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Motivation for precision measurements of the machine luminosity

σ = N

L

Several key measurements at an e+e− machine depend on L, 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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A recent example: Nν from Γinv
Z at LEP Z peak measurements

• assuming lepton universality

Nν

(Γνν̄
Γll

)
SM

=
√

12πR0
l

σ0
hadm

2
Z

−R0
l − (3 + δτ )

Nν = 2.9840± 0.0082

δNν ' 10.5δnhad

nhad
⊕ 3.0δnlept

nlept
⊕ 7.5δLL

δL
L = 0.061% =⇒ δNν = 0.0046

ADLO, SLD and LEPEWWG, Phys. Rept. 427 (2006) 257, hep-ex/0509008

2σ away from SM: hint for BSM? Right handed neutrinos?
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Beam-beam effects studied in detail recently
G. Voutsinas, E. Perez, M. Dam, P. Janot, arXiv:1908.01704

• systematics bias on the acceptance due to e.m. beam-beam interactions =⇒
underestimate of luminosity by ∼ 0.1%

185mrad for DELPHI) from the beam axis. The Bhabha events were se-
lected with a "narrow" acceptance on one side and a "wide" acceptance on
the other, defined as shown in Table 1.

Table 1: Wide and narrow acceptance for the second-generation LumiCals of the four LEP
experiments between 1993 and 1995 (1994–95 for DELPHI).

Experiment ALEPH [4] DELPHI [5] L3 [6] OPAL [7]
Wide (mrad) 26.2–55.5 37.0–127.0 27.0–65.0 27.2–55.7
Narrow (mrad) 30.4–49.5 44.9–113.6 32.0–54.0 31.3–51.6

When the charge density of the beam bunches is large, beam-induced
effects modify the effective acceptance of the LumiCal in a nontrivial way.
The final state e+ (e−) in a Bhabha interaction, emitted at a small angle off
the e+ (e−) beam, feels an attractive force from the incoming e− (e+) bunch,
and is consequently focused towards the beam axis.2 This effect, illustrated
in Fig. 1, leads to an effective reduction of the acceptance of the LumiCal,
as particles that would otherwise hit the detector close to its inner edge are
focused to lower polar angles and may therefore miss the detector.

Figure 1: Illustration of the effect of the focusing Lorentz force experienced by the charged
leptons emerging from a Bhabha interaction. The dashed lines show the original direction
of the leptons, while the full lines show their direction after the electromagnetic deflection
induced by the opposite charge bunch.

2The “repelling” effect of the particle’s own bunch is negligible because, in the laboratory
frame, the electric and magnetic components of the Lorentz force have the same magnitude
but opposite directions. In contrast, the electric and magnetic forces induced by the
opposite charge beam point in the same direction and thus add up.

3

• together with an update on Bhabha cross sections (see later) =⇒ Luminosity
P. Janot, S. Jadach, arXiv:1912.02067

Nν=2.9963± 0.0074

Luminosity is a key quantity for a precision e+e− collider
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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, . . . (see following talks)

• theory
• differential cross sections calculable with high theoretical precision
• fully exclusive Monte Carlo generators required
• negligible room for possible NP contributions
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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(10−4) at √s ∼ 2MW to get ∆MW ' 1 MeV

• 10−5 or better for point-to-point luminosity control

F. Piccinini (INFN, Pavia) FCC Physics Workshop, LAPP, Annecy, 2024 6 / 19



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(10−4) at √s ∼ 2MW to get ∆MW ' 1 MeV

• 10−5 or better for point-to-point luminosity control

F. Piccinini (INFN, Pavia) FCC Physics Workshop, LAPP, Annecy, 2024 6 / 19



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(10−4) at √s ∼ 2MW to get ∆MW ' 1 MeV

• 10−5 or better for point-to-point luminosity control

F. Piccinini (INFN, Pavia) FCC Physics Workshop, LAPP, Annecy, 2024 6 / 19



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

• where it is QED dominated
√
|t| ∼ O(1− 2 GeV) at

√
s ∼MZ

• Large statistics =⇒ ideal process for the point-to-point lumi control

• Systematics (theory)

• QED corrections

• hadronic contribution to photon vacuum polarization

• Systematics (exp) (see following talks)
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Vacuum Polarization

q → 
µ ν

k

k-q

• α→ α(q2) ≡ α
1−∆α(q2) ∆α(q2) = ∆αe,µ,τ,top(q2) + ∆α(5)

had(q
2)

• ∆α(5)
had is an intrinsically non-perturbative contribution. It can be calculated from

e+e− → hadrons data using dispersion relations

∆α(5)
had(q2) = −

q2α

3π

[
P

∫ E2
cut

4m2
π

Rdatahad (s)
s(s− q2)

ds+ P

∫ ∞
E2
cut

RpQCD
had

(s)
s(s− q2)

ds

]

• it is affected by an uncertainty, due to low energy data on σhad(s) which is
improving with time
• low energy physics of muon g − 2 is triggering new data and efforts in ∆αhad
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QED corrections, order of magnitudes

• after LEP, several progresses in perturbative (two-loop) (three-loop calculations to
µe scattering ongoing) 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)

Loosely and schematically, the corrections to the LO cross section can be arranged as
(collinear log L ≡ log Q2

m2
e
)

LO α0

NLO αL α
NNLO 1

2α
2L2 1

2α
2L 1

2α
2

h.o. ∑∞
n=3

αn

n! L
n

∑∞
n=3

αn

n! L
n−1 · · ·

Blue: Leading-Log PS, Leading-Log YFS, SF
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• virtual and real pair corrections part of the NNLO calcualtion

5. Light fermion-pair production

The next outstanding theoretical contributions to the uncertainty on the
Bhabha cross section used by the LEP experiments is the effect of additional
fermion-pair production. Additional fermion-pair production arises from the
e+e− → e+e−f f̄ four-fermion process, where f is either a charged lepton, or
a quark, or a neutrino, and which gives rise to final states in configurations
that can be accepted by the luminosity Bhabha selection. To estimate this
effect with precision, both the real production (with a real f f̄ pair in the final
state) and the virtual correction to the e+e− → e+e− process (with a virtual
f f̄ loop off the external e± lines, as displayed in Fig. 4) have to be included.
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Figure 4: (Left) Selection of lowest-order diagrams for the e+e− → e+e−f f̄ four-
fermion process; (Right) Virtual vertex correction to the Bhabha scattering process
with the corresponding one-loop fermion-pair insertion (grey circle).

Such estimates exist in the literature, either in the ALEPH LCAL ac-
ceptance [41] or in the OPAL SiW acceptance [26, 27], with some approxi-
mations. The former considers just the leading correction, with only f = e
in the t-channel approximation, and omits the 175mrad acoplanarity cut of

11

P. Janot, S. Jadach, arXiv:1912.02067
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Past and recent updates

• 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

• recent reanalysis
• “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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Updates and FCC-ee projections

Table 2: Versions of BHLUMI used throughout the LEP1 phase. In 1990, ALEPH [16]
used the BABAMC generator [20] instead of BHLUMI. The corresponding uncertainty on the
Bhabha cross section, as quoted by each experiment, is indicated in brackets.

ALEPH DELPHI L3 OPAL
1990 BABAMC (0.320%)

2.01 (0.300%) 2.01 (0.250%)
2.01 (0.300%)

1991-92 2.01 (0.210%) later scaled
Fall 92 2.01 (0.160%) to 4.04
1993

4.04 (0.061%) 4.02 (0.170%)
4.04 (0.061%) 4.04 (0.054%)1994-95 4.03 (0.061%)

change diagram contribution (improved with respect to BABAMC as well) [21];
and a better estimate [22, 23] of the vacuum polarization in the t-channel
photon propagator, instead of that of Ref. [24] in version 2.01. In addition,
the main QED matrix element of BHLUMI 4.04 includes non-soft O(α2L2

e)
corrections, with Le = ln(|t|/m2

e) due to photons, absent from BHLUMI 2.01,
while BABAMC implements pure O(α) only, without exponentiation. Further
progress has been made since and will continue steadily [25]. For example, for
the last three years in OPAL, the contribution of light fermion-pair produc-
tion in the reaction e+e− → e+e−X (X = ee, µµ, . . . ), giving rise to final states
in configurations which would be accepted by the luminosity Bhabha selec-
tion, was evaluated according to Ref. [26, 27] and corrected for in Ref. [13].
This correction reduced the OPAL luminosity uncertainty from 0.061% to
0.054%. A similar reduction can be contemplated for the other experiments.
The vacuum polarization was recently re-evaluated [30, 31, 32, 33, 34], which

Table 3: Inspired from Refs. [28, 29, 25]: Summary of the theoretical uncertainties for a
typical LEP luminosity detector covering the angular range from 58 to 110mrad (first gen-
eration) or from 30 to 50mrad (second generation). The total uncertainty is the quadratic
sum of the individual components.

LEP Publication in: 1994 2000 2019
LumiCal generation 1st 2nd 1st 2nd 1st 2nd

Photonic O(α2Le) 0.15% 0.15% 0.027% 0.027% 0.027% 0.027%
Photonic O(α3L3

e) 0.09% 0.09% 0.015% 0.015% 0.015% 0.015%
Z exchange 0.11% 0.03% 0.09% 0.015% 0.090% 0.015%
Vacuum polarization 0.10% 0.05% 0.08% 0.040% 0.015% 0.009%
Fermion pairs 0.05% 0.04% 0.05% 0.040% 0.010% 0.010%
Total 0.25% 0.16% 0.13% 0.061% 0.100% 0.037%

4 P. Janot and S. Jadach, Phys. Lett. B803 (2020) 135319

Type of correction / Error 1999 Update 2018
(a) Photonic O(Leα2) 0.027% [5] 0.027%
(b) Photonic O(L3

eα3) 0.015% [6] 0.015%
(c) Vacuum polariz. 0.040% [7, 8] 0.013% [26]
(d) Light pairs 0.030% [10] 0.010% [18, 19]
(e) Z and s-channel γ exchange 0.015% [11, 12] 0.015%
(f) Up-down interference 0.0014% [28] 0.0014%
(f) Technical Precision – (0.027)%
Total 0.061% [13] 0.038%

Table 2: Summary of the total (physical+technical) theoretical uncertainty for a typical calori-
metric LEP luminosity detector within the generic angular range of 18–52 mrad. Total error is
summed in quadrature.

column in Table 3 summarizes this goal component-by-component in the precision forecast for
the FCC-ee luminometry. We will also specify all improvements in the next version BHLUMI
which could bring us to the FCC-ee precision level.

Type of correction / Error Update 2018 FCC-ee forecast
(a) Photonic [O(Leα2)] O(L2

eα3) 0.027% 0.1×10−4

(b) Photonic [O(L3
eα3)] O(L4

eα4) 0.015% 0.6×10−5

(c) Vacuum polariz. 0.014% [26] 0.6×10−4

(d) Light pairs 0.010% [18, 19] 0.5×10−4

(e) Z and s-channel γ exchange 0.090% [11] 0.1×10−4

(f) Up-down interference 0.009% [28] 0.1×10−4

(f) Technical Precision (0.027)% 0.1×10−4

Total 0.097% 1.0×10−4

Table 3: Anticipated total (physical+technical) theoretical uncertainty for a FCC-ee luminosity
calorimetric detector with the angular range being 64–86mrad (narrow), near the Z peak. De-
scription of photonic corrections in square brackets is related to the 2nd column. The total error
is summed in quadrature.

Before coming to the details of the envisaged improvements in QED calculations for the
LABH process, let us recapitulate briefly basic features of the LABH luminometry which have
to be kept in mind in QED perturbative calculations for FCC-ee. First of all, the largest photonic
QED effects due to multiple real and virtual photon emission are strongly cut-off dependent.
Event acceptance of the LABH luminometer is quite complicated, and cannot be dealt with
analytically, hence a Monte Carlo implementation of QED perturbative results is mandatory.
The LABH detector at FCC-ee will be similar to that of LEP, with calorimetric detection of
electrons and photon (not distinguishing them) within the angular range (θmin,θmax) on opposite
sides of the collision point [29]. The detection rings are divided into small cells and the angular
range on both sides is slightly different in order to minimize QED effects. The angular range at
FCC-ee is planned to be 64–86mrads (narrow) [29] while at LEP it was typically 28–50mrads

3

S. Jadach, W. Placzek, M. Skrzypek, B.F.L. Ward and S.A. Yost, Phys Lett B790 (2019) 314
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Interesting alternative: e+e− → γγ

• LO diagrams (pure QED)

• QED NLO diagrams
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NLO virtual weak diagrams (no fermionic blobs)
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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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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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Available dedicated tools/generators

• Bhabha scattering

• BHLUMI 4.04

• BHWIDE

• BabaYaga

• MCGPJ

• Di-photon

• BabaYaga

• BKQED
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Summary

• 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

• Radiation of additional fermion pairs currently not implemented in the dedicated MC
codes

• Detailed quantitative analysis of beamstrahlung on lumi determination necessary

• the path towards 10−4 (or even better) precision in luminosity seems viable
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