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Summary from Yesterday

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

* Questions:
* How do you know what your efficiency is?
* Doesn’t the migration matrix depend on the flux?
* How does DUNE-Prism work?
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Going back to the original Recipe:

* Note that in order to measure cross sections, you need to get several
ingredients from a simulation

* Backgrounds
do(x¢) _ (N(xm) — B(xm)) Uy
dx; e(x, )MAx

* That simulation uses a generator that you have heard from Stephen
Dolan is not perfect

* Unsmearing Matrix
e Efficiency

* How can you make sure that you are not reporting a biased result?

* Hint: use data wherever possible!

. . . * =
16 August 2023 Experimental Neutrino Cross Sections 2F Fermllab YORK I '

EEEEEEEEEE
UUUUUUUUUU

3



MINERVA: using Data to constrain =
* Any neutrino detector has an electron for every proton
G; i
Oror == 5 =( p, +p) =m>+2mE, (¢ rest frame)
=17.2x10"%cm* / GeV - E (GeV)

 Consider these diagrams: 3 oo w8
— =2l SiE: ]
Y = oo —=n |
w! 2005 B DFR 1° 3
/Z/\\‘:\ 0 électron E1noergy (Ge\1/§ B ’ Iglectron E1noergy (Ge\1/§
Use this equation:
_ do(Ey,Ee) / P,
N(Eep) = 2 @y (B, )e(Ee i By )M What’s the catch:
. . . V4
and that signal to constrain ®,,(E,)! Still can’t measure Ev

Phys.Rev.D 100 (2019) 9, 092001, Phys.Rev.D 107 (2023) 1, 012001 o
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77

PRISM” concept: making a “mono-
chromatic” neutrino beam

e 2-body
decay of
pions to
neutrinos
mean
specific
relationship
between
flux and
angle
between
detector
and
beamline
axis

Graphics from M. Wilking, Lepton-Nucleus Scattering XIV, 2015
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20 [ rrrryrrr o rrrrpr o111
- — Linear Combination

—— 1.7° Off-axis Flux

Arb. Norm.

15

—— Gaussian: Mean=0.9, RMS=0.11 GeV -

PRISM concept, |l

First steps: 10
* Take lots data at several different angles
* Plot the observable you have in mind for each angle

Take linear combinations of the data you took | R P S
* Take linear combinations of the predicted fluxes 0 05 ! b5 225 3

E, (GeV)
TWO OpﬁOnS: Linear Combination, 0.9 GeV Mean
« Create the most monochromatic flux you can c o -
. . 2 6000 1 Ring u Event Spectrum
* Create the flux that looks like the “oscillated flux” = Absolute Flux Error
5 —— Shape Flux Error
“ I 1 ” E B Statistical Error
Energy callbrahqn | 24000 o Setaten _
* Pick your favourite energy reconstruction method: how —— NEUT Non-QE

different does that look for your monochromatic beam?

* To test this, flux has to be narrower than the smearing
effect you are trying to measure

2000

o 1 2 3
Graphics from M. Wilking, Lepton-Nucleus Scattering XIV, 2015 E.. (GeV)
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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.
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Efficiency
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Phys.Rev.Lett. 130 (2023) 5, 051802 ! 1 , ,
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Can DUNE test prediction of €(E},,4)?

* Answer: Yes, Test Beam program (ProtoDUNE)!

* Many experiments have done this:
* take well-measured charged hadron beam

* shoot it at JiE m— S N
your detector R
* make sure your N I
simulation matches e 1
your data _;ﬁ S m—
* Can also use cosmic ;.- EE X
rays (or beam- induced ' T -

muons) as “e(x.,) callbratlon crosscheck”
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T2K: Letting U,,,+ vary

e T2K: Showing 3 out of 5 samples

* “CCOT” Analysis for v,

* Try to get as many u as possible!

Sample I

8 e Data
:3 2500 Vu CC-0r 91.02%
=9 ) v, CC-In* 4.26 %
£ 2000 ) V. CC-Other 1.69%
2 v, CC-0m  0.03 %
= 500 Vu CC-Im 0.02%
222 ¥, CC-Other 0.00 %
1000 22 NC,v,V, 0.89%
22 out FV 2.09%

500

?).0 05 10 15 20 30 35 40 4.5 5.0

Reconstructed P, [GeV/c]

25

Events per bin

S

450
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50
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Sample I Sample II

pin TPC and no p puand p in TPC

Magnet+SMRD Magnet+SMRD
BrECal BrECal

TPC W

ample II
¢ Data g
2% v, CC-Om 83.02 % f 400
777, v, CC-Im"  8.54 % 2 3%
777 V, CC-Other 4.21% *2 00
v, CC-O0m  0.00 % s
v, CC-Ir” 0.09% 25}
2% Ny CC-Other  0.00 % 200

22
22

NC, v, Vv,
out FV

2.14% ,

2.00% |

7

2]
”;’:;",:E: .-_////////)'///J Gt Ferts 5 e

“ ‘%

05 10 15 20 25 30 35 40 45 50

Reconstructed P, [GeV/c]

*Phys.Rev.D 101 (2020) 11, 112001
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Sample III
p#in TPC p in FGD

Magnet+SMRD Magnet+SMRD
BrECal BrECal
TPC W T

0.5

Sample IV
pin FGD p in TPC

PC W

p

LI
77 v, CC-On 88.15%
777 v, CC-Im 1.16%
v, CC-Other 2.48 %

v, CC-0m 0.01%

v, CC-Ir 0.01%
707 ¥, CC-Other 0.00%
777 NC,v,v. 1.01%

22 out FV. 1.18%
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T2K: Letting U,,,+ vary

CC-Ir
b 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 . parameters used in this analysis.
= C 7
uncertainties on cross section model, T2K B . E L E F—— P —
; HP 2 E 3 MSF (GeV/c? . .
parameterizes the uncertainties and then lets £ o} = D el B
_ — F
. . - > - -
them float in a fit that incorporates notonly & 1o 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 T\% E C5 (GeV/c?) 1.01 | 0.12
Sam p I 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
T 2 o _210r £ — R P 90 05 10 15 20 25 30 35 40 45 50 CC Coherent on C 1.0 | 10
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) / \4 systematic term CC-Oth " CC-1m By < 2.5 GeV 1.0 Lo
reco bins MG obe e NS B (ﬁ'—ﬁprior)Vs}it(ﬁ—ﬁprior) ....,....,e.r...,....]....,....,....,....,....,.... CC-1m E, > 2.5 GeV 1.0 | 05
2 ) | BiN;'C — NP>+ N> log BNMC T 957 g - ] CC-1r E; > 2.5 GeV 1.0 | 1.0
] 4] = - .
Wi Cross-Section Flux  Detector g 150 E 3 Cgév{;lltsﬂe T ig 00625
ere: E = - v . .
1 Example: b2 =3 | 3 CC-DIS o 1.0 | 0.065
B = 5 (~(W°a? 1) +,/(V}07 — 12 + AN}Co?) P o I § 300 g E NC Coherent 10 | 03
250 - =
{ 1 oois m E ) 3 NC Other 1.0 | 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 (mNSIg + wbkg( —»)kag) ‘%;////////////////// ‘ 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- %iljgusi\%gT 2022, and Phys.Rev.D 101 (ZOzgge}I%enlta:}%gu%} o " 2 Fermilab YORKEI .
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NB: this is like Scott’s lecture yesterday with the two
rulers with different coefficients of expansion: letting

TZ K Lettl ﬂ g Umt Va ry the data tell you something about a systematic effects

Likelihood: 2 ~ —2log L = —2log Letar — 2l0g -
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

Cross-Section Flux Detector
W here-

Event prediction (as a function of models parameters):

true bins

si si bk bk
NJMC —_— Z (Ciwz'jg(mNijg T W g(mNij g)

0

Reconstructed p [GeV/c]
. - .Rev. 1(2020) 11, 112001
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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

= 5 S5 0 15 5 25
Muon P, (GeV/c) Muon P; (GeV/c)

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

16 August 2023

Phys.Rev.Lett. 130 (2023) 16, 161801
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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)
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NOvVA: Charged Current ©t° Production

* NOVA: 165,000 events o I o '
* How would you isolate a CC =° event?
* What would you guess the backgrounds are?

||||||

vvvvv

* How would you estimate the backgrounds?

What would the

variables of interest be? +NOVA Data _ The
Q2: _(Pﬂ_Pv)z

34 DIS .
W B A5 Resonance
2. (E
= (—”— P, cos Hﬂ) — m2c?

B A,,;, Resonance i .
EXJHigher Resonances [25]Higher Resonances

|
do/dW [10%%cm?/(GeV/c?)]

do/dQ? [10%%cm?/(GeV?/c?)]
[\V]

€ \¢ i
2 _]
1 g : N
W=-|Py+P,—P, | 1T —t— -
C | N —
—1\/m2c2—Q2—|—2m (E, - E,) % 1 2 3 * 4 0, 1.5 2 25 3
T VN AN S Q? [GeV/c?] W [GeV/c?]

Phys.Rev.D 107 (2023) 11, 112008
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L LA AL B L BELENL L BN N LA DAL ILENL AL BN BRI N

[ +Data I +Data

= b=
© [ mSignal 1 Q [ mFitSignal ]
. g 3rm@v, CC Background 1 & 3 @Fit v, CC Background
N OVA . P re d I Ct B (X ) % I .dJutside Kinematic Region] ,%_; . @Outside Kinematic Region]
. m ﬁ  @Non v, CC 1 ﬁ , :_|:|Non vy CC |
. g g
* NOVA uses a CVNv,, Classifier to 5 e |
identify v,,CC events " Tl
o o . o 1. '_:,1_2:_ .
* Classified using GENIE, reports what S N T
type of interaction it was g _ 8°'85‘<L ]
* Remove events consistent with CCQE SV Ao e
+ . . 71 |D CCTC |D
or Coherent t* production, since
those would only have nt%s through ome ] e[ o]
FSI £ 0.3 [ Proton 1 £
0 .nj—' | oo3f
 THEN, use a CCrt@D classifier, and fit =t s |
resulting distribution to data in order 5 5|
to determine signal and background o Boi|
fractions 5 E
* Test on identified protons and 2" i 2"
photons in the data = T e -
B R 4T 0 2 a
Phys.Rev.D 107 (2023) 11, 112008 ccroD ccroiD

. . . * =
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Why is measuring Hadron Energy Difficult?

* What could you measure
about final state hadronic system

* Do you track charged particles  Kinetic energy e
SO you can measure their total — T
kinetic energy? ) A
* Can you distinguish between ~0 —
+ —+ 0 U
p, t, T, W -~ Total energy ™

 What about neutrons,

do you see those?
E)(amp|e from MINERVA at r|ght’ 0 5 10 15 20 25 30 35 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) # Fermilab YORK [
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Neutrino Observables: what should x. be?

* 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:

(remember, W is virtual) -9%=Q? =2 EV(Epl — P,COS eu) — |\/|M2

e Estimated Energy transferred to the nucleus = 0 = Ehad

* 3-momentum transferred to the nucleus: Q2+002=q32

. . . * =
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Neutrino Observables: what should x. be?

* This picture comes from electron scattering: B FIREHE
. astic
electron beam (energy E) comes in, scatters, j\/N%EEP R
you measure the outgoing electron energy A “OUARKS®
distribution (E’) at some angle, and w=E-F’ o w
e MeV, 6=36", q,;=332.9 MeV/c E=560 MeV, 6=60", q,,,=508 MeV/c 50 E0MeV, 6=145°, q ;=795 MeV/c
/g [ T T T T T T y ] /g 50007 T T Ty T T T /g : w\ T T T T T
> 600007 1= > ool |
S s0000f I B! G 400;
£ 40000] 1 & 3000} | 300 .
S 30000 1 = 2000 S 200] :
S 20000F g S | |
~~ — — ~~ 1000_ ~ 100_
«5 10000 15 y - I : N
% 0.4 % ""01 02 03 04 0—%2 03 04 05
w (GeV) w (GeV) w (GeV)

16 August 2023 Phys. Rev. D 94, 013012 (2016) Experimental Neutrino Cross Sections # Fermilab UYNQRHK ' 18
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Neutrino Observables: what should x. be?

* Translating this picture to Neutrino Scattering

Initial and Final

-
N

) S
E=560 MeV, 0=60°, q,,,=508 MeV/c Electron energy and 3
~s000F " g&, : = 1.0
g lo.s¢ angle define a 3- C
2 4000} - £ S
Cha! 1, Mmomentum transfer g os
S 3000} | 3
E/ L _O. g 0.6
S 2000( 4 For neutrinos: ®
% i 10 g 0.4
3 1ooof L True Energy
© o -+ transfer: o o2
True 3-momentum 0.9

16 August 2023

transfer: Q?+m?=q5?
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Phys. Rev. D 94, 013012 (2016)

Graphics courtesy R. Gran

8[-lines W = 938, 1232, 1535 MeV 4

n dofdq dq, (10 cm2/GeV?)
-3 GeV neutrino + carbon
- GENIE 2.8.4 withreduced n

.olll]llllllllll

0.2 — 0.6 0.8
true three momentum transfer (GeV)

VVVVVVVVVV
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What does the Data Look like in this space?

* Look at inclusive sample of

events as function of
energy AND momentum
transferred

* Showing event
distributions, but cross
sections were extracted

* Cross sections were also
extracted from these
distributions

* Unfolding this was tricky!

M. Ascencio et al,
Phys.Rev.D 106 (2022) 3, 032001

6 September 2022

true energy transfer (GeV)

-
N

- do/dq dq, (10°° cm¥/GeV?)

-t
(=]

[ GENIE 2.8.4 with reduced ©

—_—
_—3 GeV neutrino + carbon qo VS . | q3 |

10° Events / GeV?
I
o

n
o
T

0.00 <q,/GeV <0.20
POT Norma |

—Total (MnvTune-v1.2)

-Total (MnvTune-v3)

2p2h

Other

l‘l ] -i_._ .

0.20 < g,/ GeV < 0.30

data/ MC

OO = - -
o o s
T™T T

o
- s +o
bo o0 2. .. e 4 L ] A
Aa L. ‘ 3

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

¢

0.8[lines W = 938, 1232, 1535 M
0.6f
0.4f
0.2
%80 02 04 06 08 1.0 1,
QE true three momentum transfer (GeV)
60 . . :
0.30 < q,/ GeV <0.40 0.40 < q,/ GeV < 0.60
P
[
9 40E
2
c
o
>
i
-ne 20F

0.1 0.2 0.0
Reconstructed available energy (GeV)

0.1 0.2

5
(=]
T

10° Events / GeV?
n
o

0.60 <q,/GeV <0.90

0.90 < q,/GeV < 1.20

data/ MC
OO = = -

oa'oo'oi\)lb
T T

g 1.4'0
1.2p4sg L2282
2

= 1.0B-=2 SO L A e e
® 0.8F
(1]
T 0.6F ° 1 3 .

0.0 0.2 0.4 0.0 0.2 0.4

Reconstructed available energy (GeV)
D. Harris, MINERVA: Results and Propsects

00 02 04 06° 0.8 00 02 04 06 08

Reconstructed available energy Ge
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What about using lepton kinematics alone?

Data POT: =3.30e20 MINERVA Preliminary

N
o

* Since it’s hard to model
hadron energy resolution at
low E; 4

t

10°

* |f hadron energy was very
small compared to muon
energy (QE interactions),
maybe you could use muon
momenta (py, p;) as a proxy K
for E, and Q°?

* Example at the right:

Reconstructed p (GeV)

10°

10

Lines of constant E, .
[3,7,11,15,19GeV]

. 2 0 L
Lines of constant Q qge 2 * @ ; L R - e 1p? (Ge\ﬁ0

[0.01,0.1,0.4,0.8,2.0,4.0,6.0GeV?] D. Ruterbories, FNAL W&C March 2017

. . . * =
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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

* 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 heard from Stephen Dolan why this is a problem, but it’s still an

observable 5
— — Ep)? —m? +2 — Ep)E
* Justdon'tcallit EQF — Mo — (M b)” — my, £ 2(my ) ay
true energy if 2(mp — by — By + py cos Hu)
you are 2 _ E 2
scattering offa  WQE = 2E,"(E, — py cos6,,) —my,,

big nucleus!
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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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MicroBooNE: Looking at TKl in 2 dimensions

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

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

e Putin different

interaction models
G21 hA 6pT<0.2 GeV/c

Transverse
Plane

G21 hA 6pT >0.4GeVic

see if your procedure T osE QF Vi _r T
icti -RES -DIS 5 | -RES -DI
eXtraCtS predICtlonS « § 0.3~ i MicroBooNE Data E; 0.05 i MicroBooNE Data
from gé’ 025 gg}n%igape Unc) 58 004l gé:tn%iléape Unc)
50 2

the new model B 02 S o003
or the one in your S 015 2 ol
unfolding matrix °€ 0.1 ~°"§E-001—

| 37 0.05 © '

arXiv:2301.03700 SR S
0 20 40 60 80 100 120 140 160 180 % 20 40 60 80 100 120 140 160 180

16 August 2023 dauy [deg]

dau. [deg]


https://arxiv.org/abs/2301.03700

“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 nuc

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

': VA : - =+ GENIE Nominal
g Il o-FS! Non-interacting
I p-FSI Acceleration
p-FSI Deceleration
n-FS| Absorption

—— MnvGENIE-v1

do/dp (cm?/GeV/c/nucleon)

0 0.2 0.4 0.6 0.8
P, (GeV/c)

16 August 2023
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eon momentum

14 Momentum Distributions

==NUWRO Spectral (Benhar-
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Current Cross Section Measurements

* Quasielastic-like (“CCOn”) Cross sections
* As function of lepton kinematics
* As function of lepton AND hadron energies
e As function of “transverse variables” (come back tomorrow!)

* Pion Production Cross Sections
* As function of lepton kinematics
* As function of pion kinematics
e As function of Q% or W, or even “transverse variables”

* Inclusive Cross Sections
* As function of lepton kinematics
* As function of q, and g5
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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?
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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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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

CC 1wt Production
CC 17® Production

CC Shallow or Deep
Inelastic Scattering

Rare Chanels (v-e,
coherent scattering)

16 August 2023

Vu
Vu
Ve

Ve

CH
H,O

H, He, C, Pb
Ar
Pb

Experimental Neutrino Cross Sections

6o

'huppv

Observable (x,,)

Lepton Kinematics

Q2 Number of

Dimensions
qO S q3

Proton Kinematics
Pion Kinematics

Transverse
Kinematic Imbalance
variables (many)

“Neutrino Energy”
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't only we could measure a cross
section on H first...
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Using what you've learned to see H by itself

* Remember this plot from Stephen’s talk?
* Consider antineutrino QE-like scattering:

* Vytp-o>ut+n
* If you have a

plastic target,
you have Cand H

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

e Use nuclear effects
to isolate H!

16 August 2023

Perpendicular Plane

\
\
e
.
v e
\
50 l

Reaction Plane
Target Nucleus
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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

B CCE
| QELike CCQE
| QELike Non-CCQE '
- i c
I Non-QELike £ 4,500
& 4,000
. o
CCE Signal o 3,500
© ’
— —QE Fit 2000
>
i | 3 3 L 1 s500
2 QE Validation 1,000

500

Non-QE Validation
Non-QE Fit
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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_75 _

Buckground: QELike 2p2h
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0
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Background: QELike CCQE (on C)

QELike Resonant Event Rate

0
~25 de()(
25 _ =50 K
Ggp(deWee) %0 75 100—1005 6o

Background QELike Resonant
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Events / Bin

‘/\')'/\9'>‘/‘7‘)‘)'/\— Non-QE and mesons
6/9@64@@@6;9@ e
245\ o0 & \@\@6 7% )|  QELike CCQE

QELike non-CCQE
~ 21 I Non-QELike

~~<1— CCE signal
— QE fit
= 1 — QE validation

4

o

Validating the Background Prediction™.

< Non-QE validation

» PO e
?@@@i—.ﬂ‘/’iﬂfi)‘_ Non-QE fit

X1(T)3 . 3 25
3.0 QE validation = B QE Validation
E: 4 ’ s pigls T MINERVA Data —— Model w/ Stat. Unc.
2.5 : o gl B ~—— CCE Hydrogen -+ QELike CCQE
E o B « QELike 2p2h - =« QELike Resonant
2.0k = | g 1,55 QELike DIS Non-QELike
1.5:_ " 2 |
- 1.0 T ¥ '
| s
- 0.5l
0.5 '__ ...... : :
0-0- S——— 1 R 0_0-1 i ‘2“"‘--'.‘ - 1 e e ot I kbl
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Q. (GeV/cy Q2. (GeV/cy

* CCQE is the dominant background. Small 2p2h, inelastic (absorbed), and Non-QELike contributions. The
fitted model are well constrained by data.

22 August 2023 K. McFarland, CC Elastic Scattering on Free Protons @ MINERVA J€ i YORK '
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Another test: Neutrino Beam

3 25

3 -~ v CCE Region

s :

o

T 151 +

3 ST —
1.0_ :::_‘ + ...... H‘l—]—c +
0.5} 1. . .“\
0 O— . | - R aad _A L T 7L wLiTe .--¢ SAR £ s A
1072 10 1 10
Q:; (GeVicy

Ratio to Model

V,tn-ou +p

2.5 :
[ v QE Region |
2.0 i
0.5F ‘ .............
YT T P e A s
L 10” 1 10
Q2. (GeVicy

* 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 Y QELike 2p2h - == QELike Resonant
3.5 fcr*ﬁ 150 QELike DIS Non-QELike
3.0F T | |
2.5F 1.0F
2.0 r
1.5F 0.5
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0.0 e T itz 10 10~ 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 i e - Systematic uncertainties from

B s residuals of background subtraction

i Particle responses in the “other”

i category, dominated by neutron
10} - _|I — systematics.

3 S

- = Y

i l Fr'—“ Always
102 bt s 2 2 33eal . - P N 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
Deuterium Fit
..... BBBA2007
..... Dipole M,=1.014 GeV/c® |
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Summary of these two lectures

do(x)  (NGom) = B(Xm)) Une
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 Uncertainties

* Cross section

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

Events/GeV/c [arb. norm.]

16 August 2023

B QE
7 [ 2p2h
v == NONRES
B/ (I RES
0
b T
s 4
/A/A/
700
ez : :
0.5 1 15 2

= 77)QE

S

AN — NoNRES
/// S S

o %%%%%: 7 RES

aw T

N

|\ U

S | Vi~

era

~

B2

C

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

LIJ |
04 06 0.8 1 12 14

piue [GeV/c] _
Expernnenar veuu v Ciuss secuuis P # Fermllab UYNQIR{SIKE ' 41

UUUUUUUUUU



