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Abstract

The main performance indicator of a particle collider is
the integrated luminosity. It depends not only on opera-
tional efficiency, but also on a range of beam parameters
to be optimised to enhance performance. It is common to
operate a collider with decaying luminosity, due to beam
burn-off. However, the planned luminosity upgrade of the
LHC (HL-LHC) is based on luminosity levelling: a time
variation of colliding-beam offset, crossing angle, and g*
is used to keep luminosity constant over a certain period of
time. Operational experience with luminosity levelling is
being acquired at the LHC using different levelling strategies.
In this work, we investigate optimisation strategies to max-
imise integrated luminosity without and with 8* levelling.
Monte Carlo simulations of years of physics runs have been
performed with and without optimisation approaches. The
key physical parameters are derived from a detailed analysis
of the data collected at the LHC during the Run 2 and Run 3
periods. These findings provide valuable information for
improving future LHC operational strategies and preparing
for forthcoming collider configurations in the HL-LHC era.

INTRODUCTION

The performance of a particle collider is characterised by
the luminosity, quantifying the rate of particle interactions
delivered to experiments [1]. Instantaneous luminosity L(z)
relates the event rate to the total cross-section oy, of particle
interaction. The luminosity depends on various beam and
optical parameters as given below:
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Here, N is the initial beam intensity, 7. is the number of
collision points, y; is the Lorentz factor, fi.y is the revolution
frequency, 6. is the crossing angle, o* and o, are the trans-
verse and longitudinal RMS bunch dimensions, respectively,
€* is the normalised RMS emittance, and ky, is the number
of bunches [2]. The primary quantity of interest is the inte-
grated luminosity L;y, defined as the time integral of L(z)
over a data collection period. This determines the recorded
physics dataset. Maximising Ly requires balancing the du-
ration of each collision phase with the interval between a

beam dump and the start of the next data collection period.
This time interval, known as the turnaround time, includes
the operational overhead of preparing a new fill, such as the
injection, ramp, and setup phases, as well as the recovery
from faults and other inefficiencies until subsequent beams
are brought into collision [3]. The duration of the fill has
a random component: a fill may end with a programmed
beam dump or a protection dump triggered by the machine
protection system [4]. The probability that a fill survives
up to a given time is described by the survival probability
function S(#) and must be considered in optimisation strate-
gies [3,5]. Failures affect the expected integrated luminosity
delivered over a run and must therefore be accounted for in
any optimisation approach.

Whenever 8* and €* remain constant, the luminosity de-
creases during a collision phase due to beam burn-off and
other beam dynamics effects [2,6]. This is the case for the
CERN Large Hadron Collider (LHC) [7] during Run 2 [8,9].
Luminosity levelling was introduced in the LHC as early as
Run 1 for the ALICE and LHCb experiments, by varying
transverse beam separation [10]. From Run 3, it was also ap-
plied to the ATLAS and CMS high-luminosity experiments,
due to constraints from the cryogenic system and pile-up
level in the detectors. Levelling is then implemented by vary-
ing beam separation, 8%, and, more recently, the crossing
angle to maintain approximately constant luminosity be-
fore natural decay resumes [11-14]. This operational mode
changes how luminosity evolves during a collision phase
and modifies the strategy to optimise integrated luminosity
compared to head-on collisions at constant 8. The High
Luminosity (HL) LHC upgrade [15], scheduled to begin
operation around 2030, anticipates levelling as the baseline
scenario. In this study, we present optimisation approaches
to maximise integrated luminosity in both scenarios, with
and without 8* levelling, including or omitting the survival
probability of the fill.

LUMINOSITY OPTIMISATION

Optimisation Without Levelling

In this work, the optimisation of the integrated luminosity
over a period of time, such as the number of allocated physics
days in a year, requires determining the optimal duration of
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the current fill while accounting for both past fills and the
predicted performance of future ones. The total integrated
luminosity can then be expressed as the sum of the integrated
luminosities of the past i fills, that of the current fill, L., and
an estimate of that of the future fills, Ls:

Lot = Z Lio(tin, ;) + Le(tan, o) + Le(tan, 1) - (2)

Jj=1

In the case of no levelling and no failures, the current and
future integrated luminosities are defined as:
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where Ly is evaluated assuming that future fills are all equal
and L, (¢) represents the most probable value of luminosity.
The numerical coefficient is the estimated number of remain-
ing fills, based on the total time for physics in a year T,
the time already passed Tpasi, and the turnaround time #,,
together with the length of the current fill 74y, ¢, subject to the
expected length of a future fill (the average turnaround time
(ta), and the typical duration of future fills #qy;, r). Here, t41
is equivalent to the decay time #4ec, since in this case we only
consider a pure burn-off decay. Optimisation is performed
with respect to #gy, and #4y1, . The resulting analytical ex-
pressions show that 5y, depends primarily on the average
turnaround time and the intensity of the beam [3].

In the case where fills may terminate prematurely due
to protection dumps (failures), Eq. (3) must be modified to
include the fill survival probability S(z) = e Mt ’k, derived
from the Weibull distribution of the failure rate given as
follows:

F(0) = kpef *= Tt @)
where k represents the ageing process and s is the inverse
of the mean time between failures (MTBF). Both expected
fill time, ., and the expected integrated luminosity, L, are
then weighted by S(#) according to
Il
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the resulting expressions are to be solved numerically [3].
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Optimisation With Levelling

In Run 3, the levelling of luminosity introduces a constant
luminosity plateau at L, maintained for a levelling time ?,,
followed by the regular decay profile given in Eq. (1) for
a time f4ec. Accordingly, ta; = ¢ + t4ec and the per-fill
integrated luminosity becomes:

t€+tdec,c
Lc(tf»tdec,c) = Lftf +/ dtL(t) . (6)

174

Here, L, is the luminosity levelling value, t; is the time
for which levelling is maintained, and #g4ec, ¢ is the decay time
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of the current fill. This expression and the corresponding
expression for L, can be substituted accordingly in both
parts of Eq. (3) to obtain an expression for integrated lumi-
nosity in the presence of levelling [16]. Subsequently, when
failures are also included, the survival probability weighting
must cover both the levelling and decay phases:
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As before, these are substituted in Eq. (3) for the modified
expression of luminosity with levelling, including failures.

In all four cases, without/with levelling, without/with fail-
ures, the optimised solution is obtained by equating the par-
tial derivatives of L with respect to the current and future
fill decay parameters to zero. Note that in this approach, L,
is a parameter that should be fixed prior to optimisation, as it
is typically determined by external constraints from machine
cryogenics or pile-up in experiments [17].

SIMULATION RESULTS

Monte Carlo Configuration

A Monte Carlo (MC) approach is used to simulate a full
year of collider operations based on parameter distributions
derived from LHC operational data. The number of fills sat-
isfying nominal operations condition (such as proton physics
fills with collisions at top energy with maximal bunch num-
bers) in a single operational year is insufficient for a sta-
tistically robust baseline, a bootstrap procedure is used to
generate a large pool of synthetic fills based only on nominal
operations data, excluding non-standard fills. The 2018 and
2024 datasets have been selected as they provide the largest
data samples with nominal beam parameter values, thus rep-
resenting well Run 2 and Run 3 configurations, respectively.

The key per-fill parameters, namely initial beam intensity
Nj, levelling luminosity L¢, decay time #4ec, and the decay
curve fitting parameters p and € (from an extended burn-off
model including pseudo-diffusion losses [2]), are sampled
from their empirical, correlated distributions. L, is sampled
uniformly in the interval [2.05,2.15] X 10* Hz pb_l, match-
ing the luminosity levelling values of 2024 [18]. For Run 2,
only the (Nj, p) correlation is included, while for Run 3, the
correlations are calculated across all five parameters. The
turnaround time #, is modelled using a shifted exponential
distribution, while the failure rate follows the Weibull distri-
bution of Eq. (4), with parameters y and k& deduced from
the operational data. The fill survival probability S(¢) is
applied only when failures are considered. The simulation
is repeated 10 times to ensure statistical robustness in the
results.

Simulations Without Levelling

The Run 2 (2018) configuration, which comprises 3480 h
of operations, is used to evaluate the optimisation strategy in
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the absence of levelling, corresponding to the decay of pure
burn-off from the beam [19]. Figure 1 (left panels) shows
the integrated annual luminosity distributions from the MC
simulation and from simulations applying the optimal decay
time per fill, both without (top) and with (bottom) failures,
with peak kernel density estimate values reported in each
panel. The downward shift between the cases without and
with failures is compatible with the loss of efficiency caused
by protection dumps. The relative gain from the optimisation
in each case is shown in Fig. 2 (left panel).

Simulations With Levelling

For the Run 3 (2024) optimisation configuration,
which comprises 2254h of operations, L, is fixed at
2.1 x 10*Hzub™! [20]. Here, S8* levelling substantially
changes the sensitivity of the result to the choice of fill dura-
tion. As shown in the right panels of Fig. 1, the integrated an-
nual luminosity is significantly higher, in the range 120 fb~!
to 135fb™!, due to the improved beam parameters made
possible by the LHC Injectors Upgrade (LIU) project [21]
implemented during the Long Shutdown 2. In contrast to the
no-failure case (Fig. 1, top-right), failures (Fig. 1, bottom-
right) broaden both distributions and reduce the separation
between optimised and MC cases. In particular, the MC
distribution now peaks at 126.1 fb~!, almost replicating the
2024 LHC case [18,22].
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Figure 1: Annual integrated luminosity distributions without
(top row) and with (bottom row) failures, comparing the
results of MC (purple) and of the optimised strategy (green),
for the Run 2 (left) and Run 3 (right) configurations.

Finally, Fig. 3 shows the distribution of the yearly aver-
ages of the optimised decay time for all the cases considered.
Without levelling, the optimiser increases the decay time
with respect to the MC, reflecting a strategy where longer
fills are preferred to maximise integrated luminosity. How-
ever, in the presence of levelling, the optimiser consistently
selects shorter decay times, favouring an early dump and
refill, which results in a much sharper distribution. Such a
contrasting behaviour highlights how levelling fundamen-
tally changes the optimal fill length strategy.
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Figure 2: Distributions of the relative difference in annual
integrated luminosity between the optimised and MC scenar-
ios, comparing the cases with (purple) and without failure
(blue), for the Run 2 (left) and Run 3 (right) configurations.
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Figure 3: Average decay time distributions without (top row)
and with (bottom row) failures, comparing the results of MC
(purple) and of the optimised strategy (green), for the Run 2
(left) and Run 3 (right) configurations.

CONCLUSIONS

An analytical framework for fill-length optimisation has
been developed and applied to operational scenarios repre-
sentative of LHC Run 2 and Run 3 corresponding to natural
luminosity decay and levelling using §* variation, respec-
tively, with and without failures. The results are validated
by Monte Carlo simulations seeded from LHC operational
data. Although in the absence of levelling, the optimiser
chooses longer decay times than those applied in Run 2,
the opposite strategy is applied for Run 3, where the decay
times are reduced. The gains in annual integrated luminosity
reach 2.0 % or 2.6 % for Run 2 (with and without failures,
respectively) while gains of 1.9 % or 3.8 % are obtained for
Run 3 (with and without failures, respectively). The benefits
of the proposed optimisation schemes are evident. These
findings show that the use of an analytical approach to opti-
mise fill length can significantly improve the performance
of a collider. The framework developed is directly relevant
for the HL-LHC, where levelling will be implemented. Fu-
ture work [17] will focus on the analysis of a four-parameter
optimisation algorithm, which will determine not only the
optimal decay time, but also a theoretical optimal value at
which levelling should occur.



| PAC 26 Prelimnary proceedings (edited version):

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

REFERENCES

W. Herr and B. Muratori, “Concept of luminosity”, in CERN
Accelerator School and DESY Zeuthen: Accelerator Physics,
pp- 361-377, Sep. 2003.
doi:10.5170/CERN-2006-002.361

M. Giovannozzi and F. F. Van der Veken, “Description of the
luminosity evolution for the CERN LHC including dynamic
aperture effects. Part I: the model”, Nucl. Instrum. Methods
Phys. Res. A, vol. 905, pp. 171-179, 2018.
doi:10.1016/j.nima.2019.01.072

F. Capoani, A. Bazzani, B. Giacobbe, and M. Giovannozzi,
“Optimisation of integrated luminosity in a circular collider
with application to the LHC Run 27, Eur. Phys. J. Plus,
vol. 140, no. 8, p. 764, 2025.
doi:10.1140/epjp/s13360-025-06708-z

R. B. Appleby et al., “Beam-related machine protection for
the CERN Large Hadron Collider experiments”, Phys. Rev.
ST Accel. Beams, vol. 13, no. 6, p. 061002, Jun. 2010.
doi:10.1103/PhysRevSTAB.13.061002

M. Benedikt, D. Schulte, and F. Zimmermann, “Optimizing
integrated luminosity of future hadron colliders”, Phys. Rev.
Spec. Top. Accel. Beams, vol. 18, no. 10, p. 101002, Oct.
2015.doi:10.1103/PhysRevSTAB.18.101002

M. Giovannozzi and F. F. Van der Veken, “Description of the
luminosity evolution for the CERN LHC including dynamic
aperture effects. Part II: application to Run 1 data”, Nucl.
Instrum. Methods Phys. Res. A, vol. 908, pp. 1-9, 2018.
doi:10.1016/j.nima.2018.08.019

O. S. Briining et al., LHC Design Report. Geneva: CERN,
2004. doi:10.5170/CERN-2004-003-V-1

B. Salvachua, “Overview of Proton-Proton Physics during
Run 27, in 9th LHC Operations Evian Workshop, pp. 7-14,
2019. https://cds.cern.ch/record/2750272

J. T. Boyd, “LHC Run-2 and future prospects”, CERN Yellow
Rep. School Proc., vol. 5, p. 247, 2022.
doi:10.23730/CYRSP-2021-005.247

F. Follin and D. Jacquet, “Implementation and experience
with luminosity levelling with offset beam”, in Proceedings of
the ICFA Mini-Workshop on Beam—Beam Effects in Hadron
Colliders, Oct. 2014.

doi:10.5170/CERN-2014-004.183

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

(21]

(22]

MOP1060

D. Jacquet et al., “The LHC run 2022”, in Proc. IPAC’23,
Venice, Italy, pp. 551-554, Sep. 2023.
doi:10.18429/]JACoW-IPAC2023-MOPL0O20

M. Hostettler, A. Calia, S. Fartoukh, D. Jacquet, and J. Wen-
ninger, “Operational beta* levelling at the LHC in 2022 and
beyond”, in Proc. IPAC’23, Venice, Italy, pp. 642—645, Sep.
2023. doi:10.18429/JACoW-IPAC2023-MOPLO45

M. Hostettler, A. Calia, and D. Jacquet, “Fully experiment
request driven beta* and separation luminosity levelling at
the LHC”, in Proc. IPAC’25, Taipei, Taiwan, pp. 3072-3075,
Nov. 2025. doi:10.18429/JACoW-IPAC2025-THPS047

G. Arduini ez al., “LHC Upgrades in preparation of Run 3",
J. Instrum., vol. 19, no. 05, P05061, May 2024.
doi:10.1088/1748-0221/19/05/P05061

O. Aberle et al., High-Luminosity Large Hadron Collider
(HL-LHC): Technical design report. Geneva: CERN, 2020.
doi:10.23731/CYRM-2020-0010

E. Mazzola, “Optimisation of integrated luminosity of a cir-
cular collider in presence of levelled luminosity”, Master’s
thesis, Bologna University, Italy, 2025.

M. Aquilina, F. Capoani, M. Giovannozzi, E. Mazzola, and
G. Valentino, “Optimisation of integrated levelled luminosity
in a circular collider”, in preparation, 2026.

CERN, LHC 2024 Statistics, https://bpt.web.cern.ch/
lhc/statistics/2024/

J. Wenninger, “Operation and configuration of the LHC in
Run 27, CERN, Geneva, Rep. CERN-ACC-NOTE-2019-
0007, 2019. https://cds.cern.ch/record/2668326

D.Jacquet et al., “LHC performance overview and highlights
in 2024”, in Joint Accelerator Performance Workshop, Evian,
2024. https://indico. cern. ch/event /1439972 /
contributions/61596038/

G. Rumolo et al., “Beam Performance with the LHC Injectors
Upgrade”, in Proc. HB’23, Geneva, Switzerland, Oct. 2023,
pp- 1-8. doi:10.18429/JACoW-HB2023-MOA1I1

R. Alemany-Ferndndez, “Overview of the LHC performance
inrun 3”, Acta Phys. Pol. B Proc. Suppl., vol. 18, 5-A5, 2025.
doi:10.5506/APhysPolBSupp.18.5-A5



