
Question: Hadron Colliders have now surpassed LEP in 
mW Precision. Can ILC be competitive in the LHC era?
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Current Status of mW and mZ
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M/M = 1.9×10-4

M/M = 2.3×10-5

mW is currently a factor of 8 less precise than mZ

3 fb -1

0.4 fb -1



W Production in e+e-
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e+e-  W+W-

etc ..

e+e-  W e 

arXiv:1302.3415



ILC
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Can polarize both the electron and positron beam.
Electron: 80% …. 90%?    Positron 20, 30 … 60%.

In contrast to circular machines this is not supposed to 
be in exchange for less luminosity ….

s  (GeV) L (fb-1) Physics
91 100 Z
161 160 WW
250 250 Zh
350 350 t tbar
500 1000 tth, Zhh
1000 2000 vvh, VBS

My take on a possible run-
plan factoring in L 
capabilities at each s. Can 
be further upgraded.

See ILC TDR (available in Humphrey) for more details



W Mass Measurement Strategies 
• W+W-
 1. Threshold Scan (  ~ /s )

 Can use all WW decay modes

 2. Kinematic Reconstruction (qq e nu 
and qq mu nu)
 Apply kinematic constraints

• W e  (+ WW) 
 3. Directly measure the hadronic mass 

in W  q q’ decays. 
 Can use WW -> q q tau nu too
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Methods 1 and 2 were used at LEP2. Both require good   
knowledge of the absolute beam energy.

Method 3 is novel (and challenging), very complementary  
systematics to 1 and 2 if the experimental challenges can be met.



ILC Experimentation Features
• No trigger necessary.
• Few 100 ns between crossings.
• “Democratic” signal and background.
• Very high efficiency (0.1% errors)
• Absolute luminosity (0.1% errors)
• Initial state beam parameters under good control.
• Initial state radiation – correctable.
• Events reconstructible particle by particle.
• All W’s potentially useful.
• Essentially no pileup.
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“New” In-Situ Beam Energy Method
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e+e-  ()

Use muon momenta. 
Measure E1 + E2 + |p12| as 
an estimator of s

With J. Sekaric

ILC detector momentum resolution 
(0.15%), gives beam energy to better than 
5 ppm statistical. Momentum scale to 10 
ppm => 0.8 MeV beam energy error 
projected on mW.  (J/psi)

Beam Energy Uncertainty should be controlled 
for Methods 1 and 2 for s <= 500 GeV
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Polarized Threshold Scan
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GENTLE 2.0
with ILC 161 
beamstrahlung.

Each set of curves 
has mW = 80.29, 
80.39, 80.49 GeV.

With |P| = 90% for e-
and  |P| = 60% for e+.

5 sets of curves.

- +

+-

0 0
- -

++

LEP

Use (-+) helicity
combination of e- and e+ 
to enhance WW.

Use (+-) helicity to 
suppress WW and 
measure background.

Use (--) and (++) to 
control polarization (also 
use 150 pb qq events)

Experimentally very robust. Fit for eff, pol, bkg, lumi

6-point 
scan.
78%, 17% 
2.5%, 2.5%
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1. Polarized Threshold Scan 
2. Kinematic Reconstruction
3. Hadronic Mass

Method 1: Statistics limited.

Method 2: With up to 1000 the LEP 
statistics and much better detectors. 
Can target factor of 10 reduction in 
systematics.

Method 3: Depends on di-jet mass 
scale. Plenty Z’s for 3 MeV.

1

(2) (3)



Summary

• Current Tevatron combined uncertainty: 16 MeV
• Final Tevatron and first LHC measurements still to come.
• The ILC program (of order 3000 fb-1) can make efficient 

use of W’s.
• Three complementary methods 
 Each currently targets 2-4 MeV
 Much better precision possible if systematics can be controlled 

better especially for methods 2 and 3.
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Backup Slides
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Can one dream of measuring mW to 1 MeV ?

Generator 
Level

Fast   
Simulation

Single W study at s = 1TeV (e+e-)

use (E)=1.1rms90(E)

=>  Further Ejet resolution 
improvement very desirable

Is this useful for physics?  Example mW.

W → q q

Potentially very useful! (Especially, if the 
really challenging requirements on jet 
energy scale and calibration can be met!)

(jets are not 
so energetic)

(and not get locked up ;-) )



Bubble Chamber 
The vision is to do the best possible physics 
at the linear collider, by reconstructing as far 
as possible every single piece of each event.

Very much in the spirit of bubble chamber 
reconstruction – but with full efficiency for 
photons and neutral hadrons, and in a high 
multiplicity environment at high luminosity.
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Detector Performance
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WW / ZZ

WW scattering to 4 jets



Event-Specific Hadronic Mass Resolution
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B. van Doren (KU)

After 0 fitting

Assumes individual particles are reconstructed, 
resolved and measured with perfect efficiency, 
intrinsic detector resolutions and perfect mass 
assignments.
(Also no confusion: valid for low jet-energy and 
jet multiplicity environment)

Many experimental 
systematics need to be 
included: including effects 
like multiple interactions 
(  hadrons)



• CC20
• 4 non-resonant
• 3 are doubly-

resonant (WW)
• Graphs 5, 8, 15 

particularly 
important.

• Graphs 11-14 have 
non-resonant
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Physics Function
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• Ideally, parametrize the 
physics function (d/dm_had) 
analytically (MW, W as 
parameters).  

• Example: ECM = 500 GeV
• Plot for non doubly-resonant 

helicity configuration (LL) for 
illustration.

• Physics function needs the 
resonance, phase-space, non-
resonant background, interference.

• With this in hand it would be fairly 
trivial to include detector 
resolution in a convolution fit. 

What MW? What W?  
s-dependent width? Phase-
space?  Theoretical input 
welcome ! 
May be a problem which 
naturally needs MC though …



Z Calibration Methods
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Zvv.
Effective cross-section for final states with Z 
 hadrons are around 1.3 pb at 1 TeV.

Also Zee. Cross-sections huge (20 pb) when 
including e -> eZ. Need to check 
acceptance. 

M/M)Z = 2.3×10-5



Jet Energy Scale Particle-by-Particle

• One can also consider 
calibrating absolutely given 
the mZ uncertainty.

• Need
 Tracker p-scale
 EM Cal E-scale
 Calorimeter neutral-hadron 

energy scale

• Can use precisely known 
particle scales: 0, 0, , 

• Also fragmentation errors 
(KL, n)
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BeamStrahlung
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161 GeV 161 GeV

500 GeV 500 GeV

Average energy loss of beams 
is not what matters for physics.

Average energy loss of 
colliding beams is factor of 2 
smaller.

Median energy loss per beam 
from beamstrahlung typically 
ZERO.

Parametrized with CIRCE 
functions.

f (1-x) + (1-f) Beta(a2,a3)

Define t = (1 – x)1/5

t=0.25 => x = 0.999In general beamstrahlung is a less 
important issue than ISR for kinematic fits

71%

43%


