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South Pole Recap

* Cons
* Temperature

* [solation
* Weather
* Pros
* Only one, but very big one
* Technically nothing can go south over there which makes it perfect for science

‘e_m

and experiments!

.-
| —p—— -
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Recap
* Yesterday we reviewed:

3

The different neutrino interactions

The Importance of neutrino interactions

Some of the challenges for cross section measurements

Looked examples of nuclear effects

Reviewed some techniques to constraint the flux

Minerba Betancourt
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Jorge Morfin, INFO 2015
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Outline

* Building cross section measurements
* Event selection
* Signal and backgrounds
* Unfolding
* Efficiency correction
* Systematics
* Extracting the cross section
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Example: Measuring Differential Cross Section

* Let’s review a measurement from the MINERVA experiment as an example

* We already talk about flux, number of target and number of neutrino interactions,
let’s review the other components

Events Selected

Unfoldi
nrotaing Backgrounds

\ b\kgd

d_U B Zj Uja(Ndata,,j o da,ta,,j
dx

=

Acceptance

Flux Targets
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bkgd
(d_O') B Zj Uja(Ndata,j o Ndatga,j)

Flux dx Ay (PT)(Ax)

— Muon monitors
|F|gure courtesy Z. Pavlovi¢ Absorber
— Decay Pipé MINERVA
orn
Target \
} l/, — | i
‘J_’ -~ B =
Protons in 10m 30m ,_—_—————’/_‘—. Hadron =i Rock 12m RRAE
675 m Monitor

* The neutrino flux is hard to calculate and an important source of systematic
uncertainty

* We have a prediction for the flux with uncertainties about ~8%

NuMI Low Energy Beam

Corrected Flux

Vi

Y . . . . . . . ... oee-e-eesssssessassssssssssssssses

0824 6 8 10 12 14 16 18 20
v energy (GeV)
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MINERVA Experiment

— Elevation View MINOS ND magnetized
Side HCAL
Side ECAL .
QO =
3 g S 3
HIE £3 3| o ]
- Q - o
& >5 glg Active Tracker E ‘gt £ ; & §
HE g Region S| 85 53|22
3| |2 5 LALTTL 38 T8 @‘c  Thanks to MINOS
— g — (]
@ z 15tons | 30tons g é
Side ECAL 0.6 tons
Side HCAL 116 tons
— v
— < 5m »e—2 M —>

3 different rotated plane views to
resolve high multiplicity events

Design, calibration, and performance of the MINER
Nuclear Inst. and Methods in Physics Research, A, Volume 743, 11 April 2014, Pages 130-159
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bkgd
(dO’) . z] Ujoc (Ndata,j o Ndatga,j)

dx Ay (BT (Ax)

Selected Events

* We make a selection based on the topology of the event
* But all we can measure is how energy is deposited in the detector
* We use our physics knowledge to infer what patterns of energy deposition
correspond to our process, but it’s not easy
* Different processes can produce the same final state particles
* Different initial interactions can produce the same final state particles
* Some particles or configurations are difficult to detect (examples: neutral

particles, two particles traveling right on top of one another)
* Even after our selection cuts, we have some background events that pass the cuts

* In the case of Quasi-Elastic scattering, what are we looking for in the detector?

2= Fermilab
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do\ 2 Uja (Naata,j — Nyntn )
dr ). Ay (®T)(Ax)

Signal and Background

* Signal event: an event that matches what our analysis is looking for, regardless of
whether we manage to identify the underlying process

* Background event:is an event that passes our analysis cuts, but which is not actually
a true signal event. These events mimic our signal

n Y absorbed by

the nucleus _© e
w- A
2 @

L s G o
"™ :

Background event :VQ

neutron

escape: fakes

O

* Other processes like the resonance interactions produce pions, but these can be
absorbed in the nucleus (final-state interactions), faking the signal
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9  Minerba Betancourt



Simulations

* We use Monte Carlo simulations (GENIE) for the analysis GENIE
\\:r“f/

Neutrino Interaction Simulation steps -

v, |

Vv
Neutrino interaction modelling can be
broken-up in the following 4 pieces :
\ ZW
f_____"‘If_"__"“lf____“‘lf______ﬂ
| | | | |
Pa P ! | | / g
S ONAL | ! '{\f 1
| ‘:. \¢/ | | | ) \ N
| @ @ I III'-, x‘\‘ |
| /| | | A
| nhuclear model |primary interaction, | hadronization | | intranuclear |
| (cross section) | | | ~ hadron
| | | | ) | transport |
e o . o e Y e o omm o % om e o — . —— . —
Costas Andreopoulos, Rutherford Appleton Lab._
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Signal and Background

* We identify the particles

* Measure properties of those particles

* Momentum, angle and energy

do\ X, UpaNaway —~ NI )
dz )., Ay (T (Ax)

m2 — (mp — Eb)2 — mi -+ Q(mp — l?b)l?'u

. n
Neutrino Energy L=
03 Statistical Errors Only
1.6 MINERVA ¢ ¥V Tracker — CCQE

—
~

ents / 200 MeV

Vv

O\ ¢

~
|III|II

o
N

Signal
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B B R B iR
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CCQE

CC Resonant

—

POT Normalized
1.01e+20 POT

2 4 6 Y 8 ------------------------
Reconstructed Neutrino Energy (GeV)

o
O

_—

2(my, — By — B, +p, cosb,)

Background

We use Monte Carlo simulations (GENIE) to
determine the background levels, but this is
not enough, most of the time the models do
not reproduce the real data
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do\ 2, Uja Naataj = Nyt )
L Ay (T (Ax)

Signal and Background

* We identifies the particles 1]
* Measure properties of those particles 7 o —
* Momentum, angle and energy {4 T 1y

* Using the muon momentum and angle, we can compute the four momentum

transfer 2

2 2
Q* = —mi +2Eqp(E, — pucosbpu) g o= (my = Ey)” = mj, + 2(myp = By) By
or 2(my, — Ey — E,, 4+ p, cosb,)
* Let’s concentrate on describing how to measure the differential cross section as a
function of Q2 «10°

Statistical Errors Only

MINERVA ¢ Vv Tracker — CCQE

2

CCQE

1

Selected events s

).6

CC Resonant

Other

).4

POT Normalized

).2 1.01e+20 POT
% 0.5 1 15 2

Main background from
Resonant interactions
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Background Prediction

().

- 22 Uja (Naata,j — Ngadd )
N A (@T)(Ax)

We know the Monte Carlo models do not reproduce the real data
Data is used to constrain the backgrounds
Data driven background fit methods can reduce model-dependence
An example from a MINERVA background constraint:
* Taking the shape of the signal and background distributions in the Monte Carlo

simulation

* The relative weights of each of t
combination that best matches t

Looking at the sideband region he

region
25 MINERVA Preliminary ® VCH — CCQE
1.8
1.6F
- . — 7V, CCQE
1.4F MCI Slgnal —V: non-CCQE
1.2;—

1'_

0.4

0

Non-Vertex Recoil Energy (GeV)
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o‘. s PERAIT G g

0.8~ Sideband
0.6

Signal

B T B v
Reconstructed Q? (GeV?)

2

Non-Vertex Recoil Energy (GeV)

nese distributions are varied until we get the
ne shape of the data

ps us to constrain the background in the signal

23 MINERVA Preliminary ¢ VCH — CCQE
1.8
1 '6;_ MC, — ¥, CCQE
1.4 —— ¥V, non-CCQE
- background g
1.2
1=
0.8~ Sideband
0.6
0.4f
0.2' Signal
00 0.5 1 1.5 2

Reconstructed Q? (GeV?)
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Example of Background Constraints

* We obtain weights for each bin of Q?

x10°
1.6 MINERVA ® ¥V Tracker — CCQE
1.4
=2 Q2_ < 0.05 GeV?
= 1.2 After Fit
o Bkqgd Scale = 1.02 + 0.03
- i 9
l‘-—" -
()] 0.8 nl —+— Data
3 YL E== Monte Carlo
..5 0.6 E' Background
'E N
S 0.4f
& -
- fLr“"dA‘-»v,.,,
[ SR R |~
% 100 200 300 400

Recoil Energy (MeV)
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500

MC Background Fraction Scale

o\ XU Ny — N
dx A(OT)(Ax)

(0

Background levels are estimated by fitting recoils distributions

1.4
1.3
1.2
1.1
1
0.9
0.8
0.7

0.6

MINERVA ® v Tracker — CCQE

!

0

P BT BT I BN M T P B B
02 04 06 08 1 12 1.4 16 1.8 2
Reconstructed Q7 (GeV?)
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Background

* Background are very important part of the analysis
* This part of the analysis is where we spend most time in many analyzes
* To compute any cross section we need to remove the background

* Our simulation has some predictions for the background, can we just subtract the
background?

* Remove the background as much as possible and we must constrain the remaining
background

Events Selected

Unfolding Backgrounds

\
(da) B D> j Uja (N dvataaj c?%fij

dx / \\ .

Acceptance

Flux Targets
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Background Subtraction

Nbkgd )

data,j

dz

* After the background is constrained with data, we subtract the predicted
background contribution from each bin of the desire quantity we want to measure

Selected sample with background

20 x 1 03 Statistical Errors Only
% '2 E_MINERVA Preliminary ® v Tracker — CCQE
O -
g 1.8 f_
S 1.6 —
; 1.4
¢ ®
E 1.2 11 —— Data
g 1 ~— Monte Carlo
B Data Bkgd
L 0.8 g
0.6 ;—
0.45 POT Normalized
- 9.42e+19 POT
0.2
oL L

v b by by Ly PRSI TSI RIS AR ST SR
0 02040608 1 121416 18 2

Reconstructed Q2 (GeV?)
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Events / 0.05 GeV?

(&), = = i

After background subtraction

—
N

1.2

1

0.8}

0.4}
0.2}

e b by by P PP D S I
0O 02040608 1 12141618 2

0.6[

X 1 O3 Statistical Errors Only
-MINERVA Preliminary ® v Tracker — CCQE
—+— Data
== Monte Carlo

POT Normalized
— . 1.01e+20 POT

EETIR T |

Reconstructed Q2 (GeV?)
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Unfolding

dz

bkgd
(dO’) L Zj Uja:(Nda,ta,,j o Ndafa,j)

Ao(®T)(Ax)

* We can’t measure (or reconstruct) events with perfect precision, so we will always

reconstruct some events into the wrong bin

500

400

300

200

100

::‘Fj

True
distribution

500

400

300

200

100

Reconstructed (smeared)
distribution

* This has the effect of smearing out the features of our true distribution

* Correcting for the effects of detector smearing, which causes some events to be
reconstructed into the wrong bin. The goal is, when presented with a smeared

distribution, to recover out true distribution

Cheryl Patrick, MINERVA 101
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Unfolding

[

d_a
dx

).

32 Uja (Naata,j = Ngaga )
- Ao (2T)(Ax)

* We want to know, if an event is observed in bin j, what bin did it really happen in?
In other words, what’s the probability that an event observed in bin j actually

occurred in bin o?

We can use our Monte Carlo to infform a migration matrix indicating what fraction
of events generated in each bin & were observed in each reconstructed bin |

If we've done a good job with our initial reconstruction, the matrix should be close

to diagonal

In addition, if we chose bins that are too small compared to our resolution. This is

also a problem because the matrix is not as diagonal

18  Minerba Betancourt

Cheryl Patrick, MINERVA 101
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do . Zj Uja:(Ndata,j - Nss;?j,j)
. Ao (®T)(Ax)

Unfolding

* Example from Quasi-Elastic scattering

e - 80 ©
= 10 &)
m - 70 € Diagonal
Q i —
3 . corresponds to
|= 8_— —60 g events
- oc reconstructed in
) 50 4= . :
61— (o]
i c
: ¥
4_— 30 ©
i o
i 20 L.
2_
i 10
- N B T S
O0 2 4 6 8 10 .
Reco Bins

* To get the unsmearing matrix U, we must invert the migration matrix

Cheryl Patrick, MINERVA 101
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(d_0> _ 22 Uja(Ndata,j — Nnin )
Efficiency Correction a Ao (2T)(Az)

* A measure of how often we select signal events
* Inefficiency comes from reconstruction and detector geometry

number of signal events after event selection

£= : :
number of signal events in Monte Carlo

* An example from detector acceptance

Some analyses require muon track to
be matched to a track in MINOS.
Events where the muon exits the side
of detector will be rejected

Outer detector
Beam

Inner
q

detector

MINOS

2= Fermilab
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d_U o Zj Ujoz(Ndata,j - Ncli):fj,j)
de )~ A, (@T)(Az)

Efficiency Correction

* Unfolded distributions are normalized by efficiency, flux and proton number to
produce final cross section

x107° MINERVA ® ¥ Tracker — CCQE

1 — E 20 —+— Data
o oof MINERVA ® V Tracker — CCQE o 18 B Monte Carlo
e F E 16
g % R
O 0.7/ > 14
= - Q
w 0.6 l:'__'J__ 12
*8 05 NE 10
€ 0.4f e - 8 {
-E - o O 6
o 0.3 ]
) g — =, 4
S 0.2 B i
< o1f y © 2 .

- | | | APEPE PR B B BN B . . o = = e . o e e

OD 0.5 1 15 > 0[] 02 04 06 08 1 12 14 16 18 2

2
QEE (GeVz) QQE (GE“Z)
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Systematic Uncertainties

w103 MINERVA ® ¥ Tracker — CCQE
S 20E- —+ Data
5 18 B= Monte Carlo
§ 16
od [
- 14
m L
§ ol
€ 10 !
L 8 ]
] 1
SR _
] 0.4 MINERVA ® ¥ Tracker — CCQE
Pﬁ 4 1 .E‘ = Total
o 2 = A e Statistical
...I...I...I...Iml—l—l—l-'-l—v—v—!—v—l—l— .E GBE ;quIH st ii
0 ~0204 06 08 1 12 14 16 1.8 2 ¢ 03  Muo e ruetion
2 (GeV?) c T Hadron Interaction
QQE( € = 0.25F——— Primary Interaction
© Other
c 0.2
9O
C o 0.15
Flux uncertainties ©
Tl 4 T | e e SCGREEEETEEEEEEEEE
Muon Reconstruction Uncertainty —a g5E ,
pe— T I | | 1 | |
% 02 04 08 08 1 12 14 16 18 2

Q7. (GeV?)
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* Data do not agree with some models

2{:-:""‘1 0%  MINERvVA ® v Tracker — CCQE
c F
E 18:_ + data
E 16 — NuWro RFG M,=1.35
S 1 KN NuWro RFG M,=0.99 + TEM
> 12k ——— NuWro RFG M,=0.99
8 = — GENIE RFG M,=0.99
= 10 .
NE - ———— NuWro SF M,=0.99
s °F
w 6
oy O -
E 41~
B 2 15<E <10GeV
© D: ] A L L L A L A 5
0 0.5 1 1.5
2
Q7 (GeV?)

Comparing with Models

Phys. Rev. Lett. 111, 022501 (2013)
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Ratio to GENIE

MINERvVA ® v Tracker —+ CCQE

« data
—— GENIE RFG Ml=n.95

NuWro RFG M,=0.99

——— NuWro RFG M ,=1.35
..... NuWre RFG Mfﬂ.ﬁﬂ +

— NuWro SF M_,l=ﬂ.99

1.5<E, <10 GeV

| 1'1::r1 1
2
Q7 (GeV?)
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CCQE Signal Definitions

® Old CCQE measurements:

® Signal is defined as an event in which the primary interaction is quasi-elastic

(regardless of the final state particles) \/

® Incoming (anti) neutrino energy between |.5 and 10 GeV

® New definition for future CCQE measurements:

® Signal is defined as CCQE-like, no pions in the final state
® No cut on the neutrino energy

® Why do we change the definitions? CCQE-like is more clearly defined from an
experimental point of view, depends less on the models

2= Fermilab
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CCOpi Neutrino Event Selection and Signal Definition

* New Selection requires a cut on non-vertex recoil energy, events above 0,5 GeV
are removed

* Track pions and protons; select events based on particle identification

* Look for Michel electrons at later time to remove events with pi+

420246080021 16 18 20 22 24 26 28 3 32 34 3 3 40 42 44 45 48 50 52 54 56 55 60 62 64 66 68 70 72 74 75 78 80 B2 84 85 8 9 82 84 85 9 100102104106108110112114

* Signal definition:
- QE-like: defined by particles exiting the nucleus
- Any number of nucleons of all energy
- No pions, heavy baryons etc

- Additional constraint: muon angle <20 degrees because of the MINERVA-MINOS

acceptan ce
2= Fermilab
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Muon Transverse/Longitudinal Momentum vs Q%/E,

e Decide what to measure:

- Observables with less model dependence as possible

‘ ‘ ‘ £ . M%—(Mp—Eb)z—Mﬁ+2(Mp—Eb)Eu
R AERRRIE e VQE ™ 2(My-Ep—E,+P, cos(6,))

-———- =
------- ==
- 1
.
——
-
-

--\\,‘,—' ‘:‘ ________ ‘-'-‘ """"" ‘:‘“ """"" | | ‘ “.-‘ ------- Q(ZQE — ZEv(Eu - P;t COS(HM)) _ M!%

-
-
-
-
-

e R Sl
-
----
’—
‘—
-

' e L R L I T IE li ll olill
[y e m == L]
P e
-
-

0’
e \ ‘- - \ : '.
l' '1 |‘ 1 ] ‘I N 1 '
'l' ' ‘I _______‘l ________ Jemeeeeea |l_ ________ I| --------‘. ______ &\ 2 PT
Lammm=mm == [
] "__“ ll ‘l . l. |l I. > ~y
' | ' ‘ ' &
1 ' ' 1
[ ! 1 1 1 ~
1 ' W
g
o

e S R S U A T Ev~Pz
) S T S S USRS SR SO S
Ozl.llJlLliJl:l...:|...'.|...l|...‘.|.
0 2 4 6 8 10 12 14

Transverse u momentum (GeV)

E\9E (GeV)
Longitudinal y momentum (GeV) ———
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Examples of Measurements with different Signal definition

CCQE

%x1073% MINERVA Preliminary ® ¥ Tracker — CCQE

20
18
16
14
12
10

t data
——— NuWro RFG M, =1.35
........... NuWro RFG M,=0.99 + TEM
NuWro RFG M, =0.99
GENIE RFG M,=0.99
— NuWro SF M,=0.99

do/dQ2,_ (cm?/GeV?/proton)

8
6
4
2 1.5<E, <10 Ge 10 x10° x10°*°
Vv
1 1 1 1 1 1 1 1 1 1 3k o GeV/c
O ] ] _+_ Data of 1.5<pI <2GeV/c 2<pI <2.5GeV/c 3 2.5<pI <3 Ge
0 0.5 1 1.5 2 § $
2r oF
Q2 (Gevz) = Simulation {
QE .
15 1 1 e
°
IDhyS Rev. Lett. 111, 022502 (2073) 8 05 1 T 05 1 T 05 TS
c
a <10 <10 x10°%
O 0.6
C\; 15 3.5<pI <4 GeV/c 1 4<pI <4.5 GeV/c 4.5<pI <5 GeV/c
8 ' 0.4}
0.5F
0.2f
) 0.5
|_
o . ;
CCQE I = k CCO = k] Q 0.5 1 1.5 Q 0.5 1 1.5 ® 0.5 T T5
=lIKe= [ =
p = 10 . 2x10’39 107 X107
B 0.3k 5<p, <6GeVic 6<p, <8GeVic 80F 8<p, <10GeV/c 40F 10<p, <15GeVic
o )
© i 60 30k
0.2f
40F 20F
0.1 20k 10F
% 05 T T5 Q 05 T T5 Q 05 T T5 ® 05 } T5

Transverse pM(GeV/c)
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CCOpi using the Proton Kinematics

* Q?is reconstructed using the leading proton from the event (different from the
muon kinematic Q?)

* Using the QE hypothesis and assuming scattering from a free nucleon at rest
QF = (M) — M2+ 20M(T, + M, — M')

» Measurement: differential cross section as a function of the proton Q?

2 8 8 3 8
) ) —

‘.

Signal (CCQE-like):
Events with one muon, no pions and at least
one proton with momentum> 450 MeV/c

-~
o
|

Strip Number

e & B8 8 8 & 8
L 1T T T T T

TIITITITann ehdtiiitiiit bl tiali it hdthtiin CCOpi measurement on scintillator
Phys. Rev. D. 91, 071301, 2015

CCOpi new measurements on Iron, lead and Carbon
arXiv:1705.03791

* Proton information allows to test FS|I models

Module Number

2= Fermilab
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Reconstructed Muon Q2 vs Proton Q2 (Plastic)

» Comparing the Q? reconstructed from muon kinematics and the Q? reconstructed
from proton kinematics

2.2¢
2 Tracker
—~ 185 —e— FsI =
— -0
E i'j; —e— NOFSI “ -5
e -0—O-
\-/= — -@- —.——.—_.__._
e 1.2 _._::—_ o ®
"g [ R o
= 1 o e
s
£ 08E I
— 0.8 — _‘;;._
= P ° :‘:‘
o 0.6  ** ¥
- - 2l
02F
Og‘io“;llllll|||||||I|||IIIIIIIIIIIIIIIIIIIIIIII
0 02040608 1 12141618 2 2.2

Q (GeV?)

QE-like,muon

GENIE simulation

Qi%,adron — (M/)2 _ M}? + QM/(TP + MP o M/)

2
muon

= —mi +2Eqe(E, — p,cosf,)

* Q? from proton kinematics is affected by final state interactions

29
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Another Example for background constraints

* Multi SideBand Technique to constrain the background
* Q?is reconstructed using the leading proton from the

muon kinematic Q3?)

* Using the QE hypothesis and assuming scattering from y

Q% = (M')? — M2+ 2M'(T, + M, — M)

%103 v, Tracker - 1 p
> - MINER VA Preliminary
<) 12— s POT Normalized
- n PS 3.04e+20 Data POT
M —
s 10~
E B
§ 8 } D QE-like
= B esonan
- ol D Resonant
a | Jos
4 - ‘J—l_L— l:l Other
21
= :
0 B L 1 ! ! | | | ] } . | — . \
0 0.5 1 1.5 2

Reconstructed Q éE | GeV?)

* Select four consecutive sidebands outside of the signal region

0.6

0.5

0.4

0.3

0.2

0.1

Unattached Visible Energy ( GeV)
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0.6 E" ...............................................................
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0.3 f— S A s T R TTTI eeen
02 ;""S':i-;l;;--(;-z- --------------------------------------------------------
0.1 e S R e L
:‘Silgnalllllllllw
00 0.5 1 1.5
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Reconstructed Qf)E p( GeV?)
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Different SideBands

- For each sideband, extract weights that force the data and simulation to match perfectly

- Background factors for each sideband

31

Events / 0.14 GeV 2

«<10° v, Tracker — " p x10° vy Tracker — ' p x10° v, Tracker — ' p
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S e 2.5
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4? [ . [: Resonant 3i g_!—l_i_ ‘:] Resonant 2} i|—’T ‘:] Resonant
- 1 [ Jois - [ Jos - P [ Joms
3= [ | other L [ | other 15— ] Other
I £ - - .
2 * B > r‘_L— 1=
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Reconstructed Q f) Ep (GeV?)

v, Tracker — 1" p ¢ MINERVA Preliminary

Reconstructed Q f)E » (GeV?)
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2 L ey —
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Extracting the factors

» Take all the sidebands from one bin of Q?and make a fit to straight line
- The fit extracts scale factors simultaneously for RES and DIS

v, Tracker — 1 p ® MINERVA Preliminary _ Vg Tracker > pe Q2[0.46 - 0.59] GeV 2
1.6~ sideband1 E"E -
- B sideband?2 E 45_ y= 0.52 + 0.98x
g 1'4__ sideband3 %)Zg 3.5 Xz/lldf= 2.86/2
< — & L
= _ ideband4 -
s 121 + sideban XE i
S i 5 -
@z B .
A . 25F
3 - <+ . -
5 L e [ 2
S 0.8 M R | -
g [ s o P
R o TR TR AN BRI SRR ATRTAT R R
0 0.5 ] 1.5 2 0.5 1 1.5 2 2.5 3 3.5
Reconstructed Q f) by € GeV?) Nort otmer ! Nrer'
slope = DIS scale factor
y-intercept = Resonant
scale factor
Jt :
3¢ Fermilab

32 Minerba Betancourt



Background Scale Factors

- Extracting scale factors for each bin of Q?

v, Tracker — 1" p ¢ MINERVA Preliminary

2.5
B Resonant
. . DIS + Other
S 2
() |
b3 |
g |
@ 5= T
8 |
N B b
-g B FHH e ®
=) ) e
S N ¢
)
8l B
Q |
g 0.5:_. ........................... [ [N i .....................
s A
—I | 1 | | | l | l | | 1 | 1 | 1 | l |
00 0.5 1 1.5 2

Reconstructed Q f)E ( GeV?)

- Example of the scale factors we apply to the simulation before the background

subtraction )
2= Fermilab
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Effect of 2p2h and RPA

* Comparisons of differential cross sections with different simulations no 2p2h, 2p2h, and
2p2h+RPA

10X 10°% atleast one proton above 450 MeV 10 10°%° atleast one proton above 450 MeV 10X 107 atleast one proton above 450 MeV

9 = —— GENIE 2p2h+RPA 9 = — GENIE 2p2h+RPA 9 =5 ——— GENIE 2p2h+RPA

s F e E e F

S SF e GENIE 2p2h S S8k SR GENIE 2p2h S 8F SR GENIE 2p2h

) - ) - < -

E 7E — — GENIE NO 2p2h E 7E — —. GENIE NO 2p2h NE 7E — —. GENIE NO 2p2h

z o Z OF 2 OF

g 5 L sk Iron g 5

S 4 5 S 4 Lead

S 3E S 3E Y 3E

2 e g T

< - @ - ) -

3 f 3 B 2
It I I
0 = 0 - P P | 0 = P IR [
0 0 02 04 06 08 1 12 14 0 02 04 0.62 0.82 1 12 14

Qf,(GeVZ) Q (GeV?)

* There is an A dependence in the 2p2h model
* Most of the RPA suppression is below the proton threshold 450 MeV
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Comparing with Generators (GENIE vs NuWro)

* Data prefers the simulation with final state interactions

16X 10°%° atleast one proton above 450 MeV
= : MINERvA Preliminary % Data
S 14 306e+20 DataPOT —— GENIE 2p2h+RPA
Y B
S 12F - GENIE 2p2h+RPA NO FSI
E — — NuWro 2p2h+RPA
> 10
3 N
S
= C
5] -
< oF
g F
= I
Ub -
= 2
ok
0
16 10°° atleast one proton above 450 MeV
: MINERVA Preliminary —¢— Data
"g‘ 14~ 306e+20DataPOT — GENIE 2p2h+RPA
D -
S I2F -.-.-. GENIE 2p2h+RPA NO FSI
E r — — NuWro 2p2h+RPA
> 10
3 r 7\
a~ 8- N\
E E /) Iron
~ 6 — *
N —
O [
B 4
& N
o) u
= 2=  ER
0 C 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1
0 02 04 0.62 0.82 1 12 14
Q}(GeV?)

* The A dependence in NuWro
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16X 107°° atleast one proton above 450 MeV
E MINERVA Preliminary —¢— Data
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2 4
ﬁb -
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14.6/5
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11.1/5

Phys.Rev.Lett. 119 (2017) no.8, 082001

seems to be more favored by the data
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ve CCQE Measurements

* Led the first electron neutrino CCQE analysis:

* CCQE-like definition: any number of nucleons,
but no other hadrons allowed in final state

MINERVA

Absolutely normalized (3.49 x 10%° P.O.T.)
Data: inner errors statistical

Simulation: statistical errors only

—4- Data

Simulation

—
A}

—
o

(10 cm2/ GeV? / nucleon)

zlpdf—B?SIP 0?7

0 0.2 0.4 06 0.8
2

Q¢ (GeV?)

Phys. Rev. Lett 116 (2016) 081802, Jeremy Wolcott’s PhD thesis
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Identification of Multinucleon Effects

* Inclusive CC double differential cross section in qo and g3

- qo is calorimetric hadronic energy and gz is the three momentum transfer

Q2
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where Q? is the four momentum transfer squared

EV:E,LL_I_qO

= 2E,(E, — p,cosf,) — M,

From electron scattering

Adapted from G. D. Megias, NuFact 2015
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Similar measurement for neutrinos using
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the hadronic system and the lepton
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Phys. Rev. Lett. 116 (2016) 071802
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Nuclear Effects at low Three Momentum Transfer

38

Default nuclear model struggles to explain data

GENIE 7v production modified

10° Events / GeV?

0.0

screening effect)) cew
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—— Total+syst. error
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— Delta
Other
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0.2 0.4
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Including more sophisticated nuclear models: (2p2h effects and RPA (a charge

E 7t production modified

10° Events / GeV?

0.0
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Many Measurements

) (cm’/GeV)

d’c
dT d(cosb

MiniBooNEV, CCQE data (CH,)

shape uncertainty

0 3,
m..m

=

:..

S

s_ A

A

,.

GENIE No-FSI

| MINERVA Prefiminary

MnvGENIE-v1-hA2015

I CE

Res
I DIS+Other

2p2h
— MnvGENIE-v1 (hA)
—-e—Data

150

100

50

.‘
i

.
.‘.”..
:...
:,.

‘

20

10r

(uoajonu/saiBap/,wo) “nep/op

7l
i

7777

000 8 A

277977277 NN NN
S

7777 NN\

¢ T2K
— CCQE
Other
¥2=112.83

== 2p2h,
—— RES(m prod.)

T h\_\_ SO

7777 NN

2ot NSO
07777 NSNS

3.0

do.; (radians)

7,
7
7,
?
7,
7,
7
2.5

AN
OO

RN

AN

2.0

AN
AN

z
7
7,
7,
/,
7,
1.5

7
o

0000
S
/S LLLLLL

< «Q ©
— o o

([ .ueipes, uosjonN

jarri

ArgoNeuT, R. Acc

(2014) 012008

!
Q
3
o
b
Iy
Sy
4
T
ﬁ

4

wo)

[T

—— MNDZHD siat+syst

NEUT MC

MimBoone

NOMAD
—— NEUT (binned)

iy

A il

4

i

411.626

TR

T2K ND280,
V1

i

arXi

w e
]

bl

[;wa,. 01] (o

0.5

.
10°

E, [GeV]

10

i fed i gl ‘
1

< ©
o QO
2 <I
T O
5O
o)
O
0
h
=
>
| -
@®
<
=
s
LL]
=
=
0@
N
O
Tp)
O
QN
O
0@
h
=
X
Q]
\'dl
QN
_l

2= Fermilab

Minerba Betancourt

39



As an example of final state interaction effects,
let’s review a couple of examples from pion
production

2= Fermilab
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Final State Interactions

* Final state interactions: Hadrons produced in a scattering interaction re-interact

with other nucleons before they escape the nucleus

* Thus the particles that exit the nucleus my be different, both in type and in energy

from those generated in the initial interaction

* Final states where pion is absorbed can contribute to apparent “quasi-elastic”

scattering
* These effects are big
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Charged current pion production
* Charged pion production

Strip number

VM+CH—>,u_+n7Ti+X

* Neutral Pion production

A

1104

- /
v, +CH— put +7° + X
=/ TOP-VIEW
Th
.____.___,,__.-—-——'-—'_" | iy
] Ll LS v
= Neutrino beam - i
T - " 100
404 - o e 2B . L - L
- 1o

Candidates / 0.02 Score
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Strip number

10
Hit Energy (Me')

-hEl!lA !éﬁ]bl&l‘q 151%2023

Module number

Ey = E; +Eg (Ey determined calorimetrically)
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.
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Differential Cross Section as Function of Kinetic Energy
* Data compared with different simulations including simulation with FSI and without
FSI

0.5 a) v, + CH—=w +7* + X 50: b) VM+CH—>M++71:°+X
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Pion Kinetic Energy (MeV) Pion Kinetic Energy (GeV)

1
(Tq)
o
S

Phys.Rev. D94 (2016) no.5, 052005
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Differential Cross Section as a Function of Q2
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Coherent Pion Production by Neutrinos
* In 1978 the Aachen-Padova measured the v+A—v+A+ 11 for the first time

* In 1782 the coherent production of a TTY in a neutrino interaction was proposed by
D. Rein and L. Sehgal (Nucl. Pays. B223. 1983)

2OOI - 1
! |
(k) + A(p) — I (') + A(p") + 7" (px) =t
% 100+
T . Excess over Resonance
* Experimental signature 2 N

i Theory coherent
TNV .

- Two final state particles [¥+ 110

o1 TYT02) ! 03

- Small transfer momentum to the nucleus, 1 5.t
-CO0S U, e

[t =(q-pm)’ Vo '

> No visible recoil W 7
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Coherent Pion Production Previous Measurements

K2K experiment (CH) <Ey> = 1.3 GeV No evidence for
tree = 2E,(Ey = pucost), , coherent pion production
gree — M2 —m2 +2E,(Mp, — V) — (Mn — V)

> —
§120 o Data (a) E 120 e Data
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* DATA
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.
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T
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Coherent Pion Production at MINERVA

* Two final state particles p* + TT*
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Coherent Pion Production by Neutrinos
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d@w - (I)V X Tn (Aew)z €;

(/

/ Unfolding

Migrations due to

Integrated Flux Acceptance and Efficiency reconstruction effects
5 V,+tA—=uw+at+A :
e o > 0.7 reatininary v,tA->A+u 41t x10°
< () ~ 920
o S osb o 5 3
g 008 :3 0-65 0 BE y
£ oo o 05F o 1 |
e i c : e -
T g §  50F
i QL 03 -, 0 = —15
oozl I B of |
7 0.2F — e ) 305
PR PSRRI SRR USRI RO It e = ; | J = [ — —1
% 246 B8 10 12 14 16 18 20 o1E= 3 .
Neutrino Energy (GeV) g _'_ & 205_ —os
Lo b b by b b b by ey = '
— %010 20 30 40 50 60 70 80 00 e
Pion Angle w/r to Beam (Degrees) T R R T

T ——————
Reconstructed 6. W/r to Beam (Degrees)

2= Fermilab

48  Minerba Betancourt



Coherent Pion Production by Neutrinos

- By selecting low [t| events, MINERVA provides a model-independent measurement of the differential cross-

section for coherent scattering of both neutrinos and anti-neutrinos on carbon

«10%°V,, *+ A — M- +t+ A

0_39\/“+Aeu'+n++A

o~ z<1 — & 02_ MINERVA Preliminary
g E MINERVA PrelJ.mJ.n;jlry b B POT Normalized
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15 : ]
o.5§ of by
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- Data prefer a more forward pion angle distribution and harder pion energy distribution

Phys.Rev. D97 (2018) no.3, 032014
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Present and Future

* We have several experiments studying different neutrino interactions and
making precise cross section measurements

- MINERVA, T2K, NOvA, MiniBooNE,ArgoNeut NOMAD and others..
* Future neutrino oscillation experiment (DUNE) will use new detector

technology

- New targets made of liquid argon

* Several experiments in the lab are leading the effort for the liquid argon
(MicroBooNE, SBND and ICARUS)

Charged current candidate
from MicrooBooNE

"
l)cm Run 5208 Event 5108, February 29th 2016
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Next From MINERVA

* Measurements of quasi-elastic, pion production, DIS and inclusive on iron, lead and
carbon using the NuMI medium energy beam yielding high statistics

* Measurements of nuclear effects for quasi-elastic and pion production with high
statistics
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Ongoing Effort with LAr

* Short-baseline neutrino program at Fermilab:
* Search for a fourth type of neutrino (sterile neutrino)
* Measure cross sections on liquid argon
* Three LAr Time Projection Chamber (TPC) detectors at different locations

arXiv:1503.01520, January 2014
110 m, 112 t

.”' p

3

4\,

.| p -
ooooooo

(, N TARGET

4 / »
(B A SR = wwd e

- g e E —— N\ ——— 13em Run 5192 Event 1218, February 28%th, 2016
= Bt Beam B ' L
ooster beam = 7

AN -

* Liquid argon has excellent resolution for final state
* Provide sample of events with multiple nucleons
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Summary

* Some cross section measurements are challenging because nuclear effects are not
easy to disentangle

* We need to understand the interplay between nuclear effects and cross sections in
neutrino nucleus interactions

* However, cross sections are very important, since they help us perfect the nuclear
model we have in our event generator (GENIE)

* The nuclear model is essential to transfer information from the near detector to
the far detector in oscillation experiment

* Understanding the neutrino interactions with nuclei is vital for precision oscillation
measurements

2= Fermilab

53 Minerba Betancourt



