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Abstract
We discuss the choice of target values for the peak and

integrated luminosity of a future high-energy frontier cir-
cular hadron collider (FCC-hh). We review the arguments
on the physics reach of a hadron collider. Next we show
that accelerator constraints will limit the beam current and
the turnaround time. Taking these limits into account, we
derive an expression for the ultimate integrated luminosity
per year, depending on a possible pile-up limit imposed by
the physics experiments. We finally benchmark our result
against the planned two phases of FCC-hh [1, 2, 3]

INTRODUCTION
The proposed peak luminosity targets for future hadron

colliders vary from values lower than 1033 cm−2s−1 [4] to
others in excess of 1036 cm−2s−1 [5].

However, much more important than the peak luminos-
ity of a collider is the useful luminosity accumulated over
time, i.e. its integrated luminosity delivered to one or sev-
eral particle-physics detectors over several years.

In this paper we discuss the necessary and achievable
values of integrated luminosity for future higher energy
hadron colliders, such as the FCC-hh, looking at both
physics arguments and technical constraints.

PHYSICS REQUIREMENTS
For e+e− colliders the relevant cross sections decrease

with the inverse energy squared, ∝ 1/E2
c.m., which re-

quires the luminosity to increase with the square of the en-
ergy. In the case of hadron colliders the situation is more
complex, since hadrons are not fundamental particles, but
consist of partons (quarks and gluons). At hadron collid-
ers, to produce a new particle at a given energy, it is gen-
erally much more efficient to increase the hadron beam en-
ergy than to raise the hadron-collider luminosity, since the
constituent (parton) luminosities at the energy of interest
rapidly increase with higher beam energy. To elucidate the
impact of integrated luminosity on the energy reach of the
FCC-hh [1, 2], Fig. 1 compares the reach of a 100-TeV pp
collider, FCC-hh, at three different integrated luminosities
(3, 25 and 100 ab−1) with the one of the HL-LHC (3 ab−1

at 14 TeV). The lines represent the rough average for var-
ious types of parton interactions (e.g. valence quark, sea
quark, and gluon scattering).
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Figure 1: Relative energy reach of a 100-TeV pp collider,
FCC-hh, with an integrated luminosity of 3 ab−1, 25 ab−1,
or 100 ab−1 compared with the one of the 14-TeV HL-
LHC at 3 ab−1. Shown is the parton-parton system mass
for an equal number of events, assuming that acceptance
and efficiency remain the same. Parton luminosities and
associated energy reach were computed using the tool of
Ref. [6].

For example, the total number of events at 2 TeV with the
HL-LHC would be equal to the one found at an energy of
about 6 TeV with the FCC-hh at 3 ab−1, about 10 TeV at 25
ab−1, and 12 TeV at 100 ab−1, i.e. an additional increase
300% in integrated luminosity raises the energy reach by
merely 20%.

A much more comprehensive study considering a num-
ber of specific physics scenarios [7] confirms that a total in-
tegrated value of 20–25 ab−1 for each of two experiments
is a reasonable luminosity goal for a future 100-TeV hadron
collider.

CROSS SECTIONS
The energy-dependent total and inelastic cross sections,

σtot and σinel, can be estimated from the scaling laws [8,
9, 10, 11],

σtot [mbarn] ≈ 42.1s−0.467 − 32.19s−0.540

+35.83 + 0.315 ln2
( s

34.0

)
, (1)

and [12, 13]

σinel [mbarn] ≈ σtot−11.7+1.59 lns−0.134 ln2 s , (2)

where s designates the square of the centre-of-mass energy
in units of GeV2. At 14 TeV c.m. the total and inelastic
cross sections are then expected to be 112 mbarn and 83
mbarn, respectively [9]. At 100 TeV they will increase to
156 mbarn and 110 mbarn.



BEAM INTENSITY
The total beam intensity is limited by the synchrotron

radiation in the arcs, and the associated demand for refrig-
erator power, to a beam current of 0.5 A or about

Nb,0 = 1015 (3)

protons per beam [3, 14]. This value corresponds to a to-
tal synchrotron radiation power of 5 MW emitted inside
the cold arcs, which will be intercepted with a beam screen
held at a temperature of either 40–50 K or 80–100 K (de-
pending on the mass of the cold bore).

TURNAROUND TIME
The turnaround time tta, is the average time interval be-

tween the end of one physics fill and the restart of the de-
tector data taking on the next fill.

A portion of this turnaround time is needed for injection
into the two collider rings. Other portions of the turnaround
correspond to the ramp-up and ramp-down times of the col-
lider, the time required for a possible magnet pre-cycle, for
β∗ squeeze, and for collimator set up, etc.

The injection period must accommodate the cycles of a
(smaller) “high-energy booster” as well as any additional
time intervals spent in the pre-injector complex. The ideal
minimum filling time is estimated at 0.5–1.0 h [15].

Considering the LHC, with increased ramp speed [16],
as the high-energy booster (i.e. the injector for the collider),
the average turnaround time, tta, of the FCC-hh collider is
expected to be 5 hours in Phase I, and only 4 hours in a
later Phase II [3].

PROTON BURN-OFF
The proton burn off in collision is described the equation

dNb(t)

dt
= −nIPLσtot , (4)

where σtot denotes the total cross section, nIP the num-
ber of collision points, L the instantenous luminosity, and
Nb(t) the total number of protons per beam at time t.

EVENT PILE UP
An important constraint on the peak luminosity is the

maximum event pole up.
This event pile up in the particle physics detectors, μ, is

approximately equal to the number of inelastic scattering
events per bunch collision. It can, therefore, be calculated
from the formula

μ ≡ σinel
L

nbfrev
= σinel

N2
b

4πβ∗ε
, (5)

where σinel refers to the (inelastic) cross section for any
event “seen” by the particle-physics experiment.

The existing LHC high-luminosity detectors were de-
signed for a nominal event pile up of about 20–25 events
per bunch crossing. During LHC run 1 they have demon-
strated that twice this value can be dealt with (at twice the
nominal bunch spacing, i.e. 50 ns instead of 25 ns).

For the HL-LHC runs, the ATLAS and CMS detectors
will be upgraded to emable them to accept a constant pile
up around 140 (with luminosity leveling) or pile-up peaks
of up tp 200 in case the luminosity decays during a fill.

We may expect a further advance in detector technology
for the FCC-hh, either permitting shorter bunch spacings
with the same limit on the pile up or a higher maximum
pile up. Over the next two decades an increase by a factor
5 to about 1000 events per crossing appears conceivable.

The maximum acceptable pile up μmax implies a mini-
mum fill duration of

tfill,min =
Nb,0σinelTrev

nIPσtotnbμmax
, (6)

which for μmax = 1000 or 500 amounts to 3 or 6 hours,
respectively.

AVERAGE LUMINOSITY
Integrating Eq. (4) the luminosity accumulated during a

single fill is

∫ t=tfill

t=0

L dt =
ΔNb

nIPσtot
≤ Nb,0

nIPσtot
, (7)

where Nb,0 signifies the total number of protons per beam
at the start of the collisions, and ΔNb =

∫ tfill
t=0

(dNb/dt)dt
the number of protons consumed during a physics fills.

The time-averaged luminosity can then be expressed as

< L >=

∫
tfill

Ldt

tfill + tta
≤ Nb,0

nIPσtot(tfill + tta)
. (8)

Equation (8) sets an upper limit on the average luminosity
per fill, which is valid independently of the specific lumi-
nosity evolution during a fill (e.g. emittance shrinkage due
to radiation damping, emittance control by noise exctita-
tion, beam-beam tune shift limits, pile-up limits, etc. [3]).

The highest average luminosity could be obtained with
a nearly instant burn-off, tfill → 0. However, the com-
plete burnoff in a single collision, or a few, would en-
tail an extremely high event multiplicity, as well as un-
bearable beam-beam tune shifts, and likelihood of beam-
loss induced aborts. For optimum overall efficiency it ap-
pears reasonable to consider a fill length comparable to the
turnaround time tfill ≈ tta. In this case

< L >≈ Nb,0

2nIPσtottta
. (9)

With an optimistic average turnaround time tta = 4 h,
nIP = 2, the time-average luminosity of the FCC can now
be estimated at < L >≈ 1035 cm−2s−1.



INTEGRATED LUMINOSITY
The integrated annual luminosity can simplistically be

estimated by multiplying the total time scheduled for
physics production T , the machine availability A (defined
as the time without hardware failures divided by the total
time scheduled), and the average luminosity over the time
periods without any hardware failure, as

Lint ≡
∫
year

L(t)dt = TtotA < L > . (10)

Considering an availability A of 71%, i.e. the value
achieved at the LHC in the year 2012 [17], and assuming
that Ttot = 160 days are scheduled for physics per year,
we can use (10) to estimate the integrated luminosity for
the FCC-hh as 1 ab−1 per year.

Inserting (6) into (8), we can express the integrated lu-
minosity of (10) as

Lint ≤ TtotA
Nb,0

nIPσtottta +
Nb,0σinelTrev

nbμmax

. (11)

From this equation we can also deduce that for operation
in a pile-up-limit dominated regime the turnaround time
should be smaller than

tta,pu ≤ tfill,min =
Nb,0σinelTrev

nIPσtotnbμmax
. (12)

Figure 2 shows the integrated luminosity per year as a
function of the maximum acceptable pile up, for three dif-
ferent values of turnaround time. A turnaround time of 5
h and a maximum pile up μmax = 180 are assumed for
FCC-hh Phase I. For Phase 2 these are pushed to tta = 4 h
and μmax = 940 , respectively [3]. As one can see the tar-
get parameters, based on a detailed calculation of all beam
parameters during a physics store, are close to the maxi-
mum possible annual luminosity, for design beam current
and turnaround times.

CONCLUSIONS
In this article we have derived, or discussed, some gen-

eral upper bounds on the average and integrated luminosity
of a future 100-TeV hadron collider, FCC-hh.

Annual luminosities of 0.2–2 ab−1 are possible, depend-
ing on the turnaround time and on the maximum acceptable
event pile up.

Accumulating about 20–25 ab−1 over 20–25 years of op-
eration is also a good match to the physics discovery poten-
tial of this machine.
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age turnaround times tta. The design working points for
FCC-hh Phases I and II [3] are also indicated.

[3] M. Benedikt, D. Schulte, F. Zimmermann, “Optimiz-
ing Integrated Luminosity of Future Hadron Colliders”,
Phys. Rev. ST – Accel. Beams 18, 101002 (2015).

[4] M. Harrison, CERN SPC Facilities discussion, 14 Septem-
ber 2015.

[5] B. Richter, “High Energy Colliding Beams; What Is Their
Future?,” SLAC-PUB-16069, arXiv:1409.1196 [hep-ex];
published in Review of Accel. Science & Technology,
Vol. 7, Editors Alexander W. Chao and Weiren Chou, World
Scientific Pub., Singapore (2014).

[6] G. Salam and A. Weiler,
http://collider-reach.web.cern.ch/

[7] N. Arkani-Hamed, T. Han, M. Mangano, L.-T. Wang,
“Physics Opportunities of a 100 TeV Proton-Proton Col-
lider,” arXiv:1511.06495

[8] O. Dominguez, “Electron Cloud Studies for the LHC
and Future Proton Colliders,” PhD thesis EPFL Lau-
sanne (2013); published as EuCARD Monograph No. 23,
EuCARD-BOO-2014-004 (2014).

[9] J.R. Cudell et al. [COMPETE Collaboration], “Bench-
marks for the forward observables at RHIC, the Teva-
tron Run II and the LHC,” Phys. Rev. Lett. 89 (2002)
201801; also J.R. Cudell et al., “Hadronic Scattering Am-
plitudes: Medium-Energy Constraints on Asymptotic Be-
havior,” Phys. Rev. D 65, 074024 (2002).

[10] G. Latino [on behalf of TOTEM Collaboration], “Summary
of Physics Results from the TOTEM Experiment,” Proc. of
the Hadron Collider Physics Symposium 2012 (HCP 2012),
Kyoto, Japan (2013) 02005.

[11] M.J. Menon and P.V.R.G. Silva, “An Updated Analysis on
the Rise of the Hadronic Total Cross-Section at the LHC
Energy Region,” Int. J. Mod. Phys. A 28, 1350099 (2013).

[12] G. Antchev et al. (The TOTEM Collaboration),
“Luminosity-Independent Measurements of Total, Elas-



tic and Inelastic Cross-Sections at S**(1/2) = 7 TeV,”
Europhys. Lett. 101 (2013) 21004.

[13] G. Antchev et al. (The TOTEM Collaboration),
“Luminosity-Independent Measurement of the Proton-
Proton Total Cross Section at

√
s = 8 TeV,”

Phys. Rev. Lett. 111, 012001 (2013).

[14] M. Benedikt et al., “FCC-hh Hadron Collider — Parameter
Scenarios and Staging Options”, Proc. IPAC’15 Richmond
(2015) 2173.

[15] B. Goddard et al., “Injector Options”, Review of the
FCC-hh Injection Energy, CERN, 16 October 2015,
http://indico.cern.ch/event/449449.

[16] A. Milanese, B. Goddard, M. Solfaroli Camillocci, “Faster
ramp of LHC for use as an FCC High Energy hadron
Booster”, CERN-ACC-2015-133 (2015).

[17] M. Lamont, “How to Reach the Required Availaibility in
the HL-LHC Era?,” in Proc. RLIUP: Review of LHC and
Injector Upgrade Plans, Centre de Convention, Archamps,
France, 29-31 October 2013, edited by B. Goddard and F.
Zimmermann, CERN2014006 (CERN, Geneva, 2014).


