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Outlook

• W-pair threshold production lineshape
• single energy point (mW)
• two energy points (mW, 𝛤W), and more  

• W decay branching fractions 
• leptonic and hadronic BRs (constraints on 𝛼S and CKM unitarity)
• direct CKM  elements via flavor tagging (Rc, Vcs, Rb, Vub, Vcb)

• disclaimer : content is based on studies performed a while ago 
• disclaimer  : not a review of theory SotA / progress  
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The WW threshold lineshape and the W mass

WW cross section rise 𝛽 = 1 − ⁄4𝑚*
+ 𝑠 driven by t-channel production

ALEPH Phys.Lett.B 401 (1997) 347 with 10/pb  𝑚* = 80.14 ± 0.34 GeV    
stat extrapolation to 10/ab    ⟹ Δ𝑚* = 0.34 MeV 

Extract the  W mass inverting the mW dependence 
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YFSWW3 1.18 

https://doi.org/10.1016/S0370-2693(97)00460-7


The WW threshold : W mass uncertain>es 
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∆𝑚* 𝐵 =
𝑑𝜎
𝑑𝑚*

89 ∆𝜎:
𝜀 ⨁∆𝜎=>
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Background and Theory

Acceptance and Luminosity

Collision energy



The WW threshold W mass : beam energy
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Uncertainty on beam energy  ∆𝐸A =
9
+∆𝐸

translates directly to mW

∆𝐸A ≅ ∆𝑚*

Very limited variations of the dmW/dE
coefficient  with ECM in the threshold region



The WW threshold : W mass optimal ECM
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stat uncertainty assuming event selection quality  
Q=√εp with fixed ε=0.75 and σB=0.3pb

acceptance & lumi

theory  & bkg

Max stat sensitivity at ECM~2mW + 0.6 GeV
stat

𝑑𝜎
𝑑𝑚*

89 𝜎
𝜀𝑝 DEF

≅ 1
𝐺𝑒𝑉
𝑝𝑏 ⁄9 + = 1

𝑀𝑒𝑉
𝑎𝑏 ⁄9 +

With L=12/ab  ⟹ ∆𝒎𝑾(stat) = 0.3 MeV  



WW threshold : W mass precision requirements 
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∆𝑚* 𝐵 =
𝑑𝜎
𝑑𝑚*

89 ∆𝜎:
𝜀 ⨁∆𝜎=> Background and Theory

Acceptance and Luminosity

Collision energy

Conditions to achieve ∆𝑚*(syst)< ∆𝑚*(stat) = 0.3 MeV
with a single point WW threshold measurement 

∆𝜎=> < 𝟏fb (∆𝜎=>/ 𝜎=> < 2 R 108S)
∆𝜎:/𝜀 < 1fb (∆𝜎:/ 𝜎: < 4 R 108U)

∆𝐸A < 0.3 𝑀𝑒𝑉 (∆𝐸A/ 𝐸A < 4 R 108V)

∆W
W ⊕

∆Y
Y < 𝟐 R 𝟏𝟎8𝟒



The WW threshold : background 
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almost all bkg in the 4q channel 
4-fermion-CC03 

interference effects

positive & negative 
effects (10-50 fb) 

reported  in the various 
channels, within the LEP 

analyses acceptance

OPAL Phys. Lett. B 389 (1996) 416. 

Phys.Le..B 401 (1997) 347 

purity ~95% achieved in the last bins 

https://doi.org/10.1016/S0370-2693(97)00460-7


WW threshold : acceptance 
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ALEPH Eur.Phys.J.C 38 (2004) 147

Syst unc at higher ECM (207 GeV) on 𝜎WW (~16pb)

DELPHI  Eur.Phys.J.C 34 (2004) 127

can roughly scale/4 for equivalent 
𝜀 effects at threshold 𝜎WW (~4pb)

NP QCD effects have important 
impacts on both qqqq and qqℓ𝜈

need improvements in 
fragmentation and hadronization 
modeling plus constraints from 
control data (Zàqq)

less worrisome than using jet 
properties for kin reco

https://doi.org/10.1140/epjc/s2004-02048-3
https://arxiv.org/abs/hep-ex/0403042


WW threshold : W mass @ ILC
arXiv:1603.06016 & arXiv:1908.11299

ILC polarised collisions : enhance (x4) t-channel 
WW production or suppress it to control background

with 100 fb−1 
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assumes ∆𝜀~108U and ∆𝜎: ~6 fb
additional impact of pol uncertainty 

https://arxiv.org/abs/1603.06016
https://arxiv.org/abs/1908.11299


WW threshold : W mass and width 
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Max stat sensitivity at ECM~ 2mW - 𝜞W

𝑑𝜎
𝑑Γ*

89 𝜎
𝜀𝑝 DEF

≅ 2.8
𝐺𝑒𝑉
𝑝𝑏 ⁄9 + = 2.8

𝑀𝑒𝑉
𝑎𝑏 ⁄9 +

arXiv:1703.01626
arXiv:2107.04444

https://arxiv.org/abs/1703.01626
https://arxiv.org/abs/2107.04444


WW threshold : W mass and width 
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With cross section σ1σ2 measurements at two energies E1 E2 : uncertainty propagation 

b𝜎9 = 𝜎** 𝐸9,𝑚*, Γ*
𝜎+ = 𝜎** 𝐸+,𝑚*, Γ*



WW threshold : W mass and width 
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Scans of possible E1 E2 data taking energies  and luminosity fractions f (at the E2 point)

ΔmW , ΔΓW:  error on W mass and width from fitting both
ΔmW : error on W mass from fitting only mW

ΔΓW

ΔmW
ΔmW 0.28

0.43

ΔmW =0.45 MeV , ΔΓW=1 MeV (r=-0.6)
ΔmW=0.35 MeV

A -minimum of ΔΓW=0.91 MeV with ΔmW=0.55 MeV
taking data at E1=156.6 GeV E2=162.4 GeV f=0.25

yields ΔmW=0.47 MeV (as single par)

B- minimum of ΔmW=0.28  MeV ΔΓW=3.3 MeV with 
E1=155.5 GeV E2=162.4 GeV f=0.95

yields ΔmW=0.28 MeV (as single par)

C- minimum of ΔΓW=0.96 MeV +ΔmW=0.41 MeV with 
E1=157.5 GeV E2=162.4 GeV f=0.45

yields and   ΔmW=0.37 MeV (as single par)



WW threshold : W mass and width 
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optimal E points with limiting correlated systs

Scans of (E1, E2, f) data taking  assuming limiVng 
syst uncertainVes, either Δε+ΔL or ΔσB+ ΔσTH

More complex situaton, depends very much on the 
correlaton of uncertaintes between the energy 

points (that can be quite large) 

Correlated syst can cancel taking data 
at different ECM points where the  

relevant differential   factors  are equal
(around their minima) 

>2 energy points will be beneficial to reduce the 
impact of (correlated) systematic uncertainties 
careful choice of additional points recommended 

partially explored in  Eur. Phys. J. C 80 no. 1, (2020) 66 

http://dx.doi.org/10.1140/epjc/s10052-019-7602-x


WW threshold : energy spread effects
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example with ΔΕ/E=10-2 
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maximum effect at 
ECM=160.1 GeV

Optimal mW & ΓW points  @ECM=157.3 &  162.6 GeV
è ΔσWW = +(0.24-1.3) fb & = -(0.18-1.0) fb

è ΔmW = -(0.09-0.48) MeV
è ΔΓW = +(0.6-3.3) MeV

σ(ECM)=(0.47-1.10) 10-3 ECM

Maximum effects are at the level of  ΔmW(stat)  and 2x ΔΓW (stat) so that control on the 
beam energy RMS  <50% is required to avoid additional syst contributions from this source

arXiv:1909.12245

https://arxiv.org/abs/1909.12245


TGCs at threshold
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W decay branching fractions
LEP2  W➝𝜏𝜈 2.6𝜎 larger than e𝜈+𝜇𝜈 average : unconfirmed 
by more precise recent ATLAS & CMS measurements

Current W BR relative precisions 
e𝜈(1%) 𝜇𝜈 (1%) 𝜏𝜈(2%)   qq(0.3%)

BR(W➝qq’) derived determinations 

CMS arXiv:2201.07861 ATLAS arXiv:2007.14040

LEP arXiv:1302.3415
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https://arxiv.org/abs/2201.07861
https://arxiv.org/abs/2007.14040
https://arxiv.org/abs/1302.3415


W decay branching fractions: extrapolations

CERN 10/6/22 - Precision for future e+e– P.Azzurri - WW threshold and W BRs 18

q/ l universality 
test  10-4 level 

Scaling major syst uncertainties with 
luminosity  (as data stat)

FCCee:  12/ab@162 + 5/ab@240 ~ 120M WW decays 

Δ𝑅*ℓ = 9 Δ𝐵g~108U
stringent test of CKM 

unitarity in the first two rows

alternatively 
è ΔαS (mW) ≈(9 π/2)ΔBq≈  10-3

Lept universality tests 
at 3-4 10-4 level

arXiv:1908.11299

ILC  : 2/ab @250 GeV, 1/ab with enhanced WW (~40M)  

https://arxiv.org/abs/1908.11299


W decay branching fractions : systematics 

ALEPH Eur.Phys.J.C 38 (2004) 147
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For lept BR will need excellent 
control of lepton id and cross 
contaminations in signal channels  
( τàe,μ and  e,μ channels)

Less stringent requirements 
for syst uncertainty control 

for hadr BR 



Hadronic W  decays flavor tagging
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Hadronic W flavor tagging : cX & cs
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ALEPH  Phys. Le.. B 465 (1999) 349
OPAL  Phys. Le.. B 490 (2000) 71
𝝙Rc

W (stat) FCCee à 2 10-4

Charm (+strange) tagging. Done with LEP2 data. Stat extrapolations  to (FCCee) 120M WW datasets 

DELPHI  Phys. Lett. B 439 (1998) 209
𝝙|Vcs| (stat) FCCee à 3 10-4

challenging syst effects 

http://dx.doi.org/10.1016/S0370-2693(99)01088-6
http://dx.doi.org/10.1016/S0370-2693(00)00971-0
http://dx.doi.org/10.1016/S0370-2693(98)01061-2


Hadronic W flavor tagging : bX,  bc, bu
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Very small B(𝑊 →bX). Not possible with LEP data.

|Vcb| = (41.0 ± 1.4) × 10−3 è BR = 5.6  10−4 (1.7 105 Wàcb @FCCee)
|Vub| = (3.82 ± 0.24) × 10−3 è BR = 4.9  10−6 (1.5 103 Wàub @FCCee)

With 𝜺b=40%  and 𝜺c=10-3 @FCCee:  N(W→cs)≈100k N(W→bX)≈75k
𝝙Rb

W (stat)(FCCee)  à 0.6% (rel)   &  𝝙 |Vcb| (stat) (FCCee) à 0.3% (rel)  



Hadronic W flavor tagging : bX,  bc, bu
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|Vcb| = (41.0 ± 1.4) × 10−3 è BR = 5.6  10−4 (1.7 105 Wàcb @FCCee)
|Vub| = (3.82 ± 0.24) × 10−3 è BR = 4.9  10−6 (1.5 103 Wàub @FCCee)

First tag 𝜺b=40%  and 𝜺c=10-3 𝜺uds=10-5 Second tag  with 𝜺c=60%  and 𝜺b=0.1 𝜺uds=0.2
@FCCee:  N(W→cs,cd)≈20k   N(W→cb)≈50k  è direct  𝝙 |Vcb| (stat) (FCCee) à 0.2%(rel) 

Invertng second tag would lead to obtain 𝝙 |Vub| (stat) (FCCee) à ~3-5%(rel)   
(less interestng : ~1% from LHCb/Belle2/ FCCee Z) 



Hadronic W flavor tagging : bX,  bc, bu
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Projections with 120M WW

𝝙Rb
W (rel) ≃ 0.6% stat

𝝙 |Vub| (rel) ≃ 3-5% stat
𝝙 |Vcb| (rel)  ≃ 0.2% stat

Current situation with |Vcb| and |Vub|



Summary

• WW threshold data can provide both mW and ΓW with unprecedented precision 
• optimal data taking at ECM= 2mw+1.5 GeV (ΓW-insensitive) and ECM =2mw- ΓW (off shell) yileds

with 12/ab stat precision ∆mW =0.5 MeV and ∆ΓW=1.2 MeV, some challenges from syst 
uncertainties (acceptance control at few 10-4 level )

• interest of additional ECM points for syst control and investigate other lineshape properties
• threshold data can be used for other measurements as direct N𝜈 from radiative Z, single V 

(We𝜈, Zee), … 

• Large W-pair data at threshold and above will provide precise W decay BRs
• Lepton universality and lepton/quark universality  tests at the 10-4 level,  similar precision on 

CKM matrix unitarity in first two rows, also 𝜟𝛼S(mW) at 10-3.
• Flavor tagging of hadronic W decays will offer a great opportunity for precise direct CKM 

measurements  e.g. |Vcb| with b- and c-tagging at few 10-3 rel precision level (can be tried 
also with LHC data) 

CERN 10/6/22 - Precision for future e+e– P.Azzurri - WW threshold and W BRs 25


