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Amplitude detuning measurements in the LHC have shown that a significant amount of detuning
is generated via feed-down from high-order field errors in the magnets of the experiment insertion
regions. This undesired detuning can be detrimental to luminosity production of the machine
and is expected to be enhanced in the upcoming high-luminosity upgrade of the collider, the HL-
LHC. In this study, we investigate the high-order errors in detail, performing amplitude detuning
measurements during the commissioning of the LHC Run 3 and establish operational corrections
via feed-down, using for the first time the dodecapole correctors in the insertion region.
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I. INTRODUCTION AND MOTIVATION

Amplitude detuning, also known as “tune shift with
amplitude”, describes the action-dependent tune shift in
a storage ring and has significant impact on the tune
footprint of the particle beams in the Large Hadron Col-
lider (LHC), affecting dynamic aperture (DA) and beam
lifetime [1, 2]. It also influences the performance of beam
instrumentation [2] and the control of Landau damping.
Landau damping of head-tail instabilities is induced by
dedicated octupole magnets (Landau Octupoles or MOs)
in the arcs around the LHC [3].

To first order in field strength and first order in action,
detuning is generated by normal octupole fields, weighted
by powers of the β-functions at the octupole sources [4, 5]
(see Section IIC). Reduction of undesired detuning from
octupole errors therefore directly relates to improved con-
trol of Landau damping, possibly reducing the necessary
powering of the MOs.

It has been established, that in the LHC during proton-
proton collisions, the main source of unwanted detun-
ing are normal octupole errors from the quadrupole
triplets [2, 6–8] left and right of the experimental inser-
tions of ATLAS at Interaction Point (IP) 1 and CMS at
IP5. The beam dynamics in the Insertion Regions (IRs)
around the IP are very sensitive to errors, due to their
high β-functions, required to reach very small β∗, the
value of the β-function at the IP. Error correction in the
IRs has therefore been subject to intensive studies during
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the design phase and in the actual machine, not only in
the LHC [2, 7–11], but in most synchroton colliders, such
as the Tevatron [12], RHIC [13], SuperKEKB [14] and in
the Future Circular Collider [15–17]. One of the upgrades
envisioned for the High-Luminosity LHC (HL-LHC) [18],
are triplets with larger aperture, increasing the coil aper-
ture from 70mm in the LHC [6] to 150mm. This allows
for a doubling of the β-function in the triplets, supporting
β∗ down to 15 cm [19] to raise collision rates and hence
the name-giving high luminosity. Yet this change ele-
vates the already high sensitivity to errors in this region
[20, 21]. The search and testing for suitable correction
targets for increasingly higher field orders has been a long
ongoing journey at the LHC [8, 22–25].

The regions of the LHC housing the triplets are occu-
pied by common-aperture magnets, meaning both circu-
lating beams, named Beam 1 and Beam 2, share a single
aperture between the so-called separation dipoles, which
divide the beams again into their individual beamlines.
The nonlinear correction packages [6] are located close
to the triplets [2] within this region. A schematic of an
IR of the LHC is given in Fig. 1. Any correction needs
hence to be valid for both beams.

One of the observables targeted to correct IR-errors
has been amplitude detuning. Amplitude detuning is a
global parameter and therefore cannot display the indi-
vidual contribution of each IP to the total detuning. To
determine the origin of the errors, local orbit bumps have
been introduced during measurements, generating feed-
down (see Section II B) to tune and coupling which could
then be mitigated using the octupole correctors within
the nonlinear correction packages in each IR. Performing
this correction has also led to immediate improvements
in the performance of beam instrumentation, e.g. in the
accuracy of the coupling measurement and the signal-
to-noise ratio of the base-band tune (BBQ [26–28]) sys-
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FIG. 1. Schematic of one side of a LHC IR region, showing
the common-aperture magents: Q1, Q2a/b and Q3 are the
triplet quadrupoles, C0-C3 the corrector packages with the
field order to be corrected indicated (see Section IIA). D1 is
the separation dipole, diverging Beam 1 and Beam 2 to their
respective beamlines. Blue lines mark common cryostats. The
non-linear corrector package, containing the dodecapole cor-
rectors, is included in C3.

tem [2].

During LHC commissioning in 2018, upon changing
the crossing scheme from flat-orbit to the operational
scheme (see Table I), an increase in amplitude detuning
was measured (see Table II and [29, 30]). Further inves-
tigation [31] during Machine Development (MD) sessions
confirmed this finding and revealed the main contribution
to be feed-down from high-order errors, i.e. decapole and
dodecapole errors and above, to the octupole fields, due
to the crossing schemes in IP1 and IP5. While feed-down
to tune from dodecapole fields induced by orbit bumps
had been observed in other colliders [32], there have been
no measurements of feed-down to first-order amplitude
detuning outside of the LHC.

As the influence of the feed-down of magnetic fields
depends on the (small) orbit offset raised to the power
of the field’s order (see Section II B), field errors higher
than dodecapole errors are ignored in the here presented
study. Also sextupole errors and feed-down to them are
omitted in the following discussion: not only are they less
affected by feed-down from the high-order errors com-
pared to octupole fields (see again Section II B), they
also contribute only in second order in field strengths
to amplitude detuning [4] and their correction has been
discussed in e.g. [2, 7, 33, 34].

Dodecapole fields on the other hand are the first al-
lowed harmonic of quadrupole magnets [35] and also con-
tribute directly to second-order amplitude detuning (see
Section IIC). The harmful influence of decapole and do-
decapole errors on dynamic aperture and beam lifetime
in the upcoming HL-LHC has been shown in simulations
and dedicated measurements, in which the normal dode-
capole errors were artificially increased to replicate the
HL-LHC conditions [25, 36–40].

In this paper detuning measurements are presented,
which have been performed in 2022 during LHC com-
missioning and in a dedicated MD session (with the
ID MD6863), confirming the observed errors still to be
present in LHC Run 3. Important machine settings for
these measurements are shown in Table I and a summary
of the measured detuning terms can be found in Table II.
A correction option, previously only researched in simu-
lations [37], is explored: Normal dodecapole errors in the
IRs are corrected using the observed change in amplitude

detuning from feed-down, by in turn utilizing the feed-
down to normal octupoles from the dodecapole correctors
in the nonlinear corrector packages of the IRs, which had
been hitherto inactive during operation.
While measurements and corrections of magnetic fields

up to dodecapole order, based on tune shifts using the
feed-down artificially introduced by orbit bumps, had
also been attempted at RHIC [32], these corrections were
never (or only partially) used operationally, as they were
detrimental to beam lifetime. On the other hand, a 4%
increase of integrated luminosity was achieved using de-
capole and dodecapole correctors by targeting beam life-
time directly [41]. So while this is not the first time a par-
ticle collider uses dodecapole correctors operationally, it
is the first time targeting the feed-down to amplitude de-
tuning and hence also controlling Landau damping. For
the LHC this is in fact also the first time these correctors
are used in operation.
This paper is structured as follows: In Section II theo-

retical background, notations and conventions are intro-
duced, as well as the procedure for measurements, simu-
lations and corrections outlined. This is followed by the
actual presentation and discussion of the results in Sec-
tion III. Conclusions are drawn in Section IV, in which
also outlook for further studies is suggested.

II. BACKGROUND

A. Field Strengths

The multipole expansion of a general magnetic field

B⃗ = (Bx, By) in the planes x (horizontal) and y (verti-
cal), into normal (Bn) and skew (An) field components
of 2n-poles, reads

By + iBx =

∞∑
n=1

(Bn + iAn) (x+ iy)
n−1

. (1)

With Eq. (1) this paper follows the convention of using
n = 1 to indicate a dipole field. Extracting the main field
component BN of a normal 2N-pole magnet, the expan-
sion can be rewritten using bn and an to represent normal
and skew relative field errors at the reference radius Rref :

By + iBx = BN ·
∞∑

n=1

(bn + ian)

(
x+ iy

Rref

)n−1

, (2)

and equivalently for AN , the main field component of a
skew 2N-pole magnet. bn and an are dimensionless but
usually given in ‘units’ of 10−4. As the correction de-
scribed below makes use of normal dodecapole magnets
and is mostly aimed at correcting the b6 error compo-
nents (see Section III B), the shorthand “b6 correction”
is employed in the figures and tables of this paper. The
normal field component Bn of a normal 2N-pole magnet
is then

Bn [Tm1−n] = BN · bn

R n−1
ref

(3)
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TABLE I. Machine Settings used during measurements.
Crossing is given in half-angles. The horizontal plane is X,
the vertical plane is Y. MD3311 is the machine development
session in 2018 [31] first investigating the feed-down from
high-order errors, MD6863 the session in 2022 dedicated to
dodecapole corrections.

Tunes: Qx = 62.28, Qy = 60.31
Optics: β∗ = 30 cm round optics (β∗

x = β∗
y)

Commissioning 28 . 04 . 2018 full crossing

Energy: 6.5TeV
Crossing: IP-Plane IP1-Y | IP2-Y | IP5-X | IP8-X

µrad 160 | 200 | 160 | –250
Separation: IP-Plane IP1-X | IP2-X | IP5-Y | IP8-Y

mm –0.55 | 1.4 | 0.55 | 1.0

MD3311 16 . 06 . 2018 IP5 crossing

Energy: 6.5TeV
Crossing: IP-Plane IP5-X

µrad 160
Separation IP-Plane – IP5-Y –
& Offset: mm 0.55 | –1.8

Commissioning 09 . 05 . 2022 full crossing

Energy: 6.8TeV
Crossing: IP-Plane IP1-Y | IP2-Y | IP5-X | IP8-X

µrad –150 | 0 | 150 | 0
Separation: IP-Plane IP1-X | IP2-X | IP5-Y | IP8-Y

mm 0 | 0 | 0 | 0

Commissioning 04 . 06 . 2022 full crossing
& MD6863 24 . 06 . 2022 full crossing

Energy: 6.8TeV
Crossing: IP-Plane IP1-Y | IP2-Y | IP5-X | IP8-X

µrad -160 | 200 | 160 | –200
Separation: IP-Plane IP1-X | IP2-X | IP5-Y | IP8-Y

mm 0 | 1.0 | 0 | 1.0

MD6863 24 . 06 . 2022 IP5 crossing

Energy: 6.8TeV
Crossing: IP-Plane IP1-Y | IP2-Y | IP5-X | IP8-X

µrad 0 | 200 | ±160 | –200
Separation: IP-Plane IP1-X | IP2-X | IP5-Y | IP8-Y

mm 0 | 1.0 | 0 | 1.0

and similar for skew field components An, as well as the
skew and normal components of a skew 2N-pole magnet.

It is customary to normalize the field strengths of
Eq. (3) to the magnetic rigidity Bρ, defined by the main
dipole field B of the accelerator and its bending radius ρ:

Kn [m−n] =
Bn

Bρ
(n− 1)! and

Jn [m−n] =
An

Bρ
(n− 1)! .

(4)

B. Feed-Down

The effect of feed-down occurs when a particle beam’s
orbit passes off-center through a magnet, due to either
a transverse misalignment of the magnet or an off-center
closed orbit of the beam itself. In these cases, the mag-
netic field can be described as a composition of the cur-
rent order main field plus lower order components, and
can be understood by applying a Taylor expansion on
x and y in Eq. (1) or, equivalently, the Hamiltonian of
the system in curvilinear (comoving) coordinates. These
additional components therefore cause the same effects
on the beam as lower order sources would [43]. Using
Eq. (1) and Eq. (4), and with (∆x, ∆y) being the orbit
of the off-center particle, feed-down to field order n ≥ 1
from fields up to order n+ P can be expressed as:

(Kn + iJn)
w/ feed-down

=

P∑
p=0

(Kn+p + iJn+p)
(∆x+ i∆y)p

p!
.

(5)

C. Amplitude Detuning from Dodecapoles

Using the invariant of motion ϵu = 2Ju, with the action
Ju, the amplitude Au(s) of a particle in the transversal
plane u ∈ {x, y} at longitudinal position s is

Au(s) =
√
2Juβu(s) =

√
ϵuβu(s) . (6)

The dependency of the tune on amplitude is usually given
with respect to this invariant and is therefore location
independent. The detuning coefficients can be expressed
via Taylor expansion of the tune Qu around the unper-
turbed tune at zero-action Qu0; explicitly stated up to
second order in amplitude:

Qu(ϵx, ϵy) = Qu0 +
∂Qu

∂ϵx
ϵx +

∂Qu

∂ϵy
ϵy

+
1

2!

(
∂2Qu

∂ϵ2x
ϵ2x + 2

∂2Qu

∂ϵx∂ϵy
ϵxϵy +

∂2Qu

∂ϵ2y
ϵ2y

)
+ ...

(7)

To numerically compute detuning integrals, a thin lens
approximation is used in which multipole elements are
split into single kicks at sw surrounded by drift spaces;
the kick strength being KnLw - the integrated strength
Kn(s) (see Eq. (4)) over the length Lw of element w. β-
function and orbit are then also approximated using the
value at sw. In this approximation, the contribution to
the first-order terms of Eq. (7) from octupole fields of
element w with integrated strength K4Lw can be calcu-
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TABLE II. Summary of amplitude detuning measurements from 2018 [29–31] at 6.5TeV and β∗=0.3m and 2022 at 6.8TeV
and β∗=0.3m. Detailed orbit setups are described in Table I while here the measurements are identified by either “flat-orbit”
(i.e. crossing bumps deactivated) or which of IP1 and IP5 are activated and at (“@”) which half-angle. If both IPs are
mentioned with different signs, the top sign refers to IP1 and the bottom sign to IP5. The four detuning terms are abbreviated
as in Eq. (11): Qa,b = ∂Qa/∂(2Jb). Measurements for Beam 1 are shown in blue (top) and for Beam 2 in red (bottom). Where
AC-Dipole kicks were used, the results have been corrected for the effect of forced oscillations [42].

Qx,x Qy,x Qx,y Qy,y

[103 m−1] [103 m−1] [103 m−1] [103 m−1]

2018 MD3311 0.8± 0.5 10 ± 1 6 ± 2 20 ± 5
flat-orbit −7.5± 0.5 8 ± 2 −2 ± 1 6 ± 1

2018 Commissioning 34 ± 1 8 ± 2 18 ± 1 −38 ± 1
IP1&5 xing @ +160µrad −3 ± 1 −10 ± 3 −14 ± 2 13 ± 3

2018 MD3311 56 ± 6 −9 ± 15 −78 ± 7 2.5± 0.8
IP5 xing @ +160µrad 1.5± 0.5 4 ± 1 −4 ± 3 12 ± 1

2022 Commissioning w/o b6 −15.4± 0.9 32.2± 0.2 33.7± 1.0 −8.4± 0.5
flat-orbit −8.7± 0.7 13 ± 2 −3 ± 2 10.0± 0.9

2022 Commissioning w/o b6 20 ± 4 43 ± 4 33 ± 10 −10 ± 3
IP1&5 xing @ ∓150 µrad 26.0± 0.8 −31 ± 3 −27 ± 4 18 ± 7

2022 Commissioning w/ b6 −34 ± 7 38 ± 3 24 ± 4 −6 ± 1
flat-orbit −15 ± 2 10 ± 3 6.3± 0.4 −3.6± 0.6

2022 Commissioning w/ b6 −21 ± 4 47 ± 2 56 ± 6 15 ± 1
IP1&5 xing @ ∓160 µrad −28 ± 2 22 ± 4 13 ± 2 −7.8± 0.5

2022 MD6863 w/o b6 −18 ± 2 32 ± 2 22 ± 4 0.0± 0.9
flat-orbit −19.2± 1.7 13.1± 1.7 12 ± 2 3.4± 0.8

2022 MD6863 w/o b6 9 ± 2 36.8± 2.0 27 ± 2 2.1± 1.0
IP1&5 xing @ ∓160 µrad 20.9± 1.1 −39 ± 2 −42.7± 1.6 19.7± 1.3

2022 MD6863 w/o b6 23 ± 2 1 ± 2 −3.7± 1.2 3.0± 1.4
IP5 xing @ +160µrad 10.6± 1.2 −8 ± 3 −15.8± 1.6 5.3± 1.2

2022 MD6863 w/o b6 8.9± 1.4 4 ± 3 −0.9± 0.5 0.3± 0.5
IP5 xing @ −160 µrad 20.3± 1.7 −15 ± 4 −23.3± 1.7 −1.5± 1.6

2022 MD6863 w/ b6 −12.7± 1.0 33 ± 2 30.1± 1.0 17.5± 1.4
IP1&5 xing @ ∓160 µrad −46 ± 4 31 ± 2 34.5± 1.4 −17.9± 1.0

lated [44] as

∂Qx

∂(2Jx)
=

∑
w

K4Lw

32π
β2
x(sw) (8a)

∂Qx

∂(2Jy)
=

∂Qy

∂(2Jx)
=
∑
w

−K4Lw

16π
βx(sw)βy(sw) (8b)

∂Qy

∂(2Jy)
=

∑
w

K4Lw

32π
β2
y(sw) . (8c)

Including feed-down, as in Eq. (5), from normal and skew
decapoles (K5L, J5L) and normal and skew dodecapoles
(K6L, J6L) we get due to the orbit ∆x(sw),∆y(sw) at
an element w

(K4Lw)
w/ feed-down

=

K4Lw +∆x(sw)K5Lw −∆y(sw)J5Lw +

1

2

(
∆x(sw)

2 −∆y(sw)
2
)
K6Lw −∆x(sw)∆y(sw)J6Lw .

(9)

Normal dodecapole magnetic fields also contribute di-
rectly and linearly to the second-order detuning terms of
Eq. (7) in the following manner:

∂2Qx

∂(2Jx)2
=

∑
w

K6Lw

384π
β3
x(sw)

(10a)

∂2Qx

∂(2Jx)∂(2Jy)
=

∂2Qy

∂(2Jx)2
=
∑
w

−K6L

128π
β2
x(sw)βy(sw)

(10b)

∂2Qx

∂(2Jy)2
=

∂2Qy

∂(2Jx)∂(2Jy)
=

∑
w

K6Lw

128π
βx(sw)β

2
y(sw)

(10c)

∂2Qy

∂(2Jy)2
=

∑
w

−K6Lw

384π
β3
y(sw) .

(10d)
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For brevity, in the following we will use the symbols

Qa,b =
∂Qa

∂(2Jb)
and Qa,bc =

∂2Qa

∂(2Jb)∂(2Jc)
, (11)

as well as short-hands for the coefficients

β̃a,b =


β̃x,x =

β2
x

32π

β̃x,y = −βxβy

16π

β̃y,y =
β2
y

32π

and β̃a,bc =


β̃x,xx =

β3
x

384π

β̃x,xy = −β2
xβy

128π

β̃x,yy =
βxβ

2
y

128π

β̃y,yy = − β3
y

384π

,

(12)
with a, b, c ∈ {x, y}.

D. Measurements

While in the beginning of LHC operation, ampli-
tude detuning has been measured based on free oscil-
lations following a single dipole “kick” [45], in later
years they were achieved using forced oscillations with
an AC-Dipole [42, 46, 47]. Optics measurements with
AC dipoles had already been tested at RHIC [48, 49],
and in the SPS in preparation for LHC optics measure-
ments [50–52].

The oscillations, close to the tune frequency, are adi-
abatically ramped up and down to and from the desired
amplitude [42, 53, 54]. Exciting single pilot bunches
(≈ 1010 protons) per beam, this method allows for
measurements at top-energy without endangering ma-
chine safety and without beam decoherence or emit-
tance growth. This means, a single bunch can be ex-
cited multiple times without having to go through the
time-consuming process of dumping the blown-up beam,
ramping down the magnets to injection settings, refilling
the proton bunches, ramping to top-energy again and
performing the optics-squeeze (i.e. the reduction of β∗

to the desired value). The transverse positions of the
beam centroid over approximately 6600 turns are cap-
tured during the AC-Dipole’s flat-top at each Beam Po-
sition Monitor (BPM) [55] and then analysed. Due to
the use of the AC-Dipole the first-order amplitude de-
tuning direct terms Qx,x (Eq. (8a)) and Qy,y (Eq. (8c))
will be enhanced by a factor of 2, while the second-order
direct terms Qx,xx (Eq. (10a)) and Qy,yy (Eq. (10d)) are
enhanced by a factor of 3 [42]. All detuning data pre-
sented in this paper are compensated for these factors
and detuning terms quoted are the “free” detuning of
the machine. In principle, also the second-order terms
Qx,xy and Qy,xy are doubled during forced oscillations,
yet only the tune shift with the action of one plane has
been measured during the here presented study and these
terms have therefore not been investigated.

AC-Dipole excitations are generally performed in the
two transverse planes at the same time to be able to mea-
sure both tunes. The amplitude of one plane is kept low
and constant, while slowly increasing the strength, i.e.

action, of the other plane. The ∆Q = |Qnatural −Qdriven|
of the plane with constant amplitude kicks is usually
smaller than the other, to increase signal-strength of the
tune line even at these low amplitudes due to the de-
creased adiabaticity of the ramp. In the other plane, the
driven tune is kept slightly further apart to avoid exciting
diagonal (∆Qx = ∆Qy ) resonances [56, 57]. The ampli-
tude is increased within the amplitude range of the AC-
Dipole only in small steps and only until first losses at the
collimators can be seen, to not risk a beam dump and to
not lose beam intensity, needed to ensure good signals in
the subsequent measurements. When the available kick
amplitude has been exploited, the procedure is repeated
with the roles of the planes switched.

E. Data Analysis

The resulting turn-by-turn data is then processed
by our python software tools [58]: Cleaning is
done automatically via a specialized Singular-Value-
Decomposition (SVD) and Fourier transform on the sig-
nal [59, 60], followed by a combination of automated and
manual cleaning steps to remove faulty BPMs and ascer-
tain the correct tune-line in the spectrum [61]. In prepa-
ration for extensive amplitude detuning studies like the
one presented, these latter methods have recently been
extended with new features, such as automated BPM
cleaning (via the Outlier Filter described below) and an
option for manual spectral-line selection. This has al-
lowed for fast online (i.e. during measurements) analysis
of the data during the MD, which had not been possible
to this level in the past.

Outlier Filter The outlier filtering function [59] is uti-
lized at multiple stages of the data analysis and operates
in the following way: The function gets an array x of
data of length nx, which can be any scalar data but in
the context of this paper has been data of the tunes, ei-
ther measured per BPM or a time series from the BBQ. It
removes data points in the tails of the measured distribu-
tion, which are too populated assuming xn to be samples
from a normal distribution, specified by measured mean
and standard deviation of the given data, due to the finite
sample size nx. A data point, outside of a user-specified
limit, is removed if there is less than a 50% chance that it
stems from the specified normal distribution. This filter-
ing method is first applied to filter out BPMs for which
the driven or natural tunes were not correctly identified
and later to clean the tune data from the BBQ, used to
establish the baseline for the machine tune at zero-action
(see Section II E).

Action The action 2J is calculated at each BPM at
location s from the amplitude ABPM of the main line of
the BPM-spectrum (i.e. the driven tune) via

2JBPM =
A2

BPM

βmodel(s)
. (13)
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Instead of the β-function from the model (as in [62]), the
measured β values can also be used as shown in [63], yet
this feature has not yet been implemented in the analysis
code. Due to the low β-beating in the machine [64, 65]
using the model β-function is still justified.
The action is further rescaled to perform beam-based

adjustments for residual BPM calibration errors [63],
by the mean ratio of the β-function estimated from
phases [66] and the β-function from amplitudes [62] at
the arc BPMs per kick.

The error on the action δ2JBPM can be acquired from
the error on the amplitude δABPM, which in turn is esti-
mated from the noise on the signal:

δABPM =

√
2

NTurns
· R(cleaned)

BPM . (14)

NTurns is the number of turns over which the measure-

ment is recorded and R
(cleaned)
BPM is the estimated BPM-

Resolution of the cleaned signal. Here, BPM-Resolution
is defined as the standard deviation of the noise, which
is first estimated by the difference between the cleaned

signal and the original signal at the BPM (as R
(raw)
BPM ).

On this estimate a coefficient has been matched via an
empirical study, targeting e.g. the ratio of the noise floor
levels in the frequency spectra of raw data and SVD-
cleaned data:

R
(cleaned)
BPM =

1√
2 · 10

· R(raw)
BPM . (15)

With Eqs. (13) and (14) we can calculate the error on
the action:

δ2JBPM =
2 · ABPM · δABPM

βmodel(s)
. (16)

From these estimates at each BPM for actions
2JBPMs = {2JBPM1

, ..., 2JBPMN
} and corresponding er-

rors δ2JBPMs = {δ2JBPM1
, ..., δ2JBPMN

}, we want to get
an estimate for the actual action and the error we might
be making on this estimation.

We can use inverse-variance weighting to define
an error-weighted average of a set of measurements
x = {x1, ..., xN} and their associated errors δx =
{δx1, ..., δxN}

⟨x⟩δ =
1∑N

n=1
1

δx2
n

N∑
n=1

xn

δx2
n

=
1

Sδ(x)

N∑
n=1

xn

δx2
n

, (17)

defining also a sum-of-weights Sδ(x). Equation (17) is
used to get an estimate of the action in the machine:

2J = ⟨2JBPMs⟩δ . (18)

For the estimation of the error on this quantity, we can
calculate the error-weighted variance on the data

σ2
δ (x) =

〈
|x− ⟨x⟩δ|

2
〉
δ

(19)

as well as the variance on ⟨x⟩δ itself:

σ2(⟨x⟩δ) =
1∑N

n=1
1

δx2
n

=
1

Sδ(x)
, (20)

and the effective sample size

Nδ(x) =

(∑N
n=1 1/δx

2
n

)2

∑N
n=1 (1/δx

2
n)

2
. (21)

Also using the abbreviations σ2
δ = σ2

δ (2JBPMs), Nδ =
Nδ(2JBPMs) and Sδ = Sδ(2JBPMs) the error on the action
can then be estimated via the unbiased sum of the two
above described variances:

δ2Jestimated =

√
Nδ

Nδ − 1

(
σ2
δ +

1

Sδ

)
. (22)

To account for the measurement’s finite sample size,
whilst still estimating the standard deviation of a nor-
mally distributed quantity (Student’s t-distributed with
an infinite number of degrees of freedom), the error value
is corrected by a multiplicative coefficient. We calculate
the coefficient tcorrection utilising the cumulative distri-
bution function F (s,N) of Student’s t-distribution (with
mean equal to 0 and spread equal to 1) as a function of
the actual value s and the number of degrees of freedom
N .

tcorrection = F−1(F (1,∞), Nδ), (23)

which is a factor towards the limiting case N → ∞ for a
given confidence level corresponding to 1 σ in the normal
distribution.

δ2J = δ2Jestimated · tcorrection . (24)

These statistical functions are part of the omc3-
package [58]. The calculations are done individually for
each transversal plane.
Tune For each BPM the natural tune is identified

within a given frequency window as the line with the
largest amplitude in that window [60]. Again, the two
transversal planes are handled identically and separately.
The selected lines are manually confirmed in a spectral
plot and can be modified if needed.
The measured natural tune Qnatural and its error

δQnatural at the time of the excitation is calculated from
the selected spectral lines by the mean and standard de-
viation over the BPMs. The natural tune at zero-action
(Qu0 in Eq. (7)) is found around each excitation time
from the BBQ data logged in the LHC, which removes the
influence of possible tune drifts during the measurement
duration. The BBQ data is first cleaned using a sliding
window of 100 data points, which translates to roughly
15 seconds of data, and applying the Outlier Filter de-
scribed above within each window. This removes mea-
surement outliers of the BBQ as well as the excited tunes
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FIG. 2. Data of the measured direct vertical detuning term
in Beam 2 without dodecapole correction from MD6863 (Ta-
ble I). Shown are the scenarios of flat-orbit (blue), with full
crossing scheme applied (orange), and with crossing only in
IP5 at +160 µrad (green) and −160 µrad (red). Dashed lines
show the linear fit to the data points, while the colored area
covers one standard deviation of the fit. The constant part
of the fit has been subtracted from the fit and its respective
data points. These are examples of the measurements of four
data points in Table II.

during the AC-Dipole operation, which lasts about 1 s.
If a value is removed in any window, it will be com-
pletely excluded from analysis. From this filtered data
the mean is calculated for each window, resulting in a
moving average. This average is in turn subtracted from
the data points to calculate a moving standard deviation
using the same window lengths. The tunes QBBQ are
then the value of the moving average closest to the kick-
times, while the error on those measurements δQBBQ are
the values of the moving standard deviation at the same
times. The tune values for the detuning-fit are then

∆QBBQ-corrected = Qnatural −QBBQ (25)

δ∆QBBQ-corrected =
√
δQ2 + δQ2

BBQ . (26)

Fitting To get the first-order detuning coefficients,
the slope of the detuning ∆QBBQ-corrected over the ac-
tions 2J at different kick-amplitudes and their errors
δ∆QBBQ-corrected and δ2J is fitted to a linear polynomial
by means of an orthogonal distance regression (ODR) al-
gorithm [67] provided by the scipy python package [68].
ODR also produces an estimated error (one standard de-
viation) on the fit. In principle also a fit to second-order
polynomials is possible, yet, as will be discussed in Sec-
tion III C, due to the low kick amplitudes in most of the
measurements, no usable fits could be obtained.

Examples of the results of the measurement at differ-
ent crossing angles are given in Fig. 2: depicted are the
vertical-plane tune shifts over the vertical-plane actions
including their linear ODR fits for four different scenar-
ios, all without dodecapole correction, as performed dur-
ing the MD in 2022. The resulting fit values and their
standard deviation for all relevant measurement scenar-
ios can be found in Table II: the measurement results
from 2018 which triggered the study, and from commis-
sioning and the MD in 2022. A discussion of the data is
presented in Section III.

F. Correction Approach

The normal dodecapole corrector elements (MCTX) left
and right of IP1 and IP5 are used to compensate for the
measured detuning shift with crossing angle ∆Qa,b. As
the contributions to detuning add up linearly, an equa-
tion system can be built with these correctors as un-
knowns, targeting −∆Qa,b:

−


∆Q

(B1)
a,b

∆Q
(B2)
a,b
...

 =


M

(B1)
a,b;L1 M

(B1)
a,b;R1 M

(B1)
a,b;L5 M

(B1)
a,b;R5

M
(B2)
a,b;L1 M

(B2)
a,b;R1 M

(B2)
a,b;L5 M

(B2)
a,b;R5

...

 ·

K6LL1

K6LR1

K6LL5

K6LR5

 ,

(27)

where the matrix elements are the detuning coefficients
from Eq. (12) with feed-down fromK6 toK4 (see Eq. (9))

M
(BN)
a,b;w =

1

2

(
∆x(BN)

w

2
−∆y(BN)

w

2
)
β̃
(BN)
a,b;w , (28)

using the subscript short-hands LIP, RIP for the correc-
tor elements left and right of IP ∈ {1, 5}. BN ∈ {B1,B2}
indicates the beam. Equation (27) can be extended, as
hinted at by the vertical dots, to include multiple tar-
geted detuning terms ∆Qa,b, as well as different setups,
e.g. the same detuning term but with different cross-
ing angles. The resulting equation system can then be
solved, or the error on the solution minimized, by stan-
dard linear optimizers.
Before the data of 2022 could be measured, more com-

plex scenarios, e.g. targeting single IRs or using inequal-
ities, were studied using the 2018 data, which had been
presented in [69]. In 2022 all calculations were based on
equalities to the measured tune shifts. During commis-
sioning and the MD these were exclusively based on the
difference between flat-orbit and with crossing in both
IR1 and IR5 (see Table I), due to the data from single
IRs not yet being available at the time of the “online”
correction calculations. These corrections could be tested
and verified in the machine. After the data from the
measurements with individual crossing schemes in IR5
(again Table I) had been analyzed, corrections were also
calculated taking these into account and are discussed in
Section III B.

G. Correction Calculation

In simulations the nominal LHC is recreated in cpy-
mad [70], a python wrapper for MAD-X [71], using the
Run 3 sequence and β∗ = 30 cm round optics. There
are no errors included into the model. The orbit is set
up according to the desired realization, as described in
Table I.
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From the optics functions, acquired using the TWISS
command in MAD-X, and the measurement data the de-
sired equation systems of Eq. (27) are built and a sum-
of-squares minimization performed, using the (Moore-
Penrose) pseudo-inverse of the matrix build from the
Ma,b;w derived from the model. The uncertainties on the
measurement-fits ∆Qa,b are propagated to the resulting
corrections. To check the validity of the calculations, the
obtained corrector strengths are applied to the simulated
lattice and the actual detuning change is determined from
the PTC-module [72, 73] as well as from Eqs. (8) and (9).
The corrections can then be trimmed into the acceler-

ator via the LHC Software Architecture (LSA [74]) and
their actual effectiveness evaluated.

III. RESULTS
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FIG. 3. Differences of detuning at flat orbit in measurement
(crosses and errorbars) between the first two measurements
(orange) and between the second and third measurement
(blue) in 2022 compared to the simulated expected changes
from differences in LHC machine settings (circles), using the
calculated corrections of “MD6863 w/ IP5” in Table III (with
opposite signs) as error sources. The differences between the
09.05 and 04.06 were: crossing schemes in IP2 and IP8, skew
and normal sextupole corrections in IP1 and IP5, as well as
the “Commissioning 2022” correction, which was active at
the time of the second measurement. Between 04.06 and
24.06 the dodecapole correction was deactivated again, but
local corrections in the first single-aperture quadrupole (Q4)
of Beam 2, corrections of arc 81 and arc 45 in Beam 1, and
global β-beating and dispersion corrections for each beam,
were applied. Additionally, a waist-shift correction had been
applied in Beam 2 at IP5 [75].

During the 2022 LHC commissioning and again for
verification and improvement during MD, measurements
were performed following the procedure described in Sec-
tion IID at the top-energy of LHC Run 3 of 6.8TeV after
squeezing the beam to β∗ = 30 cm. All outcomes of these

measurements are listed in Table II.
Despite similar machine settings some differences could

be seen in the detuning measurements from different
dates in 2022. Between measurements various corrections
had been applied to the LHC, which are named in Fig. 3.
Yet, the expected detuning shifts from these do not seem
to replicate the observed differences, as demonstrated for
the flat-orbit measurements in Fig. 3.
In contrast to the findings in 2018, large cross-term

detuning is present in Beam 1 even at flat-orbit (see Ta-
ble II), the sources of which have not yet been identified.
This is surprising, as between LHC Run 1 and Run 2
the octupole errors had not changed, and in both here
presented cases, 2018 and 2022, corrections up to oc-
tupole order had been implemented beforehand. These
findings have been presented to the LHC Machine Com-
mittee (LMC) [76].

A. Dodecapole Corrections

Detuning measurements were carried out first at flat-
orbit and then with the full crossing scheme applied, to
establish the shift in detuning between the two scenar-
ios. Following Sections II F and IIG normal dodecapole
corrections were calculated from the resulting detuning
shifts, which were then in turn verified by repeating the
measurements with powered dodecapole correctors. Dur-
ing commissioning, the measurements were done on two
separate occasions, allowing for “offline” analysis of the
results, while during the MD the analysis and calcula-
tion of corrections were done “online”, that is during the
measurement period. As the two first-order cross-terms
(Eq. (8b)) are referring to the same physical quantity
only one value was used in the corrections to give all
three detuning terms (Eq. (8)) equal weight. For the cor-
rections during commissioning these values were picked
from one of the measurements, based on the quality of
the measured data: At flat-orbit the measured value (Ta-
ble II) of Qx,y was used for Beam 1 and the value of Qy,x

for Beam 2. With crossing enabled Qy,x for Beam 1 and
Qx,y Beam 2 were used. During the MD a different ap-
proach was elected and the average of the measured val-
ues Qx,y and Qy,x was designated as correction target. In
Figs. 4, 5, 7, 9 and 10 the latter approach is used when
the cross-term is presented.
The calculated corrective powering of the dodecapole

magnets is presented in Table III, including estimated
errors on the correction from the errors on the fits of
the measurement and also including the percentage of
the maximum absolute powering of the magnets. We
can see, that the corrections calculated in commissioning
have almost equal powering between left and right in IR5
at 14% of the maximum strength. There is a stronger
powering in IR5 compared to IR1, where a maximum
of only 7% is reached in the right corrector. The cor-
rections from the MD (“MD6863 w/o IP5”) are in gen-
eral slightly increased in comparison: on average 1.5% in
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TABLE III. Dodecapole-corrector strength values (K6). In parenthesis the percentage of the maximum powering at 6.8TeV
is given. The “w/ IP5” and “w/o IP5” labels on the MD6863 corrections refer to whether the additional measurements of
crossing-bumps only around IP5 were taken into account or not (see Section III B). Below also the β-functions at the correctors
are given, rounded to meters. The β-symmetries are accurate to below 10 cm.

IP1 IP5

MCTX.3L1 MCTX.3R1 MCTX.3L5 MCTX.3R5[
103 m−6

] [
103 m−6

] [
103 m−6

] [
103 m−6

]
Commissioning 2022 −0.606± 0.715 (2%) −2.696± 1.179 (7%) 5.004± 0.752 (14%) −5.053± 0.907 (14%)
MD6863 w/o IP5 1.269± 0.731 (3%) −3.288± 0.577 (9%) 6.367± 0.563 (18%) −4.087± 0.782 (11%)
MD6863 w/ IP5 0.493± 0.192 (1%) −3.982± 0.188 (11%) 5.003± 0.132 (14%) −5.032± 0.162 (14%)

β
(B1)
x and β

(B2)
y 3494m 7177m 3494m 7177m

β
(B1)
y and β

(B2)
x 7177m 3494m 7177m 3494m

IR1 and 0.5% in IR5, reflecting increased detuning shifts
(see below). Also, the left-right symmetry in IR5 is bro-
ken in these corrections, favouring the left corrector (at
18%) over the right corrector (at 11%). Including the
IR5 measurements in the correction (“MD6863 w/ IP5”,
see Section III B), the IR5 symmetry is restored, yet the
strength of the corrector right or IP1 is further increased,
while the strength of the left corrector almost vanishes.

As none of the powering values are above 18% of the
maximum powering of the magnets, we expect negligi-
ble impact on beam lifetime from the powering: they
had to be powered to more than a quarter of their max-
imum strengths to show any measurable effect on life-
time (see [40]), which is discussed and confirmed in Sec-
tion III E.

Figures 4 and 5 show the measured detuning change
introduced by the crossing scheme during commissioning
and MD respectively. In blue the detuning change with-
out correction is presented and in both measurements the
detuning from high-order errors can be observed. In con-
trast to what has been measured in 2018, were mostly
Beam 1 had been affected, we now see in Beam 1 big
changes only in the direct horizontal term (Qx,x). In
Beam 2 on the other hand, Qx,x and the cross-term Qx,y

are majorly spoiled. The strongest feed-down was expe-
rienced in the cross-term of Beam 2 during MD, resulting
in a change of detuning of more than 50 · 103 m−1 in ab-
solute value.

Blue vertical bars show the expected detuning shift to
be compensated by the correction, based on the simula-
tion results, and we see that for both corrections the mea-
sured data could not be matched perfectly. The expected
residual detuning shifts after correction are presented in
orange. The figures show that Qx,y and Qy,y in Beam 1
are expected to be slightly spoiled to achieve the partial
correction of Qx,x in Beam 1 and very good correction of
all terms in Beam 2. In the last column of the figures, the
error-weighted root-mean-square (RMS, where the mean
is calculated in accordance with Eq. (17)) of all terms
is shown, in which the net positive effect of the correc-
tion can be recognized easily: Before correction Beam 2
shows a RMS measured tune shift of 34 · 103 m−1 (com-
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FIG. 4. Detuning shifts as measured during commissioning
2022 between detuning with full crossing and at flat-orbit for
all detuning terms and the error-weighted root-mean-square
(RMS) over all terms. Measured values for the cross-terms
Qx,y and Qy,x have been averaged. Shown in blue is the
measurement without dodecaple correction applied as circle
with error bars, and the detuning to be compensated by the
correction as simulated via the bar. In orange the estimated
value after correction is shown. The data in green is the actual
measured detuning shift with crossing angle after dodecapole
correction.

missioning) and 40 ·103 m−1 (MD6863) while the RMS of
Beam 1 is much smaller at 19 · 103 m−1 (commissioning)
and 11 · 103 m−1 (MD6863). In turn, Beam 2 is expected
to be very well corrected, while Beam 1 will see a lesser
improvement, if any.

In green the actual measured detuning shifts still
present in the machine after correction are shown. In
general, we see that for both corrections all terms have
been “over-corrected”. This makes the RMS for most
measurements worse than expected, yet still resulting in
an overall significant improvement: Beam 1 has been
slightly spoiled by +1.3 · 103 m−1 (commissioning) and
+2 · 103 m−1 (MD6863), while Beam 2 has been dras-
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FIG. 5. Detuning shifts during MD6863, presented in the
same manner as the data in Fig. 4.

tically improved by −29 · 103 m−1 (commissioning) and
−19 · 103 m−1 (MD6863).

In general, despite the observed discrepancies between
the expectation from simulation and measurement, both
tested corrections are well able to reduce the common de-
tuning introduced by high-order errors in the two beams,
and partially even out the contribution per beam.

B. Error Sources

In addition, studies were carried out during MD to
identify the sources of the errors, i.e. whether their origin
lies in decapole or dodecapole order and if they stem from
IR1 or IR5. To attain this objective, the crossing bump
at IP1 was kept deactivated, while measurements were
performed with nominal crossing angle in IP5 and also
with opposite angle sign.

Multipole Order As there is only horizontal orbit
in IP5 in our measurements (see Table I), we know
from Eqs. (8) and (9) using the abbreviations Eqs. (11)
and (12):

Q∅
a,b =

∑
w

K4Lwβ̃a,b;w

Q−
a,b =

∑
w

(
K4Lw −∆xwK5Lw +

1

2
∆x2

wK6Lw

)
β̃a,b;w

Q+
a,b =

∑
w

(
K4Lw +∆xwK5Lw +

1

2
∆x2

wK6Lw

)
β̃a,b;w ,

(29)

distinguishing between the cases “∅” for flat-orbit, “+”
for positive nominal crossing angle at IP5 and “−” for
negative angle. Here it is also assumed that each ele-
ment w sees an equal-in-magnitude but opposite in sign
horizontal orbit offset xw when switching crossing angle

IP
Quadrupole

200 100 0 100 200
Distance from IP5 [m]

5

0

5

X 
[m

m
]

+160
160

FIG. 6. Horizontal orbit of Beam 1 in IR5 for crossing
schemes with ±160 µrad half-angles, demonstrating the sym-
metry with respect to the x-axis of the two scenarios.

sign as shown in Fig. 6. The contributions to the detun-
ing change in IR5

Q+
a,b −Q∅

a,b =
∑
w

(
∆xwK5Lw +

1

2
∆x2

wK6Lw

)
β̃a,b;w ,

(30)
from each multipole order, can be calculated from the
measured data using Eq. (29)∑

w

∆xwK5Lwβ̃a,b;w =
1

2

(
Q+

a,b −Q−
a,b

)
∑
w

1

2
∆x2

wK6Lwβ̃a,b;w =
1

2

(
Q+

a,b +Q−
a,b − 2Q∅

a,b

)
.

(31)

The results are presented in Fig. 7, which clearly shows
that the main contribution to the detuning change in
IR5 with positive crossing (blue) stems from dodecapole
sources, while the contribution from decapoles is only
around 14% in RMS. This finding is in line with the
expectation from magnetic measurements and simula-
tions [25] as dodecapole fields are the first allowed har-
monic of quadrupole magnets [35].
Another insight we achieve from Fig. 7, is that in

Beam 1 the contributions from b5 and b6 add up, whereas
in Beam 2 they partly cancel each other, leading to the
higher detuning shifts measured in Beam 1 with positive
IP5 crossing. We also see, that the b6 corrections applied
in IR5, calculated by Eqs. (8) and (9) and shown as green
vertical bars, compensate the b6 contribution in Beam 2
very well, but in Beam 1 only manage to do so for the
horizontal term. This could be because no distinction
was made between contributions from IR1 and IR5 when
calculating the correction, which could be overcome by
targeting also the IR5 measurement in Eq. (27); another
reason could be, that β-function and orbit at the cor-
rector magnets are not representative for β and orbit at
the actual sources, making it impossible to find a perfect
match.
In addition to these uncertainties about the error

sources, also uncertainties about the correctors them-
selves can play a role: Assuming the corrector magnets to
be misaligned with Gaussian distributions of σ = 1mm
and a Gaussian distributed β-beating of σ = 5%, the
expected detuning can be calculated using the correction
strengths “MD6863 w/ IP5” from Table III and Eq. (9).
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FIG. 7. Detuning changes between the scenario of posi-
tive crossing angle at IP5 and flat-orbit as measured during
MD. Shown are the contributions to the full detuning change
(blue) from decapole sources (orange) and dodecapole sources
(green) as calculated from Eq. (31), for all detuning terms and
the error-weighted root-mean-square (RMS) over all terms.
Vertical bars show the detuning compensated by the correc-
tion “MD6863 w/o IP5” in Table III according to Eqs. (8)
and (9). Measured values for the cross-terms Qx,y and Qy,x

have been averaged.

The resulting detuning distributions are shown in Fig. 8
and have a mean standard deviation, over terms and
beams, of 14·103 m−1. Further simulations with the same
parameters realizing only β-beating show a mean σ, over
terms and beams, of 4 · 103 m−1 while simulations real-
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FIG. 8. Histograms of detuning changes for 100’000 realiza-
tions of random misalignments and random β-beating at the
corrector elements. Both parameters are taken from Gaus-
sian distributions: The distribution parameters for the mis-
alignments are µ = 0mm, σ = 1mm and the for the β-ratio
µ = 1, σ = 0.05. The random values are applied individually
to the corrector magnets left and right of IP1 and IP5. From
each realization all three detuning terms were calculated from
Qa,b =

∑
w

1
2

(
∆x2

w −∆y2
w

)
β̃a,b;wK6Lw using the correction

“MD6863 w/ IP5” in Table III for the strengths of the cor-
rector elements w. The dashed vertical lines are set at the
standard deviation of the resulting detuning distribution and
their values are shown.
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FIG. 9. Detuning changes as measured during MD without
dodecapole correction between the detuning with full crossing
and flat orbit (blue) as well as the scenario of positive crossing
at IP5 (orange), for all detuning terms and the error-weighted
root-mean-square (RMS) over all terms. For convenience, the
detuning change on activating the crossing scheme at IP1
(green) has been calculated from the difference of the two
measurements. Vertical bars show the detuning compensated
by the correction “MD6863 w/o IP5” in Table III according
to Eqs. (8) and (9).

izing only misalignments give a mean σ of 13 · 103 m−1,
showing that including the measured β into calculations
will not majorly improve the correction, as the uncer-
tainty on alignments is the dominating factor. These
values are compatible with the difference we see between
expected and measured values after correction, meaning
that there is a possiblity that without better knowledge
of the corrector (mis-)alignments we could be at the limit
of the correction accuracy.

Interaction Region Figure 9 is showing again the shift
in detuning between full-crossing scheme and flat-orbit
as measured during MD before dodecapole corrections
(blue), but this time split into contributions from the
IR around IP5 (orange) and IP1 (green), where the for-
mer comes from the measurement with positive crossing
angle at IP5 and the latter is calculated from the differ-
ence between the full crossing scheme and the IR5 mea-
surements. The plots show that contributions from IR1
change sign between beams, whereas in IR5 the sign of
the detuning shift stays the same. This leads to the IR
contributions adding up in Beam 2 and cancelling each
other partly in Beam 1, the opposite effect as discovered
between b5 and b6 contributions in IR5. The effect from
different orders is shadowed by the effect from different
IRs, leading to the higher measured detuning shift with
the full crossing scheme in Beam 2.

While the horizontal term shows a much larger contri-
bution from IR5, the other terms are similar in absolute
contribution from both IRs, leading to fairly equal RMS
contributions from both IRs. This is in contrast to the
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behaviour observed in 2018, where the main contribution
had come from IR5; see Table II and [31]. The expected
detuning to be compensated by the corrections, as cal-
culated by Eqs. (8) and (9), are presented again through
the vertical bars in Fig. 9: in total (blue) and split into
the contributions per IR (orange and green). The correc-
tion seems to be good locally in only half of the terms,
that is in the horizontal direct term of Beam 1 and in
the cross-terms of Beam 2 as well as Beam 2’s vertical
direct term. Despite stronger powering of the IR5 correc-
tors, over-correction of IR5 and under-correction of IR1
is only visible in Beam 2’s Qx,x and Qx,y, signifying that
the difference in powering is an effect of the different or-
bit and β-functions at the correctors of the IRs and not
of different error distributions between the IRs.

Improved Corrections Additional context about the
locality and field order can be supplied to improve upon
the corrections as discussed so far. This information,
gained through the measurement of activating the cross-
ing bump at the IPs individually, as well as with oppo-
site sign, can be incorporated either through boundary
restrictions on the linear equation system, as had been at-
tempted in [69], or by including the measurements as ad-
ditional targets into Eq. (27). The latter has been tested
in simulations, and the results, presented in Fig. 10, are
very promising: Despite the additional restrictions on
the correction the estimated RMS does not change com-
pared to the “global” correction. On the other hand, in
all terms the correction is able to target b6 in IP5 and
the contribution per IP more closely than the previous
correction, increasing locality of the correction.

These corrections have since been incorporated opera-
tionally into the LHC, replacing the commissioning cor-
rections which were used from 04.06.2022 to 02.10.2022.
Yet, due to the LHC running now for luminosity produc-
tion, they could not be in detail investigated by ampli-
tude detuning measurements.

C. Second-Order Detuning

Up until now, corrections were calculated based on the
assumption that the second-order terms in amplitude in
Eq. (7) are negligible and the main contribution to de-
tuning from dodecapoles comes from feed-down to first-
order detuning. Assuming the dodecapole fields from the
correctors to be representative for the IR, just with oppo-
site sign, the “MD6863 w/ IP5” correction calculated in
the previous chapter and Eq. (10) could be used to cal-
culate their contributions to second-order detuning. It
was found that for large kicks, that is at 0.02 µm, the
contributions could be up to 50% of the total measured
detuning.

To determine the influence of the second-order de-
tuning on the first-order fits, two approaches have been
tested: In the first approach, the measurement data has
been fit with a second-order polynomial, still using ODR
to include the measurement uncertainties. The second-
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FIG. 10. Detuning changes as measured during MD without
dodecapole correction between the detuning with full crossing
and flat orbit in blue, as well as the measured individual con-
tributions from the IR5 dodecapole fields in green, and the
total contributions from IR5 (orange) and IR1 (red), as well
as the estimated value after correction in purple. The data is
presented for all detuning terms and the error-weighted root-
mean-square (RMS) over all terms. Measured values for the
cross-terms Qx,y and Qy,x have been averaged.

order coefficients could in priciple then also be used to
extent the equation system Eq. (27), adding new rows

for the ∆Q
(BN)
a,bc on the left hand side, and new matrix

elements from Eq. (10)

M
(BN)
a,bc;w = β̃

(BN)
a,bc;w (32)

on the right hand side. As for example shown in Fig. 11,
second-order polynomial fitting lead only to reasonable
results where high kick-amplitudes could be reached
(Fig. 11 top), yet lead to an overfitting on measurements
where there maximum amplitude was below 0.01 µm and
in conclusion to unreasonable and unusable results for
most measurements (Fig. 11 bottom). This approach has
hence been discarded for the data at hand, but could be
usuable in future measurements if consitent large ampli-
tude excitations can be achieved.
In the second approach, the values of the “MD6863 w/

IP5” corrections (Table III) at the correctors were used
to calculate the tune shift from second order in ampli-
tude at each conducted kick. These contributions have
then been subtracted from the measured data, neglect-
ing the errorbars on the corrections, but accounting for
any coefficients due to the forced oscillations [42]. Sub-
sequently, first-order polynomial fits were applied to the
resulting data (e.g. shown in Fig. 11). The found de-
tuning coefficients are given in Table IV, which also pro-
vides the differences to the original data in Table III.
Despite the changes in detuning coefficients, the correc-
tions evaluated from these and given in Table V, are still
within 10% of the originally calculated corrections, apart
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TABLE IV. Summary of amplitude detuning measurements after subtracting second-order contributions calculated from the
“MD6863 w/ IP5” corrections (Table III) following the conventions in Table II. In parenthesis the difference (∆) to the original
detuning values are given.

Qx,x ( ∆ ) Qy,x ( ∆ ) Qx,y ( ∆ ) Qy,y ( ∆ )
[103 m−1] [103 m−1] [103 m−1] [103 m−1]

2022 MD6863 w/o b6 −22 ± 2 ( −4 ) 37 ± 2 ( +5 ) 27 ± 4 ( +4 ) −7.7± 0.7 ( −7.7 )
flat-orbit −27.1± 1.8 ( −8 ) 19 ± 3 ( +6 ) 23.9± 2.0 ( +12 ) −13.1± 0.8 ( −16.5 )

2022 MD6863 w/o b6 6 ± 2 ( −4 ) 42.2± 2.0 ( +5 ) 30 ± 2 ( +3 ) −4.1± 1.0 ( −6.1 )
IP1&5 xing @ ∓160 µrad 17.5± 1.3 ( −3.4 ) −43 ± 3 ( −4 ) −31 ± 3 ( +12 ) 4.8± 0.8 ( −14.9 )

2022 MD6863 w/o b6 16 ± 2 ( −7 ) 9 ± 3 ( +7 ) 0.3± 1.4 ( +4.0 ) −6.2± 1.1 ( −9.2 )
IP5 xing @ +160µrad 5.8± 1.2 ( −4.8 ) −4 ± 3 ( +5 ) −6.5± 1.9 ( +9 ) −7.7± 0.6 ( −13.0 )

2022 MD6863 w/o b6 3.0± 1.0 ( −5.9 ) 8 ± 4 ( +5 ) 3.2± 0.5 ( +4.1 ) −9.0± 0.4 ( −9.2 )
IP5 xing @ −160 µrad 15.2± 1.8 ( −5 ) −11 ± 3 ( +4 ) −12.4± 1.4 ( +10.9 ) −16.4± 1.8 ( −15 )

TABLE V. Dodecapole-corrector strength values (K6). In parenthesis the percentage of the maximum powering at 6.8TeV is
given. Shown are again the values for the Improved Corrections of “MD6863 w/ IP5” as in Table III as well as the corrector
strenths calculated in the same manner from the detuning values of Table IV, with the second-order contributions subtracted.

IP1 IP5

MCTX.3L1 MCTX.3R1 MCTX.3L5 MCTX.3R5[
103 m−6

] [
103 m−6

] [
103 m−6

] [
103 m−6

]
Original values 0.493± 0.192 (1%) −3.982± 0.188 (11%) 5.003± 0.132 (14%) −5.032± 0.162 (14%)
Second-order subtracted 0.816± 0.197 (2%) −4.232± 0.202 (12%) 5.363± 0.142 (15%) −5.011± 0.167 (14%)

from the corrector left of IP1 which almost doubled in
strength, but is still lower than a quarter of the powering
of the other correctors.

Interestingly, the correction strengths has overall been
increased by this second approach, hinting at a compen-
sation between first and second order terms. This ap-
proach could be extended to an iteration scheme, in the
hopes that the corrector values will converge towards an
optimal value. Due to time constraints and because the
correction has not dramatically changed after this first
iteration, this fine tuning has not been conducted. In
fact, as most corrector values are within errorbars of each
other (apart from the left corrector in IP5), it is doubtful
that any difference would be perceptible given the accu-
racy of the measurements.

D. Comparison with the magnetic model

Magnets in the LHC have undergone magnetic mea-
surements before installation, the results of which have
been collected in the “Field Model of the LHC” (Fi-
DeL [77]) which is the basis for the so called “Windows
Interface to Simulation Errors” (WISE [78]). The errors
on the field measurements lead to 100 different realiza-
tions, or “seeds”, of the errors and are used to simulate
realistic error scenarios in the LHC and HL-LHC.

In the past, differences had been found between cor-
rections obtained from simulation and beam-based meth-
ods [79]. To test the agreement for the dodecapole correc-

tions, a basic simulation has been set up, following the de-
scription in Section IIG, but including dodecapole errors
from the WISE tables. Previous studies have shown that,
as the β-function for squeezed optics varies dramatically
in the IR, the MQXA magnets of the triplets [6] should
be split into hard-edge bodies and heads [21, 80, 81]. This
procedure is applied to the simulation at hand. Errors
are then locally corrected in IR1 and IR5 by minimiz-
ing dodecapole Resonance Driving Terms (RDT) in the
IRs using the correction algorithm [82] presented in [83].
This means the correction target is inherently different
to the beam-based measurements.

Figure 12 shows the simulated corrections in blue, com-
pared to the three different beam-based corrections as in
Table III from commissioning (orange), from MD with-
out the IR5 measurements (green) and from the Improved
Corrections including IR5 measurements (“MD6863 w/
IP5” in Table III, red). For completeness also the in Sec-
tion III C explored correction values after subtracting the
second-order contributions is shown (purple). While the
beam-based corrections in IR1 fall right into the results
from different seeds, they appear to be slightly stronger
in the right corrector of IR5, yet still very close to the
strength evaluated from some of the seeds. Hence, we
find beam-based and magnetic measurements to agree
very well within their uncertainties.
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FIG. 11. Data of the measured vertical detuning in Beam 2
without dodecapole correction at flat-orbit from MD. Shown
are linear polynomial fits on original measured data (blue)
and the measured data after subtraction of the second-order
contribution as calculated from the “MD6863 w/ IP5” cor-
rections in Table III (orange). In green, the original data is
shown again, but here a second-order polynomial fit is per-
formed. Dashed lines show the polynomial fit to the data
points, while the colored area covers one standard deviation
of the fit. The constant part of the fit has been subtracted
from the fit and its respective data points.

E. Beam Lifetime

During the trims of the dodecapole corrections into
the machine, beam lifetime has been extracted from the
Beam Loss Monitors (BLMs) and beam intensity from
the Fast Beam Current Transformer (BCTFR) and are
shown in Fig. 13.

There is no obvious change on these parameters de-
tectable after powering the dodecapole corrections, nei-
ther during commissioning (top plot) nor during MD
(middle plot), when only non-colliding pilot bunches were
circulating in the LHC. During operation, i.e. with col-
liding beams and a full filling scheme, trimming out the
commissioning corrections and trimming in the Improved
Corrections including IR5 measurements, the lifetime
drops slightly during the trims and recovers thereafter,
as seen in the bottom plot of Fig. 13. The histograms
in Fig. 14 show that the mean beam-lifetime in the 41 s
before trimming out the old corrections, between the two
corrections and after trimming in the new corrections is
preserved. This behaviour is expected in the LHC, where
any change in parameters can lead to a temporary change
in expected beam lifetime. There is no additional loss of
beam intensity, apart from the visible burn-off due to
collisions.
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FIG. 12. Comparison of dodecapole corrections from simu-
lations based on the magnetic model (blue), with the correc-
tions calculated from the beam-based measurements of feed-
down to amplitude detuning. The markers express the IR of
the correctors: “1” for IR1 and “5” for IR5. In the simula-
tion b6 errors are assigned from 100 different WISE-seeds and
corrected by minimizing dodecapole RDTs locally in the IRs.
The plot shows the integrated strength of the right dodecapole
corrector over the integrated strength of the left dodecapole
corrector. The values of the beam-based corrections are as
given in Tables III and V, where “(-SO)” refers to the values
with second-order detuning subtracted, with their uncertain-
ties represented by their surrounding area in the same colors.

These measurements are in line with the measurements
performed during MD3312 [40] and the studies performed
in [25], in which the dodecapole correctors were powered
to higher values before an impact on beam lifetime be-
came visible.

IV. CONCLUSION AND OUTLOOK

In this paper, the results of the amplitude detuning
measurements conducted during the LHC commission-
ing for Run 3 in 2022 and during a dedicated machine
development session, have been presented, which were
performed to identify and correct detuning originating in
the feed-down from high-order nonlinear errors in the
IRs. Dodecapole corrections were calculated, and for
the first time integrated into the LHC operation, effec-
tively reducing the RMS tune shift over all terms and
both beams, therefore allowing e.g. for tighter control of
Landau damping. Corrections calculated via this beam-
based method agree very well with corrections calculated
from local RDT minimization in simulations using the
magnetic model. Incorporation of the corrections did not
spoil beam-lifetime.
We have shown that with the measurement method

at hand sources of the detuning could be identified: In
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FIG. 13. Beam lifetime (from BLMs) and intensity (from
BCTFR, normalized to the first datapoint) before and af-
ter the trim of the b6 corrections during commissioning 2022
(top), MD (middle). The bottom plot shows the applica-
tion of the “MD6863 w/ IP5” corrections (Table III), during
operation, after trimming out (“removing”) the previously in-
corporated dodecapole correction from commissioning. Start
and end of the trimming processes are marked in the plot.

IR5 a clear origin from dodecapole errors has been seen
and it could also be concluded that both IRs contribute
equally to the observed detuning. To advance the correc-
tions in the future, one could even further improve on the
locality of the correction by targeting dodecapole contri-
butions in both IRs specifically. To accomplish this, one
more measurement with opposite-sign crossing angles is
needed, either with crossing bumps around IP1 only, or
opposite-sign full-crossing in both IRs.

As the presented results show, magnetic field errors up
to dodecapole order can be identified using feed-down to
amplitude detuning as observable. This can be achieved
with our current measurement methods. For HL-LHC
these results are vital, as the influence of high-order non-
linearities is foreseen to be increased. Not only confirms
our study the expectations of [25], but also establishes
that the therein described effort for high-order field er-
ror measurements can be reduced: Calculating the the
dodecapole contribution from only three data points, in-
stead of the suggested five, yields usable results, be it
at the cost of statistics, which on the other hand are
well accounted for at each of the data points themselves.

Distinction between the different orders will become of
more importance with the HL-LHC upgrade, as they can
be targeted individually by the improved nonlinear cor-
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FIG. 14. Beam lifetime as histograms of the BLM data of
41 s intervals before trimming out the commissioning correc-
tion (blue), between corrections (orange) and after trimming
in the improved correction, including all measurements from
MD. The left cluster shows data from Beam 1 while the right
cluster shows Beam 2 data. The same data over time can be
seen in the bottom plot of Fig. 13.

rector package, containing correctors for all normal and
skew fields up to dodecapole order.
Of further interest is also the study of the change in

free and forced dynamic aperture upon applying the do-
decapole corrections [57, 84].
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[6] O. S. Brüning, J. Poole, P. Collier, P. Lebrun, R. Ostojic,
S. Myers, and P. Proudlock, LHC Design Report (2004).

[7] E. H. Maclean, R. Tomás, M. Giovannozzi, and T. H. B.
Persson, Phys.Rev. ST Accel.Beams 18, 121002 (2015).

[8] E. H. Maclean, F. Carlier, J. M. Coello de Portugal,
A. Garcia-Tabares, M. Giovannozzi, L. Malina, T. Pers-
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[63] A. Garćıa-Tabarés Valdivieso and R. Tomas, Phys. Rev.
Accel. Beams 23, 042801 (2020).

[64] R. Tomás, T. Bach, R. Calaga, A. Langner, Y. I.
Levinsen, E. H. Maclean, T. H. B. Persson, P. K.
Skowronski, M. Strzelczyk, G. Vanbavinckhove, and
R. Miyamoto, Phys. Rev. ST Accel. Beams 15,
10.1103/PhysRevSTAB.15.091001 (2012).

[65] T. Persson, F. Carlier, J. Coello de Portugal, A. G.-
T. Valdivieso, A. Langner, E. H. Maclean, L. Malina,
P. Skowronski, B. Salvant, R. Tomás, and A. C. G.
Bonilla, Phys. Rev. Accel. Beams 20, 10.1103/PhysRe-
vAccelBeams.20.061002 (2017).

[66] A. Langner and R. Tomás, Phys. Rev. ST Accel. Beams
18, 10.1103/PhysRevSTAB.18.031002 (2015).

[67] P. T. Boggs and J. E. Rogers, in Contemporary Mathe-
matics, Vol. 112, edited by P. J. Brown and W. A. Fuller
(American Mathematical Society, Providence, Rhode Is-

https://indico.cern.ch/event/578001/contributions/2366314/attachments/1374391/2158727/2016_EvianPaper.pdf
https://doi.org/10.5170/CERN-1998-005.1
https://doi.org/10.5170/CERN-1998-005.1
https://doi.org/10.18429/JACoW-IPAC2021-MOPAB259
https://doi.org/10.18429/JACoW-IPAC2021-MOPAB259
https://doi.org/10.18429/JACOW-IPAC2022-WEPOPT059
https://cds.cern.ch/record/2306295
https://cds.cern.ch/record/2306295
https://indico.cern.ch/event/960366/contributions/4039616/attachments/2113608/3555601/ABPinfo_v2.pdf
https://indico.cern.ch/event/960366/contributions/4039616/attachments/2113608/3555601/ABPinfo_v2.pdf
https://cds.cern.ch/record/2824571
https://cds.cern.ch/record/2824571
http://accelconf.web.cern.ch/AccelConf/IPAC10/papers/thpe099.pdf
https://doi.org/10.1103/PhysRevSTAB.16.071002
https://doi.org/10.1103/PhysRevSTAB.16.071002
https://doi.org/10.1007/978-3-319-18317-6
https://inspirehep.net/literature/295132
https://inspirehep.net/literature/295132
https://cds.cern.ch/record/1541980
https://cds.cern.ch/record/1541980
https://cds.cern.ch/record/1528610
https://cds.cern.ch/record/1528610
https://cds.cern.ch/record/1694666
https://cds.cern.ch/record/1694666
https://cds.cern.ch/record/556051
https://cds.cern.ch/record/556051
https://doi.org/10.1103/PhysRevSTAB.8.024001
https://cds.cern.ch/record/509284
https://cds.cern.ch/record/509284
https://cds.cern.ch/record/509284
https://cds.cern.ch/record/693928
https://cds.cern.ch/record/693928
http://cds.cern.ch/record/712136
http://cds.cern.ch/record/712136
https://doi.org/10.1103/PhysRevE.56.6002
https://doi.org/10.1103/PhysRevE.56.6002
https://doi.org/10.1103/PhysRevSTAB.8.024401
http://arxiv.org/abs/2005.14081
https://arxiv.org/abs/2005.14081
https://doi.org/10.18429/JACoW-IPAC2016-THPMR044
https://doi.org/10.18429/JACoW-IPAC2016-THPMR044
https://doi.org/10.1103/PhysRevAccelBeams.22.031002
https://doi.org/10.5281/ZENODO.5705625
https://cds.cern.ch/record/2677131
https://doi.org/10.18429/JACoW-IPAC2022-WEPOMS035
https://pylhc.github.io/measurements/procedures/ampdet/
https://doi.org/10.18429/JACoW-IPAC2016-THPMB041, 10.18429/JACoW-IPAC2016-THPMB041
https://doi.org/10.1103/PhysRevAccelBeams.23.042801
https://doi.org/10.1103/PhysRevAccelBeams.23.042801
https://doi.org/10.1103/PhysRevSTAB.15.091001
https://doi.org/10.1103/PhysRevAccelBeams.20.061002
https://doi.org/10.1103/PhysRevAccelBeams.20.061002
https://doi.org/10.1103/PhysRevSTAB.18.031002
https://doi.org/10.1090/conm/112/1087109
https://doi.org/10.1090/conm/112/1087109


19

land, 1990) pp. 183–194.
[68] R. Gommers, P. Virtanen, E. Burovski, W. Weckesser,

T. E. Oliphant, M. Haberland, D. Cournapeau,
T. Reddy, Alexbrc, P. Peterson, A. Nelson, J. Wilson,
Endolith, N. Mayorov, I. Polat, S. Van Der Walt, P. Roy,
M. Brett, D. Laxalde, E. Larson, J. Millman, Lars, Peter-
bell10, A. Sakai, P. Van Mulbregt, C. Carey, Eric-Jones,
R. Kern, Kai, and E. Moore, SciPy: Fundamental algo-
rithms for scientific computing in python, Zenodo.

[69] J. Dilly, E. H. Maclean, and R. Tomás, in Proc. 13th Int.
Part. Accel. Conf. IPAC22 (JACoW, Bangkok, Thai-
land, 2022) p. WEPOPT060.
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