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❑ The Problem
▪ We need reliable Frontend Electronics for physics experiments
▪ Quality Control (QC) is a rigorous, but labor-intensive workflow

▪ When QC failure happens, diagnosis takes long expert time & efforts

❑ We investigated two solutions
▪ (A) Fully agentic workflow: In-house agent orchestration (LangGraph pipeline) + 

Retrieval-augmented generation (RAG) + Model Context Protocol (MCP) 
▪ (B) AI-assisted QC diagnosis: Mature agent harness (Claude Code) + SKILLs + 

Markdown + local tools (ls, grep, sql)

▪ Spoiler: one of them reached expert-level diagnosis

❑ We use DUNE Cold Electronics QC as conceptual examples, but the 
approaches are agnostic to other QC workflows as well

Overview
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Example QC Tasks (for DUNE FD TPC Electronics) 

COLDATA x2

ColdADC x8

LArASIC x8

DUNE Phase I Far Detectors TPC Cold Electronics

FEMB QC with Cold Test Setup (CTS) station

• Two boards test simultaneous 

• Warm (Room Temperature) + Cold (Liquid Nitrogen)

• Each QC goes through 17 test items

Challenge: failure diagnoses take long expert cycles. 

Can we improve by adding AI to this workflow?

FD-HD FD-VD

Front End Mother Board

128-channel
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A Fully Agentic QC Workflow: Vision

❑ External AI/ML algorithms for 

Hardware/Data anomaly detection

❑ Communicate with Agents via 

Model Context Protocol (MCP)  

❑ Knowledge Base 

(documents, database, etc.)

❑ Communicate with Agents 

via Retrieval-augmented 

generation (RAG) and MCP

❑ Agent loops and 

orchestration via 

LangGraph

MCP
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Demo 1: Live Monitor + LLM analysis
❑ Mock QC DAQ with 

random failed Test 

injection

❑ Side-by-side view of 

two boards with 17 

Tests (t1-17) each

❑ Live-stream via 

Server-Sent Events 

(SSE) 

❑ Diagnosis reports 

generated via a local 

LLM: RAG + Action 

Map + MCP 

❑ Can also chat with the 

agent during or after 

the QC session

❑ FastAPI (backend)

❑ Vue 3 (frontend)
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The Knowledge Retrieval Path

Input

Query

Dense (cosine)

Sparse (BM25)

Reciprocal Rank 

Fusion (RRF)
Top-10

Reranking

Top-3

embedding

vector similarity search

keyword search

𝑅𝑅𝐹(𝑑) =  ෍
𝑖=1

𝑛
1

60 + 𝑟𝑎𝑛𝑘𝑖(𝑑) top-k retrieval

cross-encoder for joint attention 

over (query, doc) 

top-k’ generation (final retrieval)

vector database

Ollama hosted local LLM Models:

• qwen3.5:4b, gemma4:e2b, etc.

• nomic-embed-text:v1.5 (768-D embedding)

context for LLM

Others: Action map, MCP, 

Session memory, etc.
extra context

(currently a small corpus of CE datasheets and manuals)

Produce rankings of chunks
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QC and Hardware Specific Lookups

❑ Deterministic action maps ❑ MCP server exposes sql 
database query tools

channel # → chip location, serial #, etc.
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Demo 2: Fully Agentic QC Pipeline (Mock Data)
❑ stateful agent control

❑ cyclical graph execution 

• branching & loops

• human-in-the-loop

LangGraph orchestration
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What worked and did not work so well

❑ Proved working on Mock Data
▪ The full agentic loop: (local LLM + RAG + MCP) works offline

▪ Small LLM capable of 
o summarizing and simple Q&A

o Deterministic routing

o schema-validated tool calls

❑ Not working so well for small LLMs
▪ Expert-level diagnosis via deep reasoning

o read the failed QC reports

o inspect per-test plots (RMS, gain/linearity, ENC, monitors)

o recall this board's history: past runs, repairs, known issues

o decide: re-run? swap a chip? inspect solder? no fault at all?

❑ Next try: Frontier LLMs with agent harness, and more tool exposure
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Mature agent harness + Markdown + local 
tools (ls, grep, sql)

❑ Agent Harness: Claude Code

❑ Knowledge: curated 
Markdown files organized as 
wiki links

❑ Local tools
▪ read access to on-disk QC data 

and report files
▪ access to full QC test history and 

relations via direct SQL read-only 
queries to the CETS database, an 
existing backend built specifically 
to track all QC tests

❑ No RAG, No MCP
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/ce-diagnose SKILL 
for Claude Code

❑ ~100 lines of markdown instructions: a procedure, not a program

❑ LLM is the control flow: procedure and conditions explained in plain English
▪ Fast iteration: a diagnosis weakness is fixed by editing the SKILL text, no scripting needed

❑ Output: what failed → most likely cause (+ confidence) → history → 
recommended action → sources
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Demo 3: Claude Code Session

❑ Fresh session (no previous 

context leakage)

❑ Opus 4.8 model, effort high

❑ Single SKILL, with failed QC 

report location as argument

❑ Full diagnosis done in ~3 

min. Playing at ~10x speed.

❑ Cost estimate is calculated 

by API charge per token

*in practice much cheaper with 

Claude Pro/Max subscription
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Report

Confirmed by CE experts to be 
an accurate, thorough, expert-
level analysis 
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How it reasons

❑ Symptom aggregation
▪ 4 items fail, all pointing at one channel

❑ Configuration narrowing
▪ fails at 200 mV baseline but not 900 mV; 

▪ ADC sync passed → digital path clean, fault is analog

▪ same-day Room Temperature QC passed → fault is cold-only

❑ History: recurrence after two chip swaps, channel moving within 
a site → solder / assembly, stressed by LN contraction

The skill encodes where to look. the model supplies the multi-hop reasoning.

The LLM reasoning logic matches how an expert would diagnose such a problem. 
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Model Comparison: Sonnet 4.6 vs Opus 4.8 
on the same /ce-diagnose run (n=1)

❑ For routine check (e.g. was this a real fault?) Sonnet got the right 
answer at half the cost and ~1 minute faster. 

❑ For a definitive record (solid evidences that would survive review): 
Opus's report is the one to keep.
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Compare the Two Approaches

(A) In-house agent orchestration (B) Mature agent harness + SKILLs

Reasoning local LLM (Qwen3.5-4B) + action maps; frontier model (Claude Opus 4.8) + harness

Retrieval hybrid RAG, wins at large corpus curated markdown, lazy-loaded into 1M context

Data access MCP tools in a fixed pipeline agentic file/db free navigation

Plots not multimodal Can read and analyze images

Deployment fully offline, $0 per run cloud API, ~$1–2 /diagnosis, or subscription

Engineering full-stack system (FastAPI, Vue, 

Qdrant, Ollama, LangGraph)

~100 lines of markdown, needs pre-built 

infrastructure (QC database backend/tools)

Choose when data can't leave site / zero cost per run 

/ can fund the full stack R&D

frontier model permitted / cost per run permitted / 

engineering time is the scarce resource

❑ Different axes: reasoning quality ≠ orchestration control. B leads on reasoning today; A wins 
when steps must be guaranteed, auditable, and hardware-wired.

❑ Not either/or: Use B to generate training data for A’s fine-tuning corpus; Use frontier models in A for 
hard cases;  Use A and B together for different tasks.

❑ a local "B”: open harness (e.g. pi) + large open-weight LLM (Qwen3.5-122B, Gemma4) gives B's 
design fully offline; matching the Claude Code experience is an R&D project, not a free swap
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❑ In-house agentic pipeline
▪ Live monitoring and the full 

agentic pipeline works now 

▪ Expert-level diagnosis needs 
more R&D

Summary

❑ /ce-diagnose + Claude Code
▪ Expert-level post-hoc diagnosis, 

working now 

▪ ~$2 and 3 minutes per case

The bigger lessons learned
❑ Frontier AI reasoning has crossed a threshold: it can follow a procedure, 

navigate our data, and reason like a domain expert.

❑ If you can write down how an expert reasons, you can delegate the 
investigation: QC here; detector calibration, data-quality check, analysis 
debugging, etc., all can be in our daily workflow.

A combination of both approaches will be the future R&D.
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Backup Slides
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Demo: Session Chat

❑ Can chat with the 

agent during or after 

the QC session

❑ Memory is kept by 

adding chat history to 

the context window 

(Limited by small 

LLM’s context window 

size ~128K)
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