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• Lessons from LEP (and beyond)

▪ This is entirely my opinion/fault


• Final steps towards the Final Report of the Feasibility Study

▪ On behalf of Guy Wilkinson and Jacqueline Keintzel

▪ They should correct me if I mis-represent anything

Outline

2

A talk in 2 parts…
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• Have done no work in the EPOL group

• First FCC meeting I have attended

Who is this guy?
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• Have done no work in the EPOL group

• First FCC meeting I have attended


• 2008-now - ATLAS Luminosity

• 1997-2007ish - e+e- Beam Energy Calibration


▪ Initially at LEP2, including LEP Spectrometer, W mass

▪ Later LC (NLC/ILC) studies, along with other MDI issues

▪ ILC extraction-line spectrometer design


• 1992-1997 - Beam Polarization

▪ SLC/SLD Compton polarimeter, ALR

Who is this guy?
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Basic principle understood, many details missing

• Upstream/downstream polarimeter or both?
• Depolarization effects
• Spin transport with 2 IPs
• Benefit of  and helicity reversal time
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Beam Polarimetry

Eric Torrence 9/23 February 2002

1 micron stability required for a few hours only!

➾ Must be stable as machine energy doubles...
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• The last time I really thought about these issues was in a 
linear-collider context, almost 20 years ago


• I am still getting up to speed on the FCC design  
and EPOL plans, but the work done is impressive


• There are still some common themes

Everything old is new again
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Beam Parameter Measurements

 

New Physics at TeV Scales
and Precision EW Studies

Eric Torrence
University of Oregon

Apologies if this talk is obvious to everyone…
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• Cornerstone of precision EW measurements

▪ Z, W, top, Higgs mass

▪ Also necessary for Z-pole Af extraction


• Lineshape/resonance scans

▪ Z mass, WW threshold, tt threshold

▪ Systematically very clean

▪ Lots of pressure to move to more  

“interesting” energies (LEP2 never 
did a WW threshold scan)


• Direct reconstruction

▪ Constrained kinematic fits

▪ WW pairs at LEP2

▪ ZH → llbb at FCC? 

Why Beam Energy?
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LEP II Energy Needs
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• Stunning precision targets

▪ I was initially (circa 2012) very skeptical

▪ 2019 CDR note convinced me this wasn’t completely crazy  

(impressive piece of work)

• d√s / √s ~ 1 x 10-6 at Z pole (or better) absolute 


▪ x10 better needed (relative) point-to-point

• ~ 2 x 10-6 at WW threshold (RDP should be OK)

• ~ 1 x 10-4 at higher energies (no RDP) Higgs, top

FCC Requirements/Goals
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√s (GeV) Stat Error Syst Error d√s/√s 
Goal x10-6

Z 91 4 keV 100 keV 1

W 160 500 keV 300 keV 2

top 350 17 MeV 100

From CDR EPOL note: https://arxiv.org/pdf/1909.12245

https://arxiv.org/pdf/1909.12245
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• Absolute calibration with ultimate accuracy

▪ Resonant depolarization provides this

▪ Need to do this relatively frequently - systematics

▪ RDP on pilot bunches is a great idea, but somewhat  

expensive in time (lumi)

‣ Will always be under pressure to reduce time spent on this

‣ Injecting polarized beams could be a big plus


▪ Measures <Ebeam> - must be transferred to √s at each IP

• Fast relative measurements


▪ Important for operational stability, tuning, monitoring

▪ Key for finding/correcting systematic effects


• Offline, detector-based in-situ measurements and “cross-checks”

▪ Ultimate test of IP corrections

▪ Important to limit systematics 

▪ Required at high energy where RDP doesn’t work

▪ Implies detector performance requirements

Critical Ingredients
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• Discuss beam energy (RDP), really need dL / d √s

▪ Mean <√s> and width (shape) including tails

▪ Producing physics at each IP

▪ Beware of unexpected correlations with luminosity!


• What happens at the IP is not the same as what you can 
measure with RDP (<Ebeam>) - energy calibration transfer

▪ Many sources understood, but can still be surprised

▪ Generally must measure this difference, hard to model

▪ Smaller effects at FCC than ILC, but 10-6 is also small…

Big Caveat
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Fundamental Goal

Spin-dependent absolute collision energy spectrum

Typical Components

• Beam Energy 
• Beam Energy Width 
• Beam Polarization 
• Absolute Luminosity 
• Differential Luminosity Spectrum 
All are intrinsically related in fundamental goal
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Beam Instrumentation Introduction

ILC √s spectrum FCCee @ Z

Figure 46. Left: Distribution of the energy that the beam particles lose in the interaction region
at Z peak, as obtained from the Guinea-Pig simulation program [83]. Right: Equilibrium energy
distribution in a bunch, obtained from the Lifetrac code. The black curve is a Gaussian with
�� = 3.4��0

The beamstrahlung experienced by a given particle also depends on the particle co-
ordinates. This dependence generates correlations between energy loss, energy spread and
coordinates. For example, Fig. 47 shows that the largest losses are experienced by particles
with a vertical coordinate y such that |y| /�y > 2 (left panel), and that the energy spread
�� depends on y accordingly (right panel). The dependence on the horizontal transverse
coordinate is softer. The dependence on the longitudinal coordinate is stronger, and comes
together with another source of energy change, that will be described in Section 7.5.2.

Figure 47. Energy loss per collision (left) and energy spread (right) at Z peak versus the vertical
coordinate.

The average energy loss per crossing due to beamstrahlung, calculated as the difference
between the average beam energies before and after the crossing with the oncoming bunch
(�E ⇡ �310 keV at the Z pole, and ⇡ �1.42MeV at the WW threshold) causes the
equilibrium RF phase to change: the bunches are displaced in the longitudinal direction by
approximately 1 mm at the Z pole and 0.6 mm at the WW threshold, providing an increase
in the energy transmitted to the beam in the RF cavities, to compensate the energy loss �E.
If �E1 denotes the energy shift of colliding bunches with respect to pilot bunches just before

– 75 –
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• Compton polarimeter can provide relative “spectrometer-style” 
Ebeam measurement

▪ Not as easy as you might think

▪ Works much better at lower Ebeam


• Max rate asymmetry at e kinematic endpoint

▪ good for longitudinal polarimetry


• Energy of kinematic endpoint E’ least sensitive to Ebeam


▪ Arguably works at 45 GeV (dE’/dEbeam ~ 13%)

▪ Worse sensitivity at 80 GeV (~6%) 

▪ Endpoint energy E’ invariant in large Ebeam limit


• Better to measure angle from scattered photons to something 
closer to the outgoing electron beam

▪ Fitting asymmetry spectrum may work - only longitudinal P

▪ Planar detector geometry a plus for alignment/precision


• Measures Ebeam at a fixed point in the ring!

Compton polarimeter/spectrometer
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Eric Torrence 7/11 January 2002

(Assume K=2.33 eV throughout)

• Poor analyzing power
• Difficult to measure absolute position
• Must take out beam motion

 [GeV]  [GeV]

50 0.359 18.0
100 0.219 21.9
200 0.123 24.6
400 0.066 26.2

e-
γ

Dipole

Kinematic
Endpoint

Neutral Beamline

dEmin
′

dE
--------------- y2=

E y Emin
′

Endpoint Position

From 2001 NLC talk…
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Polarimeter layout
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2

SPACE FOR ADDITIONAL LOGOS

Robert Kieffer13 june / FCC week

The FCC Compton polarimeter
• Centre of mass energy calibration is obtained from 

the resonant depolarization scans (RDP) on pilots.
• Direct energy measurement by pattern position
• Precise longitudinal polarization measurement on 

physics bunches (expected to be zero at 10-5).
• Free spin precession (looks challenging).

Implementation needs
• Dedicated powerful laser and adapted hutch 
• Laser Compton interaction chamber LIP 
• Spectrometer magnet stuffed with Hall sensors 
• Compton electron/photon extraction line chamber
• Particle sensors (silicon pixels detectors)
• Polarizing wigglers to speedup polarization buildup.
• RF kickers to apply resonant depolarization.

From N.Muchnoi

239 mm
389 mm

350 x 2 mm28 x 10 mm2

Profiles At 96 m from Laser IP

A 10 µm measurement of the endpoint gives a 5 MeV 
(10-4) relative Ebeam measurement at Z pole,  

worse at higher energies

“easier” (24 µm)

harder (10 µm)
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• Expect ~40 MeV energy loss per turn at Z pole

▪ 370 MeV at WW, grows quickly from there, 10 GeV at ttbar


• Additionally may have evolution between RDP 
measurements

▪ Try to minimize this as much as possible, continuous RDP


• Need to understand this 40 MeV to ~0.1% or better  
(not impossible, x10 harder at WW threshold?)


• Many known (and possibly unknown) effects 

▪ Synchrotron/impedance losses

▪ Beam-beam effects

▪ Dispersion at IP - collision alignment (100 keV/nm at D=1um)

▪ What about continuous injection? - slightly different Ebeam 

▪ Don’t forget LEP train saga - unknown unknowns!

From RDP to IP
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I believe it is imperative to have an independent IP-based measurement! 
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• Can use e+e- → ff acolinearity to measure boost at IP

▪ High statistics at Z-pole

▪ Useful to constrain Δ√s from RDP mean, validate E model

▪ In particular sensitive to √s width 
▪ Primary tool for understanding beamstrahlung at ILC 

• Requires good absolute angular difference measurements

▪ Detector requirement


• Above Z-pole statistics drop

▪ Can augment with Bhabha scattering, but not too-far forward

▪ Silicon detector plane from 200-400 mRad ideal (~200 R)

Di-fermions
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Bhabha acolinearity

• Best input for lumi spectrum shape
• Strong requirements on performance of

forward tracking and calorimetry?   mRad
• Reasonably well studied analysis 

 “Radiative Returns”

• Potentially best measure of 
correct for any collision bias 

• Only possibility for WW threshold? 
• Actually used at LEPII

serious detector systematics
Need precise tracking to ~100 mRad

% per event (  limit)

Absolute angle known to 10

 

-4

 

Not a CDR issue for machine,
but directly impacts detector concepts
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Physics Reference Channels

FCC WEEK
08 JUNE 2023

JACQUELINE KEINTZEL
EPOL: THE ROADMAP TOTHE FINAL REPORT 22

Experiments
• G. Wilkinson: Di-muon events - “The gift that keeps on giving”

• Reliable and frequent logging of parameters essential

• Possibility to measure Z-bosons from higher Ecm events

Boost reconstruction from di-muon events

106 dimuon events at Z-pole: e+e- –> μ+μ- (γ)
(γ)… Initial-State-Photon (ISR)

One million di-muon events per 8h shift
~ 5 keV statistical precession achievable

arXiv:1909.12245
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• Above Z-pole can transfer calibration from Z mass (s’/s)

▪ Purely angular measurement

▪ Demonstrated at LEP2 (stat limited)

▪ I would ensure detector can make 

this measurement to 100 keV at WW 
threshold (cross-check of extrapolation)


• May be best hope at higher energies (ttbar)

▪ Opening angle becomes small

▪ 500 mRad max at √s = 350 GeV

▪ Silicon detector from 200-400 mRad 

would maintain acceptance

▪ Ideally measure δθ ~ 0.1 degree (ΓZ)

▪ CDR discusses WW, ZZ, also useful,  

but in my opinion qqqq is a non-starter…

Radiative Returns
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• LEP2 used 3 separate methods to extrapolate RDP


• Keep thinking of ideas (here is one):

ttbar Threshold Extrapolation
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Methods of relative energy calibration at LEP2

4

Qs
2 ~ (1/Eb) √ (e2VRF

2 – U0
2)

U0 = energy loss / turn –
also depends on Eb

Flux loop samples (almost 
all) of dipole field, unlike 
selective NMR probes.

Measure change in bending 
angle from low to high energy
in custom dipole of known ∫B.dl

Flux loop                       Synchrotron tune vs VRF In-line spectrometer

Three methods used to calibrate energy scale in going from low to high energy.

Gave compatible results, with precision of 10 MeV at Eb=100 GeV [EPJC 39 (2005) 253].

None of these approaches (yet) proposed for FCC-ee, but story functions as a
reminder how much attention needs to be invested in such a task.

Eric Torrence 19/23 February 2002

 or 

• Use angles only (need IP position)
• Use energy and angles (independent of IP position)

LEP II Study [LEP II Yellow Report]

 meters
 mRad angular acceptance

% resolution

 in 30 minutes (~600 Hz)
 (dominated by Fermi motion)

➾ Complete study for LC needed...

L

Hydrogen Gas Jet (GJT)
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LEP beam 
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LEP2 yellow report

2 MeV (syst) in 30 minutes

Could this work?

Møller scattering


Agreement lead us to believe dEb/Eb = 10 MeV uncertainty
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Part 2: Final steps towards  
Final Report of Feasibility Study
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• Draft of final Feasibility Report 
ready by end of 2024 for review

▪ 3 volumes, EPOL will enter in 

accelerator and detector/physics 
volumes


• EPOL requirements document 
needed on similar timescale 
(update of midterm review note)


• To be able to converge, can 
incorporate new work up until 
~September 2024

▪ Leaves time for small updates and 

clarifications to studies before  
end of year

Report Timeline
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13/6/24
FCC EPOL - introduction and overview                                 

Guy Wilkinson 5

EPOL ‘requirements’ document: (still evolving) 
report prepared to accompany Midterm Review

Builds on work presented in [arXiv:1909.12245], which was prepared for the CDR.
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Questions raised by the Scientific Advisory Committee:


• Provide more details about the polarimeter design and 
performance

▪ This work is underway, effort growing, status shown today, 

appears to be in good shape - talk from R. Kieffer

▪ Tunnel length to laser a bit of a civil engineering issue


• Establish feasibility and performance of 
monochromatization (for Higgs Yukawa measurement)

▪ Studies have been done -  talk from A. Faus-Golfe Tues.

▪ Will be written up as a NIM article in early Summer 


• Improve understanding of in-situ physics measurements in 
the detectors

▪ Need to continue working on this

Midterm Review
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• Challenging precision targets on collision energy both at Z 
pole and above

▪ Really the foundation of the FCCee physics program


• Impressive work done for CDR and Feasibility Study

▪ I am much less skeptical than I was 10 years ago


• Need to continue to understand how in-situ measurements 
can help measure collision energy and constrain 
systematics, particularly above RDP energies

▪ May include additional detector requirements, particularly 

forward tracking angular resolution

• Strongly believe ability to inject polarized beams should be 

studied as an option 

▪ Would provide more operational flexibility, potentially 

significant luminosity increase

Final Thoughts from me
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