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The way we were: 2013
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* MINERVA published charged-current quasi-elastic cross section v,

(

) results vs. Q2 for both muon

on carbon-based scintillator

e Data

and

with our simulation (GENIE 2.6.2, relativistic
Fermi gas model), hinting at additional

e How can we ?




The MINERVA Experiment
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- Around 3x102° POT of v, and 10%° of v, data
at peak energy around 3 GeV (this talk)

- Since 2013: taking data at peak energy
around 6 GeV

- Fully-active scintillator detector, designed
specifically to measure cross sections
- Located in Fermilab’s NuMI beam line

Area normalized Vi flux

0.12
—— MiniBooNE
0.10
—— T2K SK (no osc.)
0.08f —— Nova (no osc.)
0.061 —— Minerva
0.04+
0.02}
0-005 1 > 3 4 5 6

P. Rodrigues, Fermilab wine and cheese 11 Dec 2015
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The MINERVA detector
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The MINERVA detector

Elevation View
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The MINERVA detector
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The MINERVA detector

Magnet allows
reconstruction
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The MINERVA detector

Nuclear targets allow us to

study
dependence
Elevation View
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Quasi-elastics at MINERVA

Neutrino scattering v+n—u +p
vV beam ‘ ™ U_

To MINOS

Antineutrino scattering v +p— " +n
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Quasi-elastics at MINERVA

Neutrino scattering v+n—u +p

TIPS p —
v beam —

To MINOS

Antineutrino scattering

vV beam

-m----------} S
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@ Good energy and angle reconstruction (but
misleading if not true CCQE)

@ Charge reconstruction eliminates wrong-sign
background

@ Limited energy and angle acceptance due to
geometry

@ No information about hadronic system and what
happens near the interaction vertex

m?g—(mn—Eb)2—mi—|—2(mn—Eb)Eu
2(myp—Ep—FE,+p, cosb,)

EYE =

QéE — 2E9E(Eu —pucosb,) — mi



Quasi-elastics at MINERVA

Neutrino scattering v4+n—u +p
- @ Good energy and angle reconstruction (but
IR 98 R o R B p misleading if not true CCQE)

~ 7 INEN @ Charge reconstruction eliminates wrong-sign
vV beam ‘ . H background

@ Limited energy and angle acceptance due to
geometry

@ No information about hadronic system and what
happens near the interaction vertex

To MINOS

@ Provide information about post-FSI hadronic
system

@ Neutrino mode only (for true CCQE)
@ Harder to reconstruct (confusion with pions etc)

Antineutrino scattering

vV beam 7
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Quasi-elastics at MINERVA

Neutrino scattering v4+n—u +p
- @ Good energy and angle reconstruction (but
p | misleading if not true CCQE)

Charge reconstruction eliminates wrong-sign
background

@ Limited energy and angle acceptance due to

TIPS

v beam e

To MINOS geometry

No information about hadronic system and what
happens near the interaction vertex

Provide information about post-FSI hadronic
system

Neutrino mode only (for true CCQE)
Harder to reconstruct (confusion with pions etc)

Antineutrino scattering

vV beam 7
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Antineutrino mode only (for true CCQE)
We can count them...
...but not reconstruct their energy

PO 5 OB ©
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Quasi-elastics at MINERVA

Neutrino scattering v4+n—u +p
- @ Good energy and angle reconstruction (but
p | misleading if not true CCQE)

Charge reconstruction eliminates wrong-sign
background

@ Limited energy and angle acceptance due to

TIPS

v beam e

geometry

No information about hadronic system and what
happens near the interaction vertex

To MINOS

Provide information about post-FSI hadronic
system

Neutrino mode only (for true CCQE)
Harder to reconstruct (confusion with pions etc)

Antineutrino scattering

vV beam 7

EFEEEEEEEEER

Antineutrino mode only (for true CCQE)
We can count them...
...but not reconstruct their energy

PO 5 OB ©

IIIIII
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@ None in true CCQE but may be produced by FSI
or from RES interactions. Can mimic protons.



Our strategy

—
N

[ ratio modified model to default GENIE
:—3 GeV neutrino + carbon

- lines W = 938, 1232, 1535 MeV
8[-lines Q° = 0.2 to 1.0 GeV®

-
o

e
(=)

o
sy
llllllllllllll

11y

2p2h enhancement

)
Y
S

)
2

®

c

® 0.8
ot

>

o

1~

@

c

(7]

)

3

b
ot

e
V)

e g
0.4

0g—ois (V

RPA suppression

o

M P PR I S T
0.6 0.8 1.0 .
true three momentum transfer (GeV)

1.5<p /GeV <20 20<p /GeV<25 25<p /GeV <3.0

30<p /GeV <35

35< pHs'GeV <40 40<p /GeV <45 45< pH:'GeV <50

x2 x2 x2

50<p (GeV<6.0

x2
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6.6 <p, (GeV <80 8.0 < p,/GeV < 10.0 10.0'< p,/GeV < 15.0 15.0 < p /GeV < 20.0
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H
0
0 1 2 0 1 2 0 1 2 0 1 2
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- Update GENIE with multi-nucleon N/
effects ‘g o
- Use latest NuMI flux

I Figure courtesy Z. Pavloviél
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Phys.Rev.Lett. 119, 082001 (2017)

4 tracker modules between each target

Helium Target

Fiducial Mass .
0.25 tons




Multi-nucleon correlation effects

Correlations can be ® ®
e
. Bodek-Ritchie tail to RFG Vi v
- Included in our default simulation \
\ Meson exchange currents (MEC)
°® ®e
b <
\
. or

Random phase approximation (RPA)



Multi-nucleon eftfects:

beyond the Fermi Gas model

Electron-scattering experiments found that,
approximately 20% of the time, electrons scattered from
of nucleons instead of single nucleons.

90% of these pairs consisted of a proton and a neutron.

E=560, 0=60"

090 : {i ! }} [] Single nucleons
= 4000 i/ } ! L o B [ P-p
3 / * Hi. R. Subedi et al. Science, 320(5882):1476-1478, 2008
= 3000 #/ { 0
3 ;. 2 particle
- A 13
G 2000 / \
‘5 ./ Quasielastic

1000

. Q | i ﬁ ‘
| S 1 S | S (¥ S - @
- E'-Ee=qq (GeV) \

Adapted from G. D. Megias, NuFact 2015 2 hole

The CCQE hypothesis if scattering from correlated pairs

The final state may change as the partner nucleon is ejected ( )



true energy transfer (GeV)

Looking at multi-nucleon processes

Simulation with GENIE v2.8.4

Nucl.Instrum.Meth.A614 (2010) 87-104

—
N

- do/dq dq, (10 cm/GeV?)

— 3 GeV neutrino + carbon

- GENIE 2.8.4 with reduced =
—lines W = 938, 1232, 1535 MeV
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To reconstruct those variables:

= total hadronic (hon muon)
energy

Measured calorimetrically, but
“available” energy may not
include neutrons.

Il l 2 2
0.8
true three momentum transfer (GeV)
P. Rodrigues, Fermilab wine and cheese 11 Dec 2015

Looking at Cross section in terms of
allows us to separate out interaction types

and

Because of FSI, both resonant and QE contribute to the CCOmt cross section




Multi-nucleon processes affect the

Cross section In this phase space

Effect of IFIC Valencia model 2p2h and
Nieves model RPA on default GENIE 2.8.4
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RPA suppression

- ratio modified model to default GENIE
_—3 GeV neutrino + carbon
- lines W =938, 1232, 1535 MeV
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2p2h enhancement
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P. Rodrigues, Fermilab wine and cheese 11 Dec 2015

o

0.2

2p2h effects such as meson
exchange currents enhance the
Cross section, especially at
higher energies and momentum

transfers

Phys. Rev. D 89, 073015 (2014)
Phys. Rev. D 88, 113007 (2013)
arXiv:1601.02038 [hep-ph]

RPA (screening due to W
polarisation) suppresses Ccross
section at low energy and

momentum transfer
Phys. Rev. C 70, 055503 (2004)



RPA and 2p2h give better agreement

than nominal® GENIE in this phase space

Phys. Rev. Lett. 116, 071802 (2016) GENIE 7 production medified

6 0.0<q/GeV<0.2 02<q/GeV<03| 03<qﬁhV<OA
¢ Data
GENIE 2.8.4:
4 Defaul $H N i
efault } + ‘Nominal” GENIE actually
- +RPA has non-resonant pion
2 — +RPA+2p2h d

production rates tuned to
deuterium and MINERVA

data  prs Rev. D90, 112017
(2014)

.\‘\ 2p2h only
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Available energy =
Qo - neutron energy
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e Adding significantly improves agreement, especially at low energy
e Adding also helps, but it is insufficient in the mid-energy “dip” region

¢ This region also has higher (identified by Bragg peak at >20MeV) than simulation



More 2p2h agrees better still

%1 03 D Ruterbories poster , Nulnt 2017
30! 0.00 < q,/GeV <0.20 | 0.20 < q,/GeV < 0.30 | 0.30 < q,/GeV < 0.40
Nominal Total i I
60/  Norminal Doka
Nominal 2p2h
4 O i : Bzzt f:t Total
sestiat @® VINERVA Data
20 ¢ SﬁritEfgvz:thE data Best fit total
88 _ 0.40 < q,/GeV < 0.50 | 0.50 < q,/GeV < 0.60 | T 0.60 < q,/GeV <0.80 | |t Nominal total
60! Best fit 2p2h
40! Nominal 2p2h
207 . — QE
8 ' : Delta
001020304 0001020304 000102¢03204
Reconstructed available energy (GeV)
o contribution with a 2-d Gaussian multiplier in go-gs space improves the fit

e The increase is due to additional events from np pairs (pp final state)

e Jotal increase is around , but concentrated in dip region between QE and A



Try with antineutrino events

X2 =101 for 37 bins X2 = 86 for 37 bins

Ant-Nevirine, 1.02¢20 LE beam FOT, MINERvA Preliminary Ant-Neutrino, 1.02¢20 LE-beam POT, MINERVA Preliminary

2 2000F t t 04<q/GeV<'08 ® o000k 04<Q/GeV<08
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o . &5 MC Tota ~ f S MC Total
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& 1000} @ 1000f
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Reconstructed available energy (GeV) Reconstructed available energy (GeV)
o event counts also gives an improvement

¢ Available energy is not such a good quantity for v as we can’t measure neutron energy

¢ [his introduces uncertainty when trying to convert to a cross section

R Gran talk & M Elkins poster, Nulnt 2017




Tuning our simulation with the study

results

" RPA weight vs Q2
’*!;)f?\ 1.4 -
k\;’«:, ‘; i) é Y 5 F
e RFG model, kr.=0.221 GeV/c - > = i ]
—— RPA weight s T T -
e BBBAO5 vector form factors » < T ]
, , ) Uncertainty between T i .
* Dipole axial form factor, Ma=0.99 GeV/c?, ———  relativistic/non- § 0.8 .
e Bodek-Ritchie tail for short-range relativistic calculation )
correlations | 0.6[ §
Model uncertainty a P é 3

¢ Rein-Sehgal resonant model compared to muon i O (GoV?

Nucl.Instrum.Meth.A614 (2010) 87-104 Capture data Phys. Rev. Lett. 116, 071 ggzl \(,201 (6) oV

1074

" MINERVA anti-v

. 1+ PPFX gen-2
. S — Unconstrained i
* Valencia IFIC model 3 o _ NuMI flux
5 | woreame 4+ Constrained
. 8 =
) -(;_U?ed to match best fit to MINERVA e GENIE overestimates ‘“E by v-e
ata by 43% Compared tO > 10‘6E Scattering rate
bubble chamber -
ol by I ' . experiments ;S 1_ E
* Scale down accordingly | g °% L —
— R 0 5 30
Phys. Rev. Lett. 116, 071802 (2016) Eur Phys J. C 76:474 (2016) E, (GeV)

Phys. Rev. D 94, 092005 (2016)



Calculating a double-differential cross

section: variables

® measurable
® good phase space coverage

Transverse u momentum (GeV)

¢ physics effects depend on these
¢ pbut reconstruction introduces model dependence

------------------------- 2.0 T
RIUPPRELL e 9 L 1D 2
SR N B S 116 1 Qop = 2EZY (B, — pycos,) —m,
B W SN S PR 1.2 &
----- 8 EQE - mi—(mn—Eb)Q—mi—l—Q(mn—Eb)Eu
I e S H N T S 0.8 o v - 2(mp—Ey,—E,+p, cosb,,)
g <]
o
----------------------------------------------------------- 0.4
2 o
S0 VRIS SO SO SR S SO 0 Qe ~ pr
................................................................. 0.1 =
---------------------------------------------------------------- 0.05 E,QE ~ DI
| ! : ! !
g 10 12
inal u momentum (GeV) E\9E (GeV)

(Formulas for neutrino mode; switch neutron and proton for antineutrino)



Defining our signal: or

What is CCQE anyway”?

We know that a true CCQE event produces a muon and single nucleon, but what about...?

Resonant events where pion is absorbed in CCQE events where FSI produces pions in
FSI, leaving a final state identical to a CCQE the final state?
?
event: n Y absorbed by " @ H
the nucleus _ H . '
_ " | m—— > —Q )
Vi ) O Only neutron \/
AD —_— i and muon proton
v escape: fakes Recoil neutron interacts
pl‘(‘t()ll OF with another nucleon Final-state interaction Pr(‘)dllﬂ"\ a

pion: fakes non-CCQE

To reduce model dependence, and follow the lead of other
experiments, we choose a signal definition that is based on what
we can observe in the final state:

2p2h events with CCQE scattering from a 1 ﬂegative
correlated pair of nucleons? muon

Any number of
nucleons

—8— e
—Q




Signal definition:

the antineutrino dilemma

| e Antineutrino CCQE events have
and little “recoil” energy in the final state

. & But other CCOmt v events (2p2h, RES+FSI) could
ceeessseeseseen o contain protons, which we can detect in MINERVA if
over 120 MeV

¢ \We need a signal that mimics what we can actually
identify, with good acceptance

A4

1 positive muon

Any number of
®e
\ — neutrons

®g /
/7 .‘
/ Only low-energy & &
-

protons (below 120
MeV)

¢ Due to MINOS match requirement, we also require a



Selecting antineutrino events

%10° v QE-like selection (no track cut)
o =
e 25 —+—— Data
g - [ ] CCQE and CCQE-like (signal)
L B [ CCQE-like but not CCQE (signal)
: 20— [ CCQE but not QE-like (background)
e 1 muon track matched in MINOS as - .
B ., D Not QE nor QE-like (background)
e No other tracks 15|
10
S — MINERVA Preliminary

L
15 2 25 3 35 4 45 5
Non-muon tracks
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Selecting antineutrino events
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e Q2-dependent cut on recoil energy

Recoil = total energy deposited in blue area

(10cm sphere around vertex area ignored as it
contains non-trackable low-energy protons)
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Selecting neutrino events

Neutrino events have an
additional track: different
strategy!

N N N AR R S A AR N S SN A AN A A NN NN S SR B S SR SR B
6 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 100 102 104 106 108 110 112 114

RVA Preliminary
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Data POT. 48119 1) Proton score 2) Maximum 1 OT: 3.34E+20 QE-Like && RES
isolated ener ' | QE-Like && DIS
Depends on dE/dx %

- [ QE-Like && 2p2h
deposit , .

and on QZQE - cut P Not QE-Like

loosens at high Q2

0 12 14

02 03 04 05 06 07 08 09 1 0 2 4 6 8 10,
Proton Score Isolated energy deposits

Cheryl Patrick, UCL / Northwestern



Selecting neutrino events

Neutrino events have an
additional track: different
strategy!

3 —— MINERVA Data
3) Michel electrons 4) Reject events with | QELike-QE
. [ QELike-2p2h
recoil energy > |
QELike-Resonant

500MeV QELike-DIS

Delayed electron at
the end of a short
track is characteristic
of charged pion
decay chain : veto it

. . . ; x1 03
0 . 1

Number of Michel Electrons Untracked non-vertex recoil energy (MeV)

Cheryl Patrick, UCL / Northwestern



Calculating a cross section:

1) Select events that pass cuts

bkagd
20 >0 Uagij(Ndata,af — Niata,as)
€i;(PT)(Ax;)(Ay;)

MINERVA anti-v, POT normalized

x10° x1Q°
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- @ QE EQE o 3 ‘e { N in FS o 16 : ) Nx in FS
€ i oIS EJDIS i ; ) 51” S other ; 1.4F ? B other
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muon p_ in GeV/c

1-track 2-track



Calculating a cross section:

2) Subtract scaled backgrounds: v mode

o N ( N _ fbk: gd )
d-o o Zaﬁ UO&BU data,afs data,af3
(1o° Dataand simulation before fit, bin 2 108 Data and simulation after fit, bin 2
o5 —4— Data 2.5
- = Simulation
N Sim. Background -
21— 21— After Fit

[® [® Bkgd fraction = 0.099 =+ 0.005
7] - 2 ul
= 151 e 15f X2/dof. = 31.49/48
: 2|
w w 1H-

Area Normalized

o 01 02 0.3 0.4 0.5 b 01 02 03 0.4 0.5
Recoil energy (GeV) Recoil energy (GeV)

To reduce bias from the simulation’s relative signal and background normalization,
we fit the shape of the recoll energy in each of 5 bins to the predicted shapes of
signal and background to determine the background fraction in each bin



Calculating a cross section:

2) Subtract scaled backgrounds: v mode

For neutrinos, we fit data to the shapes of pr distributions in 3 background
categories to get background scales. (Separate fits for 1- and 2-track samples).

x10°

I MINERVA Preliminary \ Eve ntS W it h

L POT-Normalized
I Data POT: 3.34E+20

[~ MC POT: 3.34E+20 - ". M iChel
electrons

Events with
more than 1
ISolated
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Cheryl Patrick, UCL / Northwestern



Calculating a cross section:

3) Unsmearing

bkgd
2 . _ )
( d-o > o Zaﬁ UO&BU (Ndata,ozﬁ Ndata,aﬁ)
dx dy i GZJ(q)T)(ALEZ)(Ay])
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= L ] il B '70
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o 80~ ] = | | S B eo
s B = 3 . i
Q- 60 el | &8| —50
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(Migration matrix for antineutrino mode)



Calculating a cross section:

4) Efficiency and acceptance correction
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(Plot for antineutrino mode)



Double-differential cross section -

neutrino mode
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(Remember this was tuned to neutrino-mode data)



Double-differential cross section -

antineutrino mode

g x10°° x10°> x10™° x10™ x10™"
| i i 3f |
Q L
73, N 150 <p =2.00 3f 200 <p =250 3} 250 <p <3.00 [ 3.00 <p =350 15f B850 <p =4.00
< I [ * [ i i I
o ' ’é i - 2r i“é" ’Q%:‘
D) ' i 2f >§1 2F — _ — 1 ——
> A [ R g — [ — -
0 1'é — R ¢ @ 8
S s 1P = I+ O @ T = 0.5}
N o [ [ —— ! o ~ =
g L . - @ @ : .
"._Oo""ofs"g'ﬁ'”'i.soo'"'o,'5""1' 75 005 1 s Qo5 .1.5 o051 15
o % -39 -39 -39 -42 42
Ol x10 x10 x10 x10 x10
L) % : [ 0.2F [ [
0-8r 400 <p <500 | | 500 <p =6.00 600 <p <800 |80 800 <p =10.00 40f 10.00 <p =15.00
: “ 0.15} [ i
o6 @ Ll é | : é‘ é ' 60f ’E 30f %
0.4 _E‘ 0'2:- éf: 0.1:‘ | —— 40:_ ZOE —
0.2F 0.1 —@— 0.05F '_Q' [ = [ E=
g @ . o 20/ 10F
0 0.5 1 1. 0 0.5 1 15 0 0.5 1 158 0 0.5 1 15 0 0.5 1 1.5
pT(GeV/c)
—&— MINERVA Data GENIE + RPA

MINERVA-tuned GENIE

(RPA & 2p2h)
- Standard GENIE 2.8.4

GENIE + tuned 2p2h

GENIE + RPA+
untuned 2p2h

Applying the tuning to v mode also improves fit
Untrackable neutrons in final state make this more
challenging

Additional uncertainty evaluated based on whether
additional strength is from np or nn initial states



Systematic uncertainty
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Vertex energy distributions: 2013
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In 2013, the energy
distribution around the
vertex was markedly
different from our
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Vertex energy: 2017
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The tuned GENIE does a much better job of modelling this
distribution, but is there more we can learn?



Vertex energy
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Vertex energy
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Vertex energy
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Model is robust to these variations



Something different:

Nuclear targets

4 tracker modules between each target

3 .

NUC. TARGET 1 NUC. TARGET 2 NUC.TARGET3 WATER TARGET NUC.TARGET 4

Helium Target | — )
Fiducial Mass . Active
0.25 tons Tracker

NUC. TARGET 5
Fiducial Mass
Fe: 161 kg

Pb: 135 kg

5

B

~

Fiducial Mass Fiducial Mass Fiducial Mass Fiducial Mass Fiducial Mass

Fe: 323 kg Fe: 323 kg C: 166 kg 625 kg H20 Pb: 228 kg

Pb: 264 kg Pb: 266 kg Fe: 169 kg
Pb: 121 kg /

Fiducial: within 85 cm apothem of beam spot

l[ron - Carbon (graphite) - Helium
- Lead - Water I:I Tracker modules are polystyrene scintillator (CH)x



Signal for nuclear target analysis

(neutrino mode only)
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One negative muon (nNo angle
requirement but no MINOS
charge match either)



Nuclear targets - event selection

1204——

10—

100

2) Veto Michel electrons

3) Extrapolate common vertex
to nuclear target

4) Muon candidate can
exit side of detector or hit

MINOS
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Calculate using Q? calculated from in quasi-elastic hypothesis

M’ :Mn‘Eb
2 (Z\[/)Z n[2 Z\{,( /) - o
— — 2\4 S 7\4 Eb is the binding energy
Q P + 2 Tp + p Tpis the proton kinetic energy
M is the mass of the neutron
Mp is the mass of the proton



Backgrounds

Scattering from may be o
reconstructed on the targets g 45 + Data Events from
m 4 B Simulation backgrounds with
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T | sim. Bacsa are tuned with a
25F L , aS
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Cross sections

Carbon

v,C—=up
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Coplanarity angle probes FSI

Carbon

4+— Data

— Simulation

—— Sim. w/o FSI

m Sim. Background
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True angle between v-p and v-p planes would be 180° if
scattering from stationary neutron
Both initial nucleon momentum distribution and

smear this
GENIE’s FSI model is not sufficient to describe the smearing, with
the discrepancy increasing for heavier elements



So what comes next?
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Quasi-elastic scattering from nucleons

- A relatively “simple” interaction process Yy, -

- Thereis a n the final state, plus the
recoil nucleon (no pions etc)

- Oscillation experiments can reconstruct the neutrino energy
and 4-momentum transfer Q2 from just the muon
kinematics " P

EQE o m?g—(mn—Eb)2—mi—|—2(mn—Eb)Eu
2 2(myp—Ep—E,+p, cosb,)

/V o)

Qor = 2EY¥(E, — p,cosb,) — m;, - —

neutron
recoil proton

But this assumes scattering from a free, stationary nucleon

Once we know Q?, there is a reliable cross-section model for free-nucleon scattering:
Llewellyn-Smith ( C.H. Llewellyn Smith, Phys. Rept. 3C, 261 (1972) )



Nucleons In the nucleus:

the Fermi Gas Model

In a heavy nucleus, nucleons are

They with the other nucleons
A commonly-used simulation of this Is the
model

- [reat nucleons as independent particles, but

IN a mean field generated by the rest of the
nucleus

- |nitial-state momenta are Fermi distributed
- Pauli blocking

Cross-sections can be modelled by a multiplier
to the Llewellyn Smith cross-section

\()‘\ R. Smith and E. Moniz, Nucl.Phys. B43, 605 (1972); Bodek, S.
N

o Avvakumov, R. Bradford, and H. S. Budd, J.Phys.Conf.Ser. 110, 082004
s’ (2008)



