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Outline

e Neutrino oscillation experiments and coherent pion
production

e CC coherent pion production at MINERVA

e T2K and coherent pion production



Neutrino Oscillation Experiments
and
Coherent Pion Production



Neutrino Oscillation Measurements

mv. 2 v - e We are 1n the era of precision
- V: E—— neutrino oscillation
- At o measurements
V — e Current and future oscillation
V. E—— V; I experiments aim to
Normal Hierarchy Inverted Hierarchy
- resolve mass hierarchy
P - measure CP violation
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Neutrino Oscillation Experiments
and
Neutrino-Nucleus Interactions

e All neutrino oscillation experiments
- must measure neutrino energy E_
- predict the E spectrum, which requires
neutrino-nucleus (vA) interaction models

VA interaction models predict

— Interaction rate as a function of E
- final state used in reconstructing E

« Oscillation experiments use neutrino event

generators (e.g. GENIE, NEUT) — Monte
Carlo simulation of VA interactions

Predicted CP violation effect at DUNE

arxXi1v:1307.7335



Coherent Pion Production

Produces forward lepton and pion while leaving
nucleus in its ground state

Model independent features:

e No nuclear break-up
e Small 4-momentum transfer to the nucleus,

t] = |(py = pu — Px)?| S h?/R*
CC coherent 7" production a background for v,
disappearance

o Affects E, reconstruction
o Important at low-0,,

NC coherent m%production a background for v,
appearance (70— )



Coherent Pion Production Model
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To date, neutrino event generators employed by oscillation
experiments use the Rein-Sehgal model for coherent scattering:

@ Per Adler’'s PCAC theorem,

d J“+

dQ2dyd|t|

_ GEM 2 1—y do(rtA— nTA)
T2 Ty d|t|
E.=Ey

Q?=0

@ Extrapolates to Q> 0 via a multiplicative axial vector
dipole form factor with Ma=~1 GeV

F(Q*) =1/(1+ Q*/Mz)*

@ 7A cross section

e parameterized using ™N scatterin% d;ata
o Falls with increasing |t|: ~ e~ [tIR'/h

@ For CC reaction, correction for final state lepton mass



CC Coherent Pion Production Data
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Past measurements for Evz 2 GeV

Identified coherence by measuring ltl

Agreement with Rein-Sehgal model

« Unable to measure En, ||

o« Found no evidence for coherence
at low-Q°



NC Coherent Pion Production Data
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« Model dependent measurement

_ Can't measure EV, ||

Entries

Phys. Rev. D81, 111102 (2010)
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_ For bare i events, look for excess at low-ejE

o Flux averaged measurement, <E >




NC Coherent Pion Production Constraint
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In the PCAC picture, the CC channel provides a constraint on the
NC channel:

@ Again, per Adler's PCAC theorem,

do™"

dQ2dyd|t|

~ GEM 2 1—y do(nTA— 7TA)
- +

272 Ty d|t| E—E

Q2=0

@ For isoscalar targets

do(ntA— ntA)  do(n®A — 70A)
d|t - d|t|

@ Then

do™ =2 dawo X [.m.c
dQ?dyd|t| B dQ?dyd|t| o

- 2 _ g2
since 2, = 2f%
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Other Coherent Models

e Newer coherent models include
- Berger-Sehgal

e« Based on Adler's PCAC theorem

e Main difference from Rein-Sehgal is A cross section
from empirical fit to 7tC scattering data

- Alvarez-Ruso

e Microscopic model
e Sum of 17 production on all nucleons in the nucleus

e Initial and final state nucleon constrained to the same
state

o gt distortion in nuclear medium

11



CC Coherent Pion Production
at MINERVA
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Dedicated VA scattering experiment

Precision measurements of VA cross sections and nuclear effects at
few GeV EV

Testing ground for the GENIE neutrino event generator
Utilizes Fermilab's NuMI v-beam

Results shown herein from low energy (LE) beam configuration .



Steel Shield
Scintillator Veto Wall

Coherent Pion Production at MINERVA
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« MINERVA has measured CC coherent 7t production on carbon
in its fully active tracker region (CH) for 1.5 <E <20 GeV

e Model-independent 1dentification of coherent interactions by
- resolving vertex activity

_ reconstructing ItI=I(pv—p!~L-pn)I2



Strip Number

CC Coherent Pion Production Candidate

MINERVA Data vp CC Coherent Candidate
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Event Selection: Reconstruction Cuts
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Reconstructed vertex in tracker region (CH)

« Muon reconstructed in both MINERVA and MINOS for P, and charge
« Second reconstructed track at vertex for 63‘5
. Ev > 1.5 GeV: muon reconstruction threshold

. EV < 20 GeV: flux uncertainties



Event Selection: Proton Score
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e Proton Score — likelihood that dE/dx profile along hadron
track 1s due to a proton

¢ V. measurement requires Proton Score < 0.35 to suppress
CC quasi-elastic and resonance background
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Event Selection: Vertex Energy
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Visible energy within a region around the
vertex 1s required to be consistent with a
minimum ionizing muon and pion:

30<E <70MeV
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Event Selection: It
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1

MINERYVA 1is able to reconstruct the 4-momentum

Sideband for tuning background: 0.2 < Itl < 0.6 GeV?
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Events / 0.25 GeV
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Above plots: sideband (0.2 < ltl < 0.6 GeV?) distributions used for background tuning

Sideband sample passes E _cut — minimize sensitivity of background tuning to data-

MC disagreement in E _cut efficiency due to mis-modeled vertex activity
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Events / 0.25 GeV
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Cross Section Calculation
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Systematics: Flux

Flux Prediction Uncertainties:

e Hadron production at NuMI target
constrained by external data (NA49)

« Beam focusing & unconstrained interactions
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Systematics:
Interaction Model

GENIE interaction model parameters

- M RES, intra-nuclear scattering, etc.

Sideband Model

- Accounts for remaining 6_ disagreement in
the sideband after background tuning

Vertex Energy

— Accounts for unsimulated multi-nucleon
effects

- Guided by MINERVA's CCQE results, add a
final state proton to 25% of events with a
target neutron
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Systematics:
Detector Model

GEANT hadron propagation constrained
by external hA data

Detector alignment wrt neutrino beam
Energy Response

- Muon energy uncertainty from
range/curvature

- Pion/proton response constrained by
test beam program
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MINERVA Test Beam

e A scaled-down version of the MINERVA
detector in a tertiary pion beam at the
Fermilab Test Beam Facility

e Constrains the uncertainty on MINERVA's

response to pions (protons) to 3% (3%)

Detector mass model and absolute
energy scale

Scintillator optical model
Photomultiplier tube (PMT) model

energy response / incoming energy

energy response / incoming energy

e
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e
2]

e
3)]

0.5

- EH positive pions

by

0.4 06 _ 08 1.2 1.4 1.6 1.8
pion total energy = available energy (GeV)

0.7 EH negative pions

0.4 06 _ 08 1.2 1.4 1.6 1.8
pion total energy = available energy (GeV)
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MINERVA CC Coherent Cross Sections: E
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At few GeV, the cross
section from MINERVA
data is smaller than the
prediction of the Rein-

Sehgal coherent model as
implemented in GENIE
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MINERVA CC Coherent Cross Sections: E:rc & Gn
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MINERVA data for
coherent scattering
exhibits harder and more
forward pions than the
prediction of the Rein-

Sehgal coherent model as
implemented in GENIE
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MINERVA CC Coherent Cross Sections: Q*

_ 30><10'39 Vp+A > W+ T+ A _ 30><10'39 Vp+A > U+ T+ A
= [ MINERVA - DATA o [ MINERVA - DATA
Q - 3.04E+20 POT — GENIE v2.6.2 Q - 2.00E+20 POT — GENIE v2.6.2
S 25 — Berger-Sehgal S 25 — Berger-Sehgal
S 7 S 7
% C % B
g 20 g 20:
E 15 E 154
O O
8G 10 .g‘ g 10
5t 5t
0:||| 0:||| Pa—
0 01 02 03 04 05 06 0.7 08 0 01 02 03 04 05 06 0.7 0.8
Q? (GeV/c) Q? (GeV/c)

MINERVA data can also test PCAC models'
(e.g. Rein-Sehgal) extrapolation from Q” = 0:

F(Q?) =1/(1+Q*/M%)* My~ 1GeV
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T2K and
Coherent Pion Production



T2K

Super-Kamiokande

Number of Vv, candidate events

2

o

J-PARC
Near Detector 280 m

Neutrino Beam

295 km

o} o0
T T

e
T

0

L & ’_'_l_ 4
o odlsaigrziI

L) 1 L) | L) 1 1 1 I T 1 1 1
—+— Data
Best fit .
77777 Background component-

Fit region < 1250 MeV

LAAd

A4l
se¢

fis

500 1000 1500  >2000

Reconstructed neutrino energy (MeV)

Phys.Rev.Lett. 112 (2014) 061802

J-PARC/Super-K off-axis
neutrino oscillation
experiment measuring

v =V and v —vV
B ! B e
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T2K & Neutrino-Nucleus Interactions

Phys.Rev. D91 (2015) 7,072010

Source of uncertainty v, CC 1, CC
Flux and common cross sections

(w/o ND280 constraint) 21.7%  26.0%
(w ND280 constraint) 2.7% 3.2%
Independent cross sections 5.0% 4.7%
SK 4.0% 2.7%
FSI+SI(+PN) 3.0% 2.5%
Total

(w/o ND280 constraint) 23.5%  26.8%
(w ND280 constraint) 7.7% 6.8%

T2K relative uncertainty (10) on the predicted
VM CC and v CC oscillated event rate

Neutrino-nucleus interaction
model uncertainties are the
largest source of systematic error
for T2K's oscillation analyses

ND280 data used to constrain
event rate as predicted by the
NEUT event generator

SMRD
UA1 Magnet Yoke

Downstream
ECAL

Solenoid Coil

Barrel ECAL
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Events Data/Sim.

Data/Sim.
(]

Events

—_
(=
(=
S

409_ CCln*-like Sample
- Nominal MC
S00F Fitted MC
209_ . Data
100 .
o SO
1.2
U{F +4+++++’r HﬂJr JrJr +:f Jﬂrﬁ P ]L J{ Jﬁt i Hj[j( Jfﬁﬁ
>5

Muon Momentum (MeV/c)

1000F  CCla-like Sample
I Nominal MC
i Fitted MC
500 B e Data

[

= ':;o._-'mc;

;--"$+++++H+ +++++"'++

~ o7 08 — 09"

1

Muon cos(0)

800

600

400k; |

200

< 8.6 0.65 0.7 0.75 0.8 0.85 09 0.95 1
Muon cos(8)

T2K & Coherent Pion
Production

« NEUT cross section parameters constrained
to ND280 CCOm, CC1m", CCOther data sets

« ND280 data does not have sensitivity to
constrain CC or NC coherent 5t production

« CC coherent ~0.5% background for vV
« NC Coherent ~1% background for V.V,

e T2K applies 100% uncertainty on CC & NC
coherent 7t production due to non-
observation at E ~ 1 GeV by K2K &

SciBooNE
e Phys.Rev. D91 (2015) 7,072010
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NEUT vs. MINERVA

Vy+tA—=>uw+at+A Vy+tA—=>uw+at+A

x107 x10°
é-\ 14 é-\ 0.2‘
Q - »2/n.d.f GENIE =14.06/9 Q i +2/In.d.f GENIE =54.49/12
> o -
o 121 -+ DATA ® o015 -+ DATA
(O] - — GENIE v2.6.2 o — GENIE v2.6.2
oE 105 - - NEUT v5.3.1 8 - - NEUT v5.3.1
o - o
o 8! g 0.1
o] % N ~
6 ol
AL ©IB0.05(]
2_I 1 i § ------
[ . 0
0_...I....I.._._.-I......... I P _....I....I....I....I....I..i..I..i.I....I....
05 1 156 2 25 3 35 4 45 0O 10 20 30 40 50 60 70 80 90
Pion Energy (GeV) 6. w/r to Beam (Degrees)

Phys.Rev.Lett. 113 (2014) 261802

« MINERVA data shows NEUT mis-models the CC coherent pion kinematics
e Presumably due to mis-modeled A elastic cross section

o T2K using MINERVA data to correct NEUT coherent prediction and
constrain the uncertainty
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Summary

e Understanding coherent pion production 1s important for
neutrino oscillation measurements

« MINERVA has made a model-independent measurement of
CC coherent pion production that constrains the

- Interaction rate
— pion kinematics
- Q*-dependence
« MINERVA measurement 1s already being used to

- reduce systematic uncertainty in oscillation
measurements

- 1mprove coherent pion production models
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Extra:
Diffractive Pion Production
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Diffractive Pion Production

(;,) + (=) +
\‘u\/;l/ \‘u\/;l/
q''W* q I W*
- p— - p—
i, T i, T
4/\2\ /p/\;\
Coherent 7t Production Diffractive @ Production on H

MINERVA's CH scintillator has free protons in equal number to the carbon nuclei
Diffractive 5t production on hydrogen

- 1indistinguishable from coherent 7t production when the recoil proton is
undetected

- not simulated in GENIE

- No calculation of exclusive diffractive w production valid for W < 2 GeV
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Diffractive Pion Production Acceptance

1.2 — T T T
§ [ MINERVA g [ I ' I
s L 5 coherent off C12 b~40 [GeV/c]2
§ - > 0 diffractive off proton b~8 [GeV/c]2
) l
< 0.8 ‘E
£ T 2 v i
o i <<
S 06 -
S T ) %
o | 3 n
@ %4 4 |t] =(a-pn)?
2 A/ ~_ A/
8 0.2} i P
a 0: T —— T L L
0 0.05 0.1 0.15 0.2 0 01 02 03 04 05
1, = 2m,T, (GeV/c)? Itl = (g-p,)° [GeV/el’

Estimated diffractive / coherent acceptance €

« Assume difference is due only to the recoil proton's
ionization and the vertex energy cut

« Evaluate by adding the visible energy from a recoil proton
to the vertex energy of simulated coherent interactions

» Calculate as a function of Itl = 1(p - p - pI = 2m T

. Integratede =20%
c/d 38



Diffractive Pion Production Estimate

«10% V,+p—ut+p+r, E = 4.0 GeV «10% Vy+p—out+p+r, E = 4.0 GeV

—_

—
o

10

| MINERVA

—
T T

8-

o
o]
T TT

Acceptance Corrected

o ¢
o~
T T 1 1 T 1

21

o
N
T T

of

) I A BN AT BN AT B A A B B e e i) B A R R Ly
20 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0 0.05 0.1 0.15 0.2 20 0.04 0.08 0.12 0.16 0.2
It| (GeV/c)? It],, = 2m;T, (GeV/cy’ It| (GeV/c)?

Diffractive % (cm%(GeV/c)/H)
~
[

Diffractive / Coherent Acceptance
>

Diffractive % (cm%(GeV/c)/H)

o
T

e No calculation of exclusive diffractive it production valid for W <2 GeV
« Calculate diffractive do/dltl using

— Inclusive VP 7t p calculation by Kopeliovich et al. based on Adler's relation

- GENIE to predict non-diffractive component

« From the diffractive do/dltl and € the diffractive event rate is 7% (4%) of the v, (anti—vu)
coherent event rate as predicted by GENIE
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Strip Number

Diffractive Pion Productio
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0

I
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Max Vertex Strip Energy (MeV)

Amongst the events passing all selection cuts, look for a large energy deposition in a

single strip resulting from the recoil proton ionization near the

e +2 planes and £70 mm from the event vertex

event vertex

. corresponds to the range of a T =50 MeV proton (Il =2m T =0.1 GeV?)
P diff P P
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Neutrino Diffractive Pion Production Search

>
Q

=
e
~—
—~—
[
=
=
Q

>
L

900

Vi+A > W+ T+ A

I MINERvA —+ ggLA
3.04E+20 POT
8001 I Diff
- QE
700 RES W<1.4
600 B 1.4<W<2.0
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500 ¢ Other
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4001
300( :
2001 *.'-.*
[]
0:\.\.&\.. I—ﬁ-!-—ry-—,ﬁ | b
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Diffractive MC sample:
- GENIE v.p— W 7T p passing selection cuts
- weighted to the diffractive do/dltl x €  shape

Diffractive normalization oo.. =N /N | where
diff diff coh
N

- and N _ are integrated diffractive and coherent
simulated event rates

Plots show diffractive prediction fora=0.2
Fit for a 1n the max vertex strip energy (MVSE)
region 16 < MVSE < 40 MeV
o =0.00£0.07 from fit

diff

a. = 0.07 from calculation
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Antineutrino Diffractive Pion Production Search

= 400 - mineAvA —— DATA
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Diffractive MC sample:
- GENIE v.p— W 7T p passing selection cuts
- weighted to the diffractive do/dltl x €  shape
=ao._ N

diff diff coh’
where N and N_ are integrated diffractive and
1 CcOo

coherent simulated event rates

Diffractive norm Q. defined as N

Plots show diffractive prediction fora =0.2

Fit for a 1n the max vertex strip energy (MVSE)
region 16 < MVSE < 40 MeV

o =-0.03+0.07 from fit

diff

a. = 0.04 from calculation
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Backup
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ND2380

e T2K's off-axis near detector

o Scintillator tracker with
interleaved TPCs

 Upstream 1’ detector (POD)
o Side and downstream ECALSs

o Constrain neutrino event
rate/cross sections

Barrel ECAL
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Flux at SK

T2K unoscillated neutrino flux
prediction at SK
Phys.Rev. D91 (2015) 7,072010
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Events

Proton Score Calculation
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MINERVA Test Beam Proton Response

e e
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e
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energy response / incoming energy
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