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C12-15-005
The Tagged Deep Inelastic Scattering (TDIS) Experiment

" Goal:
A direct measurement of the mesonic content of the nucleon and a unique extraction of the

pion’s F2 structure functions, by scattering from a virtual pion target, accessed via spectator

tagging. Spokespersons: D. Dutta, N. Liyanage, C. Keppel, P. King, R, Montgomery,
H. Nguyen, B. Wojtsekhowski

C1 conditionally approved with A- rating for 27 PAC days

Motivations:
There is ample evidence that nucleons have pionic content in them, but no direct measurements.

Pions and kaons are the simplest bound states of QCD and its Nambu-Goldstone bosons- knowledge of
meson structure is critical to a complete understanding of the emergence of hadron mass.
But, very little data due to the lack of “meson targets”.

TDIS will use spectator tagging - a well established technique- to tag the “meson cloud” of the nucleon.

TDIS is a pioneering experiment but the proposed technique to extract meson structure function is an
essential proof-of-principle for future experiments at the EIC & 22 GeV JLab.
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Since approval, there has been a surge of interest in both the
technique and the science goal

'Significant progress in understanding meson structure through emergent hadron mass -
over 50 publications with more than 1200 citations (including LRP white paper & EIC
yellow report).

B Emergent hadron mass
B Interference of emergent hadron mass & Higgs mechanism

_____ Higgs mechanism

Mass budget for mesons and
nucleons are vastly different
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M. Ding, C.D. Roberts & S.M. Schmidt, Particles 6, 57 (2023) are very different

difference between meson PDFs: direct information on emergent hadron mass
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A global QCD analysis including the leading neutron HERA
data has been completed

Ak = [250.400 MeVic] A8 =[30, 70°]
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C12-15-005
The TDIS experiment was reapproved by PAC 51

" Goal:
A direct measurement of the mesonic content of the nucleon and a unique extraction of the
pion’s F2 structure functions, by scattering from a virtual pion target, accessed via spectator

tagging. Spokespersons: D. Dutta, N. Liyanage, C. Keppel, P. King, R, Montgomery,
H. Nguyen, B. Wojtsekhowski

Motivations: C1 conditionally approved with A- rating for 27 PAC days

There is ample evidence that nucleons have pionic content in them, but no direct measurements.

Pions and kaons are the simplest bound states of QCD and its Nambu-Goldstone bosons- knowledge of
meson structure is critical to a complete understanding of the emergence of hadron mass.
But, very little data due to the lack of “meson targets”.

TDIS will use spectator tagging - a well established technique- to tag the “meson cloud” of the nucleon.

TDIS is a pioneering experiment but the proposed technique to extract meson structure function is an
essential proof-of-principle for future experiments at the EIC & 22 GeV JLab.
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Spectator Tagging - a well established technique at JLab -
can be used to tag the “meson cloud” target.

“The TDIS experiment will use spectator tagging in a cylindrical recoil detector

Spectator Electron arm - SuperBigbite High rate multiple time projection chamber (mTPC)
J/Recoil 48 D48 Dipole L'\f to tag recoiling/spectator hadrons
{| Tagging ”\ -
| oV r\ . S CAD/design from UVa, N. Liy K. Gnanv
| Target a”d [”TPC ‘ ) - JALYVAesign rom d, N. Liyanage K. ananvo
\'; E\e (& — J ’ Gas Cher. ‘ ; J J
""’i-:- A L | " o
7 GEM Trackers
Beam W / Cherenkov " |
1 GeV /7 Calorimelter
.. 50uA | . A
) . lA
Solenoid | | S X ,T
A7T Coincident DIS Electron in SBS - ‘
Tracking, dE/dx

> —almost mTarget: 40 cm long, 25 um wall thickness Kapton straw
at room temperature and 3 atm. pressure.

neutron

TDIS will be a pioneering experiment that will be the first direct
measure of the mesonic content of nucleons.

The techniques used to extract meson structure function will be a
necessary first step for future experiments

Deuteron Spectator proton
(backward going slow proton)

D. Dutta (Miss. State C12-15-006/TDIS Update



Questions from the TDIS Technical Review

mTPC:

Is the structural design of the mTPC sound?

Is the inner tube strong enough to support the lateral loads of the individual cells keeping them aligned?
Is the diffusion of the Helium gas into the target cell understood and within the tolerances of the
experiment?

What is the double peak timing resolution in a readout cell? How far do two pulses have to be apart to be
detected as individual hits in the same pad?

Solenoid/SBS Magnet:

What is the interaction between the solenoid field and the SBS Dipole iron?
What are the forces between these magnets?

Are additional support structures required to mitigate the forces on the magnets?

Tracking:

How can tracks be identified and reconstructed given the expected high occupancy, in particular in the first
few layers/rings of a single detector module?

What is the yield of “false”/"fake” tracks given the high hit multiplicity?

Can either algorithm be run from the outer ring in, reducing the effect of the inner ring occupancy?

Target:

It is strongly recommended that a JLAB Design Authority be assigned to this system.

What are the safety margins regarding target operation (pressures/temperatures)?

What safety mitigations are planned if the pressure margin requirements cannot be met?

What is the impact of the downstream flange material on the scattered electron trajectory?

What is the impact of beam-heating on the aluminum entrance and exit windows?

Is active cooling required?

What is the impact of the heat and radiation environment on the target flange seal o-rings? Are special/

dedicated materials needed?
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We have converged on a design for the recoil detector-
a multi-Time Projection Chamber (mTPC)

High rate multiple time projection chamber (mTPC)

to tag recoiling/spectator hadrons i A square prototype has been constructed
A ==L ED N
1 42 #3 ° ‘)L ©
! ‘ caD/design from H. Nguyen. e “' °.[ jj ¢ |

{

n

Tracking, dE/dx

v Each TPC unit of the composite mTPC will be
exposed to a fraction of the background rate.

Images from H. Nguyen
v The drift field is parallel to the magnetic field,
leading to reduced drift times and significantly
simplified track reconstruction.

Testing is currently underway at JLab
to validate the time projection field cage and
the readout configuration.

Target: 40 cm long, 25 um wall thickness Kapton straw

at room temperature and 3 atm. pressure. A cylindrical prototype will be built after

validation.
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Prototype successfully tested with cosmics

Y-YO Distribution for All Events

Analysis and images by Aruni Nadeeshani . Zind 533 12
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Square prototype was recently tested in the Hall D beamline
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— Time window was reduced to lower daf'a-'r-éfe in raw mode
=> This tumed out to be too aggressive and removed hits with the longest drift

Detailed analysis underway to determine optimal pad size and characterize
the drift volume
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A cylindrical prototype is being built at JLab

D teclon vl harvw o very

tight space.

*  Ribbon or flexcables?

v Cahbla thicknees?

*  Ibbbon cable might not
work

¢ Flexcabde migd

SUNGD AT WETR
181w

Magr = sore

S mun e hicaness

Assembly Mandril currently under construction
Work led by Eric Christy, image from Ibrahim Albayrak

D. Dutta (Miss. State
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Comprehensive Geant4 simulation by Eric Fuchey and
digitization by Rachel Montgomery

MTPC Rate Calculations

e Elastic: assuming 2us mTPC data acquisition window:
o H,, 50pA: 330 proton tracks (33 tracks per module) => 165 MHz;

O consistent with Carlos’ estimations from 2020;

e Comparison with BoNuS12: 250 nA on 50 cm D, (factor 100 less luminosity)

0 20 tracks including p, d.,... over 7.2us
0 Scaling to TDIS luminosity and mTPC DAQ time window: 550 p, d tracks

0 Our comparison does not account for track reconstruction efficiency

Elastic, H2. 50 pA, 2 us mTPC DAQ time window
i i 'h1 Neingle
+— Al racas: 331.0

" | —— Electons: 0.1

Protons: 33049

Track multiplicity cver 2 ps

U Il . .I .l l .l. . l llll .l . l l l. l. l e Il l .l. . 1;
4 5 5 7 B 9 10
Track multiplicity per elastic event
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Comprehensive Geant4 simulation by Eric Fuchey and
digitization by Rachel Montgomery

e Beam-on-target, assuming 2us mTPC data acquisition window:
O Particles that deposit some energy in mTPC gas are counted
(true for all tracks);
oH,, 50 pA: no e, 4.6k e, 140 w*, 60 7, 60 p;

0O roughly distributed evenly over the 10 modules;

Beam backqround, HZ2. 50 uA, 2 us mTPC DAQ time window Beam background, H2, 50 pA. 2 us mTPC DAQ time window
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A comprehensive Geant4 based simulation with digitization
validated with BoNUS12 data.
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For electron detection, the LAC can be replaced with HCal +
HEMES blocks as preshower

e TDIS electron detection: LAC replaced by HCal, combined with a preshower,

e HCAL preshower Hermes blocks (2 layers).
m Limited number of Hermes blocks limits coverage

a Position of preshower wrt HCal to be optimized

Simulations by E. Fuchey
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For electron detection, the LAC can be replaced with HCal +

HEMES blocks as preshower

e HCAL preshower Hermes blocks (2 layers):
o pion rejection ~80% in “central” region;
o electron efficiency ~97% in “central” region;
o Reconstruction performance:
¢ ~17% eneray leaks:
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6000 Sigma  0.08893 =0.00025
HCA -+ Hermras Modules Preshovsr, & lavams
4000 [~ ; TR X
- 5 =~
o . FhSS =
- 3: Lo ST s Lass E
2000 - AL -
-I B —-—A—l Ve o 1 j
%

1 - .4 - R 3 2
HCAL 4+ HCAL PS k"n.'pnl .

Simulations by E. Fuchey
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A New Large Bore MR Magnet has been located at ANL

Oxford OR66 Not available after 2027
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Geant4 simulation was used to study possible operation at
1.5T field instead of 4.7T

Do we need a 4.7T solenoid field?

| A: B-Field Dependence — H2 target 1 atm, 77K
o | H Target1atm, 77K |7 7T 3 -
o ' 1T Uniform RMS 04184 g -
2T WUniform § v
10° 3T Uniforn 3 !
i 4T Uniform :
3S Field Map % F

j—y

1* | ﬂw
w E-A_.A_‘A_.A__A_.ﬂ

0 20 40 G0 80 100 120 120 160
F (mm)

=
<

ntegrated Energy Deposit (MeV

J
S S
L] L]

lillllllllgllllllllll lllllll 1 O-lsatln4He-77K

20 40 60 80 100 120 140l l d  =0.084e-3*293/77. q!cm3
- . - |..2 .
Radial Dist from Beam Axis (mm) Normalized to 8x10F efectrons

Flectrons generated 35cm

0.15 atm 4He upstream of center of target
d, = 0.084e-3*293./77. g/cm?

8x10° electrons

o

Eric Fuchey has confirmed the Moller
background is independent of the field
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Geant4 simulation was used to study possible operation at
1.5T field instead of 4.7T

TDIS vs Elastic proton, LH2, 1.5T

e Generated p vs 6;
e Tracks with total path length = 0.025 m, number of hits = 3;
e “reconstructed” p vs 6;

ap,., smeared by 0.02 GeV/c,

06 __smeared by 1.5 deg

gen

e Cut: 85-p*40 (deg) < 6 < 100-p*40 (deq)

TDIS protons Elastic protons
. 1 P et e Vire et e ~oon . 1 R R T T o e e
o . = Entries 6336 Y = Entries 1353756
= Mean x 02743 = o Mean x 0.1029
£ r Mean y 48.36 s G Mean y 86.59
il ol LT T Yo Sid Dev x 0.08291 o IR N StdDevx 0.05504
Crrrnnnn, SidDevy 1348 N Rl L L T Std Dev y 2254
- o ‘- - ., Teaee. 02020 TR RS
80— .
60 p—
40
20—
Ollllllllll llllllll llll‘llll‘llll‘lll‘lll“llll‘l
0 0.05 01 0.15 02 0.25 03 0.35 04 5 OAd?Gev‘gls

Ongoing work by Eric Fuchey to determine how well the protons of interest
can be separated from other background protons.
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The momentum resolution has large impact on the exacted
pion structure function

Proton momentum resolution is directly related to the |t| resolution

0 i | I S TR TR T SN T S WU S T T T 0 [ | I B R 0 [ | T R T T T
-0.15 -0.1 -0.05 0 -0.15 -0.1 -0.05 0 -0.15 -0.1 -0.05 0
t(GeV?) t(GeV?) t(GeV?)

|t| resolution determines how well we can extrapolate to pion pole and
extract the pion structure function
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The momentum resolution has large impact on the exacted
pion structure function

400
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well we can extrapolate to pion
pole and extract the pion
structure function
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High rate and high occupancy tracking algorithms have been
developed and are being optimized

mTPC - Hits/Chains XY
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/ > e 29 \ f / 4
{ / N7 /S \ .| ' S | been developed, a new hybrid
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Tracking remains the main challenge (several new efforts)

ACTS A Common Tracking Software project

- - \""‘L" > ';\- =

Project to preserve and enhance LHC track
reconstruction software for future
detectors and computing infrastructure

7 FCC-hh detector concept
with 1000 p-p events
with ACTS fast simulation

A flexible, open source R&D testbed:
- facilitate collaboration across experiments
and external contributors, e.g. machine leaming experts
- allow for novel algorithms and detector components (e.g. timing, track lets)

A high-performant toolbox for track reconstruction based on LHC experience
- modern code and software concepts to allow for concurrent computing
- support high luminosity and high precision tracking algorithms

Currently developers from ATLAS, LHCb, FCC-hh
- supporting: FCC-hh, Tracking machine leaming challenge

http://acts.web.cern.ch/ACTS/
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ACTS expert Dmitry Romanov has been giving us 10% of
this time

Using A Common Tracking Software

1. The Translate the tracking detector geometry in to analogous ACTS
geometry:ACTS takes many formats of geometry input eg: GEANT4, Fun4All,
DD4hep.

2. For TDIS experiment we used the existing geometry in the GEANT4 and make
gdml files.

3. ACTS has available ROOT Geometry plugin that can take relevant active TGeo
objects and covert them into Acts: Surfaces. TGeo plugging developments are
ongoing...

4., The ACTS virtual cylinder planes definition and a hit-on-a-plane corresponding to a
pad for Kalman filter algorithm with covariants out of special X,y,z information.

JANA2

Modern C++ Reconstruction framewerk in Nudear and High Energy Physics

A
80urce
Lmks
: Y Source Measurements Track
I.lnks 2D surface Seads
Magnaetic Fleld
Map N
Kalman Fitter . [>
Gapmatry . Prooacsator Cantexts
Stepper

Navigator Ext

Writer

s

PODIO [>

Contributors: Dmitry Romanaov, Eric Fuchey and Aruni Nadeeshani
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Tracking remains the main challenge (several new efforts)

A Composable Framework for Tracking

* Modular and Composable framework for track finding with GNN

« Maximum code re-use across different data sources

SR TR T e ————————————————————————————————————————————— -~

Individual
Modules can be
swapped as
needed. For
example,
different data
parser can be
introduced for
data coming
from a different

detector ‘. Track Finding

~ -

o ————— —— ——— ———————————————————————————— —— —— -

Graph Neural

Data Parser Graph Network

Analysis
Constructor Model

S S S S —
T e o o e e e e e e e e

* The workflow is being tested at CLAS as well; simply replaced data parser and

graph constructor

* The planis to introduce track fitting using Recurrent Neural Networks in the
above workflow

Graph Neural Networks for Charge Particle Tracking 14 J,gﬂ;e;gon Lab
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Run-group co-spokesperson Shujie Li is working on GNN

Using Graphic Neutral Network (GNN)

Digitized GEM hits Hit graph with constraints on features:
o No skip rings and pads,

Max distance and phi slope,
c Zlimit, ...

Slide from Shujie Lee

Training and validation:

o Check efficiency
GNN and purlty
| — -
Model \

PyTorch edge classifier
model with 267649 free

parameters

< Based on existing GlueX package from

Graph builder the JLab data science group

@ e V={A,B,C,..} (Vertices) < Status:
0 e E = {AB, AF, BE, ...} (Edges) > F)ptimize merI constraints to
Q 8 = 0,,0g, O¢, ...(Features of the vertices) iImprove efﬁmency .
G b=t > Check performance at high
— WAB VYAF ) VEBEy R el
(Features of the edges) multiplicity

Reached >90% edge-level efficiency and purity,
can achieve 95%
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Goals for 2026

1. Focus on answering the bulk of the review committee’s questions

a) Get basic device parameters from the square prototype and
move forward with a cylindrical prototype.

b) Make progress with including the toy algorithm within an already
developed framework such as ACTS + adopt ML/AL.

c) Establish if new magnet should be included in technical review.

Aim for passing technical review by Dec 2026.
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