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Meetings

? MiniWorkshop: Luminosity (WG1-PREC), 16/12/2022
https://indico.cern.ch/event/1218043/

organised by A. Irles, A. Meyer, A. Freitas, P. Azzurri

? timetable:
• Introduction
• Theory uncertainties for e+e− luminosity measurements (S. Jadach)
• Luminosity measurements at future circular colliders (Mogens Dam)
• Luminosity Spectrum Reconstruction at Linear Colliders (Andre Sailer)
• Discussion on open questions

? ET Group meeting on 11 May 2023 https://indico.cern.ch/event/1285690/
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Importance of precision measurements of luminosity

Luminosity is a key quantity for several absolute cross section measurements
at an e+e− machine, e.g.

• σ0
Z , the Z peak cross section

• light neutrino species from radiative return (e+e− → νν̄γ)

• ΓZ from the line-shape of e+e− → ff̄

• MW and ΓW from line-shape of e+e− →W+W− close to threshold

• total cross section for e+e− → HZ → HZZ coupling and total ΓH
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Reference processes for luminosity

• Instead of getting the luminosity from machine parameters, it’s more effective to
exploit the relation

σ = N

L
→ L = Nref

σtheory

δL

L
= δNref

Nref
⊕ δσtheory

σtheory

• Reference processes required to have

• large rates (so as not to be statistics limited)

• low backgrounds

• good control of systematics
• particle ID, acceptance, . . .
• theory: differential cross sections calculable with high theoretical precision, fully exclusive

Monte Carlo generators required
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Luminosity precision level

• In the past (LEP)

? Small-angle Bhabha scattering at LEP: ∼0.05%

• In the past/at present (flavour factories)

? Large-angle QED processes as e+e− → e+e− (Bhabha), e+e− → γγ,
e+e− → µ+µ−, to achieve a typical precision at the level of 1÷ 0.1%

• Realistic uncertainty target for future e+e− colliders?

• at Z pole 10−4 or better for the overall luminosity calibration

• O(10−3) at √s ≥ 240 GeV

• 10−5 for point-to-point luminosity control (relative uncertainty between two close
c.o.m. energies or two beam polarization settings)
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SABS general features

• Bhabha scattering strongly peaked in the forward region dσ/dθ ∼ 1/θ3

=⇒ special lumi detector (LumiCal) covering the region θ < 100 mrad centered
around the outgoing beams

Mogens Dam / NBI Copenhagen 17.12.2022ECFA MiniWorkshop : Luminosity 5

Small Angle Bhabha Scattering
u Standard lumi process is small angle elastic e+e- (Bhabha) scattering

q Dominated by t-channel photon exchange
q Very strongly forward peaked

q Measured with set of two calorimeters; one at each side of the IP
v Crossing beams: Center monitors on outgoing beam lines 

v Minimize dependence on beam parameters and misalignment:
§ Average over two counting rates: SideA + SideB

q Important systematics from acceptance definition: In particular minimum scattering angle

Two counting rates:
- SideA = NarrowA + WideB
- SideB = NarrowB + WideA

M. Damm, talk at ECFA MiniWorkshop: Luminosity, 16/12/2022

• Systematics (theory)
• QED correcions
• hadronic contribution to photon vacuum polarization

• Systematics (exp)
• detector related uncertainties
• beam related uncertainties
• uncertainties originating from physics and machine related interactions

• Large statistics =⇒ ideal process for the point-to-point lumi control
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Luminosity: theoretical systematics on σ normalization

• theoretical error in SABS at LEP1 by the end of operation
Type of correction/error (%) (%) updated (%)

missing photonic O(α2L) 0.100 0.027 0.027
missing photonic O(α3L3) 0.015 0.015 0.015
vacuum polarization 0.040 0.040 0.040
light pairs 0.030 0.030 0.010
Z-exchange 0.015 0.015 0.015
total 0.110 0.061 0.054

I column: S. Jadach, O. Nicrosini et al. Physics at LEP2 YR 96-01, Vol. 2
A. Arbuzov et al., Phys. Lett. B389 (1996) 129

II column: B.F.L. Ward, S. Jadach, M. Melles, S.A. Yost, hep-ph/9811245
III column: G. Montagna et al., Nucl. Phys. B547 (1999) 39

• experimental systematics: 0.034%
G. Abbiendi et al., (OPAL), Eur. Phys. J. C14 (2000) 373

• after LEP, several progresses in perturbative (two-loop) contributions to QED
Bhabha scattering and different matching schemes between fixed order and
multiphoton emission (e.g. YFS and parton shower for exclusive event generation)

• progresses in hadronic contribution to vacuum polarization: new low energy data
and determinations from different groups
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Recent updates on th. predictions on luminosity (2019-2021)

• “The path to 0.01% theoretical luminosity precision for the FCC-ee”
S. Jadach, W. Placzek, M. Skrzypek, B.F.L. Ward and S.A. Yost, Phys Lett B790 (2019) 314

• “Improved Bhabha cross section at LEP and the number of light neutrino species”
P. Janot and S. Jadach, Phys. Lett. B803 (2020) 135319

• “Study of theoretical luminosity precision for electron colliders at higher energies”
S. Jadach, W. Placzek, M. Skrzypek and B.F.L. Ward, Eur. Phys. J. C81 (2021) 1047
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2019 Upgrade of  
LEP lumi 

mainly due to big 
improvements 

in vacuum 
polarization

S. Jadach, talk@Lumi miniworkshop (2022)
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The lumi TH precision forecast for three future 
electron colliders 

S. Jadach, talk@Lumi miniworkshop (2022)
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Experimental challenges

• detector aperture, position and alignment
• important systematics from acceptance definition

δσacc

σacc ∼
2δθmin

θmin
= 2

(
δRmin

Rmin
⊕
δz

z

)
• dicussed for ILC@500 GeV, should be revisited for latest proposed detector design and

ILC operating scenarios
• at FCC-ee, the design of the MDI region requires the lumi monitor to be placed closer

to the IP compared to LEP or ILC, putting higher requirements on the position
precision for the same angular acceptance uncertainty

LEP [28] FCC-ee (Z pole) ILC [31], [32]
(
√
s > 250 GeV)

LumiCal distance from IP [m] 2.5 1.1 2.48
Precision target 3.4× 10−4 10−4 10−3

Tolerance for
inner radius [µm] 4.4 O(1) 4
outer radius [µm] ? ≲ 3 ?
distance between two LumiCals [µm] O(100) < 100 200

– Beam properties and its delivery to the interaction point (IP); beam-energy asymmetry, energy
calibration, IP displacements due to the finite transverse beam sizes and beam synchronization,
beam-spread effects. This is yet to be quantified at linear colliders, while at circular colliders it
has been discussed in [33]. Energy calibration is important because selection of Bhabha events
over background (e.g. from two-photon processes) requires accurate calibration of the LumiCal
energy scale. In addition, the Bhabha scattering rate depends on the beam energy, and thus the
beam energy uncertainty propagates to the lumi uncertainty (a potential limiting factor for linear
colliders, discussed in [34]).

– Machine and physics background; the issue of machine background from the incoherent photon
conversion to e+e− pairs is of importance at linear colliders where Beamstrahlung is a relevant
source of photons influencing the luminometer occupancy, in particular at higher center-of-mass
energies. Two-photon (Landau-Lifshitz) process as a source of physics background should also be
considered. At linear colliders this is discussed in [35].

– Impact of beam-beam interactions on Bhabha count; comprise beamstrahlung modifying the dif-
ferential rate of Bhabha scattering and electromagnetic deflection, the latter being pronounced at
lower center-of-mass energies (Z-pole). The effects have been studied at linear colliders [30, 34]
and at FCC-ee [36]. Focusing of final state particles: O(10−3) correction due to scattered e±

propagating through beam bunches [36]; at Higgs factories this becomes more complicated due
to the finite beam-crossing angle, but at the same time this opens the opportunity to measure the
focusing effect through the acolinearity distribution of Bhabha events.

Theoretical challenges [37]:

– Bhabha is mostly a QED process, i.e. higher order corrections can be reliably calculated. Imple-
mentation of these corrections in MC tools is complicated but not a fundamental obstacle.

– Production of additional fermions has a significant impact on the simulated LumiCal Bhabha rates.
The technology for computing 4-fermion processes at NLO (see e.g. [25]) and 6-fermion processes
at LO exists, but these still need to merged in a coherent MC simulation. Inclusion of these
contribution should reduce the uncertainty from fermion pair prodction below 10−4.

– Hadronic vacuum polarization in t-channel photon exchange (Fig. 1). This contribution need to be
extracted from data for e+e− → had. or lattice QCD. With future data (BELLE II, BES, ...) it is
expected that the uncertainty can be reduced below the 10−4 level [37], but it may be a limiting
factor in the achievable precision.

– NLO electroweak corrections are missing in existing Bhabha MC tools, but they are straightfor-
ward to implement.

– Corrections from linear photon emission and EW higher orders are enhanced at higher energies,
thus increasing the theory uncertainty for the luminosity determination there. However, they stay
safely below the 10−3 level for

√
s up to 1 TeV [38].

Available MC tools:

19
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Experimental challenges
• beam properties and its delivery to the IP

• beam-energy asymmetry
• energy calibration

• selection of Bhabha events over background requires accurate calibration of the LumiCal
energy scale

• Bhabha scattering rate depends on the beam energy =⇒ beam energy uncertainty
propagates to the lumi uncertainty
discussed for CLIC @3 TeV in

S. Lukic, I. Božović-Jelisavčić, M. Pandurović and I. Smiljanić, JINST 8 (2013) P05008
• IP displacements due to finite transverse beam sizes and beam synchronization; beam

spread effects
to be quantified for linear colliders
for circular colliders discussed in

I. Smiljianic et al., JINST 17 (2022) P09014 (E12001 (2022))
• Impact of beam-beam interactions on Bhabha count

• beamstrahlung modifies the differential rate of Bhabha scattering and electromagnetic
deflection, in particular at lower c.o.m. energies (Z−pole)
effect studied at linear colliders

I. Božović Jelisavčić et al., JINST 8 (2013) P08012; S. Lukic and I. Božović-Jelisav, JINST 8 (2013) P05008
and circular colliders in

G. Voutsinas, E. Perez, M. Dam and P. Janot, Phys. Lett. B800 (2020) 135068
• Focusing of final state particles: O(10−3) correction due to scattered e± propagating

through beam bunches
• Machine and physics background

• photon conversion to e+e− pairs important at linear colliders, at high c.o.m. energies
• two-photon process (Landau-Lifshitz) as a source of physics background should also be

considered. discussed for linear colliders in H. Abramowicz, JINST 5 (2010) PI2002
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e+e− → γγ: Pros and cons

3 at LO, purely QED process, at any energy

3 at NLO, weak corrections (loops with Z & W±), but not fermionic loops yet
(in particular, no hadronic loops)

3 hadronic vacuum polarization (and its uncertainty) enters only at NNLO (2-loops,
order α2)

3 dσ/d cos θ ∼ 1/ sin2 θ ) =⇒ lowest angle acceptance less critical than for Bhabha

7 Large Bhabha background, in particular at Z pole

7 At NNLO also Ligh-by-Light contribution present, (with its uncertainty)

7 Statistics lower than Bhabha for respective typical event selections

7 Lack of independent MC codes for cross-checks/validation
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Pure weak correctionsmainly due to soft-photon radiation. This effect is partially compensated by
higher-order corrections, that amount to some percents in the same region.
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Figure 3: Upper plot: relative contribution of the NLO weak corrections to the integrated
cross section according to setup [b], as a function of the c.m. energy. Lower plot: the same
as in the upper plot for the photon angular distribution, at four FCC-ee c.m. energies.

In Fig. 3 we show the contribution of weak corrections to the integrated
cross section as a function of the c.m. energy in the case of setup [b] and to the
photon angular distribution at the four canonical energy points. As expected,
the correction to the integrated cross section is of increasing importance as the
energy increases, varying from a few per mille to one per cent. It amounts
to about 0.5% around the W -pair production threshold, it passes through zero
around the ZH threshold and becomes more and more negative from ZH to the
tt̄ production thresholds. Concerning the angular distribution, the contribution
of weak corrections is practically negligible at the Z resonance, at the per cent
level for the other energy points and more pronounced in the central region for
any energy, where it is of the same order as higher-order QED contributions at
high energies.

Our estimate of the fermion-loop correction to the integrated cross section
is given in Tab. 3, using for definitiveness the setup [b] that includes acceptance
cuts. The numerical results of Tab. 3 are obtained by factorization of the NLO
photonic correction with the vacuum polarization contribution according to the
following formula

σNNLO
∆α ± δσhad '

(
σNLO

QED − σLO
)
× [∆α(s) ± δ∆αhad] (6)

where δ∆αhad is the data-driven uncertainty due to the hadronic contribution
to ∆α, as returned by the hadr5n16.f routine. The factorized approach as in
Eq. (6) gives rise to corrections dominated by O(α2L2) contributions and was
proved in Ref. [39] to be an excellent approximation of the perturbative result

8

C.M. Carloni Calame, M. Chiesa, G. Montagna, O. Nicrosini, FP, Phys. Lett. B798 (2019) 134976

• “small” at FCC-ee energies, larger for higher energies
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Rough estimate of (NNLO) VP hadronic corrections (and uncertainties)
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σNNLO∆αhad±δσ
very naive!

≈
(
σNLOQED − σLO

)
× [∆αhad(s)±δ∆αhad]

√
s (GeV) ∆αhad(s)∗ δσ/σLO [1] δσ/σLO [2]

91 (276.7± 1.2) · 10−4 2.8 · 10−5 3.7 · 10−6

160 (309.1± 1.2) · 10−4 3.0 · 10−5 3.8 · 10−6

240 (333.2± 1.2) · 10−4 3.1 · 10−5 3.9 · 10−6

365 (358.5± 1.2) · 10−4 3.4 · 10−5 4.0 · 10−6

• LbL contribution, with its uncertainty, should be quantified

∗from F. Jegerlehner’s recent hadr5n16.f
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Experimental challenges

• Statistical precision: event selection limits the analysis to the central tracker region,
| cos θ ≤ 0.9| =⇒ precision limited to
• ∼ 5 · 10−5 @Z-pole with 10 ab−1
• ∼ 4 · 10−4 at √s = 250 GeV with 5 ab−1

• Background: overall lumi precision of 10−4 requires the reduction of Bhabha events
by a factor 10−6, i.e. 10−3 per track
• Background from π0 production expected to be small, BR(Z → π0γ) ∼ 10−11

Y. Grossman et al., JHEP 04 (2015) 101

• Acceptance: 10−4 precision requires a precision on the angular acceptance of
50 µrad, looser w.r.t. SABS, but in the central detector region
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Available dedicated tools/generators

• Bhabha scattering

• BHLUMI 4.04

• BHWIDE

• BabaYaga

• MCGPJ

• Di-photon

• BabaYaga

• BKQED
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Summary and (some) open questions

• Further detailed investigating of di-photon production for precision determination of
the integrated luminosity would be important
• Bhabha scattering preferred for the point-to-point luminosity control (leading
systematics tend to cancel in the point-to-point comparison)
Needed further studies on the correlations between lumi measurements at different
c.o.m. energies
• Needed detailed studies of LumiCal detectors for different collider setups and
detector concepts
• Radiation of additional fermion pairs currently not implemented in the dedicated MC
codes
• Detailed quantitative analysis of beamstrahlung on lumi determination necessary
• Other potentially interesting processes for lumi measurements?
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