Cross Section Measurements
(Detectors)

Deborah Harris
York/Fermilab
June 7, 2024
NuSTEC 2024 Summer School

UUUUUUUUUU



Summary from Yesterday, Plan for today

* Particle Propagation through Materials
* Examples of detector technologies

* Today’s lecture:
» Segmented Active/Passive Detectors (leftover)
e Hybrid Detectors (T2K’s ND280, MINERVA)
* Estimating Backgrounds, constraining with data
* Estimating Efficiency, checking with data
* The challenge of migrating from measurement to truth
* From Inclusive to Exclusive Cross sections
e If time allows: how to measure v +p —» u* +n
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Homework question #1:

* How far does a proton with 100MeV
Kinetic Energy go in
 Plastic Scintillator (could consider C alone)
* Iron
* Argon
* How far does a muon with 2000 MeV
Kinetic Energy go in
* Plastic Scintillator

* [ron
* Argon
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Homework question #1:

* How far does a proton with 100MeV
Kinetic Energy go in

Target (g/cm”2)

dE/dx
(MeV/cm)

C 8.67
* Plastic Scintillator (could consider Calone) 363
* |ron Fe 11.3
° Argon Ar 10.9
 How far does a muon with 2000 MeV
Kinetic Ener oin
: : gy & dE/dx (min)
* Plastic Scintillator Taze (MeV/g/cmA3) Density (g/cm”3)
* Iron Polystyrene 1.1
* Argon Fe 1.5 7.9
Ar 1.5 1.4

Density
(g/cm”3)  (cm)

Range
0.92 9.4
0.08 47.2
7.90 1.4
1.40 7.8
Range (m)
2.1 10
11.5 2
2.1 10
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* What is the shower max (in cm) for a 1GeV electron: oo s,
* Plastic Scintillator
* [ron
* Argon
* Lead

* What is the shower max (in cm) for a 2GeV electron:

 Plastic Scintillator
* |Iron

* Argon

* Lead
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Homework question #2:

* What is the shower max (in cm) for a 1GeV electron: A .

* Plastic Scintillator
* lron

* Argon

* Lead

Z
Plastic
Scintillator 6
Iron 26
Argon 18
Lead 82
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t = depth in radiation lengths
longitudinal depth

Ec (MeV) X0 In(1000/Ec)-0.5 t_max (cm)
111 42 1.7 71.3
29 1.76 3.0 5.3
42 14 2.7 37.5
10 0.56 4.1 2.3

* What is the shower max (in cm) for a 2GeV electron:

 Plastic Scintillator
* |Iron

* Argon

* Lead

Z Ec(MeV) X0

Plastic

Scintillator 6
Iron 26
Argon 18
Lead 82

111
29
42
10

42
1.76
14
0.56

In(2000/Ec)-0.5 t_max (cm)

2.4 100.4
3.7 6.5
3.4 47.2
4.8 2.7
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Neutrino Events at Some Experiments
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From Fully Active to Sampling Detectors

(minimurn ionizing)

PA VA Iy all electromagnetic

~ o N BAN.
4 A~
Ry vVl avay

n,hadrons with

* Advantages to Sampling:
e Cheaper readout costs
* Fewer readout channels
* Denser material can be used
* More N, more interactions

 Could combine emulsion with readout

e Can use magnetized material!

e Disadvantages to Sampling
e Loss of information

A s
At _."',‘

hadronic shower

and neutrons

Energy Deposited

* Particle ID is harder (except emulsion for tau

final state)
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Sampling calorimeters

=+ ] ) ) ) ] ) ]
* High Z materials: E
e mean smaller showers, -
-
* more compact detector B
 Finer transverse S -
segmentation needed X or A
] 0 INT
* Low Z materials:
* more mass/X, (more mass
per instrumented plane) Material Xo(cm) | ANt Sampling (X,) | X, (g/cm?)
« Coarser transverse (cm)
Segmentation L.Argon 14 83.5 0.02 (ICARUS) | 20
° ”big” events (harsh Steel 1.76 17 1.4 (M|NOS) 14
fiducial cuts for Scintillator | 42 ~80 0.13 (NOvVA) 40
containment) Lead 0.56 17 2 (OPERA) 6
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7 June 2024

Steel/Scintillator Detector (MINQS)

e

—
4 ~— o

' « 8m octagon steel &

scintillator calorimeter
« Sampling every 2.54 cm

* 4cm wide strips of scintillator

* 5.4 kton total mass

» 486 planes of scintillator
* 95,000 strips
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MINOS Event Topologies

V. CC Event NC Event Ve CC Event

Courtesy Chris Smith, FNAL Seminar

Ev = Eshower + Pu
Shower energy resolution:  55%/VE
Muon momentum resolution: 6% range; 13% curvature
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(Oscillation) Detector Summary

Detector Largest Event by Event ldeal n
Technology Mass to Identification +/-? |Energy
I()k?cgen) Ve Vm |Vt Range

LAR TPC 0.8 v v Not yet | huge

Water Cerenkov 50 v v <2GeV
Emulsion/Pb/Fe 0.27 4 4 4 >.5GeV
Scintillator++ 14 v v huge

Steel/Scint. 5.4 4 v >.5GeV
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Cross Section Detectors

* Given the lengths of the muon tracks we saw earlier
* Given the intense beams close to where neutrinos are produced

* Will need to combine detector strategies to fit into allowed real estate
for Near Detector Halls
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Experiments current releasing results
(in 0.5-20GeV region)

Side Muon Range Defector T2K Near

UAT Magnet

: Electromagnetic i Dete CtO r:

‘;’éCOIorimefer (ECal) POD ECal :

MicroBooNE:
Liguid Argon TPC

Booster and NuMI
STt |\ i\ - (off axis) beamline!
7 CHH,0,Fe  MINERVA:

CH, H,0

I‘ Fine Graj ned Detectofs

2 T Elevation Vie
= NINJA B Side HCAL o
2 detector ’ il J,/;
s/ L | & |  v-Beam— U] il 58 .
5 = ctive Tracker g | 58
3 JIL e | 52 NOVA Near
: ¢ 8 g
15tons | 30tons zg
=<
Side ECAL 0.6 tons [] C
R Detector: CH
5m

Baby MIND
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Modern Cross Section Experiments

COHERENT

MINERVA

T2K (Wagasci)

NOVA

NINJA

MicroBooNE

ICARUS

SBND

25MeV, broad

3.5GeV and
6GeV, broad band
600MeV

2GeV

700MeV

600MeV (BNB)
and 2GeV (NuMl)

600MeV (BNB)

Csl, Ar, .

He, CH, C, H,0,

Fe, Pb

CH, H,0

CH

Pb, H,O

Ar

For muons only

Yes!

No

For muons only

No

No

No

various

1.6cm x3.3 cm
triangles (scint)

~few cm triangles
+ Gas TPC
4cmxbem (scint)

Emulsion!

3mm wire pitch

3mm wire pitch

3mm wire pitch

Data-taking

Last data: 2019
Still analyzing

Data-taking in
2023

Data-taking in
2023

Data-taking
ended in 2022
Still analyzing

Data-taking in
2023

Data-taking soon! .



Time Projection Chambers Fine-Grained Detectors
(TPC): (FGD 1 & 2):

12K Near Detector . Excellent tracking

« High-resolution charged- « Target forv
particle momenta

* CH scintillator tracker

« FGD2 contains water

* Accurate particle ID

"*“.‘

Electromagnetic | & %51\
Calorimeter (ECal) P@D ECalgs
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Upgrade to original T2K Near Detector

tYoke SMRD

UA1 Magne

Detector size: 0.6 x1.8x2.0m’
Cube size: 1x1x1cm?
Number of cubes: 2,160,000
Number of readout channels: 58,800
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MINERVA Detector

] Elevation View
Side HCAL M
A /
Side ECAL //// . Nucl.Instrum.Meth.A 743 (2014) 130
= | c S %
S| = 21 v-Beam — a1 ] o and beam test
s||£|/ 7z ek h( gl |loE Qs Nucl.Instrum.Meth.A 789 (2015) 28
&2 ‘ 59 Active Tracker Sl E = = = = O
3 g \ |‘-: E Region $ % E % L = é) ‘%’_
% E Liquid 3 ) 8.3 tons total éo o 8 5
3| Helium 3 Z 3
2 z 15tons | 30 tons E S
Side ECAL 0.6 tons
Side HCAL 116 tons
L < 5m P2 M —>

* Core of detector was an active scintillator strip target, surrounded by calorimetry.
* Passive targets interspersed with scintillator upstream.

* Detector is mostly in trash cans now, but some has been recycled for DUNE tests.
7 June 2024 Cross Section Measurements (Detectors) “Fermllab UYNQBSIKE ' 19
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How to measure a Cross Section

e Golden Rule in Cross Section Measurements:

N,u(Ev) = o(E,)®,(E,)e(E,)M

* More generally, consider an observable x that describes the interaction

dO-(Ev: xtrue)
AX¢rye

N(xtrue) — j D, (Ev)e(xtrue» Ev)detrue

* And no detector is perfect, so what we really measure is as a function
of “N(X1easureq) , SO there’s an additional step
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Quick word about units
N[,L(Ev) — O-(Ev)q)v(Ev)E(Ev)M

* What are the units of the different components?
* N: number of events, unitless
* G: cross section, area per target (for neutrinos, usually x10-38 cm?)
o ®: flux, Neutrinos per unit area (for near detector location, cm)
 example: NOvVA reports*: 87v,/cm?/10'° POT or for 10%° POT, 10** v/cm?
e ¢&: efficiency, unitless

 M: "mass” must be “number of targets” : recall this is 6.023x102%3 if your
detector weighed 1 gram
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How to measure a cross section

do(E,,
* From the equation: N(xtmw) — O-(d;c/ Xtrue) CI)V (Ev)e(xtrueJ EV)M
true

do(Ey,Xtrye)

N(xmeasured) — fU(xmeasured’xtTue) AXtrue %

D, (Ev)e(xt‘rue' Ev)M AX¢rye

U written this way is a “smearing” step that translates
from the true quantity to a reconstructed quantity
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Solving for 49/ ;..

dO-(Ev: xtrue) _ N(xmeasured) U1 (xmeasured: xtrue)
AX¢rye D, (Ev)e(xtrue: EV)M

* And in real life, there are backgrounds: not every event you select is going
to be the signal process you are looking for!

* Integrate over the entire flux to find:

da-(xtrue) _ (N(xmeasured) — B)U_l (xmeasured» xtrue)
AXtrye f D, €(Xtrye) MAX 1oy

7 June 2024 Cross Section Measurements (Detectors) # Fermilab YORKI ' 23
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Measuring Cross Sections: Simplity notation

* Remove subscript from true variables, but t=bin of x,, ., m=measured
 We'll write phi but it really means “integrating over the flux”

* Switch from U~ to U again just for simplicity, sometimes called
“unfolding”

do(x;)  (NOxm) — B(xm)) Upne
dx, b, e(x)MAx

* Deconstruct this piece by piece, from the easiest to the most complicated:
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do(x) B (NCem) — B () Upe
dx, D e(x; ) MAx

* B(x,,) : These are the backgrounds that are
still in the event sample
even after you make all your cuts.

—-1d EV! rue)
e B(xy) = MY ymt™H 22BEvrmue) ¢ (F Ye, (xypen Ey)

Xtrue

* You could predict what this background is
from your simulation, but that prediction
may have a large uncertainty!

* Background Process Cross Section uncertainties
(have to sum over all processes!)

* Flux uncertainties (have to Sum over all fluxes!)
* Have to smear back: is that smearing matrix the same for all backgrounds?

7 June 2024 Cross Section Measurements (Detectors) # Fermilab YORK ' 25
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Using data to predict B(x,,) ’ -

* Quasi-elastic neutrino scattering should W
have an easily-identifiable signature:
one muon and one proton n p
. . Sianal Red
* Example from MINERVA: s a5 oo O e s o 45 <MUon P,/ GeV /¢ <55
if you only require a S o045 POl Nomaleec CH Target b ol Lead Target
(p>1.5GeV/c) § o4 t_ Data . o
muon p * € C ©0.35 L] C_CQE-"ke . LO:— B Single ©* or T
% 0.3 [ S!ngle ntor - [ Single °
* and NO other g [ Single n° - B Multi-r
0.25 I Multi-© s [__] Other Nuclear Target

energy deposits far “o.
from the nucleus,

no Michel electron,

here are the backgrounds:

—_— e 0 PR I T SIS T

TF > S5 0 15 2 25
Muon P, (GeV/c) Muon P, (GeV/c)

Phys.Rev.Lett. 130 (2023) 16, 161801
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VVVVVVVVVV

7 June 2024 Cross Section Measurements (Detectors) # Fermilab YORK ' 26



Using Data to predict B(x. )

* Remember: the CCQE process is probably

N Events / GeV /¢

the best known neutrino-nucleus process,
how could you trust your simulation to tell

you the background levels?

* Solution: Use the data itself, but try to
isolate each background by looking at the

events you REMOVED from the signal

process
e How to find events with t*?
* How to find events with 7t°?

N Events / GeV /¢

* Remember, red is signal: can’t always find
event samples that have all one background,

or no signal events in them...

7 June 2024

Phys.Rev.Lett. 130 (2023) 16, 161801

Cross Section Measurements (Detectors)

E  PoT Normalized Lead Target
6'_ 1.05e+21 POT
- ¢+ Data
u I CCQE-like
5:_ I Single n*or T
u [ single n°
4 B Multi-n

25__ 1.05e+21 POT

2+ E Clusters Sideband
10?45 <MuonP, /GeV/c <55

[__] Other Nuclear Target

Muon P; (GeV/c)

Single Michel Sideband
1o° 48 <MuonP,/GeV/c <55

L PoT Normalized Lead Target

¢+ Data
B CCQE-like
B Single ©* or
[ Single =°
B Multi-t
[__] Other Nuclear Target

Muon P, (GeV/c)

VVVVVVVVVV
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15 2 2.5
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do(x;)  (N(xp) — B(xp)) Une
dx, D e(x;)MAx

* U,,:: Thisis the “unsmearing matrix” that takes you
from the measured variable to the true variable

 We want to know, if an event is observed in bin m,
what bin did it really happen in?

* In other words, what’s the probabilitY that an event
observed in bin m (measured) actually occurred in bin

t (true)?
gReconstructed (smeared)

* We can use our Monte Carlo to form a migration *Fdistribution
matrix indicating what fraction of events generated in
gach true bin o were observed in each reconstructed :
in j
* If the detector has good resolution, the matrix should
be close to diagona

05 True distribution

7 June 2024 Graphics courtesy C. Patrick Cross Section Measurements (Detectors) # Fermilab YORK ' 28
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do(xt)  (NCty) —B(xm)) Upe
dx, b e(x; ) MAx

W

—_
o

T T

(o0}

Diagonal
corresponds to

(o8]
T ™
D N

events
reconstructed in
the right bin

|
™

Each row adds up
to 100%

A O
o O O O O O o

I True Bins

B
T T
w

Fraction of Row in Cell

“Migration Matrix”

N

Jry
o

T T T
* To get the unsmearing Reco Bins
matrix U, you have to invert the migration matrix

o

e ...in theory. In practice, it often gives poor results and we often need
to use a more sophisticated method

7 June 2024 Graphics courtesy C. Patrick Cross Section Measurements (Detectors) # Fermilab YORK ' 29
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e T2K: Showing 3 out of 5 samples
* “CCOT” Analysis for v,

* Try to get as many u as possible!

Events per bin

T2K: Letting U,,,+ vary

Events per bin

Sample I Sample II
pin TPC and no p puand p in TPC
Magnet+SMRD Magnet+SMRD

BrECal BrECal

Sample II
450 —
2
400 777, v, CC-In*
350 777) V, CC-Other
300 v, CC-0n
200 222, v, CC-Other
5o 2 NC, v, V,
o0 Y out FV

50 4
b2 e

“ ‘%

%.0 05 10 15 20 25 30 35 40

Data

v, CC-0n 83.02%

8.54 %
421 %
0.00 %
0.09 %
0.00 %
2.14%
2.00%

45

Events per bin

Reconstructed P, [GeV/c]

Sample I

—— Data

2500 Y v, CC-0m 91.02 %

7777 v, CC-Im+ 4.26 %

2000 V77 Vu CC-Other 1.69 %

v, CC-0m 0.03 %

227, ¥, CC-Other 0.00 %

1000 22224 NC, v, V, 0.89%

T outFV 2.09%

500
Y Y Y W Y Y YR Y T ey
Reconstructed P, [GeV/c]
*Phys.Rev.D 101 (2020) 11, 112001
7 June 2024
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u

400
350
300
250
200
150
100

50

Sample III Sample IV Sample V
#in TPC p in FGD uin FGD p in TPC p in FGD and no p
Magnet+SMRD Magnet+SMRD Magnet+SMRD
BrECal BrECal
TPC W TPC W

p

LMl
77 v, CC-On 88.15%
777 v, CC-In 1.16%
v, CC-Other 2.48 %

v, CC-0m 0.01%

v, CC-Ir 0.01%
707 ¥, CC-Other 0.00%
NC,v, ¥, 1.01%
7, 118 %

out FV
A {//////////////m

©Lvt VA% CF0. A OO0 Aa v 2 o

Data

%0 05 10 15 20 25 30 35 40 45 50

Reconstructed P, [GeV/c]

30
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T2K: Letting U,,,+ vary

statistic term (Barlow-Beeston) ‘/ \ systematic term
reco bins . 2 " — 1 . =1 (= _ & .
IN©bs; By —1 (p pprlor)vs t(p pprlor)
MC obs obs ) ys
2 ; (ﬁj N}'C — N9 4+ N9 log B, NMC + 20T )

Cross-Section Flux Detector
W here-

Event prediction (as a function of models parameters):

true bins

si si bk bk
N]MC —_ Z (Ciwijg(ﬁ)Nijg T W g(ﬁ)Nij g)

0

Reconstructed p [GeV/c]
. - .Rev. 2020) 11, 112001
Jesus 7VJ€r<leSﬁOI2\£LUINT2022, and Phys Rev.D 101 ( OCrgs)s Sect’ion I\/Ie?s(arements (Detectors) " # Fermilab YORK u 31
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T2K: Letting U,,,+ vary

CC-Ir
i In Order to |ncorp0rate Systematlc g 180 LA L L rrrTTrTTTTTEE E TABLE II. Prior values and errors of the cross section model
. . . Na) 160 - 3 parameters used in this analysis.
uncertainties on cross section model, T2K B E L E F— T
H it 2 E 3 MSF (GeV/c? . .
parameterizes the uncertainties and then lets £ o} = ) el B
_ | F
. . . > - -
them float in a fit that incorporates notonly & 1wof E E§ (MeV) 2% | 9
C i 2p2h v 1 1
. . 80 F ]
the signal region but also two control 1 E 2p2h 7 Lo
60 — ] 5 2
| - T\% ] C5 (GeV/c?) 101 | 0.12
Sam p es 40 72 A7 ﬂ;’ MEes (GeV/c?) 0.95 | 0.15
E = L2 13 | 02
E P e R DIS Multiple pion 0.0 0.4
gt 2 o _210r £ — R P 90 05 10 15 20 25 30 35 40 45 50 CC Coherent on C 1.0 | 1.0
Ikelihood: X = —zlogL = —2108 Lstat — 4108 Lsys - v . . .
tat - yst Reconstructed P [GeV/c] CC-1r E, < 2.5 GeV 1.0 | 05
statistic term (Barlow-Beeston) / systematic term CC-Oth CC-1m By < 2.5 GeV 1.0 Lo
reco bins Nobss  p2—1 (F— Borior) Vot B — Porior) o prrreres e« CC-1r E, > 2.5 GeV 1.0 | 05
2 ) (ﬁjNJMC = Nj** + N7™log 2ynio + —120—2> o g ok C T e CC-1r E; > 2.5 GeV 10 | 10
I g £ = .
Cross-Section Flux  Detector 5 E 3 CC Multile = 1.0 1 05
Where: o, 350 = ‘ = CC-DIS v 1.0 | 0.035
1 Example: 2 = E CC-DIS » 1.0 | 0.065
B = 5 (~(W°a? 1) +,/(V}07 — 12 + AN}Co?) P o § 300 g E NC Coherent 10 | 03
| iuws m  BF $ 4 = NC Other 10 | 03
= = & 200 ”T”7+7' % Pion production 0.0 0.5
Event prediction (as a function of models parameters): s0E- 77 Z Pion absorption 00 | 041
E %7/ - Pion quasi-elastic int. for p, < 500 MeV/c| 0.0 0.41
true bins 100 ;_ %/ Pion quasi-elastic int. for pr > 400 MeV/c | 0.0 0.34
NMC — Z (C wSlg (mng + wbkg( —»)kag) ‘%Z//////////////// ‘ Pion charge exchange for p, < 500 MeV/c | 0.0 0.57
J LY {//// /%,/{/////4/% ”Z{',{;(/-,/-/nl W‘},‘,‘,};’a”ﬂ Pion charge exchange for p, > 400 MeV/c | 0.0 | 0.28

* % 05 10 15 20 25 30 35 40 45 50

. ) Reconstructed p [GeV/c]
Jesus 7\/quiélesiolz\gulNT 2022, and Phys.Rev.D 101 (ZOgrg)s)S éle%t,io% 1M2695(3r%mems P " 2% Fermilab YORK i .
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do(xe)  (N(xp) — B(xm)) Une
dx, D e(x)MAx

* @ : Flux [neutrinos/cm?]

e Usually the cross section is reported assuming you’ve integrated over
all neutrino energies: so @ really means

[ dEy Dy (Ey)
v =",

* For the rare cases where neutrino energy is measurable

Total Cross Section: _ (N(Ev)_B(Ev)) Umnt
B )= = eE,
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do(x;)

dx;
e(x;): Efficiency [unitless]

The fraction of signal events that you
retain after making all the analysis cuts
to remove your backgrounds

b e(x; )MAx

Efficiency

In truth, this efficiency may depend not only on

but also on neutrino energy, and
remember you’re integrating over the flux

€(x¢,E,) P, dE,

e(xt) = J

[ ®,dE,

Efficiency

One way to check: Compare efficiencies from
different generators

e (Ref: T2K, Phys.Rev.D 98 (2018) 3, 032003)
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e

* NOVA has produced first double differential cross
section for electron neutrino charged current
inclusive scattering

* Use Boosted Decision Tree to identify electrons

* How do they know that they model the efficiency of o __ .
the BDT correctly given uncertainties in hadron ool
energy? Use the Data! Can you guess how?

v-beam  NOVA Preliminary L e 3
* “Muon Removal” Technique: iy, a0t
remove muon from v, CC data
events, add electron at same
angle and energy, then measure
efficiency, and compare to
the efficiency for original simulation.

Electron Energy, E (GeV
Efficiency

0.85<c0s6,<0.90 ]

10%)

| ”
— MRE Simulation
[ 1o syst. error

oo
—y N

o
o)
T

o
o
P
(cm?/ GeV / nucleon x

Selegtion efficienc
-

fo

dcosf, d E,

o
(S
——

&,

MC / Data

o O —_
0L NPO

Phys.Rev.Lett. 130 (2023) 5, 051802 . 1 , .
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do(x) _ (NGem) = B(tm)) Une
dx; b e(x)MAx
* Ax: Bin width [units of whatever x is]

e How wide should this bin width be?

* The more bins you have, easier to distinguish
features of the distribution

TI[TT T[T T T[T T[T T T[T I T[T T I [TTITT]

* The more bins you have, the worse the statistics
are in each bin

* BUT...Depends on your resolution: if you can’t
measure something to better than o, you
shouldn’t pick bins that are 5/10!
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EEEEEEEEEE
VVVVVVVVVV



Break, now that we’ve discussed
every term in

do(xt) _ (N(Xm)—B(Xm)) Unt
dx¢ - b, e(x) MAx
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Easiest Cross Section to measure:
“Inclusive Charged Current Interactions”

 Say you want to measure total Charged Current neutrino cross section

* What cuts would you use to isolate your signal?
* Require a muon-like energy or an electron-like energy
* |f you have a magnetic field, might be able to cut on charge of final state lepton

 What are your backgrounds?
e Antineutrino interactions (low if you have a B field)

* Neutral Current Interactions
* For muon neutrinos: ©* = u*(+v,)
* For electron neutrinos: 7% = ¥y and recall that ¥ might look like electrons in your detector

 Easiest Observables to measure: Muon Kinetic Energy (T) and angle (0)
w/rt Neutrino beam
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One example of Inclusive Cross Section Result

* NOVvA v, CC Cross
Section Ifesult, VS.
muon kinematics

* Phys.Rev.D 107 (202
3)5,052011

e Even for a narrow
range of neutrino
energy (like NOvA)
any one kinematic
region still has a
range of
interactions that
contribute.

2

2

/ GeV / nucleon x 10%)
o

d°oc

dcos 0

100

(o)
o
T

100

(cm
dT,
(@)

=100

- 0.50 < cos 6u <0.56

T 0.56 < cos 6M <0.62

[t

T 0.62 < cos 6H <0.68

T 0.68 <cos 6H <0.74

[

T 0.74 < cos 6H <0.80 A

(o)
o
T

T 0.85 < cos eu <0.88

T 0.88 < cos eu <0.91

+ 0.91 < cos GH <0.94

+ 0.94 < cos 6H <0.96 A

- 0.96 < cos eu <0.98

T 0.98 < cos e“ <0.99 T

.. | —t+— Data (Stat. + Syst.)
.1 —— GENIE v2.12.2 - NOVA Tune
GENIE v2.12.2 - Untuned
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The Catch with Inclusive Cross Sections

* NOVvA v, CC Cross
Section Ifesult, VS.
muon kinematics

* Phys.Rev.D 107 (202
3)5,052011

e Even for a narrow
range of neutrino
energy (like NOvA)
any one kinematic
region still has a
range of
interactions that
contribute.

7 June 2024

Fractional contribution to cross section

[ 0.50 <cos 6, <0.56 | 0.56<cos 6, <0.62

0.62 < cos eu <0.68 0.68 < cos eu <0.74 0.74 < cos 9lLl <0.80

0.85 < cos eu <0.88

MEC
Res
DIS

2
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Using both Lepton and Hadron Information

* Let’s say you have measured the following quantities:

* Final lepton charge and momentum 3-vector: can determine p,ep, E|ep ,9|ep
* Total hadronic energy

(pretend you can see all of it, even the neutron energy) Ehad

* Can define a few quantities:

 Estimated Neutrino Energy EV = E|ep + Ehad

e Estimated Momentum Transfer (squared) to the nucleus:
. 2—-0)2 = — — 2
(remember, W is virtual) -9°=Q*=2E/(E,—p,cos0,)—-M,

e Estimated Energy transferred to the nucleus = (0 = Ehad

* 3-momentum transferred to the nucleus: Q2+oo2=q32

7 June 2024 Cross Section Measurements (Detectors) # Fermilab 3Y5S)51§{§'II<5 ' 41



Neutrino Observables w/hadrons & leptons

* Remember this picture from e scattering: e
beam (energy E) comes in, scatters, you measure
the outgoing electron energy distribution (E’) at

d*c/dQ/do (nb/GeV/sr)

some angle, and ®=E-E’

E=560 MeV, 8=36",q;=332.9 MeV/c =
70000 T I T T T I i § 5000_
60000 -8 -
- - 4000/
50000 - B -
- - &
40000+ - g 3000p
- - - L
30000/ - G 20000
I - e
20000 -8 -
- - N L
10000} - 1000%
- 10.32 oL
% 0.4 o
w (GeV)
7 June 2024 Phys. Rev. D 94, 013012 (2016)

(o]
E=560 MeV, 6=60, qQE=508 MeV/c
— ————

[

e —|

—_—a |

01 02 03 04
w (GeV)

Cross Section Measurements (Detectors)

500

d*c/dQ/do (nb/GeV/sr)
S

400

200

100

E=560 MeV, 6=145", q,,=795 MeV/c

02 03 04 05
w (GeV)
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Neutrino Observables w/hadrons & leptons

* Translating this picture to Neutrino Scattering

.. ) Graphics courtesy R. Gran
Initial and Final

Electron energy and
V,8=60", g =508 MeV/c angle define a 3-
10.5¢ Momentum transfer

-
N

E=560 Me

T

C dcldqodq3 (1 0 cm?Ge\?)
1.0 K 3 GeVneutrino+carbon

5 GENIE 2.8.4 withreduced =
0.8 " lines W =938, 1232, 1535 MeV

10.54
1 For neutrinos:
0.52

,/ﬁOS True Energy
transfer: ®
True 3-momentum

transfer: Q?+m?=q5?
w (GeV) 0.

S
o

S
N

true energy transfer (GeV)

10.48

d*c/dQ/do (nb/GeV/sr)

&
()

olilllllllll]ll

— i —r— e TP I IR
0.2 0.4 0.6 0.8 1.0 1.2
true three momentumtransfer (GeV)

EEEEEEEEEE
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Proxy for True Energy transfer to Hadronic
system: “Available Energy” (answer to HW#4)

* Visible in scintillator (and argon)
 t+ deposit their kinetic energy, but

not their mass Jﬂﬂwﬁ@iw
» ¥ deposit their total energy W
* Protons: deposit total kinetic energy ~0 no v
* Neutrons: deposit very little. —TofﬁFeﬁngvA‘ﬁ—
e “Available energy”: sum of visible energy
Example from MINERVA at right, 0 5 10 f5 20 25 30 8 40 45 50 55 60 65 70 75 80
3.3cm plastic granularity Figure courtesy P. Rodrigues

Similar in spirit to ~3cm wire pitch Liquid Argon (but different density, Z)
Phys. Rev. D 94, 013012 (2016) 2% Fermilab YORKu
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What does the Data Look like in this space?

1.2r - %0 o 2.20 <q,/GeV <0.20 0.20<q,/GeV <0.30
* Look at inclusive sample of & pitnewiioemtn oo vs. g3
events as function of energy [ GENIE 2.8.4 with reduced

0.8 [ lines W =938, 1232, 1535 M —Total (MnvTune-v1.2)

-Total (MnvTune-v3)

AND momentum transferred

10° Events / GeV?

true energy transfer (GeV)
3
|w)
@
)

* Showing event distributions, ¢t ‘”f-_-i_ i
but cross sections were b e
extracted : 3 ALY S
. °86 02 04 06 08 10 _ 12 5% ’ i
* Cross sections were also QE~ true three momentum transfer (GeV) o
e).(tra.Cted from these % 030<q,/ GeV <0.40 0.40 < g,/ GeV < 0.60 o Re:::j:‘f/c::::':b'e e"'efgz;j‘i‘;) TGV <1.20
distributions 3 I o 3

* Available Energy: “visible”
energy in scintil ator

* Unfolding this was tricky!

10° Events / GeV?

M. Ascencio et al, 2 1 ke, , cteae ‘ o
Phys.Rev.D 106 (2022) 3, 032001 PR o e S Bogprrb s 0
S 06l ° 1 i o

0((5).0 02 0.4 0.0 02 04 B R B W L (E

Reconstructed available energy (GeV) Reconstructed available energy Ge
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From Inclusive to Exclusive

* From these event displays, you know we can do better to isolate
processes and look at only one (set of) final states

1000 1050 1100

* How would you isolate events that are quasielastic?
* Require one lepton (of the correct charge if possible)
* Do you require a proton track? Or do you only require NO pion tracks?

 What about Michel Electrons: what if you didn’t see a pion track but you saw
a tiny em-like shower right near the vertex?
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New vocabulary: Quasielastic-like

* After subtracting

g 15 000<p (GeVic)<0 0?.50 o< 07':’II (gf/x\c,)/co) 15< 7 .0(? 15<p (GeVic) <025 [  0.25<p (GeVic) <0.33 baCkg rounds,
2 Tk b " o > o " . MINERVA has
z 10} o - Tk o enough statistics to
o bin QE-like events
> ‘ " along 3 axes: muon
o 15¢ 0.33 < P, (GeV!c) <040 0.40 :;.(GeV!c) < 0. 47 [ 0.47 <p (GeVic) <055 || 0 55« P, {GeV!c) < 0.70 kl nematlcs AN D
£ ’ hadron energy
&) % 1.3 %15 3 % 1.6 I x 2.2
5 10k 34 - § S,
P £ i * Many processes i
x 5 \\ v’\, ?/\ contrcl tétcjlt: to "CCOm
};] 15 S &,__ —"—-":r‘-— ! \';‘ H_‘_‘-'-“, ; O = B | e >
o_ 0.70 < p,(GeVic) < 0.85 0. 85 < p, (GeVic) < 1.00 1.00 < p, (GeVic) < 2.50 02 0. 4 0.6 J 2p2h
-8'“ 101 { i 5 x3.6 | { x5.8 |t { x114.4 —+— MINERVA data ° Resonar.]ce.pr}-c
!9' { . [ —— Minerva Tune v4.4.1 absorptlon
© ) it N | —— QELike-Pions

00 02 04 06 00 02 04 06 00 02 04 06  —  QElke2pen * Lots of discrepancies
2p2h without fit with the model

D. Ruterbories et al, Tp (GeV)

PhyS.Rev.LEtt. 129 (2022) 2’ 021803 Cross Section Measurements (Detectors) J€ Fermllab UYNQBSK ' 47
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Different Detectors will have different cuts

* MicroBooNE example: v, CCOx Cross section  ~ - -
* Event with muon and proton candidate o Tl D
e Leading Muon candidate has p>100MeV/c i
* Leading Proton candidate has p<1.2GeV/c
* Proton candidate has to be shorter than o
muon candidate i 00

200—

100—

*Phys.Rev.D 102 (2020) 11, 112013
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CCQE versus “CCQE-like” versus “CCOm”

* Since so many other processes can look like a CCQE event even if you
have a perfect detector, we have defined a new term

* How would you make a CCQE-like event that is not CCQE?

* Example from MicroBooNE: breakdown of signal events after

background subtraction:

e 77 QE

. | 2 NONRES

0 %%; A E

-y [ RES

& N7

(&) 000000000

~ /S S S S S S S

> V0 777

& E 27

©) 7/

) 2

)

kT ez : :
0.5 1 15 2

7 June 2024

Events/GeV/c [arb. norm.]

Q\

%
A/?

QE

7 2p2h

= NONRES
M RES

*Phys.Rev.D 102 (2020) 11, 112013

00
0%
g,///V//%/ 2 oo Y
v v n
04 06 0.8

Cruss secuunn ivieasurenien \reLeLLwulD )

T 12 14

piue [GeV/c] _
i 2% Fermilab YORK)
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Have to map on to Cross Section Models

* Quasielastic Scattering

e 2p2h (correlated nucleon pairs) Scattering
* Resonant Pion Production (A’s, etc.)
* Continuum Pion Production

e Coherent Pion Production

 Shallow Inelastic Scattering (?)

* Deep Inelastic Scattering

* Plus models for initial and final state effects

Interaction Interaction
Modes Topologies

CCQE wh CCOm

. (CCQE-like)
e /@\

\// \‘\/'/ cclim

CCRES W; wi (CCRES like)
i ' CCOn+Np

2p2h .'/? /é))( (N>0)
]?\ n p?

UUUUUUUUUU




QE-like processes and Unfolding Neutrino Energy

* Solution to Homework #3: QE assumption, solve for Neutrino Energy

Vu W = Tﬂf ¥ Ti L\—vec{for
égb\)\_(l_ (DL
B-% = |-,
M, -2 (E/F, - pp wx8) =

ey - 2 (6 E, -~ pp s Q)
M, - 2E, (,b%‘"\’PLLbS@\ =
mP +vv\,’}~21:?mn
E, = B, +M —Ey

7 June 2024

Cross Section Measurements (Detectors)

W\;’ SZE/C%“ ﬁ( LOS@) :\/\/\f?_-i’ W):~ AR
(€ M.~ &,

2 E_ 7 2E, (% Y @sQ) =

—~
)
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What if you were to unfold to Neutrino Energy?

2 L R A AL A —

* The energy resolution you = - — CCQE B

get using this formula (or :; -} Nieves multinucleon (x5) :

ANY FORMULA) depends & F [\pionless A-decay (x5) B

on what you assume about & ]

the events that pass all < | -

your cuts - -

* Plot at right is for T2K, one - . /// ]

of their earliest oscillation i ,,,’%?g////%m, _
oapers 1 0.5 0o 0.5

+ Phys.Rev.Lett. 112 (2014) 18 Ec, - E . (GeV)

Moral of this story: Big model dependence in

unfolding to Neutrino Energy
7 June 2024 Cross Section Measurements (Detectors) # Fermilab YORK u 52
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New Neutrino Observab
Transverse Kinematic Im

* |f you know you’re starting with a neutrino, e
and you see a muon and a proton in the final

state, you can calculate kinematics in the
plane transverse to the neutrino direction
you measure 3-vector of both final state

particles, and you are SURE they are a muon Bi=

and a proton

dpr = |0pr| = |PF + PTl

Pf‘f : 5PT>
p%(ﬁ?:r ’

p%-pﬁ)
oy )

daT = arccos (—

d¢T = arccos (—

es:

nalance (TKI)

Transverse :
— {_DG .

if

P.o=\/6P2+6D;>

Phys. Rev. C 94, (2016) 015503
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New Neutrino Observab
Transverse Kinematic Im

es:
nalance (TKI)

* Hopefully all these different variables will give you a
consistent story about what all the different quasielastic-like
processes might be there in your data
(T2K, Phys.Rev.D 98 (2018) 3, 032003)

-39
— ey 2 TN [ o
% T ¢ T2KFitto Data . ‘T% - 07 X9 ] ‘_,>\ 12
2 r Y CCQE — 5 5 H 06 £ ¢ T2K Fit to Data {— Q49
— _/4“ - [ 4
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B 7 —— CCQE ’
r 14 /// 4_/442 o El

/|
L 124~ 7 &P e 47
- 47 ;/?/% RES(nprod.) - ]
L 0.8 /?:?/? 7 Other 3
r 06 ~ Eln
7 # 22=92.35 11
04y 200 7
0277 -
{' 0 Lz 27777
0.3 0.4 05 06 07 08 09 1 1.17]

III[IIIII

2% Fermilab

YORKJ I

UN\VERSITE
UNIVERSITY




MicroBooNE: Looking at TKl in 2 dimensions

Transverse
Plane

* MicroBooNE split these distributions up into
“QE-rich” samples and “everything else” samples

e Plus: Another tool of the trade: “Fake Data Studies” p

e Putin different v
interaction models

G21 hA 6pT <02 GeV/c G21 hA 6pT >0.4GeVic

see if your procedure o O wic o QF ~MEC
. . _RES _DIS 0 - —RES —DI
extracts predICtIOI’lS °g§ 0.3~ i MicroBooNE Data L 0.05 zl\gc:o(g%%NE %ata
from 518 025 NomUne T 518 ooat- - Nom Une e
the new model B 02 " 003
: 5 E

or]’cchledpne in your = Fo.ls = 002
unfolding matrix g 01 o

"—‘32‘0.05 %E'O'Ol_

I 500 SR
Phys.Rev.D 108 (2023) 5, 053002 e 20 40 60 80 100 120 140 160 180

7 JUliE UL MT [deg] aa'r [deg]



“Initial Nucleon Momentum” as observable?

* Another “transverse kinematic imbalance variable”: if you assume
conservation of momentum for events with a final state proton and
muon, can calculate the initial nucleon momentum

Momentum Distributions

x10° 14
---------------------
6 | .: ; ..... GENIE No-FSI (115) s e=—=NUWRO Spectral (Benhar-
. . Fantoni)
- P s i 12
= i A B CERIE Ridminal 7 == Effective Spectral Function
o) | I o-FSI Non-interacting
Q B o-FS! Accelerati 1 — .
S I p- cceleration 10 Global Fermi
2 p-FSI Deceleration >
o 4 n-FSI Absorption = & 3 === ocal Thomas Fermi
o
> - —— MnvGENIE-v1 =
O . ® Data =
N 2]
NE I 2 6
G )
QC a 4
O -
~
o}
3 -
..... 2
- e e, T
LTI .
0 0.2 0.4 0.6 0.8 1

(0] 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Momentum (k) GeV

P, (GeV/c)

MINERVA Phys. Rev. Lett. 121, 022504 (2018)
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Challenges

e Goal: make measurements that can constrain models

* Why is this difficult?

* Given the flux, you never know precisely what neutrino energy you have for
any one event

* Given the analysis cuts to isolate the signal you are trying to find, the detector
limitations mean you may have backgrounds in your sample

* Given detector limitations you never know precisely what energy you missed
from neutrons

* |f that’s not bad enough, there’s also the fact that nuclear effects can make
one process look like another even if your detector was perfect
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't only we could measure a cross
section on H first...

UUUUUUUUUU



Using what you've learned to see H by itself

* Consider antineutrino QE-like scattering:

+p-out+n
If you have a

plastic target,
you have Cand H

If you are trying
to measure CCQE
on H, then
CCQEonCisa
background

Use nuclear effects
to isolate H!

7 June 2024

Perpendicular Plane

Reaction Plane
Target Nucleus

@D Neutron Candidate i A

P Neutrino momentum A

Pu: Muon momentum
pn: Predicted neutron momentum

Cross Section Measurements (Detectors)
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‘ Perpendicular Plane
~s — > Dy

Py

When life gives you lemons...
make lemon meringue pie s N

© Target Nucleus N A
@ Neutron Candidate g

. bl
. Neutrino momentum
Py: Muon momentum

Pn: Predicted neutron momentum

_—Non—QE & Mesons

I CCE
_ QELike CCQE

....) QELike Non-CCQE

I Non-QELike % ] 4,500

CCE Signal 5 3500

s 3,000

& QEFit 5 21000
— —QE Validation w 17000

500

Non-QE Validation
Non-QE Fit

EEEEEEEEEE
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Different Reactions populate different regions

CCQE Event Rate

CCE Event Rate

P'g 40 G/\G)@‘)G)P@'A‘)ﬁ— Non-QE and mesons

Y| Yovevveerer] g

20 8@'@@?@@@@8 QELike CCQE
@088 b oo | g QELie Ton COE

360
320
280
240
200

o
w
Q2 (GeV/c)?

160

S
120 o
5 o1 % 0 @%NQJPQ 6/6_\/.69 CCE Signal
N 200 - < L QE fit
T3 50y _50250@&“’9 <1 QE validation
66 (deg )5 50 75 100_]_0075 60° )
. < Non-QE validation
SIGNAL: Elastic on H L Non-QE fit
QELike 2p2h Event Rate on- !
- Los
64 0.7

Regions of the 2D angular distribution used to
fit the backgrounds proportion in the signal
region.

-100_y5

=50 . 58

Buckground: QELike 2p2h
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Events / Bin

Validating the Background Prediction i

< Non-QE validation

e
o_u_©o

1.5

1.0

0.5
0.0

><1(‘_)3

QE Validation

-

.....

Q2. (GeV/cy

4

o

G”Rv”@v? 6,/ v G,*v”

20 1= = /37 -

<—1— Non-QE and mesons

\@ B CCE

QELike CCQE
QELike non-CCQE

W M Non-QELike
=1 CCE signal

— QE fit

- et et ed

QE validation

<~ Non-QE fit

40 -20 0 20 40
50,

Ratio to Model

'l‘l]lllllll!l

QE Valldatlon
- —— MINERVA Data

~—— CCE Hydrogen
« QELike 2p2h
QELike DIS

- Model w/ Stat. Unc.

----- QELike CCQE
- =« QELike Resonant
Non-QELike

10

Q2 (GeV/cy

* CCQE is the dominant background. Small 2p2h, inelastic (absorbed), and Non-QELike contributions. The

fitted model are well constrained by data.

NuFact23
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Another test: Neutrino Beam

3 25
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e Recipe: select events with trackable protons in a neutrino sample. Different final states and available
kinematics. Apply same fitting mechanism. Data and MC mostly agree within uncertainty. Data and MC mostly
agree. Disagreement can be explained by 2p2h uncertainty.
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Events / Bin

Cross-section Extraction

[Nature 614,48-53]

[Nature 614,48-53]

x10° T 29
= , 3 - CCE Signal |
4.5t CCE Signal = = —— MINERVA Data —— Model w/ Stat. Unc.
- o 2.0 —— CCE Hydrogen  ----- QELike CCQE
4.0 —_ - e
E o e QELike 2p2h - == QELike Resonant
3.5 fcr*ﬁ 150 QELike DIS Non-QELike
3.0F T | |
2.5F 1.0F
2.0F -
1.5F 0.5
10;_ z . Ne? -
052— | ) 4 “‘ OO __.L.__.J..-_ e e i~ 7. 20T, T I
0.0 I A, i | 107 107 1 10
. 2 2
1 0—2 1 0—1 1 1 O QQE (GeV/C)
- (GeV/cy Ingredients:
- Unfolding matrix and efficiency from Data and Simulation
Z [7.. Ndata bkg pre studies
do Ji - Flux from models and data measurements (ve — ve)
dQ2 o O Nye; AQQ - Number of Hydrogen targets from the detector assay.
Z

- Measured signal from data __g_redicted back
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https://www.nature.com/articles/s41586-022-05478-3
https://www.nature.com/articles/s41586-022-05478-3

Fractional Uncertainty

Uncertainties in the Axial Form Factor Cross-

Sections  Dominated by statistical uncertainty
after the background subtraction.
E e pur - Systematic uncertainties from

B s residuals of background subtraction

i Particle responses in the “other”

i category, dominated by neutron
10 o == — systematics.

3 g =i

= _L_ - '_'l_

i l Fr'—“ Always
10_2 aal N I | ad sl L T A ask

107° 107 1 10
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do/dQ? [107%8 cm?/(GeV/c)*/Hydrogen]

Free Nucleon Axial Form Factor

 MINERVA found ~5800 such events on a background of ~12500.
» Shape is not a great fit to a dipole at high Q-.

* LQCD prediction at high Q?is close to this
result but maybe not at moderate Q<.

o‘ Data
—— Hydrogen Fit
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How to summarize this field?

 WWant to cover “current cross sections” but...

e Consider the various combinations: 6x4x5x6

Flavour,
Helicity

Inclusive Scattering
CC 0 & Production

. Vu

CC 1m* Production ~
v
CC 1n® Production #
Ve

CC Shallow or Deep —
Inelastic Scattering Ve

Rare Chanels (v-e,
coherent scattering)

7 June 2024

CH
H,O

H, He, C, Pb
Ar
Pb

Cross Section Measurements (Detectors)

Observable (x,,)

Lepton Kinematics

Q2 Number of
Dimensions

qO VS q3
Proton Kinematics

Pion Kinematics

Transverse
Kinematic Imbalance
variables (many)

“Neutrino Energy”
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Summary of This Lecture

do(x)) _ (NGm) = B(tm)) U
dx; b e(x. )MAx
* So many interactions, so little time!

* Measuring Cross Sections all use the same formula

* Challenges with making a robust measurement
* Flux
* Detector
* Cross section

* Clever ideas of new observables and ways to reduce backgrounds
are yours to discover!

 All the tricks we’ve figured out to isolate different effects in Quasielastic
interactins, we have to figure out for pion production!

UUUUUUUUUU



Backup Slides
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do(xe)  (N(xp) — B(xm)) Une
dx, b e(x)MAx

* M: "Mass” [nucleons] Sounds easy, right?

* Cross sections are usually reported “per nucleon” so...

e BUT, it depends on what cross section you are trying to measure: are you
trying to measure something “per nucleon”?

 What if you are measuring something that (in principle) only happens on
neutrons? (i.e.v, +n—->u +p)

 What if you are measuring something that (in principle) only happens on
protons? (i.e. v, +p > u* +n)

UUUUUUUUUU



Full Disclosure on
calculating “M”

* For Liquid Argon detector, it’s very pure
SO you can be sure the nucleus that is
struck is Ar

* For Water, at least at Super-K or Hyper-K
those detectors are very pure H,0

==
* But scintillator-based Element | Mass [kg| |Nucleon Count |Mass Fraction ﬁ ’
detectors may not H 3814.5 | 2.28 x 10°° 0.108
alwavs C 23650 1.41 x 103! 0.667 CONDENSED
y 0 1050 | 6.30 x 10%° 0.030
be all CH or CH,: Cl 5690 3.40 x 102‘; 0.161
. Ti 1140 6.81 x 10 0.032
for example NOVA: Other 95 5.7 x 10%® 0.003 NOVA
*Phys.Rev.D 107 (2023) 11, 112008 &M SOUP ,w"’{
NOVA Image: https://doi.org/10.1016/j.nuclphysb.2016.04.027

EEEEEEEEEE
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Observables in Quasielastic Interactions

* |f you have a quasielastic interaction, and the initial nucleon is at rest, you
can estimate the neutrino energy and momentum transfer from the lepton
kinematics ALONE

e This is how T2K makes its (most precise) oscillation measurements!
e Require ONLY one lepton in the final state
* Require conservation of energy and momentum

* You may hear from Stephen and Luke why this is a problem, but it’s still an

observable 5
— — Ep)? —m? +2 — Ey)E
* Justdon'tcallit EQF — my, — (my )" —mj, + 2(my b) aly
true energy if 2(mp — by — By + py cos Hu)
you are 2 QE 2
scattering off a Qor = 2E;7(Ey —pucosty) —my,

big nucleus!
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