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*HERA: World’s only (so-far)
electron + proton particle collider

— Ran from 1992-2007
— Located at DESY in Hamburg, Germany

— Delivered ~ 1 fb-! of data to two general-
purpose hermetic detectors, H1 and ZEUS

— Scattered 28 GeV electrons on 920 GeV
protons




HERA & THE H1 EXPERIMENT

*H1 very much resembles ePIC

— Hermetic detector, full coverage up to |n| <4
for tracking, EM calorimetry, hadronic
calorimetry

— Drift chamber + (early) silicon tracking

— High-resolution LAr calorimeter
» One of the best resolution HCals ever
— ldeal detector for jet studies!

* Much of the H1 re-analysis has focused on jets for
this reason

— Data very well preserved; all analysis tools
modernized to C++
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HERA & THE H1 EXPERIMENT

»HERA operated until 2007

—LHC & issues with the HERA-II luminosity
upgrade resulted in a major outflux of
personpower for HERA in the early/mid 2000s

— Many statistically limited analyses only
performed with the 50 pb-! of HERA-I data
Instead of the 7x larger dataset from HERA-II

— Lots of science left on the table! s

= H1 was a leader in the Data Preservation for
High-Energy Physics (DPHEP) collaboration
due to an investment from DESY
— Data are well preserved
* Including simulation & software!
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HERA & THE H1 EXPERIMENT

»HERA operated until 2007

—LHC & issues with the HERA-II luminosity
upgrade resulted in a major outflux of
personpower for HERA in the early/mid 2000s

— Many statistically limited analyses only
performed with the 50 pb-! of HERA-I data
Instead of the 7x larger dataset from HERA-II

— Lots of science left on the table! s

= H1 was a leader in the Data Preservation for
High-Energy Physics (DPHEP) collaboration

due to an investment from DESY
— Data are well presewed | see the HERA data as an “EIC

* Including simulation & software! detector 2”, it will be the only place we

can look for cross-check of EIC results
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HERA & THE H1 EXPERIMENT

» Precision measurements of proton

structure are a flagship measurement
of the EIC

= Before the EIC turns on, can use
the HERA data to test new theory
developments!

—Lots of progress made in the
phenomenology of proton structure
since HERA shut down

—But no workforce to test it...
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HERA & THE H1 EXPERIMENT

» Precision measurements of proton

structure are a flagship measure
of the EIC

f— =

geseroon structure
2 HERA shut down
—But no workforce to test it...
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WHY AGENTS?

*Agents have enormous benefits over humans for
many analysis tasks!

—Can work autonomously and in parallel on tasks

—Can digest huge bases of code in FORTRAN, C++, Java, Python,
etc. without documentation or input from experts

—Can maximize HPC throughput & efficiency, less “wasted” jobs

—Can easily perform “high-risk, high-reward” studies on the
data, that nominally a human wouldn’t spend the time to do

* |.e., “can we do things in a radically different way and achieve a
more robust result?” Or “Is there new physics hiding over there?”

— Gracefully handles high-dimensional data that confuses humans
easily
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AGENT-ASSISTED ANALYSIS

Examples:

= “Could you produce cross section predictions using the Sherpa,
Rapgap, and Pythia8 event generators for the binning of our
analysis?”
— Agents dug in CVMFS for 30 minutes and came back with predictions!

= “Could you run those generated events through the H1 GEANT3
detector simulation package and write output data in the same
format as our real data?”
— Ancient codebase, written in early 90s, troublesome even for the only
remaining experts
— After ~ 1 hour of back and forth, agents managed to do it!
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H1 ANALYSIS

" |n ~2 months working with agents, accomplished essentially all
analysis tasks for a 4D cross section measurement

—Optimization of binning
—Unfolding

—Generating MC predictions
—Radiative corrections
—Backgrounds
—Uncertainties

—Writing the analysis note

» Biggest hurdles surround poorly documented analysis components
—Mostly regarding simulation & file locations

AAAAAAAAAAAAAAAAAA



H1 ANALYSIS

» H1 benefits from a large body of ~ 1000
Ph.D & Masters theses

— Particularly those from German institutions,
which are generally very detailed and high quality

— Many analysis aspects and procedures are
described several times in detail

— Many written in other languages, mostly German,
French, Russian, Polish, etc.

* Not a problem for Al!

» Can direct an agent to read a 200 page
Ph.D thesis and reproduce the results

— This is remarkably successful, once the context
is known for the aspects which are not in theses
(i.e. how to access the data, simulation, etc.)
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Univ. Heidelberg Michael KOLLAK  Entwicklung einer Stripline-Auslese
Diploma fuer Kathodensignale einer langen,

Univ. Heidelberg 9/98 zylindrischen Vieldrahtproportionalkammer
pdf file (8.9 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-910.pdf

I1.Exp.Phys.Inst. Markus KAUSCHB-BLECKEN v. SCHMELING

Dissertation The Silicon Microvertex Detector of the H1
Univ. HH 10/98 Experiment: Readout, Event Reconstruction,
DESY-THESIS-1998-0333 and Studies on Heavy Quark Decays

ps file (1.2 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-120.ps.qgz
pdf file (1.7 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-120.pdf

II.Exp.Phys.Inst. Axel SCHWANK Effizienzbestimmung von Detektorkomponenten
Diploma des Hl-Experiments mit Hilfe kosmischer
Univ. HH 10/98 Strahlung

ps file (1.6 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-121.ps.qgz
pdf file (12.6 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-121.pdf

Physik-Institut Martin ZUR NEDDEN Photoproduction of open charm in
Dissertation ep-collisions at HERA

Univ. Zuerich 10/98

ps file (1.6 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-143.ps.gz
pdf file (3.1 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-143.pdf

Univ. Heidelberg Siegmar SCHLEIF Messung der Protonstrukturfunktion mit
Dissertation Ereignissen aus radiativer Elektron-Proton-
10/1998 Streuung am H1-Experiment bei HERA unter
IHEP 98-09 besonderer Beruecksichtigung des rueck-

waertigen Kalorimeters
ps file (2.4 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-259.ps.qgz
pdf file (4.8 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-259.pdf

I.Inst.Exp.Phys. Markos MANIATIS Untersuchung von Jetverteilungen mit
Diploma 1998 einem Kegelalgorithmus bei hohen Q2
Univ.HH

pdf file (17.2 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-841.pdf
Univ. Manch. Brian COX Double Diffraction Dissociation
Dissertation 10/98 at Large Momentum Transfer

ps.gz file (5.0 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-679.ps.gz
pdf file (2.4 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-679.pdf

II.Exp.Phys.Inst. Leif Hendrik WILDEN
Diploma Inelastic Photoproduction of J/psi
Univ. HH 11/98 Mesons at HERA

ps file (1.5 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-130.ps.qgz

pdf file (2.2 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-130.pdf

Univ. Hamburg Johannes GERIGK QCD-Instanton-induzierte Prozesse in
Diploma 11/98 tiefunelastischer e+_p-Streuung

MPI Muenchen

ps file (0.6 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-145.ps.qgz

pdf file (1.6 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-145.pdf

I.Phys.Inst. Carsten KRAUSS Untersuchungen an einem Halbleiter-
Diploma detektor fuer das H1 Experiment
RWTH Aachen 11/98

ps file (1.7 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-166.ps.gz

pdf file (2.4 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-166.pdf

Queen Mary and Robert Kenny GRIFFITHS

Westfield College The first measure of relative partonic
Dissertation 11/1998 contributions in DIS at HERA
RAL-TH-1998-018 using an average hadronic charge

ps.gz file (19.1 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-292.ps.qz
pdf file (2.4 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-292.pdf

I.Phys.Inst. Sascha CARON Vergleichende Untersuchung hadronischer
Diploma Endzustaende in inelastischer
RWTH Aachen 12/98 Elektron Proton Streuung

pdf file (2.7MB): /afs/desy.de/group/hl/psfiles/theses/h1th-670.pdf
ps.gz file (4.0 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-670.ps.qgz

Univ. Heidelberg Hanno BURKHARDT Untersuchung von Ereignisraten im
Staatsexamen 12/1998 VLQ-Spektrometer des Hl-Experimentes
HD-IHEP 98-12 bei HERA

pdf file (2.7 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-533.pdf

ps.gz file (14.5 MB): /afs/desy.de/group/hl/psfiles/theses/h1th-533.ps.qz
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H1 ANALYSIS

» For example, asked Claude Opus 4.7 to repeat

600 |-

- 400 | Cerore
the existing HERA-I exclusive ¢ meson : B H1
measurement on the HERA-II data 200 |- e oty

— After two prompts pointing it to the simulation | L) e ﬁ
wanted to use, it arrived at the invariant mass 1 105 11 115
distribution using the proper set of cuts my [GeV]

140} ! by 7% sig 93%

— One prompt later, was plotting background- ﬂ

subtracted reconstructed kinematic distributions!

— A few prompts more and had an acceptance #
corrected cross section ﬂ Now 11
 Of course, this is where the real work starts © ﬁ ﬁﬂ (HERA-II)
— Also, very useful for automating systematic
uncertainty calculations (vary this cut, run the # %ﬂ B
analysis again, etc.) R
898 100 102 104 106 108 110

80

Events / 1 MeV

20
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High Q2 Semi-inclusive charged particle DIS cross
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2 : e e
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2 2 00 G 2 1] . .
e _ . o 000<z<005 = inclusive DIS cross
- < e 0.05 0.10 . .
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S0 ‘ ® 050<2<0.70 = measured
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120¢ ) 3500f P00
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5 2 2500} )
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E production - § y ry
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0.0000
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MANAGING AGENTS

»Loss of context is the primary challenge

—The “skill” in doing lengthy analysis tasks with agents is
managing their context to make sure they can handle their task

—If you feed too little information, agent won't know what to do

—If you feed too much information, agent will run out of context
(and cost lots of tokens!)

»Both cases translate to a waste of time and money!

»Can “tame” the intrinsic stochasticity of LLMs by supplying just
the proper amount of context

A5 U.S. DEPARTMENT Argonne National Laboratory is a
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THE SUPERVISOR

*The primary way to combat loss of context is to have a very
high-level supervisor which delegates tasks to subagents

—The supervisor has: context about the status of the analysis &
its dispatchable team of subagents
—The supervisor does not have: the permissions to do
anything by itself
 Otherwise, it will regress to doing tasks itself and eat up all of its
context

*| essentially only interact with the supervisor when
working on my analysis
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MY AGENT SETUP “ORG CHART”

“Domain Expert” Me
(Organic
Maybe Al one day © Intellnence
( . : )
Analysis Supervisors H1.SIDIS.
supervisor H1-Ph|TsuperV|sor One for
Maintaining detailed (Frontier Model) (Frontier Model) each
context about each analysis analysis

G

by the supervisor

\_

rL:ISeec(:]:r)\rical H1-MC-expert jijil] H1-unfolder
tasks, dispatched [ttt (Sonnet-tier)

H1-MC-expert L
(Sonnet-tier)

(Generic rurl]_|n1e_r3?|[:g§_ku_ L H1—p|0tter H’|_Scr:ipt_r.unner 1 H1-p|0tter
Subagents Tier) (Haiku-tier) (Haiku-tier) (Haiku-tier)

H1-unfolder

(Sonnet-tier)

One for each
common subtask

N
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MY AGENT SETUP “ORG CHART”

“‘Domain Expert”
Maybe Al one day {

The new skillset needed for this is how
to be a good manager!

Analysis Supervisor:

Maintaining detailed

context about each analys
For example:

Generic L. Don’t want workers repeating work done by another worker;
Sub runner Need to allocate tasks based on the skillset of the workers;
ubagents Tl Have well-defined goals and milestones for the workers;

Used for Need to be able to judge the quality of the worker’s work
mechanical

tasks, dispatched

by the supervisor

A
of ENERGY



THE ELEPHANT IN THE ROOM

» The obvious question that will be asked is “how do you know it’s right”
— We’'re doing science, after all... It needs to be right!

» Treat the agents as a student with great coding skills but less physics intuition
— Professors are rarely reading the code of their students!
— How do they know the results are correct?
— Need to ask them to reproduce existing results, make QA plots, etc., same for agents!

» One bonus of agents is that you can send waves of critic agents to critique
the code implementation
— Useful to give them different “personalities”, i.e. high temperature, low temperature

— If 3 agents all say the implementation is correct, you have 1/sqrt(3) confidence that it's
right ©
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LESSONS FOR DATA PRESERVATION

"|n 10 years, | doubt humans will be analyzing our data

— Despite stochasticity, agents can dig much deeper into data and software than
any human would have time for

— Agents allow humans to do complete analyses in parallel

— IMO this makes the preservation even more important because future Al
systems will be able to mine the data extremely efficiently

* i.e. analysis will not be limited by having 0 human FTEs to work on old data

» This H1 exercise has been successful thanks to the preserved
knowledge base, software, and simulation
— With agents, the language & volume of the software doesn’t matter that much
— Simulation files could be better organized and documented

A5 U.S. DEPARTMENT Argonne National Laboratory is a
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CONCLUSION

» Can agents do a whole H1 analysis?
— Kind of, currently needs constant supervision. Also, this was only possible

— With the rate of improvement, could imagine in a couple years that a frontier
model could do an entire analysis by itself (if proper documentation is
available)

— Also important to note that these results were obtained with “unlimited” tokens at
the time provided by Argonne

— Working full-time on many analyses like this is quite expensive, O($5k/month)
— IMO the investment is worth it for a 10-20x increase in productivity

— But need a more sustainable model for paying for tokens within DOE (Argonne
has already cut us off ©)

» For existing experiments, agents will be extremely useful for
producing documentation and helping to preserve the datal

— (Cj;enerally, produces too much output for a human to read, but future Al will be able to
igest it

A5 U.S. DEPARTMENT Argonne National Laboratory is a
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CONCLUSION

*Agent-assisted analysis is the future

— Currently like riding a bucking bronco vs. walking, but we’ll have cars
someday ©

— Allows us to just do the fun part of science! (i.e. the science)

— Saves a huge amount of time and life force that is generally spent on
mechanical tasks and not actual data analysis

» Running jobs on HPC clusters, writing plotting scripts, debugging segfaults

Al can performance optimize code significantly better than vast majority of physicists!
Hopefully reduces HPC load.

— Enables performing checks that otherwise may go undone and actually
helps make the analysis more rigorous

Thanks! Questions?

A5 U.S. DEPARTMENT Argonne National Laboratory is a
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BACKUP

U.S. DEPARTME] Argonne National Laboratory is a A
NT U8 Department of Energy laboratory rgon ne °

of ENERGY  managed by UChicago Argonne, LLC. NATIONAL LABORATORY




CONTEXT MANAGEMENT

Maintaining good

documentation is H1 global directory
CONTEXT.md AGENTS.md

absolutely critical,
since we need to
work across many

sessions

Global context useful for Listing of all H1 agents
all analyses and subagents

/ H1 High Q2 SIDIS directory \ "H1 Phi |
Analysis

Every directory

short manifest that [ P Y ] SO 2V \_ J
tells agents what'’s [ Plots directory ] H1Xi

there i
4 Docs directory Y | Analysis

Agents need to
know what scripts Other RUN_STATUS.md
Single source of truth

to use, what files, documentation for what is current




Prices per 1M tokens.
I O KE N E F F I ‘ I E N ‘ Y Short context Long context

Model Input Cached input Output Input Cached input Output

n TO ke n co StS fo r h e avy ag e nt us ag e gpt55 $5.00 $0.50 $30.00 $10.00 $1.00 $45.00
m |t| g ate d som eWh at b ecause ~90% gpt-6.5-pro $30.00 - $180.00 $60.00 - $270.00

gpt-5.4 $2.50 $15.00 $5.00 $22.50

of tokens are cached input tokens
(cache hits)

gpt-5.4-mini $0.75 $4.50

gpt-5.4-nano $0.20 $1.25

Base Input 5m Cache 1h Cache Cache Hits & Output
Tokens Writes Writes Refreshes Tokens

" I SWitChed to GPT5 mOdels Claude Fable 5 $10/ MTok $12.50 /MTok  $20/MTok  $1/MTok $50 / MTok
because OpenCOde doesn,t ShOW Claude Mythos 5 (limited availability) $10/MTok  $12.50/MTok $20/MTok  $1/MTok $50 / MTok

Model

H Claude Opus 4.8 $5 [ MTok $6.25/MTok  $10 / MTok $0.50 /| MTok $25 [ MTok

me any cached tokens for Anthropic
Claude Opus 4.7 $5 [ MTok $6.25[MTok  $10 / MTok $0.50 / MTok $25 [ MTok
m Od e I S Claude Opus 4.6 $5 [ MTok $6.25[MTok  $10 / MTok $0.50 / MTok $25 [ MTok

_ Don’t Want to unnecessarily COSt Claude Opus 4.5 $5 | MTok $6.25/MTok  $10 / MTok $0.50 / MTok $25 [ MTok
' Claude Opus 4.1 (deprecated) $15 [ MTok $18.75 [ MTok  $30 / MTok $1.50 | MTok $75 [ MTok
the lab 50x more!

Claude Opus 4 (retired, except on Vertex

Al) $15 [ MTok $18.75/MTok  $30/ MTok $1.50 / MTok $75 [ MTok

Claude Sonnet 4.6 $3 [ MTok $3.75 [ MTok $6 [ MTok $0.30 / MTok $15 [ MTok

Claude Sonnet 4.5 $3 [ MTok $3.75/MTok  $6/ MTok $0.30 / MTok $15 [ MTok
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AGENT-ASSISTED ANALYSIS IN H1

» One analysis typically takes 3-4 years from beginning to
publication

—Usually, would pay one full Ph.D student FTE, part of a lab
staff/professor during that period

» Since beginning of May, have been performing 5 unique
experimental analyses in parallel by myself using agents

—3 of 5 are now under collaboration review for public release

—Agents self-document, update an analysis note/paper draft as
they go that can be shared with collaboration referees

—Usually takes ~2 years of analysis effort to get to this point!
With agents, ~ 1 month

A5 U.S. DEPARTMENT Argonne National Laboratory is a
o4 @ B U.S. Department of Energy laboratory
&y of ENERGY  managed by UChicago Argonne CLLC. T O o LasoraTory



AGENT-ASSISTED ANALYSIS IN H1

* Argonne’s current APl approach gives us an enormous
competitive advantage over other labs & universities

* Other labs will pay for a student or postdoc FTE to take three
years to complete an analysis that $20k in tokens can
complete in a couple months

—This is clearly the future of physics data analysis, and we have
a head start

A5 U.S. DEPARTMENT Argonne National Laboratory is a
()] U.S. Department of Energy laboratory
&y of ENERGY  managed by UChicago Argonne CLLC. T Ogiionat LasoraTory




TEST BEAM AT JEFFERSON LAB

Signal Routing

= [n March & April, had a prototype of the ===
Barrel Imaging Calorimeter that our
group is building for the EIC exposed to
beam parasitically at Jefferson Lab

— Very complicated readout setup employing

3 heterogenous readout systems, 2
different ASICs, 5 FPGAs

— Senior data acquisition expert from BNL
who wrote our DAQ software was
oversubscribed and mostly not available to
help during running

— Had no direct access to setup, agents were
instrumental in keeping all systems
functioning remotely

TR Argonne National Laboratory is a o
€ @ h US DEPARTMENT |} g Cpartment of Energy laboratory Argon ne
of ENERGY A & e e
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TEST BEAM AT JEFFERSON LAB

» Claude was able to digest the entire
data acquisition software chain &
replace the expert.

—Suggested and implemented
improvements on the DAQ software
that allowed us to run at a 3x higher
data rate

» Agents also instrumental in analysis of
the very large dataset, finding O(10-
100x) speed improvements in decoding,
data processing, etc.

—Saving huge amount of CPU hours

AAAAAAAAAAAAAAAA



PHENOMENOLOGY

» Currently 3 agent-assisted papers in the works on possible
physics opportunities at the EIC and JLab

» |_ess mechanical than data analysis, requires strong reasoning
capabilities + cross check

—Generally less token-heavy overall since the task set is
smaller and less heterogeneous

#°3% U.S. DEPARTMENT  Argonne National Laboratory is a
() U.S. Department of Energy laboratory
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