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Abstract
Simulations of the HL-LHC dynamic aperture (DA) at

collision energy and in the presence of beam-beam effects
(weak-strong approximation) have been performed to deter-
mine the dependence of DA on the working point in tune
space. Both linear domains of working points are explored
and two-dimensional ones which focus on more promising
sub-regions near the diagonal. The range of parameters, such
as bunch intensity and emittance correspond to important
HL-LHC scenarios.

In this work, the necessary resources were provided by
the LHC@home project, based on the BOINC-SixTrack
platform for distributed Computing.

INTRODUCTION
We report tune-scans – dependencies of the dynamic aper-

ture of the HL-LHC [1] on the working point in tune space,
covering both one-dimensional (linear) and two-dimensional
tune domains. This study is a part of the detailed tracking
campaign [2], [3] aimed at luminosity optimization and iden-
tification of operational scenarios for the HL-LHC. It em-
ploys the same standard tools [4], but focuses on somewhat
extended tune domains of alternative shapes, features an
independent procedure for generating initial conditions and
processing the results and, most notably, emphasizes on the
relation between dynamic aperture and resonances.

In the next section, linear tune-scans are described are – a
continuation of previous studies for the LHC [5] and also nat-
ural development of fixed working point studies, e.g. [6], [7].
Considering resonances of very high order (16th) is found
important to explain the observed (in tracking) reduction of
DA near the nominal working point.

The last section describes results of two-dimensional
scans which agree well with the findings in [2], [3].

At the end, a working point alternative to the one of the
nominal HL-LHC is identified – of possible interest for fu-
ture studies.

TUNE-SCAN (TS) PROCEDURE
We use latest Mad-X–SixTrack environment [4], [8], [9],

[10] and HL-LHC lattices at collision energy with included
weak-strong beam-beam interactions, sextupoles and Lan-
dau octupoles [11]. While DA is (traditionally) determined
over 106 turns, short-term SixTrack runs for detuning with
amplitude are often made in parallel (the footprint shown on
Figure 1, left).

∗ TRIUMF receives funding via a contribution agreement through the
National Research Council of Canada.
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Figure 1: Tune-scan domains: linear (left) and 2D (right).

Setting the tune is illustrated on Fig. 1. The linearly per-
turbed beam-beam tune point QBB

x,y = Q0
x,y − ∆QBB

x,y (green
dot) is varied along the blue line parallel to the diagonal
(left), or over a two-dimensional region made of many shifted
such lines (right). All arc trim quadrupoles are used result-
ing in negligible mismatch 1. By adding the exact tune-
shifts ∆QBB

x,y for the particular lattice, all results will be
presented in terms of the unperturbed working point (WP)
Q0

x,y . The minimum steps used, providing best resolution,
were ∆Q ‖diag. = 5 10−4and ∆Q⊥diag. =

√
2 10−3, however

some 2D scans below employ 3-5 times larger step.

LINEAR TUNE SCANS
In this section, QBB

x,y are constrained along line parallel to
the diagonal: Fig. 1, left, and the LHC and HL-LHC lattices
are taken at low chromaticity Q′ ∼ 2-3 and without Landau
octupoles (IMO = 0).
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Figure 2: Top two: DA-by-angle curves for the case of
HL-LHC (left) and LHC as built (right). Bottom two: Hor-
izontal plane only (red) and Lie-theory prediction for dip
locations (blue peaks).

We find that under these conditions both LHC and HL-
LHC appear to be very near optimum tunes for several sce-
narios – see below the three cases in Table 1 – and, sec-
ondly, 16-th order resonances appear to be important near

1 S. Fartoukh – private communication
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the nominal WP i.e. fractional tunes (0.31,0.32). At inten-
sity Nb = 1.1 × 1011 p/b, both lattices show very similar
dependence of DA on tune – Fig. 2, top. Here there are in
fact 19 curves, each corresponding to the x-y angle shown
in the legend, but spaces (stripes) between individual curves
are colored with hue proportional to angle value (unavoid-
able overlap ignored). The locations of dips and maxima
seen on Fig. 2 are discussed next.

Nominal
16-th order dip

13-th order dip

13

10-th order dip

Figure 3: Left plots: beam-beam footprint with eliminated
particles lost in 106 turns. Right plots: corresponding tune
points on Fig. 2 (vertical black lines).

Dips in DA
For most of the plot on Fig. 2 the dips in minimum DA

are well described by the red stripe, i.e. particles launched
near the horizontal plane. These dips are created when
the footprint’s horizontal wing penetrates domain of denser
resonances near the diagonal (yellow on Fig. 1) as clearly
seen in Fig. 3) which shows the “surviving” part of the
footprint at four locations: near the nominal WP 0.31 and
near three of the dips caused by 16, 13 and 10-th order
resonances. The effect of 16th order resonances is apparent
from the top two plots of Fig. 3.

An analytic model [13], [14] was used to create the curves
in blue on Fig. 2 (bottom). This model assumes presence
of only two head-on collisions IP1 and IP5 to produce an
analytic expression for the beam-beam invariant (first order
ellipse distortion). The amplitude of some high-order har-
monic of this invariant is plotted in blue. It’s peaks are seen
to agree well the locations of dips indicating that the corre-
sponding resonances are driven by head-on collisions, while
(in absence of octupoles) the role of long-ranges is solely
to supply/generate the wing. Notice also that, as found in
the above papers, of the two peaks near 62.31, the one at
62+4/13 depends on the tune advance between IP1 and IP5
and thus can be canceled if it is set to 1/4 × integer, while
the other one at 62+5/16 is independent on this phase.

Optimum Tunes
Regarding the optimum DA locations, observe first that

in terms of unperturbed Q0
x,y a tune-scan made with some

lattice setup A should also predict optimum tunes for setup B
of different∆QBB

x . This is because the footprint’s head scans
the same resonance mesh at a distance equal to the difference
between the tune-shifts of B and A. One can imagine that
the horizontal wing scans the resonances as a “δ-function”
so, to accuracy to translation along the abscissa, different
tune-scans predict the same optima.

The above "projected" optima were used to construct Ta-
ble 1. Here the previous HL-LHC scan of Fig. 2 is de-
noted as case 0 and projected locations for two other HL-
LHC setups are shown, with tune shifts ∼ 0.2 (case 1) and
∼ 0.3 (case 2). For example, in case 1 the projected tune is
Q0

x = 62.31 − (0.022 − 0.0155) = 62.3035. Fig 4 demon-
strates that cases 1 and 2 fall remarkably well near optimum
locations.
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Figure 4: Same as on Fig. 2 top (left), but with vertical
lines indicating "projected tune" cases of Table 1. Here the
vertical axis, showing DA[σ], is only valid for case 0.

HL-LHC setup (Nb in p/b) tune shift Q0
x

0 as scan made: 1.1 × 1011 0.0155 62.31
1 2.2 × 1011, no BB in IP8 0.022 62.3035
2 2.2 × 1011 , with BB in IP8 0.033 62.2925

Table 1: Projected Q0
x – black vertical lines on Fig 4

Finally, Figure 5 shows results from similar DA scans
performed with the true lattice for cases 1 and 2. Observe
that on these plots the two regions near 62.31 locally look
the same as the ones near corresponding projected tunes in
Fig. 4.
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Figure 5: Tune scans with parameters as cases 1 and 2.

In summary, the linear tune-scans indicate that further
improvement in DA should be sought if two dimensions,
where most promising looks the region near the one-third
corner (∼0.32-0.33), and also that Landau octupoles should
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be turned on, thereby reducing the transverse size of the the
footprint (wings). Such features, along with higher chro-
maticity, have already been reported and included in recent
HL-LHC lattices.

TWO-DIMENSIONAL SCANS
Strong Octupoles and High Chromaticity

In this section DA is evaluated over 2D domains and for
HL-LHC parameters as in the baseline scenario, whose lat-
est review can be found in [11], [12]. The contour plots
represent minimum value of DA[σ] over 19 angles with σ
as in the legend, shown on top of resonance lines of orders
5 to 16.

For Figures 6 and 7 we have taken some hypothetical (most
pessimistic) case of doubling the intensity at a constant β?:
from Nb = 1.1 × 1011 shown on the left, to twice this value
(on the right). In Fig 6, the chromaticity and Landau octupole
current are as in the previous section. In Fig 7, Q′ = 15
and the maximum |IMO | is taken using the negative polarity.
As independently found in [2], a region exists where he
minimum DA exceeds 6σ in all four cases. The same is
seen to be true for the sample leveling scenario on Figure 8.
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Figure 6: Left to right: doubling the intensity at constant
β?=15 cm (not a leveling scenario) for Q′= 3, IMO = 0.
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Figure 7: Left to right: doubling the intensity at con-
stant β?=20 cm (not a leveling scenario) for Q′= 15,
IMO = −570 A.
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Figure 8: Some example leveling scenario for Q′= 15,
IMO =-570 A. Left: β?=46cm, Nb = 2.2 1011 (beginning
of fill). Right: β?=15cm, Nb = 1.2 1011 (end of fill).

The left-side plots show that with chromaticity increased,
the optimum tune domain exhibits a shift downwards and
below the split-2 diagonal, a property first established in
two-dimensional tune-scans performed previously for the
LHC. A shift of the optimum tunes with intensity is also
seen to take place, its exact value being somewhat obscured
by the large scanning step used in all plots on the right, i.e.
for doubled intensity.

Alternative Working Point
On Figure 9, the TS conditions are identical to the end-

of-fill case above, Fig. 8 (right), but the scanning region
has been extended to the left – away from the one-third
corner, and also the steps are smaller: ∆Q ‖diag. = 5 10−4,
∆Q⊥diag. = 4 10−3. Zoom of the region near the nominal
tune allows to see the same resonances as in the previous
section appearing here as contours transverse to the diagonal.

A new interesting region is also seen on Figure 9 near
(62.3,60.3), i.e. in vicinity of 10th order resonance cluster,
its 1D analogue can be found on Figure 3 (bottom, right).
In this region the minimum DA over angles is at its peak
larger by 1-1.5 σ than its corresponding value near the one-
third corner, but the domain of good tunes (in blue) seems
substantially reduced.
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Figure 9: Same conditions as for Fig. 8 (right), but with
tune-scan domain extended to the left, allowing to see a new
region of large DA near (62.3,60.3).
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