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Status of detector systematics
for atmospherics OA
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Introduction

DEEP UNDERGROUND
Context NEUTRINO EXPERIMENT

 Need estimation of systematics related to detector model for OA

 Machinery (see wiki and Oct 2025 DUNE France meeting) developed to

> Re-run simulation with varied values of free parameters (Alessandra)

Contain free parameters related to detector model whose
values can be changed via the FHICL.

—

> study impact on analysis observables and build covariance matrix
readable by OA frameworks with the CAF comparison tool (Dan)
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https://wiki.dunescience.org/wiki/Detector_Systematics
https://indico.in2p3.fr/event/37065/contributions/162162/attachments/96593/148472/Far%20Detector%20systematics%20-%20DUNE%20Fr%20-%20251001.pdf
https://github.com/DUNE/atmospherics-tools/tree/dbarrow257/feature/CAFComparisonTools/detsys

P dE

dQ In <p(T)%E

1)

Introduction

dx
Analysis Binning
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Bin Number

Impact of varying the modified box alpha parameter on
analysis bins population
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Covariance Matrix

Analysis Binning

0 1 2 3 4 5 6 7 8 9
Analysis Binning

Covariance matrix encoding the systematic
uncertainty caused by the parameter of interest
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CM presentation

 Last CM discussion: e Since then defined several tasks:
> List of main effects » Test implementation in OA: Will Barrett
> MC statistics » Study impact of diffusion: Noah
Anderson

> Person-power

| | | > Investigate wiremod: Me (+ Dominic
> Alternative simulation method Brailsford)

l > Finalise first production request: Me

WireModifier module or Wirewod

Main focus of today’s presentation


https://indico.fnal.gov/event/69308/contributions/332304/attachments/195047/270890/ClaireDalmazzone_DetectorSystematics.pdf
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List of parameters
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List of parameters

Would also consider conservative variations: less MC statistics needed and effect
on analysis observables can be shrinked under linearity assumption.

Physics phenomenon Loca:c;llc::irl‘n MC Fcl config -1sigma Fcl config +1sigma
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WI remOd DEEP UNDERGROUND
Presentation NEUTRINO EXPERIMENT

 Most parameters just modify the charge collected: could rescale the charge
at the reco1 level

 Wiremod module used in microBoone and ICARUS for similar purposes
(rescale charge based on data vs MC comparisons)

Analyzer

Include wiremod to rescale the charge of signal ROls
based on matched simulated Edeps true info. More details in the March FU
sim/reco presentation

Detsim takes 100-200s per events VS ~1s for wiremod
8



https://indico.fnal.gov/event/73636/contributions/336360/attachments/196524/273223/claire_dalmazzone_FDsimReco_wiremod_23Marxch2026.pdf
https://indico.fnal.gov/event/73636/contributions/336360/attachments/196524/273223/claire_dalmazzone_FDsimReco_wiremod_23Marxch2026.pdf
https://indico.fnal.gov/event/73636/contributions/336360/attachments/196524/273223/claire_dalmazzone_FDsimReco_wiremod_23Marxch2026.pdf

Wiremod

DEEP UNDERGROUND
Scale factor calculation NEUTRINO EXPERIMENT

Each subROI is associated to two scaling factors for the total charge amplitude (rQ) and width (r).
For now implemented 3 different rescaling options:

« Gain Scale: uniform scaling factor ro = (s independent on truth info and r, = 1 (just for initial tests)

S T 0 T

« Electron lifetime: rp=e 'p Tar  Tnom

andr, = 1

Modified box recombination variation: ro =

° ﬁnom log (an0m + nam )

| dE
Truth properties used: x, —

dx




Preliminary results

Analysis observables comparisons

Reco Neutrino Energy - Nuk (-0.50<kSelection<0.50)

Nominal

Mean: 2.07111

RMS: 2.35409

Ratio to Nominal

detsim alpha = 0.99
Mean: 2.21837

RMS: 2.40455

Ratio to Nominal

I |

detsim alpha = 0.87

Mean: 1.91535

RMS: 2.29000

wiremod alpha = 0.99

Mean: 2.18403

RMS: 2.38368

wiremod alpha = 0.87
Mean: 1.91947

RMS: 2.29124
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CCur

Nominal

Mean: 1.50000

RMS: 1.11803

CCu,

NC

detsim alpha = 0.99
Mean: 1.47431

RMS: 1.10500

detsim alpha = 0.87

Mean: 1.53032

RMS: 1.12972

wiremod alpha = 0.99

Mean: 1.49323

RMS: 1.11218

wiremod alpha = 0.87
Mean: 1.51561

RMS: 1.12759
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3.5
Selection




NEUTRINO

Ratio to Nominal

Reco Neutrino Energy - NC (1.50<kSelection<2.50) * Also reprocessed 100k atm nu events
m with wiremod variation of Mod Box a only
115 to compare to already produced detsim
L | | variation (200k events)
: | A
1.05 =  Impact on CC v, Erec spectra is a perfect
: oo | Match
1 : 1.96051
058 | .| « Impacton CC v, selection might be
- slightly underestimated
09 | wiremod alpha = 0.87
: I | Mean: 1.73759
- l __ * Impact on NC Erec spectra clearly
e S R underestimated...
107 1 Reco Neutrino Energy-N(130
\S

J‘ ’ 11
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Estimation of MC stat needed




Ratio to Nominal
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Drift field
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NEUTRINO

Tested parameter + 1o

20k events

Tested parameter — 1o
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Attenuation
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Transverse diffusion
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Based on this study using only ~20k events per variation:

« Recombination effect is the most important: based on previous studies, will
need at least 200k events (from covariance matrix stability studies)

 Attenuation effect is ~1/3-1/4 of recombination effect: would need X9-16
statistics (at least 1800k events)

 Transverse diffusion effect is almost comparable to attenuation?

* Drift field 2% variation is negligible BUT we did not include the impact on
Field response!

A
N
)‘ <@ 14
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CPU Time (variation)

CPU Time (wiremod)

Stage CPU RAM File size
G4 5s 1.0GB SMB
Detsim 200s 2.9GB 10MB
Reco1 0.4s 1.1GB 10MB
recot 1.55 1.1GB 10MB
+wiremod
Reco?2 5s 1.4GB 10MB

Based on footprint of October 2023 atm production

Mod. Box: 2*200k events ~23.4 khr ~0.7 khr
Attenuation: 2*1800k events ~205.4 khr ~6.5 khr
Transverse diffusion:
~233.8 k ~7.
2*2000k events 33.8 khr f.2 Khr
Total ~462.6 (696.4) khr ~14.4 (248.2) khr

15



https://wiki.dunescience.org/wiki/Production#October_2023_:_Request_for_FD1-HD_atmospheric_production_(RITM1893613)
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Conclusions
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The main effects to take into account for systematics related to detector model have been identified:
recombination, attenuation, diffusion (+drift field?)

For now the strategy would be to consider conservative variations (can extrapolate the less
conservative systematics)

A more CPU-time effective method is being investigated for recombination and attenuation at least:
wiremod

MC stat request is progressing, in case we use wiremod, we might be more generous with stat

Foreseen planning:

| | Approach applicable to LBL 0A as
> May CM: final production plan well but need person-power for

| dedicated studies!
» September CM: Technical Note

17
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Thanks!




f  dE
dx pw NEUTRINO
. . . p(I)& 1.00
Special case of recombination: C a  Bo R |

 We use modified box model with
parameters values from ArgoNeuT

 Parameters should be strongly anti-
correlated

 Only ICARUS provides a correlation matrix
for recombination measurements but they
use an angle dependent model...

Poo
\/sin2 ¢ + (cos? p)/R?

p(@) =

19
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- 0.00

uolye|aJlod

—0.25

—0.50

—0.75

—1.00

Correlation matrix reported by ICARUS for the
measurement of the ellipsoidal modified box

model parameters: & is the electronics gain.



List of parameters

DEEP UNDERGROUND
le—6 Uncertainty on recombination Uncertainty on recombination
| | |
5 N — Total i 0.6
—— From $\alpha
— From $\beta
- —~ 0.4
— From correlation
) 1 =
@ 0.2
3 \ S
: o -
o \ S 0.0
N§ L
2 2
\\ E 0.2
o —0.
\ Lg
L g
5 —0.4
I B
0T —T ~0.6
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5
Energy deposit (MeV/cm) Correlation between alpha and beta

Obtained using ArgoNeut values with a -0.89 correlation  Conservative approach would be to set correlation to -1
(dEdx=2 MeV/cm)
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e Started to implement wiremod for DUNE FD: in branch feature wiremod of dunereco
(Larsoft v10_04, e26:prof). Using the SBN implementation but with different method
for the scaling factors.

» Basic working principle (see backup for more details:
1. Match the sim energy deposits (edeps)
Match hits to signal ROIs and define subROls

Match edeps to subROIs and compute truth properties

ko w D

Calculate scaling factors (dependent on truth properties) of each subROI

Modify the ROI

21


https://github.com/DUNE/dunereco/blob/feature_wiremod/dunereco/DetectorSystematics/Utility/WireModUtility.cc#L656

Wiremod

DEEP UNDERGROUND
Edep matching NEUTRINO EXPERIMENT

Edep matching to ROls:

1. Get the edeps channel and ticks from true position (using planeXToTick)

2.
3.
4.

Match channel to wire
Check the wire has signal ROI

Fill the map if the tick of the edep falls inside a signhal ROI

22
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 Hit matching to ROIls work on same principle as edep matching.
 One subROI is defined for each hit in a signal ROI
 The subROI properties are identified to the hit properties:

> subROl.total_qg = hit->Integrall()

> subROl.center = hit->PeakTime()

> subROl.sigma = hit->RMS|()

e If there is no matched hit, subROI=ROI

A
N

)‘ < 23
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 Matching edeps to subROI requires edep tick in subROI center = sigma
* Truth properties of a subROI are calculated from all the matched edeps
1. Group edeps by trackID

2. Select dominant track (most energy deposited)

3. Compute energy weighted averages of position (x,y,z), spatial spread, track direction
and dE/dx*

* Added a non energy weighted average of dE/dx for recombination rescaling, see why
later In the presentation

A
N

J‘ & 24




Wiremod

ROI modification

For full ROl modification, loop over ticks:

1. Original waveform approximated as sum (over subROIs) of Gaussians

§raw(t) — Z G (tpealw 0, qtot)
subROls

2. Modified waveform approximated as sum of Gaussians

S\mOd(t) = Z G (tpeak’ O To Yo rQ)
subROls

3. multiply the real ROI by the ratio:

§mod(t)
S raw(?)

Smod(t) = Smw(t) '

25

DEEP UNDERGROUND
NEUTRINO EXPERIMENT



Prel i m i na ry resu Its With same 20k atm nu events

DEEP UNDERGROUND
Cross-checks: charge scaling consistency B ST
Total charge after/before scaling vs x Total charge after/before scaling vs dE/dx
O — O —
s E € =
© - — — o 0.94—
> = Toar — 3 ms, Tom — 10.4 ms o -
E 0.95 E_ | | ' -‘C’ 0.92 —— ROl total charge ratio
0.9 ;— 0.9 Analytical ratio
0.85— 0.88— -
0.8 0.86 | — —
- —— ROl total charge ratio 0.84 :_ a\/dl" O. 87, a]’lOWl 0.93
Analytical attenuation ratio |, E ﬁ\/dl’ — 0.2 1 8, ﬁl’lOm — 0.2 1 2
0.7 0.82—
0.65/ 0.8
0.6 f_ 0.78 :—
;} 1 I L1 1 1 I | S I 11 | | N I . | | L1 1 1 l | 1 1 1 | | I 0-76 : ] | | ] | | | | | ] | | ] | ] | | ] | | ] | ]
-350 -300 -250 -200 -150 -100 -50 0 1 1.5 2 2.5 3
X (cm) dE/dx

Result for one atm nu event for lifetime variation ” Result for one atm nu event for recombination variation
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Preliminary results

Hit peak amplitude comparisons

Hit Peak Amplitude

— Variation7 = 11.44 ms
Variation 7 = 9.36 ms
— Wiremod 7 =11.44 ms
Wiremod 7 = 9.36 ms

-------------------------------------------
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Hit peak amplitude distributions for 20k atm nu events
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The same events are being
reprocessed either with a different
lifetime value (variation) or with

DEEP UNDERGROUND
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wiremod rescaling

Ratio wiremod/variation

................. e 1 — 1144 M
T =9.36ms

-----------------------------------------------------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------------------------------------------

00 120 140
Amplitude

1

Ratio between wiremod rescaling result and real variation of lifetime in detsim
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Preliminary results

Hit peak amplitude comparisons

Hit Peak Amplitude

-------------------------------------

%%%%%

— Variation a = 0.99, = 0.207

. Variation a = 0.87, f = 0.218
= Wiremod a = 0.99, f = 0.207
... Wiremoda =0.87, f=0.218
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The same events are being
reprocessed either with a different

lifetime value (variation) or with
wiremod rescaling
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Ratio wiremod/variation
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Reco Neutrino Energy - NuE (-0.50<kSelection<0.50)

1.25

1.2

Ratio to Nominal

1.15

I|IIII|IIII|IIII|

1.1

1.05

— Nominal

Mean: 2.07111

RMS: 2.35409

detsim tau=11.44 ms

Mean: 2.11058

RMS: 2.37117

| | — detsim tau=9.36 ms

Mean: 2.08662

RMS: 2.36705

0.95

II|IIII|I1IIIIII|I

0.9

lllll

— wiremod tau=11.44 ms

Mean: 2.09816

RMS: 2.35200

4 | — wiremod tau=9.36 ms

Mean: 2.07217

RMS: 2.34772

N
J‘ >

10

-1
Reco Neutring Energy - Nuf:lo

29

 Reprocessed the same 20k atm nu
events and compared real detsim
variations to wiremod variations

* Within the (big) error bars, impact on
analysis observables relevant for atm
OA is similar

e See example with a £10 % lifetime

variation impact on CC v, Erec
spectra
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Signal ROls
e Atm nu events have a majority of low i‘gna' R‘;:)S/ Chargz <d8/° signal ROls
: charge < matche matched /
Charge Slgnal ROIS (tOtaI_q < 80) total total charge < total
80

 Matching efficiency for low charge

ROls is very low (whatever the
sample): ~5% Atm nu events 78 % 6 %

* As a consequence, ROI matching
efficiency for atm nu events is much Through going

. 0 0

lower than for through going muons muons 58 % 4%

\"' Summary of ROl matching efficiency for atm nu events and through going muon events.

@ 30



Preliminary results

In both samples (CC and NC), 99%
of the matched ROIls lead to an hit.

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

ROI matching efficiency

Charge < 80 Charge > 80 : .
Charge < 80 Charge > 80 with hits with hits With hits
CC atm nu 6 % 92 % 9 % 96 % 37 %
events
NC atm nu 5 % 90 % 8 % 92 % 24 %
events

Summary of ROl matching efficiency for atm nu events CC vs NC

31




Conclusions on ROI matching efficiency

* The low efficiency of the matching ROIls to an edep seems dominated by the low
efficiency in the low charge region:

> Matching efficiency in the high charge region is > 90%
> Leading to an hit is only a necessary condition to have a matching

Do we want to improve matching efficiency in the low charge region??

32
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Preliminary results

Hit peak amplitude comparisons

Hit Peak Amplitude

— Variation7 = 11.44 ms
Variation 7 = 9.36 ms
— Wiremod 7 =11.44 ms
Wiremod 7 = 9.36 ms
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The same events are being
reprocessed either with a different
lifetime value (variation) or with
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wiremod rescaling

Ratio wiremod/variation

................. e 1 — 1144 M
T =9.36ms

-----------------------------------------------------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------------------------------------------------

----------------------------------------------------------------------------------------------------------------------------------------------------
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Amplitude
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Ratio between wiremod rescaling result and real variation of lifetime in detsim
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Preliminary results

Hit peak amplitude comparisons

Hit Peak Amplitude
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The same events are being
reprocessed either with a different

lifetime value (variation) or with
wiremod rescaling
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Event selection

DEEP UNDERGROUND
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e Event classification e FV cuts

// private correspondance from Pierre Granger
template <typename T, typename C = Proxyable_t<caf::SRInteraction, T>>
inline bool InFV(T const &fd_int) {
if (std::fabs(fd_int.vtx.x) > 343) {
return false;
}
if (std::fabs(fd_int.vtx.y) > 588) {
return false;
}
float const &z = fd_int.vtx.z;
if ((z < 20) || (z > 1374)) {
return false;

}

return true;

Not considered yet in atm OA.
35




Energy scale

Impact on sensitivity

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

Obtained using fast-osc-feedback by applying a systematic shift in energy to the observed data compared to expected.
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Reco Neutrino Energy - NuE (-0.50<kSelection<0.50)

NEUTRINO

® 1.25F —
Example of the Modified box parameter o g (2E- |
P JdE é 1.152— T:zifg
s _ n (5w 4] g A 1
dx pw Losf-
AT)&E SRS 00 U B IE
From R Acciarri et al 2013 JINST 8 P08005 (ArgoNeut) 0.95;— M b onservative
* Central value: 0.93 "o | H { variations
0.85— :
 |deal uncertainty: = 0.02 0.8 - l

1 lllI 1 | lllllll ] | lllllll 1 | lllllll
10° 1072 10

: : _F1%eco Neutring Energy - Nulj—:o
e Conservative uncertainty: & 0.06

Impact of modified box a variations on the
4 Other energy scale parameters variations in backup
N 7 reconstructed energy spectrum for selected CC v,
<

A

37


https://iopscience.iop.org/article/10.1088/1748-0221/8/08/P08005/pdf

Ratio to Nominal

Modified Box a example

Reco Cosine Zenith

1.03
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1.01

0.99

0.98

0.97

—*IIIIlIIIIlIIIIlIIII

0.5 1
Reco Cosine Zenith

Ratio to Nominal

1.1

1.05

0.95

0.9

Nominal

Mean: -0.00000

RMS: 0.57461

alpha = 0.99

Mean: -0.00271

Reco Neutrino Energy - NuMu (0.50<kSelection<1.50)

38

-1
1P{eco Neutrino I1:'nergy - NuMu

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

RMS: 0.57458
alpha = 0.87 8
Mean: -0.00109 -Ic—)'
RMS: 0.57523 " Q
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Modified Box a example

Example of the covariance matrix
obtained for

Analysis Binning

e Conservative variations of o

200k events per variation

« Binning only in Ereco: 3 bins for CC
(0-2) and 6 bins for CC v, (3-8)

Y
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Covariance Matrix

w0

0.020

0.015

0.010

0.005

0.000

-0.005

-0.010

-0.015

0 1 2 3 4 5 6 7 8 9
Analysis Binning
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Effects comparison using
analytical formulae




NEUTRINO
At the hit level, it is easy the estimate relative importance of

the different source of uncertainty using the analytical formula. B JdE
In{la+——
. p& dx —t/t
0.08 - —— Total uncertainty Q — * €
- Recombination contribution ,BW
0.07 - —— Attenuation contribution for t=2.5 ms and 1=10.4 ms p_g
0.06 - .
z » a and f# completely anti-correlated
g 0.05 - . .
: e Drift time: 2.5 ms
S 0.04- . L.
L e Conservative uncertainties
= 0.03 - _ _ _ _
* |gnoring drift field uncertainty
0.02 -

Recombination uncertainty dominates for

0.01 1, | | | | | | | | low energy deposits (<2.5 MeV/cm)
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Energy deposit (MeV/cm) 4




Relative uncertainty

0.035 -

0.030 -

0.025 -

0.020 -

0.015 -

0.010 -

0.005 -

0.000 ~

—— Total uncertainty

—— Recombination contribution for dEdx=2.5 MeV/cm

—  Attenuation contribution for T=10.4 ms

0.0

0.5 1.0 1.5 2.0 2.5
Drift time (ms)

3.0
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NEUTRINO

» a and f completely anti-correlated
* Energy deposit: 2.5 MeV/cm

» Conservative uncertainties

* |gnoring drift field uncertainty

Recombination uncertainty dominates
excepts for maximum drift time (small
fraction of hits?)



Relative uncertainty

0.035 ~

0.030 -

O
-
N
u

0.020 ~

0.015 A

0.010 A

0.005 A

— Total uncertainty

-~ Recombination contribution for dEdx=2.5 MeV/cm
—  Attenuation contribution for t=2.5 ms

20

40 60
Electron lifetime (ms)

80

100
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NEUTRINO

» a and f completely anti-correlated
* Energy deposit: 2.5 MeV/cm

e Drift time: 2.5 ms

* Conservative uncertainties

* |gnoring drift field uncertainty

For larger lifetimes (>50 ms),
attenuation uncertainty could be totally
ignored.
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Impact of drift field




NEUTRINO

Drift velocity in wirecell needs to be changed in two places:

1. drift stage:

» Calculate new drift velocity using V(&) = u(&)* &

* use “physics.producers.tpcrawdecoder.wcls_main.structs.driftSpeed: NEWVALUE” in fcl file
(successfully tested)

* Expect linearity between drift velocity and energy scale: can be merged with other linear effects?

2. detector response simulation:

 Can be done by changing sampling rate: assuming v(&) « \/ &, 2% variation of drift field = 1%
variation of velocity = can be simulated by a 1% variation of sampling rate
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158 |

lo anallytical formula
— v=k*sqrt(E) /
157 4 —— linearization p
D -ﬂ I - e
rift velocity .

Approximations //

3/2 5/2
Cl() T alg + aZg T Cl4% 3 / +49% variation

— W(&) - & = L&
V= He) 1+ a/ay8 + a, 82 + a: &3 52| ——————————————>

Analytical formula taken from: https://lar.bnl.gov/properties/trans.html 0.480 0.485 0490 0.495 0.500 0505 0.510 0.515 0.520
Drift field (kV/cm)

v (cm/ms)
o
(9]

an/ &+ ;85 + &+ &y — TS | S o]
V%k\/g: 5 : . % 3 0035 N
1 + Cll/aogo + 614%0 + 615%0 é 0.030 . !
SQRT approximation with &, = 0.5 kV/cm “_3 0.025 . o
L < 0.05% error
2 —E 0.020 - . °
vk + (& - ,) o e, .
2\/ go § 0.010 ° - s o s
z . o
Linear approximation with &, = 0.5 kV/cm 2 0.005 ° . : o o
- o
0.000 S+ ¥ 8 °

0.480 0.485 0.490 0.495 0.500 0.505 0.510 0.515 0.520
46 Drift field (kV/cm)



https://lar.bnl.gov/properties/trans.html

» ¥
Impact of drift field =N =

Recombination NEUTRINO EXPERIMENT

= 7 withB==

dx BW &
p(T)

% _ (@)2 . (%)2 P8 Pys
3%

Impact of & on attenuation can be absorbed by inflating variations of /5: could ignore correlation at
| \ least for the conservative scenario.
.

)
o
. B

S
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Systematic uncertainty

Ideal scenario

Conservative scenraio

Uncertainty on beta

((kV/cm)(g/mL)) 0.002 0.015
Relative uncertainty on 09 % 7 19
beta
Relative ur_1certa|nty on 1% 5 o
field
Relative uncertainty on o o
beta/E 1.4% 7.4%
Possible variations of +-0.003 40016

beta ((kV/cm)(g/mL))
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Impact of drift field

Attenuation NEUTRINO EXPERIMENT

; Given the uncertainties foreseen
—_— : __ (3%-10% for lifetime, 1%-2% for
— 0 P [ Wit h V( g) — PV & drift field), impact of drift field on
[t

attenuation could be ignored?

€

d See See for instance ICARUS results
Varying the electron lifetime Journal of Physics Conference Series
888(1):012060

3e-5 (ideal) - 2e-4
9e-4 (ideal) - 1e-2 2.5e-5 (ideal) - 1e-4 (conservative) for 10%
(conservative) (conservative) correlation
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