VA,

‘VA Neutrino Scattering
ey

/\ * MINERVA
« Experiment
e Results
e Thoughts for LBNE
Mike Kordosky

LBNE Physics Workshop
William & Mary Santa Fe, April 25-26 2014



Motivation: v oscillations

Flavor “Atmospheric + reactor” parts of PMINS Matrix
Mass € H T VvV eV v ov &v ev
SR ek e
m3 _ 1 0 0 COSBH 0 Sineﬂe—lﬁ
Am? 0 cosB,; sin0,, 0 1 0
- 0 -sinB, cos6, —SiIlBHeiﬁ 0 cosB,
m N )
] Am? Wanted: precision, 8, mass hierarchy
21
m
1
Propagation (vacuum) Must measure
ﬂavor mass states Flavor
v ( ZU 1v >exp(—sz [2p) - Energy
(L—dlstance) * Rate
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World v, cross-section

G. Zeller

Simulated v Beam

$1.4F
t1.2F
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I
= TOTAL
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0.4 Ny
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10 1 10 19 = =
neutrino energy (GeV) 0

J.A. Formaggio and G.P. Zeller, "From eV to EeV:

15

Neutrino Cross Sections Across Energy Scales", Rev. Mod. Phys. 2012
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15

J.A. Formaggio and G.P. Zeller, "From eV to EeV: Neutrino
Cross Sections Across Energy Scales", to be published in Rev. Mod. Phys. 2012
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implications of large 0_.,

1.0

Rate of vV, =V, 0.8
increases o
T 06
O
~
_ =
butv -v Y
asymmetry
decreases 0.2
(Parke 2003, 0.0
arXiv:0710.554)
April 25, 2014
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Neutrino—AntiNeutrino Asymmetry
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In search of a standard candle

Quasi-elastic

* Low energy threshold

scatterin :
S * No messy pions
ﬁ - ° -
vio=pH Pros: |« Energy from 2 of 3
pu ) ep o1 pproton

* Elegant and simple
_____ INNNENENE RN SN NN .
A QEL candidate T ! Z
in MINERVA 1

Tttt T 1 1 T T I T T T T T T ]
40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 V6 VB 80 82 84 86 88 90 92 84 96 98 1001021041061068110 112114

April 25, 2014
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In search of a standard candle

Quasi-elastic
scattering

* We don't fully
understand the energy
v (A,Z) =»(A-1,Z) p W dependence

Ccons:

x107°
S 1 6 ;_ ——— NOMAD data with total error
LE} 14= (b) — 4 LSND data with total error
— 12 — _
° 10— ol sk oo
S P S e e o
8 — ——pg—  MiniBooNE data with total error
6 o RFG model with 1\-13:*“=1.03 GeV,k=1.000
4 — RFG model with M{"=1.35 GeV, k=1.007
2 Free nucleon with 1’&,;1.03 GeV
1 QE,RFG
10 1 10 E| (GeV)

April 25, 2014 Mike Kordosky, W™ &Mary 7



In search of a standard candle

Cons: We don't fully understand energy reconstruction

Calculation for '; —_  true Ev ]
MiniBoone /{7/\\\ recE, — -
N St ;’f / \ “"\__\ recE,:QE ---- 7
O - /[ »7=~ \\ recE, Delta -----
40 ) N\ recE2poh ——

o SN \, .\‘aﬁh v- <P _
> 31 / ff “\\ Mosel & Lalakulich,
2 o | ;.ﬁ"* ‘warXiv 1204.2269v1
s ) NS
1 / AN ]
Sy ST AN
Also: O s 1I 15‘;:‘:&!?;—_
Sobczyk et aparXiV120g1§l97 ' '
Amaro et al arXiv 1104.5446 neutrino energy (GeV)

Martini et al 1202.4745
Mosel et al arXiv 1402.0297 Mike Kordosky, W2 &Mary

| “meson
| exchange

currents”
a.k.a “2p2h”



In search of a standard candle

Cons: initial nuclear state, multi-body dynamics matter

quasi-elastic scattering Argoneut “hammer”

* v MiniBooNE, C -
¢ vNomad,C event
m v Martini et al.

o

interaction vertex

-
»
Yag,
] 'y
‘¥ 'l-.'
" L]
BTy~ ol ‘...--""Il
:"a; 'h. TN amsEmnmnEEnEn
" L
r._ 'j-
" I
" L]
! T 1 ——r 818 L LSS I T
LU N IErErr Ty v slmigimimigin
.l.ll.ll-l
W ippg,
J""rl i
TP .
I
||||||||||||||||||||||||||||||||||

1
Bodek, Budd & Christy, V (n(-) )= ‘_\
0.6 Eur. Phys J. C 71 (2011) no P 2 pp\

Martini et al.

0.4 Phys.Rev.C81:045502,2010 ,
M,=1.014 No pions!
Y A M=130 Looks like QEL if you can't
= Tranv Enhance in G, M,=1.014
0 [ ] Lol I Lol I L L 1iid See the protons.
107 1 10 10?

neutrino energy (GeV)
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An old mystery

1.2
¢ 3 L
EMC Effect N - SLACEI39
-l?._ 1f t +++++++_ TR 'H*H_,,
Y% osl 4 '“‘“+*+i+ : RRTTIRL
x dependence ofeA  ~ ogp M 00000} Be
DIS cross-section depends .} + |
on A - WhY? 1p------- *#'#i'{;:; """"" '* """"" *.‘*‘+'-,-..+
. 0.8 C . i AI T
Some evidence that VA L e B
has different behavior bl S - {
L] S e * """" A
. 0.9¢ TTreset Tt -.*+
Short range correlations o} Ca L Fe e
/ multi-body dynamics Cql *
< EMC ? 1ho by T | foegvy, {
0.9} + Yoo, - "t .
Nice review talk ost Ad *++y | Au *tess
o MR PR BT IR N SN R R R
D. Gaskell ECT*, Trento 2012 0 0.2 04 06 080 0.2 04 06 08
http://www.physics.sc.edu/~strauch/ect2012/index.html Bj orken-X
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Protons on Target per day (1e18)

NuMI Low Energy Exposure
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Since
3/22/10

vu LE
3.98e¢20 POT

\_/u LE
1.70e20 POT

special runs
4.94¢e19
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flux(neutrinos/m%/GeV/10°POT)

April 25, 2014

The Flux

NuMI Low Energy Beam, FTFP, Dec 2013

- hadron production
100 —
B corrected flux
80— _VIJ-
i _VH
o uncorrected flux
- \Y
I N
40— v
- K
20—
gl Lo o b by T R e e s et o e o e e TR PR
0 4 6 8 10 12 14 16 18 20

neutrino energy (GeV)

Mike Kordosky, W™ &Mary

GEANT4 based
simulation of the
NuMI beamline.

G4 9.4.p02
FTFP physics list
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Flux Uncertainties

PhD Thesis,
Texas (2008)

e
-

E 0.18 Tertiary “Tertiary”

W 0.16F —— Beam Focusing — = non-NA49
S —— NA49

£ 0.14 model spread
[T °
®0.12 // Z. Pavlovic,

0.08 L
0.06 '_'__|—|_.__I_,_l—'_l_l_l_l_
0.04
0.02 —
u [l [ [ [l [l [l I [l [l [l I [l [ [l I [l [l [l I
0 2 4 6 8 10

Neutrino Energy (GeV)

April 25,2014 Mike Kordosky, W™ &Mary
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The MINERvA detector

2m — THANK
YOU MINOS!
Elevation View
A
U
Side HCAL —
/ P
Side ECAL T 22
=]
= (—‘ S | 35 ,._--“"'f-’f o 2
'gu 'E'].-—- V-Beaﬁ'i ) "”’——-_“___}_/‘f-. (3] .E; E
2o Lhe! \ 85 o L
2@ T - Q3 EE 3
ﬁ - ] & i P E Q € © o 2
B | o 2 Active Tracker g E o E 2.14m = t%
il - -
E 'EE Region g S ETE N c
& B g - 8.3 tons total o 0O (] g g
£ < 3) (6.4tons in 90 cm radius fiducial) m 3.45 m =3
Z 15tons | 30tons
Side ECAL 0.6 tons v
Side HCAL 116 tons
v

* 200 finely segmented scintillator planes (CH) in 3 views
* Calib: FEB bench tests, source mapper,
LI, rock pu, Michel electrons, test-beam
* 4% channel to channel

variations after calibration
April 25,2014 Mike Kordosky, W™ &Mary 15
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Event reconstruction

1204—8—8 1 B 88 | | @ | | | rec011 «

MR 1 " MINOS
NN | || matched
: . / 'Li “‘:“'—h ' track

o | vertex f

304 — | \

i . recoil

ol “blobs’

Reconstructed objects

MINOS tracks, other tracks,
vertices, endpoints, blobs _

vertex

April 25, 2014 Mike Kordosky, W™ &Mary 16



Event reconstruction

1204+ | -
10—
-4
100 o e | | 1k
'_ ! e o -
" = o 1
- e .
BO— " e a n
e
70— T "‘""—'\-—\.._._.-‘__
60—
50-1
40—
30—
20-.-——————--------’5
10—
-r—TTTT"T" T T T T T T T T T T T 1 T
-5 0 5 10 15 20 25 30 35 40 45 50 55 €60 65 70 75 B0 B85 90 95 100

.| My guess,
¥ | just for fun

Most important quantities:

muon energy and angle
recoil energy
secondary tracks/blobs

April 25, 2014

Mike Kordosky, W™ &Mary
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Where do the muons go?

Good acceptance into MINOS for leL < 20°

LE Monte Carlo
. L contained in Inner Detector (ID)

K enters Outer Detector (OD)

0.04—

K track ends in ID/OD border region
. K matched with energy in MINOS )
i matched with a track in MINOS 7

0.02

Normalized by Number of | s

0 5 10
True Energy [GeV]

April 25,2014 Mike Kordosky, W™ &Mary



Muon energy uncertainty

Events / 2 MeV'¢c

= 17 MeV Nucl. Tgts.

200
I energy loss = 30 MeV

MINOS
1400 dE/dX + mass model = 2%
_ [MINOS, NIM A 596, 190 (2008)]
1200
B —MC range vs. curvature
1000 + Data |data-MC| ~25 MeV
800_— l{ﬁ TL&I: +3% p> 1.5 GeV
B range vs +5% P<1.5 GeV
600 curvature '
- in MINOS MINERVA
400 mass model = 11 MeV tracker

-%.3 -0.2 -0.1 0 0.1 0.2 0.3
(1P™) - (1IP") [GeV'c]

April 25, 2014 Mike Kordosky, W™ &Mary 19



Michel electrons

Michel = p = evv

3000

2500

2000
1500[
1000F

500

ok

Michel electron energy Michel electron dE/dx vs time
— — 35
} Data £ - %2/ ndf 95.41/110
—— Monte Carlo ﬁ 3.45 ;_ p0 3.957+1.314
- = - p1 -4.799¢-05 + 8.9086-05
- 34—
Q =
E 3.35—
» - &
E 3.3 | I + +
C I I rl /
T 325__ ! I I I:-l =I||i!l 'ﬂill -..II !Il _Il I I;: |'I li I.lllll
SR IE PR DY iy
32 + * + + +
315
I ST NN TN I AN T I A A N N S T T B A :|I|I|I|I|I|I||||||
10 20 30 40 50 60 70 3193116 03/30 04/13 04/27 05/11 05/25 06/08 06/22 07/06
MeV Time (in 2010)

Cross-check on 1 derived energy scale
EM response uncertainty = 3%
A nice stable detector!
April 25, 2014 Mike Kordosky, W™ &Mary 20



FNAL-T977
Test Beam

T977 + MINERVA Preliminary aof

T977 + MINERVA Preliminary

60

0 02 04 06 08 1 12 14 1.6 18 2

Positive Pion
Total Energy 0.600 GeV
Data with Stat. Errors
MC with 10x Statistics

Corrected Visible Energy Fraction

) C Positive Pions 20k

o - I

@ 0.65 i :

i - * 0

2 { 1

E 0.6 *

Q =

O B

= ey

©0.55F :

E - Thank you Fermilab

2 [ test beam facility!

Q -

¢ 0r Data with Stat. Errors

- =

?: _ MC with Syst. Errors

50-45“_.|...|...|...|...|...|...|

0.6 0.8 1 1.2 1.4 1.6 1.8
Pion Total Energy = Available Energy (GeV)
April 25,2014 Mike Kordosky, W™ &Mary

T+ agreement ~ 5%
n— a bit better
p a bit worse (10%)

Resolution well
modeled

21



shower energy uncertainty

O
N
o

o

-

N
|

0.10 -

Systematic error on recoil energy
O
=
n
|

Convolution of

single particle

uncertainties

T, K = 5%
e, Yy = 3%

p = 10%

n = 20%

0.00
10

April 25, 2014

1

True recoil energy, E (GeV)

10

Mike Kordosky, W™ &Mary
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\_/u Quasi-elastics
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© QEL
" Neutrino Quasi-Elastic g
s Candidate
90~ a
A YA . event
T 30cm radius — _
70— \ siceens 8 2 -
n . selection
50— I
e .. | Signal
30 = * 1 muon, momentum and charge
TOLOM
2 reconstructed in MINOS
i * N0 mesons, no heavy baryons,
0
5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 no energetic photons
Module Number . .
. e Multi-body effects may result in
G T T T T T T T IR |multiple nucleons - allow those
110
wod L L] | |
od L L LA L ] ]| S |Background
w0 v  Pions deposit energy away from
: M T T 1 —.. | |the vertex — use calorimetry
ol L LA LL L ' ~~|* “Black out” region around the
10+ : vertex
.. 10cmradius :
T T O e e poorly modeled in MC
ol e sensitive to multi-nucleon
0 | | | | | | | | | | | | | | | | | | | | | 1 | | | | | | effects
52 54 56 58 60 62 64 66 6B 70O 72 74 76 78 80 82 84 B6 B8 90 92 94 96 98 10010

48 50

April 25, 2014
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Recail VS. QZ Expect v = Q*/2M_ for x=1

Non-Vertex Recoil Energy (GeV)

April 25, 2014

S 2r MINERVA Preliminary ¢ v CH — CCQE 2r MINERVA Preliminary ¢ v CH — CCQE
3 18 8
= 161 — v, CCQE 8 — v, CCQE
E 1.4 —V, non-CCQE A —V, non-CCQE
€ 12f 2F
w MC QEL '+ MC Background
v 8 .t z
u’ e Sideband o ' Sideband
o - .
0.6 3] e
> " ERs TaE
L o4 Afe
| . % e :
g 0.2 Signal of ol Signal
é O—. Ry e J” o .- T PO T . 0 : e ‘ Sap I : . R O .
g 0 0.5 1 1.5 2 0 0.5 1 1.5 2
“F MINERVA Preliminary ® ¥V CH — CCQE 2 MINERVA Preliminary ® VCH — CCQE
1.8 1.8
1.6 — v, CCQE 16 — V, CCQE
1.4 — V, non-CCQE 1.4 — ¥, non-CCQE
1.2 1.2

Sideband

Signal

|

Sideband

|

05 1 15
Reconstructed Q* (GeV?)

Non-Vertex Recoil Energy (GeV)

Signal

: S N
0 0.5 1 1.5

Reconstructed Q? (GeV?)
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Events / 200 MeV

Selected samples

X
<

Statistical Errers Only

MINERvVA ® v Tracker — CCQE

- v, ©C Resonant

Other

<
=

POT Mormalized
9420419 POT

P

2 4 6 8 10
Reconstructed Neutrino Energy (GeV)

x10” Statistical Errors Only
1.6 MINERvVA ® ¥V Tracker — CCQE
1.4 :_ - 7, CCQE
1 2 :_ v - ¥, CC Resonant
1 :_ l'l' - 7, €CDIS
DB :_ Other
0.6 :—
0.4 :—
- POT Mormalized
0.2 [ 1.01e+20 POT
% 2 4 6 8 10

Reconstructed Neutrino Energy (GeV)

mﬂ — (my — E,{,)2 — mﬂ +2(my — Ey)Ey,

Ey =

2(??1!} - EE} _ E’H, + _.L”,H COB ﬁﬂr)
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10°

x

Selected Samples

Statistical Errers Only

~
T

Events / .05 GeV?

MINERVA e v Tracker -+ CCQE

‘v B . ccreonan
L o

Other

POT Mormalized
5420418 POT

0.5 1 1.5
Reconstructed Q7 (GeV?)

9 .
Q‘_' — 2EL"’(E,H - j.}’u COS g’uf)

29,620 events
Efficiency: 47%
Purity: 49%

April 25, 2014

Mike Kordosky, W™ &Mary

Events / .05 GeV?

%10°

Statistical Errors Only

MINERVA ® ¥V Tracker — CCQE

- ¥, €C Resonant

Other

1.2

0.8

0.6

0.4

POT Mormalized
1.01e+20 POT

0.2

%

0.5 1 5
Reconstructed Q7 (GeV?)

g
—my,

16,467 events
Efficiency: 54%
Purity: 77%
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Constraining
Background

10 Recoil Energy Sideband

N> 1 4] MINERVA Preliminary —4- DATA

Q T

O L POT Normalized

W 1.2 g942e+19 POT

S

S v, CC DIS
; other

£ V

g u

LLl

. o s e i I
00 0.5 1 1.5 2
Reconstructed Q7 (GeV?)

April 25, 2014

Candidates / 10 MeV

Candidates / 10 MeV

Y
<%

() [ %] FLY o
TT1 |IlI:llII:IIII:II“-r'FIIllllllllll

—

MINERVA ® v Tracker — CCQE

0.05< Q2_ < 0.20 GeV?
Before Fit

—+— Data
== Monte Carlo
Background

2

x10°

100 200 300 400 500
Recoil Energy (MeV)

Template fit to get

background fraction

MINERVA o v Nad|. )
““lin each Q2 bin

0.05< Q2_ <0.20 GeV*

After Fit
Bkgd Scale = 0.88 = 0.01

—+— Data
= Monte Carlo
Background

100 200 300 400 500
Recoil Energy (MeV)
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MC Background Fraction Scale

1.4
1.3
1.2
1.1
1
09
0.8
0.7

Background Scale Factors

MINERvA ® v Tracker — CCQE

-»

0855

April 25, 2014

N R B I N PR P B B
2 04 06 08 1 12 14 16 1.8 2

Reconstructed Q7 (GeV?)

MC Background Fraction Scale

14r MINERVA ® ¥V Tracker — CCQE

1.3F

1.2F ‘v

11F 1)

S

0.9 | |

0.8F T T

0.7
:||||||||||||||||||||||||||||||||||||||

060 =02 04 06 08 1 12 14 16 18 2

Reconstructed Q7 (GeV?)

Mike Kordosky, W™ &Mary
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Statistical Errors Only

10° MINERVA ® v Tracker — CCQE
- v, €€ QE
v CC Resonamnt
E 10* v B
v, CC DIS
] T
N Ot
— 1{]3 (=13
)
it
c
S
W 10’k
[ 1 ] ] ] 1 1 | L
0 0.2 0.4 0.6
Recoil Energy (GeV)
uuuuuuu AATHY
MINERvVA ® ¥V Tracker — CCQE
- v, CC QE
4
E 10 - ¥ CC Resonant
"i" CC DIS
S V N
E 1{]5 Other
0
F
c
S
W 10°
POT Mormalized
1.01e+20 POT
L L | | i
0 0.2 0.4 0.6 0.8
Recoil Energy (GeV)
April 25, 2014

Recoil energy
after the fit
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- - »10%  MINERvVA ® v Tracker — CCQE
20F
Differential = 2
o 181 + data
- "é 16 v ———— NuWro RFG M,=1.35
c = | S § NuWro RFG M,=0.99 + TEM
Cross-sections : 1 ,.
= {92 - —— NuWro RFG M, =0.99
8 - ——— GENIE RFG M,=0.99
= 10 A
- NuWro SF M,=0.99
lt | = A
S °F
w 6
o O -
g 4
= L]
g 2F 15<E, <10GeV : 0, <20
I T T A T T R M T— — - ;
=0 0.5 1 15 2
EDX'I 0 MINERVA ® ¥V Tracker - CCQE
T 1k —
o -
O 16 V ~——— NuWro RFG M,=1.35
S uF "l’ ------- NuWro RFG M,=0.99 + TEM
% 12F- ——— NuWro RFG M,=0.99
O 10E — GENIE RFG M,=0.99
e F ——— NuWro SF M,=0.99
o 8
S— [
~8 SF
g 4
- u B < 20°
— =E = = H
_l:u: 2 - 15<E, <10 Ge _
D - 1 I I T T N E 1
0 0.5 1 1.5 2
Q% (GeV?)
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Systematic Uncertainties

Systematic reweighting In practice we
uncertainty knob shift multiple knobs
simultaneously:
“many universes”
MC “multi-sims”
Sample

Shifted Result

v x10° Statistical Errors Only

data —=——p Rerun. —>
Analysis

do/dQ? (cm?/GeV */proton)
=

00 02 04 06 038 1 12 14 16 18 2

2
True QQE
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Fractional Uncertainty

Systematic Error Bands

MINERvVA ® v Tracker = CCQE

0.4 - Total
|- mme—- Statistical
0.35 :_ Flux v
- ——— Recoil Reconstruction
0.3 = Muon Reconstruction u
0.95 - Hadron Interaction
2D [~ Primary Interaction
= Cther _I
0.2
0.15F
A —
01
0.05F
Ll o

0006204 08 0.8 1
QZ; (GeV?)

T IR S R R
1.2 14 16 1.8

Fractional Uncertainty

MINERvVA ® ¥V Tracker - CCQE

D'4E Total —
— weerrmn Statistical
0.35 = Flux
- ——— Recoil Reconstruction
0.3 = Muon Reconstruction
— Hadron Interaction u’
0.25 —— Primary Interaction
= Cther
0.2
0.15 E:-|_|—I— I
- I
0.1 -_ =E __________________________
0.05f !
------------- |}—! I | |
OU 02 04 06 08 1 12 14 16 1.8 2

QZ; (GeV?)

Most significant error: neutrino flux

April 25, 2014
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Shape Fractional Uncertainty

Shape uncertainties

MINERVA ® v Tracker - CCQE

04 a Total
ERLLILLL Statistical
0.35 :_ Flux
~ ——— Recoil Reconstruction
0.3 Mucn Reconstruction u
~ Hadron Interaction
0.25 -——— Primary Interaction
- Other
0.2
0.15 E_ I
0.1 I
005 e
_________ F LI

% 02 04 06 08 1 12 14 16 1.8
Q7. (GeV?)

2

Shape Fractional Uncertainty

MINERvVA ® ¥ Tracker — CCQE

0.4 Total
....... Statistical
0.35 Flux

Vv

——— Recoil Reconstruction
Muon Reconstruction
Hadron Interaction
= Primary Interaction

Other

% 02 04 06 08 1 1.2 14 16 1.
Q2 (GeV?)

The shape of do/dQ? has smaller errors and is physics sensitive.

April 25, 2014
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Ratio to GENIE

do/dQ? shape

MINERvVA ® v Tracker — CCQE MINERvVA ® V Tracker — CCQE

1.81 1.81
16 :_ « data NuWro RFG M ,=1.35 16 :_ + data NuWro RFG M ,=1.35
T GENIE RFG M,=0.99 ----- NuWro RFG M,=0.99 + TEM T GENIE RFG M,=0.99 .- NuWro RFG M,=0.99 + TEM
1.4 NuWre RFG M,=0.99 NuWro SF M,=0.99 ; 1.4 NuWre RFG M,=0.99 NuWro SF M,=0.99 )
- 8, < 20° 5oF
1.2 p 1.2
B o B
[ o [
L o —— — | :'; 11
| — B “ osl-
B 1.5<E, <10 Ge\r'v - B 1.5<E, <10 GeV v
0.6— Area Normalized 0.6— Area Normalized
B » II’:-’:!rl CII'I'I"LII 2C I I IH N B I I o II’:-’:!rl CII'I'I"LII =18 I e p’l|
107 10" 1 10° 10" 1
2 2
Q2. (GeV?) Q2 (GeV?)

Best match is to an RFG model with MA=0.99
but with GY, modified in accordance with

electron scattering data — “transverse enhancement” (TEM)
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MINERvVA ¢ v Tracker - CCQE

% 300 Area normalized

= [ MC with syst. error v t

E V %% Background er ex
& 200' l'l' ¢ Data

& Energy

Energy within

100k 300mm of vertex

% 100 200 300 400
Vertex Energy (MeV) MINERVA « ¥ Tracker — CCQE
% 1100¢ Area normalized
= 1050k _— MC with syst. error
Excess of cenergy at the vertex E 1000} .v %22 Background
seen in neutrino mode. Not § 950! m t Data
explained by any systematic Y goof i
uncertainty. T T LT T
ty 150} Energy within
, , 100} 100mm of vertex
Relatively good agreement in ol .
anti-neutrino mode N . .

0 100 200 300
Vertex Energy (MeV)
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Vertex = 10 'z
- = 0<r<25mm °
[®)
Energy Fit £ 10" &
N
Hypothesis: Some QEL-like o ™ .
events due to scattering on > ERd
o (9] _
correlated np pairs. g | ;
T
% 200 400 600 — 10
Would result in an nn final True Proton KE (MeV)
state for anti-neutrinos but . .
. . =100 =
a pp pair for neutrinos. 2 -
. .. £ 75<r<100mm [ .8
Test this by adding in an s | a
additional proton to some T 50f =
o o Tg] I
events. Fit vertex energy in ~ - 102
radial slices. S ]
o | | u i
w % 200 400 600 — 10

True Proton KE (MeV)
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Vertex Energy Fit

MINERVA ¢ v Tracker —» CCQE

Result:

Neutrinos: Best agreement
if 25+9% of events have
an additional proton with
a flat energy distribution
from O<E__ <200 MeV

@
No additional protons Q 02F
needed in anti-neutrino Q %
mode. S

S

|

Ty

0580
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100

Events / MeV
N
o
o

r=0-300 mm

‘v ----- MC Nominal

l’l’ — MC Best Fit
+ Data

100

200 300 400

Vertex Energy (MeV)
MINERVA e v Tracker - CCQE

Sum of bins: 0.25+ 0.01+ 0.09

100 150 200

Proton Kinetic Energy (MeV)
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Additional Results
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| Single ©*

"mo4+—t

100

o " |production
v, (CCH) » = X
doci— | W<1.4Gev

60—

W A B B8
NEERE NI | |do/dT_, do/d6
10+ [ 75, T
U | 1 T | I T I T T | I T T T T T T | |
5 0 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115
«10° v, Tracker — 1" 11" X (W < 1.4 GeV) %10° v, Tracker — p” 1n* X (W < 1.4 GeV)
o 2.5 Area N lized (MC x0.85 ] i C x0.
= N ermror ) gDt I e e
Q B © o
U) 2 I Interacting Proton E 7 I Interacting Proton
o [ Stopping Proton © [ Stopping Proton
o [ Interacting c [ Interacting n*
c‘ I Stopping m* 1] 6 I Stopping n*
=15 ©
2 "l dE/dx PID .
5 | 4 Michel tag
S 1
5 B
: | ;
O o.5F 2
B 2eteseas, acafitl 1
) e T ol
% 0.1020304 0506070809 1 % 05 1 15 2 25 3 35 4
Pion Range Score Michel Views
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Single ©n* production wosty =

v, Tracker — pu 11* X (W < 1.4 GeV)
n

1042 <1 0_42 v, Tracker — p” 1= X (W < 1.4 GeV)
X
= - = - S O C x0.
g 22 Absolute e 262 g 18:_ . Erg-)“’r;e*‘;’l%’g\ﬂ o L Genie 262
o 20 . R GENIE No FSI 9 46 GENIE No FS|
o gf normalization o
2 Ot 2 14 Area
S 16 1. 3474 pions S F (s
> b T > 12F 1. normalization
A R b NN S o
=~ 8Kl T 1 e i 6L
B — B
R T W = -
5 5 4
B 4E 6
© * Data-GENIE x2/ndf = 18.13/6 = 3.02 o
2 - Data-NoFS| y?/ndf = 93.32/6 = 15.55 : Data-|NoFSI xlzfndf=1|54.6115|=30.92 | | |
-t e e e b by o et b b b b L
00 50 100 150 200 250 300 350 40 00 50 100 150 200 250 300 350 400
n* Kinetic Energy (MeV) n* Kinetic Energy (MeV)

Conclusion: data are sensitive to FSI and provide model tests
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9001

.
-

— Athar et al.
- L - Nieves ef al,
Single n+ MiniBooNE _ f—sau
I 1 CCIn”
duction LSS — Geve
pro 100} 1 T — GENI
w1042 v, Tracker — p” 1t* X (W < 1.4 GeV) 3"- ) B data
1 8 [ Area Normalized + data @ - ] .
= —— GENIE 2.6.2 hAFSI D 50
16 — e GENIE 2.6.2 No FSI - N
- Neut 5.3.1 (CH) o
14F NuWro (CH) =
B —— Athar (CH) o vy e
12?{ﬂ 2
B o
10} S Courtesy of

do/dT

o
T G T T T

do/dT, (cm?MeV/nucleon)

1II[[[1

I 1 L

ol e e ]
50 100 150 200 250 300 T T

P. Rodrigues

0.0 0.1 0.2
7t Kinetic Energy (MeV)

Conclusion: MC codes tend to agree better
than micro-physical calculations (for now...)
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Multi-t* production Mostyx:

1042 v, Tracker — p" Nn= X (W < 1.8 GeV) <1 0_42 v, Tracker — " Nn* X (W < 1.8 GeV)
L Shape Errors Only (MC x0.70)
40 -~ g:tle 26.2 30 2.99e+20 POT e g:tle 262
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35
. 25
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20

L
s
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Work in ) ]
progress Single ©° production

Vu (C,H) » pu* n° + nucleons

E‘IED

=100

80

60

40

20
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Single ©° production

v, Tracker — 1*1°X (X has no mesons)

160

140
120
100
80
60

40

20

Events / (10.0 MeV/c?)

0

0 50 100 150 200 250 300 350 400 450 500

m,, (MeV/c?)

April 25, 2014
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TTTTT
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-
-
-
el
i

MINERVA Preliminary

A +

Area Normalized

¢ Data (stat. error)

Signal
I Background 1

B Background 2
I Background 3

MC background breakdown:

1) Background 1: events with
pi0 in the final state plus
charged pion (so it’s not our
signal)

2) Background 2: events with
no final state pi0, but there is
secondary piOs, e.qg., from pi-
charge exchange

3) Background 3: events with
no final state nor secondary
pi0s

Work in progress

Mike Kordosky, W™ &Mary
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Work in
progress

qu—>u' nt C

Coherent ©* production
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c h + % E MINERVA P..z'e.liminary —— DATA
oherent « 2 ol S = con
600 I RES W<1.4
d t - 0 - B 1.4<W<2.0
T ol W>2.0 Q2<1.0
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L N Other
. 400
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° . Ll 150
Work in understanding the vertex
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the background with
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v — electron scattering

Standard candle
cross-section, precisely 49V.e” ~V.e) _G. m,E, % sin® 6, H+sm 16, (1-
predicted by the SM dy 27

0
y) O
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110 =

100 —
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70—
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41

30
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00— | T T T
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¥ Draw Color Scale
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v — electron scattering

Major background from events with a &©° where 1 vy is lost

v,4 -V yATlD NC-coherent 1° V =
_=:::::::::__> >
VN -V ,N 71’ NC-resonant Tt° 8 y
|
100
POT-N¢rmalized
3.43e+20 POT
80

Background rejection
Look at dE/dx near

. CCQE 27.8
v, others 23.2

N Events / (1.0 MeV/1.7cm)

o
o
T T | T T | T | T | T 1 | I

1v,COH® 1.6
the start of the shower , COH 1° 44.2
v, nc-others 80.3
40 v, cc 50.9
electron = 1 MIP o
gamma = 2 MIPs
DI I|III|III|III|III|I?I|I?I|I’I|I,I
0 2 4 6 8 10 12 14 16 18 20

dE/dx (MeV/1.7cm)

April 25, 2014 Mike Kordosky, W™ &Mary 49



v — electron scattering

Background from v_ CC interactions removed via E@2 cut

Data driven background constraint
EB% <0.0032GeV [Iad® via sidebands in dE/dx, E6* . Sensitivity to

._: subsamples via fits to shower topological variables.
90—
80 POT-Normalized —— Data After efficiency and

| 3.43e+20 POT vpe 104.0

>
Q
O
0 5
S 70f | vie 115 background corrections
S b | e SC0E 198 | O
0 ' € ' L —c
k= 5 I MINERVA Preliminary v, COH n’ 0.0 123.8 = 17.0 (Stat) + 9.1 (SYSt)
@ | v, COH ° 29.3
o 4 ! v, nc-others 92.4
- | H g % | Expected

S0ee Yuce BT 147.5 + 22.9 (flux)

2

_ Gives a constraint on the
III | i |  Buododd a0a0a0d 1oonds | 000 K00 MR | 000 OO R | B S IR | A S SO | R i ..:.::::::::::: ><10
e T TR e ﬂux comparable to
E 6% (GeV x radian?®) current uncertainty.
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nuclear targets

500kg
. . N EN =
2 § 2 2 2 Water

250 kg
Liquid He ,—|L

L S S S
r
+ 7 -

1.0” Fe / 1.0” Pb 3.0” C/ 1.0” Fe 0.5” Fe / 0.5” Pb
] R / 1.0” Pb T

S S—

)
—

1.0” Pb / 1.0” Fe
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Nuclear Target Observables

G(E), G(E), o(E),

Ratio of the v, CC cross-
G(E) cu O (E) cu O (E) - section as a function of energy

do, do do

... and as a function of dx _dX Fe &C
Bjorken-x
do do do
Xy = Q?%/2myv Ix Ix I
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An event
from target 3

view
looking
upstream
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N Events /4 cm

Selection of
Fe and Pb

Target #5 v CC

True Event Origin - Iron of Target 5

500 —MzNERVA-Prelim

Area-Normalize
400 L Stat..Errors.On

inary —4 Data

ron
Downstream Scint.

200
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Upstream Scint.

0 40 60 80 100
Vertex U (cm)

N Events / 4 cm

True Event Origin - Lead of Target 5

MINERVA Preliminary
500 - Downstream Scint.
pstream Scint.

400 on
300
200F
100: Area-Normalized

| Stat. Errars Only

Vertex U (cm)
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N Events / Module

Constraining Plastic Background

Strategy, in brief

True Event Origins - Reconstructed Vertex Z

x10°

—5  Each Bunch Area Normallzed

0||'._|_§t |||i | | | | | E
450 500 550 600 650 700 750 800 850

Adjusted Vertex Z (cm)

April 25,2014 Mike Kordosky, W™ &Mary

e Use the observed
event rate in the
scintillator tracker
region to predict the
event rate at each of
the targets

e Use the MC to
correct for acceptance
and efficiency
differences between
the two locations
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Systematic Uncertainties

) Fe CH
Errors on Ratio of c¢ : cCH Errors on Ratio of dde : ddcs_x
> 0_14:— — Total Error - Statistical 2 - — Total Error - Statistical
k= - — Detector Res. — FSI Models £ 0.12] — Detector Res. — :Sl Molc.iels_
g 012 — gIIC Stat. — Normalization g A glgnsttaBt.G - x(s):;:?n ':(ajgl‘;"
S B cint. BG XSec Models o 0.1 .
| o R
2 o1 c i
=] - = 0.08f
‘_é 0.08| e .
B o) .
2 0.06| 3 0.061
o - .
o] I e ST N A (1v] 004
|-|': 0.04 T R T R T W I.I': :_|__|
0.02 0.02f |
| ————
- : j + : OIF T 1 l | 1 1 1 1 1 1 I | I L L
=4 6 8 10 12 14 16 18 20 0 0.2 0.4 0.6 0.8 1
Neutrino Energy (GeV) Reconstructed x

Uncertainties on the cross-section ratios are at the few % level
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Ratio of o€ : ¢¢H
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dGCH

dGCH

/

dGFe

i0 of 40° . do™
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.QEL.Other analyses in progress

* two tracks. Q% reco with muon and proton arms compared

« d’c/ d@Ll dpLL for numu and numubar

* Michel tag to remove inelastic background

e nuclear targets

« v_ QEL, K production, Inclusive CC, DIS target ratios, & the flux

« Many additional channels (e.g., all vA NC) and the ME beam
adds kinematic reach to existing measurements.

 Also, for LBNE I hope the community will engage in a generator
tuning effort similar to that of the collider program.

MINERvVA has more channels to measure than people to do the work.
Analysis infrastructure is well developed.

Room for additional LBNE collaborators to get involved, measure
cross-sections of interest, and train the next generation.
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Discussion

Flux

* Understanding the flux is really an experiment unto itself: hadron
production, mu mons, in-situ

Test beam

* We use the testbeam data over and over and are considering
collecting more = CAPTAIN / LArIAT

e Systematic infrastructure

* Many universes very powerful
* Needs to be designed in early on

* Lots of accounting (e.g., for detector systematics)
e Exiting energy

» [ wish we had better muon coverage and we clearly lose some energy
from neutrons
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Generated Bins

April 25, 2014

XBj smearing

Bin Migration in Bjorken x - Iron of Target 5

1 2 3 4 )
Reconstructed Bins

Mike Kordosky, W™ &Mary

62



Cross Section Model Uncertainties

Intranuclear Rescattering

(change PB momentum threshold)

Uncertainty 1o
Ma (Elastic Scattering) + 25%
Eta (Elastic scattering) + 30%
Ma (CCQE Scattering) 1259
—15%
CCQE Normalization +20%
—15%
CCQE Vector Form factor model on/off
CC Resonance Normalization + 20%
Ma (Resonance Production) + 20%
My (Resonance Production) + 10%
1pi production from vp /Vnr non- + 50%
resonant interactions
1pi production from vn /v p non- + 50%
resonant interactions
2pi production from vp /Vn non- + 50%
resonant interactions
2pi production from va/Vp non- + 50%
resonant interactions
Modfiy Pauli blocking (CCQE) at low Q° + 30%

References: (1) www.genie-mc.org, (2) arXiv:0806.2119, (3) D. Bhattacharya, Ph. D Thesis (U. Pittsburgh) 2009.

April 25, 2014

Uncertainties

Uncertainty 1o
Pion mean free path + 20%
Nucleon mean free path + 20%
Pion fates — absorption + 30%
Pion fates — charge + 50%
exchange
Pion fates — Elastic 4+ 10%
Pion fates — Inelastic + 40%
Pion fates — pion + 20%
production
Nucleon fates — charge + 50%
exchange
Nucleon fates — Elastic + 30%
Nucleon fates — Inelastic + 40%
Nucleon fates — absorption + 20%
Nucleon fates — pion + 20%
praduction
AGKY hadronization model 4+ 20%
— xg distribution
Delta decay angular On/oft
distribution
Resonance decay + 50%

branching ratio to photon

Mike Kordosky, W™ &Mary
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http://www.genie-mc.org/

Nuclear Target Event Rates

Target Fiducial Mass v, CC Events
in 1.0e20 P.O.T.

Plastic 6.43 tons 340k
Helium 0.25 tons 14k
Carbon 0.17 tons 9.0k
Water 0.39 tons 20k

Iron 0.97 tons o4k

Lead 0.98 tons Y4

GENIE 2.6, FLUKAOS8, 90cm radius, 116 tracker modules

April 25,2014 Mike Kordosky, W™ &Mary
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Detector Calibration

ADC, T
front-end &C\ readout

board

d?arl Charge to ADC conversion function
O'?it;c; PMT measured on a test stand for every

channel on every board before
installation on the detector

M wavelength PMT gains measured 4000

/2 shifting continuously in-situ using
fiber Light Injection system

Entries 32448

3500 Mean 6.05¢+05

3000

pixels / bin

2500

2000

 €ENESgY
—deposit

N\

\

1500
1000

500

8

| . L x10°

‘ L L el
800 1000 1200

I6OOI
Gain (electrons per photoelectron)

single
scintillator
strip

=)
(=}
¢i4
o
(=)
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Detector Calibration

ADC, T
front-end &C\ readout

Cs-137

board Stage PP
Movement
clear
optical
fiber PMT

A N Attenuation along every strip in
every plane measured using a
<:-\ source map before installation.
We use the point-by-point map in Sources
e : Scan
«t" wavelength | F€construction for every channel.
| /2 shifting
fiber
Map can find non-uniformities along
Typical attenuation length ~300 cm. the strip (e.g. air pockets in glue)
0 [ map27(mod27)-layer2-strip35)| T G 22R18T | map27(mod27)-layer2-strip61 P UEIETE
y= e = g:'::"mhda 29145-;6;? g F ::_::nmhda zﬁfﬁézi :
L ENELTY | o pemmons, ., ol we: o e AN ol nm. o
‘> ﬂ/ . 4003_ PMT gain correction: 0.964 @ (PMT:4, pixel: 44) :tlip_len 1gss§i g E PMT gain correction: 0.908 @ (PMT:4, pixel: 56) :Irlpjen lzﬁs:z :
LT eposit | T | s ‘
300 C
|/2 3 300—
250: -
20“;_ 2002—
\'% 150 -
single 100F 100
scintillator s - _,7( \-
strip L T I T N T I e R - S T
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Alignment and strip response

16.7 mm
<>

Energy (MeV)
W

5 In-situ verification
v, "4 that our strips
4 ™| are triangles!

=
5

A5 -0 -5 0 "5 10 15
Position Along Base (mm)
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Alignment and strip response

Demonstration for one strip Energy (MeV) T
—~ T X |
= 1000 s s Nominal
£ . strip axis
= 3
= 500
= 2.5
(e)]
> 2 7}&
S 1.5 =
5 -500 1 E
E 0.5 .
rf -1000 ?%)

RN [ SR IR .
15 10 -5 0 5 10 15
Position Along Base (mm)
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Alignment and strip response

(/] |
- : o
% — Pre-calibrated, —=====18.83 %
- 5000
w - Calibrated, —2__=3.94%
B ’ mean V7 °
4000 —
3000
20001
1000}
[ L - |
5

115 2 25 3 35 4 45 5
Mean dE/dx for muons (MeV/cm)

0,
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Response vs. Time

13.6¢
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?:E

e
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Muon Peak Cluster PE

12.4
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12.2

P
b
=TT

50 100 150 200 250 300 350 400 450 500
Days Since Start of Full Detector Data Taking

Minerva 1 (days 0-107): light loss = 10.1% per year
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Model Spread Uncertainties

Non-NA49 uncertainties from maximum model spread
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Tracking resolutions

Vertex Y Residual, pLLEZUGerc dY/dZ Residual, p <20GeV/c
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Split-track study of rock p
in tracker region -
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L energy & Q? resolution

=, l‘}.f4_
\“n. ) L energy Q‘;E resolution vs QEE
© () .!':-— 1 o N
il resolution E 0.3 :_...Prelitgninary.....f .......................................................................................................
L -E- : H :
i N S0.25EF : : :
E
! b
0.08 ey 2 0.2
I w0
| il
0.06} A 1
[ A 0.1
0.04f &
A 0.05
002k Single pn | e D N B D
I 0 0.2 0.4 0.6 0.8 1
ﬂ'. e |MC|. Stllld N azﬂE bin (GeV?)
2 3 4 3 6 9 9
p (GeV) Q? = (4-momentum transfer)
L

April 25, 2014 Mike Kordosky, W™ &Mary 73



shower energy resolution
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visible energy scale
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G E N I E v, CC inclusive

QEL: BBBAOS FF, M, is 0.99 GeV/c? T

Resonance: Rein & Sehgal (K, p, n production, A-Ny) 3 1.5:_ |
Coherent-tt. Rein-Sehgal i&) -

DIS: GRV94/GRV98 with Bodek-Yang 2 4k

DIS and QEL charm (s.c.xovalenko, Sov.J.Nucl.Phys.52:934 (1990)) L;Z _'

1mmand 21t channels tuned in transition region to °
electron scattering and neutrino data. 0.5

Nuclear Model: RFGM with NN correlations S
Hadronization Model: AGKY - transitions between 0 1 10 102
KNO-based and JETSET E, (GeV)

T. Yang, AIP Conf. Proc.967:269-275 (2007)

Formation zone: SKAT p?=0.08 GeV?

Intranuclear Rescattering: cascade model
INTRANUKE-hA (s. bytman, AIP Conf Proc, 896, pp. 178-184 (200;

anchored to Tp/n-Fe data, scaled to all nucl

EE
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Tracking x Matching Efficiency

u Tracking x Matching Efficiency Method
;_05: ID clean p in
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Normalization corrections

v, beam

Source

MINERVA tracking
efficiency

MINOS U acceptance

MINOS pileup
Catastrophic dead time

Signal removed by
deadtime cuts*

Mass Model
POT scale
Total

April 25, 2014

MC scale factor
0.956

0.975

0.972
0.983
0.970

1.000
1.000
f=0.865

Mike Kordosky, W™ &Mary

uncertainty

2.5%

2.5%

0.6%
1.0%
0.1%

1.4%
2.0%
4.0%

\ reco.
effects
on
single
> event
MC

*QEL
analyses
/ only

=

> other
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