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Abstract

In order to describe and follow the evolution of the LHC
luminosity, a model based on the effects of intra-beam scat-
tering, synchrotron radiation, elastic scattering and lumi-
nosity burn-off, was developed. These effects are the main
mechanisms leading to beam emittance growth and losses.
The comparison of different emittance measurements com-
ing from the BSRT (Beam Synchrotron Radiation Tele-
scope) [1, 2], luminosity from experiments (ATLAS and
CMS) and emittance scans, is used as a data quality valida-
tion test. Concerning the beam emittance growth along the
LHC energy cycle, the evolution of the measured emittances
are presented for the Run 2 and they are compared to the
model results. This comparison is useful for estimating the
extra emittance blow up, i.e. on top of what is expected
from the effects included in the model, both at Flat Bot-
tom (FB) and at Flat Top (FT) energies (i.e. 450 GeV and
6500 GeV, respectively). The agreement of the model with
the data during collisions, assists in understanding the im-
pact of different degradation mechanisms on the delivered
luminosity.

INTRODUCTION

Operating at 6.5 TeV, the LHC surpassed the expectations
and delivered an average of 66 fb−1 integrated luminosity
in each of the two high luminosity experiments, ATLAS
and CMS, by the end of 2018. The high brightness 25 ns
beams [3] produced with the Batch Compression bunch
Merging and Splitting (BCMS) scheme [4, 5] were used
for the 2018 run. Aiming to gain some of the luminosity
lost during collisions [6], the crossing angle is gradually
reduced [7]. In order to increase the integrated luminos-
ity, the beams are initially squeezed to a β∗ of 30 cm that
is further reduced to 25 cm after some hours in collisions
according to the ATS (Achromatic Telescopic Squeeze) [8]
optics scheme.

The bunch-by-bunch (bbb) variations in the transverse
and longitudinal emittances as well as in beam intensity,
impact the delivered luminosity. In order to understand the
impact of different degradation mechanisms on the luminos-
ity, a bbb model was developed [9] and used since 2016 to
calculate the machine luminosity. It is based on the three
main mechanisms that determine the luminosity evolution
in the LHC: intrabeam scattering (IBS), synchrotron radi-
ation (SR) and luminosity burn-off. It is compared to data
from the Run 2 of the LHC [10, 11]. In 2018, the transverse
emittance coupling between the two planes was added to
the luminosity model.

Estimates, based both on observed beam parameters and
on model predictions, were reported fill-by-fill as well as in
overall trends. In this paper, the measured emittance and the
additional emittance blow up (on top of IBS, SR and elastic
scattering) are presented for the 2018 data. Moreover, the
measured emittances along the LHC energy cycle are given
for the BCMS fills of Run 2. Finally, the 2018 cumulated
integrated luminosity projections from the model, based
on different degradation mechanisms, are compared to the
delivered luminosity.

An automated tool which is based on extracted data from
the logging system CALS [12] is used for the LHC perfor-
mance follow-up (emittance, lifetime, luminosity, etc.). In
order to provide a continuous feedback to the machine coor-
dination for further optimizing the performance, this tool is
extensively used for monitoring the main beam parameters
and machine configurations. The luminosity model is also
included and can be applied for each fill. Using this tool,
only fills that made it to stable beams are considered for the
statistics.

LUMINOSITY MODEL
The bbb luminosity model, that is described in detail

in [9], takes into account intrabeam scattering (IBS), Syn-
chrotron Radiation (SR), proton-proton collisions elastic
scattering and burn-off. It can be applied for both colliding
and non-colliding bunches, treating each beam and plane
separately. The IBS, SR and elastic scattering are consid-
ered for the emittance growth. The bunch length calculation
is based on the IBS and SR effects. For the bunch intensity
evolution, the luminosity burn-off, causing the bunch cur-
rent decay due to the collisions, is considered. The evolution
of the beam parameters and the luminosity can be calculated
in a self-consistent way by iterating in small time-steps, so
that to have a small current variation in each time-step. It
is also possible to take the evolution of the emittance, the
bunch length or the intensity from measurements and use
the model to calculate the evolution of the remaining beam
parameters. In this respect, the luminosity estimation can be
a result of combining information coming from the model
and data, allowing in this way to quantify the contribution
of the different luminosity degradation mechanisms.

The comparison of the measurements to the luminosity
model [9–11] assists in understanding the impact of mech-
anisms which are beyond the existing model, on the emit-
tance growth and therefore, on the luminosity degradation.
Moreover, since the luminosity model is sensitive to the
input beam parameters (emittances, intensities, etc.) used
as initial conditions, the agreement between the modeled



luminosity and the measured one can be used as a validation
of the data quality.

Apart from the luminosity leveling and the crossing an-
gle anti-leveling, in 2018 the transverse emittance cou-
pling [13, 14] was included in the model. Based on the
classical formulas for the horizontal and vertical emittances
in the presence of linear coupling 1, knowing the coupling
coefficient and the tune shift, coupling introduces a factor
that results in a smaller horizontal and a larger vertical emit-
tance. Figure 1 shows the emittance evolution for one beam

Figure 1: Emittance evolution at collisions for one beam, in
the horizontal (left) and vertical (right) plane, as measured
by the BSRT (black) and as calculated by the model (green),
when including transverse emittance coupling (dashed line).

at collisions for an example fill, in the horizontal (left) and
vertical (right) plane. The impact of the transverse emit-

Figure 2: Luminosity evolution (top: ATLAS, bottom:
CMS), as measured from experiments and as calculated
by the model (green), including also transverse emittance
coupling (dashed line).

tance coupling on the luminosity is presented in Fig. 2, for
ATLAS (top) and CMS (bottom).Even if the impact of the
transverse emittance coupling on the luminosity calculated
by the model is small, it is important to be taken into account
in order to get accurate emittance estimations.

1 The exchange of transverse emittances after the resonance crossing [13]
was also studied but had a minor impact and thus, is not considered.

MEASURED EMITTANCE IN 2018
In Table 1, the 2018 measured (BSRT) emittances along

the LHC energy cycle are given for both Beam 1 (B1) and
Beam 2 (B2). The average relative emittance growth of
both beams and planes, mainly due to the effects of IBS
and e-cloud, during a time of ∼33 min spend at injection
(from Injection to start of Ramp), is less than 15 %. Based

Table 1: 2018 BSRT emittance along the LHC cycle.

Emittance [µm] B1H B1V B2H B2V
Injection 1.4 1.3 1.4 1.4
start of Ramp 1.6 1.5 1.6 1.5
start of collisions 2.0 1.7 1.5 1.7

on the expected growth during the energy Ramp and on
observations of previous years, the average 2018 measured
emittances at the start of collisions seem to be unrealistically
small 2, specially for the horizontal plane of B2.

In Fig. 3 the BSRT convoluted (average of two beams
for each plane) emittances at the start of collisions are com-
pared to the ones of the emittance scans [16] and to the ones
extracted from the luminosity of the LHC experiments (AT-
LAS and CMS), for the 2018 BCMS fills 3. The pink solid

Figure 3: Convoluted (average of the two beams) emittances
for the 2018 fills in the horizontal (top) and vertical (bottom)
plane, from Emittance scans (green), Luminosity (red) and
BSRT (blue).

lines correspond to BSRT calibration fills and the dashed
ones to Technical Stops (TS). Except for the periods before

2 probably due to the 20 % accuracy of the BSRT measurement [15]
3 Based on emittance scans, the horizontal emittance from ATLAS and

the vertical from CMS are considered. A cut on the scan time is set
to 30 min since we are interested in emittance values at the start of
collisions. Based on the equations for the ATLAS and CMS luminosities,
assuming as a bunch length the average value of the two beams, the
transverse beam sizes are found and are used to calculate the convoluted
emittances inferred from the luminosity. Moreover, in order to have a
valid comparison between the different measurements, the time stamps
considered for each measurement are very similar.



fill 6700 and for fills 7100-7220 having BSRT hardware
issues (gray colored areas), for most of the year the BSRT
emittances are underestimated. After the last BSRT calibra-
tion performed at fill 7220, the agreement of the BSRT with
the other measurements is improved.

The agreement of the emittance scans with the emittances
inferred from luminosity is 5−20% and, the emittances from
Wire Scanners (WS) [17] are up to 10 − 15% lower than
the ones extracted from luminosity, based on the results pre-
sented in [15] for a BSRT calibration fill. Since the BSRT is
calibrated with respect to the WS, the discrepancy between
the BSRT and the emittances estimated from luminosity is
something to be expected. For the statistics, only fills for
which the convoluted emittances at start of collisions from
luminosity and BSRT differ less than 15 % are considered.
In these terms, the average transverse emittances at start of
collisions are estimated to be 1.9 µm, corresponding to a
20 % and 25 % blow-up during Ramp in the horizontal and
vertical plane, respectively.

Understanding the discrepancy between different emit-
tance measurements is important since they play a key role
for the luminosity estimations as well as, for the valida-
tion of the data quality. One of the studies to explain these
differences, focuses on fitting accurately the beam distri-
butions [18]. The importance of that was also discussed
in [20] for the longitudinal distributions, in order to get
a better bunch length estimation. Moreover, the bunch by
bunch analysis for various fills during Run 2, underlines
the seriousness of fitting accurately the transverse bunch
profiles that determine the transverse emittances.

The divergence from the expected emittance values com-
ing from luminosities was guiding the BSRT calibration
along the LHC Run 2. Since the BSRT is calibrated with
respect to the WS during dedicated low beam intensity fills,
such a calibration determines the values of the forthcoming
measured emittances. Therefore, it is crucial to develop cal-
ibration techniques that take into account the actual shapes
of the bunch profiles.

RUN 2 EMITTANCES ALONG THE
ENERGY CYCLE

In Fig. 4 the average measured BSRT emittances, for
each beam and plane, are given for the Run 2 BCMS fills,
along the energy cycle, i.e. injection, start of ramp and start
of collisions (Stable Beams). Overall the 2018 emittances
along the cycle are smaller compared to previous years of
Run 2. Figure 5 shows the relative emittance growth at
FB energy (left) and at Ramp (right), for the Run 2 BCMS
fills. In general, from Injection to start of Ramp, the emit-
tance growth is about 10−20 %. At injection energy, apart
from the dominant effects of IBS and e-cloud, part of the
growth is not understood. Additional studies are performed
to correlate the unknown emittance growth with noise and
implement it in the luminosity model. During the energy
Ramp, this growth is 10−30 %, being higher for B1 com-
pared to B2. Except for 2016, this growth is higher for the

Figure 4: Average emittances (BSRT) along the LHC energy
cycle, for the BCMS fills of Run 2.

vertical compared to the horizontal plane. The emittance
blow-up during the Ramp is only partially understood. The
lack of diagnostics to obtain the bunch profiles during the
energy Ramp is one of the main issues to be addressed in
view of explaining the observed growth and understanding
when the blow up is occurring.

Figure 5: Average relative emittance growth at Flat Bottom
(left) and at Ramp (right), for the BCMS fills of Run 2.

EXTRA EMITTANCE BLOW UP
During Run 2, a transverse emittance growth beyond

the model was observed both at injection and at collision
energies [10, 11], i.e. 450 GeV and 6.5 TeV. The extra
emittance blow up along the year can be found by com-
paring for each fill the measured emittance growth with
the expected one from the model, following the intensity
evolution from the data. As mentioned earlier, since 2018
the transverse emittance coupling is taken into account for
the luminosity model estimations. At FB, this results in a
minor change of the emittance growth expected from the
model (±10−3µm/h). At collisions, the vertical emittances
of the model with coupling agree better with the measured
ones and also, the estimation of the modeled luminosity is
slightly improved.

At injection energy
The difference of the measured and model emittances over

the total time spend at FB is presented in Fig. 6. Excluding
some fills, such as the ones before the first BSRT calibration
(fill 6700), the dε/dt is practically constant over the year for
both beams and planes, being larger in the vertical compared
to the horizontal plane. In the vertical plane, where no
growth is expected because the IBS effect is minor, the
blow-up beyond the model is significant.

This extra emittance growth that is beyond the model is
different along the batches and the trains of each beam and
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Figure 6: Average Measured-Model emittance difference
over time at FB of all bunches, for B1 (top) and B2 (bottom),
for all 2018 fills.
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Figure 7: Measured-Model emittance difference over time at
FB, for a train of 3 batches of 48 bunches, for B1 horizontal
(top) and vertical (bottom). The red star corresponds to the
2nd bunch of the first batch of a train which is assumed not
to experience e-cloud.

plane. It is well known that the bunches that are located at
the end of a batch or of a train, for the BCMS beams, have
a larger blow up due to e-cloud effect which is one the main
effects leading to emittance growth at FB. In order to under-
stand the contribution of the e-cloud to this extra growth, the
dε/dt is calculated for the first bunches of the trains which
are assumed not to experience e-cloud, giving finally the
growth that is on top of IBS and e-cloud. Specifically, the
2nd bunch of some trains 4 is considered, as can be seen in
Fig. 7 where the extra emittance growth at FB is plotted
for one train of B1 horizontal (top) and vertical (bottom).
Figure 8 presents the difference of the measured and model

4 The trains considered are from the 3d up to 12th one in order to exclude
bunches that stayed for short time (less than 5 min) at injection energy.

emittances of the 2nd bunches in the trains over the time
spend at FB, averaged for the horizontal (blue points) and
vertical (green points) plane, for B1 (top) and B2 (bottom),
for all the 2018 fills. The average emittance growths as mea-
sured by the BSRT and the ones that are beyond the model
are presented in Table 2. The contribution of e-cloud to
the emittance growth is 0.1-0.2 µm/h. The ongoing studies
to correlate the remaining extra emittance growth (on top
of model & e-cloud) with the estimated growth from noise
seem to be promising. The fact that the extra growth in the
vertical plane is larger than the one in the horizontal is yet
to be understood. The RF voltage reduction steps from 6
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Figure 8: Average Measured-Model emittance difference
over time at FB for the 2nd bunch in each train, for B1 (top)
and B2 (bottom), for all 2018 fills.

Table 2: Measured and extra emittance growth at FB.

Emittance growth [µm/h] B1H B1V B2H B2V
Measured 0.71 0.64 0.73 0.61
on top of model 0.34 0.64 0.41 0.61
on top of model&e-cloud 0.24 0.44 0.17 0.41

to 4 MV along the year (with 4 MV ever since fill 7092)
seem to have no impact on the transverse emittances, as was
expected, based on the relation of the bunch length with the
transverse emittances in terms of IBS growth.

At collision energy
Figure 9 shows the measured-model emittance difference

per hour, for B1 (top) and B2 (bottom), after some hours
at collisions. The blue and green dots correspond to the
horizontal and vertical planes, respectively. Except for B1
before the first TS, the dε/dt is in general constant over
the year and it is always higher for the vertical plane com-
pared to the horizontal. Taking into account only 2018
fills for which the convoluted emittances at start of colli-
sions from Luminosity and BSRT differ less than 15 % and



excluding the periods for which the BSRT measurements
are not reliable (gray colored areas in Fig. 9), the average
measured and extra emittance growths are summarized in
Table 3. In the horizontal plane, only the 50 % of the mea-
sured growth is explained by the model. In the vertical plane
the extra growth is larger than the measured one because,
with the IBS being a minor effect in this plane, the model
predicts damping due to SR, but in reality the observed
growth is similar to the one of the horizontal plane. The
estimated emittance growth from noise in collisions [19]
can probably explain the remaining unknown growth, be-
ing around 0.04 µm/h and 0.06 µm/h in the horizontal and
vertical plane, respectively.

Figure 9: Average Measured-Model emittance difference
over time at collisions, for B1 (top) and B2 (bottom).

Table 3: Measured and extra emittance growth in collisions.

Emittance growth [µm/h] B1H B1V B2H B2V
Measured 0.04 0.04 0.06 0.05
on top of model 0.02 0.07 0.03 0.09

At collision energy, a definition of bunch classes based
on the position of bunches in the batches and trains, was
used to identify patterns and trends concerning the bbb emit-
tance growth. These studies showed that the extra emittance
growth is practically the same for all the bunches indepen-
dently of their position in a batch or a train, indicating that
there is probably no correlation of the extra growth with
e-cloud at collision energy.

In 2017, the extra emittance growth ratio remains practi-
cally constant during collisions and for both beams, it was
less than 0.05 µm/h for the horizontal and ∼0.1 µm/h for
the vertical plane. The exact dε/dt values for all the 2017
beam flavors and for both beams and planes can be found in
[10]. For the 2016 fills, this difference was for both planes
around 0.05 µm/h [11]. Furthermore, during the whole Run
2, the observed extra emittance growth at collisions seems
to be independent of the bunch brightness.

LUMINOSITY DEGRADATION SOURCES
BEYOND THE MODEL

The accurate predictions the model gives, when using as
input valid measured bunch parameters, renders it a very
useful tool for understanding the behavior of the luminos-
ity evolution and degradation mechanisms over the year.
Considering different data-model combinations, the model
was applied for all the production fills of Run 2 in order
to quantify the extra transverse emittance blow up and the
extra intensity losses that were observed during collisions.

Figure 10 shows the luminosity evolution for an example
fill of 2018. The black curve corresponds to the average
measured luminosity from the experiments. The luminos-
ity degradation because of the extra losses and of the extra
emittance growth is plotted in blue and green, respectively.
Combining these two, the calculated (red colored) luminos-
ity is obtained. Considering only the effects included in
the existing model results in the “pure model” luminosity
curve (gray colored). Basically, the difference between the
gray and the red curve gives the integrated luminosity degra-
dation because of mechanisms that are beyond the model.
Due to the fact that the model is sensitive to the initial beam
parameters, for this example fill, the model luminosity is
not calculated correctly because the emittances used as in-
put are based on measurements which do not agree with
the emittances inferred from the measured luminosity or
emittance scans (as discussed in Fig. 3). The disagreement
of the initial calculated luminosity from the model with the
measured one, can be used as a validation of the data quality
(reliability of emittance measurements).

Figure 10: Luminosity evolution for a 2018 fill, as calculated
from the pure model (grey), for the case of having extra
losses (blue), for the case of having extra emittance blow up
(green) and for the calculated (including extra losses & extra
emittance blow up) one (red). The black curve corresponds
to the average measured luminosity from the experiments.

In order to understand the overall impact of the different
degradation mechanisms on the delivered luminosity, the cu-
mulated integrated luminosity, normalized to the max. value
expected from the pure model (gray), is plotted in Fig. 11
for the 2018 fills having realistic BSRT emittances. The
difference between the measured and the calculated curve is
explained by the fact that measured emittances were lower
by 16 % compared to the ones expected from luminosity. If
the BSRT measurements were accurate enough, the red and



black curves would overlap. The contribution of the extra
losses and the extra emittance blow-up on the luminosity
degradation is 5 % and 11 %, respectively, with the total
calculated (i.e. taking into account the extra losses and extra
emittance blow up) degradation being about 16 %.

Figure 11: 2018 cumulated integrated luminosity normal-
ized to the maximum value expected from the pure model
(grey), for the case of having extra losses (blue), for the
case of having extra emittance blow up (green) and for the
calculated (including extra losses & extra emittance blow
up) one (red). The black curve corresponds to the measured
(by the experiments) cumulated integrated luminosity.

In 2017, the impact of the extra transverse emittance blow
up on the delivered integrated luminosity is also significant
(10 %), while the one of the extra losses is quite small (1 %)
and overall, the calculated integrated luminosity was 11 %
lower compared to what was expected from the model. How-
ever, in 2016 the integrated luminosity reduction due to the
emittance blow up was rather smooth along the year and
the contribution of the extra losses was in many cases larger
than the one of the extra emittance blow up [11].

SUMMARY
The LHC performance was followed up with automated

tools through the whole Run 2. The emittance evolution
from injection to stable beams was studied, giving feedback
to machine coordination and guiding BSRT calibration. In
2018, the measured emittances along the energy cycle are
smaller compared to previous years. At collision energy,
there is a clear discrepancy between different emittance
measurements along the 2018 fills, yet to be explained, with
the BSRT emittances being in many cases unrealistically
small.

The LHC luminosity model that was developed to de-
scribe and follow the evolution of the machine luminosity is
presented and compared to data. The model that is applied
bunch by bunch for all physics fills, is based on the main
components responsible for the LHC luminosity evolution
(intrabeam scattering, synchrotron radiation, elastic scatter-
ing and luminosity burn-off) [9]. Apart from the luminosity
leveling and the crossing angle anti-leveling, in 2018 the
transverse emittance coupling [13, 14] was included in the
model as an additional feature, having a small impact on the
luminosity calculated by the model. Furthermore, the fact

that the luminosity prediction can be a result of combining
measured data and model estimations, renders the model
a very useful tool for understanding what are the possible
luminosity degradation sources.

The difference of the measured emittance evolution with
the one expected from the model shows that there are mech-
anisms beyond the existing model which result in an emit-
tance growth. One of the main objectives is to understand
the discrepancy between different emittance measurements
along the year. During the whole LHC cycle there is an
unknown emittance growth, which varies with energy. For
both FB and FT energies, the observed extra emittance
growth (on top of the model) is similar for both beams, be-
ing larger in the vertical compared to the horizontal plane.
At FB, e-cloud explains 30-50% of the growth that is beyond
the model, the remaining unknown extra emittance growth
is 0.2 µm/h in the horizontal and 0.4 µm/h in the vertical
plane. During the energy Ramp, the measured emittance
blow-up that is 10−30 %, depending on the year and on the
plane (usually more in vertical), is yet to be explained. At
FT, the remaining unknown growth is around 0.04 µm/h and
0.06 µm/h in the horizontal and vertical plane, respectively
and, it seems that this growth has no correlation with e-
cloud or brightness. Some of the on-going studies to explain
this growth concerns noise effects, emittance growth due to
burn-off, as well as the analysis of the bunch profile shapes.
Apart from the extra emittance blow up, extra losses (on
top of the expected proton burn off) are observed, especially
during the first hour in stable beams [21].

The comparison between the calculated (based on the
bunch characteristics at the start of stable beams) peak lumi-
nosity and the one measured by the experiments of ATLAS
and CMS was presented for an example fill. The measured-
calculated agreement can be used as a data quality check to
discard for our statistics fills for which the BSRT emittances
cannot be trusted. In order to understand the mechanisms
that lead to luminosity degradation, the model was applied
to all the production fills of 2018. The cumulated integrated
luminosity for all model cases and for the measured one by
the experiments showed that the extra emittance blow up
(beyond the mechanisms included in the model) plays an
important role in the degradation of the luminosity. Extra
losses have a smaller impact, being more predominant in
2018 compared to previous years.

One of the studies that can probably shed light on the ob-
served emittance blow up concerns the analysis of the LHC
bunch profiles [18]. The luminosity model was constructed
based on the IBS module of MAD-X [22] which assumes
Gaussian beam distributions. In order to understand the
beam size evolution but also, the remaining discrepancy
between the luminosity coming from the model and the
measurements, the actual distributions should be known.

REFERENCES
[1] R. Jung et al, “The LHC 450 GeV to 7 TeV Synchrotron

Radiation Profile Monitor using a Superconducting Undula-



tor”, in Proceeding of the Beam Instrumentation Workshop,
Batavia, Illinois, USA (2002), p220.

[2] G. Trad, PhD thesis, “Development and Optimisation of the
SPS and LHC beam diagnostics based on Synchrotron Radia-
tion monitors”, CERN-THESIS-2014-390, LPSC, Grenoble,
France, 2015.

[3] M. Lamont, “Setting the scene”, in proc. of 7th Evian Work-
shop on LHC beam operation, Evian Les Bains, France, 2016.
https://indico.cern.ch/event/578001/

[4] R. Garoby, “New RF Exercises Envisaged in the CERN-PS
for the Antiprotons Production Beam of the ACOL Machine”,
IEEE Transactions on Nuclear Science, Vol. NS-32., No. 5,
1985.

[5] H. Damerau, A. Findlay, S. S. Gilardoni, and S. Hancock,
“RF Manipulations for Higher Brightness LHC-type Beams”,
in Proc. 4th Int. Particle Accelerator Conf. (IPAC’13), Shang-
hai, China, May 2013, paper WEPEA044, pp. 2600–2602.

[6] N. Karastathis, K. Fuchsberger, M. Hostettler, Y. Papaphilip-
pou, and D. Pellegrini, “Crossing Angle Anti-Leveling at the
LHC in 2017”, in Proc. 9th Int. Particle Accelerator Conf.
(IPAC’18), Vancouver, Canada, Apr.-May 2018, pp. 184–187.
doi:10.18429/JACoW-IPAC2018-MOPMF040

[7] D. Pellegrini et al., “Incoherent beam-beam effects and
lifetime optimisation”, in proc. of 8th Evian Workshop
on LHC beam operation, Evian Les Bains, France,
2017. https://indico.cern.ch/event/663598/
contributions/2782463/

[8] S. Fartoukh, “Achromatic telescopic squeezing scheme and
application to the LHC and its luminosity upgrade”, Phys.
Rev. ST Accel. Beams, vol. 16, p. 111 002, 11 Nov. 2013.

[9] F. Antoniou, G. Arduini, Y. Papaphilippou, and G. Pa-
potti, “Building a Luminosity Model for the LHC and HL-
LHC”, in Proc. 6th Int. Particle Accelerator Conf. (IPAC’15),
Richmond, VA, USA, May 2015, pp. 2042–2045. doi:
10.18429/JACoW-IPAC2015-TUPTY020

[10] S. Papadopoulou, et al., “Emittance, intensity and lu-
minosity modeling and evolution”, in proc. of 8th
Evian Workshop on LHC beam operation, Evian Les
Bains, France, 2017. https://indico.cern.ch/event/
663598/contributions/2782463/

[11] F. Antoniou, M. Hostettler, G. Iadarola, S. Papadopoulou,
Y. Papaphilippou, D. Pellegrini, G. Trad, “Can we pre-
dict luminosity”, in proc. of 7th Evian Workshop on LHC
beam operation, Evian Les Bains, France, 2016. https:
//indico.cern.ch/event/578001/

[12] C. Roderick, L. Burdzanowski and G. Kruk, “The CERN
Accelerator Logging Service- 10 Years in Operation: A Look
at the Past, Present and Future”, CERN, Geneva, Switzerland,
Tech. Rep. CERN-ACC-2013-0230, Oct. 2013.

[13] C. Carli, G. Cyvoct, M. Giovannozzi, E. Métral, G. Métral
and R. Steerenberg, “Emittance Exchange by Crossing a Cou-
pling Resonance”, CERN, Geneva, Switzerland, Tech. Rep.
CERN-PS-2002-020-AE, Jun 2002. https://cds.cern.
ch/record/558878

[14] T. Persson and R. Tomas, “Improved control of the betatron
coupling in the Large Hadron Collider”, Phys. Rev. ST Accel.
Beams, vol. 17, p. 051004, 28 May 2014.

[15] G. Trad and E. Bravin, “LHC BSRT Calibration, fill
7220”, presented at the LHC Machine Committee (LMC),
Nov. 2018, CERN, Geneva, Switzerland. https://indico.
cern.ch/event/771601/

[16] M. Hostettler and G. Papotti,“Luminosity, emittance evo-
lution and OP scans”, in proc. of 6th Evian Workshop
on LHC beam operation, Evian Les Bains, France, 2015.
http://cds.cern.ch/record/2294518

[17] J. Bosser, et al., “Transverse Emittance Measurement With a
Rapid Wire Scanner at the CERN SPS,” Nucl. Instrum. Meth.
A 235, 475 (1985). doi:10.1016/0168-9002(85)90096-8

[18] S. Papadopoulou, F. Antoniou, T. Argyropoulos, M. Fitterer,
M. Hostettler and Y. Papaphilippou, “Modelling and mea-
surements of bunch profiles at the LHC”, Journal of Physics:
Conference Series, Vol. 874, No. 1, p. 012008, 2017. http:
//stacks.iop.org/1742-6596/874/i=1/a=012008

[19] X. Buffat, et al., “Impact of the ADT on the beam quality
with high brightness beams in collision (MD2155)”, CERN,
Geneva, Switzerland, Tech. Rep. CERN-ACC-NOTE-2018-
0005, Feb. 2018.

[20] M. Hostettler, K. Fuchsberger, G. Papotti, Y. Papa-
philippou, and T. Pieloni, “Luminosity scans for beam
diagnostics”, Phys. Rev. ST Accel. Beams, vol. 21,
p. 102801, Oct 2018. https://link.aps.org/doi/10.
1103/PhysRevAccelBeams.21.102801

[21] S. Kostoglou, et al., “Luminosity and Lifetime modeling and
optimization”, these proceedings. https://indico.cern.
ch/event/751857/

[22] F. Antoniou and F. Zimmermann, “Revision of Intrabeam
Scattering with Non-Ultrarelativistic Corrections and Vertical
Dispersion for MAD-X.”, CERN, Geneva, Switzerland, Tech.
Rep. CERN-ATS-2012-066, May 2012.


