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Abstract

Studies on luminous region and pile-up density are of
great interest for the experiments at the future High Lumi-
nosity LHC (HL-LHC) in order to optimize the detector per-
formance. The evolution of these parameters at the two main
interaction points of the HL-LHC along optimum physics
fills is studied for the baseline and alternative operational
scenarios with the latest set of parameters, including a re-
fined description of the longitudinal bunch profile. Results
are discussed in terms of a new figure-of-merit, the effective
pile-up density.

INTRODUCTION

Since its original design [1], several parameters of interest
of the High Luminosity LHC (HL-LHC) have changed; for
example the number of crab cavities has been halved [2],
and the RMS Gaussian bunch length has been increased to
o =9cm (or 40 = 1.2 ns), to ensure stability [3].

Five scenarios are presented in this work, namely the base-
line, 8b+4e, 200 MHz, and Flat —that make use of two crab
cavities (CCs) for the compensation of the crossing angle—,
and a fifth case without CCs. Round and/or flat optics are
used at the two main interaction points (IPs), and their pa-
rameters are listed in Table 1; in the case of round optics,
the CCs provide only partial compensation (380 urad). The
long-range beam-beam separation is 12.5¢0 for all scenarios
—an optimistic assumption for the case without CCs that has
yet to be demonstrated. The yearly integrated performance,
defined as in [1], assumes 160 days with 50 % and 58 %
efficiency for the nominal and ultimate operation, respec-
tively; complete simulations parameters are described in [4].
Dynamic aperture studies for a wide range of settings are
presented in [5].

In the first section we describe the q-Gaussian distribution
used to characterize the longitudinal bunch profile [6,7]. A
new parameter, the effective pile-up density, is introduced
afterwards as a figure-of-merit to evaluate the different oper-
ational alternatives in terms of detector performance [8,9].
The results on integrated luminosity, pile-up and luminous
region are then presented and discussed for the baseline and
alternative scenarios.

q-GAUSSIAN BUNCH PROFILE

Simulations are performed with a bunch profile described
by a Tsallis q-Gaussian distribution [10] centred around
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the origin, with deformation parameter ¢ = 3/5, and scale
parameter 3 = 10/52, i.e.
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in contrast with previous simulations that consider Gaussian
densities [11]. This is the case in the LHC and it is justified
for the HL-LHC; such a description is valid at the beginning
of the fill, the bunch profile tends to Gaussian at the end of
it (due to synchrotron radiation damping), and then back to
g-Gaussian after bunch flattening.

Bunch length is usually described by its Gaussian RMS
value. In operation, however, the full width at half maximum
(FWHM) of the longitudinal distribution is used instead
since stability threshold is related to it. In particular for
Eq. (1),

FWHM(1) = § V1 -2-2/5, 3)

For the q-Gaussian distribution to have the same FWHM
than a Gaussian distribution, the relation between their RMS

values is
oc | In2

For the latest Gaussian RMS value of oo = 9 cm, this implies
o, =7.6cm and FWHM = 21.2 cm for the q-Gaussian de-
scription of the bunch profile. The bunch length (Table 1) is
kept constant along the simulations of the fill in all scenarios,
except for the 200 MHz alternative, where it decreases due
to cooling. The Gaussian bunch length is also longer (15 cm)
in this scenario, which corresponds to oy = 12.7cm and
a FWHM of 35.5cm. Furthermore, the longitudinal sta-
bility is guaranteed by the existence of 400 MHz cavities,

Table 1: Beta Function, Emittance and Crossing Angle for
the HL-LHC Baseline and Alternative Scenarios

Parameter Unit Baseline 8b+4e 200 MHz Flat No CC
Bx cm 20 20 40 40 40
By cm 20 20 15 15 15
Norm. emittance ~ pm 2.5 2.2 2.5 25 25
Total crossing angle urad 510 480 360 360 360
RMS bunch length cm 7.6 7.6 127 7.6 176
FWHM cm 212 212 353 212 212
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Table 2: Luminosity, Pile-up, Levelling Time, and Fill Duration for the HL-LHC Baseline and Alternative Scenarios

. Nominal Ultimate

Parameter Unit

Baseline 8b+4e 200 MHz Flat No CC Baseline 8b+4e 200 MHz Flat No CC
Levelled luminosity 10%cem2s! 50 3.8 50 50 5.0 75 5.4 75 75 15
Pile-up 1 132 140 132 132 132 197 200 197 197 197
Levelling time h 5.8 5.8 52 5.8 48 2.5 3.0 1.8 2.5 0.9
Fill duration h 7.8 7.6 7.7 78 7.2 53 53 5.4 53 53
Integrated luminosity fb=1/160 days 234 177 229 234 211 321 242 305 322 274
Diff. w.r.t. nominal baseline - - -24% 2% 0% -10% +38% +4%  +31% +38% +17%

which in turn, can be used for double RF harmonic opera-
tion. In the latter case, the total voltages per beam in each
system are Vooommz = 6 MV and Vipomuz = 3 MV for both
bunch-shortening or bunch-bunch-lengthening modes [12];
no additional space space is needed for the 200 MHz sce-
nario since some of the high-harmonic cavities would be
replaced by the lower-harmonic cavities.

EFFECTIVE PILE-UP DENSITY

The pile-up (PU) density p(x,y,s,t) describes the distri-
bution of events in space and time during the collision of
two bunches. By projecting this density along longitudinal
coordinate s (with the interaction point at s = 0), integrating
over the domain of the remaining coordinates, the line pile-
up density p(s) is defined, and similar projections can be
made for the other coordinates. The total pile up (or simply
pile-up) is the number of events per bunch crossing and it is
equal to u = o L/(np f) where L is the luminosity, o the
inelastic cross section, n;, the number of colliding bunches
and f their revolution frequency. These parameters evolve
with time.

Let us denote the time in the fill as T; we define the ef-
fective line pile-up density [2] as the average of the line
PU density over the fill duration Tq;; weighted by the total
integrated pile-up. Formally,

fTﬁll
0

u(T) E[p(s;T)1dT

f Thn
0

where u(T) and p(s; T) are the total PU and line PU density
at time 7', respectively, and

E[p(s;T)] = f

is the expected value of p over s with probability
p(s;T)/u(T). The lower the effective line PU density is,
the higher the detector efficiency becomes for the recon-
struction of event vertices.

p &)
w(T)dT

p(s;T)

ds,
()

p(s;T) (6)

RESULTS

The nominal and ultimate levelled luminosities yield a
total pile-up of 132 and 197 events per bunch crossing, re-
spectively, for all scenarios except in the 8b+4e case where
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these values are set slightly higher. The effect of the level-
ling can be seen in Fig. 1. The fill duration and levelling
times are listed in Table 2, which in the case of the current
nominal baseline, correspond to 7.8 h and 5.8 h, and their
ratio does not remain constant in the ultimate operation.
Simulations with the gq-Gaussian bunch profile show a
generalized increase of the integrated luminosity by 2 %
with respect to the Gaussian distribution for all the scenarios
at the nominal operation; the ultimate performance, however,
does not have a significant change with the new bunch profile.
In the case of the HL-LHC nominal baseline, the integrated
luminosity is 234 fb~! per year (160 days), and it is reduced
by 24 %, 2 %, 10 % for the 8b+4e, 200 MHz and No CC
scenarios, respectively; the performance is retained in the
Flat case. The ultimate integrated luminosity corresponds
to an increment of nearly 40 % with respect to the nominal.
A detailed characterization of the RMS luminous region
and RMS luminous time at the beginning and at the end of
the levelling process is listed in Table 3. The results show
that the use of the g-Gaussian description of the bunch profile
leads to a reduction of the RMS luminous region from 51 mm
to 48 mm for the nominal baseline at the start of the fill when
compared to previous studies with Gaussian. The RMS
Iuminous region reduces by 10 % to 20 % at the end of fill,
except of the Flat option, where it only reduces by 5 %. The
largest luminous region (~ 80 mm) is delivered by 200 MHz.
For all scenarios, the RMS luminous time remains almost
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Figure 1: Instantaneous luminosity for the HL-LHC baseline
and alternative scenarios.
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Table 3: RMS Luminous Region and Time, and Effective PU Densities for the HL-LHC Baseline and Alternative Scenarios

. Nominal Ultimate
Parameter Unit
Baseline 8b+4e 200 MHz Flat No CC Baseline 8b+4e 200 MHz Flat No CC
Start of levelling
RMS luminous region mm 48.2 49.5 79.0 53.0 427 45.8 47.8 743 523 376
RMS luminous time ps 179 179 289 179 186 179 179 286 179 188
Peak line PU density mm~!  1.05 1.09 0.64 095 1.22 1.67 1.61 1.03 145 2.09
Peak time PU density ps‘1 0.28 0.30 0.18 0.28 0.27 0.42 0.43 027 042 0.39
End of levelling
RMS luminous region mm 41.5 43.5 66.0 504 353 41.5 432 679 504 352
RMS luminous time ps 179 178 260 180 189 179 178 275 180 190
Peak line PU density mm™! 1.26 1.27 0.79 1.01 1.30 1.88 1.83 1.16 1.52 224
Peak time PU density  ps™! 028 030 020 028 023 043 043 028 042 039
Effective line PU density mm~'  0.79 0.81 049 0.68 0.87 1.14 1.13 0.67 095 1.21
Effective time PU density ps‘1 0.20 0.21 0.13 020 0.17 0.27 0.28 0.17 027 0.22

constant along the entire fill, with a magnitude between
180 ps and 190 ps for any scenario (except for 200 MHz, with
260 ps and 290 ps due to longer bunch length).

A limit of 1.30 events/mm on the maximum peak pile-up
density along the fill is imposed in the simulation at nominal
levelling to the alternative without CCs. The maximum peak
values take place at the end of the levelling and, in the case of
the baseline HL-LHC, its magnitude is 1.26 events/mm. A
maximum peak value of ~ 2.2 events/mm is reached in the
absence of CCs in the ultimate operation. In Fig. 2 the line
PU densities for each scenario at the beginning of the fill are
displayed, together with their corresponding Gaussian fits.
The Gaussian description of the line PU densities, as well
as the time PU densities, prove to be satisfactory, and their
parameters (RMS and peak) are close to those in Table 3.

The effective line PU density, computed from Eq. (5),
is 0.79 events/mm for the nominal baseline (compare to
0.76 events/mm for the case with Gaussian profile). The
200 MHz has a remarkably low value of ~ 0.5 events/mm.
The largest values are delivered by the 8b+4e scenario and
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Figure 2: Line PU density (dotted line) and Gaussian fit
(solid line) at the start of the fill for the HL-LHC baseline
and alternative scenarios.
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in the absence of CCs, while the Flat optics improves this
parameter by reducing its magnitude slightly. In the ultimate
operation, p increases by around 40 % for all cases and, in
particular, its value is 1.14 events/mm for the baseline.

CONCLUSION

Studies with the latest description of the longitudinal
bunch profile make use of the q-Gaussian distribution. The
simulations show an increment of 2 % on the integrated lu-
minosity and a reduction of the RMS luminous region by
5 % for the nominal baseline. The effective line pile-up den-
sity, a new figure-of-merit that allows the comparison of the
performance of the different scenarios and that takes into
account the evolution of the PU and line PU density, reaches
around 0.8 events/mm for the a baseline HL-LHC.

The adoption of a 12.50-beam separation has little to
negligible impact in the scenarios with flat optics. The Flat
option achieves the baseline integrated luminosity and re-
duces the effective line PU density. In the same way, the use
of flat optics with 200 MHz has made of it a very attractive
operational alternative in the case of e-cloud limitations due
to its low reduction of integrated luminosity and very low
effective line PU density; nevertheless, this case delivers the
largest RMS luminous region, requiring an evaluation of
the detector performance loss. The scenario without CCs
not only exhibits a lower integrated luminosity, but a higher
effective line PU density.

These results are used in the comparison of the various
scenarios taking into account the dependence of the detector
event reconstruction efficiency which depends on the pile-up
and pile-up density.
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