in sections 3.2 and 3.3, the ILC will improve substantially the main electroweak
precision measurements, including the masses of the W boson, MW , and of the top quark,
mt, as well as the e↵ective weak mixing angle, typically by factors ⇠ 5 to 10 with respect
to current precisions (which will not be substantially improved at the LHC)5. With these
results, the SM Higgs boson mass will be predicted indirectly by a factor of ⇠ 5 better
than today [45], as shown in Fig. 11(a). Figures 11(b) and 11(c) [106,107] illustrate that
the high precision measurements of MW , mt and sin2 ✓`

e↵ will have the power to exclude
the SM experimentally and reveal new, unknown physics scales up to energy regimes far
beyond the direct ILC reach.
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Figure 11: ILC discovery potential via electroweak precision observables: (a) The pre-
diction of the SM Higgs boson mass from EWPOs will improve by a factor 5 compared
to today due to ILC measurements [45]. (b),(c) With precision o↵ered by the ILC (red
ellipses), a clear conflict with the measured value of the Higgs mass (red lines) could be
discovered over a wide range of BSM parameter space (green areas) [106,107]. In the case
of the weak mixing angle, ILC could resolve also the long standing discrepancy between
the SLD and LEP measurements.

Electroweak Couplings of the Top Quark: Another guaranteed part of the ILC
physics program is measurement of the left- and right-handed couplings of the top quark
to the Z boson with an order of magnitude higher precision than possible at the LHC,
c.f. section 3.2. Many BSM theories predict deviations from the SM in these couplings,
which cannot be resolved at the LHC. As shown in Fig. 12(a), the excellent ILC precision
will not only enable the discovery of new particles up to energies of several tens of TeV,
far above the kinematic reach of the LHC, but even allow for the distinction between the
various BSM theories, as illustrated in Fig. 4.

Two-Fermion Production and New Gauge Bosons: As discussed in section 3.3,
the ILC measurements of e+e� ! ff̄ for all types of fermions, making use of polarized

5For mt, the improvement at the ILC in the precision of the strong coupling constant ↵sby a factor
of ⇠ 5 will be crucial.
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Sensitivity to new force carrier: present and future

�30

New Force Carrier

• LEP: Falkowski, Gonzalez-Alonso, Mimouni, JHEP 1708, 123 (2017) 
• LHC: ATLAS Collaboration, JHEP 1710, 182 (2017) 
• FCC-pp: Thamm, Torre, Wulzer, JHEP 1507, 100 (2015) 
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Catching a New Force by the Tail
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CERN Theory Division, CH-1211, Geneva 23, Switzerland & Universita’
degli Studi di Milano Bicocca, Piazza della Scienza 3, 20126 Milan, Italy

Marco Farina†
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Duccio Pappadopulo‡ and Joshua T. Ruderman§

Center for Cosmology and Particle Physics, Department of Physics,
New York University, New York, NY 10003, USA.

The Large Hadron Collider (LHC) is sensitive to new heavy gauge bosons that produce narrow
peaks in the dilepton invariant mass spectrum up to about mZ0 ⇠ 5 TeV. Z0s that are too heavy to
produce directly can reveal their presence through interference with Standard Model dilepton pro-
duction. We show that the LHC can significantly extend the mass reach for such Z

0s by performing
precision measurements of the shape of the dilepton invariant mass spectrum. The high luminosity
LHC can exclude, with 95% confidence, new gauge bosons as heavy as mZ0 ⇠ 10 � 20 TeV that
couple with gauge coupling strength of gZ0 ⇠ 1� 2.

Introduction.— Apart from gravity and the Higgs
force, all known forces are mediated by spin-1 particles:
the photon for electromagnetism, theW/Z bosons for the
weak force, and gluons for the strong force.

The search for new forces and their massive media-
tors is a well-motivated arena for both experiment and
theory. New short range abelian gauge forces appear in
many extensions of the Standard Model (SM) [1–22] (see
also [23, 24] for reviews), are an active area of investiga-
tion at the LHC [25–31], and serve as standard bench-
marks to test the performances of future colliders [32–
39]. Additional non-anomalous U(1) gauge groups [40–
49] are a relatively innocuous extension of the SM as the
masses of the associated vector bosons do not require
the existence of additional scalar degrees of freedom and
consequently, a worsening of the hierarchy problem.

The traditional strategy to search for Z
0s at colliders

has been to perform “bump hunts.” For Z 0s decaying to
leptons, the dilepton invariant mass distribution is scru-
tinized for narrow peaks rising above the monotonically
falling background. Searches at the LHC are sensitive to
Z

0
s with masses up to about 5 TeV [25–29].
For masses above 5 TeV, bump hunts lose sensitivity

as the cross section for direct production vanishes. When
the massM of the new vector boson is too large for direct
production, the main contribution of the Z

0 at energies
E ⌧ M are interference e↵ects [50–53], which modify the
shapes of kinematical distributions. If the Z

0 couples to
both quarks and leptons, it modifies the invariant mass
distribution of Drell-Yan processes pp ! `

+
`
�, ` = e, µ.

The interference e↵ects can be captured by a small num-
ber of higher dimension operators, obtained by integrat-
ing out the Z

0 (see Fig. 1), and are therefore relatively
insensitive to the specific details of the Z

0 model.
In this letter, we assess the reach of the LHC to probe

FIG. 1. At energies E much smaller than the mass M of the
heavy gauge boson Z

0, the e↵ect of the new physics on the
Drell-Yan process, pp ! `

+
`
�, is encoded by a finite set of

four-fermion contact operators.

heavy Z
0
s through precision fits to the shape of the in-

variant mass spectrum of dileptons. Previous studies of
the interference of heavy Z’s at the LHC found that a 5
sigma discovery will be di�cult [12], and estimated the
reach of early 13 TeV measurements [22]. We go beyond
these preliminary studies by performing the first com-
prehensive study of theoretical uncertainties and their
correlations, and by mapping the future reach of the full
LHC dataset. We find that a vast parameter space of
Z’s will be probed at the LHC. Deviations in the shape
of the Drell-Yan distribution have also been used to con-
strain e↵ective operators [54], the running of electroweak
gauge couplings [55, 56], and other radiative e↵ects of
new electroweak states [57].
The rest of this letter is organized as follows. We be-

gin by reviewing the class of Z 0 models that we study.
Then we present the reach we find of the LHC to the
interference e↵ects of heavy Z

0
s. We finish with our con-

clusions. We include appendices that contain a technical
description of our SM prediction, projections with future
higher energy colliders, and a comparison of our bounds
with experimental contact operator bounds.
The Minimal Model.— A class of Z

0 models moti-
vated by their simplicity and minimality has been stud-
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Rich spectrum of electroweak physics at the LHC; effects can 
be much larger than naively expected. I could mention only a 
few aspects in this talk.


A very good understanding of both QCD and electroweak 
higher-order contributions is required for a discrimination 
between physics within and beyond the Standard Model.


Joint effort between experiment and theory is needed for the 
extraction of electroweak precision observables.


Electroweak physics at the LHC provides sensitivity to effects   
of new physics!
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Conclusions

⇒
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Backup
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MW prediction in the Standard Model

Contributions beyond one-loop order:

�33

Page     | Lisa Zeune | MW in the MSSM and in the NMSSM

• higher-order contributions  
 
 
SM part 
Complete 2-loop result, leading 3- and 4-loop contributions 

     in the MSSM and NMSSM

12

�r

�r(N)MSSM = �r(N)MSSM(↵) +�r(N)MSSM(h.o.)

�r(N)MSSM(h.o.) = �rSM(h.o.) +�rSUSY(h.o.)

�rSM(h.o.) =�r(↵↵s) +�r(↵↵
2
s) +�r(↵

2)
ferm +�r(↵

2)
bos

+�r(G
2
µ↵sm

4
t ) +�r(G

3
µm

6
t ) +�r(Gµm

2
t↵

3
s)

Chetyrkin, Kuhn, Steinhauser, Djouadi, Verzegnassi, Awramik, Czakon, Freitas, 
Weiglein, Faisst, Seidensticker, Veretin, Boughezal, Kniehl, Sirlin, Halzen, Strong, 
...

Impact of different contributions to Δr (x 104) for fixed           
MW = 80.385 GeV and MHSM = 125.09 GeV:

∆r(α) ∆r(ααs) ∆r(αα
2

s) ∆r(α
2)

ferm +∆r(α
2)

bos ∆r(G
2

µαsm
4

t ) +∆r(G
3

µm
6

t ) ∆r(Gµm
2

tα
3

s)

297.17 36.28 7.03 29.14 -1.60 1.23

Table 1: The numerical values (×104) of the different contributions to ∆r specified in Eq. (35) are
given for MW = 80.385 GeV and MSM

H = 125.09 GeV.

higher-order corrections is estimated to be of similar size.

4.3 SM higher-order corrections

We compare our evaluation of MSM
W to the result from the fit formula for MSM

W given in Ref. [58].
In the latest version of Ref. [58] all the corrections of Eq. (35) are included. The MW fit formula
incorporates the O(ααs) from Ref. [41], whereas we use the O(ααs) from Ref. [37]. These results are
in good numerical agreement with each other if in both cases the electric charge is parametrized in
terms of the fine structure constant α. The O(α2αs) three-loop corrections included in Eq. (35) are
parametrized in terms of Gµ. We therefore choose to parametrize the O(ααs) contributions also in
terms of Gµ. The difference between the Gµ parametrization of the QCD two-loop corrections that we
use here and the α parametrization used in Ref. [58] leads to a prediction for MSM

W that is ∼ 2 MeV
lower than the result given in Ref. [58].

The numerical values of the different SM-type contributions to ∆r are given in table 1 for MW =
80.385 GeV and MSM

H = 125.09 GeV. The other relevant input parameters that we use are

mt = 173.34 GeV, mb = 4.7 GeV, MZ = 91.1876 GeV, ΓZ = 2.4952 GeV,

∆αlept = 0.031497686, ∆α(5)
had = 0.02757, α−1 = 137.035999074,

αs(MZ) = 0.1184, Gµ = 1.1663787 × 10−5 GeV−2. (39)

As explained above, the values for the W and Z boson masses given above, which correspond to
a Breit-Wigner shape with running width, have been transformed internally to the definition of a
Breit-Wigner shape with fixed width associated with the real part of the complex pole.

4.4 Results for the MW prediction in the NMSSM

We now turn to the discussion of the prediction for MW in the NMSSM. Our evaluation has been
carried out for the case of real parameters, consequently for all parameters given in this section the
phases are set to zero and will not be listed as separate input parameters.

An earlier result for MW in the NMSSM was presented in Ref. [78]. Concerning SUSY two-loop
contributions, in this result only the part of the contributions to ∆ρSUSY,(ααs), see Eq. (36), arising
from squark loops with gluon exchange is taken into account. As we will show below in the discussion
of our improved result for MW in the NMSSM, the two-loop contributions that have been neglected
in Ref. [78] can have a sizeable impact. A further improvement of our results for the MSSM and the
NMSSM is that they are based on contributions to ∆r that can all be evaluated at the correct input

value for MW (using an iterative procedure), i.e. M (N)MSSM
W , while the evaluation in Ref. [78] makes

use of the fitting formula for MSM
W [58]. The corresponding contribution to ∆r extracted from the

fitting formula for MSM
W is determined at the input value MSM

W rather than M (N)MSSM
W , while it is the

latter that is actually needed for the evaluation in the (N)MSSM (see Ref. [73] for a discussion how to

16
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W boson mass in the SM

MW
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! 80.385 GeV
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• Tree-level prediction differs from 
measurement by more than 30 σ 

• Corrections beyond 1-loop 
cause downward shift by more 
than 100 MeV 

• For a reliable       prediction in  
SUSY models: crucial to include  
SM higher orders 

!

• SM result 
!

• Differs from the measurement by 1.5 σ 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Including all higher order  
corrections

MW

MSM
W

(mt = 173.34 GeV,MSM
H

= 125.09 GeV) = 80.358 GeV,

1.8�

Methods for estimating theoretical uncertainties 
from unknown higher-order corrections
• Parametric factors, e.g. α, αs, Nc, Nf, ...  

• Geometric progression, e.g.


• Renormalisation scale dependence: affects only part of the 
higher-order corrections; often underestimates theoretical 
uncertainties


• Renormalisation scheme dependence


• ... 

�34

Current uncertainties 7/22

Experiment Theory error Main source
MW 80.385 ± 0.015 MeV 4 MeV α3, α2αs

ΓZ 2495.2 ± 2.3 MeV 0.5 MeV α2
bos, α3, α2αs, αα2

s
σ0
had 41540 ± 37 pb 6 pb α2

bos, α3, α2αs

Rb ≡ Γb
Z/Γhad

Z 0.21629 ± 0.00066 0.00015 α2
bos, α3, α2αs

sin2 θℓ
eff 0.23153 ± 0.00016 4.5 × 10−5 α3, α2αs

Methods for theory error estimates:

Parametric factors, i. e. factors of α, Nc, Nf , ...
Geometric progression, e. g. O(α3)

O(α2)
∼ O(α2)

O(α)

Renormalization scale dependence (often underestimates error)
Renormalization scheme dependence (may underestimate error)
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Renormalisation scheme dependence
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Example: Error estimation for MW 9/22

Renormalization scheme dependence:

a) Uncertainty of O(α2) corrections beyond leading α2m4
t and α2m2

t
from comparison of MS and OS schemes: Degrassi, Gambino, Sirlin ’96

δMW ∼ 2 MeV (for MH ∼ 100 GeV)

Actual remaining O(α2) corrections: Freitas, Hollik, Walter, Weiglein ’00

δMW ∼ 3 MeV (for MH ∼ 100 GeV)

b) Estimate of missing O(α3) corrections from comparison of
MS and OS results: Awramik, Czakon, Freitas, Weiglein ’03

Degrassi, Gambino, Giardino ’14

δMW ∼ 4...5 MeV (after accounting for O(αtα
3s) corrections)

→ Saturates previous δMW estimate!

Note: Differences in (implicitly) resummed higher-order contributions

[A. Freitas ’15]
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MW prediction in the NMSSM

Higgs sector:
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NMSSM shift to the tree-level Higgs mass
• In the NMSSM: Additional tree-level Higgs mass contribution 

Can reduce the size of the radiative corrections needed to ’push’ the lightest 
Higgs mass up to the experimental value 

• Here the NMSSM Higgs sector contribution to MW is predominately 
SM like with vvvvvvvv
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