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— What is MINERvVA?

— Why Measure v cross-sections?

— Recent Analysis Results.

Flux Constraints
Charged-current quasi-elastic scattering
Deep inelastic scattering on different nuclei

Nuclear effects in neutrino-A

- Summary and Outlook
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s Dedicated neutrino-nucleus cross-section experiment running
at Fermilab in the NuMI beamline.

s Has performed detailed

study of neutrino

interactions on a

variety of nuclei.

s Using Low Energy

Neutrinos

s Visualized with a
fully active, high
resolution detector
and large statistics
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Detector Capabilities

4 Good tracking resolution (~3 mm)

s Calorimetry for both charged hadronic particles and EM showers
s MINERVA detector's hadronic energy response was measured using a dedicated
test beam experiment at the Fermilab Test Beam Facility (FTFB)

s Timing information (few ns resolution) - untangle multiple v interactions in same
spill, decays

s Containment of events from neutrinos up to several GeV (except muon)
s Muon energy and charge measurement from MINOS

a Particle ID from dE/dx and energy+range
s But no charge determination except muons entering MINOS
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Why is MINERvVA Needed?

Rev. Mod. Phys. 84, 1307-1341 (2012)
s Existing data between 1-20 GeV el e ] e

limited:
s Mainly bubble chamber data
s Wide band neutrino beams
s Low statistics samples
s Large uncertainty on flux.
s Limited target types
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Quasielastic (QE) Resonance

WIN2017: June 20, 2017

— .

tion

e

V Cross sec




Why do we care that the
cross-sections are poorly known?

¢V oscillations:
— We are now in a period of precision neutrino oscillation measurements

1.27TAm3, L

)

— Note oscillation probability depends on E
- However Experiments Measure E___

(vu disappearance
example)

P(v, = vr) = sin®(2093)sin’ (

- E_._depends on Flux, ¢, detector response, interaction

multiplicities, target type, particle type produced...
— E . _notequal to E

— Appearance Oscillation Measurements:
- Large O , and CP violation - systematics important

- Need to understand backgrounds to v_searches:

MINERvA Energy Range

¢ Need Precision understanding of Low energy (Few GeV) A & Vpe cross sections to
improve models.
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Why do we care that the
Ccross-sections are poorly known?

DUNE CDR, arXiv:1512.06148
50% CP Violation Sensitivity

0w

[ DUNE Sensitivity E CDR Reference Desig

[ Normal Hierarchy -u imized Des
8[ sin’20,, = 0.085 P e

[ Sll'lzﬂ23 =0.45

[El We are now in a period of precision
neutrino oscillation measurements

7
e E Can't ignore systematics
6 R uncertainties
[‘H 5 = 5%@0%
= [E Systematic errors due to neutrino
1l
4

interaction cross sections are a large
fraction of the error

ll]lIIIIIIIIIIIIIEIIIIIIIIIII

[E Need better models (generators) based
on high precision data

E - Enter MINERVA
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~2X exposure!
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Data Collected and
Expected Sample Sizes

Both ME and LE running :
- LE > 3.98x10*°POT

§ 21
= ME > 1.22x10°" POT Beam Power: Beam Power:
| LE = 250kW. ME = 650kW.
10° Neutrino Flux 1 AE+21 : _
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Day in the Medium Energy Run

LE data taking completed in 2012 (v and v) _
Since 2013 running in ME mode, 20/02/17 started v
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s Statistical errors are expected to be small.

s The total error on absolute cross section measurements
will be dominated by the systematic error on the determination
of the neutrino flux:

R - + oV, +tA—=U+T" +A
Example: Coherent  _ x0®VutA—>w+17+A ~ o2 !

* production %y Frorhemama O A eneoynesponse hux
4o . o et S 1.8 — interaction Model —— Sideband Model
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Flux: Our v Beam (NUMI)

I a

£y (Allows easy
v energy tuning:

i LE&ME)
Hadro , Absorber
Prod. Decay Pipe
‘ Horns

(Future addition of 4** Muon

Muon Monitors Monitor to study tail of ME beam)§

\Target -
g /T : | R L /L i 1{“
— > +-—r -~
R 5m < 18 m
10m 30m «———— ' Hadron Rock  12m
675m Monitor

— Magnetic horns focus pions and kaons, which then decay into muons and neutrinos

— Good measurements of the production of pions and kaons are critical inputs to a
precise flux prediction
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New flux Prediction Incorporating
Existing Hadron Production Data

Aliaga et al., PRD94 (2016) 092005

NuMI Law Energy Beam 0n1e
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E§ Y= Neutrino Enargy (GeV)
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O o 0 12 14 16 T8 20 ® Update to NuMI beamline simulation
eufring Energy (Gel)
@ Includes:

@ Focusing uncertainties

® Hadronic interactions

@ Beamline absorption

We expect ~5% errors for the ME
with the addition of constraints
from in situ measurements |
@ And used the following hadro-production data to
constrain the simulation: |

@ Thin target pion production (NA49)
@® NuMI target pion production (MIPP)
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Additional Flux Constraints:
v — e Elastic Scattering and Low-v

A \

e~ i «v - low hadronic recoil energy
VA do A[l N Bv C v * A, B, and C depend on integrals
_— _— f .
. Py . dv AE A 2 Ef over structure functions

» Gives a measurement of the
flux shape

Park et al., PRD93 (2016) 112007 L. Ren et al., PRD95 (2017) 072009
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~100 events in LE sample ~6% flux constraint Flux is normalized to extracted inclusive cross section from
(in situ measurement - confirms previous external measurements at high neutrino energy

hadro-production flux constraint)
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v(v) CC Quasi-Elastic
Scattering (CCQE):

¢ Used as the “Standard Candle” disappearance signal channel in many oscillations

experiments:
¢ Assumed to be a “clean” experimental signature
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v & QHCCQE: Comparison to
Models

CCQE v CCQE v
H QQQE = —-m.I_Q + QE:?E(EI — 1,?E? - m%cosﬁg) Hn
54 MINER VA Preliminary ¢ v Tracker — CCQE o4 MINER VA Preliminary e V Tracker — CCQE
22 =} dam NuWro RFG M,=1.35 2.2 E 4 data NuWro RFG M,=1.35
W 2 - —— GENIERFG M,=0.99 - NuWro RFG M,=0.99 + TEN 2 - —— GENIERFG M,=0.99 - NuWro RFG M,=0.99 + TEM
= 18 NuWro RFG M,=0.99 NuWro SF M, =0.99 W 18F NuWro RFG M,=0.99 NuWro SF M,=0.99
< i = =
m 1 .6 - m 1 _6 =
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o 126 i ! o 1.2 I NI el S
e 1 - = e oo £ SR N 1
= 1 = 1:—11-:,_’—1—\
o 08 - o 08F
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0_4;— 1.5<E, <10 GeV 0_4;— 1.5<E, <10 GeV
02—l el - 0.25 sl e
102 10™ 1 1072 10’ 1
2 2 2 2
Q (GeV?) Qe (GeVY)

Both results prefer models with interactions involving multi-nucleon
clusters - More later

M, = 1.35: Fit to MiniBooNE data

TEM (dotted): Transverse Enhancement Model NuWro: Golal, Jusczak, Sobczyk
— Empirical model based on electron scattering data arXiv:1202.4197

GENIE: Independent nucleons in mean field

SF: More realistic nucleon momentum-energy relation
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v & VHCCQE: In 2D!

V.

PP, Cross Section
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CC v Cross Section Ratios: A-dependence

¢ Neutrino Oscillation experiments need a unbiased measurement of the true neutrino energy:

¢ Different Experiments use Different Heavy Nuclear Targets (need mass!):

@ Carbon, Iron, Lead, Water, Argon, etc.

¢ Nuclear effects are not small in neutrino scattering:

@ EVisible # ETrue and Interaction Rate

¢ Neutrino interaction models do not simulate these effects well

& More data is needed to improve models

250 kg 500kg
M | Liquid He Water

Active Scintillator
Modules

v v
A e S i NI S

Close-up of
MINERVA
Target Region

.5” Fel.5" Pb
161kg/ 135kg

3”CI1”"Fel1”Pb 0.3” Pb
166kg / 169kg / 121kg 228kg \
- //" I
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e L TEd ] T I T LTI
"7 (Example g
- from data) /@ ANy e NN EESRRRIIEEEE HERREEERE]

MINOS matched Muon

G. Zeller
(Requiring a MINOS 51_4
match somewhat T1.2
o I HTE i / HIRNNRNNEEN B% reduces our energy 5
> w0 . .
i ﬁ\\ . coverage - If sign of & 1
ol | \ b |[l.  muon not critical can ui0.8
n ™ , userange and extend 5o.6
2" . our coverage) 0.4
104 H
. 1 £0.2
-E--‘i —I2 6 é 4‘ EI EI1‘U1|21|4 1‘51‘82‘02‘22‘42‘62‘83‘03‘23‘43‘53‘84‘04‘24‘44%4‘35‘05‘25‘45%5‘35‘0EI25|4EIEE‘87‘07|27|47IE7I88‘08‘28‘43‘58‘39‘09‘29‘4QIEEIIWEIIUEIIZédE‘IElUIE‘:UJ\Z%d : G o M B I\
. Module # ‘
E, (GeV
¢ Event selection: (G

¢ Muon must be matched in MINOS Near Detector
¢ Vertex in passive nuclear target

E, = E.u + Fyyq (Muon momentum and charge from MINOS ND + Sum of visible
energy, weighted by amount of passive material)

¢ Muon angle needed for other kinematic variables:
QE
2Mv

DIS sample: Q* > 1.0 GeV? and W > 2.0 GeV
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CC DIS Inclusive: X

¢Divide C, Fe, Pb cross sections by scintillator (CH) cross section
¢ Each nucleus divided by a statistically independent scintillator measurements
¢ Scintillator measurement is specific for each target type: use the
same transverse area
¢ The ratio of cross sections reduces errors by factor of 2 (~5%):

Mousseau et al., PRD93 (2016) 071101

. do, do®M . dot, do®M . dof?, do®t
Ratio of =—: =— Ratio of =—: =—— Ratio of =—: =—
1 67 dx ~ dx 13¢ dx ~ dx 13r dx ~ dx
15F 312420 POT C ICH E 3120420 POT 3.126420 POT
" /1
I NOT Isoscalar Corrected 1.2|—NOT soscalar Corrected NOT Isoscalar Corrected
1.4F
P - z 11 z
O % O | X - | O X
o] S ]
_8 ko) 5 Ee) 3 ©
~ ~ 1 ~
Q o = o
%‘% u%% :::””" T s T T n-.g% 097 | ™LA\
b re/CnH “I I Fp/LH
o 0.8 0.8
0.8F =4= Data i =4 Data i == Data
- = Simulation i ?Simﬂlation ‘ i ‘ii‘Simt{Iation ‘
cooc b e b b T T T Lo TR P PRI R ! v e b P b T T T
060 01 02 03 04 05 06 07 060 01 02 03 04 05 06 07 060 01 02 03 04 05 06 07
Bjorken x Bjorken x Bjorken x

« Deficit at low x in Pb indicates additional nuclear shadowing than presently in models
(Genie 2.6.2) needed
« As function of EV(@LE): No tension between MINERVA data and GENIE simulations
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icl
2p2h effect

pion’ Production
There are possible shprt range v interactions occur INSIDE the nucleus:
correlations and medium range |

correlations:

¢ Scattering off a pair of correlated
nucleons - 2p2h effect
AND...

¢ Produced particles have to exit out out of
the nucleus to be observed ‘

¢ Final state interactions (FSI)

¢ Long range correlations - RPA effect
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Nuclear effects in neutrino-carbon o
Interactions at low three-momentum transfer

® The observed hadronic energy in charged-current v, interactions is combined with

muon kinematics to permit separation of the quasi-elastic and A(1232) resonance
processes:

-
N

F doldq,dq, (10™ cm?/GeV?)

_—3 GeV neutrino + carbon

- GENIE 2.8.4 with reduced ©
-o~lines W =938, 1232, 1535 MeV

Ev — E,u- 4o

-
(=]

Q*=2E,(E,—p, cos0,)—M?

1L
QHZ\/Q2+9‘§

S S
e »

true energy transfer (GeV)
o
(=)

S
N

Q‘IIIIIIIIIIIIII

0.8. -

: | 1 1 1 L 1 L L I 1 L L I '] L 1
0.2 0.4 0.6 0.8 1.0 1.2
true three momentum transfer (GeV)

® We observe a small cross section at very low energy transfer that matches the
expected screening effect of long-range nucleon correlations.

® Additions to the event rate in the kinematic region between the quasi-elastic and A
resonance processes are needed to describe the data.
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v, Data in the (q, - q,) Plane

Rodrigues et al., PRL116 (2016) 071802

—
[ |

% 6 0.0< qngeU <0.2 0.2 < qa.n"GEU <0.3 03 < qﬂ.:"Ge"u" < 0.4
Q t+ Data MINERvA 3.33x107 pot
°é 4 GENIE 2.8.4: RPA/2P2H models:

] — QE Nieves, et al. {HII
. — Delta PRC 70, 055503
< 2 —— 2p2h PRC 83, 045501 {

2 — Total

S

ol g 0.4<q,/GeV<05 0.5 < q,/GeV <06 0.6 < q,/GeV < 0.8
<

s 4 l*”I ||++ i o

W

o + by

B 2
o

© m

0.2 04 0.0 02 0.4 0.0 0.2 0.4
Available energy (GeV) =q,

Eovail = Zp and 7+ K E. + total energy of all other particles except n

= =)
o

¢ Adding in models RPA (a charge screening nuclear effect) and
2p2h processes improves agreement in some regions, but not all...

(Phys. Rev. C 83, (2011), Phys. Rev. C 70, 055503 (2004), Phys. Rev. D 88, 113007 (2013) (Valencia Model))
¢ Note: Excess in similar kinematic region to excess in anti-neutrino CCQE

WIN2017: June 20, 2017




Now Add Re-weighted
2p2h Contribution

(Fit a 2D Gaussian in true (qO, q3) as a re-weighting function)

«10°
80! 000 < /Gev <020 | 020<q /Gev <030 | 0.30< g /GeV <040

(Does not effect e preliminary

i ==== Mominal QE
true QE or 60 <=~ Nominal Delta

resonant production) 40! e Tol
20-

— A WO
0

— Pl W Deltn
0. 0.40 < q /GeV < 0.50 | 0.50 < ¢ /GeV < 0.60 | 0.50 < ¢, /GeV < 0.80

= Hedt il 2p20
* MINERvVA LE data

60 .: S o

40 -

20¥
80 0102 0304 00 0102 03 0400 010203 04
Reconstructed available energy (GeV)

# of Events

Nice Agreement!
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Data to Model Comparisons

¢ Current and future accelerator-based experiments requires
accurate prediction of the neutrino energy spectrum.

¢ Poorly modeled nuclear effects for the QE and A processes, or
absence of an entire process such as interactions with correlated
nucleon pairs will result in an inaccurate mapping E_ - E .

¢ These data from the MINERVA experiment exhibit a process with
multiple protons in the final state, such as those predicted by
scattering from two particles leaving two holes (2p2h), with energy
transfer between the QE and A reactions (Valencia Model).

¢ Also, the cross section at low energy transfer is small:

¢ Consistent with the effects of long range nucleon-nucleon
correlations, such as those computed using the Random
Phase Approximation (RPA) technique.
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Conclusions

s MINERvA will and has precisely studied neutrino interactions in the 1-
20 GeV region:
- s Using a fine-grained, high-resolution, detector

s Using the high flux NuMI beam in multiple energy configurations.

s MINERVA is improving our knowledge (and models) of:
&V - Interactions
s Neutrino cross sections at low energy, low Q=

s A-Dependence in neutrino interactions (Targets He, C, Fe, Pb and
H O)
2

s These results will help resolve longstanding discrepancies between
experiments and will be important for minimizing systematic errors in
oscillation experiments.

s More results are forthcoming (ME Results)!
s Increased kinematic coverage (W and Q?)
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Minerva has performed the first precise measurement of the
antineutrino cross sections E_ <4 GeV.
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Neutrino Oscillation Studies
and Pion Production:

¢ Pion backgrounds to v_oscillation searches:
- CC v, events with n° and "lost" n
-NCrv +N-v +N+a

- Stopping charged n's

¢ Hadrons can interact with nucleons before exiting the nucleus:

Final State Interactions (FSI)

¢ Need a good and reliable prediction of pion spectra exiting the

nucleus.
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1/(T®) dN /dT, (cm?MeV/nucleon)

« nt spectrum is affected by FSI
« FSIreduces the cross section due to
pion absorption
« Cross section is over-predicted by GENIE
« Shapes agree with GENIE

(Phys. Rev. D 92, 092008 (2015))




Pion Production: Neutral Pions
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v, CCQE
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& VHCCQE: Results
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« These new results use our updated flux prediction

and supersede our previous published results:

Phys. Rev. Lett. 111, 022501 (2013)
Phys. Rev. Lett. 111, 022502 (2013)
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