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® \Variable we measure in - can be done in as many dimensions as we want (single
differential, double differential, etc...)

@ after background subtraction, obtained via your favourite fiting
method!

L NiS’gml IS only the signal events we measure, inherently limited by imperfect detectors -
| , . .
. normalise by efflc:lencx to correct for the events we miss

® Further normalisation for flux, number of targets and we measure in
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12K

_ Old ND280 vs ND280Upgrade detector efficiency

Efficiency correction

® No matter how good we make our detectors, -

we’ll never be able to measure every event that ¢ os; |
takes place £ o8 —
® Define selection efficiency in the ith kinematic i _—
bin as: E e
signal 05 e
. — obs, i 0.4 —— —
L Nsignal 0.3 +_+_ ——
true, 1 - o
® So if we normalise by ¢; in the cross section MR " Present muon
: : 0.1 —— lection in ND280
calculation, we recover the number of signal = — DD
events we should have seen if our detector was e e b
perfect o AJsignal 1
® Simple, right? _ : %
dxi € DN, targets Axi

Thorsten Lux 2022 J. Phys.: Conf. Ser. 2374 012036
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Efficiency correction

® ...not quite - depending on where we place our bin edges for
the variable of interest, we start to get different results

® Each ¢, has the same average, but bin-by-bin will yield very
different corrections

® Want efficiency to be as flat as possible within a bin - if it’s
changing, we rely on the underlying MC — model bias

® Also have to worry about other variables we might not bin in

Image from
D. Cherdack

HERBER
N

12K

A.U.)

Efficiency (

' ' x (A.U.
® So how can we deal with this? (A.U.)
s+ Total "
) | o E i + otal 1 __5000::,
: + Faoood i -
% +Total 1 = 2000(% 0.8 G d .
18000+ : - —— —14000
— & e uestionable i 00 -
081 rEe00. Q i _
e 14000 0.6 -
I = i —3000
061~ 412000 - <
i 110000 i ’
041~ f . +4/8000 “omm@iv“ @‘@@m@%w 2000
:"*"' —6000 2
02— Sl —14000 1000
o —12000 ]
ole PN B )

77 208 | -06 04 —02 0 o0 . 06 08 1

1500 2000 2500 3000 3500 4000 4500 50

&

Sam Jen k| N True Lepton coso

True Lepton Momentum [MeV]



Dealing with efficiencies T2/K\

® First option - accept that we can’t measure what we can’t measure

® Place phase space constraints on our signal, redefining the definition to regions that we
Know we can measure
L +Total It

—

® eg. muon reconstruction is less reliable at low
momentum — restrict to p, > 200 MeV ——

Efficiency

500(

TN08

® |n regions where this isn’t possible (ie we want to mak
measurements), we simply have to place bin edges  os
carefully

400(

%

300(

0.4

® Ensure efficiency within bins is as flat as possible 200(

- In theory we do this by making bins narrower, but .
this leads to high statistical error

100(

- Particular issue In hlgh dimensional analyses, with %" 500 1000 1500 2000 2500 3000 _ 3500 4000 AESOO[M 5\%&)
. . . . . rue Lepion iviomentum e
binning in multiple variables
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Fine-binned efficiency correction T2/K

® Second option - unfold using fine binning scheme for efficiency corrections

® Ensures that ¢; Is as flat as possible within bins, reducing model dependence and yielding
correct error coverage

® But statistical errors are very high as a result...
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Fine-binned efficiency correction T2/K

® ...so then we integrate into wider bins, keeping track of correlations
® Maintains correct error coverage, but reduces statistical error to a reasonable level
® Let’s see how we can apply this to a high-dimensional analysis
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_|_ . Topology diagram made using
I///t CCl It Cross SeCthn |IIustratlons;\rlgrr:OI;I:)ggsTan (Yuki T 2 ’E \

® Measuring v,CC 17T cross section on both hydrocarbon and water (ratio 3:1
in ND280) @
#® Using three different sources of pions, covering different regions of kinematics: & pautrino
- TPC pions (higher energy, forward going)
- Michel electron tagged pions (low energy, all angles)

nucleus

A
- FGD pions (mid-energy, high-angle) (D% § *""'@
® Aiming to make (statistically limited) measurement in 4D muon > @ any number
(p/p COS H/,p p]{? COS Hn’) pﬂﬁ_itive
pion

® Then project result down to pion kinematics

TPC sample ME sample FGD sample
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Phase space constraints
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Phase space constraints
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Efficiency

Efficiency

1— -+— Total 1n* _ %
i . —5000 3
- % TPC - ::
08— 2K work In progress MEx ]
- —‘+’— isoFGD - 4000
0.6— _
- > 200 MeV —13000
04— .
; R i
of .
L C— 4 o w
O P~ ‘rvl L1 1 1 | Wl | L1 1 1 | WWI || :’-l’vl 1 1 1 | L1 1 1 | | I’-I |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 500D
True Lepton Momentum [MeV]
1 —+— Total 1* _: 16000‘%
i -# TPC «* —14000
u ] %
08— MET 12000
— —‘+'— iSOFGD n* 7]
— 10000
0.6— ]
i —8000
M4 T2K work in progressg, ;6000
oo e Higg 4000
02j—| ~eig® -+ -
- ]
. == ]
———v— ¥ | ) ‘ —
% 500 1000 1500 2000 25

True Pion Momentum [MeV]

Efficiency

Efficiency

—

0.8

0.6

0.4

0.2

| ©

—

0.8

0.6

0.4

0.2

.
\)
A

ME =*

—‘+'— isoFGD nt*

: T2K work In progress

COS 6’ﬂ > (0.3

| ©

nts

Event rates

WY
P PUpEPe S PP BT L -4 Adeiel B 4 M AR B
1  -08 -06 -04 -02 0 02 0.4 O_.I_6 ] 0.8 610 are for MC
rue Lenton cos
POT
_ 7]
-+—Tota| 1t t7000 §
% TPC * N )
' 16000
ME T2K work in progress ]
—+— isoFGD nt : 5000
B —4000
B —13000
i o O :ﬁjzooo
%‘W o Wm'mmm i
w

06

True Pion coso



Phase space constraints

Efficiency

Efficiency

1— -+— Total 1n* _ %
i . —|5000 3
- % TPC - ::
08— 2K work In progress MEx'
- —‘+’— isoFGD - 4000
0.6— _
- > 200 MeV —13000
04— .
@
- KA m@ﬁm 2000
T
O : v-I-vl L1 1 1 | Wl | L1 1 1 ‘:’1,1*"1":":,':’-:*"' || :’-l’vl W
0 500 1000 1500 2000 2500 3000 3500 4000 4500 500D
True Lepton Momentum [MeV]
1 —+— Total 1x* _: 16000‘%
p > 5 O M eV -# TPC «* —: 140000
T 5 *
0.8 MET 12000
—‘+'— iSOFGD n* 7]
10000
0.6 _
i —8000
AL T2K work in progressg, %%
AT Higg 4000
0.2 -+ .

0 500

1500 2000

True Pion Momentum [MeV]

25

Efficiency

Efficiency

.
\)
A

1|-8- Total 1x* —
- TPC =* .
0.8 ME =+ E
—‘+’—isoFGD at E
06— T2K work Iin progress =
04l E
- cos 6, > 0.3 :
02— .
0 B ™1 R AR R PR iy Y 2 Al R A
-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6
True Lenton cos6
1 -+-T0ta| 1t -
% TPC * .
08|+ MEx T2K work In progress .
—‘+’—isoFGD at 7
0.6 _— E
ol =
i @ '‘Gle: &
 _eg 0000 '0g® 00004e4e @ o

oF

O 6
True Pion coso

Event rates

o8 10 are for MC

POT

7000

# events

6000

5000

4000

3000




Phase space constraints

Efficiency

Efficiency

—

o
o

0.6

0.4

0.2

0 500

—

o
[e¥

0.6

0.4

0.2

ME =*

—‘+’— isoFGD =+

2K work In progress

5000

# events

4000

p, > 200 MeV

3
i

o 0 P ¥eee

1 il

H_I"“—n_

TRy

0 500

el Be i @ & oW m}-
anSeligyd im*!:-@'i“ o *Z1000

3000

2000

1000 1500 2000 2500 3000 3500 4000 4500 50

True Lepton Momentum [MeV]

ol

—+—Total 1t __16000"2
p]z_ > 50 Mev -# TPC «* —;1400E
MET 12000

—‘+’—isoFGD at 310000

1500 MeV -

—{8000

T2K worklin progressy. %%

++,=éf§j 4000

1500 2000 25

True Pion Momentum [MeV]

Efficiency

Efficiency

—

0.8

0.6

0.4

0.2

| ©

—

0.8

.
\)
A

ME =*

—‘+'— isoFGD nt*

: T2K work In progress

COS 6’ﬂ > (0.3

oF

nts

Event rates

WY
PP rEpegpy e g L oS V. V-V vy VIV | M A
1  -08 -06 -04 -02 0 02 0.4 g O_.I_6 ] 0.8 0 are for MC
rue Lenton cos6
POT
_ 7]
—+—Total 1t t7000 §
% TPC * N CH
: 16000
E T2K work In progress ]
—‘+’— isoFGD =* - 5000
B —4000
B —13000
j *2%8 5000
a _:
Mw

06

True Pion coso




Fine binning scheme In 4D T2/K\

® Not an easy thing to construct - each 1D distribution implicitly integrates over all
other variables, which is what we want to avoid

® Start with 2D efficiency in muon kinematics, place coarse bin edges:
~ COS HM :0.3—-0.6 - P, = 200, 30000]

_ COS HM 0.6 —0.85 — P, = 200, 600, 30000]

- cos6,:0.85 — 1.0 - p, = [200, 600, 1200, 30000] CH

® |In each slice, check 2D efficiency in pion
Kinematics and place bin edges

® Results in 4 OOPS + 56 in PS bins per target
(CH and H20) — 120 total

® Run the fit, then calculate cross sections
(throwing toys from post fit values) with fine
binned efficiency corrections and see what we
get...

Template parameter values
.. for an Asimov fit

H,O

N

® Prior
o Post-fit

Parameter value

T2K work In progress

—_
-_L-O'll\)

Relative error
o
O
oA 1 |
é
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Muon kKinematic slices
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4D H>0 xsec -
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4D H-0O xsec Integrate over muon kinematics to get a 2D result in pion kinematics m—— q—

K
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4D H>0 xsec

Limit phase
space in 2D —
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2D collapsed xsec
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2D collapsed xsec B W H ﬁ Eﬁ EW =
® Extracting in a fine 4D scheme allows us to perform |} ﬂ %. H W HM .
efficiency corrections in a model independent way
- Also provides a 4D result we can feasibly use i E{J[ EE?IHW Mﬂ

(albeit with high stat. error)

® Collapsing to 2D in pion kinematics after extraction
maintains the model independence, but gives

reduction in stat. error 2
® Can collapse down to any number of dimensions E
less than 4, binning scheme permitting
............... soveveesee
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But wait, there’s more! T2/K\

® Fitting and performing efficiency corrections in fine binning before integrating to the
desired result is clearly advantageous in terms of error coverage and avoiding model
bias
® But it can also sometimes give us more information than we would otherwise get
- When integrating wider bins, we keep track of the correlations between them

® Efficiency corrections in N > 1D performed using a single set of toy throws

® Separately integrate down to a single variable ( P, ), and then a different one
(cosO,)

® We have results in 2 variables, plus the correlations between those 2!

Sam Jenkins (University of Liverpool)
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DﬂC C 1z~ cross section
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Work by Liam O’Sullivan (JGU)
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Things to be mindful of T2/K\

® Still not a perfect approach

® Low statistics in the full 4D binning scheme can cause us to run into additional issues

® Have to be careful about bins with 0 events - in data this is okay, but O predicted events
will cause issues

- Aim for ~10 events as a minimum in a bin as a general rule
® Potential to obtain negative best fit results (when template parameters are negative)

- Non-physical, but as long as the error bar covers 0 this is numerically okay
- Combining bins after can deal with this

® Requires fitting with a large number of parameters, which can lead to technical issues in
running the fit

- My analysis has a total 757 parameters
- More parameters = slower fits - have to optimise as best we can
- Can cause numerical instability in calculating covariance matrix

Sam Jenkins (University of Liverpool)




Conclusions T2/K\

® The way we perform efficiency corrections in cross section analyses has to be carefully
considered

- Particularly when performing analyses in multiple variables
® Apply phase space constraints, limiting to regions we know we can measure

® Perform fit and extract cross section using a fine binning scheme, then integrate down
to wider bins/lower dimensions to reduce statistical error

® If the same sets of toys are used, we also get correlations between measurements at
lower dimensions

Sam Jenkins (University of Liverpool)
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ND280 Upgrade TZIR\

Full ND280Upgrade
configuration due to start
taking data in 2024

ToF Planes

HA-TPc _

SuperFGD ;

Sam Jenkins (University of Liverpool)



Wide bin unfolding '2/'(\

@ One functional we should be able to recover without explicit
regularization is the integral of f over a wide unfolded bin:

H;|f] :/ f(t)dt, width of T; large
T:

J

@ But one cannot simply arbitrarily increase the particle-level bin size in the
conventional approaches, since this increases the MC dependence of K

@ To circumvent this, it is possible to first unfold with fine bins and then
aggregate into wide bins

@ Let's see how this works!

o Simulation setup: XA = KTy, convolution kernel A/(0, 0.352), slightly
different fM©, otherwise as before

Sam Jenkins (Un
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Wide bins, standard approach, perturbed MC

2500 n r r r l . ; 0.8
Unfolded
True T O L
2000 r -
0.6
1500 | g;:o.s
Fy )
2 3 0.4
2 T 0
= 1000 | =S _ ‘é’ 0.3
hEJ
== 0.2
500 r =
= S 0.1
0 : 0
6 4 2 0 2 4 6 6 4 2 0 2 4 6
MC
| fsiijk(s,t)f (t)dtds MO
The response matrix K;; = e depends on f
J [+ FME(t)dt
J

= Undercoverage if fMC £ f
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Wide bins, standard approach, correct MC
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If fMC = f coverage is correct

Binwise coverage
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= But this situation is unrealistic because f of course is unknown
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Fine bins, standard approach, perturbed MC

0.8
8000 r Unfolded i
True 0.7 . ]
6000 r " “
0.6
4000 " 1 %o.s
€ el I il il L L £ 03
w000 | | | | 0.2
0.1
-4000
6 4 2 0 2 4 6 ° -l6 4 2 0 2 4 6
With narrow bins, less dependence on FMC g4 coverage Is correct, but the

intervals are very wide!

= Let's aggregate these into wide bins, keeping track of the correlations

'More unfolded realizations given in the €220,
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Wide bins via fine bins, perturbed MC

2500 . . . , . . . 0.8
Unfolded
True T . L
2000 |
0.6
()]
1500 I g 0
2 [
: 3 0.4
£ 1000 | i
S 0.3
I=
o
0.2
500 |
] 0.1

o
o

Wide bins via fine bins gives both correct coverage and intervals with
reasonable length?

*More unfolded realizations given in the €220,
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