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The Electroweak Fit 

Another projection of the electroweak fit, this time showing MW versus sin2θℓeff

Electroweak Precision Observable (EWPO) 
measured at LEP/SLD

with

(of order 1%)

MW
2 = (1 +�⇢)MZ

2(1� sin2 ✓e↵)

�⇢ = f(mt
2, lnMH)

<latexit sha1_base64="Uh1UrJ5bIJ5WyxmRglYb+dq1SQA="></latexit>
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Physics at the Z-Pole

M Z  = 91187.5 ± 2.1  MeV
from Z line shape

ΓZ = 2495.2 ± 2.3  MeV

sin2θeff = 0.23153 ± 0.00016 from LR and FB asymmetries  
(tension “leptons” vs “quarks”)

αs = 0.1190 ± 0.0025 from multi-jets

Nν = 2.9840 ± 0.0082
from peak cross -section  
and ratio of partial widths  
(2σ deficit)

A fantastic legacy!

e+e− ➝ Z ➝ hadrons

Only three species of active, light neutrinos

LEP-1 at CERN 
• 1989-1992 
• circular 
• ALEPH, DELPHI,  

L3, OPAL 
• 20 million Z’s

SLC at SLAC 
• 1989-1998 
• linear 
• e− beam polarisation 
• SLD 
• 550,000 Z’s

e+e− colliders  √s = 91 GeV 27 km ∅ 1.2 mile long
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Maximum Violation of  Parity

(3 families)

left-handed doublets right-handed singlets

Leptons

Quarks 
(x3)

Electric charge Gell-Mann—Nishijima

Charged weak currents

Neutral weak currents
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Weak Neutral Currents

Leptons
Effective couplings

Vector and axial-vector couplings to the Z boson

gV f =
p
⇢̄ (T 3

f � 2Qf sin
2 ✓e↵W )

gAf =
p
⇢̄ T 3

f

sin2 ✓e↵ f
W =

1

4|Qf |
(1� gV f/gAf)

vf = (Lf +Rf )/2 = T 3
f � 2Qf sin

2 ✓W

af = (Lf �Rf )/2 = T 3
faxial current

vector current
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Left-Right Asymmetries

Depends on vector to axial-vector ratios 
• small for leptons 
• large for down-type quarks 
• sensitive to sin2θW

sin2 ✓e↵W

Asymmetry in left- and right-handed couplings 

Af =
Lf �Rf

Lf +Rf
= 2

gVf/gAf

1 + (gVf/gAf )
2

80% e− beam polarisation

L

R

Left-right asymmetries can be measured at 
the Z pole with longitudinally polarised 
beams (i.e., at SLD)

ALR =
�L � �R

�L + �R
<latexit sha1_base64="PFokFY15hYcCmpkszZsZl9rx9Oo=">AAACUXicbVFNSwMxFHxdv1s/qh69BIsgiGVXBT0oVLx48FDF2kK3lGyabUOzHyRvxbLsX/SgJ/+HFw+KaS2ibQcCw8w8XjLxYik02vZbzpqbX1hcWl7JF1bX1jeKm1sPOkoU4zUWyUg1PKq5FCGvoUDJG7HiNPAkr3v9q6Fff+RKiyi8x0HMWwHthsIXjKKR2sXeZTt1kT9henOXZeSCuL6iLCWuFt2A/nrGOpzQhvGMzEoezEq2iyW7bI9ApokzJiUYo9ouvridiCUBD5FJqnXTsWNspVShYJJneTfRPKasT7u8aWhIA65b6aiRjOwZpUP8SJkTIhmpfydSGmg9CDyTDCj29KQ3FGd5zQT9s1YqwjhBHrKfRX4iCUZkWC/pCMUZyoEhlClh7kpYj5pK0XxC3pTgTD55mjwclZ3j8tHtSalyPq5jGXZgF/bBgVOowDVUoQYMnuEdPuEr95r7sMCyfqJWbjyzDf9gFb4Bzma1mA==</latexit>

Ae
<latexit sha1_base64="VNGg3B6TVLIyPsg8oIN1p45pLvg=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5JUQRcuKm5cVrAPaEOYTCft0JlJmJkIJcSNv+LGhSJu/Qt3/o2TNAttPTBw5px7ufeeIGZUacf5tpaWV1bX1isb1c2t7Z1de2+/o6JEYtLGEYtkL0CKMCpIW1PNSC+WBPGAkW4wucn97gORikbiXk9j4nE0EjSkGGkj+fbhgCM9xoil15mfFh/JU5Jlvl1z6k4BuEjcktRAiZZvfw2GEU44ERozpFTfdWLtpUhqihnJqoNEkRjhCRqRvqECcaK8tLgggydGGcIwkuYJDQv1d0eKuFJTHpjKfEU17+Xif14/0eGll1IRJ5oIPBsUJgzqCOZxwCGVBGs2NQRhSc2uEI+RRFib0KomBHf+5EXSadTds3rj7rzWvCrjqIAjcAxOgQsuQBPcghZoAwwewTN4BW/Wk/VivVsfs9Ilq+w5AH9gff4AoG6XoQ==</latexit>

➠

Polar distributions of Z 
decays to lepton pairs

➠ Aµ,A⌧
<latexit sha1_base64="8trviay62fS+6NPZSoRdi/kdAzw=">AAACIHicbVC7TsMwFHV4lvIKMLJYVEgMqEoKUhkYilgYi0QfUhtFjuu2Vm0nsh2kKsqnsPArLAwgBBt8DU6aAdoeyfLxOffK954gYlRpx/m2VlbX1jc2S1vl7Z3dvX374LCtwlhi0sIhC2U3QIowKkhLU81IN5IE8YCRTjC5zfzOI5GKhuJBTyPicTQSdEgx0kby7XqfIz3GiCU3qZ/kD8nNHafpOVzuaWRM3644VScHXCRuQSqgQNO3v/qDEMecCI0ZUqrnOpH2EiQ1xYyk5X6sSITwBI1Iz1CBOFFeki+YwlOjDOAwlOYIDXP1b0eCuFJTHpjKbEo172XiMq8X6+GVl1ARxZoIPPtoGDOoQ5ilBQdUEqzZ1BCEJTWzQjxGEmFtMi2bENz5lRdJu1Z1L6q1+8tK47qIowSOwQk4Ay6ogwa4A03QAhg8gRfwBt6tZ+vV+rA+Z6UrVtFzBP7B+vkF4/SlRQ==</latexit>



!7

Forward-Backward Asymmetries

�⇤

Z/�⇤

Z

p
s (GeV)

e+e� ! µ+µ�

�⇤

Z/�⇤

Z

FB Asymmetry

d�

d cos ✓
/ 1 + cos2 ✓ +

3

8
AFB cos ✓

A0 f
FB =

3

4
Ae Afat the Z pole:

AFB =
�F � �B

�F + �B

LEP (with 
unpolarised 
beams) 
• measurements 

for leptons and 
heavy quarks

√s dependance due 
to interference 

between the Z and 
the photon exchange
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The Electroweak Fit

LEP

TeVatron

LHC

SLD

p-value Prob(χ2min,15) = 0.23

Observables that 
need to be 
improved: 

• ΓZ 
• MW 
• ΓW 
• σhad 
• asymmetries  

(sin2θeff)
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MW : Parametric Errors

Electroweak Fit

Experimental

Main parametric 
errors:
• top mass
• theory
• Z boson mass
• α
• αS

• Higgs mass

LEP Comb.

Tevatron Comb.

LEP+Tevatron

ATLAS 2017

Electroweak Fit

MW = 80.385± 0.015 GeV

MW = 80.3584 GeV ± 8.0 MeV

± (�MW)th 4.0 MeV

± (�MW)top (�Mtop/0.76 GeV)⇥ 5.5 MeV

± (�MW)H (�MH/0.24 GeV)⇥ 0.1 MeV

± (�MW)Z (�MZ/2.1 MeV)⇥ 2.5 MeV

± (�MW)↵ (�↵/10�4)⇥ 1.8 MeV

± (�MW)↵s (�↵s/3⇥10�3)⇥ 2.0 MeV
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sin2θeff  : Parametric Errors

sin2 ✓ `
e↵ = 0.23153± 0.00016

Electroweak Fit

Experimental

Main parametric 
errors:
• theory
• α
• top mass
• Z mass
• αS

• Higgs mass

0.23099 ± 0.00053

0.23159 ± 0.00041

0.23098 ± 0.00026

0.23221 ± 0.00029

0.2324 ± 0.0012

0.23220 ± 0.00081

0.23153 ± 0.00016

AFB0,ℓ

ALR (SLD)

AFB0,b

AFB0,c

Aℓ(Pτ)

QFBhad

sin2 ✓ `
e↵

= 0.231488 ± 7.0⇥10�5

± (� sin2 ✓e↵
W
)th 4.7⇥10�5

± (� sin2 ✓e↵
W
)top (�Mtop/0.76 GeV)⇥ 2.9⇥10�5

± (� sin2 ✓e↵
W
)H (�MH/0.24 GeV)⇥ 0.1⇥10�5

± (� sin2 ✓e↵
W
)Z (�MZ/2.1 MeV)⇥ 1.5⇥10�5

± (� sin2 ✓e↵
W
)↵ (�↵/10�4)⇥ 3.5⇥10�5

± (� sin2 ✓e↵
W
)↵s (�↵s/3⇥10�3)⇥ 1.0⇥10�5
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The Electroweak Fit at LHC

19 MeV

70
0 

M
eV

240 MeV

Main ingredients:  
• effective weak mixing angle 
• mass of the W boson 
• width of the W boson 
• mass of the top quark 
• (mass of the Higgs boson)

the most complete 
consistency test of the 

electroweak sector of the 
Standard Model

16
 ×

 1
0−

5

mt

MW

MH

sin2θeff (WA)
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Effective Weak Mixing Angle at HL-LHC

From AFB (ℓℓ) in 6 rapidity bins 
• data: Run-1 at 8 TeV 
• best sensitivity in bin  

at larger rapidity (2.0 < |Yℓℓ| < 2.4) 
• event reweighing method to cancel 

acceptance effects  
• main uncertainty from PDF, but reduced 

by constraints from data 
• combined uncertainty: ±0.00053

CMS Run-1 
2017

• 14 TeV ➠ smaller asymmetries at low 
rapidity due to wider rapidity plateau 

• extension of tracker acceptance  
➠ additional rapidity bin : 
           2.4 < |Yℓℓ| < 2.8

CMS HL-LHC 
14 TeV

EPJC 78 (2018) 701

CMS-PAS-FTR-17-001

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP-16-007/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-17-001/index.html
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Effective Weak Mixing Angle at HL-LHC

CMS HL-LHC 
14 TeV

• extend di-lepton acceptance from |Y| < 2.4 to |Y| < 2.8  
➠ improvement 30% statistical and 20% PDF uncertainty 

• statistical uncertainty negligible beyond L = 300 fb−1 
• with 3000 fb−1 and constraining PDF from the data, envision 

reaching present LEP/SLD uncertainty (±0.00020)

A ±0.00020 error in sin2θeff is equiv. to ±10 MeV error in Mw (indirect)

PDF constraints from the data

CMS-PAS-FTR-17-001

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-17-001/index.html
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Vector and Axial Couplings at LHeC
unpolarised e±p cross section     running of sin2θW(µ)

• NC cross sections at high Q2 receive important Z 
boson and γ/Z interference contributions  

• together with CC cross sections, they are sensitive 
to electroweak parameters 

• also interesting Higgs and BSM physics

couplings of light quarks

NC
CC

�⇤

Z

Z/�

W

↵�1
W = ↵�1

QED sin2 ✓W ' 30
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EWK Bosons at LHC

M2 = 2 pT(`1)pT(`2) (cosh�⌘12 � cos��12)

M2
T = 2 pT(`)pT(⌫) (1� cos��(`, ⌫))

��(`, ⌫)
angle between lepton and  

missing momentum 
in transverse plane

• Dilepton invariant mass

• Transverse mass

• Lepton transverse momentum 
• Missing transverse energy

pT(⌫) = Emiss
T

Z boson

W boson
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Principle of  W Mass Measurement at LHC

The transverse mass is  
• less sensitive to the qT(W) spectrum 
• much more sensitive to the hadronic recoil 

qT(W)=0

qT(W)

detector 
effetcs

pTℓ

mT

But, due to pile-up, lepton pT is the most 
promising at the LHC

Experimental challenges 
• control the lepton energy scale at < 0.1% 
• pile up conditions 

Theoretical challenges 
• modelling of the qT(W) 
• modelling of the templates obtained from 

simulation with corrections in qT, y and Ai 

• knowledge of the PDFsTemplates
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W Mass Measurement at LHC

arXiv:1701.07240

pTℓ
+
−
±
+
−
±

+
−
±

mT

e

μ

mT-pTℓ

ATLAS: first measurement of 
the W mass

Crosschecks  
in many  
categories

One of the most challenging 
measurements at the LHC

Error budget
• total   = 18.5 MeV
• stat.    =  6.8 MeV
• PDF   =  9.2 MeV
• QCD =  8.3 MeV
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W Mass Measurement at HL/EH-LHC
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Figure 5: Statistical and PDF uncertainty components as a function of integrated luminosity, for fully combined
measurements at

p
s = 14 TeV. The CT10 PDF set is used.

Table 3 and Figure 6 compares the uncertainties obtained for di�erent PDF sets. The CT10 and CT14 sets
display similar uncertainty correlations, leading to similar improvement under combination of categories,
and yielding comparable final uncertainties. The MMHT2014 uncertainties are about 30% lower. The
three projected HL-LHC PDF sets give very similar uncertainties; scenario 2 is the most conservative and
shown here. Compared to CT10 and CT14, a reduction in PDF uncertainty of about a factor of two is
obtained in this case. Results for scenarios 1 and 3 are given in the appendix.

The LHeC projection results from a QCD fit to 1 ab�1 of ep scattering pseudodata, with Ee = 60 GeV
and Ep = 7 TeV. Such a sample could be collected in about five years, synchronously with the HL-LHC
operation. In this configuration, the neutral- and charged-current DIS samples are su�cient to disentangle
the first and second generation parton densities without ambiguity, and reduce the PDF uncertainty below
2 MeV, a factor 5–6 compared to present knowledge. Also in this case the mW measurement will benefit
from the large W boson samples collected at the LHC, and from the anti-correlation between central and
forward categories. In this context, PDF uncertainties would still be sub-leading with 1 fb�1 of low pile-up
data.

4 Conclusion

Given the high W boson production cross section and the importance of an optimal reconstruction
of missing transverse momentum in this channel, low-pile-up runs are an important tool for precision
measurements of the W boson properties. With hµi ⇠ 2, a sample of 200 pb�1can be collected in about
one week, corresponding to about 2 · 106

W boson events at
p

s = 14 TeV, 3 · 106 events at
p

s = 27 TeV,
and a statistical sensitivity on mW below 10 MeV. If five to ten weeks can be spent collecting such data in
the course of the HL- and HE-LHC, a statistical precision of about 3 MeV can be reached. Experimental
systematic uncertainties are not discussed in this note, but their e�ect is largely of statistical nature; with
adequate e�orts and exploiting the full available data sample, their impact can be maintained at a level
similar to the statistical uncertainty.

9

HL-LHC Low-PU special runs (<µ> = 2)
ℒ acceptance # of events δmW (MeV)

200 pb−1 |η| < 2.4 2 × 10 6 16
|η| < 4 12

1 fb−1 |η| < 4 9
with ultimate PDFs 5

• Low-PU special runs to exploit missing 
transverse momentum 

• Sizeable improvement from acceptance 
extended to |η| < 4 due to barrel/
endcap anti-correlations

Above 200 fb−1 uncertainties are 
dominated by PDFs

Improvements on 
the knowledge of 
PDFs (including for 
heavy flavours) are 

essential
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DY and Heavy Flavour
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• the contribution of sea quarks is much more important at the LHC 
• the use of the Z control sample for the W mass is not trivial at the LHC 
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Parton Density Functions
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Figure 3.9. As in Fig. 3.1, now for the correlation coe�cient between the strange PDF and the lepton
rapidity distributions in W+charm production pseudo–data in the central rapidity region (left) and in
the forward region (right plot).
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Figure 3.10. As in Fig. 3.2, now for W+charm production in the central (left plot) and forward (right
plot) rapidity regions. In the right plot only the statistical errors are shown, while the data have been
shifted by the dominant correlated source of uncertainty, namely the 5% normalization uncertainty.

bin defined by 66 GeV  mll  116 GeV is shown in Fig. 3.13, where we can see that coverage
up to pllT ' 3 TeV is expected, similar as in the case of direct photon production. We find a
moderate reduction in the PDF uncertainties once the HL–LHC pseudo–data is added to the
fit by means of Hessian profiling. Concerning its e↵ects on the gluon, we see that the Z pT
measurements provide valuable information in the intermediate x region between 10�3 and 10�2

with a clear reduction of PDF uncertainties even if in this region these were quite small to begin
with.

4 Ultimate PDFs with HL–LHC pseudo–data

In this section we combine the complete set of HL–LHC pseudo–data listed in Table 2.1 to
produce the final profiled PDF sets, which quantify the impact of future HL–LHC measurements
on our knowledge of the quark and gluon structure of the proton.

In Table 4.1 we list the three scenarios for the systematic uncertainties of the HL–LHC
pseudo–data that we assume in the present analysis. These scenarios, ranging from more con-
servative to more optimistic, di↵er among them in the reduction factor fred, Eq. (2.2), applied
to the systematic errors of the reference 8 TeV or 13 TeV measurements. In particular, in
the optimistic scenario we assume a reduction of the systematic errors by a factor 2.5 (5) as

17

HL-LHC constraints on PDFs

Juan Rojo                                                                                           Higgs @ HL/HE WG meeting, 22/10/2018

Reduction in PDF uncertainties as compared to PDF4LHC15
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Figure 4.4. The cross sections for high–mass supersymmetric particle production at
p
s = 14 TeV,

comparing the predictions of the PDF4LHC15 baseline with those of the HL–LHC PDF sets in the
conservative (A) and optimistic (C) scenarios, normalised to the central value of PDF4LHC15. We
show the results corresponding to gluino pair production (left) and squark–gluino production (right).
The cross sections have been evaluated with Pythia8.235 using leading–order matrix elements and the
SLHA2 benchmark point as model input.

where PDF uncertainties often represent the dominant source of theoretical uncertainty. With
this motivation, to illustrate the benefits that HL–LHC measurements will provide for BSM
searches we consider here high–mass supersymmetric (SUSY) particle production at

p
s = 14

TeV, where the HL–LHC reach extends to sparticles masses up to around M ' 3 TeV. While
we use SUSY production as a benchmark process, our results also apply to the production of
other heavy particles predicted in di↵erent BSM scenarios.

In Fig. 4.4 we show the comparison between the PDF4LHC15 predictions with the cor-
responding results from the profiled PDF sets with HL–LHC pseudo–data, normalised to the
central value of the PDF4LHC15 baseline. As in Fig. 4.3, we provide results for scenarios A and
C, the conservative and optimistic ones respectively. Specifically, we show the cross sections for
gluino–gluino and squark–gluino production at

p
s = 14 TeV – similar conclusions are derived

from squark–squark and squark–antisquark production. The theoretical calculations have been
obtained using leading order (LO) matrix elements with Pythia8.235 [76] and assuming the
SLHA2 benchmark point [77], for a range of sparticle masses within the HL–LHC reach. For
simplicity, underlying event and multiple interactions have been switched o↵ in the calculation.
Again, we are not interested here in providing state–of–the–art predictions for the event rates,
which can be found elsewhere [78].

From the comparisons in Fig. 4.4, we can see that the constraints on the PDFs expected from
the HL–LHC data permit a significant reduction of the uncertainties in the high–mass SUSY
cross sections. The size of this reduction is consistent with the corresponding results at the
level of luminosities, reported in Fig. 4.2 and Table 4.2, recalling that gluino–gluino and gluino–
squark production are driven by the gluon–gluon and gluon–quark initial states respectively [5].
For instance, for gluino pair–production with Meg = 3 TeV, the PDF uncertainties are reduced
from ' 60% to ' 20% in the optimistic scenario. A somewhat milder reduction is found for the
squark–gluino cross sections. For squark–squark and squark–antisquark production, driven by
the quark–quark and quark–antiquark initial states respectively, a PDF uncertainty reduction
by around a factor two at high masses is found, consistently with Table 4.2.

To summarise, the initial phenomenological study presented in this section nicely illustrates
the internal coherence of the HL–LHC physics program: high precision SM measurements will
lead to a much improved understanding of the quark and gluon structure of protons, which in
turn will benefit many other important analyses, from the characterisation of the Higgs sector
to the searches of new heavy particles.

24

improvements by factor of 2-5 possiblearXiv:1810.03639

• LHC participates to PDFs 
improvements for HL-LHC through tt,̅ 
DY, W+charm, inclusive jet and photon 
differential production cross-sections

• PDFs contribute to systematic uncertainties 
in many flagship analyses at LHC (including 
Higgs coupling measurements)
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Improved Precision with LHeC

MW at ATLAS (2017) 
• total   = 18.5 MeV 
• stat.   =  6.8 MeV 
• PDF    =  9.2 MeV 
• QCD    =  8.3 MeV

PDFs at LHeC 
☛ CC and NC 

• unprecedented precision in 
extended kinematic region 

☛ CC DIS with charm tagging 
• strange quark PDFs

LHeC greatly empowers 
LHC/HL-LHC results 
• NP exclusion limits 
• x-section measurements  
• high precision QCD 

measurements 
• per-mil αs measurement 

Electroweak precision measurements at the LHC are limited 
by PDF uncertainties

sin2θeff at CMS (2018) 
• total    = 53 × 10−5 
• stat.     = 36 ×10−5 
• PDF      = 31 ×10−5 
• theory  = 16 × 10−5

With full HL-LHC 
• 5-9 MeV on MW 
• 15 × 10−5 on sin2θeff

With full HL-LHC+LHeC 
• <2 MeV on MW 
• 4 × 10−5 on sin2θeff

Valence quark Strange quark

ATL-PHYS-PUB-2018-026
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The Top Quark

The top quark

• is the SU(2)L partner of the bottom quark

• is the heaviest known fundamental particle  
 

• is the only fermion with “natural” coupling to 
the Higgs field 
 

• plays a special role in electroweak physics,  
flavour physics and Higgs physics

• decays almost exclusively to bW

• decays before it has time to hadronise
  

mt = ytv/
p
2 ' 173 GeV

40 times heavier than the b quark!

typical top decay time:  5×10-25 s 
typical hadronisation time:  2×10-24 s

～1.5 GeV (> ΛQCD)

yt ' 1⇒

�(t ! bW+) ⇡ ↵

16s2W
|Vtb|2

m3
t

m2
W

top quark first discovered “virtually”

Mass$in$GeV/c2$
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Top Pair Production

6

t

t̄

W+

W�

b

b̄

`+

⌫`

q

q̄0
g

g

g

• production cross section
• production kinematics
• resonances, new particles

• mass
• mass difference
• lifetime, width
• polarisation

• spin correlations
• charge asymmetry

• W helicity

• BR(tWb)/BR(tWq)
• new decays

a very rich physics programme
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Single Top Production

EW production of a top quark

LHC 64 (42+22) pb  
TeV   2.3 pb

t-channel

6

t

q0

q

g

W

b̄

b

LHC 4.5 (3.2+1.4) pb  
TeV  1.00 pb

6

tq̄0

q

W

b̄

s-channel

LHC 16 pb  
TeV   0.3 pb

7

t

W

b̄

g

g

b

7

tg

g W

b̄

btW

allows direct measurements of  Vtb

measured

seen

not seen yet

also, with high statistics. at HL-LHC, top 
mass measurement with different 

modelling systematics
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Top Mass Measurement at LHC
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Which Top Mass for the Electroweak Fit?

The definition of the mass of the top 
quark is ill-defined 
• the mass measured from bW decay 

products is assumed to be close from 
pole mpole 

• problem: mpole for a coloured particle 
cannot be determined with accuracy 
better than ΛQCD (≈ 0.2 GeV) 

• the top quark decays before 
hadronising but still the b quark has 
to hadronise

M.L. Mangano

extra radiation and  
color reconnection

Which final state particles to assign to the original top quark? 

• Importance of measuring the mass 
using alternate techniques 

• mass and end point of b𝓵 spectrum 
• decay length (boost) of B hadrons

theoretically a good  approach is to 
extract the mass from measurements 

of the cross section
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Pole Mass Measurements

Initially, using 
• an inclusive x-section measurement  
• NLO calculations of tt ̅x-section as a 

function of pole mt  
• fit together with αs(mt)

theo. 8 TeV

exp. 8TeV

exp. 7TeV

theo. 7 TeV

di-lepton
di-lepton

±0.7 GeV!

CMS-TOP-18-004

EPJC 77 (2017) 804

More recently, using 
• normalised multi-differential cross-sections

±1.6 GeV

±2.6 GeV

https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-004/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2015-02/
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Top Mass Measurements at HL-LHC

mpole from σ( tt ̅)

secondary vertex

J/ψ

single top

𝓁+jets

t → bW → J/ψ X𝓁ν
More statistics 
☛ semi-exclusive channels 

• mitigate JES 
• better calibrations 
• different systematics 

CMS-PAS-FTR-16-006

      δmtop = ±500 MeV  
                   (stat=±140, syst=±480)

J/ψ → µ+µ− 

ℓµ+µ− 

example

ATL-PHYS-PUB-2018-042

select tt ̅events with 2 
additional soft muons

ATLAS HL-LHC  
3000 fb−1 

BR = 0.04%

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-16-006/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-042/
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Top Mass Measurements Error Budget
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Top Differential x-Sections at HL-LHC

significant impact on 
high-x gluon PDF

2016

HL-LHC

O(5%) relative 
uncertainties

also, sensitivity on quark PDFs thanks 
to high rapidity analysis at LHCb with 

300 fb−1 (HL-LHC)

• real benefit from extended 
tracker coverage  

• PU mitigation : unfolding purity 
similar to Run-II

CMS-PAS-FTR-18-015

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-015/


Electroweak Fit at HL-LHC

Uncertainties 2018 
• sin2θeff (WA)     0.00016 
• W mass (WA)     15 MeV 
• W width (WA)    42 MeV 
• top mass (WA)  760 MeV 
• (Higgs mass (WA) 240 MeV)



Electroweak Fit at HL-LHC

HL-LHC Uncertainties 
• sin2θeff           0.00015 
• W mass             7 MeV 
• W width          30 MeV 
• top mass       400 MeV 
• (Higgs mass     50 MeV)
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Electroweak Fit at HL-LHC

HL-LHC Uncertainties 
• Higgs mass   50 MeV 
• W mass          7 MeV 
• W width       30 MeV 
• top mass    400 MeV 
• sin2θeff        0.00015

with present central values and HL-LHC uncertainties:  
➠ 3σ tension between direct and indirect MW and mt 
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Physics with 3×1011 Z Bosons

Jump by  
factor 5 to 20  

in relative precision

CEPC
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EWPO at FCC-ee
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Physics with 5×1012 Z Bosons

observable present value  
FCC-ee

from main source of 
systematicsstat syst

MZ (MeV) 91187.5 ± 2.1 0.005 ± 0.1
line shape beam energy 

calibration
ΓZ (MeV) 2495.2 ± 2.3 0.008 ± 0.1

sin2θeff (×105) 23153 ± 16 0.3 ± 0.2-0.5 AFBµ,0

AFBb,0 (×104) 992 ± 16 0.002 ± 1-3 b-quark asymmetry b-jet charge

Rℓ (×103) 20767 ± 25 0.06 ± 0.2-1 hadrons to leptons
lepton acceptance

αs (×104) 1990 ± 25 0.1 ± 0.4-1.6 Rℓ

1/α (×103) 128952 ± 14 4 ± <1 AFBµ off-peak

σhad0 (pb) 41541 ± 37 0.1 ± 4
peak cross-sections luminosity 

measurementNν (×104) 29840 ± 82 0.05 ± 10

From asymmetries and  
partial width measurements, 

improvement by 1 to 2 orders of magnitude on Z 
vector and axial-vector couplings  

to leptons (e, µ and τ) and quarks (b and c) 

☛ continuous √s calibration by RDP 

• ΔE/E ~ 𝒪(10−6) 

• 100 (500) keV at Z-pole (WW)  
☛ energy spread (~60 MeV) at 1%  

from scattering angle of µ pairs 
☛ W+Si luminometer 

• small angle Bhabha scattering 
• absolute (relative) : 10−4 (5×10−5)

FCC-ee



!37

QED Coupling Constant α(MZ2)

1/α(MZ2) = 128.952 ± 0.014  (→ δα/α ≈ 1.1×10−4) 
• uncertainty dominated by hadronic vacuum 

polarisation (from low energy data) 
• currently second largest source of parametric error 

on sin2θeff (first=theory) 
• can be measured from the slope of the  

FB µ asymmetry in the vicinity of the Z pole

 1/α(MZ2) at the 4×10−5 level  
from 40 fb−1 at ±3 GeV of Z pole 

P. Janot, JHEP 02 (2016) 053
one year of running at any given √s 

σ(
α)

/α

Note: computation of 
missing EW higher-order 

corrections is needed

A µ
FB(s) ' A0µ

FB

"
1 +

s�M2
Z

2s

8⇡
p
2↵

M2
ZGF(1� 4 sin2 ✓e↵)2

#

×3
• param. error < 1.2×10−5 on sin2θeff  
• param. error < 0.6 MeV on MW 

FCC-ee
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W Mass at e+e− Colliders

ILC at threshold with polarisation 
• use LR to enhance WW 
• use RL to measure backgrounds 
• use LL and RR to control polarisation 
• 500 fb−1 (±80%,∓30%) ➔ δMW≈2.1 MeV (stat+syst)

Above threshold  
• 1000 times LEP-2 statistics 
• much better detectors

A run at √s = 160 GeV not in the  
current staged running scenario at the ILC

Center-of-mass energy (unc. 0.3 MeV) 
• known by resonant depolarisation 
Luminosity  (unc. <2×10−4) 
• from Bhabha events 
Carefully chosen energy points

FCC-ee at threshold, unpolarised

ΔMW = 0.7 MeV 
ΔΓW = 1.5 MeV
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Top Mass at Pair Threshold

Different luminosity spectra 
at different machines

Cross section at 
threshold affected by 
properties of the top 

quark (mass, width, ytop) 
and QCD (αs)

Energy scan
• optimal choice of points 
• typically 20 fb−1 per point
• stat: 15-20 MeV on Mtop

• theory (NNNLO): 40 MeV

FCC-ee

Which definition for the top quark mass? 
• HL-LHC →  MC mass with uncertainty <200 MeV
• can the pole mass be determined at better than 𝒪(ΛQCD)?

ILC

also:
• Γtop at <100 MeV
• indirect ytop at 10%

Threshold mass 
• safe definition
• can be translated  

to pole mass with  
uncertainty <100 MeV
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Electroweak Fit after FCC-ee Z/WW/HZ/tt

assumes that 
relevant theoretical 
uncertainties are 
reduced to not 

dominate the set of 
parametric errors

LHC

HL-LHC

FCC-ee  
(direct)

FCC-ee  
(Z pole)

present 
EWK fit

+ MH

SM

FCC-ee CDR (2018)

See later: SMEFT 
➠ probes energy scales 
in the Λ>20 TeV range for 
certain NP operators
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Fermion Pair Production

lepton b quark top quark

F1Vγ −1 −1/3 +2/3

F1VZ/F1AZ
1−4sin2θW 1−(4/3)sin2θW 1−(8/3)sin2θW

+0.064 +0.688 +0.376
gLZ −0.266 −0.422 +0.344

gRZ +0.234 +0.078 −0.156

sin2θW ~ 0.234At tree level in SM

Feynman Diagrams for the CERN Summer Lectures

Gautier Hamel de Monchenault

IRFU.

June 17, 2015

Drell Yan

1

e+

e−

Z/γ

f

f

F1Vγ

F1VZ F1AZ

F2Vγ/Z

8 form factors  
(6 CP-conserving)

F1Aγ

gLZ gRZ
LR couplings

Chiral structure of third generation of quarks 
☛ top quark: mass close to the EWSB scale 

• top Yukawa close to one 
☛ could be (partially) composite?

Electroweak fermion pair production

Tensor couplings 
• 0 in SM 
• sensitive to bound state effects 
• F2Vγ/Z are related to anomalous  

magnetic dipole moment 
• F2Aγ/Z are CP violating

F2Aγ/Z

F1Aγ is 0 in SM as a result of 
QED gauge invariance

The top quark is a candidate to be a messenger 
in many new physics models, including 

composites and/or large extra dimensions

Of special interest:

☛ b quark: weak isospin partner
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b-Quark EWK Couplings

Differential cross sections as a function of cosθb    
S (1+ cos2θb) + A cosθb 

Observables sensitive to chiral 
structure: σ and AFB

LR RL
blue: 
corrected 
for charge 
migrations 
(from data)

ILC-250 
250 fb−1 
(ILD full sim)

Excellent b- and c-tagging 
☛ size of the beam spot 

•  reduced tube radius 
☛ particle identification (TPC)

b-charge determination 
• on event-by-event basis  
• sum of charges at secondary 

and tertiary vertices
~15 mm

ILD

LRRL

S. Bilokin at al, arxiv:1709.04289

LR

RL

σ

AFB
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Tackling the LEP Anomaly

LEP-1 AFB

σ

2.5σ

ILC-250

AFBL

σL
AFBR

σR

ILC-250 with beam polarisation provides access to 
vector and axial couplings 
• δgRZ/gRZ ~ 2%  (10% at LEP) 
• discard or confirm the anomaly with >5σ 

confidence 
• sign ambiguity in the anomaly can be resolved

R. Pöschl, Tohoku 2018 F. Richard, LCWS 2017 

Long-standing LEP anomaly 
• a 2.5σ tension between  

AFBℓ and AFBb 
• corresponds to a deviation of 

30% of the gRZ coupling 
• hint of heavy quark 

compositeness?

x5 better  
than LEP

also: 
☛ constraints on tensor couplings 

☛ sensitivity to BSM scenarios 
      (e.g., Randall-Sundrum)
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Top-Quark EWK Couplings

ILC 500 fb−1@500 GeV 
• precise reconstruction in both polarisations 
• b-charge needed to solve ambiguities in LR 
• 2% precision on AFB 

• improved precision with 2 ab−1

J. Rouene, PhD thesis

FCC-ee 2.4 ab−1@365 GeV 
• compensates lack of polarisation with statistics 

(one million tt events) 
• final state polarisation extracted statistically 

from 2D energy/angular distribution of the 
lepton (polarisation transferred through the V−A 
decay of t →Wb)

Focus on most sensitive channel:  
☛ semileptonic (44%) 

   e+e− → tt → ℓνqqbb (ℓ = e, µ)
LR

RL

ILC TDR

LHC Run-3 
300 fb−1

P. Janot, JHEP 04 (2015) 182
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Top Quark: Sensitivity to NP

FCC-ee Precision

√s = 365 GeV 
L = 1.5 ab−1

LHC precision

e+e− machines (ILC, CLIC, FCC-ee)  
☛ more than one order more      

    precise than the LHC 

Limitation at energies just above threshold: 
• vanishing axial-vector couplings 
• large QCD uncertainties

ILC optimal energy: √s ~ 500 GeV
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Top Flavour Changing Neutral Currents

FCNC is a process where the top 
does not decay through CC (t →b 
with exchange of a W) but through 
NC (t → c, u, with exchange of g, 
γ, Z or H) 
• highly-suppressed in the SM 
• can be enhanced by new physics

t → cg

t → cZ

t → cγ

t → cH

➠ FCC-hh: best reach due to the huge statistics 
available (1012 top quarks!) 

➠ Exploiting boosted topologies allows to 
compensate large pileup (> 500)
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Tops + (multi) Bosons, (multi) Tops
☛ ttW̅ and ttZ̅ production observed at LHC Run-II

☛ 4-top production

2.6 (2.7) σ obs. x-sect. (yt/ytSM = 1): 12.6−5.2+5.8 fb

SM: 12.0−2.5+2.2 fb

a way to 
probe 
the top 
Yukawa

CMS-PAS-TOP-18-003

PRD 99 (2019) 072009

CMS-TOP-18-009

HL-LHC  
• 10 to 100 more statistics

(almost) observed 
at LHC Run-II ATL-PHYS-PUB-2018-047

ATLAS HL-LHC  
14 TeV 
3 ab−1 

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-18-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-11/
https://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-047/
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Tops + (multi) Bosons at FCC-hh

F. Maltoni et al. 
arxiv:1507.05640

HL-LHC (→ HE-LHC) → FCC-hh 
➠ huge increase in statistics

https://arxiv.org/abs/1507.05640
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Summary of  SM x-Sections at LHC

nb

pb

fb

jets

 W, Z and γ 

tt,̅ t

WW, WZ, ZZ

ttV̅, ttH̅, ttγ̅

H

WWV, Zjj, VVjj
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Unitarity and the Higgs Boson

Difference between massive and massless boson = longitudinal polarisation

Very relativistic massive bosons are dominated by their longitudinal polarisation 

8

+ + …
WL

WL

WL

WL

Longitudinal scattering amplitudes grow as CM energy increases

… and eventually violate unitarity

(unitarity means “sum 
of probabilities of all 

processes equals one”)

WL

WL

WL

WL

8

+

7

WL

WL

WL

WL

In the SM, the Higgs boson “unitarises” the 
longitudinal scattering amplitudes

+

8

H
H

8

WL

WL

WL

WL

WL

WL

WL

WL



!51

Unitarity and the Higgs Boson

Unitarity is preserved if and 
only if all Higgs couplings are 
exactly those predicted by 

the SM

etc.

cf. N. Arkani-Hamed :“Inevitability of Physical Laws: Why the Higgs Boson Has to Exist”

WL +WL ! WL +WL

+ …

9

WL

WL t

t̄

H

9

WL

WL t

t̄

Similarly the process WLWL → tt ̅

…is “unitarised” by Higgs boson exchange 

7

8

8

+

+

+…

Gauge
Gauge

Higgs

8

Higgs

+

8

+…

total

(Ecm/Mw)2

The Higgs boson 
contribution cancels 
exactly the E2 
dependance of the 
cross section at high 
energy 
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Elucidating the EWSB Sector
➠ probe longitudinal gauge boson 
scattering in regime where the EW 
symmetry is restored (√s ≫ 246 GeV) 

Crucial closure test of the SM 
• either the Higgs regularises the theory fully 
• or New Physics must show up a the TeV scale 

Dibosons  & Vector Boson Fusion (VBF)       
➠ anomalous Triple Gauge Couplings (aTGC) 
Tribosons & Vector Boson Scattering (VBS)  
➠ anomalous Quartic Gauge Couplings (aQGC)

VBF

VBS

Common features: 
• two hard high-rapidity jets  
• large di-jet invariant mass (set by the mass 

scale of the scattered vector bosons)

EWK production 
of the Z boson 
already seen at 

LHC Run-II

φ

η

di-jet angular distance 
ΔR2 = √(Δφ2+Δη2)
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VBS Expectations at HL/HE-LHC

VBS x-sections at HL-LHC 
• > 5-σ observations for W+W+, WZ, WV, ZZ 
• precision in the 6-10% range 
• differential x-sections for ZZ

CMS-PAS-FTR-18-038

Separation of the LL component (~5%)

• expect > 3σ for WLWL fraction 
by combining ATLAS and CMS at 
HL-LHC 

• 5σ for ZLZL fraction at HE-LHC

CMS-PAS-FTR-18-014

!!!

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-038/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/FTR-18-014/
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VBS Expectactions at FCC-hh

relative cross section uncertainty 

Extraction of the same-sign WLWL signal requires 
removal of large QCD backgrounds (VV+jets) and 
separation of large EW background from 
transverse-boson scattering 
➠ two forward jets with large rapidity 

separation 
➠ large dilepton mass 
➠ LL component from azimuthal correlations 

between leptons

FCC-hh  
100 TeV

VBS WLWL same sign

A precise measurement (3-4% 
precision) necessitates 

leptons down to |η| = 4 and 
jets down to |η| = 6  

in conditions of 1000 pile-up events!

VBS process set strong constraints on the 
design for FCC-hh detectors

➠ constraints on κW 
for various cuts on mℓℓ

large mWW
±2% on κW
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A 4-top 
candidate 

event  
in CMS

https://cms.cern/news/lhc-powerlifting-%E2%80%93-searching-simultaneous-production-four-times-most-massive-elementary

