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e Introduction: Current Neutrino Physics Landscape

History of Neutrino Physics in 60 seconds
Neutrino Oscillations: Present and Future

Neutrino-Nucleus Interactions: Importance for future experiments

e MINERVA
The MINERVA Experiment

MINERVA Status and Prospects
Data taking and run plan

Data analysis and event reconstruction

Looking toward first results

e Conclusions
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1950 1960 1970 1980 1990 2000

* Discovery in the 50’s and 60’s

® First detection through inverse beta decay of electron neutrinos from a reactor
* Discovery of muon flavor neutrino and invention of neutrino beam method

® First detection of solar neutrinos
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Conclusion

landscape status and
prospects

1950 1960 1970 1980 1990 2000

e Bubble Chambers in the 70’s and 80’s

e ANL, BNL, FNAL, CERN, IHEP
® Observation of weak currents
¢ First neutrino cross-section measurements; some on low Z targets, deuterium

* Experiments had small statistics and often poor knowledge of neutrino fluxes

b
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Conclusion

1950 1960 1970 1980 1990 2000

e Counter Experiments in the 80’s and 90’s
e CDHS, CHARM II, CCFR, NuTeV, NOMAD

* Higher statistics
® Neutrino energies generally higher, 100’s of GeV

* Rich physics programs; cross-sections, DIS, structure functions, strange sea, QCD
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1950 1960 1970 1980 1990 2000

e Then we discovered that neutrinos oscillate!

® Of course, evidence goes back to Ray Davis’ original solar neutrino experiment

® But it was an entire neutrino industry in the 90’s and 00’s that started to untangle the parameters

Kamiokande, SNO, KamLAND, Super-K, K2K, MINOS, Chooz, many more...
® Has brought the field back to lower energies, MeV — 10 GeV

® Focus on intense sources and precision measurements
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landscape neutrino

oscillations

flavor states participating in
standard weak interactions

Ve
. v
with charged lepton partners u
VT

P(va = v3) = |(valva(L))
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Conclusion

experiment status and

description prospects

® 'V oscillations first postulated by Pontecorvo in 1957, based on analogy to kaons

* Non-zero mass implies mass eigenstates # flavor eigenstates

‘ g::é?l%lr:ga trrri);ss state
U el U 62 U e3l| V1 content of flavor states
=\Uy Uy Ugl|vs
UT . U72 U73 Vs mass states

* Different v masses allow for changes in lepton flavor composition as v propagates:

= bap —4Y_ R(ULUp:UasUp;) sin®[1.27Am3, L/ E)

i>]
+23 QU UpiUa;Up;) sin®(2.54Am?, L/ E]
i>]

: elements of mixing matrix
: mass squared splitting between states

: the travel path-length of the neutrino

: the energy of the neutrino

JC
R




V physics

landscape neutrino

oscillations
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Non-zero mass implies mass eigenstates = flavor eigenstates

® Vv oscillations first postulated by Pontecorvo in 1957, based on analogy to kaons

Simplified case of direct 2 neutrino oscillations

x| —

% co.s(eij) sin(6,)||v; A nf= 1 - o
vg| |—sin(6;) cos(6,)/\v

J

-

determines shape of
oscillation probability
as function of E (or L) ‘ .
* 2 P(V.'_r_) ——  M=nE/(1.27Am%)
. 2 L g
P(v, —v,)=sin"(26 )sm 1.27Am. — ||| ¢
2 VE P(v,)
0 Isin’ 29

For ¥ beam with energy E

Distance from v source (L)

determines amplitude for
oscillation ~ probability
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® Vv oscillations first postulated by Pontecorvo in 1957, based on analogy to kaons
* Non-zero mass implies mass eigenstates # flavor eigenstates

e The two neutrino oscillation formula showed up in my
undergraduate quantum mechanics textbook:

“This is about the simplest nontrivial quantum system conceivable. Itis a
crude model for neutrino oscillations. ........ At present this is highly
speculative — there is no experimental evidence for neutrino oscillations;

however, a very similar phenomenon does occur in the case of neutral K-
mesons.”

David J. Griffiths — Introduction to Quantum Mechanics (Problem 3.58) 1995

* Let’s see how the evidence has changed in 15 short years...

b
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Super-K v_seen / V_ expected: 04511_88{;

Phys. Rev. D 73, 112011 (2006)

e First experimental evidence came
from electron neutrinos from the

sun (Ray Davis at Homestake) vV

: T
¢ Confirmation of the oscillation . 2502_ o B R "C‘d“m:o
hypothesis came from the SNO § ?::_ ey EE::T:%BG
solar neutrino experiment which ;: 1005_ / “““ Ty c
could see all neutrino types s | ’ BG-GeoV,
. . fation based on osci. parameters

determined by KamLAND

through NC interactions

E, MeV)
B U
E C
.. D) £ o06F
° 6
PI‘CCIS]OD measurements Of Am 12 Phys. Rev. Lett. —§ g
and 0, came from KamLAND in 100,221803 5 04
) ) ) 2008 :
Japan using antineutrinos produced (2008) 0.2F
AT PN PEETE RN PR TS ST ST R R
by power reactors 05077530 40 50 60 70 80 90 100

LyE, (km/MeV)
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First experimental evidence came from
neutrinos produced in the atmosphere by

cosmic rays
Again Super-K makes a pivotal contribution

Phys. Rev. Lett. 93, 101801 (2004)

T

landscape neutrino
oscillations
I | 3 i
2 ﬁNFN—Notizie N.-i:'giugno 1999 -
°

‘ mum GcV c- Ilkc

A%

e

mum GeV mu- Ilkc (FC+PC)

A%

W

* Data

[ Predicted

— OUMU-Nuau 0sc.

-0 06 |

cos( zemth angle)
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<E>Super—K = 1 - 10 Gev
<L>Super—K = 10 B 104 km

Am* ~107* =1eV?

cos(zenlth angle)
own

UP
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landscape neutrino : status and
oscillations prospects

e First experimental evidence came from
neutrinos produced in the atmosphere by

cosmic rays

® Most precise measurement of Am?,; from :
accelerator-based experiments, MINOS, A Fermilab To lom——_ Soudan
Earth 735 km

2000 ft
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landscape neutrino

cosmic rays

MINOS near detector at Fermilab

Dave Schmitz, Fermilab

oscillations

e First experimental evidence came from

neutrinos produced in the atmosphere by

® Most precise measurement of Am223 from

accelerator-based experiments, MINOS.

MINOS far detector at Soudan, MN

_ MINOS Preiminay

Conclusion

status and
prospects

rrr o+t

%

010¢ oullneN

MINOS Far Detector
—4— Fardetectordata |
—— No oscillations

—— Best oscillation fit

D NC background
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o Best oscillation fit i
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e Neutrino Mixing Summary:

2
i W I E—
(M) — Vs

e Atmospheric, accelerator experiments
Am;, =2.51x107eV?  (£4.8%)

+5.3 Am223

6,, =423% (+12.5%)

e Solar, reactor experiments

(Y

increasing neutrino mass (eV?)

Am’ =759 x107eV?  (£2.6%) (m,) —— —— V'
L+10 Am,
0,, =344", (x2.9%) (m,p —§— S ',
e Reactor, accelerator experiments e
0, <94° (lo) '

HvV. BV, BV,

* parameter values from global fits to data, hep-ph 1001.4524

. —id .
v, 1 0 0 cos6,, 0 sin6,e cosf, sinf, O)v,
v, |=[0 cosO, sinb,, 0 1 0 -sinf, cos6, Ofv,
. . -id
Vv, 0 -sinf,; cosO,)\-sinb, e 0 cos6, 0 0 1 \v,
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status and

oscillations prospects

°* Many Open Questions Remain:

Why is neutrino mixing so different from quark mixing?
Why is 6,5 near maximal?
What is 6,37 Why is it so small?
Is there CP violation in the neutrino sector?

What is the mass hierarchy?

A
m? (eV?)

1 0 2 0 Normal hierarchy Inverted hierarchy
Q ua rkS (m,y — Vs v, _mz—r (m,)?
UCKM ~10.2 1 0 Vv, — Y (M, ?
O O 1 Am223
Amzﬂ
08 06 O :
Neutrinos () —|——
Am?,
UMNS ~104 0.6 0.7 (M, —— —— v, I — (m,)
04 06 0.7 o)
| | Ve . Vu . vt
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oscillations

° Complimentary Experimental Approaches:

e Short-baseline reactor-based experiments (Double Chooz, Daya Bay)

Unambiguous search for mixing angle 613 through observation of Ve disappearance

P(Ve %\76) ~1-sin’26),,- sin2(1 27- Am’x- LIE )

P
ik
[
k’
¥
[
apr’
”
7

| 'O

e Long-baseline accelerator-based experiments (T2K, NOVA, LBNE)

Sensitivity to 05, 0,5, sign(Am?,;), and or through observation of vV, toVv,
appearance in both neutrinos and antineutrinos

P(vu eve) P(VM %Ve)
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* Why the search for 0,; and 3" is a paradigm shift in long-
baseline accelerator-based neutrino oscillation experiments

* K2K and MINOS measured the disappearance of muon neutrinos

uenguuo EuetdA E (@sA) Tl
O 45 3 e o o"MESTEEN, 015 MINOS Preliminary
LLE B ILALILALEN SN L L L L L L L L L L L L L L L LB «J 1 1 1
C 3 ]
Qo y
P(Vu Vr) . AR s @
0| 8 C
. i 1=+
: e | I E
oel—
P(V‘u V‘u) - _9 05__ —4— Far detector data ] o
L o) | Best oscillation fit i N
08— — Stats. only decay fit R 9
L . . &U i ‘ | Stats‘. only decoherence fit )
L VIl A',2 JIAE peCOUE A7 2
i 24 % & 1o

b(\" > 1) T =132 KW Reconstructed neutrino energy (GeV)

* Transformation to V_ is a sub-dominant oscillation effect at the Am?; scale, so vy

disappearance can be analyzed as an effective two-neutrino system Vu to v,

) 127 Am223' L
E

P(vu — vu)zl—P(vM — vt) =1-sin’20,," sin

b
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* Why the search for 0,; and 3" is a paradigm shift in long-
baseline accelerator-based neutrino oscillation experiments

® Measuring the conversion to V_ must be done as a small-scale appearance of v,
. 9 . . 2
P(v, —v,)=sm"20,,T —asin26,T, —asin2,;T; + a’T,

Am?s
a —

CAm’s
sin’[(1- x)A]
(1-x)*

T, =sind,p sin 26,, sin 260,, sin A

c 2
T, =sin"0,,

sin(xA) sin[(1 - x)A] CP Violating

X (1-x)
: : sin(xA) sin[(1-x)A i
T, =cosd,p sin26,, sin 26,, cos A (x4) sinl( )A] CP Conserving
, X (1-x)
: I A
T, = cos’ 0,,sin” 26, Sm—(j{)
X
%3 22G.N E
aAmal [GFz v Matter Effects
4Ev Am 31
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* Why the search for 0,; and 3" is a paradigm shift in long-

baseline accelerator-based neutrino oscillation experiments

_

1 1 F

P(v, = v,)

0.5 much smaller effect 0. 55

Z00M

IN '
0 Bt O S MY s S A T R
Neutrino Energy (GeV) Neutrino Energy (GeV)

IO.O67 m
, P(v, =2 ve)
‘_T

lots of structure

Vv,

78 910
Neutrino Energy (GeV)
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Next generation
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* Long-Baseline Neutrino Experiment (LBNE)

e Neutrino beam from Fermilab to distant, very large neutrino detectors

o Baseline designs involve 100 kton scale water Cherenkov detector(s) AND/OR
17 kton liquid argon TPC neutrino detector(s)

Long Baseline v Physics
8,3, Mass Hierarchy, and CP violation
Osc. parameters precision measurements

Proton Decay
Supernova Burst/Relic neutrinos

Atmospheric/Solar/UHE neutrinos

PASSIVE INSULATION (EXPANDED FOAM / PERUITE)
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* Long-Baseline Neutrino Experiment (LBNE)
 Deep Underground Science and Engineering Laboratory (DUSEL)

e Multi-disciplinary national
underground lab
(physics, biology, geology,
engineering)

» Homestake gold mine in
Lead, South Dakota

e At 1300 km from Fermilab
with large, deep caverns,

landscape neutrino eriment status and
oscillations ription prospects

Ross Comnplex

Conclusion

experiments

Biology
Geology
Engineering

a perfect site for LBNE
detectors
Frachured procens
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* Long-Baseline Neutrino Experiment (LBNE)

 Deep Underground Science and Engineering Laboratory (DUSEL)
* Project X (Project X)

e Fermilab accelerator project
which could increase neutrino
intensities ~3x while creating the
most intense muon, kaon beams
for other physics

Origin of Universe

Unification of Forces

New Physics

e Develop to serve as the front end Beyond the Standard Model

of future facilities: neutrino factory
and muon collider

e Could be path to next energy frontier

b
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landscape neutrino eriment status and

interactions ription prospects

* Discovery of neutrino oscillations has meant two things for
neutrino cross-section physics:

° Suddenly we really care about neutrino cross-sections in the

0.5-10 GeV range where they are not well measured and the

channels are complicated — particularly for new generation of LBL

oscillation experiments where statistical errors are approaching

systematic errors

° Suddenly there are lots of high intensity neutrino beams
around the world in the 0.5-10 GeV range for making these

measurements

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011
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landscape neutrino
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* Neutrino energy ranges and detector target materials are
crucial aspects of oscillations experiments with regard to
neutrino cross-sections:

® The need is simple (in principle) — determine the neutrino flavor

and measure its energy, but. ..

® The dominant interaction channels change rapidly across the few

GeV neutrino energy region

® scillation experiments use detectors of heavier nuclei to

Increase event rates

® Nuclear effects are very complicated and not well known, so the

target nucleus has a large impact on how well we can remove

backgrounds and understand the kinematics of the final state

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 25
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LBL Neutrino Oscillation Experiments
3 —
10 - MINOS NOvA
C T2K
i CNGS
* Target Materials: 10°E
e MINOS=Fe 7o B ar| |re Pb
© 10b
e CNGS =Pb,Ar . - |
w -
B - C
e T2K = H,0 L o
e NOvA =C :
L] 10—1 ] 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 | I 1 1 1 1 I 1 1 1 1
0 50 100 150 200 250
A of nuclear target
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vy charged—current Ccross-sections

T2K
~ 12 T
&
® Projection onto the neutrino O
: : ~ 1
energy axis tells us which =
interactions are most important ?
S os
for these experiments =
5
3 0.6
ViV V wet | &°
T i
<
'3 0.4
E charged-current /r
W ) =
' interaction ~ 0.2
n I ©
Ae?
/\hadrons 0
10
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vy charged—current Ccross-sections
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relevant for osc expts

. —> —
NE - ® Serpukov, Belikov, Z. Phys. A320, 625 (1985), Al
O 2 - a BNL, Baker, Phys. Rev. D23, 2499 (1981), D,
5} [ ¥ ANL, Barish, Phys. Rev. D16, 3103 (1977), D,
no /E(Ge V) ©, 5 [ © FNAL, Kitogoki, Phys. Rev. D28, 436 (1983), D,
T [ O SKAT, Brunner, Z Phys.C45, 551 (1990), CF,Br
o - A CERN-WA25, Allasia, Nucl. Phys, B343, 285 (1990), D,
10- 1.5 |- ¢ GGM, Bonetti, Nuovo Cimento, A38, 260, (1977), C;Hs
v 4’ 3 CF;Br
H K > Tras |
~40% spread 3 ,
10-20% errors on data sets = i b
aCross expts ’ % B
w > 0.75 |-
0.5 |
k NUANCE (free nucleon
n P 0.25 - My = 0.85 GeV, M, = 1.)0 GeV
Eafus  sevvsses NUANCE (nucleon bound in C)
OE_"‘ TR | sl R S SR |
107" 1 10 10°
E, (GeV)

° CCQE is the signal channel for many oscillation experiments

* Clean final state with two identifiable particles (u,p) or (e,p)

* Muons and electrons simple to separate for v /v, ID

2 2 2
- Final state allows neutrino energy 2my ~ey) = (g5 ~2mye, +m? + AM)

=  EX-=

reconstruction with one or both tracks

Dave Schmitz, Fermilab
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d’o (s 2,6
dT dcos6, cm /GeV)
-39
0

e MiniBooNE data (8N ,=10.7%)

) [[7] MiniBooNE data with shape error

25
20

-39
~ x10
£ 16 {1 Katori, MIT) ——— REG with M,=1.35 GeV
) 14 = — RFG with M,=1.03 GeV
N i et .
b :‘lg = T + New era of measuring
3 :%_#M differential cross-sections
8 = in neutrino interactions
6 — " MiniBooNE with total error
4= *  NOMAD with total error (arXiv:0812.4543)
2 E_ A SciBooNE with preliminary errors
0 - o 1 1 1 o aal 1 1 1 PR R T 1
-1 RFG
10 1 10 E; (GeV)

* Recent MiniBooNE/SciBooNE results in agreement, but tension with
higher energy NOMAD results. All three on carbon. Not yet understood.

- Leaves one in a dilemma if want to predict how many QE events you expect!

# Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 30




V physics

i : Conclusion
landscape neutrino experiment status and

interactions description prospects

EM shower

P
V,+n—=>p+e

v Y

P

* Neutral pions create a bkgd to Ve CCQE events Vu +p—=p+ ;-50 —Y+Yy
if one photon is missed in event reconstruction

« Gamma can be lost when it escapes the detector without
converting, the 2 gammas overlap, or in asymmetric n° decays with
one low energy photon

# Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 31
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- In v, appearance, background is 95%
neutral current interactions, mostly 7%’s
v, spectrum 200 kion WC v, spectrum 200 kton WC
> >
) 5 yrs v running 5 yrs v running
gwo_ normal hierarchy gwo " inverted hierarchy
- sin(20 g) =0.04 —— signai+Bkgd, o, =0 S | sin%(26 g) =0.048 — signai+Bkgd, 5= 0
S | 1 $ | 1
g 80 —— Signal+Bkgd,5,, = 90° § 80 —— Signal+Bkgd,, = 90°
“or ——— Signal+Bkgd,,, = -90° wor ——— Signal+Bkgd,5,, = -90°
60'._ % All Bkgd 60_ All Bkgd
: Beam v, i
m .
normal
hierarchy
R raramT 2-:3’.57:7? e ::::::::::::::-:::::::::-,:?:::-:-: s -.-;A;-.--.
Neutrino Energy (GeV) Neutrino Energy (GeV)
LBNE Physics Report (2011) LBNE Physics Report (2011)
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NC Single Pion Production
o~ 0.25 F
Sos | , This o tells you how many
% " Eringqﬁtir Sg;gogfggr:gc(];lgyg)s CsHe+CF3Br nO background events
L 02 3 1 Aachen, Faissner, Phys. Lett. 125B, 230 (1983), Al /
o7 | should expect to have
[
2; 0.15 X . .
Poros | Exps :yplcally assign
e | Nucl. Phys. B135, 45 (1978) e or | 25-40% uncertainties
szt | = to this initial interaction o
Gargamelle — | 005 |
28f 05 ¢
measurement based .
0.025 —_NUANCE prediction
24 on 240 observed b
NC 7t° events 107" 1 10 E (8362\/)
20
- Nuclear effects further complicate
4 L
Ex: E, =1 GeV on carbon
8 V I
H . ~20% of 7t° get absorbed
4
~100 0 +,-
o ﬂrr]'_rl = 10% charge exchange (7t° —m™")
80 160 240 320 400 500
M,, (GeV)
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look just
like CCQE

N *— ow energy

(C. Walter, Nulnt07)

&
=]

True v

8
[=]
T

Number of Events
@
=]
[

* Pion absorption an irreducible background to CCQE % -

o bl = : )
Q 0.5 3 2 2.5 3
* Pion re-interaction rate is large (30-40%) GeV
225
) ] o ) 20 E (in270 Reconstructed v
* Pion absorption causes missing energy in the event  ¢™ ¢
. N gm0 £ Energy
reconstruction - affects measurement of oscillation T
. g 100
parameters, sin?(20,;) £ 75 &
;: E: cCmt bkg
* Nuclear effects strike again... °g " os 1 sz 28 3
GeV
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- Situation is quite a bit VM charged-current cross-sections
worse for antineutrinos!
T2K
* Nuclear effects can be =045 T NOVA
different from v interactions © ,, |
O 04 LBNE
and must be measured = ;
. MeasurepF{by_compgring © 43 :
v, >V,and vV, >V, ‘
=0.25 |-
o5} i
O i
w 0.2 |
™~
>
'10.15 —
T O 1 -
=
By
3’0.05 —
0 =
10
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landscape neutrino
interactions
| 1 ]
electron neutrino spectrum electron antineutrino spectrum
; : : i i 2. [ 5yrsvrunnin [ 5 yrs Vv running
¢ Situation is ql'"te a bit G ngrm;I hlerarghy 50 normal hierarchy

worse for antineutrinos! % sin%(20 19) =0.04 —— signal+Bkgd, 5, =0 i sin2(2e13) =0.04 — Signal+Bkgd, s, =0
E 80 —— Signal+Bkgd,,, = 90° 40:— —— Signal+Bkgd,5, = 90°
I.l>.l ~—— Signal+Bkgd,5,, = -90° X ~— Signal+Bkgd,5,,, = -90°

* Nuclear effects can be
different from v interactions
and must be measured normal
hierarchy
o Measurepﬁby comparing

v, >V,and vV, >V,

1 2 3 4 5 6

Neutrino Energy (GeV) Neutrino Energy (GeV)

>
@
Current LBNE sensitivities: o1001-
~N
s
e Assume 5% normalization error and % 80_—
no shape error on backgrounds @

™ T

¢ Uncertainties are assumed same for
neutrino and antineutrino interactions

¢ Ongoing work to improve systematic

estimates 20

LBNE Physics Report (2011) o=
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v physics

landscape neutrino

interactions
| | | | |

 Have a need for improved
measurements of both neutrino and

antineutrino cross-sections

* Butjust as important is measuring
differential cross-sections to map
out kinematics of final states —to
better predict oscillation signals
and backgrounds

* Require improved models of

nuclear effects, particularly for
nuclei used in neutrino detectors

Dave Schmitz, Fermilab

G.P. Zeller

o N
T

af{v,N —> 1X)/E(GeY) (107 cm
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-
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Conclusion

experiment status and

description prospects

* Makes use of the most intense neutrino
beam in the world, NuMI, and the MINOS

near detector at Fermilab

- Compact, fully-active detector design

* Important input to future neutrino
oscillation experiments

* Single detector with multiple nuclear
targets allows study of nuclear effects
in neutino interactions

* Neutrino interactions provide a unique
probe of the nucleus

# Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 20
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MINERVA Conclusion

experiment status and
description prospects

b

MINERVA makes use of the existing intense NuMI neutrino beam and
the MINOS near detector at Fermilab

MINOS ND acts as a muon
catcher for MINERVA

3 £, . Target
~.d'&—  Enclosure

(A=

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011
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MINERVA ) Conclusion

status and
prospects

11 ¢ Intensity: ~35e12 P.O.T per spill
i NuMi Beam MC ] « about 1 v event and a few rock muons in MINERVA per spill
. 1507 _LE 1« Spill length/frequency: 10us / ~0.5 Hz.
é I _ME ¢ Beam power: 300 - 350 kW
< 100 B - ¢ Mean energy of NuMIl v beam can be tuned by changing
% I i longitudinal position of the target relative to the first horn
% I 1 ¢ Reversing current in focusing horns changes beam from
Q 5oL . mostly neutrinos to mostly antineutrinos
> - -
L 4 o Current MINERVA run plan includes exposures of:
I ] e 4e20 P.O.T. in low-energy (LE) configuration
% "5 10 15 20 e 12e20 P.O.T. in medium-energy (ME) configuration
Neutrino Energy (GeV)
Absorber Muon Monitors
Target % l
B Target Hall SRS
120 GeV -t = o \
protons , P Ln
From
Main Injector

675 m

Hadron Monitor Sm 12m 18m 240m
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MINERVA

experiment

description

4 1

Steel Shield
Scintillator Veto Wall

Dave Schmitz, Fermilab

MINERvVA detector comprised of 120 “modules” stacked along the beam direction

MINOS near detector acts as muon catcher

Central region is finely segmented scintillator tracker

~32k readout channels total

Liquid

Helium
Target
0.25t

Side HCAL
Side ECAL W= e
LT

é, il v-Beam \_(0/
© 0 s
€ 3 85| o8
-{lr J P (= ) c o
o @ Active Tracker S E o E
S g Region § &5 E{R-
§ n'. 8.3 tons total § 8 T 8
o e (3 tons in 85 cm radius fiducial) w
3
z 15tons | 30 tons

Side ECAL 0.6 tons

Side HCAL 116 tons

University of Chicago HEP Seminar — January 31, 2011

MINOS Near Detector
(Muon Spectrometer)

\‘
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MINERVA Conclusion

experiment
description

e 4 basic module types

Hadronic
Calorimeter
(HCAL) modules
include 1 inch
thick steel
absorber and one
scintillator plane

Tracker modules have two planes of

segmented scintilator measuring two
different views

Electromagnetic Calorimeter (ECAL)

modules incorporate two 2 mm thich lead
absorbers with 2 scintillator planes

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011




MINERVA Conclusion

experiment
description

e 4 basic module types
Nuclear Target modules have no

central scintillator. Thin solid sheets
welded inside outer steel frame.

tracking region

}sampom ¥
}sampow v
}sampow v
}sampou.l v
}salnpom ¥

NuMI

Beam

Nuclear Target Fid .Vol.

CH 3.0t

He 0.2t

C 0.15¢t

Fo 0.7 nuclear targets (He, C, Fe, Pb, H,0, CH)
Pb 0.85t

University of Chicago HEP Seminar — January 31, 2011 45
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MINERVA Conclusion

experiment status and

description prospects

Extruded plastic scintillator
& wavelength shifting fibers

Triangular geometry allows
charge sharing for improved
position resolution

64 anode
PMTs

fully active
tracker

17 mm A~

127 stri iailin N
strips A

per plane

Iron outer detector
instrumented for
calorimetry

~~\~i~.*&’\

Three views for 3D
reconstruction

Jt |

# Dave Schmitz, Fermilab




e So what does an event look like in MINERVA...

3 stereo views, X—U —V , shown separately

[\

DATA enters the outer
iron calorimeter

Conclusion

status and

prospects

Particle leaves the
inner detector,

wn < o
g s A g s E s
g g 3] g
o 1 o o
| 1 1 1 1 1 1 1 I I 1 | | 1 1 1 1 | I I I I | |
5120 §1ze 5120
> 3 >
* 100 2100 > 100
80 80 80
60 o 60 : 60
40 40 . 40
'|ll"'f'ft
20 20 g 20
iH
0 | 1 1 1 1 TI 1 I I I | | 0 I 1 1 1 1 1 1 1 I 1 | | 0
~N ~ (]
- | 3 -
4 [t =
0 | 1 1 1 1 1 1 | | | | | 0 | 1 1 1 1 1 1 1 I | | | 0
0 10 20 30 47 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110

X views twice as dense, UX, VX, UX, VX, ...

Dave Schmitz, Fermilab

I
0

University of Chicago HEP Seminar — January 31, 2011

T
10

1 1T T T T T T T 1
20 30 40 50 60 70 80 90 100 110

a7

JC
R




MINERVA : Conclusion
© — 0T delivered by NuMi » Detector installation completed in
) — POT recorded by MINERVA March 2010
-

— 14 special running
oy - for flux studies i e 1.2e20 POT collected in neutrino
U I H
5 12— mode
Q _ .
o - e 0.93e20 POT collected in
e 1 antineutrino mode
8 -
S 08— « Detector live-time > 98%
o -
c — .
o 06 » Spent the first several months after
o Vo . . .
s — completing construction improving
0.4 — operations, online monitoring,
- working on calibrations
02—
- e Since then focus has turned to
S S reconstruction, event selection,
N N
N\ ,\5\9 toward first results

# Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 48



Conclusion

experiment

description

o Pattern recognition, Track fitting, MINOS track matching

0 < ©
j 'L
P ' § = I I
0 | I 1 I I I I I I I | | 0 | I 1 1 1 I I I I I I | 0 | I I I
120 120 120
* 100 = 100 =100
80 - ... 80 80
60 £ 60 60
M‘ = ! | —
20 20 20
T T T T T T T T T T 0= B
~N -~ -
- - - |
P [
0 | 1 | | 1 I 1 | | | 1 | 0 | I 1 1 1 I u
0 10 20 30 40 50 60 70 80 S0 100 110 0 10 20 30 40 50 D
MINOS
DATA
MINOS: p, = 6189.4 MeV
MINERVA
MINERvVA: p, =7630.8 MeV
# Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 49



Conclusion

experiment

description

o Pattern recognition, Track fitting, MINOS track matching

L ‘

l| T

| ||[TEN I 10 11 [l | |

4
11
41000-500 0 500 1000 150020002500 3000 35004000 4500 500055¢ 0070007 1000115002000 2500 30003500 4000 45005000 550060006500
Time (ns)
n < - °
E = g - - = | % .
[ = =
O T T T T T T T 0T T T T T T 1 O T T T T T T
2120 - 2120 g 120 -
Z — i 2 2
X100+ L 3900 > 100
80. 80 80. —
%—_h_ﬁ‘d
so ~ = — B0 - o~ o el s N B0-
rh e L
40 - w0 ¢ ertet] %0

.".F’—-—-" - -
L - _‘-A-"“""-.
EERSES |
T T 1T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
(2]

. s : 1
A T n

T T ‘ T ) T T T L ) T T T T ‘ ) T

60 6!

T T T T T T U T 1 T T
50 55 60 65 70 75 80 85 90 95 100105110115 50 55 60 65 70 75 80 85 90 95 100105110115 50 55

Hits

TOWER 2
TOwER 1

T T | T
5 70 75 80 85 90 95 100105110115

* NuMI Beam is pretty intense

* “Rock Muons” are created in neutrino interactions in
the rock surrounding the detector hall

* This display shows 4 rock muons in a single spill

» Separation in time is performed before reconstruction

JC
R
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MINERVA

 Rock Muons: calibration, tracking studies, detector alignment

* Rock muons provide a high statistics in ™
situ calibration sample of minimum g —
ionizing particles
¢ Developing & studying tracking
performance
e Timing calibration of TDCs
e Detector alignment
o strip-to-strip energy scale corrections . light output/ length
) fitted S vs.
plane g track position along base
ShiftS = h2shift_mod018pl2
(mm) -
-6 2:. Measured‘mis—alignmer}ts Afts:r single iteraltion ::
<« 240 planes —> ::
8 E
plane = i
rotations i
(mrad) ;:
8 E
L

e Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 51




MINERVA

1 1 ]
. g 18 . MINERvA and T977
MINERVA Test Beam Project g ' pretiminary
g 1.4 positive charges
Very important to calibrate the energy response ‘g 1.2 :
g 1 " ]
16 GeV pion beam on a copper target produces a tertiary § o5 W protons " deuterons
beam between 400-1200 MeV/c 06 Mg
,'\‘ "éﬁ""i'-}..:y-'w .
Four wire chambers, two dipole magnets, and time-of-flight 04 accidentals e
system B R I I T

Time of flight (nanoseconds)

Beamline now a permanent part of the Fermilab facility

60—

50—

* Visible energy in calorimeter
is not particle energy

* © absorption, rescattering

* particle rest masses

» Test beam to measure E scale
to ~2%

40—

30—

20—

10—

0

University of Chicago HEP Seminar — January 31, 2011
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MINERVA

status and
prospects

b

Understanding the neutrino flux

e Clearly important for any absolute cross-section measurements

e Traditionally a very difficult problem in neutrino experiments.
Past wide band beams limited to ~30% uncertainty in flux
calculations. Often relied on knowing neutrino cross-section to
measure neutrino flux...

e Largest uncertainty comes from primary hadron production in
the target by incident proton beam

* MINERvVA'’s goal is 7% in flux shape and 10% in normalization

« MINERvVA will take a multi-faceted approach to reducing flux
uncertainties

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011
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MINERVA

 Understanding the neutrino flux

1. Comparing v event rates when varying beamline configuration (target
z-position and horn current). Each configuration samples different pion
kinematics at the same neutrino energy (8 different configurations in all)

protons

target

| LEBEAM | | - | pHEBEAM |5 | i ~pME
g L L = V o o ':: o o o RPN Y L ; E pHE

P, (GeVlic)

O 20 40 60 8 2 20 40 60 8 O 20 40 60 80 0 2 46 8 1012 1416 18 20
Energy (GeV)
54




MINERVA

status and
prospects

 Understanding the neutrino flux

Muon Alcove 1

Hadron Monitor

Dglomite / >:|
T 7 e

2. In situ measurements using muon monitor system

Muon Alcove 17 Muon Alcove 3

4/ ROCK

Hadron Absorber

*T — /
cor ry 3 __\ —
Secondary Beam 4 Muon Beam H

"7

0.014

0.012 |-

o
o
2
o

T

0.008 |-

0.006 |-

FluxiGeV/m?10™POT

0.004 |

=

Vv

0.002 [~ [+ | i

0.000 k!

—LE
—-pME

production

L
o 2 4 6

8 10 12 14 16 18
Energy (GeV)

Dave Schmitz, Fermilab

20

Wwzg

b<

v Beam

To Near Detect

210 m of rock

: A large matrix of such data
. each sampling different
. hadron phase space

¢ Global fit to constrain hadron

~
0
e
<
~
<
=)
20
w2
Bt
©]
=
o
©]
=
c
]
=]
=

Muon Monitor Signal (arb)
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pME BEAM

m v Beam, focusing n* |

A VBeam, focusing -

uMonitor 1
uMonitor 2
uMonitor 3

m v Beam, focusing ©*

A vBeam, focusing 7~

uMonitor 1
uMonitor 2
uMonitor 3

Horn Current (kA)
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MINERVA

status and
prospects

b

 Understanding the neutrino flux

3. Ex situ hadron production data

Expected to be less precise than above approaches

Use world’s data for protons on thick targets (SPY, MIPP, NA49,etc.)
for “secondary beam”, but requires extrapolations in energy, target
thickness and target composition

Use world’s data to better model “tertiary beam”, pion production in
other materials in the beamline by lower energy protons and pions

The most comprehensive example of this bottom-up approach to
neutrino flux prediction is MiniBooNE’s flux calculations [Phys. Rev. D79,
072002 (2009)] where a total error of ~9% in the peak is achieved

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011
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MINERVA : Conclusion

» Currently preparing first preliminary sNerm?hT - 2011 T
results for upcoming neutrino interactions I"w"ﬁ“,"’l .°’ n ﬂﬂm‘ e

workshop in March in Dehradun, India March 7th - 11th, 2011
Dehradun, Uttarakhand (India)

(Hosted by HN.B. Garhwal Un

e The collaboration has prioritized some

analyses for first results: Registiation | Accommodation | e

1. CCQE events in scintillator (CH)

Low multiplicity final state for straight
forward reconstruction

Moderate energy, low Q2 events have
decent acceptance into MINOS detector

2. CC events in most downstream

Nulnt11 is the seventh in a series of workshops concentrating on low-energy, neutrino-nucleus interactions. The goal of

nUCIear ta rget (Fe. Pb) the whole series is to bring theorists and experimentalists from the nuclear and high-energy community together to

address the many challenges to understanding these complex interactions.

. Nuclear effects important to the Community After reviewing the motivation for these studies and the ongoing experimental efforts, the topic of nuclear effects will be
introduced and each of the neutrino-nucleus scattering channels that contribute in the low-energy regime will be covered.
S hOWCGSBS aun 'q ue featu re Of the Recent scattering results from oscillation experiments as well as the potential of experiments specifically designed to study
these interactions will be discussed. The work of both nuclear and high-energy theorists to provide improved theoretical
M I N ERVA deteCtor descriptions of these channels will also be reviewed.

# Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 57



MINERVA Conclusion

. periment
escription

[ ] [ ] [ ] [ 45
e CCQE in scintillator (CH) : — o
\ / ' First analysis will do the : _ N
PP BN B NS NN e I ol N N Ml;lll\llscs)s SlmpleSt thlng, WhICh IS 1000:_ 30
o |18 W B BRI {(I_(/J use events Where the Eo:— 25
. > [ 20
o | |8 | M| BN D WM, | | PP 1l muon IS We" [ .
reconstructed in MINOS o o
-zooo:— 5
T T '(6 ')‘ B T
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MINERVA

e CCQE in scintillator (CH)

-39
N 0
. £ = RFG with M,=1.35 GeV
* Working toward data/MC o = REG with M,=1.03 GeV
comparisons in v and v for ‘b’ P{E: -
Nulnt Worksho o S
P el

¢ |nitial results will be low
statistics and somewhat
limited kinematic reach

MiniBooNE with total error
*  NOMAD with total error (arXiv:0812.4543)
SciBooNE with preliminary errors

I‘l 1 L L 1 11 *I

10 E?‘G (GeV)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII )_(L

* Flux uncertainties will be
large in first results

e Reach will be extended in
future analyses by analyzing
“track stubs” in MINOS and

muons stopping in MINERVA

Eventual statistical
power of MINERvVA
CCQE data

P P S S B O A S R I
10-1 1 10 E, (GeV)
Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 59
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MINERVA

tracker region

Dave Schmitz, Fermilab

1
4000 5000 '\ 6000

Water target

University of Chicago HEP Seminar — January 31, 2011

status a
i | | | | PI’OSPeC
e CCin nuclear target (Fe, Pb)
* Working toward data/MC 2E 1
. . —_ — N
comparisons in v and v for S ol targets target #5 HCAL
Nulnt Workshop s LB —
E F
* Restricting analysis to most g 000 |
downstream target V Beam o[-
simplifies reconstruction —E
and selection: =
e Avoid tracking through dense, - Tracker
passive materials (other targets) ] =
¢ Most similar to CC reconstruction ”“";_ JM‘WW
and acceptance in scintillator h ol Lov v v b b v by g by
7000 8000 9000 10000

True Vertex Z (mm)
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MINERVA

e CCin nuclear target (Fe, Pb)

Working toward data/MC
comparisons in v and v for
Nulnt Workshop

Restricting analysis to most
downstream target
simplifies reconstruction
and selection:

e Avoid tracking through dense,
passive materials (other targets)

e Most similar to CC reconstruction
and acceptance in scintillator
tracker region

Looking at ratios removes
dependence on flux, while
revealing A-dependent
nuclear effects in data

Dave Schmitz, Fermilab

16.249 GeV vu

CC(1) / Res(2)
Target Nucleus
o i é Target Nucleon n
g § Process Type 1
T T T T T T T T T T T o Inc Particle Yu
g 120 & 120 Q 0.290785
% 100 30 X 0.176128
Y 0.0682207
80 80 w 1.47667
L RN B § (AP 60 s
40—t A s s e 2SO R 40— =
20 e SRR N | T S S 1 S N R R o e e T
IIIIIII T T T 0 T T T T T T T T T T T T T T T T T T T T
§ & §
5 5
0 10 20 30 40 50 60 70 80 9016'/
Fe ,Pb Fe ,Pb
N™(E .0,,...) N™(E 0,,...
N(E 0 ,.) N(E 0 ,..)
wou MC weon DATA
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b

 Today | have focused mostly on lower energy, low multiplicity

final state neutrino cross-section measurements to be made
by MINERVA (CCQE, single pion, ...)

However, the intense NuMI broad-band neutrino beam and the
fine-grained high-resolution MINERVA detector provide an
opportunity for a lot of physics beyond cross-sections for
oscillations, particularly with the addition of the He target to

be installed this year and the higher energy beam running
beginning in 2013

* Deep Inelastic Scattering
e Parton Distribution Functions of the nucleons
e Resonant to DIS transition region

e Charm and strange production

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 62




status and

prospects

e 4e20 POT low energy beam (3/2010 - 3/2012)

e 12e20 POT medium energy beam in NOvA era
(beginning in 2013)

Total Events Expected in MINERVA

Coherent pion production 89k CC, 44k NC

Quasi-elastic 0.8 M

Resonance production 1.7M

Resonance to DIS transition 2.1 M

DIS, structure functions, high-x PDFs 43 M

He target 0.6 M

C target 0.4 M

Fe target 2.0 M

Pb target 25M

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 63
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b

But low energy cross-sections will be our first results and will
have direct impacts for oscillation experiments

e Absolute cross-sections
e Differential cross-sections

e Untangling nuclear effects

First results from MINERvVA should come soon and
will be followed by years of new measurements!

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011

64




[ ol e

- .
AP — =
. .

o=

b fpodgnns







V physics

Conclusion

landscape neutrino ; i status and
oscillations escripti prospects
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were detected Goliup _Chlorine | Superk. SNO
10 T
Bah
1on F/-—m
Super-K Vv_seen / V_expected: +0.017 e
P P 0 45 1 O O 1 5 x ‘::r
= ] £10%
.C ° 10 r
& ' 5-20 MeV g o el o
& c r
g ‘5 10* r
IE"’ vie 2> v+e 2 o}
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1
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=

Neutrino E MeV
22400+230 solar v events eutrino Energy (MeV)
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Phys. Rev. D 73,
(14.5 events/day) 112011 (2006)
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Phys. Rev. C 72, 055502 (2005)

::‘ e s 68% CLL.

IE NC

- —— by 68%, 95%, 99% C.L.
e First experimental evidence came from LY

< he.

electron neutrinos from the sun

Illlllllllllllllllllll

SNO 0
* Confirmation of the oscillation hypothesis came . Il Zw:::zt
- NC » C.L.
from SNO which could see all neutrino types e esvcL
B o 8% CL.

1 1 1 I 1 1 1 L l 1L

Ve + d — p + p + €_ (CC) 00 . - | II.S N ’ Zﬂic(x lOchm'2 s'?fs
v.+d—=p+n+v_ (NC) b = 1.767092(stat.) T og (syst.)
_ - ) +0.48
V +e =V +e (ES) Our = 3417075 (stat.) "o (syst.)

* Total rate matched expectation from solar model,
but only 1/3 were electron neutrinos.

But the sun only makes electron neutrinos!!
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landscape

Am* =1/|1.27%

Dave Schmitz, Fermilab

neutrino
oscillations

e First experimental evidence came from

electron neutrinos from the sun

e And precision measurements of Am212 and
0,, came from KamLAND in Japan using

anti-neutrinos produced by power reactors

<E>KamLAND ~5MeV
<L>KamLAND = 180km

for sin®(x)~1

180km
0.005GeV

~107eV?

experiment
description

Grong

China

South Korea

| Ulehin ¢

~-KamLAND

t Asi

nnnnn

Events / 0.425 MeV

250

200

150

100

50

. 100, 221803 (2008)

Conclusion

status and
prospects

2

IIII|IIII|IIII||II|||||I|III|

KamLAND data
no oscillation
best-fit osci.
accidental
BC(oa,n)‘ 0
best-fit Geo V,
best-fit osci. + BG
+ best-fit Geo V,

E, (MeV)
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e First experimental evidence came from
Phys. Rev. Lett. 100, 221803 (2008)

electron neutrinos from the sun - —
[« Data-BG-GeoV,
1'_ — Expectation based on osci. parameters
e And precision measurements of Am212 and - + determined by KamLAND
0,, came from KamLAND in Japan using 2 0.8F 1
anti-neutrinos produced by power reactors @ R
P yP £ 06 _—+ gu s
E - / =
<E>KamLAND = SMeV c% 04__/
<L>KamLAND = 180km 0.2 —
.2 O-IIIIIIIIIIIIIIIllllllllIIIIIIIIIIIIIIIIIIIIII
for sin®(x)~1 20 30 40 50 60 70 80 90 100
Ly/E; (km/MeV)
180km i} *
Am*=1/|1.27* ~107eV?
0.005GeV
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RVA : Conclusion
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description prospects

7% Phys. Rev. Lett. 93, 101801 (2004)
F —— Oscillation
1.6 —— Decay
g 14 —— Decoherence
* First experimental evidence came from &
. . U
neutrinos produced in the atmosphere g
by cosmic rays g
. ) 4. (@]
Again Super-K makes a pivotal contribution
' multi-GeV e-like | | mutti-GeV mu-like (FC+PC)’ :
150 - 4 - QL ——vl v v il el
2 3 4
| Ve - Vi 1 10 10 10 10
L/E (km/GeV)
100 - .
L . . R ’V‘u + Vu 2 <E>Super—K = 1 B 10 GeV
sof- - * Data - vV +V <L> ~10-10* km
3 Predicted € € Super—-K
’ — OUMU-NLLAU OSC.-
0 | L 1 1 1 L 1 " 1 2 _4 2
-1 =06 -02 02 06 {117 -06 -02 02 06 1
cos(zenith angle) T cos(zenith angle) T Am ~ 10 - 1 e V
up down
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Conclusion

* Why the search for 0; and 0P isa paradigm shift in long-baseline
accelerator-based neutrino oscillation experiments

* So, one just wants to sample the neutrino flavor content near the beam source and
again at a distant detector location

® But, in practice, this is complicated by neutral current backgrounds
e 71%’s/7’s can fake electrons

e 71"’s can fake muons
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Bk ] Conclusion
landscape neutrino
oscillations
* Why the search for 0; and 0P is a paradigm shift in long-baseline
accelerator-based neutrino oscillation experiments
® (Can’t we just cancel cross-section uncertainties once the experiment is running?
* To date, this has worked extremely effectively beaerSi\g v.CC
e But fluxes & Detectors at Near/Far locations can be VERY different \
detector designs are not always identical
beam v CC
beam acceptances change the fluxes
. v .CC-T
flux oscillates away or appears between detectors u
flavor content vs. energy changes dramatically
* Large 0,5, need better handle on signal
cross-sections (V, CCQE, RES, DIS)
[ }
Small 65, need better handle on background beam-+sig v, CC .
cross-sections (NC ") v cC T
u
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Modern Neutrino Cross-Section Experiments
10°E
— MiniBooNE | MINERvVA
N SCiBOONE ArgomnNeu /i
B MINOS MicroBooNE
21— .
10%¢ NOMAD T2K near future neutrino
— ~ K2K .
> - Cross-section
o 0 Ar :
© 10L experiments
ui - nel|fc Fe Pb
— LBL Neutrino Oscillation Experiments
B 10° § MINOS NOVA
1 = o : grgs
= 0%
: % ; Ar Fe Pb
L e 10
1 0—1 | I 1 1 1 1 I 1 1 1 1 I 1 | 1 1 I 1 1 | 1 I | 1 1 1 |.|-|> E C
0 50 100 150 200 250 e °
A of nuclear target
107 50 100 150 200 250
A of nuclear target
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® Charged-Current Quasi-Elastic Scattering

® Vector Form Factors

o well known from e scattering

* deviations from dipole form at high Q’

¢ Axial-Vector Form Factor
dominates uncertainty in CCQE

cross-section. Assume dipole form:

C'zp/ G,

G!Jn/ GD

Kelly, Phys. Rev. C70, 068202 (2004)

e 1t

10}
08
08 proton
%4t Gy FF
02

00

04T peutron

G, FF

neutron

¥ | GyFF

02

. " . . 04 a \ X
107 10 10° 10" 102 10" 10° 10

Q@ [(Gev/c)?] Q% [(GeV/c)¥]

well known from 3 decay

Q2
M,

F,(Q%) = F,0)|1+

-2

b

experiments (Q? = 0)

measured from Q? distribution

of QE neutrino-nucleon events

® Nuclear effects — simulated with Relativistic Fermi Gas Model “RFG”
formalism of Smith and Moniz, NP B43, 605 (1972).
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® Charged-Current Quasi-Elastic Scattering

Argonne (1969)
Argonne (1973)
CERN (1877)
Argonne (1977)
CERN (1879)
BNL (1980)
BNL (1981)
Argonne (1982)
Fermilab (1983)
BNL (1986)
BNL (1987)
BNL (1990)
Average

2) Qo
F,.(Q)=F,0)1+ [YE

A

world average: M, = 1.03 £ 0.02 GeV

*Was a focus of many early bubble

. chamber experiments

* Mostly QE data on D, (1969-1990)

085 095 105 115 1.25
MA [GeV]

b

Bernard et al., J. Phys. G28, R1 (2002)
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® Charged-Current Quasi-Elastic Scattering
. . , , Q2 2
: 2
o Baker, PRD 23,2499 (1981) | FA (Q ) = FA (O) 1+ —
\ ——Mp= 1.O7 GeV MA
\ -===Ma=0.84 GeV
\
N |zoj 25— T
0 * BNL, D2
® 200 -
e M,=1.07 £ 0.06 GeV e Miller, PRD 26, 537 (1982)
8 175 . 80— . -
S 1236 events
s °°r 1501 ANL, D, - Kitagaki, PRD 28.436 (1983) |
& 2 _ +
g ool M,=1.00 + 0.05 GeV | - |
' 8 1
L 2 o- 737 events | : FNAL, D, |
H ~N —
& 75 N 4o} M,=1.05 1+ 0.16 GeV
E 362 events
50 — 3 J
0 ‘ v Al At o2 _ B
0 06 1.2 1.8 24 25 20t
Q2 (GeVZ) 0 L B — T A D
0 0.5 1.0 1.5 2.0 2.5
Q* (GeV/c?) o0
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° Charged—Current Quasi-Elastic Scattering

Conclusion

status and
prospects

*

500 IllllllllllIIIIIIIIIIIIIIIIIIIllllllIIIIIIIlIlll-l-

data
total error

shape error
M¢'=1.03 GeV, k=1.000

RFG model after fit

* Because of important role of @ - *
£ 50000 ..
CCQE and M,, modern G ,oof | e
> —
experiments have looked to w 40005
re-measure this parameter §
3500 —
* MiniBooNE data: 3000
® 146,070 v, QF events on 2500
carbon (76% purity) 2000
* deficit seen at lowest Q2 1500 - 4
* excess at higher Q? 1000 *_
M, =135+0.17 GeV 0 01 02 03
Kk =1.007+x0.012
W,

scaling parameter to increase Pauli blocking in the mode

04 05

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011

06 07 08 09 1
2
QéE (GeV")
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* K2K SciFi (1°0O, Q?>0.2)

° Charged—Current Quasi-Elastic Scattering

Phys. Rev. D74, 052002 (2006)

M,=1.20 £ 0.12 GeV
) T
Argonne (1969) o g — * K2K SciBar (12C, Q?>0.2)
Argonne (1973) — I AIP Conf. Proc. 967, 117 (2007)
CERN (1977) . : / M,=1.14 £ 0.11 GeV
Argonne (1977) . |
CERN (1979) | * MiniBooNE ("*C, Q*>0.25)
BNL (1980) £+ SR Phys. Rev. D81, 092005 (2010)
I _
BNL (1981) ® | I MA—1.35 +0.17 GeV
Argonne (1962) e ' « MINOS (Fe, Q2>0.3)
Fermilab (1983) 4 D
| Nulnt09, preliminary
BNL (1986) b ! M,=1.26 +0.17 GeV
BNL (1987) .
BNL (1990) o :
Average I - all on nuclear targets
0 ‘85 095 1.05 1_?‘_125 - all use Fermi Gas model
M, [GeV] - all see similar Q? disagreement
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Conclusion

* active analysis

¢ differential cross-sections

SciBar

i fully active
| scintillator!

| e o e s o e el i |

"N

b

° Charged—Current Quasi-Elastic Scattering

* SciBooNE is a fully active scintillator detector/target
* 2,680 2-track v QF events on carbon (69% purity)
* have preliminary measurement of O (E) from £, = 0.6 — 1.6 GeV

* Itrack vs 2 track; active contained vs muon range detector

M Ranger

muon ran ge
detector
Re |
. : | e Catcher
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o Charged—Current Quasi-Elastic Scattering

* can resolve final state (J. Alcaraz, ]. Walding)

. P v, -CCQE cross section per neutron ® DATA
by 1dent1fy1ng the proton track 103 Vs NEUT PREDICTION(M, =1.2 GeV)
T 46l
as well as the muon £ 18
g 14
E T —3
* 2,680 2-track v, QE events | & 12 % ; ,
. " § — l
(69% PurltY) og 10__>—§—!
5 10F
R
X
* agrees with model o
. B
rediction already scaled ©
P o y \\4-_\> —o— : Data (stat error only)
based on MiniBooNE result - —e— : MC prediction (Ma=1.2)
(that is, preliminary result 2 ] : Syst. error of v beam
consistent with MiniBooNE) O A R m— Y
E, (GeV)
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RVA

experiment status and
description prospects

° Charged—Current Quasi-Elastic Scattering

neutrinos and antineutrinos

* target nucleus same as BooNEs carbon

E,=
Q':
W=

Pt =0.05GeV

57.00GeV § | Run 15049 Event 11514 | l\
0.60 GeV [ ]
1.44 GeV? ’ ! \—

[ Muon track: p=s639Gev: 6-078" |

AREREEREE RS T L L
L e o i

Dave Schmitz, Fermilab

V8

'

Neutrino
Beam

* NOMAD collaboration recently published a quasi-elastic cross-section for

arXiv:0812.4543v3

. higher energy neutrino flux E, = 3 200 GeV

Dipole Magnet

Front ®B=04T TRD
Calorimeter Modules Preshower

* drift chamber tracking detector, high resolution on muon AND proton tracks

L
Veto planes Trigger Planes
1 meter Electromagnetic = Hadronic
— Drift Chambers Calorimeter Calorimeter

University of Chicago HEP Seminar — January 31, 2011

Muon

Conclusion

Chambers
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° Charged—Current Quasi-Elastic Scattering

0 =0.60Gev’ |
W =1.44GeV’

Piy;=0.05 GeV Muon track: P=56.39GeV: 6 =0.78"

Ey=5700GeV §*""1 Run 15049 Event 11514 | IB
, N

* combined 1-track (muon only)

|
o el 3 &
T v i s s g s s

and 2-track (muon+proton)

- PRIRAREAINES S i
L AWURRE S

samples for measuring CCQE -

Cross-section

4——~|Proton track: P=1.02GeV: 0 =52.7 l
* nuclear effects cause migration '

.t | )
from 2-track to 1-track, so \l L)

- S 6,=60"]

inclusion of both minimizes
systematic from knowing this

migration

Arbitrary events (logarifmic scale)
J_J_J ]
Proton reconstruction efficiency, in %

i . -~ before 1:‘Sl
arXiv:0812.4543v3 i aers T
0 0z 04 06 08 1 12 14 Y
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® Charged-Current Quasi-Elastic Scattering

O rnamewn, K o e

. . + N § 14f « ANL73,D, ! Vptn=H +p -

* can identify U™ and W from 5 T foan7p, 1. :
S 12p ¢ pNLst, D, LLW ! 1 i - -

track bend directions o I LD, [ FFF* b

0.8:—>_4 MAerror0.066¢V I_‘ 4 b F i ﬁ Ix It _:

[ — M, =105GeV %*% — Lt . ]

. 06} T | I | N =

* present both neutrino and odk v V E
antineutrino QFE cross-sections 02 ‘ W E
o- ol 5 o ol 1 3 . .

10 1 10 0

above 3 GeV £ (GeV)
] SN S g B A

[ © ’ r \V -yt i

§ 14f = cerVGGM 79, C, 1, 1CF,Br VutpH o+ ’ o

& - v IHEP 85, Al 1. L T Il |3

S 12[ . [HEP SKAT 90, CF,Br I[ 1 l““{ ,,Hi RN

~ L F « NuTevo4,F wl e L L

© I:—. NZA;ADO&eCarbon - !r M |l||| wH:

08" M,error 012 GeV = l JC R

[ — M, =106GeV 4T A

06 1k ﬂ o

o T —

04 [ T X ]

: s V.

02 2 M -

s 0 o Ll o il | N I
arXiv:0812.4543v3 10 | 10 ozE o
v (4
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Vv physics Conclusion
landscape neutrino tatus and
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® Charged-Current Quasi-Elastic Scattering
MINOS Preliminary MINOS Preliminary
450 3 LN S L S B S S R B S B R DL R B S BB R E
400 - Near Detector 1| M= 119700 (fit) 7012, (syst) GeV
: _E Fermi — X JFermi
§ 350 g v,-CC QE Selected ] k 1.28 X k
‘T 300 —e— Data E
g 250 — FluxTunedmc 1 *fit favors a higher value of the axial
<Zu 200 F —— Best Fit MC 1  mass and increases the Fermi
g 150 1 momentum by 28% as an effective low
100 | 1 Q?suppression
50 F :
Y0 02 04 06 08 10 12 °*no absolute cross-section values
2 2
Reconstructed Q. (GeV?) extracted yet — to come
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° Charged—Current Quasi-Elastic Scattering

MINOS Preliminary

MINOS Preliminary

F L L L L 200 F 'l"'l"'l"'l__
350 F Near Detecto . - Near Detector ]
- ., v,-CC QE Selected ] = 180} v,-CC QE Selected ]
O - - ] O L b ]
a 300F ] & 160Ff ]
: - —— Data 1 X —*— Data ]
= : ] 2 140 ;
= 250 — Flux Tuned MC o 120 — Flux Tuned MC -
X 200 _ ==xx Truev,-CC DIS DS 100 = True v, -CC DIS
o | %4 True v,~CC RES @ %4 True v,-CC RES |
S 450 o 80
2 i 2
& 100 g
O f I 40
o 20
0 - L o ] 0
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0

/‘ Reconstructed ESF (GeV) Reconstructed Q2_ (GeV?)

* Similar E,, excess to those seen in Sci/MiniBooNE data
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° Charged—Current Quasi-Elastic Scattering

Conclusion

MINOS Preliminary

MINOS Preliminary

Reconstructed ESE (GeV)

Reconstructed Q2_ (GeV?)

T T TN 200 T —r 1 r 1 1 T T |__
350 | Near Detecto 3 Near Detector

= - ., v,-CC QE Selected = 180 v,-CC QE Selected ]

O - H O | 1

a 300F . o 160 ]

- —*— Data ; * —*— Data ]

® 9 ] e 140 - 1
© 250¢ — Flux Tuned MC ] S . . — Flux Tuned MC

AV i . ] ¢ f) . ]

DS 200 E === True v,-CC DIS X o '.. =~ Truev,-CCDIS  ;

— B b . . p

8 150 ¢+ True v,-CC RES 8 50 ... #+2 True v,-CC RES _

2] [ & , ‘o. ]

c C c/ 60 %, 'Y .

o 100} Y w0l S ;

i : ] 40 / 7 Toes ‘

50 | : // see E

- 20 | L ]

0 o ey, ; 0 £ ‘/ // Lz S i Y

0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0

* Similar Q? shape disagreements to those seen in MiniBooNE data, but

at higher energies and on iron instead of carbon

b
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. . . F
® Single Pion Production e \ b
= w + NC Res. 12°
@ 200 CUT,. NCCoh.
. . S Nr
* Absolute differential 2 N Easte
. . 150 NC1x*
cross-sections possible for teos || (C.Anderson)
. . ve CCQE
the first time 100 ccs
CCCoh.
CC DCI’S
50 [, ) Other —
. 7
= & —_— l e ‘ P L\ LL“M
i Tt = i "1 (C. Anderson) "3 100 m> 200 300 400
E‘, 15 NG Precicion ... & / yy Invariant Mass (MeV/c?)
= <\ as lmd
g | E _
;E : lgo % (Y. Kurimoto) [Jincpio
2 " vV = e < BN 2nd pio
= [ <
= ! g . NC other
k=] i : o 04
E ast E : E .CC any pio0
E 02 CC other
= E " Dirt
00 !--- i a0} .Cosmic
0.0 0z 04 0.6 08 10 12 14 'lm =03 5-0 [} 1
P (GeV) cosO_ L
00 50 100 150 200 250 300 350 400 450 500

* MeV/c2
E
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® Single Pion Production § e = 1 § ' Phys. Rev. D81,
= s weeason — - £ | (13005 (2010)
. 3 w 08f
NC mt! production % 5
$ 10 3’00
2 Vo5
° Important new measurements § % o4
. . . . b 05 t
from MiniBooNE including v
differential cross-sections now _
. o0 ):0 02 04 0.6 08 10 12 14 on—"; Q =05 Qo 05 1
available P (GoV/e) coss
¥, NC 12° Production Cross Section on CH; ¥, NC 12° Production Cross Section on CH;,
* On carbon at <E,> = 0.7 GeV § o g o4
5 g
> 0s ——
. L j:
* Did not correct out nuclear % .. P g —
’ V g V
efoCtS ‘2;' as} - g 02 i
E : :
* total NC 7t¥ production 3 02 HE 3
* NC mt¥ after mt° absorption or| '
—_—
* NC n+/_ —> J'EO a0l e e ool !
0.0 02 04 (X} 08 1.0 =10 -05 0o 0s 1
Py (GeV/c) cosé,p
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K2K/MiniBooNE results

* Cross-section ratio to CCQE

landscape neutrino
interactions
L 1
® Single Pion Production
22 o 2.2 oTCx* | gOCRE ]
ANL: Phys. Rev. D25, 1161 ¢ e = MinBooNE (S. Linden)
1.8l AN o K2K (SciBar)
(1982), deuterium o5 1.8l ANL
512 21.5:—
ﬁo‘; 51 -4 3— ||8°3uL‘R TARGET CORRECTED '
Wty
0.2 + ‘2 1= ——
R+ e a2y w_ [ =
E, (GeV) up.8[ % l
° = L2 1
00.6:— _hbi%
/ 0-4:_ |"$* 1
» 26 years between ANL and o2k |
: I._HT*IIIIII I||||||IIIIII|||||
0 |

1.5 2 25 3
E, (GeV)

K2K: Phys. Rev. D78, 032003 (2008)

MiniBooNE: arXiv:0904.3159 [hep-ex]
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® Single Pion Production
CC production
’V“ W o development of 3 Cherenkov ring fitter has
made possible the study of CC mt® production
W+
0
T x10718 . (R. Nelson)
n ?Q i"'|""|""|""l"."l'-"'l""__. o~ T T[T T T[T T T[T T[T T[T T I T T T TT T TT T TT13
pl 3 14 t preliminary © 3 |, ]
3 12 -_ + Absolute norm _- 3 Absolute norm

Ny - — data (stat errors) - g 1 + A p— N
< [ 4 4 —toaime 1 ]
e 1 —nucear=0(62%) | & [ + — total MC ’
S f + tank 2 (29%) ] ~ 08 nuclear CCx®
£ o8F — 4 £ H — everythi ]

€ 08f no n° ( 9%) ] § i everything else
s N 06 -
) 06 +++ . & 06f ) )

04;_ E 04 4 preliminary

R : s .

a-_;zlhm_ﬁ_nlu..-—l—'i‘]_i’_:—}—‘ . |l|||l|||l|||||||||l|:|_:| Ll =
&30 100 15 200 250 300 350 % 02040608 1 12 14 16 18 2
m,, (MeV/c?) Q? (GeV)
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* Coherent Single Pion Production (CC/NC)

Vv physics Conclusion

Entries

® Coherent interaction with nucleus leaving it

intact, but producing a pion

* very small rate compared to inelastic processes 0, > 35 deg
]

® many intriguing results recently from K7I<,
MiniBooNE, SciBooNE

e K2K first to see no evidence for CC coherent

pion production

Entries

pion production, though below the prediction

® Active analysis for SciBooNE

preliminary evidence for some CC coherent,/’a

but pions more forward than model predicts

# Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011

® MiniBooNE did see evidence for NC coherent A(I) i

< cana
B-O:M-
B + ot vmenanes
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ot ngiey
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landscape neutrino eriment status and

interactions ription prospects

High statistics CCQE samples show discrepancies with present MC

predictions

We are just now beginning to make real comparisons for other
channels between binned data and MC predictions

e CCm"/m° production

® NC elastic and NC 7t° production

® CC/NC coherent interactions off the nucleus as a whole

Theorists are interested in this problem. Wonderful!

We must work with them directly or provide data they can use

Event rates of exclusive final states off some target nucleus
® not corrected back to the nucleon

® nuclear effects (FSI) are part of this challenging theoretical problem

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011
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MINERVA Conclusion

experiment
description

b

e MINERVA “Frozen” Detector

Removed Prototype modules and started installation of
final detector during 2009 summer accelerator
shutdown

Installed 64 modules
34 tracking+10 ECAL+20 HCAL

Froze detector installation on

November 12 to collect NuMI
antineutrino beam data

mods/?2

One nuclear target module

(Fe, Pb) included for 2 mo.

iron+lead
target
Tracking ECAL HCAL
Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011
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MINERVA

experiment

description
1 | 1 ] 1

* MINERVA Installation completed
in March, 2010

* He/H,O target to be installed in
March, 2011
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1 |

Nuclear Targets Trackmg ECAL HCAL
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MINERVA ) Conclusion

status and
prospects

e Red =1Iron, Grey = Lead, Black = Carbon
2.5cm 2.5cm 2.5cm  0.75%cm  1.25cm

7.5cm

e First two targets: High statistics, compare lead and iron
e Third target: Compare lead, iron, and carbon with same detector geometry

e Last targets: Thin for low energy particle emission studies, high photon
detection

* “*He cryogenic target in front of detector

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 o7
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status and
prospects
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MINERVA

prospects

MINERVA Running Schedule

Dave Schmitz, Fermilab

c‘:,":" 2010 2011
Tovtor | coF &0zero COF & DZero
o |_MinBooNE MinBooNE
OPEN OPEN
Neutrino MINOS MINOS
Program MI | MNERvA MINERVA
[ArgoNeuT
MT [Test Beam Test Beam
sSY 120 |MC OPEN OPEN
nus | E-906/Drell-Yan E-806/Drell-Yan
Tracking Prototype Run:

ME Neutrino and AntiNeutrino Runs:

University of Chicago HEP Seminar — January 31, 2011

2012

LE AntiNeutrino Run with Increased Fiducial Mass: 11/09 — 3/10
LE Neutrino Run with Full MINERVA:

2013
OPEN (] RuNDATA
e [T] STARTUP/COMMISSIONING
B [ ] INSTALLATION
NOvA Bl V&0 (SHUTDOWN)
Test Beam
E-OOSDEI:I-Yan
4/09 — 6/09
3/10 - 3/12
Starting Spring 2013
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prospects
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VU» CCQ R et S W VM CC T

trip

scale

Candidate 805__ﬂlf______ ,,,,,, _, Candidate

o 2048 o mosanz

. ate:31gslice: 1 ............... - t 48 i sli
NuMI N Tt s B O IO e

Beam

DIS

candidate

v, CCQE

candidate

event event

200 run: 3002 20F run:sa224 |

- gate: 661 slice: 2 [ gate: 27
0-..i ........ [T A ol L 8

# Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011 100




JC
L

i B g
s AN W

story+0.5%(bar-1)
N

40

20—

: 125 - slice: . RS
[ | R RN

Lo oy

5
45E

25F
15

story+0.5"(bar-1)

toiwer 2

module

3
3
2
50 60 70 80 90 100 110

story+0.5%(bar-1)
N oW &

ANOwWOR GO
LN B B B B B |

-

strip
P © — —

&

N
o

strip
E

- N W

story+0.5"(bar-1)

toiwer 3

DLonowasne O

60 70 80 90
module

100 110

-

story+0.5%(bar-1)
N w
AN OWOB GG

-

-
N
=]

N =23 =
(=] 8 o o

- N W

story+0.5"(bar-1)
DLonowasoae O

status and
prospects

Conclusion
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module

Good visibility of tracks in multiple particle final states and secondary interactions.

Dave Schmitz, Fermilab
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NuMI Beam Spill
10 Ws spill structure
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NuMI Beam is very intense. Lots of overlapping activity within a beam spill.
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status and
prospects
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Dave Schmitz, Fermilab

experiment

description

® Coherent pion production (CC/NC) off the nucleus

* Scatters off the nucleus as a whole, leaving

nucleus in the ground state.
*Comparison with theoretical models

* MINERVA'’s nuclear targets allow the first

measurement of the A—dependence ofO_ .

across a wide range n a single experiment

University of Chicago HEP Seminar — January 31, 2011
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Error on sin’(20,,)

sin?(20 ;)

Dave Schmitz, Fermilab

Conclusion

University of Chicago HEP Seminar — January 31, 2011

experiment
description
. LI P Stat E RES DIS COH
e NOvVA sinZ0 13 sensitivity rocess ats Q
Signal V_ 78 (sin20,,=0.1) | 50% | 40% | 1% | 9%
* Toy MC study
NC 6.6 1% 10% 11% 78%
° Expected Cross-section
(0] 0 (0) (o)
uncertainties after MINERvVA make Vv, CC 0.7 0% 7% 0% 93%
O systematic negligible for all Beam V 7.2 52% 37% 1% 10%
y ghg .
values of sinZ@13
statistical error on a signal of that size
total systematic error from cross-section uncertainties of the given size
0,,=2.9° 6.5° 9.2° 0,,=2.9° 6.5° 9.2°
0.014F QE 20% = OO QE 5% D. Harris
0.012 E RES 40% A 0.012F RES 5,10%
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MINERVA

experiment
description

® Deep Inelastic Scattering Physics: PDFs and Nuclear Effects

® The intense NuMI broad-band neutrino beam and the fine- grained high—resolution MINERvVA

detector provide an opportunity for a lot of physics beyond cross-sections for oscillations

W2 =4 GeV?

° Expected numbers of events in

(X,Q%) for ~4 years of running in
the Resonant = DIS transition —
region

® Study transition between X

perturbative and nonperturbative

QCD regimes

° High statistics at high X

Dave Schmitz, Fermilab University of Chicago HEP
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MINERVA

status and

prospects
I | i

® Deep Inelastic Scattering Physics: PDFs and Nuclear Effects
® The intense NuMI broad-band neutrino beam and the fine—grained high—resolution MINERvVA

detector provide an opportunity for a lot of physics beyond cross-sections for oscillations

® Neutrino and antineutrino DIS data are important for measuring

fundamental Parton Distribution Functions within nucleons

® Due to Weak current’s unique ability to sample only particular quark flavors:
® Vinteracts withd, s, U, ¢

® Vinteracts withu, ¢, d, s

* Ability to use high X data minimizes contributions from gluons and sea quarks,

SO one can sample d/u directly in V/V ratios

Dave Schmitz, Fermilab University of Chicago HEP Seminar — January 31, 2011
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arXiv:0907.2357v2 [hep-ph]

MINERVA

Conclusion

® Deep Inelastic Scattering Physics: PDFs and Nuclear Effects

® The intense NuMI broad-band neutrino beam and the fine- grained high—resolution MINERvVA

detector provide an opportunity for a lot of physics beyond cross-sections for oscillations

® Inclusion of neutrino scattering data on heavy nuclei in QCD
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X

V-A (neutrino) scattering may not be the same

measurements is challenged by significant nuclear effects

* Recent studies indicate that nuclear corrections in .£”-A (charged lepton) and

1.20¢

arXiv:0907.2357v2 [hep-ph]
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. Conclusion
experlment
description
® Deep Inelastic Scattering Physics: PDFs and Nuclear Effects
F&/FD .
Observable | Experiment Ref. |# data
arXiv:0907.2357v2 [hep-ph] D NMC-97 275 arXiv:0907.2357v2 [hep-ph]
1.20 T - - He/D SLAC-E139 18 1.20 T T T T T T T T T Y
145 E- A=56, Z=26 | Q’=5Gev® £ NMC-95,re 16 :A=565 Z=éG P oE i Q=5 Gev'z : . ;
1.“]% E Hermes 33 92 1.15 :_. ........ d COufN-SUNURE U O S Bovosouiet SOUUUURURURUS SUUURVINE URURUNE SORUOR SO U A .
osb : P _% Li/D NMC-95 15 - : : i
— 11?)50 = B '}\\ . 4d |Be/p SLAC-E139 17 110
= 8 b ;'i‘-\ T E c/D EMC-88 9 1.05 -
h 1l EMC-90 2 & F
—— fitB ) 8= SLAC-E139 7 E” 1.00F
e ; ‘ 3 NMC-95,re 16 o c
iz SLACNMC 1 NMC-95 15 0.95 -
o0k i bl i) " FNAL-E665-95 4 0 905:
107 ‘2-‘ 1 IN/D BCDMS-85 9 E
Hermes (33 92 0.85 :—
Al/D SLAC-E049 18 ;
. e . 0.80
® Combined many Charged R N 1
lepton data sets on many Sacm ’
Jy 1-95.re 5 . .
, , VT g B ® Only NuTeV iron neutrino data
different nuclei NP B .
BCDMS-87 200 | 10 . . .
SLAC-EO® 14 ® Would like to use a similar table of
® Added A-dependent SLAC-E150 2
SLAC-EL0 6 data to properly compare charged and
terms to the cop  |EMoss q
. . EMC-93(addendum) 10 neutral lepton data
parameterization to EMC-93(chariot) o
Kr/D Hermes 84
include effects within Ag/D  [SLAC-E19 7
Sn/D EMC-88 35 8
model Xe/D FNAL-E665-92(em cut) @I 4
Au/D SLAC-E139 18
Pb/D FNAL-E665-95 37 4
|Total: 862
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® Deep Inelastic Scattering Physms: PDFs and Nuclear Effects
F&/FD .
Observable | Experiment Ref. |# data
arXiv:0907.2357v2 [hep-ph] D NMC-97 275 arXiv:0907.2357v2 [hep-ph]
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1 d : SLA;‘:EIQQ 7 X
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» e Would like to use a similar table of
° Added A—dependent SLAC-E139 23
SLAC-BLI0 ) | o data to properly compare charged and
terms to the Cu/D EMC-88 X
. . EMC-93(addendum) 10 neutral lepton data
parameterization to EMO-83(chariot) o
Kr/D Hermes 84
include effects within Ag/D  [SLAC-EIS0 7 * MINERVA provides He, C, Fe, Pb
Sn/D EMC-88 &
model ;‘:o ‘1; lj‘l\'AL_—E]G::—S)‘ T 148
Pb Dk‘ FNAL-E665-95 37 4
|Total: 862
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Conclusion

I 3 1 .

e Lots of new interest in neutrino cross-sections in recent years
e Absolute cross-sections
» Differential cross-sections
e Untangling nuclear effects

e Important to get improved measurements

e |Intellectually challenging and interesting
e Important for the next generation of neutrino oscillation experiments

* Intense NuMI beam and fine-grained detector opens door to lots of
high/low Q2 and high/low x physics, DIS, PDFs (which | have completely
ignored today)

e The MINERVA experiment at Fermilab will go a long
way toward finding many answers starting very
soon!
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