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Abstract

In 2026, the Large Hadron Collider concludes its final
run, before being upgraded to the High-Luminosity Large
Hadron Collider. Originally conceived with a nominal g*
of 0.55 m in both planes, its optics design has been steadily
pushed beyond those initial goals, with round optics down to
0.25m (2018), and flat optics down to 0.5 m/0.15 m (2026)
used in operation. In 2025, dedicated beam-studies were
performed to test the viability of controlling g* waist errors
at such low- 3, and to explore the viability of squeezing and
commissioning the optics even further. Possible operational
scenarios down to 0.4 m/0.12 m were tested, and optics mea-
surements down to a minimum g of 0.075 m achieved, the
outcome of which are presented.

LOW-3 COMMISSIONING

Collider operation at very low-8* suffers from strong sen-
sitivity to magnetic errors in the experimental IRs, leading
in the LHC’s case to large increases in -beating through
the squeeze unless dedicated beam-based corrections are
applied [1-3]. In 2025 the LHC operational configuration
was pushed to a flat g* = 0.6 m/0.18 m configuration [4, 5],
with the low- g plane alternating between the ATLAS and
CMS experiments. This led to a peak S-beat of 275 %. To
successfully run the LHC in this configuration the optics
quality must therefore be improved by about 2 orders-of-
magnitude. This was successfully achieved during the 2025
LHC commissioning [6-8], as seen in Fig. 1.

Later in 2025, machine development tests were performed
to try and squeeze further. The design B* in the AT-
LAS and CMS insertions was reduced in two steps: to
B* = 05m/0.15m, then * = 0.4m/0.12 m, with optics
measurements performed at each step. The optics correc-
tions commissioned previously for the operational 0.18 m
configuration were maintained constant during the additional
squeeze. Examples of the resulting optics quality at 0.15
and 0.12 m are shown in Figs. 2-3.
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Figure 1: Example of measured S-beat (Beam 1) at 8* =
0.18 m in 2025, before/after optics commissioning.
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Figure 2: Example of measured S-beat (Beam 1 horizontal)
at §* = 0.15m, compared to g* = 0.18 m.
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Figure 3: Example of measured f-beat (Beam 2 vertical) at
B* =0.12m, compared to §* = 0.18 m.

The additional squeeze to * = 0.15 m was found to be
approximately transparent in terms of optics quality, with
negligible degradation compared to the operational scenario.
Even when squeezing to a f* = 0.12m only a moderate
degradation was found, reflecting the high-quality of local
optics corrections in the experimental IR achieved over many
years. It is also notable that even in this strongly pushed
configuration, well beyond the LHC’s original design, there
was sufficient dynamic aperture and beam-lifetime to remain
at low- 8 for many hours and perform extensive optics mea-
surements via AC-dipole kicks, which further reflects the
good control of nonlinear optics achieved in the LHC. Ulti-
mately, the additional squeeze to f* = 0.15 m was selected
for inclusion in 2026 operation.

OPTICS STABILITY AT LOW-3

A particular issue for low- collider operation is optics
stability, since even small changes to magnetic errors and
alignments in the IRs can result in large optics perturbations.
This concern also holds true for future HL-LHC operation.
While the LHC has generally exhibited good year-to-year
stability at high-8* [6], regular updates to the low- opera-
tional scenario mean very limited year-to-year comparisons
are available. During LHC commissioning in February 2026
however, the optics at §* = 0.15m could be directly com-
pared with the 8* = 0.15 m machine development study in
November 2025 [7,9].

Between 2025 and 2026 a clear degradation to the optics
quality was observed, growing through the squeeze. This
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was most severe in the horizontal plane of Beam 2, where the
peak B-beat exceeded 20 % at 0.15 m (Fig. 4), and machine
protection constraints were violated from 0.18 m onwards.
The degradation was primarily caused by a change in the
optics errors of the CMS insertion (identified via segment-by-
segment analysis of the optics measurements [9]) however
smaller degradations were also seen in the ALTAS IR, and
in Beam 1, where changes to the S-beat at the level of 5 %
were observed between these two years.

A new local correction of a single quadrupole (AK =
-3 x 107> m~2 applied to Q5 right of the CMS insertion)
corrected the Beam 2 horizontal §-beat, allowing low- 3
operation to proceed. Note however, that while this trim
effectively compensated the -beat, this does not a priori im-
ply it was the source of the degradation, as large degeneracy
can exist in local correction schemes [1].

While 2026 experience reinforces expectations that HL-
LHC cannot assume a year-to-year stability of its optics
commissioning, arguably a greater concern is optics stabil-
ity within a given year. In most cases where data is available,
good stability has been observed throughout the LHC cy-
cle [6], however exceptions exists at low-f. Notably, an
optics shift was observed between April and June 2024 at
B* = 0.3m, where a 5 % degradation was observed (Fig. 5).
This was again identified as originating from a change to
the optics errors in the insertions. In 2024 the degradation
was small enough that operation could continue, but ex-
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Figure 4: Degradation of f-beat at §* = 0.15 m between
the 2025 MD and the 2026 LHC run (Beam 2 horizontal).
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Figure 5: Change in B-beat observed at §* = 0.3 m part
way through the 2024 run (Beam 1).
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trapolating to the lower * in the HL-LHC era, such shifts
to the errors could pose a challenge to machine protection.
Fortunately experience at §* = 0.18 m in 2025 showed an
excellent stability between March commissioning and the
November MD (within 2 % reproducibility).

B-WAIST CONTROL

Table 1: g* and Waist Errors in the low- 8 planes of ATLAS
and CMS after 2025 commissioning (positive waist implies
a shift toward the innermost focusing triplet).

ATLAS vertical CMS horizontal
Bl [cm] B2 [cm] Bl [cm] B2 [cm]
Blesign 18.0 18.0 18.0 18.0
B 187+03 205+09 196+0.7 18.1+0.2
Bw 18.1+0.05 18.1 +0.05 17.7+0.05 17.6 +0.05
waist —3.3+0.8 -6+ 1 -55+1 -3.0+0.8

2025 experience highlighted another key challenge at
low-B: control of B-waist errors. These are longitudinal
offsets of the minimum beta (Sy,) from the design location,
resulting in an increase to S in the experiments (8*) and
loss of aperture margins. For moderately squeezed optics
large waist errors can be accommodated without significant
impact, but for LHC scenarios in 2025-26, and planned for
HL-LHC, even small waists quickly become a significant
source of luminosity loss or imbalance between the detectors.
B* and waist errors are measured during commissioning
via K-modulation, and have previously been compensated
(alongside residual B-beat and dispersion) via a response
matrix approach [2]. While this was sufficient in previous
years, at the low- 8 employed in 2025 the residual g* and
waist errors which remained in the low- 3 plane after com-
missioning were found to have a non-negligible influence
on luminosity at the end-of-squeeze. The measured errors
in the low- g planes of ATLAS and CMS are detailed in
Table 1.

When aggregated, the B* errors over all beams/planes
cause an optics-related luminosity loss at end-of-squeeze
of 5+ 1% and 2.5 + 1% in ATLAS and CMS respectively,
and a Luminosity imbalance of 2.5 + 1 %. This impact on
luminosity is dominated by two roughly 6 cm waist errors
in low-B8* planes (ATLAS B2-V and CMS B1-H).

For LHC operation in Run 3 most luminosity is produced
during g*-levelling, thus the impact on integrated luminosity
is small. In HL-LHC a high proportion of luminosity is deliv-
ered in unlevelled operation at end-of-squeeze, and control
of waist errors becomes a significant concern. Consequently,
two correction strategies were studied during dedicated tests
in 2025, focusing on the most lumi-impacting waist (a 6 cm
offset of the ATLAS LHCB2-V plane).

The first approach attempted a local waist correction: five
quads in the IR were used to create an optics shift through
the IR which linearly displaces the waist, while minimizing
leakage. When applied in the real machine, K-modulation
measurements showed the expected correction to the waist
and B* (Tab 2). The knob was applied during a dedicated
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Figure 6: Measured luminosity and lumi-imbalance during
application/removal of the local waist correction.

Table 2: g* and Waist errors (Beam 2 vertical, ATLAS IR)
before/after the local waist correction.

[cm] .Bjiexign ﬂ* pW waist
Before corr 18.0 20.3+0.1 182+0.05 -6.2+0.3
After corr 180 18.1+0.05 18.0+0.05 +13+0.3

Table 3: g* and Waist errors (Beam 2 vertical, ATLAS IR)
before/after the ATS waist correction.

[Cm] ﬁfiexign ﬁ* ﬁW waist
Before corr 120 166+04 128+0.1 -7.0+04
After corr 120 93+0.1 93+0.1 04 +0.5

test with colliding beams, where the expected increase to AT-
LAS luminosity and reduction in ATLAS/CMS luminosity
imbalance was observed (Fig. 6).

It is not possible when matching this correction using
only magnets in the ATLAS insertion to perfectly isolate a
single IR and plane, thus the ‘local’ approach benefits from
flat-optics as leakage to the high- 8* planes has a negligible
impact on performance. Waist correction in round optics
is even more challenging. An alternative ‘ATS’ approach
was also tested during the g* = 0.12m MD. In this case
B-waves generated in the IR and arc either side of low- 8 IR
propagate through to perturb the optics at the experiment.
In principle this allows matching of individual corrections
independently controlling waist and 8* of each plane, though
knobs no-longer have a linear response.

Figure 7 shows the B-beat from this waist correction, at
0.12 m. K-modulation measurements before/after correction
are shown in Table 3. This approach also successfully re-
duced the waist error, though S, was undesirably perturbed.

7 CM LHC OPTICS

While the waist correction tested at 0.12 m worked as
expected, it was originally part of a combined correction
targeting both the waist and fBy,. This combined correction
did not function as expected. A 100 % B-beat was generated
in the arcs either side of the ATLAS experiment (Fig. 8).
While highlighting the necessity for beam-based validation
of new optics corrections, this was of particular interest as

MOP1066

IR8 IR1 IR2 IR3 IR4 IR5 IR6 IR7 IR8
08 T T T T T T T T T

12 cm

0.6 1 12 cm with waist correction
0.4 1

0.2— ‘ A ‘i
0.0 lnlilllllnl,lﬂf‘ Al i’

AByIBy

(I) I5 1‘0 1‘5 2‘0 2‘5
Longitudinal location [km]
Figure 7: Vertical §-beat generated in Beam 2 by the ALTAS
ATS waist correction.

the S-beat was actually found to generate a further squeeze
of the §* in ATLAS. K-modulation results with the com-
bined trims are shown in Table 4, showing that a record low
Bw of 7.5 cm was achieved! The S, seen in K-modulation
was independently validated using the kicked beam data and
a segment-by-segment analysis [10]. This is remarkable
since this LHC configuration exceeds HL-LHC design tar-
gets (for the single plane in question) and is comparable
to values more commonly achieved in lepton colliders, no-
tably LEP2, yet once again sufficient lifetime, dynamic- and
geometric-aperture remained available to allow extensive
optics measurements with kicked beams.
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Figure 8: Vertical B-beat generated in Beam 2 by the com-
bined ATS waist and Sy, correction in ATLAS.

Table 4: g* and Waist errors (Beam 2 vertical, ATLAS IR)
at 0.12 m optics with the combined ATS IR correction.

ﬂjiesign ﬁ* ﬁW
012 77407 75+0.05

[cm] waist

Combined corr 1+1

CONCLUSION

LHC operation has been pushed to significantly lower g*
than originally envisaged. High-quality local optics correc-
tions achieved at flat 8* = 0.6/0.18 m in 2025 allowed even
further squeeze steps to be implemented in 2026. Experi-
ence at such low-f has highlighted particular challenges
relating to optics stability and control of g-waists which
will be pertinent to future HL-LHC operation, while during
dedicated tests a minimum g of 7.5 cm was even achieved
in one plane, a configuration which exceeded even HL-LHC
baseline targets.
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