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Abstract

The superconducting magnet circuits of the Large Hadron
Collider (LHC) at CERN undergo a commissioning cam-
paign at regular intervals, referred to as Hardware Commis-
sioning (HWC), to validate magnet powering and protection
functions. During each campaign, more than 1,500 circuits
must be commissioned, requiring the execution and analysis
of several thousand powering tests. Historically, this process
relied on legacy or manual tools, resulting in high workload
and sometimes inconsistent results.

To streamline the validation process, a Python-based au-
tomated analysis framework has been developed within the
Signal Monitoring (SigMon) project over the past two years.
The 2026 HWC campaign marked the first time this auto-
mated analysis was applied to all powering tests across the
superconducting magnet circuits of the LHC. This paper
describes the SigMon analysis framework, reports ondthe
2026 HWC campaign, evaluates the impact of automation,
and presents key circuit performance findings.

INTRODUCTION

The LHC superconducting magnet ¢ircuits operaté under
cryogenic conditions and store significant energyswhich can
reach 1.3 GJ in the case of thedMain Dipole gircuits. Thein
reliable operation — including power converters, supercon-
ducting magnets_and alldeonnected components (curzént
leads, busbafs, diodeshinstrumentation), as well as asso-
ciated protection systems such as,quench heaters, Quench
Detection System (QDS), Energy Extraction (EE) and re-
lated interlocks — is critical. Undetected faults may lead to
equipment damage and accelerator downtime.

The LHE comprises approximately 8,000 superconduct-
ing magnets aleng its circumference of 26.7 km, divided
into eight seetors and independently powered sub-sectors [1].
The superconductingcircuits are grouped into eight families:
low-current circuits (60,A, 80—120 A, and 600 A) and high-
current circuits — Individually Powered Dipoles (IPDs),
Individually Powered Quadrupoles (IPQs), Inner Triplets
(ITs), Main Quadrupoles and Main Dipoles — with nominal
currents for the latter ranging from 4 kA to 11.6 kA. Before
each LHC restart, after the annual Year-End Technical Stop
(YETS) or after a Long Shutdown (LS), all circuits must
be qualified for safe operation. This is performed during
the HWC campaign. The number of circuits commissioned
during the 2026 HWC is shown in Table 1.
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Table 1: Superconducting Circuits@Commissioned during
the 2026 HWC Campaign and the Maximum Test Current

Family Name Number Max: Test
of Circuitsy, Currenti(A)
Main Dipole 8 11600
Main Quadrupole 16 11,300
IT 8 6850
1PQ 76 2900
IPD 16 6050
600 A 389 590
80-120 A 279 105
60 A 749 55
Total 1541 —

During powering tests, the circuit current is increased
in steps te itsmominal value in strict sequential order — a
test may only commence once all preceding tests have been
validated: Figure 1'shows the post-LS test program, consist-
ing of Power Converter Configuration (PCC) and Powering
InterlockdController (PIC) tests at minimum operating cur-
rentyfollowed by intermediate current (PLI1-3) and nominal
current tests (PNO). Suffixes denote test variations, e.g. a —
currenticycling, b — EE discharge triggered by the QPS, d —
power.converter failure, e — Slow Power Abort (SPA) via PIC.
Followinga YETS, only a subset of these tests is required.
The total number of tests ranges from approximately 5,000
(YETS) to 9,000 (LS). Tests are scheduled and tracked via
the Accelerator Test Tracking framework (AccTesting) [2]
and executed by the HWC Sequencer [3]. Test analysis must
be signed off by experts from different domains, namely MP3
(LHC Magnet Circuits, Powering and Performance Panel),
MI (Machine Interlocks), and PO (Power Converters), with
responsibilities shown in Fig. 1.

Historically, powering test analysis relied on a fragmented
ecosystem of tools [4]: MP3 used legacy automated tools
(LabVIEW and eDSL [5]) or manual analyses executed via
the Service for Web-based Analysis (SWAN), while other
teams maintained their independent tool-chains. Validation
required signatures across two platforms — AccTesting and
the Post Mortem Event Analyser (PMEA) [6]. This fragmen-
tation led to inconsistent acceptance criteria and reduced
traceability of the validation process. Legacy tools were
difficult to maintain and evolve, while manual analyses and
multi-party sign-offs imposed a significant workload on ex-
perts and prolonged campaign durations. These limitations
motivated the automation effort described in this paper.
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Figure 1: Overview of powering tests per circuit family and corresponding signatures as of Febru
indicate mandatory tests performed after YETS, while the remaining tests are additionally r

. Yellow

borders denote on-request tests performed during the 2026 HWC. Magenta color indicates ithi

SigMon; green indicates tests for which a manual analysis notebook exists for the MP3;
exclusively by power converter experts. For PIC2 tests, the acronyms P.F., C.Q., D., F.
Quench via QPS, Discharge via PIC, Fast Abort req. via PIC, respecti

SIGMON AUTOMATED ANALYSIS

The SigMon framework consolidates the analysis of pow-
ering tests into a unified Python environment [7]. Each
analysis is structured in three steps: query, analysis, and ver-
dict. In the query step, relevant signals are retrieved from the
Next CERN Accelerator Logging Service (NXCALS) [8].¢
Post Mortem (PM) system [9]. In the analysis step, ¢
are applied to data in accordance with the official test g
dures, including timestamp checks (data availabi
log checks (current levels, plateau duration, and co
with the previously accepted reference wa
tal checks (transitions of boolean signa

as an associated Jupyter notebook that
ults and logs alongside interactive plots,
; der as defined in the analysis class
and official proced Since the last campaign, experts
no longer need to manually run notebooks in SWAN to
investigate failed tests. Automatically executed analyses
now generate interactive HTML reports using the Plotly
library.

following the

During HWC, automated analysis execution and report
generation are handled by a dedicated SigMon server. Sig-
Mon has been fully integrated with AccTesting, supporting
storage of analysis results, log messages, and direct links
to interactive reports — providing a single environment for
analysis, expert review and sign-off.
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In total, 5,095 standard and on-request tests were planned,
along with 8 PNO.r2, 8 PLI2.r2 and 8 PGC.2 tests. All stan-
dard and on-request tests were analysed in SigMon, achiev-
ing 100 % automation coverage for the first time in the LHC’s
history. The key milestone was the extension to high-current
circuits, building on low-current automation introduced in
the 2025 HWC campaign. The distribution of planned and
executed tests (including re-executions) is shown in Fig. 2.
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Figure 2: Planned and executed powering tests, including
re-executions, analyzed in SigMon during the 2026 HWC.



ANALYSIS PERFORMANCE AND IMPACT

The total number of powering tests (including re-
executions) reached 5,409, with 5,384 analyzed in SigMon
(see blue bars in Fig. 2) and 25 analyzed manually (PLI2.r2,
PNO.r2 and PGC.2). There were 289 re-executions of
SigMon-automated tests. In 106 cases (37 %), the sequence
succeeded, the automated analysis returned a fail verdict and
the expert signed the test as failed, confirming a genuine
issue during the test. In 96 cases (33 %), both the sequence
and analysis failed, indicating execution-level problems. The
remaining 87 cases (30 %) were repeated for other reasons.

False Positives (FPs) — cases where no execution issue is
present, the automated analysis returns a fail verdict, but the
test is later validated as successful by experts — are a key
indicator of analysis quality. Table 2 shows the number of
FPs together with the number of successful cases for tests that
were automatically analyzed with eDSL and LabVIEW in
2024 and with SigMon in 2026. Thanks to the optimization
of the acceptance criteria and transition to SigMon, the FP
rate went down from 10 % to 1.5 %, substantially reducing
unnecessary expert intervention.

Table 2: Number of false positive results among tests ana-
lyzed in eDSL and LabVIEW (2024) and in SigMon (2026),
compared to the number of successful tests. The PIC2 C.Q:
test on IPQ circuits was already analyzed in SigMon in 2024
and is not included in the table.

2024 2026
Test Name Success FP Success /FP FP Diff
PIC2 PF. 813 240 797, 0 -240
PIC2 FA. 524 95 491 0 95
PIC2 C.Q. 413 74 525 28 -46
PLI3.bl 188 14 187 10 -4
PNO.d1 1051 25 1029 22 -3
PCC.1 763 2 749 2 0
PNO.al 748 0 750 8 8
Total 4500 | 450 4528 70 -380

Another major improvement in 2026 was the consolida-
tion of signatures into a single signature per test for most
SigMon-automated tests. This was achieved by merging
cross-domain checks into a single analysis, resulting in fully
coherent acceptance criteria and a significant reduction in
manual review time. Only four tests retained two signatures
to avoid last-minute updates to AccTesting; these were con-
solidated after the campaign, completing the transition to
one signature across all SigMon-automated tests.

In total, 5,392 SigMon-automated signatures were granted
in 2026. As shown in Table 3, between 2024 and 2026, the
number of signatures manually entered by equipment ex-
perts decreased substantially, demonstrating a significant
reduction in workload. Analysis time is now no longer a
limiting factor during HWC, the duration of which is in-
stead governed by cryogenics availability, test duration, and
sequence execution quality.

Table 3: Number of Manual Signatures in 2024 and 2026

Signatures 2024 2026 Reduction [%]

MP3 1159 259 77.7

PO 568 94 83.5

MI 993 28 97.2
CIRCUIT PERFORMANCE

The automated analysis correetly, identified various
anomalies, all of which were subsequently investigated and
either resolved or formally acknowledged. Representative
examples of detected issues include:

* Current instability induced’by eléetromagnetic, interfer-
ence, leading to converter trips in several PNO.d3, tests
on 600 A circuits.

* Incomplete negativercurrent cycles, identified in ap-
proximately 20 PCC.1 tests on 60 A circuits,leading
to the replacement of several power converters.

» Timing mismatches between QPS signals and the PIC
in several PIC2:tests on 600 A cireuits.

 Signals marginally, exceeding prescribed limits, e.g.
elevated earth leakage currents.

«_Inconsistencies with reference voltage waveforms, in-
cluding a case where a previously approved reference
was found, to be incorrect.

e Wrong QDS,settings for the voltage ramp on current
leads in PNO.b2/b3 and PLI2.b2/b3 tests.

* Inconsistencies with reference current decay, including
one c¢ase where circuit operational parameters were
modified to prevent degradation.

CONCLUSIONS

The 2026 hardware commissioning campaign marked a
milestone in the automation of powering test analysis, achiev-
ing 100% coverage for all planned tests, excluding special
tests and PGC.2 tests. Acceptance criteria were reviewed,
optimized, and fully validated. The SigMon analysis was in-
tegrated with AccTesting, enabling a unified environment for
analysis, validation, and expert sign-off. Operational experi-
ence confirmed the high analysis quality, significantly reduc-
ing the number of false positives and enhancing coherency
through consolidation of signatures. Efficiency gains were
substantial, due to a significant reduction in expert analy-
sis workload across MP3 and collaborating teams, as well
as a reduced overall campaign duration. All circuits were
successfully validated for LHC operation in 2026. The devel-
oped analysis framework remains valid for the vast majority
of circuits to be commissioned after the major upgrade of the
LHC taking place from 2026-2030. Future developments
will focus on completing automation for the remaining tests
and modernizing additional analysis modules.
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