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Coherent Pion
Production by Neutrinos

Phys. Letter 125B, 1983

200[ . "‘7|
> In 1978 the Aachen-Padova collaboration 1 150]
measured the vy e scattering and found an S
excess of showers in the forward direction 2 N\ cess over Resonance
> The coherent emission of a photon v+A—v+A+y g . |

i _Theory coherent
TN .

was proposed to explain this excess; however
this mechanism could not account the 0 o .
observed excess _____t-cos8—=_

> In 1983 the coherent production of a a° in a neutrino interaction was
proposed by D. Rein and L. Sehgal (Nucl. Phys. B223, 1983)

> The observation of v+A—v+A+ 7P was first reported in 1983 by Aachen-
Padova collaboration (Phys. Letter 125B, 1983)
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Coherent Pion B
ROLHts I'ER

vi(k) + Alp) = U (k") + A(p') + 7 (pr)

R —

> The matrix element for the process is
G
M = 7317“(1 — v )i(AlJY + JHA)

> When the lepton mass is neglected and in the limit Q% — 0 (the
momentum carried by the current) the lepton emerges with its

momentum parallel to the neutrino (Adler’'s theorem) and invoking
PCAC (Partially Conserved Axial Current) we have

M|? = 3 G EEf2 (m+A—>7+ A)
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Coherent Pion
Production by Neutrinos

ROCHESTER

> This has the remarkable consequence of relating the weak
reaction v+ A— [+ t+ A In the forward direction to the elastic
processm+ A—mn+ A

M2 = 3Gk EEf2 (m+ A — 7+ A)

> These approximations are valid for NC(neutral current) and higher
energy CC(charged current) with Q% << m?; low energy CC
reactions demand modifications because of the lepton mass

> We need to extrapolate this to Q2+ 0

> When Q? #0, there can be a vector component, then neutrino and
antineutrinos cross sections could be different
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Coherent Pion
Production by Neutrinos

ROCHESTER
Y [*,v
1,0 E. ' tal si t
' JT xperimental signature
|t1=(q-px)* - Two final state particles I¥+ m+0

Small transfer momentum to the

nucleus, |[t| =(g-pn)?

No visible recoll
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Coherent Pion
Production by Neutrinos

ROCHESTER

Diffractive process

’a | ' | ' | ' |
< coherent off C12 b~40 [GeV/c]2
Z—i ~ A (Ew ) e b | t| ; 1 diffractive off proton b~8 [GeV/c]2 -
©
where b [GeV/c]2 ~radius g I v I
of the target ~
t| threshold for coherent © 5] =(q-ps)?

pion production

2 2\ 2
’tmin‘ Z <Q —l_mW)

A/p /\/p

2V

I 1 I 1 I 1 : e — |

0 01 02 03 04 05
Itl = (g-p )°* [GeV/c]*

PRD 80, 03305, 2009
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Coherent Pion Production
Previous Measurements

CC measurements: look for mm#, no stubs (no extra particles from the
vertex) and low |t| =(g-pn)? m}t | |
|

«es. Events with stubs

3
PRL 63,21, 1989 4

FNAL (E-632) J
FNAL15ft BC

PRD 47,7, 199
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Coherent Pion Production
Previous Measurements

ROCHESTER

PL B 313, 267,1993
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Coherent Pion Production
Previous Measurements

RSITY

ROCHESTER

K2K experiment (CH) <Ev> = 1.3 GeV

- , S = PRL 95, 252301 (2005)
< = :

§120 e Data (@) §120 e Data

— 80 (] CC coherent x el (] CC coherentn

@ = %},’; DIS, NC S 80 Bl CC 1x, DIS,NC

= 2 Bl CCQE

£ 40 5 40

o, Q@
0 10 20 30 £ % 02 04 06 08 1 12

E in vertex strip (MeV) 92, (GeV/c)?
q12'ec = 2EZCC(EM - pﬂcosou)a
M2 —m2 +2E,(Mp, — V) — (M, = V)?
—E,+ (M, — V) + pucosb,

rec __
E;° =

We report the result from a search for charged-current coherent pion production induced by muon
neutrinos with a mean energy of 1.3 GeV. The data are collected with a fully active scintillator detector in
the K2K long-baseline neutrino oscillation experiment. No evidence for coherent pion production is
observed, and an upper limit of 0.60 X 1072 is set on the cross section ratio of coherent pion production to
the total charged-current interaction at 90% confidence level. This is the first experimental limit for

coherent charged pion production in the energy region of a few GeV.
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Coherent Pion Production
Previous Measurements

RSITY

ROCHESTER

SciBooNE experiment (CH) <Ev> =1.1 GeV, 2.2 GeV

PRD.78.112004 (2008)

L no activity | w/ activity 150 — —
* DATA M=
5 D CC coherent nt o g * DATA
- 200~ CC resonant % 3 [ ] cc coherent x
L B Other G 100 [~ E=] cC resonant x
; 3 B —I_ - Other
-g S = B ccae
w 3 ?+
50 ]
[
w

0 0.1 0.2 0.3 04 0.5
Energy deposit (MeV) Q? (GeV/c)’

The SciBooNE Collaboration has performed a search for charged current coherent pion production
from muon neutrinos scattering on carbon, V#IZC — u~2Cqr™, with two distinct data samples. No
evidence for coherent pion production is observed. We set 90% confidence level upper limits on the cross
section ratio of charged current coherent pion production to the total charged current cross section at

0.67 X 10™% at mean neutrino energy 1.1 GeV and 1.36 X 1072 at mean neutrino energy 2.2 GeV.
R ——————

August 1st, 2014 A. Higuera, Joint Experimental-Theoretical Physics Seminar 11



Coherent Pion Production

ROCHESTER

Few-GeV coherent crisis?
Does the CC process occur at few-GeV energies?
Is the CC process suppressed by the kinematics, particularly
the lepton mass?
Does the theory properly describe the process?
For Q2+ 0 models have to add Q2 dependence

2 Physics Letters B 657 (2007) 207-209 400 7 PRD 80.033005 (2009)
1.75: P) Rein-Sehgal (w & w/o lepton mass) ; Paschos-Schalla, Ey 1,5, 10 GeV

T
5 c’
$ —
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ittt ittt ) _ _ 0.10 0.15 0.20
0.0250.050.075 0.1 0.1250.150.175 0.2GeV~ 07 [GeV?]
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Coherent Pion Production

ROCHESTER

Model dependent measurements? K2K and SciBooNE use Q2 as a
discriminating variable and relied on a correct model of the signal

and the background at low Q2

Neither of the recent experiments selected
coherent candidates based on Itl

By definition, Itl gives a model
independent signature for coherent

scattering \\

0 01 0.2 03 04 05
It = (9-p,)* [GeV/c]’

| coherent off C12 b~40 [GeV/c]2 |
diffractive off proton b~8 [GeV/c]2

do/dt (Arbitrary Units)
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Coherent Pion
Production by Neutrinos

ROCHESTER

- The original Rein-Sehgal model [Nucl.Phys. B223, 29 (1983)] could not
describe low energy measurements. An updated version of the original

model that accounts for lepton mass terms was infroduced by Rein-Sehgal
[Phys. Letters B657, 207 (2007)]

> The updated Rein-Sehgal model has become the Yuniversal” model used
by all neutrino event generators (they differ on the implementation)

- GENIE (neutrino event generator) [Nucl. Instrum. Methods A 614, 87 (2010)]

uses the updated version of the Rein-Sehgal model, with kinematic
thresholds
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Coherent Pion
Production by Neutrinos

ROCHESTER

Berger-Sehgal, an updated version of the Rein-Sehgal model where,
iInstead of using models for pion nucleus scattering as used in Rein-Sehgal,
they use the available data on pion-carbon scattering [Phys.Rev. D79,
053003 (2009)]

Paschos-Schalla, suited for charged current coherent scattering, since it
has the exact mass lepton term included [Phys.Rev. D80, 033005 (2009)]

- Microscopic models infroduce the production of the pion through baryon

resonances, dominantly A(1232), and include background terms. However
these models are valid only at low energies, Ev < 1.5 GeV
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Oscillation Needs

NIVERSITY o

ROCHESTER

Single pion production is a background to T2K, Phys. Rev. D88 (2013) 032002.
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: : : : Parameter Input Value Uncertainty
neutrino oscillation experiments (low energy MF (GeV) 51 5.43
' x 1.00 0.11
plOﬂS) | | | a:é:”f 1.00 0.30
Understanding the pion production rate and z3 " 10%0 01-300

. . . . i TSF . .
pion energies is crucial for oscillation pr(*2C) (MeV/e) 217 30
, ; pr(*°0) (MeV/c) 225 30
experments MEES (GeV) 1.16 0.11
P , o : : :rf"%”‘" 1.63 0.43
12K applies a 100% normalization Z$CL 1.00 0.40
: - gNC1m" 1.19 0.43
uncertainty to the NEUT CC coherent pion — - o
production (since no clear signal has been e s 0
CCcoh

observed at Ev O(1)GeV) for the electron ¥ NGeoh. ’o (1)3
. . I.N'(_.‘othet‘ 1.0 0.3
appearance in a muon neutrino beam T e (GEV) >0 03
ana|ysis Ty, fvy 1.0 0.03
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Oscillation Needs

At neutrino energies higher than
~2 GeV pion production dominates
over Quasi-Elastic scattering

MINERVA arXiv:1406.6415

qp2 V. Tracker -y 1 X (W <14 GeV)
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ROCHESTER

LBNE arXiv:1307.7335
LBNE Beam Tunes

) I
——— Low Energy Tune

Medium Energy Tune

~—— High Energy Tune

10
E, (GeV)

J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys., 2012
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http://arxiv.org/abs/1307.7335
http://arxiv.org/abs/1406.6415

MINERVA Experiment

Main INjector ExpeRiment v-A
MINERVA is a neutrino scattering
experiment in the NuMI beamline at
Fermilab

Designed to measure neutrino cross
sections, final states and nuclear
effects on a variety of targets in the
few-GeV region

21 Institutions (~60 authors from
particle and nuclear physics)
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MINERVA Detector

ROCHESTE

Elevation View
A
Front View ,-:-f', Side HCAL H
Side ECAL NS— //'6’:—:
E g e t3
= L v-Beam ——>< %’ ] 1 SE
SNE g el | »8 2o
z(|3 oo | gg| 5g |eEe | ©%
-l | Jo Active Tracker ® E 3 < - T
¥ 5T Region Et | s |5 < P
EE Se* ¢ s5| s (N3 | 28
@ E Liquid §§ 8.3 tons total § S S 8 8
- “w
3| Helium Fiducial Region | © | = §§
Side ECAL 0.6 tons <
Side HCAL 116 tons
v
« 5m >

- Active region made of plastic scintillator (CH)
- 120 modules ~32K channels
- X, U, V orientation (600)

Nucl. Inst. Meth. A743 (2014) 1
- EM and hadronic calorimeter ucl. Inst. and Met 3 (2014) 130
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NuMI Beamline

- 120 GeV/c protons from Main Injector
- @Graphite target
- Tunable spectrum

- Neutrino and Anti-Neutrino

Muon Monitors

Absorber

-« i
10m  30m * Hadron °M Rock q2m 19M
675 m Monitor figure courtesy z. Pavlovic
L ————————— e
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MINERVA Flux Constraint

Hadron production tune uses NA49
and MIPP data
NuMI Low Energy Beam, Right Sign Where no data exists, use

e R R R R R I I RN IR .
O 100~ - differences between models to
. . C ted FI il : C
2 I ot : estimate uncertainties
S 80— u — :
S I 5 ] ~10% systematic on flux at the
S~ | M |
N?E, o Uncorrected Flux B focusing peak
o L V _
cC
S L u -
5 40— — —
) B ]
£t Vi ) Future plans
X | ] .
Z T : V+e — v+e scattering (expect
ol 1 Lo L L e @ N6% Uncerta|nty On f|UX)
0 2 4 6 8 10 12 14 16 18 20
Neutrino Energy (GeV)

Special runs (different target
configurations)
MIPP recent results
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MINERVA Data

ROCHES

STER
o °r
— | _POT delivered by NuMI
g 4 g —POT recorded by MINERVA
%1'6;_ 55% (}’MINERVA)V Sgﬁgia'
314}
L
g 12—
£
0.8_—
o.ef—
0.4—
02— e B . . Thanks
oF Sm—— | = td | for the beam!!
partial full
Detector Detector
- Today’s result uses all of the physics data
- Neutrino (3.05e20 POT) and antineutrinos (2.01e20 POT)
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Event Selection for CC Coherent Pion

Production at MINERVA

CC candidate p= (MINOS spectrometer)

]
Two final state particles p= + 1= S
w
Neutring Beam s 1 N N . ./ |
e > &= % 7
Q . U B .|
s . X-view from above

/ MINOS
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10° vi+tA—=uw+a +A

25

20

15

10

-

| MINERVA Preliminary _+_ Data

— POT Normalized

- 3.05e+20 POT - c ;

i oh Pion
- D R—

B - Pion

0 010203040506070809 1

Proton Score

Requires that the hadron
candidate resembles a pion
Requires that the dE/dx is
consistent with stopping
proton (Bragg peak at end)



Event Selection for CC Coherent Pion
Production at MINERVA

Data

Data run/2019/5/339/1 —

Two final state particles py= + m*

No extra visible recoll
MIP~3 MeV

100 /

Hits

We require the total energy within

a region around the vertex be

consistent with a p= + m+

5 10
Hit Energy (MeV)
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Event Selection for CC Coherent Pion
Production at MINERVA

MC Background Event

Two final state particles py= + m*

No extra visible recoill

We require the total energy within

a region around the vertex be

consistent with a p= + m+
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Event Selection for CC Coherent Pion
Production at MINERVA

UNIVERSITY

ROCHESTER

e VutA—= W+ +A

% - reliminary —— DATA
= Bp 0T ermalzed 9 COH
2 7E QE
=~ - [ RES W<1.4
2 s I B 1.4<W<2.0
c o
o . ws20
m S - I Other
4F
3 |
2 |
1
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Vertex Energy (MeV)

- Two final state particles p= + m* ——————————
@ VutA—=u+a+A

x1

No extra visible recoll 3 [ 4 DATA
E |- 2.01e+20 POT - COH
S 2.5 QE
- We require the total energy within s f o FEs Weta
0>’ E [ws20
a region around the vertex be RLE on
consistent with a p= + 1= 13
0.5F
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T —
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Kinematics

ROCHESTER

E,=FE,+ E;

Q? = 2F,(E,, — P,cosf,,) — mi

t| = —Q* — 2(EZ + E,prcosty — p,prcosl,) +m>

Py IS measured from a reconstructed muon in the MINOS ND
En IS reconstructed calorimetrically

Asume neutrino direction is parallel to the beam axis

2 1] =(q-p-Y
A AL
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Event Selection for CC Coherent Pion
Production at MINERVA

0° vp+tA—=uw+at+A Vo+tA—=ut+m +A

% 1.4 [ MINERVA Preliminary —— DATA % E MINERVA Preliminary —— DATA
S [ ol orpaed W COH S 7005 o poe 2 W coH
G 1.2 QE 6 QE
~ - I RES W<1.4 ~ 600 I RES W<1.4
N [p]
g 1 B 1.4<W<2.0 g N B 1.4<W<2.0
S W> 2.0 o 9500 W> 2.0
>~ 0.8 Other =~ Other
%’ ié’ 400
® 06 Sideband o Sideband
o &1 300

0.4 200

0.2 100

% 010203040506070809 1 % 010203040506070809 1

Reconstructed Itl = (g-p )* (GeV/c)® Reconstructed Itl = (g-p )’ (GeV/c)*

Low [t| =(g-pn)? is a strong signature of coherent events
Out of the box GENIE overestimates the non-coherent pion production

We use moderate |t| as a sideband for background tuning
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Background Tuning

vp+tA—=uw+at+A
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Background tuning

performed after vertex
energy cut to minimize the
sensitivity to mis-modeling
vertex activity

Tune background as on

regions of W
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Search for CC Coherent Pion
Production at MINERVA

RSITYw

ROCHESTER

Low [t| =(g-pn)? is model independent signature of coherent pion production
Select event with |t| <0.125 (GeV/c)?

10° vi+tA—=uw+a +A VitA—=ur+m +A
o~ = — o~ —
’a 1_2_MINE'RVA 1"re1.1m.1.nary ? E MINERVA ?rel:.m:.nary
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O] 1__ """"""""""" (0] soobe—
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" L 400
& i 2 -
5 C 5 300
04
ol @ 200}
0.2 100F
O 0105 05 0405060708068 O 01 020504 0506070808 1

Reconstructed Itl = (g-p )* (GeV/c)* Reconstructed Itl = (g-p )* (GeV/c)®
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Pion Kinematics of
Selected Sample
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Neutrino Energy of
Selected Events
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Systematic Summary
Selected Events

Vi+tA—=uw+n"+A
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Systematic Summary
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Overlay a proton with KE < 225 MeV onto
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MINERVA's QE results)
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Systematic Summary

ROCHESTER

Sideband Model: \We apply an additional systematic to the background to cover
disagreement in the sideband
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Systematic Summary

R R R s S S s B R S R RS S e iR B s I{OLHIZ STER

Energy Response: Our test beam provides an error band on the response to
single pions (5%) and protons (3%)

I\/IINERVA Test Beam

T977 + MINERVA Preliminary

Negative Pions

o
o
a

o
o

L ]

Energy Response / Incoming Energy
o
[$))]
[$))
IIIIIIIIIIIIIIIIIIIII

8 3 R T T 10’ 2
% :AINER\'AI T977 %
QS 2 % PREUMINARY %
; P 0.5 .
§ 2 107 8 - Data with Stat. Errors
o
n
g 1 S MC with Syst. Errors
e _§ 045, e
L 108 06 0.8 1 1.2 14 1.6 1.8
& Pion Total Energy = Available Energy (GeV)
’ RE SR AT TR, T
r . . | accidentals .
0 20 25 30 35 40 45 50 1
Time of flight (ns)
| — e

August 1st, 2014 A. Higuera, Joint Experimental-Theoretical Physics Seminar 36



Systematic Summary

3 1

ROCHESTER

Detector Model: GEANT 4 detector simulation
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-
Variation of the pion and proton total inelastic cross section and the neutron

path length +10% (data-driven by comparing GEANT to low energy
scattering data)
NuMI Beam Angle: uncertainty on the neutrino beam angle
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CC Coherent Candidates
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After background subtraction: ~1.6K (~900) events neutrino (antineutrino)

This is the highest statistics sample!
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CC Coherent Candidates

ROCHESTER
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MINERVA Cross Section
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MINERVA Results

ROCHESTER
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MINERVA Results
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Coherent Cross Section

ROCHESTER
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Conclusions

MINERVA event selection based on low [t| =(g-pn)? provides a model independent

measurement for CC coherent pion production on Carbon by neutrino and antineutrinos
Poor agreement is observed with the Rein-Sehgal model as implemented in GENIE v2.6.2
MINERVA data will be a benchmark for testing new PCAC models (Berger-Sehgal, Paschos-
Schalla)

MINERVA data will also be a benchmark for testing Microscopic models from low energies to
moderate energies

These comparisons will set the level of systematic for oscillation experiments

MINERVA is now running at ME NuMI beam configuration <Ey> ~6 GeV
MINERVA's multiple passive targets (Pb, C, Fe) and increase in the statistics in ME beam

will allow measurement of the A-dependence

Thanks for your attention!
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MINERVA Results

RSITY

ROCHESTER

up+012—>u"+7r++012
E, (GeV) (1073%cm? /GeV /C1?) Ey (GeV)

v, 4+C? st +7 +C"
(107%%cm? /GeV /C'?)

1.5-2.0 3.95 £ 0.91 = 0.45 1.5-2.0 0.25 = 0.50 = 0.18
2.0-3.0 2.49 +0.21 = 0.33 2.0-3.0 2.05+0.37 = 0.44
3.0 —-4.0 2.74 =0.18 = 0.35 3.0 —4.0 2.67 = 0.30 = 0.42
4.0 - 5.0 3.10 = 0.28 = 0.56 4.0 -5.0 1.72 £ 0.39 = 0.46
25.0-7.0 5.04 = 0.48 = 0.80 5.0-"7.0 3.93 = 0.81 =0.76
7.0-9.0 6.54 = 0.79 = 0.84 7.0 -9.0 6.84 = 1.58 == 1.08

9.0 -11.0 6.32 = 1.03 = 0.93 9.0 -11.0 9.92 +2.35 = 1.60

11.0 — 15.0 820+ 1.12+1.15 11.0 - 15.0 15.90 = 2.86 & 2.54

15.0 — 20.0 12.33 = 1.69 £ 1.62 15.0 — 20.0 9.93 +4.47 = 1.77
S —————— S ——————

Cross section as a function of neutrino energy with statistics and systematic errors
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MINERVA Results
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MINERVA Results
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MINERVA Sideband Tuning
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MINERVA Sideband Systematics
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MINERVA 1 CC

MINERVA 11 CC analysis
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MINERVA Flux Systematics
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Fractional Uncertainty
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Pion Energy Resolution
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Low lItl resolution
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MINERVA Selection Efficiency

ROCHESTER

vitA—-uw+a +A VitA—=ut+m +A
c>>‘ 07: MINERVA Preliminary (>.; 07: MINERVA Preliminary
c B C N
o 0.6 O 0.6
O ¥ o -
o 0.5F o 0.5F
c B c N
O 04 O 04
wjd = el =
8 03: — 8 03: DA
s O L N e
({p) N /p) - ——
0.2 —— 0.2F - —+—
0.1 0.1
O:..-.-I...I...I...I...I...I...I...I...I... O:..-.-I...I...I...I...I...I...I...I...I...
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Neutrino Energy (GeV) Neutrino Energy (GeV)
e —- e —

August 1st, 2014 A. Higuera, Joint Experimental-Theoretical Physics Seminar 59



|\ MINERVA Preliminar

Acceptance

=1(q-p )= 2M T, (GeV/c)?

diffractive

By number, our fiducial volume targets are ~49% Carbon
and ~49% Hydrogen

Vertex energy cut reduce ~60% of the diffractive when the
proton carries KE > 50 MeV since we can detect the recaoill
proton in diffractive events when

ltldiffractive = I(q-pn)2I =2MpTp > 0.1 (GeV/c)2

The calculations for the coherent pion production off
carbon and diffractive pion production off protons based on
the Adler theorem and PCAC relating coherent or
diffractive pion production by neutrinos to pi+P/C —> pi+P/
C cross sections are:

For Ev ~4.0 GeV and v ~0.9 GeV the ration of diffractive to
coherent is ~0.012 (0.033) for neutrinos (antineutrinos)
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Coherent Pion Production
Measurements

ROCHESTER

SciBooNE experiment <Ev> 1.1 GeV & <Ey> 2.2 GeV

P, (6,<35 degrees) 8, (6.<35 degrees) arXi1v:0909.5127
40 —

-
....
g v CC resonant =

20

10

........

15 80
P, (GeVic) 6, (degrees)

After looking in other kinematic distribution and cutting
pion angle they observe signal above the predicted background
(consistent with upper limit)
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GENIE Pion-Nucleon Cross-Section

Pion-Nucleon Total Cross-Section | A bug in the way an array is

- Fixed code on which this is based).
"% D. Scully || Grodack and Dan seuty.
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UNIVERSITY

ROCHESTER

> The non-conservation of the axial current leads to the decay of the
pion n n
O VR o 2

| —

- With matrix elements given by

M = G—gmuﬂw(q»mu )

> Lorentz invariance of (0|J,|m(q)) requires that the amplitude to be
either vector or axial. Since the pion has not spin the only vector
available is the four-momentum g

<0|J114(£U)|7T(q)> — Z’quﬂe—iq:c
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> Taking the divergence of the previous equation we have

A —1qx —1qQx
(00" T ()7 (q)) = frq®e™ "% = frmie

» We conclude from this relation that the axial current is not
conserved, because neither fx nor mx is zero. However, the
above expression also shows that the divergence of the axial
current is small because the pion mass is small in comparison
with the mass of all other hadrons

> This lead to the idea that the axial current is “partially™
conserved
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