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* this topic has become quite interesting lately

* revisiting this type of v scattering physics again for 1°' time in decades

* new data is challenging our thinking ... & turning up a few surprises
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* pursuit of v oscillations has

—_

unfortunately forced us to do

o
ol

physics at energies ~ GeV

o
o

- where our exp’l knowledge
-

of v interactions is limited

o
~

* future v oscillation experiments

o(v,N —> uX)/E(GeV) (107*® cm?GeV™
¥
|

will be addressing some very :
important questions (0,,, MH, ¢P) o

and will operate in this complex

E, region

T2K NOvVA

—
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—
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* data that constrains this region N 2T
is over 30 years old S| *
e [ TOTAL *
- low statistics (100’s of events) 8 [ |
- mostly D, H, bubble chambers =08 i JT { 21
A TR T TR = I ]
" 5 i : 8 ﬁ Sosl [ ' T b
= X | /| CE
= 0
'3 0.4 |
to $
* crucial difference: v osc exps Zo02} N\ Single Pion
use heavy nuclei ° ]
O — ) ) L MR | > )
* nuclear effects are important 10 ¢t 1 4 £ (GeV)
* has necessitated a dedicated I I
. £ T2K NOvVA CNGS
campaign of new measurements . ,
LBNE
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* new experiments making

_l
O
—
>
(I
——

improved O, measurements
covering a broad E range

o
ol
—

o
(o)}
T

* advantages of new data:

o
~

- nuclear targets (osc exps)

- higher statistics N\ Single Pion

o(v,N —> uX)/E(GeV) (107*® cm?GeV™
¥
|

- intense, well-known v beams

- studying v and v'’s .

07_1' Y +_n_noncndl
(will be important for QIS) ;O/ 1 \10 |1-:O o

K2K, MiniBooNE, ArgoNeuT, MINOS,
MicroBooNE, SciBooNE, T2K MINERVA, NOMAD, NOvA

S. Zeller, APS 2011, 05/02/11



Modern O, Experiments

MiniBOONE 180 150 120 90 soNsoOMAD ‘
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SciBooNE gl R \Ki{\:\\i\\
MicroBooNE 4 ' | <

BN NNE - Vs
T 2

. 1] |
\ 777
s

MINOS
NOvVA
MINERVA
ArgoNeuT

A A : ctomarlone

accelerator-based program v oscillation experiments
* experiments dedicated to O,
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Neutrino Interactions Bl

* let’s start on the left and work our way up in energy ...

e QE ~ 1.2 + G.P. Zeller
* NC and CC J'EO 1 F TOTAL +
° CC J'[j+ os i v J{ ! :. |

e CC inclusive

O
o
|

* use this plot as our guide

o
N
I

as we survey the landscape

* what new information
have we learned 30+

o(v,N— uX)/E(GeV) (107 cm®GeV”
¥
o

years later? 0 '
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Quasi-Elastic Scattering

* important for v oscillation experiments

- typically gives largest contribution to
signal samples in many osc exps (atm+accel)

- one of the most basic v interactions

* examples:

cignel v, —v,_ (v, appearance)

S :
event V, —> Vx (v, disappearance)

S. Zeller, APS 2011, 05/02/11
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« ANL, PRD 16, 3103 (1977), 02 A GGM, NC A38, 260 (1977), CaHaCFaBr

o BEBC,NPB343,285(1990),D, v  Serpukhov, ZP A320, 625 (1985), Al
+ BNLPRD23,2499(1981),D, 4  SKAT,ZP Cd5, 551 (1990), CF Br

FNAL, PRD 28, 436 (1983), 02

— MC (M,=1.03 GeV)

e common wisdom has been:
QE o is well-known & we

N

-
N

can consistently describe
all the experimental data

o(v. n— u p) (108 cm2/ nucleon)

- most is on D, 1_ % %%% {% {) {j{; {)
0.51 ¢
* QE considered the i
= 0 ol Ll Ll
1071 1 10 10?
- it’s simple ... clean E, (GeV)

- know size & shape of O if we can’t predict this,

then we have problems!
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* new data on carbon

x10™?
62; 16
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— T
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- it
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4
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NOMAD T e | un tsossEvent 11514 N
MiniBooNE 1995-1998. | s TN )
2002-present: Lyubushkin H [l i -
Aguilar-Arevalo et al., EPJ B I (U] i
et al., PRD 81, C63, 355 st NIRRT )y

092005 (2010)
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* new data on carbon

x10™%
NE 16—
% 1;%: * MiniBooNE -
10= bt
aE s B SN oIt R
6 * NOMAD
4 Fermi Gas (M,=1.35 GeV)
p A —— Fermi Gas (M,=1.03 GeV)
0: | 1 1 L T T T B 1 1 1 L1
10" 1 10 I EQERFG (GeV)
* NOMAD data consistent with
* MiniBooNE data “standard” QE prediction
than “standard” QE prediction (with M,=1.03 GeV)

S. Zeller, APS 2011, 05/02/11
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* new data on carbon

x10™?
NE 16—
% 13%: * MiniBooNE -
10 bt .
0F i e e T ST
6 * NOMAD
4 Fermi Gas (M,=1.35 GeV)
p A —— Fermi Gas (M,=1.03 GeV)
0: = ! L) 1 ! | . . L
10" 1 10 EQERFC (Gev)

* modern QE data ('2C) cannot be described by a single prediction

leaves one in an immediate quandary if want to predict how many QE
events you should expect to see in your detector — huge effect

S. Zeller, APS 2011, 05/02/11



Larger Cross Section?

* MiniBooNE results have T T T T T
. . i R , .
received a lot of attention 7+ MB data TH}*’% )
lately (largely because o {‘T - - 1 |
they were unexpected) sl =
8‘5’ l — Ankowski, SF
' 4 —  Athar, LFG+RPA N
. . Benhar, SF
* modern nuclear models with %[ — GBI il
— S

Martini, LFG+RPA
Nieves, LFG+SF+RPA |
.~ RFG,M,=1GeV

... RFG,M,=135GeV
Martini, LFG+2p2h+RPA

standard inputs (M,=1.0 GeV)

all unable to reproduce
MiniBooNE results

] PR |

l ' l 4 '
12 14 1.6 1.8 2

0 02 04 0.6 08

1
E, [GeV]

(fall short by 30-40%!)
(L. Alvarez-Ruso, NuFact11)

S. Zeller, APS 2011, 05/02/11
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* possible explanation: there are extra contributions coming

from multi-nucleon correlations in the nucleus

16 T T T | T T

= MiniBooNE
QE-+np-nh

- - QE

14

ol(A-Z) [10™ em’]
o )
|

;+
+
4
=
\
\
\
\

S. Zeller, APS 2011, 05/02/11

0.8 0.9 1 1.1 1.2

* large enhancement
from short range
correlations (SRC)
and 2-body currents

* predictions can explain
MiniBooNE 0 without
increasing M,




ol(A-Z) [10™ em’]

Nuclear Effects to the Rescue?

* possible explanation: there are extra contributions coming

from multi-nucleon correlations in the nucleus

I T | T T T T T T T T | T T T I

—
o))
T

= MiniBooNE
—— QE+np-nh

- - QE

._.
N
T

._.
N
|

._.
=}
|

0
|

0 01 02 03 04 05 06 07 08 09 1 1.1 12
E, [GeV]

Martini et al., PRC 80, 065001 (2009)
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<«—— standard QE
prediction
saw earlier

het




cm’]

ol(A-Z) [10™
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* possible explanation: there are extra contributions coming

from multi-nucleon correlations in the nucleus

16

14

12

S. Zeller, APS 2011, 05/02/11

T 1T 71

= MiniBooNE
QE-+np-nh

- - QE

add’l nuclear effects
contribute ~40% more O
=~ & produce a multi-nucleon
final state

* together account for MB

two final states can be
indistinguishable
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Nuclear Effects to the Rescue? aF

* possible explanation: there are extra contributions coming
from multi-nucleon correlations in the nucleus

16 T T T T T T T T T T T T | T | T I T

4l = MiniBooNE
! — QE+np-nh

- - QE

* could this also explain
the difference between

12 —

“e 10|~
S MiniBooNE & NOMAD?
s
NOMAD: u + p
4_
2| MiniBooNE: p * no 7'
+ any # p’s
o A R R T R S S R
° R jury is still out on this

Martini et al., PRC 80, 065001 (2009)

S. Zeller, APS 2011, 05/02/11
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* large increase observed in transverse component of cross section;
successfully explained by SRC and 2-body currents

140 [ L T I T
[ + q=300 ' ;},1*;, £
08 ; 4 q—]O(_) *}_ "fﬁ'* T ad
F © q=500 4 =
+ q=600 " + g ’
06+~ X q=700 l‘}'L“:"“ A
+ ’ "N b | v Iq. n
t’ti H " ‘ _,Q# (2] y ¥ '
} &'l 2 4 "',’ ]{ + s
04; Jf“ & i
i + "'*. f '
~J_ L & : ‘
E = [ 0 )
0.2 — q. | "»‘:’_ ]
.- I
o) s P
N & " h;‘*-."' kil
O.U > l l ' A
-2 -1 0 1 2
.yff.'

05/02/11

* had been seemingly
forgotten

* perhaps it is not so
unexpected that the
v QE O on carbon is
larger than predicted?

* observations in e and v
scattering are related?
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* new revelation: something as simple as QE scattering is not so simple

- nuclear effects can significantly increase the cross section
- idea that could be missing ~40% of O is a big deal!

* need new nuclear dynamics to describe 188
v QE scattering 30 | _
— 70} :
* no such model currently exists > 60 -
50 | i
(will be a challenge; needs attention!) o 40 L 4 |
~
< 30} ¢ :
. . - 20 |1 i
* effects will be different for v vs. v 10 b gl _
(could produce a spurious CP ViO|Cﬂingeffec1-)/ 0 i 1(‘)0 260 360 460 E;)O il
* can impact E, reconstruction & [NV

S. Zeller, APS 2011, 05/02/11
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mes  MiniBooNE data (3N=10.7%)

u

* 1" double differential O’s

* 146

d’c 2
Tsou(cm /GeV)

dT

\:’ MiniBooNE data with shape error

000 Vy “QE” events

’

(currently world’s largest sample)

* historically, never had

to do this

istics

enough stat

* provides most complete info on v QE scattering to date (d°c/dT,d6)

* posing a formidable challenge for new nuclear model calculations

S. Zeller, APS 2011, 05/02/11
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QE at T2K

* ND280 off-axis detector began
v data-taking in March 2010

UA1 Magnet Yoke p

TPCI FGDI TPC2 FGD2 TPC3
(L. Monfregola, Nulnt11)

* QE analysis also underway in

T2K ND280

Barrel ECAL

- thinking carefully about

analysis strategy here

- measurements on '2C, 14O

TZ K similar energy range as MB

S. Zeller, APS 2011, 05/02/11



QE in ArgoNeuT

* 175L LAr TPC that took data
in NuMI beamline (2009-2010)

NYTTIITINE

* v interactions in exquisite detail
(ex., can detect protons down to 50 MeV)

47 cm

- 3888888888

. * v interactions in 4CAr

J. Spitz, arXiv:1009.2515 [hep-ex]

* + MicroBooNE coming soon!

S. Zeller, APS 2011, 05/02/11
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I * will pursue a broad range of O,
If elastic kinematics, . ,
E,=2.8 GeV, Q2=0.1GeV? | multiple beam E’s and nuclear targets

* starting data-taking in March 2010

% 97

* starting with antineutrino QE (LE beam)

nuclear targets (He, C, Fe, Pb, H,0, CH)

- less sensitive to modeling of final state nucleon (unlike v case)

- less ambiguity as to whether or not selection includes extra effects
of nucleon-nucleon correlations (unlike v case)

S. Zeller, APS 2011, 05/02/11
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Events / 400 MeV

900F- Preliminary MG uncertainty % 600 Preliminary G sl
- (Stat+Flux only) o = (Stat+Flux only)
800 v, CC QE N - v, CCQE
- Q 500
700 ;— * v, CC Resonant -~ - v, CC Resonant
6005— i i v, CCDIS *2 400 5{{ v, CCDIS
= ¥, CC Coherent Pi 9 i | } ¥, CC Coherent Pi
500} B L
- } v, NC 300— ) v, NC
400 3 i } Non, : i NonT,
300 200 i}
200F- fi, POT Normalized ool ”**” POT Normalized
100;— ’Hn' - E ii“'u'n i
-:l_J'IIlIllIA1_111l.lL:t'l'l‘:'i"::.l.i.l.,g.i.f,.l.;.‘.‘. 0 "'l"'l"‘l'“l"'l‘,"l".,."l.‘.,.‘."P".i""'
% "2 a4 6 8 10 12 14 16 18 20 o 02 04 06 08 1 12 14 16 18 2
Reconstructed Neutrino Energy (GeV) Reconstructed Q? (GeV?)
*Vu QE interactions in CH across large energy range
(note: MiniBooNE v, QE measurement is below 2 GeV)
* observe an event deficit; has some E, -dependence for more:

see Jesse Chvojka’s

(relative to “standard” MC, untuned NuMI flux, GENIE, M,=0.99 GeV) tolk in R7

S. Zeller, APS 2011, 05/02/11
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* 1° production ~

v, ~ vV,
20 0

n,p"—’<

n,p

T
—
O
—
>
(I
s

o
0]
T T T

* " production
Vi W
W+

t 10 M1
n,p,‘——-—’<n’p ./

S. Zeller, APS 2011, 05/02/11

N —fu"X)/E(GeV) (107*® cm®GeV™
2
[

(@]
N
[

( o ¢
~
T T 1] T I T T T
O
[
~ O
_‘-’_ -:‘
"~ 7, _0_
fj’

o(v,

10°
E, (GeV)

* important for different reasons — backgrounds




.
NC 7t° Production Rl

VM va
70
0 — vy
n,p n.p

* important for neutrino oscillation experiments
- dominant background for experiments looking for Vi = Ve

15 5 "2°[%, 30 107 PoT, 300kT WCh_signal + bkg.
S s & [ normal hierarchy I b p=+45 (918)
- ——— signal + background |_sin“26,.=0.04 0..=0" (1053)
é’ - T2K 'ﬁwo_ ] — §.,=-45" (1198)
S g .
= B —— total background e T } R
» 10 % 80 + Lal (515)
— = w I Lo beam v, (227)
§‘ | —— background fromv, I + . |
£ . 60 Vv signdais
oL i LBNE ©
8 st are small so
) - A m? = .0025 eV? 40F
S need to
5 -~ sin’20,, = 0.02
- L 20\ worry about
% 1000 2000 :
rec. v energy (MeV) e this
neutrino energy [GeV]
S. Zeller, APS 2011, 05/02/11
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*g 0.3:
o % 0.255_ e  Aachen, PL 1258, 230 (1983), Al
¢ only two pre-existing = F o GGM,NPB135,45 (1978), C H, CF Br
medasurements ‘E 0'2:_ —— NUANCE (M =1.1 GeV)

o N
g 015
o N

* both at ~2 GeV = ok
-

* based on <500 events = g o5F

combined g_ ; T
=3 0 2

= 10 10
© E, (GeV)

S. Zeller, APS 2011, 05/02/11
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* new appreciation for nuclear effects in this region as well

(nuclear effects can affect the final state; immediately complicate things)

- once produced, hadrons have to
make it out of the target nucleus

- T absorption dominates; but 1T can
also charge exchange (ttn — 7t%)

* have to worry about these effects
(they are not small)

S. Zeller, APS 2011, 05/02/11




Final State Effects
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* new appreciation for nuclear effects in this region as well

(nuclear effects can affect the final state; immediately complicate things)

“final state interactions (FSI)”

- once produced, hadrons have to
make it out of the target nucleus

- T absorption dominates; but 1T can
also charge exchange (ttn — 7t%)

-

S. Zeller, APS 2011, 05/02/11

do/dp,, [10°38 cm?/GeV]

2

1.5 |

05

(T. Leitner)

w/o FSI ----
PYARN w FSI
/ . large distortion
Y\ in momentum of
\, 7’s produced

\\\\\\\\

0 0.2 0.4 0.6 0.8 1

Py [GeV]

understanding 7t kinematics

is important!
(has never been carefully studied)




: i ;
L v v
T * 1° diff’l cross sections (on CH,)

= e - * 21,275 v, NC t°
R 2,789 v, NC n°

1 , .

i | this data was crucial for MB
s > i vV ° vV v,V oscillation search

© - {

| . * data has been provided in
L e R a way that others can use
P (GeV) cosb,, (and available on the web)

S. Zeller, APS 2011, 05/02/11




FSI Models

* data in heavy use by model builders

(shown at the Nulnt11 conference last month)

ol | G\BUU fu;l —

+ full, butonly A -~
coherent -

15|
+ + MiniBooNE —e—

T \ + NC v on CH, |

05 L \\_ _j. MiniBoONE fiux

S. Zeller, APS 2011, 05/02/11

do/dp [1 042 cm2/MeV/nucleon]
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2.0

1.5 |

1.0 |

0.5

MB data
Without formation zone
With formation zone

NuWre

hd

0 200 400 600 800 1000 1200 1400

7° momentum [MeV]

(T. Golan)

x1073°

c' [ T T

o
8 [ i
[&] — -
|2 15— ]
(8] 2 - -
> - -

()]

9, L i
ot 1 ]
E - -
] . ]

0.5 _
% 0.5 i 15
p,. [GeVic]
(P. dePerio)




* new studies of 7° production
in CC interactions too!

G.P. Zeller
g‘\
c ® CERN-WA25, Allasia, Nucl. Phys. B343, 285 (1990), D,
G -2 [ a ANL, Borish, Phys. Rev. D19, 2521 (1979), H,, D,
?’); | ¥ ANL, Rodecky, Phys. Rev. D25, 1161 (1982), H,, D,
o © BNL, Kitagaki, Phys. Rev. D34, 2554 (1986), D,
J_ 1 | DO SKAT, Grabosch, Z. Phys. C41, 527 (1989), CFBr
N B
o
[
[oX
. 0.8
i -
| NUANCE v2 (M,=1.0 GeV)
T 0.6
-
3
N
A —
© 04
0.2
0 =
10

het

VU\/ W
W+

" 0 — VY

n""\p

* CC so can reconstruct
full kinematics (ex., E,)
and provide some added
input for NC 7t°

S. Zeller, APS 2011, 05/02/11
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CC nt° at MiniBooNE

r, f'lq-s'g"l"'l"'I“‘I"'l"'"' :
O 5 25:_ —— Statistical error
* 5,810 CC 1t° events; paper last month: 5 | i sysematic emor
Aguilar-Arevalo et al.,, PRD 83, 052009 (2011) % 20;‘ — NUANCH
o
5 of
o B. Nelson,
i UC Boulder,
06 08 T 1214 16 18 2 | Ph.D. thesis
E, [GeV]
—2 x'lq-s'gl"'I"'I"'I"'I"'I"'
* 15" ever differential cross sections 5 —— Statistical error
for this process on a nuclear target (CH,) 3 w0 I B ystematic cmor
,\E — NUANCE
S 25
o(E,), do/dQ? . o
do/dT, do/d6, 6 dists : s
do/dp,, do/db_ % 10
ol ok
Sl 5

* most comprehensive study of CC nt° to date

P PR BRI B
% ~02 04 06 08 1 12 14
p , [GeVic]

S. Zeller, APS 2011, 05/02/11




e K2K ND took data 2003-2004

K2K Front Detector

SciFi/Water target

SciBar detector

Muon chamber

r-Kamiokande

|
‘|||| To Supei

* 479 CC n® events on CH

of
* recently published CC J'CO/QE/

ratio as a fen of E,

S. Zeller, APS 2011, 05/02/11

—
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—r —r

- - - -

N N ()] (o]
T T T T T T T T

o(CCn°)/c(CCQE)

—r
T

K2K DATA

K2K MC all |
- K2K MC single pion '

K2K MC DIS

2 3
Neutrino energy CCQE(GeV)




CC mt° at SciBooNE

=

* using this same K2K detector

but in Fermilab 8 GeV beam (2007-2008)
Y%

* 231 CC n° events on CH

* released a preliminary
absolute O last month:

(H. Tanaka, Nunt11)

Preliminary

# DATA
I Signal

Entries

- [ Bka w! pi0
[ Bkg wio pi0
[ 1External bkg

G(CC 10) = 5.6 + 1.9 (stat)
x 104% ¢cm? /nucleon :
at <E >893 MeV 20l

100 200 300 400 500 600 700 800 900 1000
Pi0 momentum (MeV)

* also, CC nt° analysis underway using T2K ND (J8: Dan Ruterbories)

S. Zeller, APS 2011, 05/02/11
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* important bkg for disapp exps £ "
g “© %
E 0 NS
* 48,322 CC t* events (CH,) 3 Ll
PRD 83, 052007 (2011) .
M. Wilking,
N UC Boulder,
0 Ph.D. thesis
. xrlqhg:).]-.”“-”].v-v Error Bands ————
> 0.12 __ ® MiniBooNE Measurement __
% E - I:I Total Uncertainty E
\;\u 0.1 __ . = MC Prediction _—
* MiniBooNE leading the pack B .
= 0.08— —
o(E,), d0/dQ?, d?0/dT,db, : :
do/dT,, do/do,, — 8 dists F E
do/dT,, do/de,, d26/dT dO_ | (many 17) oy E
. . - 002(— -
* information we have not had access to e e e e e 00
Pion Kinetic Energy (MeV)

S. Zeller, APS 2011, 05/02/11
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: %
* measures everything I
£ 1
at once: O
g 0.8
+ QE >
()
+ np_nh r(j/ 0.6
” ~
+ A, N* — }7( 2
'3 0.4
+ A, N* — 17, multi-it /Zr
1 0.2
+ DIS ... =
N

L L L R —n LT a5 =

* high purity samples £, (GeV)

(O for events with a u)
clear need for improved

measurements E, < 50 GeV

S. Zeller, APS 2011, 05/02/11



Total CC Cross Section

* new data in the

oof | | 4 |

past couple years

0.4

* have greatly

E—’ (103%cm2/GeV)

f- VN-
oo W

increased precision 0o —*— MiNos
. . . | world cross-section 30-50 GeV
in this energy region 0 0 20 30 40 50

Neutrino Energy (GeV)

« NOMAD: (v '2C), 2.5<E,<230 GeV, PLB 660 19 (2008)
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1 =BEBCWBB

0.8;
o.7i— m q_% g $”+—i

-5~ GGM-PS
=& IHEP-ITEP
+F SKAT

> ANL
+rCRS

¥ GGM-SPS
> BNL 7t

: <3 CCFRR

- CCFR 90
-8~ CDHS

< IHEP-JINR
< CCFR 96
£ NUTEV

] #-nomap

* MINOS: (v,v >°Fe), 3<E <50 GeV, PRD 81, 072002 (2010)

S. Zeller, APS 2011, 05/02/11




Total CC at SciBooNE

(Y. Nakajima, Nulnt11)
x10"%

* BNL result assume CCQE
model to constrain the flux

lllllllllllll[lllllll

8 ,
Vs G N sy S
6 .
/| ----e---- SCiBoONE data based on NEUT - BNL 7ft
4 —®—— SciBooNE data based on NUANCE =+ MINOS
=iE] BEEEEEEEEEE NEUT prediction - NOMAD
2 J T T, NUANCE preplctlon il iy .
0051152253354455
E, (GeV)

Nakaijima, et al., PRD 83, 012005 (2011)

S. Zeller, APS 2011, 05/02/11
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* SciBooNE has now provided
the 15" measurement of the

CC inclusive O on a nuclear
target ('2C) below 3 GeV




SciBooNE Results in Use

* this is a needed starting point for model comparisons
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* next, really need d*c/dT d6 !

* and A dependence!

S. Zeller, APS 2011, 05/02/11
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Total CC at T2K aF

* very similar E, range to SciBooNE
(J. Imber, J8 session)

* T2K plans to measure d°0/dT d6,

Entries 1529
-CCQE IIIIIIIIIIIIIIIIIII

* ingredients for such a measurement: 50| g &5

CC Coherent &
I Ncutral Current
400 | B CC Charm
I No FGD
. v,

Entriec 1529 | 300

200

100

b 01 02 03 04 05 06 07 08 09 1
cos 0 (1)

* 1" data from ND280 detector

500 1000 1500 2000 2500 3000 3500 4000 4500 5000 released last monthl!
P(u) McVi/c)

vl b b el

S. Zeller, APS 2011, 05/02/11




L, B
Total CC at MINERVA Rl

* MINERVA will measure ratios of v and v CC events on plastic, Pb, Fe
across very large energy range (will be a real power housel!)

- LE mode alone: 409k events in plastic, 68k Pb, 65k Fe
Passive Target Event Selection N\\\\\ERV P\

\
018F « Iron-Enriched Sample . pse
0.14f « Lead-Enriched Sample X g\\m
0.12 :_ + Z position (beam direction) \

- DATA ,‘ » D
0.1 i i
0.08[— Area-Normalized 2
- o
0.06| # #i o vy L-[
- Preliminary
0.04— — f
o #” Statistical Error Only o Tl |
0.02f H- I
- . - t *‘*‘"’*ﬁm
% 5 15 25
Muon Energy (GeV) (DIS event reconstructed in iron)

(B. Tice, Nulnt11)

S. Zeller, APS 2011, 05/02/11
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Didn’t Have Time To Discuss ... W

%107

- MiniBooNE NCE cross-section with total error

wans - Monte Carlo NCE-like background

w

do/dQ*(cm?/GeV?)

* NC elastic scattering (v, N —v, N)
- MiniBooNE, PRD 82, 092005 (2010) y

D. Perevaloy,
Ph.D. thesis

...................................
..................

0.2 04 0.6 0.8 1 1.2 1.40‘lﬁ (G:\?’)
o 0 . 0 2
NC coherent 1 production (v, A—v, A 1°) f« C. Kullenberg,
- MiniBooNE, PLB 664, 41 (2008) £ Ph.D. thesis

- NOMAD, PLB 682, 177 (2009)
- SciBooNE, PRD 81, 033004 (2010), 11102 (2010)
- MINQOS, D. Cherdak, Nulnt11 workshop

* CC coherent " production (v, A—u~ A wt*)

- K2K, PRL 95, 252301 (2005)
- SciBooNE, PRD 78, 112004 (2008)
- SciBooNE v, H. Tanaka, Nulnt11 workshop

S. Zeller, APS 2011, 05/02/11
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Conclusions

* a lot of new results on a variety of different v interaction channels
from multiple experiments in this important energy region (few-GeV)

* new data uncovering added complexities in QE & resonance regions

- nuclear effects are important
- also need antineutrino measurements

NEUTRINO CROSS SECTIONS

* modern experiments have the capability to
resolve a number of these interesting puzzles
& provide critical input to future v osc exps

- K2K, MiniBooNE, NOMAD, SciBooNE

- ArgoNeuT, MicroBooNE, MINERVA
also, MINOS, NOvVA, & T2K near detectors

S. Zeller, APS 2011, 05/02/11



Session R7: Neutrinos

- “Measuring nuclear effects with MINERVA”

- “Study of A® Polarization at Low Energies”

- “Weak 1 and y Production from Nuclei”

- “MINERVA Test Beam Studies”

- v QE Scattering in MINERVA”

- “Early v Data in the NOvA Near Detector on Surface”
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S. Zeller, APS 2011, 05/02/11
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Backups
e [

S. Zeller, APS 2011, 05/02/11
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* example of what we’ve known

. +
at the lowest v energies more recently, CC n*/QE:

S. Zeller, APS 2011, 05/02/11
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NC 7t° at SciBooNE W

Kurimoto et al., PRD 81, 033004 (2010)
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* again, providing an important
’ ' B

v oy PR IR S
check of ©t° kinematics ———> 4 05 0 05 1
Corrected «° direction (Cosine)

S. Zeller, APS 2011, 05/02/11
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Challenging to Reconcile all QE Data ¥
E

* MiniBooNE

- x10%° . + "
£ 16/ Preliminary _ BT nom T any #np
\5 14;_ = QE + np-nh
120
10" \W\’ { ﬁ || *NOMAD
8 { } = 1-track w
6/ —*— SciBooNE 2-track ut+p
- —*— MiniBooNE _
4 —+— NOMAD =QE+¢?
o — NEUT (MA =1.2 GeV)
o———— ] S o * SciBooNE (data in 2007-2008)
10 1 10 _
E, (GeV) = 1-track w
(Y. Nakajima, Nulnt11) 2-track utp
= QE + 2

S. Zeller, APS 2011, 05/02/11




L, .
MINOS NC Coherent mt° el

* also working on v analysis

300 . .
e Aachen-Padova MINOS Preliminary * new dCI'I'CI pOInT In between
B rgamell o Lo
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< - o
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(D. Cherdak, Nulnt11)

S. Zeller, APS 2011, 05/02/11
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SciBooNE v Coherent CC 1t~

* 1 modern measurement of coherent 7t production using antineutrinos!

Preliminary

(H. Tanaka, Nulnt11)

o(v CC coh-m) + r-o(v CC coh-m) A
- PG
o(v CC) + r-o(v CC) e\

= (1.13 £ 0.34(stat) "3 (sys) ) x 102

In signal region:

Nobs =139
Nokg = 96.4 + 5.5

035 04 045 05
Q? (GeV?)

* ~20 evidence for CC coherent 7t production in
very forward scattering region (low Q?)

S. Zeller, APS 2011, 05/02/11




