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ABSTRACT

FINeSSE: Fermilab Intense Neutrino Scattering Scintillator

Experiment

Understanding the quark and gluon substructure of the nucleon has been a prime
goal of both nuclear and particle physics for more than thirty years and has led to
much of the progress in strong interaction physics. Still the flavor dependence of the
nucleon’s spin is a significant fundamental question that is not understood. Exper-
iments measuring the spin content of the nucleon have reported conflicting results
on the amount of nucleon spin carried by strange quarks. Quasi-elastic neutrino
scattering, observed using a novel detection technique, provides a theoretically clean

measure of this quantity.

The optimum neutrino beam energy needed to measure the strange spin of the
nucleon is 1 GeV. This is also an ideal energy to search for neutrino oscillations at high
Am? in an astrophysically interesting region. Models of the r-process in supernovae
which include high-mass sterile neutrinos may explain the abundance of neutron-
rich heavy metals in the universe. These high-mass sterile neutrinos are outside the

sensitivity region of any previous neutrino oscillation experiments.

The Booster neutrino beamline at Fermilab provides the world’s highest inten-
sity neutrino beam in the 0.5-1.0 GeV energy range, a range ideal for both of these
measurements. A small detector located upstream of the MiniBooNE detector, 100 m
from the recently commissioned Booster neutrino source, could definitively measure
the strange quark contribution to the nucleon spin. This detector, in conjunction
with the MiniBooNE detector, could also investigate v, disappearance in a currently

unexplored, cosmologically interesting region.



Contents

1 Introduction 1
1.1 Outline. . . . . . ... 1
1.2 FINeSSE Physics, Detector, and Neutrino Beam . . . . . . . . . . .. 2
1.3 The FINeSSE Collaboration . . . . . . ... ... ... ... ..... 3
1.4 FINeSSE as part of the Fermilab program . . .. ... ... ... .. 4
1.5 Requests to the PAC . . . . . . . . . ... ... 5

2 Physics Motivation 7
2.1 Strange Quark Contribution to Nucleon Spin . . . . . . . .. ... .. 7

2.1.1 Experimental Results: Strange Quarks in the Nucleon . . . . . 8
2.1.2 Relevance to Searches for Dark Matter . . . . . . ... .. .. 14
2.1.3 A Measurement of As via Neutral-Current Neutrino Scattering 15
2.1.4 FINeSSE Semnsitivity to As . . . . . . . ... .. 21
22 pyDiSAPPEATaNee . . ¢ - w5 o i % v % s ;e B E 5 4 E 2 5§ B W B §E 22
2.2.1 Neautrino Oscillation Formalism . . . . .. .. ... ... ... 22
9.2.2 Experimental Results: The LSND Signal . . . . . . .. .. .. 24
2.2.3  Astrophysical Motivation for High Am? Disappearance Searches 27
2.2.4 FINeSSE+MiniBooNE Capability for v, Disappearance . . . . 29

2.3 FINeSSE on the Booster Neutrino Beamline . . . . . . . . . ... .. 31



3 The Neutrino Beam and Expecfed Event Rates 35

3.1 The Booster Neutrino Beamn . . . . . ... ... ... ......... 35
3.1.1 Beam Intensity Requirements . . . .. .. ... ... ..... 35
3.1.2 Booster Neutrino Beam Production . . . . .. . .. ... ... 3T

3.2 Ewbiit RBUBS . . o+ o o w5 ¢ 5 4 8 %5 5 8 % & 85 8 € 55 5 58 B 8 5 & 4 o

4 The FINeSSE Detector 47

4.1 Detector Design and Construction . . . . . .. . . .. . ... ... 47
4.1.1 The Vertex Detector . . . . . ... .. .. ... ... .. 49
4.1.2 The Muon Rangestack . . . . . ... ... ... ... ... .. 63
4.1.3 Signal Readout: Phototubes and Electronics . . . . . .. . .. 67
A )Ad CalibPation « . s « » 9 5 s 0 2 5 4 8 8 & 8 5 5 8 0w H e £ o B om o 75

4.2 Detector Location and Enclosure . . . . . ... .. ... .. ... .. 76

4.3 Detector Fabrication and Installation . . . . . . . ... ... ... .. 78
4.3.1 Vertex Detector Assembly . . . . ... ... ... ... ... 79

| 4.3.2 Muon Rangestack Assembly . . . . .. .. .. ... ... 82
5 Event Simulation, Reconstruction, and Analysis 89

5.1 Interactions in the Detector . . . . . . .. ... . ... ... ..... 89

5.2 Simulation of the Detector . . . . . . . . . .. ... 95
5.2.1 Events in the Vertex Detector . . . . . . . .. ... ... ... 98
5.2.2 Events in the Muon Rangestack . . . . . . .. .. ... . ... 102

5.3 Backgrounds . . . . .. oL 104
5.3.1 Beam Related Backgrounds . . . . .. .. ... ... ... .. 104
5.3.2 Beam Unrelated Backgrounds . . . . . .. ... ... .. ... 105
5.3.3 Charged and Neutral Current Event Identification . . . . . . . 106
5.3.4 Simulation Results . . . . .. ... ... ... .. 106

5.3.5 Method to Extract As fromtheData . . . . . . .. . . .. .. 108

ii



5.3.6 A Fit Procedure to Extract As from R(NC/CC) . . . ... .. 117

i 5.4 Details of v, Disappearance Sensitivity Studies . . . . . . .. ... .. 119
5.4.1 Tools and Assumptions for This Study . . . . . e e e e 119

- 5.4.2 The Motivation for 25 m Absorber Running: Parallax . . . . . 120
5.4.3 Systematics Errors and Studies . . .. ... ... .. ..... 125

h 5.4.4 Method for Determining the Sensitivity . . . . . . .. .. ... 126
5.4.5 Coordination with MiniBooNE . . . . . ... ... ... ... 129

6 Additional Physics 131

6.1 Cross Section Measurements . . . . . . . . .. ... ... ... ... 131

6.1.1 Present Understanding of Quasi-Elastic and Single Pion Cross

Sections . . . . ... ... 132

6.1.2 Prospects for Measuring Cross Sections at FINeSSE . . . . . . 134

6.2 Neutrino Electron Scattering: Neutrino Magnetic Moment . . . . . . 143

6.3 Antineutrino Runningand As . . . . ... .o v ot v i e 147

6.4 Long-term Running of FINeSSE+MiniBooNE . . . . .. ... .. .. 147

7 Overview of Cost and Schedule 151

. 7.1 Detector and Enclosure Costs . . . . . . . .. .. ... ... ... .. 151
7.2 Schedule . . . . . . . L 152

8 Conclusions 157

Bibliography 159

A Vertex Detector Design Studies 167

- A1 Scistack design, Feasibility and Cost . . . . . .. .. .. ... .. .. 167
A.2 Prototype testihg ............................. 168

A.3 Monte Carlo Studies . . . . . . . .« . . . 168

111



A.3.1 Scistack Monte Carlo

A.3.2 v — p Sample in Scistack

A.4 Conclusions

B FESS Project Definition Report
The FINeSSE Detector

v

175



List of Tables

3.1

3.2

3.3

5.1

5.2

5.3

Number of events expected at 100 m with a 25 m decay length for 1 x10%
POT per ton detector and for the full requested FINeSSE running and
detector (rightmost column). These predictions do not include final
state effects in *C and assume 100% detection efficiency. . . . . . . . 41

Number of events for 1 x 102° POT per ton detector after including the
effects of final state interactions in >C. The event classes are further
broken down to indicate the number of nucleons present in the final

state (etther 0, 1, or > 1 proton or neutron). . . . . . . . . . . . ... 44

Fractional contributions to each observed final state at a FINeSSE
100 m detector site. “RES” (“COH”) refers to resonant (coherent)
pion production processes; “DIS” refers to deep inelastic scattering. . 46

Summary and description of event types that the FINeSSE detector
will see. “# tracks” means typical number of charged particle tracks of

BIGPANICONE BHETRY. « » = = w » ¢ s % 5 % 5 4 4 8 % 6 § : 5 % & 8 5 & 5§ F B 90
Cuts used to identify “NCp” and “CCQE” events in the simulated sample.107

Summary of events that passed the NCp and CCQE cuts along with
efficiencies and purities: “efficiency” is the reconstruction efficiency
throughout the (2.4 m)® volume. “fid. eff.” is the reconstruction ef-
ficiency within the (2.2 m)® fiducial volume. The simulation data set
contained 215k events. To scale to the total expected FINeSSE event
count, multiply these numbers by 2.45. . . . . . . . .. ... ... 108



5.4

5.6

5.7

6.1
6.2

Estimated erperimental errors on a measurement of R(NC/CC) at
Q% = 0.2 — 0.4 GeV? with FINeSSE. The prefactor relates the rel-

“ative error on the quantity to the relative error on R(NC/CC). The

details are explained in the text. . . . . . . . . . . . . ... .. .. ..

Estimated event sample for 5 x 10%° POT with detectors located at
various distances with fiducial volumes as given. Rates are given for a
25 m and 50 m absorber. . . . . . . ...

Comparisons of various experimental setups and assumed systematic
uncertainties. . . . . . ... e e e

Systematic uncertainties used in the energy dependent sensitivity fits.

Limits set on neutrino magnetic moments. . . . . . . ... .. .. ..

Systematic errors for the (hypothetical) scenario of 3 x 102 POT. . .

vi

116

119

129



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

2.7

Proposed FINeSSE location with respect to the existing neutrino target
building (MI1-12) and MiniBooNE detector. North is to the right in this

ATOQWING. . . .« © v o o e e e e e e e e e

BNL E78/ results on vp — vp and ip — bp [20]. The solid lines are
fits to the data. . . . . . . ... Lo

Results from a fit of the BNL E734 vp — vp and Vp — Up Scattering
data [20] indicating the preferred values of n (= —As) and Ma. In
this fit, My was constrained to the world-average value at the time
My=1.032+£0036 GeV. . ... .. ... ... . ... ... L

Fluz-weighted differential cross section as a function of Q* for vp — vp
(a) and vn — p~p (b) scattering together with the cross section ratio
of the these two processes (c). These quantities are shown for G% = 0.
(solid), = —0.1 (dashed), and = +0.1 (dotted). The vn — p~p process
does not depend upon GYe o ¢ . s 5 s v s m vt v m s EE B v s B a5 o4

Ratio of flur-weighted cross sections of the vp — vp and vn — pp
processes as a function of the azial form factor G5 at Q* = 0.25 (solid),
0.45 (dashed), and 0.65 (dotted) GeV?. . . . . . . .. .. .. .. ...

LSND and Karmen joint analysis allowed region. . . . . . . . . . ..

Left: an example of a 3+1 mass spectrum. Right: allowed region for
v, — Vg in 8+1 models. The exclusion regions for CDHS and CCFR

are also ShOwn. . . . . . . . . e

Allowed oscillation parameters for the oscillation-enhanced r-process.

vil

11

12

20

21

25

26

28



2.8

2.9

2.10

3.1

3.2

3.3

4.1

4.2

4.3

4.4

The parameter space covered by FINeSSE+MiniBooNE for v, disap-
pearance (labeled “FINESE”). Also shown: allowed regions in 3+1
models given the LSND signal (solid), existing exclusion regions from
CDHS and CCFR, and the ezpected exclusion region for MiniBooNE.

The fluz spectrum of the Booster neutrino beam and the NuMI neutrino
beam at their near detector locations.

Ratio of neutron background, from neutrino interactions in the sur-

rounding earth, to NC-like detector events using the FINeSSE detector

in the Booster neutrino beam (top) and the NuMI neutrino beam (bot-
tom), shown as a function of energy energy deposited in the detector.
This plot assumes 100% detection and reconstruction efficiency.

Schematic of the MiniBooNFE target hall and decay region. The 25m
and 50m absorber locations are indicated. . . . . . . . . . . . .. ...

Exzxpected v, flur at a 100m detector site assuming a 25m decay length.

Predicted flux contributions at a 100m detector site assuming a 25m
decay length. Muon neutrinos comprise 93.5% of the expected neutrino

A schematic drawing of the FINeSSE detector. The cubic volume is
the (3.5m)® Vertex Detector. It is a (2.4m)? signal region surrounded
by a veto, filled with scintillator oil. The larger volume douwnstream s
the Muon Bongestoek.: . . « « s s s 5 : % s 2 ¢ 2 3 s sov 5 s 8 % & & 28

A schematic drawing of the Vertex Detector shown from the side. . . .

The geometrical arrangement of WLS fibers inside the Vertex Detector.
The arrangement consists of three orthogonal sets of parallel fibers. The
geometry is symmetric with respect to a rotation by 90° about any of

the three major azes. . . . . . . . . . .. ..o e e

Photograph of the prototype detector with the mounted WL.S fibers. The
protruding fiber ends were covered with a light shield. The photomul-
tipliers were mounted on the plate at the far end. The bozx could be
pivoted to study beams that intercept the fiber matriz at an angle.

vill

30

31

32

38

39

40

48

50

51

55



4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12
4.13

4.14

4.15
4.16

Normalized centroids of the light yields of 15 fibers as a function of
the vertical beam position. The insert shows the position of the fibers
plotted. The light yield is given in arbitrary units. To convert to units
of observed photoelectrons, multiply by 0.17 (see text). . . . . ... .. 57

Distance to top row versus distance to bottom row, averaged over all
siz fibers in that row, for horizontal tracks that fill the space between

the two TOWS. . . .« v v v o e e e e e e e e e 59

Distance to row 2 versus distance to row 3, averaged over all siz fibers
in that row, for horizontal tracks that fill the space between top and

bottom Tow. .. . . . . . e e e e e e e 60

Reconstructed position and angle of tracks for two rows of fibers on
either side of the beam (top plots) and for only three fibers on either
side of the beam (bottom plots). The rectangular boz in the left panels
indicates the nominal beam position and width. . . . . . . . . ... .. 61

Simulated events, taking into account the Poisson statistics of the ob-
served number of PEs (cf. Fig. 4.8). . . .. .. ... ... ... ... 62

An isometric rendering of the Muon Rangestack in front of a bozx bound-

ing the envelope of the Vertex Detector. . . . . . . . . . . . . ... .. 64

A completed x layer with six cans of scintillator and a 0.50 inch thick
steel backing. The assembly weighs 2.2 tons. Cans are attached to the
steel backing by bolts at the ends of the can, and a strap (not shown)
stmilar to the MINOS design which prevents the cans from bending

away from the backing in the middle. . . . . . . . . . . . . . ... .. 65
Block diagram of the readout module. . . . . . . . . . .. .. .. ... 71
MAPMT (16-channel), Cockcroft-Walton base, and FEE assembly de-

veloped at IUCF for the STAR experiment at BNL. . . . . . ... .. 76
Side view of the 25 ft below grade detector enclosure to house the FI-

NESTE Geterfon o « ¢ & w5 « 5 w5 5w 55 ¢ 6 m s + 5 6 o m 5 » o m o wom 77
Top view of the detector enclosure. . . . . . . . . .. . . .. ... .. 78

Supporting grid for the WLS fibers. Shown are the riders (slotted cubes)
and the locking mechanism, which s pushed away from the rider by a

1X




4.17
418

4.19

4.20

4.21

4.22

4.23

5.2

5.3

Same as Fig. 4.16, but seen from the inside of the fiber volume.

A can of scintillator strips with WLS fibers and enclosing PVC and
aluminum sheet weighs just under 100 lbs and is approximately 4.8 m
long including the PVC plates for protection of the fibers out to the
GPHCHl COUPRAE « « 5 v ¢ » % = 5 ¢ 2 v B s 58 8 6 3 ¥ @ B 8 % b &5 E «

An exploded view of the end of the can that routes fibers to the optical
coupling. . . . . ... e

A close-up of the fiber routing plate at the end of the scintillator can.
Not shown are the cover plates that light-tight the assembly. . . . . . .

A typical filler module for section 4. Not shown on any of the module
pictures are lifting lugs to place the modules in the stack. The ears that
allow the plates to hang from the support structure are welded on tabs.

Close-up of the support rail showing the "ears” on the steel plates that
allow the plates to hang from the rails. The column and cross member

at this corner were turned off to show more details. . . . . . . .. ..

Close-up view of the changing thickness of the layers from section to
section, and the scallops allowing access to the optical connectors on
the y planes. This face will probably also have structure to support

PMT bozes and catwalks for maintenance access. . . . . . . .. . ..

A typical vn — p~p reaction in the FINeSSE detector. The event
vertex is at the origin of the indicated coordinate system. In this event
the u~ leaves the Vertex Detector, stops in the range stack, and decays.
The two neutrinos from the muon decay are seen exiting the apparatus.

The short recoil proton track is just visible at the origin. . . . . . ..

A typical vp — vp reaction expected in the FINeSSE detector, gener-
ated at the origin. The short proton track can be seen, as can the final
state neutrino which exits the apparatus. In this view, only the Vertez

Detector 18 Shown. . . . . . o o v e e e e e

A typical vn — vn reaction expected in the FINeSSE detector. Several
interactions of the final state neutron can be seen. The final state
neutrino exits the apparatus. In this view, only the Vertex Detector is

80

. 83

84

84

85

85

86

91

91



5.4

9.9

5.6

5.8

9.9

5.10

o.11

Kinematic ellipses for the NC elastic (vp — vIN) reaction. These are
also valid for the CCQE (vn — p~p) reaction. The circles (ellipses)
of increasing size indicate the CM (lab) momentum for the event at
E, =500, 1000, 1500 MeV. The longitudinal component (parallel to
the beam) of the particle momentum s plotted on the z-azis, and the
transverse component on the y-azis. In a particular event, the particle

momentum vector 1s constrained to lie on the appropriate ellipse. . . .

Kinetic energy vs. cos@ for the (a) p, (b) proton in CCQE scattering
from bound nucleons, and (c) proton in CCQE scattering from free
nucleons. Protons in NCp reactions will show the same distribution as
that in (b). . . . . .

Diagram of the detector geometry as simulated by GEANT with a su-
perimposed CCQE scattering event. . . . . . . .. .. . . .. .....

The energy (a,b), angle (c,d), and position (e,f) resolution of the Verter
Detector as simulated and reconstructed for a sample of 1000 single
particle events. The plots on the left (a,c,e) are for 50-500 MeV KE
protons, those on the right (b,d,f) for 50-500 MeV KE muons. Only
tracks that were fully contained in the Vertex Detector were selected.
This effectively limited the upper muon KE to ~ 300 MeV.

A XZ (top) and YZ (bottom) projection view of a CCQE event in the
simulated Vertex Detector with the reconstructed muon (long line) and
proton (short line) tracks superimposed. In this event, T, = 820 MeV
arid T, =180 MeV, . ¢ « o v v n s s s nas smmusm s 8 18 § 48 5

A XZ (top) and YZ (bottom) projection view of a NCp event in the
sitmulated Vertex Detector with the reconstructed proton track superim-
posed. In this event, T, =100 MeV. . . . . . . . ... .. .. .. ...

The energy distribution of muons from CCQE interactions within the
Vertex Detector fiducial volume, that enter and range out in the Muon
Rangestack(white) overlaid on the distribution of all muons(red). . . .

Number of hits in scintillator strips in the Muon Rangestack from
CCQFE muons that originate in the Vertex Detector fiducial volume.
The “Bar Number” measures the hit coordinate transverse to the beam

dIrection. . . . . . . . e e e,

X1

93

94

95

99

100

101

102




5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

Number of hits in each scintillator layer in the Muon Rangestack from
CCQE muons that originate in the Vertex Detector fiducial volume.
The “Layer Number” measures the coordinate along the beam direction.

(a) Efficiency for reconstructing true NCp events with the NCp cuts
within the fiducial volume as a function of generated Q% and (b) the
distribution of the difference between generated and reconstructed @
for this sample. The o of this distribution is 0.053 GeV?

(a) Efficiency for reconstructing true CCQE events with the CCQE
cuts within the fiducial volume as a function of generated Q% and (b)
the distribution of the difference between generated and reconstructed
Q? for this sample. The o of this distribution is 0.079 GeV?

x? contours corresponding to 1o (solid), 20 (dashed), and 30 (dotted)
resulting from the fit procedure described in the text. In (a) G% and
My, the azial vector mass, are varied, in (b) G5 and F§ are varied. .

True kinetic energy distribution for all muons from CCQE interactions
in the Vertex Detector fiducial volume shown in red. Overlaid in white
18 the sample of those with a contained muon. Also shown are contribu-
tions corresponding to muons stopping in the Vertex Detector (green),
the Vertex Detector veto (blue), and the Muon Rangestack (purple). .

Acceptance versus true kinetic energy for muons from the CCQE event

Left, solid: Angular acceptance of the FINeSSE detector with the 50 m
absorber in radians; Right, solid: Acceptance with the 25 m absorber in
radians. Dashed (both plots): acceptance of the MiniBoo NE detector

M TAdIANS. . . . . . e

Left: Ratio of the v, fluz in the FINeSSE to the MiniBoo NE detector
using the 50 m absorber; right: Ratio when 25m absorber 2s installed .

Comparison of the parameter space covered by FINeSSE+ MiniBooNE
with the 25 m absorber (red) and the 50 m absorber (black). The un-
wanted “wiggles” in the 50 m absorber allowed region are caused by the
variations in the ratio of fluzes at FINeSSE and MiniBooNE. . . . . .

xii

103

109

110

118

120

1231

121

122

123



5.21 Comparison of the parameter space covered by FINeSSE+MiniBooNE

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

for a detector at 100 m (black) from the target versus 200 m (red) from
the target. Sensitivity to high Am? is lost at 200 m because neutrinos
will oscillate before reaching the FINeSSE detector.

Charged current neutrino cross section contributions as a function of
neutrino energy (in GeV): quasi-elastic (dashed), resonant single pion
(dot-dash), and deep inelastic scattering (dotted) processes. Figure ei-
tracted from [T8]. . . . . . ..o

Measurements of the CC resonant single ©° cross section, o(v, n —
u~ pmP). Also shown are the Rein and Sehgal-based predictions from
two publicly available Monte Carlo generators [82]. . . . . . .. ...

NC resonant single 7° cross sections, o(v,p — v,pn®) (left) and
o(vun = v,n7°) (right). Also shown are the Monte Carlo predic-
tions from [82]. . . . . .. ... ... ... .. b e mm ke

Ezperimental measurement of the NC coherent n° production cross sec-

tion at low energy compared to current model predictions [86],[87]. . .

Hit-level simulations of NC 7° interactions in the FINeSSE detector,
Mg =% uﬂpwo. The three hit clusters correspond to the final state
proton and two photons from 7° — yy. . . ... L.

Av,n — p~pr® CC 7 interaction in the FINeSSE detector. The
right hand figure shows the true GEANT particle trajectories in the
YZ plane. In this case, a muon is produced in addition to the three hit

clusters from the proton and two photons.. . . . . . . .. .. .. ...

Two NC ©° interactions in the FINeSSE detector, v,n — v, n7°. The
separated hit clusters correspond to the two photons emitted from the

A NC coherent m° interaction in the FINeSSE detector, v,?C —
v, ?C7°  The figure on the right shows the true GEANT particle
trajectories in the XZ plane for the same event. As can be seen, the
hit clusters correspond to the two photons from the n° decay.

xiil

123

133

135

136

137

138

139

139

140




6.9

6.10

6.11

6.12

6.13

6.14

Ezperimental measurements of the vy,n — u~ KA cross section. Also
shown are the predictions from two publicly available Monte Carlo gen-
erators [82]. . . . . .,

Example of a v,n — p~ KT A event in the FINeSSE detector. In
this event, the associated strange particles decayed yielding a hadronic
shower and second muon: A — prw~ (BR=63%) and K+ — pty,
(BR=64%). . . . . .

One loop radiative correction diagram with a massive neutrino. . . . .

A v,e” = vy, e elastic scattering interaction in the FINeSSE detector.
The figure on the right shows the true electron shower in GEANT for
the same event. Such events characteristically contain a single forward
seattered eleBliom: . . < » « = « ¢ 5 55 5 5 & 5 @ W B S § 5 w2 5 b owow

The ratio of NC to CC scattering for neutrinos (left column of plots)
and antineutrinos (right column) as a function of Q%. In each of the
4 rows one of the form factors is varied. In a-b) —0.2 < As < +0.2,
c-d) =02 < F¥ < +0.2, e-f) 0.95 < My < 1.15 GeV/c*. . . ... ..

The solid ellipse shows the 1o measurement capability for two sets of

~ oscillation parameters for FINeSSE+MiniBooNE for 3 < 102! POT.

71

Al

A2

The dashed ellipse shows the MiniBooNE Phase I capability. The col-
ored segments indicate the LSND-allowed regions. . . . . . . . . . ..

The FINeSSE schedule, showing the milestones from winter 2004 until
beam can be taken in 2006. Milestones are shown in red. . . . . . ..

Photograph of the Scistack prototype. Scintillator bars are stacked in a
10z 8 array. WLS fiber, polished on both ends, routed through each bar,
1s read out on one end by Hamamatsu 16 anode MaPMTs. The entire
prototype is housed wn a light tight aluminum box with conmnections for
Lemo and high voltage. The box is built on a rotatable stand to facilitate
testing in the IUCF beam. . . . . . . . . ... .. ... .. .....

Number of tracks reconstructed versus true kinetic energy for protons
generated within Scitrack. Events with kinetic energy below 0.15 GeV

are not usually reconstructible (have no tracks). . .. .. .. ... ..

Xiv

141

142

143

146

149

150

156

169



A.3 Reconstructible events versus true angle and energy in Scistack versus
Scibath. Upper left corresponds to true kinetic energy of Scibath event;
upper right to true kinetic energy of Scistack protons. Bottom left and
right are true angle for Scibath and Scistack respectively. . . . . . ..

XV




Chapter 1

Introduction

The Fermilab Intense Neutrino Scattering Scintillator Experiment (“FINeSSE”) is
designed to measure the strange quark contribution to the spin of the proton, and to
search, in conjunction with the MiniBooNE experiment, for v, disappearance. These
measurements will employ a novel detection technique, and will examine a kinematic
region inaccessible to any existing or presently-planned experiment. FINeSSE will
be located 100 m from the Booster neutrino beamline production target, and 441 m
upstream of the currently-running MiniBooNE experiment. The low energy Booster
neutrino beam is crucial to achieving this experiment’s goals; they can only be re-
alized on this Fermilab beamline. The number of protons on target (POT) needed
to reach the FINeSSE physics goals is 6x10%°, attainable in two years of running.
The detector is designed to resolve both short, low energy proton tracks, and longer
muon tracks from vN interactions. The FINeSSE detector will cost $2.25M ($2.8M
with contingency); the FINeSSE Detector enclosure, $800K ($1.6M with contingency,
escalation, and EDIA).

1.1 Outline

This proposal sets forth the experiment’s goals, design, costs, and schedule in the

following sections:

e Chapter 2 provides the physics motivation for FINeSSE;



Chapter 3 describes the flux and event rate at FINeSSE produced by the Booster

neutrino beamline;

Chapter 4 details the detector design, construction, and installation, as well as

the readout and trigger systems;

Chapter 5 examines event kinematics, efficiencies, and backgrounds for the FI-
NeSSE physics measurements;

Chapter 6 points out additional physics measurements the FINeSSE experiment

can perform;

Chapter 7 provides a breakdown of costs for the detector, the electronics, and
an enclosure for both, as well as a timeline to first beam in mid-2006.

1.2 FINeSSE Physics, Detector, and Neutrino Beam

The fundamental question of the flavor dependence of the spin of the proton is not
understood. The still unresolved “spin crisis” [1] points to the fact that the proton’s
spin is not carried, as was expected, by the valence quarks. How much is carried by the
light quark sea has been the subject of much controversy. In addition, measurements
of the spin carried by the strange quarks in the nucleon have been plagued by model
assumptions and experimental limitations. The FINeSSE experiment will measure
the proton’s strange spin, As, avoiding the pitfalls of previous measurements; our
approach will be described in detail in Chapter 2.

FINeSSE, in conjunction with the MiniBooNE experiment, is sensitive to v, dis-
appearance in an as-yet unexplored, astrophysically interesting region. Incorporating
oscillations to 1 eV sterile neutrinos into the r-process in supernovae can explain the
abundance of neutron-rich heavy metals in the universe [2]. Oscillations between these
sterile neutrinos and muon neutrinos are expected over short baselines for neutrino
energies around 1 GeV. The combination of FINeSSE and MiniBooNE, functioning
as near and far detector, enables a v, disappearance search sensitive to these os-
cillations. This sensitivity exceeds that of any existing or planned experiment, and
permits exploration of the full allowed 3+1 region.

The physics goals of FINeSSE can be achieved using a novel, relatively small,
tracking detector placed 100 m from the neutrino production target on the Booster
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Figure 1.1: Proposed FINeSSE location with respect to the ezisting neutrino target
building (MI-12) and MiniBooNE detector. North is to the right in this drawing.

neutrino beam line (Fig. 1.1). The detector is comprised of two subdetectors. The
upstream Vertex Detector is a highly-segmented, liquid scintillator “bubble chamber”
that tracks particle interactions via scintillation light read out on a grid of Wavelength
Shifting (WLS) fiber strung throughout the volume. The Muon Rangestack down-
stream of the Vertex Detector ranges out high energy muons produced in neutrino

interactions.

The Booster neutrino beam provides an intense source of muon neutrinos (with a
small background of electron neutrinos) in the energy range of 0.5-1.5 GeV and a mean
energy of ~ 700 MeV. This spectrum is ideal for the vp elastic scattering measurement
as well as for the v, disappearance search. Using the currently estimated MiniBooNE
neutrino flux [3], and assuming 3.0 x 10%° protons on target per year [4], there would
be approximately 360k neutrino scattering events in a detector of 9 ton active volume
during the FINeSSE run of 2 years. This would provide a neutrino event sample of

unprecedented size in this energy range.

1.3 The FINeSSE Collaboration

FINeSSE is currently a collaboration of 29 scientists from six universities and two
national laboratories. Once approved, the collaboration is expected to grow. Both




university groups and national labs have already incorporated post-docs, graduate
students, undergraduates, and a high school teacher into FINeSSE physics projects.
FINeSSE has organized an executive committee comprised of senior scientists from
each group to oversee the project. The collaboration is diverse yet balanced in a

number of ways:

e Collaborators are drawn from both the nuclear and particle physics communi-
ties. This will help the collaboration to attain its physics goals, which span
both of these communities, and will encourage cross-disciplinary interactions

between nuclear and particle physicists, as well.

e FINeSSE is comprised of both MiniBooNE and non-MiniBooNE scientists. This
balance helps to ensure a good understanding of a neutrino beam already well
studied by MiniBooNE, and at the same time bring in new ideas and perspec-
tives on physics with this beam.

e FINeSSE scientists carry with them a broad spectrum of experience. The new
perspectives brought by the FINeSSE spokespeople are tempered by a well-
seasoned executive committee comprised of experienced scientists with, again,
both nuclear and particle physics backgrounds.

FINeSSE’s diversity in background and experience are already a great asset to
its physics program, and will help to sustain it throughout its physics run.

1.4 FINeSSE as part of the Fermilab program

FINeSSE brings timely and important physics to the Fermilab program. In addi-
tion, FINeSSE takes advantage of the investment Fermilab has already made in the
Booster neutrino beamline, provides an excellent training ground for young Fermilab

scientists, and already actively contributes to the growing Fermilab neutrino program.

To achieve its physics goals, FINeSSE requires 6.0 x 10%° total protons on target,
received over the course of a two year run on the Booster neutrino beamline. This is
within the Booster’s capability in the era of NuMI and Run II running, as described in
Chapter 3 and Reference [4]. It also takes advantage of a running beam, and another

running experiment, adding value to already committed resources.



FINeSSE is a small, focused collaboration. Such groups are proven training
grounds for graduate students and post-docs, vital to the future of Fermilab and
of high energy physics. It is on such small-scale experiments that young scientists are
guaranteed to get their hands on almost every aspect of design, construction, data
taking, and data analysis.

In summary, FINeSSE represents an important addition to Fermilab’s program:
it provides an extraordinary opportunity for physicists from a number of subfields
and a variety of levels of experience to work together; it makes advantageous use of
an existing beamline; it increases the physics reach of an existing experiment; and it
uses a novel detection technique to address significant and interesting physics.

1.5 Requests to the PAC

Please consider the following specific requests with respect to approval and funding
for FINeSSE:

e Grant this experiment “stage 0” or “stage 17 approval at this time (approval
pending response to any outstanding questions). This will allow us to submit
an NSF proposal by a January 2004 deadline.

e Recommend to the Fermilab directorate to support FINeSSE for the first stages

of detector enclosure design work.

e Recommend to the Fermilab directorate to provide FINeSSE with office and lab

space.



Chapter 2
Physics Motivation

Two physics measurements form the foundation of the FINeSSE program: the mea-
surement of the strange spin of the proton, As; and the search for v, disappearance
in an astrophysically interesting region. Both topics are compelling, and can only
be addressed with the Booster neutrino beam design. Along with these studies, a
complement of other measurements and searches are open to FINeSSE. These other
physics projects are addressed in Chapter 6. In this chapter we concentrate on the
two main physics goals, which make FINeSSE unique. '

2.1 Strange Quark Contribution to Nucleon Spin

From the time that the composite nature of the proton was discovered, physicists
have sought to understand its constituents. The study of nucleon spin has grown into
an industry experimentally, and opened new frontiers theoretically. Deep Inelastic
Scattering (DIS) measurements with polarized beams and/or targets have given us a
direct measurement of the spins carried by the quarks in the nucleon. A central mys-
tery has unfolded: in the nucleon, if the u and d valence quarks carry approximately

equal and opposite spins, where lies the remainder?

One key contribution that has eluded a definitive explanation is the spin contri-
bution from strange quarks in the nucleon sea. A large strange quark spin component,
extracted from recent measurements [5], would be of intense theoretical interest, since
it would require significant changes to current assumptions. Is this large value of the



strange spin due to chiral solitons (6], a misinterpretation of the large gluon contribu-
tions coming from the QCD axial anomaly [7, 8], or incorrect assumptions of SU(3)
symmetry [9]? In addition, an understanding of the nucleon spin structure is a key
input to dark matter searches, since the couplings of supersymmetric particles and
axions to dark matter depend upon the components of the spin.

It has been known for some time that low energy (and low @?) neutrino mea-
surements are the only theoretically robust technique (as robust as, e.g., the Bjorken
sum rule) for isolating the strange quark contribution. New low energy, intense neu-
trino beams now make it possible to take greater advantage of this method. The
FINeSSE experiment, using these newly-available beams along with a novel detection
technique, will resolve the presently murky experimental picture, providing results
which are interesting both to particle physics and astrophysics.

FINeSSE will measure As by examining neutral current neutrino-proton scatter-
ing; the rate of this process is sensitive to any contributions from strange quarks (both
s and §) to the nucleon spin. Specifically, As is extracted from the ratio of neutral
current neutrino-proton (Vp == I/p) scattering to charged current neutrino-neutron
(vn — p~p) scattering. The measurement will be made at low momentum transfer
(@Q? =~ 0.2 GeV?), in order to unambiguously extract As from the axial form factor,
G 4. FINeSSE will improve on the latest measurement of neutral current neutrino-
proton scattering (BNL 734) by measuring this process at a lower-Q?, with more

events, less background, and lower systematic uncertainty.

In the following sections, we describe some of the previous and current experi-
ments relevant to the question of strange quarks in the nucleon. We then describe why
neutral current neutrino-nucleon elastic scattering is sensitive to the strange-quark
contributions to the nucleon spin. We conclude with a summary of the sensitivity of
FINeSSE to As (detailed more completely in Chapter 5).

2.1.1 Experimental Results: Strange Quarks in the Nucleon

The role that strange quarks play in determining the properties of the nucleon is
an area of much experimental and theoretical interest, and is not well understood.
Deep inelastic scattering of neutrinos on nucleons indicate that strange quarks con-
stitute a substantial fraction (20%) of the nucleon sea [10]. Nevertheless, the latest
results from parity-violating (PV) electron scattering show that the contribution of



strange quarks to the charge and magnetic moment of the nucleon is consistent with
zero [11, 12]. However, results from DIS of polarized charged leptons indicate non-
zero contributions of strange quarks to the nucleon spin. In the sections that follow,
we describe the some of the experimental and theoretical issues which FINeSSE will
help to address.

Parity-Violating Electron Scattering

There is a large and continuing effort to investigate the nucleon structure via Parity-
Violating (PV) electron scattering. Electron scattering is sensitive to the strange (and
anti-strange) quark contributions to the nucleon charge and magnetic moment dis-
tributions. The recently-completed MIT/Bates SAMPLE experiment [11] measured
the strange-magnetic form factor, G3,, at a momentum transfer @? = 0.1 GeV?,
to be consistent with zero (albeit with large errors). The ongoing Jefferson Lab
HAPPEX experiment [12] measures a PV scattering asymmetry sensitive to a com-
bination of the strange-electric and strange-magnetic form factors (G4 and G%;) at
Q? = 0.48 GeV?2. This combination is also consistent with no strange-quark effects in
the nucleon. HAPPEX continues to search, and will make a measurement at lower
Q?(= 0.1 GeV?) on a helium target in the near future [13].

Upcoming PV electron experiments looking for strange quark effects are the PVA4
experiment [14] at Mainz, which will measure a combination of G§ and G$, at @Q?
from 0.1 - 0.48 GeV?; and the GO experiment [15], which will cover a large @* (0.1 -
1.0 eV?) range.

There is a large effort to look for strange quark effects via PV electron scattering.
Unfortunately, these measurements are not sensitive to the strange axial vector form
factor (G, related to the spin structure and As). This is because the parity violating
contribution to the axial vector form factor of the nucleon couples via the very small
vector form factor of the charged lepton (1 — 4sinfy ). As a result, this contribution
to the PV asymmetry is dominated by a large PV radiative correction known as the

anapole moment [11].

PV electron scattering combined with neutrino scattering would be a powerful
approach to the study of strange quark effects in the nucleon. As will be explained
below, neutrino scattering is very sensitive to the strange axial-vector form factor

%, and much less so to the strange electric and magnetic form factors G and G'4,.
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The opposite is true in PV electron scattering. The measurements from FINeSSE
could be combined with those from this thorough program of PV electron scattering
to obtain accurate knowledge of all three strange form factors G%, G%, and Gy, [16].

Polarized Lepton Deep Inelastic Scattering

Results obtained in DIS by polarized leptons from polarized nucleons have been in-
terpreted (from measurements of the polarized structure function, g7) as evidence
for a non-zero and negative As. The SMC experiment, e.g., has reported As =
—0.10 + 0.05 [17]. The method of extracting As from g}, however, has been subject
to much debate, due to model-dependent assumptions of SU(3) symmetry [9, 18]
and to extrapolation of the spin structure function to z — 0 [7]. In addition, recent
controversial results from HERMES [19] semi-inclusive DIS indicate a zero or small
positive value for As (As = +0.03+ 0.03 £ 0.01 where the first error is statistical and
the second is systematic). It should be noted that the HERMES measurement is only
sensitive to As; as opposed to the SMC measurement of As + Ag [19]. The errors
reported in these current “state-of-the-art” DIS measurements of As are typically in
the range of 0.02 — 0.05.

As will be shown in the sections below, the interpretation of neutral current
neutrino-nucleon scattering suffers from none of the theoretical uncertainties inherent

in the DIS measurements.

Neutral-Current Neutrino Scattering

The best measurement to date of neutral current neutrino scattering is Experiment
E734 at Brookhaven National Laboratory (BNL). They measured neutrino-proton
(vp — vp) and antineutrino-proton (7p — p) elastic scattering [20] using a 170 t
tracking detector in the BNL wide-band neutrino beam (E, = 1.3 GeV). From a
sample of 951 vp and 776 vp elastic scattering events, they extracted differential cross
sections (do/d@?) for 0.4 < Q% < 1.1(GeV/c)? (Fig. 2.1). These data were fit to a
description of vp — vp and 7p — Up to obtain the results shown in Figure 2.2. The
results from this fit were often cited to support the claims from the DIS experiments
at the time, that As was non-zero and negative.

This experiment also simultaneously measured the neutrino and antineutrino neu-
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Figure 2.1: BNL E734 results on vp — vp and vp — vp [20]. The solid lines are fits
to the data.

tral current to charged current ratios:

R, = ZWP2VP) 45540007 40.017 (2.1)
o(vn — p~p)

and

Ry = L2 PD) 918 40,012+ 0.023 , (2.2)
o(vp = pn)

calculated over the interval 0.5 < @? < 1.0 (GeV/c)?. The dominant error in these
ratios was an 11% systematic.
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Figure 2.2: Results from a fit of the BNL E73{ vp — vp and Up — p scattering
data [20] indicating the preferred values of n (= —As) and M4. In this fit, My was
constrained to the world-average value at the teme M4 = 1.032 £ 0.036 GeV.

Reanalysis of BNL E734

The non-zero value for As as obtained by BNL E734 was later reexamined [21]. This
reanalysis more carefully considered the effects of strange contributions to the vector
form factors and the Q2 evolution of the axial form factor in the differential cross
sections for vp and p elastic scattering. A value of As = —0.21+0.10 was extracted.
An additional form factor uncertainty of +0.10, determined from fits to the data with
different assumptions about the vector form factors and evolution of the axial form
factor (via the axial vector mass, M,), should be assigned.

Another group has reexamined the BNL E734 result on the neutral current to
charged current ratios, R, and R; [22]. These ratios are sensitive to the axial form
factor, and avoid the systematic uncertainty of the neutrino flux and nuclear model

corrections. While these ratios hold the promise of a superior method to extract As,
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the experimental errors from BNL E734 were too large to provide a definitive answer,
and the conclusions of this analysis were consistent with the previous reanalysis of
the data [21].

Another reanalysis of these data has been recently performed [16]. This approach
is interesting in that it uses the latest data from HAPPEX on the electric and magnetic
strange form factors in an effort to reduce the systematic errore from these form factors
on this meausurement. The results show the viability of this method of combining
the PV electron and neutrino scattering into one analysis, but are limited by the large
systematic errors on the BNL734 data sample.

Note that the BNL E734 data have been reanalyzed at least three times since
being published in 1987; this points to growing appreciation of the fact that neutral
current neutrino scattering is an excellent probe of As. Unfortunately, though, the
precision of the BNL E734 data limits the conclusions that can be drawn from it.

How FINeSSE Will Improve These Measurements

The neutrino neutral current to charged current ratio as measured by BNL E734
(Eq. 2.12) is reported with a statistical error of 5% and a systematic error of 11%.
This ratio was made by integrating over the @2 interval 0.5 < Q? < 1.0 GeV2.

FINeSSE will improve upon this measurement in several ways:

e The neutrino neutral current to charged current ratio measurement will be
made as a function of Q? in the interval 0.2 < @Q? < 1.0 GeV?. FINeSSE’s
measurement will be made at a lower-Q? value, where form factors are more
easily interpreted. In addition, the shape of the ratio as a function of Q? holds
additional information about the evolution of the form factors.

e With the proposed FINeSSE detector and run plan, the statistical errors in the
0.2 < @? < 0.4 GeV2-bin alone will amount to a relative error on the ratio of

only 2%.

e Systematic errors have been estimated with detailed simulations of the detector
to be 5%. Much of this reduction in systematic error is due to the greatly
reduced background in FINeSSE. The background to the vp — vp reaction is
estimated at 26% (and is likely to be further reduced) compared to 40% in BNL

E734 [20].
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In summary, FINeSSE will be able to make a measurement of the neutral-current
to charged-current ratio with a 6% total error down to 0.2 GeV2. BNL E734 made
a measurement with 12% total error down to only 0.5 GeV2. This will allow a sig-
nificant improvement to the uncertainty on the extracted value of As as described in
Section 2.1.3 and Chapter 5.

2.1.2 Relevance to Searches for Dark Matter

Understanding of the spin contribution to the nucleon of the strange quarks is impor-
tant for certain searches of dark matter [23]. In R-parity-conserving supersymmetric
models, the lightest supersymmetric particle (LSP) is stable and therefore a dark-
matter candidate; in certain scenarios, the relic LSP density is large enough to be
of cosmological interest. Experimental searches for cosmic LSPs can be competitive

with accelerator-based searches [24].

In the case where the LSP is the neutralino, cosmic LSP can be detected either
directly, through elastic neutralino scattering in an appropriate target/detector, or
indirectly. The indirect method involves detection of high-energy neutrinos from
the center of the sun, where the heavy neutralinos accumulate and subsequently
annihilate. If the neutralino mass is larger than the W mass, annihilation into gauge
bosons dominates and this gives rise to high-energy neutrinos that can be detected
on earth. The expected rate for this process also depends on the elastic neutralino-
nucleon scattering cross section.

The neutralino-nucleus elastic-scattering cross section contains a spin-dependent
and a spin-independent part. The spin-dependent part is given by

32
= —GpmIA*J(J + 1),
where G g is the Fermi constant, m, the reduced neutralino mass, J the nucleus spin,
and

1

A= j (a,, (Sp) + Gy (Sn>) )

here <Sp(n)> is the average proton (neutron) spin in the nucleus and

P(")

Z\/—GF %
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where the sum is over quark flavors and the coefficients ¢; are functions of the compo-
sition of the neutralino in terms of the supersymmetric partners of the gauge bosons.
The factors Ag? and Ag} are the quark contributions to the proton or neutron spin.

It is established [17, 5] that Au and Ad have opposite signs. From the above,
it should be clear that knowledge of As not only is important for the interpretation
of any limits from such dark matter searches, but it could also influence the choice
of detector material for direct searches [25], making nuclei with either proton- or
neutron-spin excess optimal, depending on its value and sign.

2.1.3 A Measurement of As via Neutral-Current Neutrino

Scattering

In neutral current elastic (NC) neutrino-nucleon écattering (vN — vN), any isoscalar
contribution (such as strange quarks) to the nucleon spin will contribute to the cross
section. This is in contrast to the charged current quasi-elastic (CCQE) scattering

process (vn — p~p) where only isovector contributions are possible.

FINeSSE will use this feature of neutrino scattering to measure any contribution
of strange quarks to the spin of the nucleon. The fact that NC neutrino scattering
is sensitive to strange quark (isoscalar) spin in the proton, and CCQE neutrino scat-
tering is not, will be exploited by measuring a ratio of these two processes; this will
eliminate a number of experimental and theoretical errors.

The Neutral Weak Axial Current of the Nucleon

The axial part of the weak neutral current may be written [21, 26],

(N|AZ|N) = - [%r <N ﬁ”"”"’“"‘%‘;’””d_ﬁ“%s N> (2.3)
= — [%} J <N ’—%Qz)mfysrz + %@’71/75 N> , (2.4)

where G 4 is the axial form factor and 7, = %1 for protons (+) or meutrons (-). The
strange axial-vector form factor, G, is identified with the 5y,vss term which is As,
the spin carried by the strange quarks. So, the non-strange (u and d) quark axial
current is accounted for in G4, known at Q2 = 0 from neutron beta decay to be
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GA(Q* = 0) = 1.2673 £ 0.0035 [27]. The (unknown) strange quark axial current is
subsumed in G%. A similar decomposition may be obtained for the vector part of the
neutral weak current [21, 26] in terms of the two non-strange vector form factors, £}
and F,, and the corresponding strange quarks parts, F7 and Fy.

As shown above, the strange axial form factor, G%, in the limit of zero momentum
transfer (Q* = 0), is identified with the strange quark contribution to the nucleon
spin, As. It is worth mentioning that the arguments leading to the connection be-
tween G, at low momentum transfer and the strange spin content, As, that can
be extracted from DIS data in the scaling limit, are essentially the same as those
that were used to derive the Bjorken sum rule, which connects spin-dependent IDIS
structure functions to the coupling constants in neutron decay and is considered one
of the most fundamental predictions of QCD. They are both based on the operator
product expansion, which expresses the moments of structure functions in terms of
matrix elements of local operators and perturbatively calculable Wilson coefficients.

Neutrino Cross Sections and Form Factors

The differential cross section, do/d@?, for NC and CCQE scattering of neutrinos and
antineutrinos from nucleons can be written as a function of the nucleon form factors
F; and F3 (both vector) and G; (axial vector) [28, 26]:

do  G%LQ? 5

07 gE—E(Aﬁ:BW—kCW ) (2.5)
‘with kinematic factor, W = 4E,/mp — Q%/m3. The + (-) sign is for neutrino (an-
tineutrino) scattering. @? is the squared-four-momentum transfer. The A, B, and C,

contain the form factors:

1
A = G +7) = (F —7F})(1 - 7) + 471 F3), (2.6)
1
B = _ZGI(F1+F2); (27)
1 m2
C = -1—6—Q—;)(G¥+F12+7‘F22). (2.8)

Up to this point, this formalism is valid for both NC and CCQE neutrino- (and
antineutrino-) nucleon scattering. The difference between the NC and CCQE pro-
cesses is accounted for with different form factors (Fi, F3, and G,) in each case.
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For NC neutrino scattering the axial-vector from factor (as described in Sec-
tion 2.1.3) may be written in terms of the known axial form factor plus an unknown

strange form factor:

_ | Ga, G4
Gl—,: 2Tz+ 2] (29)

The vector form factors F; 2 may also be written in terms of known form factors plus

a strange quark contribution,

| . 1 .
Fio= H§ — sin? BW} [FTy — F{y] 72 — sin® 6y [FT, +Fy] - G Yol (2.10)

where FP™ is the Dirac form factor of the proton (neutron) and FF™ is the Pauli
form factor. The CVC hypothesis allows us to write the same form factors in these
equations as those measured in electron scattering. Therefore, the only unknown
quantities in these equations are the strange vector form factors F7y,.

The differential cross section for neutrino scattering at low Q2% (Eq. 2.5) is dom-
inated by the axial form factor, G;. This can be seen be examining Equations 2.5
and 2.6. In fact, at low-Q?, do/dQ? o< G?%. This is a crucial point, and it is what
makes NC neutrino scattering the best place to look for the effects of strange-quarks
in the nucleon spin. It also makes the results less sensitive to the strange vector form

S
factors, FY,.

Q? Dependence of the Form Factors

All of the form factors are, most generally, functions of Q?. The values of the non-
strange form factors at Q% = 0 are known from the static properties of the nucleon
(e.g. charge, magnetic moment, and neutron decay constant). How the form factors
change with increasing @ is less well known and must be addressed. The form factors
are commonly parameterized with a dipole form, where the dipole mass set by various
measurements. The evolution of F} ) is known via numerous experiments on electron
scattering; the vector dipole mass, My is 0.843 GeV/c?2. The @Q? dependence of the
axial form factor, G 4, is measured via CCQE neutrino scattering; the world average
data yield an axial mass M, = 1.026 £ 0.021 [27].

Both the strange form factors, Fy, and G% and their @? evolution are unknown.
It is most common to assume the same @? dependence as for the non-strange form
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factors, using My for Fy, and M4 for G%. The uncertainty on the Q? evolution intro-
duces some uncertainty in the extraction of G% from a measurement. A measurement
at Q% ~ 0.2 GeV?, however, would keep this contribution to the uncertainty at a low
level, as the value of the form factor differs by only 20% from @? = 0 to Q* = 0.2
GeV2.

Nuclear Physics Corrections

The expression for the cross section (Eq. 2.5) is for scattering from free nucleons.
Since FINeSSE will have a target that consists, in large part, of nucleons bound in
carbon, consideration will need to be given of the effects of this binding [29, 30]. The
corrections can be rather large when considering the absolute event rate, and can
depend greatly on the model employed, because the amount and quality of available
neutrino data to constrain such models, is lacking. In principle, the nuclear models
can be constrained with the high-quality electron data available; this, however, is a

work in progress.

These effects become less of a concern when ratios of cross sections are consid-
ered [73, 74, 75, 34]. The initial and final states of the hadrons involved are quite
similar in both NC and CCQE neutrino scattering; as a result, the corrections em-
ployed for either channel should be similar as well. FINeSSE will utilize this fact with
a measurement of As as explained in the following sections.

The Neutral Current to Charged Curfent Ratio

The NC neutrino scattering cross section depends strongly on &} and therefore on G%,
the quantity of interest. An absolute measurement of the cross section, hbwéver, is an
experimental challenge; the level of precision achievable for this measurement would
not yield the desired precision for G¢. An absolute prediction is also a challenge
from a phenomenological standpoint, as uncertainties in form factors and nuclear
corrections can be large.

It is possible to extract G to the desired precision by measuring the ratio of
NC to CCQE event rates. A measurement of the ratio of NC to CCQE neutrino
scattering event rates may be measured with greater precision, since many systematic
uncertainties cancel in the ratio such as the neutrino flux and correlated reconstruction
efficiencies. Theoretical uncertainties are also reduced in this quantity as many of
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these uncertainties are correlated between NC and CCQE scattering. FINeSSE will

use this method to measure G%,.

First, consider the ratio of NC neutrino-proton to NC neutrino-neutron scattering,

o(vp — vp)
R(p/n) = ———=. 2.11
(/n) o(vn — vn) ( )
This ratio is very sensitive to G% [26]. The NC neutrino nucleon scattering cross
section is proportional to G? as explained above. A non-zero value for G% will pull
the denominator of this ratio one way, and the numerator the other, due to the 7,

factor in Equation 2.9.

R(p/n), however, is likely to be very difficult to measure accurately in a neutrino
scattering experiment, because of the intrinsic difficulties and uncertainties involved
with neutron detection. For this reason FINeSSE will focus on a measurement of the
ratio of the NC neutrino-proton scattering (vp — vp) to CCQE neutrino scattering
(vn — p~p). This ratio,

olvp - vp) (2.12)

R(NC/CO) = 2=,

can be more accurately measured and is still quite sensitive to G¥% (albeit less so than
R(p/n)). The numerator depends upon G* as explained in the formalism introduced
above. The denominator does not as the vn — p~p process is sensitive only to
isovector quark currents and not to isoscalar currents (such as that from strange

quarks).

The vp — vp and vn — p~p differential cross sections (weighted by the calculated
FINeSSE flux) as calculated with Equation 2.5 are plotted in Figure 2.3 for G5 =
—0.1,0.0, +0.1; this shows that the cross section for vp — vp depends strongly upon
G*%. The cross section for vn — p~p is independent of G, so the ratio of flux-
weighted cross sections (and therefore the event rates) of these two processes depends
upon G%.

This dependence is also shown in Figure 2.4 as a function of G¥ for three different
@Q? bins. In the @* = 0.25 GeV? bin, the sensitivity of the NC/CC ratio on G% is
approximately 1.2. The relative uncertainty in the NC/CC ratio, AR/R is related to
the absolute uncertainty on G%, o(G?) by

_1L0AR

o(G%) = {35 (2.13)
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| Considering this and recalling that G%(Q* = 0) = As yields the conclusion that
a 5% relative measurement of the NC/CC ratio at Q* ~ 0.25 GeV? would enable an
extraction of As with an error of 0.04. This error is comparable to that quoted in

the latest extractions of As from charged lepton DIS [19].

2.1.4 FINeSSE Sensitivity to As

NC, CCQE, and background events in the proposed detector have been simulated in
a detailed manner; a reconstruction procedure has been performed, to calculate an
estimated sensitivity. All conceivable effects were considered; systematic errors were
estimated. The experimental errors considered were those due to statistics and to
various systematics. The statistical errors were calculated based on a 9 ton (fidu-
cial) detector running for two years (6 x 10%° protons-on-target). The systematic
uncertainties considered include those due to free-to-bound vp — vp scattering rate,
reconstruction efficiencies, background estimation, and Q? reconstruction. In addi-
tion, theoretical uncertainties from nuclear model dependence and from form factor
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estimation were considered. The details of this procedure are described in Chapter 5.

A fit to the simulated data in the Q? region where the detector has reasonable
acceptance yields an experimental uncertainty in As of +0.039; the combined uncer-
tainty from the axial mass, M4, and Fy form factor is +0.025.

Based on these results, it has been determined that FINeSSE, with a design and
plan described in the Chapters below, can make an accurate measurement of As at
down to @? ~ 0.2 GeV2. This will enable FINeSSE to answer an important and
unresolved question about the structure of the proton.

2.2 v, Disappearance

The FINeSSE detector can be used in conjunction with the MiniBooNE detector
to substantially improve our understanding of neutrino oscillations at high Am? by
looking for a neutrino energy-dependent deficit of v, event rates compared to a no-
oscillation hypothesis. This search is motivated by astrophysical models for the pro-
duction of heavy elements in supernovae. If MiniBooNE observes a signal, a combined
FINeSSE and MiniBooNE (“FINeSSE+MiniBooNE”) run represents the next step in
determining the underlying physics model of the oscillation. These two motivations
are not directly connected: if MiniBooNE does not see a signal, the astrophysical case
still makes this study compelling.

In this section, we first provide a brief overview of the formalism for neutrino oscil-
lations. Second, we introduce the LSND signal, along with theoretical interpretations
involving sterile neutrinos. Third, we describe the astrophysical motivations for the
disappearance search. Lastly, we describe the capability of a FINeSSE+MiniBooNE
joint analysis of v, disappearance.

2.2.1 Neutrino Oscillation Formalism

“Neutrino oscillations” occur when a pure flavor (weak) eigenstate born through a
weak decay changes into another flavor as the state propagates in space. This can
occur if two conditions are met. First, the weak eigenstates can be written as mixtures
of the mass eigenstates, for example:

Ve = C088 vy +sinf vy

v, = —sinf 11 + cosf v,
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where 6 is the “mixing angle.” The second condition is that each of the mass eigen-
state components propagate with a different frequency, which can occur only if the
masses are different. We define the squared mass difference as Am? = |m2 — m?| > 0.
In a two-component model, the oscillation probability for v, — v, oscillationsis then
given by:

1.27 Am? (eV?) L (km)) (2.14)

' — «in2 (2
Prob (v, — v.) = sin® 20 sin ( E(GeV)

where L is the distance from the source, and E is the neutrino energy.

Most neutrino oscillation analyses consider only two-generation mixing scenarios,
but the more general case includes oscillations between all neutrino species. For the
case of the three Standard Model species, this can be expressed as:

Ve Uel Ue2 Ue3 4!
vy, = U, ul U 12 U u3 1%0)
vr U’rl U’r2 U‘rB V3

The oscillation probability is then:

P(vy = vg) = |Amplr, = vg]|*> = bagp
— 4 R (UzUpiUaUp,) sin’[AmZ (L /4E)]
i>5

+2Y S (UniUsilUajUp;) sin[AmE (L/2E)] (2.15)

where Am?; = |m? — m?|. Note that there are three different Am? (although only two
are independent), and three different mixing angles. This method can be generalized
to include more neutrino species in Beyond-the-Standard Model Theories.

Although in general there will be mixing among all flavors of neutrinos, two-
generation mixing is often assumed for simplicity. If the mass scales are quite different
(e.g., mg >> mg >> my), then the oscillation phenomena tend to decouple and
the two-generation mixing model is a good approximation in limited regions. In
this case, each transition can be described by a two-generation mixing equation.
However, it is possible that experimental results interpreted within the two-generation
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mixing formalism may indicate very different Am? scales with quite different apparent
strengths for the same oscillation. This is because, as is evident from equation 2.15,
multiple terms involving different mixing strengths and Am? values contribute to the
transition probability for v, — vg.

From equation 2.14, one can see that the oscillation wavelength will depend upon
L, E, and Am?. For short baseline experiments, sensitivity to oscillations is in a
range of > 0.1eV?, which will term the “high Am? region. The oscillation amplitude
will depend upon sin? 26.

2.2.2 Experimental Results: The LSND Signal

One of the most exciting questions in high energy physics, at present, is whether
the “LSND signal” is due to neutrino oscillations. If the signal is confirmed in
the MiniBooNE experiment, then this is an indication for new physics beyond the
Standard Model. Fermilab will want to be poised to pursue this result. A FI-
NeSSE+MiniBooNE run will be the first step.

The LSND experiment has observed a 4o excess which can be interpreted as
oscillations between muon and electron neutrinos [35]. The beam was produced at
LANSCE at LANL, with 800 MeV protons interacting with a water target, a close-
packed high-Z target, and a water-cooled copper beam dump. The highest statistics
came from 7, neutrinos produced by decay at rest (DAR) of muons, with 20 < E < 50
MeV. However, the lower statistics decay in flight (DIF) v,’s were also analyzed. The
liquid scintillator detector was located 30 m from the beam dump. Hence the L/E of
the experiment was ~ 1 m/MeV. As a result, if the excess is interpreted as oscillations,

the allowed region is located at high Am?.

LSND is the only short-baseline experiment to have observed evidence for oscil-
lations. Other short-baseline experiments have searched and seen no signal. Those
most relevant to this proposal are Karmen [36] and Bugey [37]. Karmen, which ran
at the ISIS facility at Rutherford Labs, was similar in concept to LSND, using a DAR
beam; but the detector was smaller, and the beam of lower intensity. Most impor-
tantly, it had an L of 17 m; in this way, it can be thought of as a “near detector”
for LSND. Playing the null signal in Karmen against the observed excess in LSND
results in the.allowed regions shown in Figure 2.5 [38]. The Bugey reactor experiment
rules out sin? 26 > 0.04 at 90% C.L. in a search for 7, disappearance using a reactor.
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Figure 2.5: LSND and Karmen joint analysis allowed region.

Assuming that oscillations respect time reversal, and that only the three standard
model active species are involved, Bugey’s result can be taken as an excluded region
for LSND. '

The MiniBooNE experiment is a designed to decisively address the LSND signal.
This experiment will complete its Phase T (neutrino) run in mid-2005 and is expected
to request further (Phase IT) running for the period thereafter. By the time FINeSSE
is on-line, the LSND signal will be tested in both v and 7 modes.

If MiniBooNE confirms LSND, and all other oscillation results remain as they
presently stand, then this necessarily implies new physics. The oscillation signals
from solar neutrinos, atmospheric neutrinos, and LSND cannot be simultaneously
fit with the three Standard Model neutrinos. A favored method for expanding the
theory to allow LSND is to invoke sterile neutrinos (v). These are neutrinos which
do not interact via the W or Z, but can couple to the Standard Model “active”
neutrinos through oscillations. The most minimal extension is to introduce a single
light sterile neutrino. This extra neutrino is not ruled out by cosmology [39]. Light
sterile neutrinos can appear in supersymmetry, extra dimensions and GUTs [40].
These can all accommodate more than one light sterile neutrino, but we will confine

our discussion to one for simplicity.

Figure 2.6(left) shows a cartoon of how the squared masses and mixings might
be arranged if a single sterile neutrino is introduced into the theory. The vertical
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axis is logarithmic and arbitrary. The bars indicate the flavor content of each mass
state. The LSND signal is explained by the largest squared mass splitting, with the
transition v, — v,. Because there is a triplet of neutrinos with nearly the same mass,
and one large splitting, this is called a “34-1” model. Note that the transitions v, — v
and v, — v, must also be allowed for the same Am?. The allowed regions for 3+1
for fits which include LSND, Karmen, Bugey, and two v, disappearance experiments
(CDHS and CCFR84) are shown in Figure 2.6(right) [41]. These allowed regions can
be addressed by FINeSSE-+MiniBooNE as discussed below.

2.2.3 Astrophysical Motivation for High Am? Disappearance

Searches

The existence of at least one sterile neutrino in the high ~ 1 eV mass range has
interesting consequences for the heavy element abundance in the universe. In fact,
oscillations were predicted on the basis of this abundance before the LSND signal
was presented [2]. The allowed range extends beyond the region constrained by the
LSND signal. Hence, whether or not MiniBooNE confirms LSND, searches for active-
to-sterile oscillations at high Am? remain motivated by this astrophysical question.

Active-to-sterile neutrino oscillations in the late time post-core-bounce period of
a supernova will affect the r-process, or rapid neutron capture process. This presents
a mechanism for producing substantially more heavy elements (A > 100), solving
the long-standing problem of the high abundance of uranium in the universe. The
FINeSSE+MiniBooNE search addresses allowed parameters for this solution.

A favored mechanism for producing heavy elements is through the r-process in
the neutrino-heated ejecta of a Type II or Type I/c supernova. In this model, during
the period of the neutrino-driven wind, which lasts for ~ 10s, “seed” elements with
A between 50 and 100 capture neutrons to produce the elements with A > 100. The
problem is that in most models the neutron-to-seed ratio, R, is too low for production
of the heaviest elements [42]. In fact, detailed simulation show that a phenomenon
called the a-effect, in which neutrons are frozen into alpha particles that do not
recombine to form heavier elements in the requisite time period, renders the neutron-
to-seed ratio downright “anemic” [43].

Various solutions have been proposed. One option is to resort to the competing
theory of neutron star mergers. The problem with this scenario is that mergers are too
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sin%(2e)

Figure 2.7: Allowed oscillation parameters for the oscillation-enhanced r-process.

rare to produce the observed abundance of heavy elements [44]. Another alternative
is to introduce physics which adjusts the neutron-to-seed ratio. This can be done
by modifying the expansion rate, the entropy per baryon or the n/p ratio — all of
which will affect the neutron-to-seed ratio. Adjusting any of these three requires
invoking new physics in the model. We explore the last alternative here: introducing
Ve —> Vggerile OsCillations, which, when combined with matter effects, enhance the
production of neutrons over protons.

The idea [45, 43] is that production of neutron-rich elements requires a neutron-
rich environment. To the level that the processes v,+n — p+e~ and o +p — n+et
are in balance during the neutrino-driven wind, there is no net excess of neutrons. In
its simplest form, neutrino oscillations between an electron and sterile flavor would
not upset the balance because v, and 7, will oscillate at the same rate. However, when
one introduces matter (or MSW [46]) effects, neutrino and anti-neutrino ‘oscillations
are modified with opposite sign in an electron-rich environment. Oscillations of v, to
sterile neutrinos are enhanced, while 7, are depressed. This can produce a substantial
neutron excess by removing the offending v,’s. The a-process removes some neutrons,
but stalls once the protons are devoured, leaving sufficient neutrons to produce the
high-A elements.

In this model, the neutron-to-proton ratio (usually characterized as the function
Y, = 1/(1 +n/p))), depends upon the choice of Am? and sin®26. The condition for
a successful r-process is Y, < 1/2. The smaller the value of Y., the larger the high-A
abundance. Figure 2.7 shows Y, as a function of the v, — v, oscillation parameters.
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This shows that there are a wide range of “robust” solutions [43].

One can connect the allowed space for v, — v, and v, — v, to the allowed
region for v, — v, within 3+1 and 3+2 models. If MiniBooNE sees a signal, this will
be a great victory for the oscillation-enhanced r-process model. In the case where
MiniBooNE does not see a signal, there remains a large parameter space open to this
model. At present, v, disappearance in FINeSSE+MiniBooNE represents the only

way to access that parameter space.

2.2.4 FINeSSE+MiniBooNE Capability for v, Disappearance

The FINeSSE detector can be combined with MiniBooNE to explore allowed regions
for oscillations to sterile neutrinos via v, disappearance. In this analysis, FINeSSE
serves as a near detector to accurately measure the flux, and MiniBooNE serves as
the far detector where a deficit may be observed. This is a unique capability — there
are no other short baseline v, disappearance experiments in the world. If Mini-
BooNE observes a signal, FINeSSE+MiniBooNE will be a crucial next-step toward
understanding the result. If MiniBooNE does not observe a signal, this region is still
interesting because of its relevance to astrophysics.

Figure 2.8 shows the FINeSSE+MiniBooNE expectation for the default design,
with 6 x 10%° protons on target, in neutrino mode. Also shown are the 341 allowed
regions for fits to LSND, atmospheric, and solar (as described above); and the expec-
tation for MiniBooNE prior to FINeSSE running. MiniBooNE will be able to address
the lower 3+1 allowed regions. The largest 3+1 allowed region, however, can only be
addressed by the FINeSSE+MiniBooNE combination. This combination of FINeSSE
and MiniBooNE is therefore very powerful; it alone is able to address the full 3+1
picture.

The“standard” configuration for FINeSSE and MiniBooNE simultaneous running
places the FINeSSE detector at 100 m from the primary beryllium target, with the
25 m absorber installed in the beamline. The angular acceptancé from the target
to FINeSSE is 25 mrad, and to MiniBooNE is 10 mrad. In this analysis, we accept
only neutrinos which traverse both detectors, meaning that we use only the inner 1
m radius (10 mrad acceptance from target) of FINeSSE. Event rates are for a 9 ton

fiducial volume and 6 x 10% protons in neutrino mode.

In Chapter 5, we provide details on how the sensitivity shown in Figure 2.8 was
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obtained. We explain why the standard configuration is best for the analysis. We
also describe the method for determining the sensitivity, which compares the energy
distribution of events in the near and far detector. This method accounts for both

statistical and systematic errors.

2.3 FINeSSE on the Booster Neutrino Beamline

The Booster neutrino beamline is the only existing beamline at Fermilab or around
the world where this physics can be accomplished. The FINeSSE As measurement
requires a clean, low energy neutrino spectrum, as is produced by the Booster neutrino
production taréet. The oscillation physics goals of FINeSSE require the energies
and baselines available to experiments on the Booster neutrino beamline. These
requirements make it impossible to perform this measurement at Fermilab’s other

existing neutrino beamline, NuMI.
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Figure 2.9: The flux spectrum of the Booster neutrino beam and the NuMI neutrino

beam at their near detector locations.

Figure 2.9 shows the NuMI beam flux at the MINOS near detector location, 290 m
from the NuMI decay pipe. The Booster neutrino spectrum at 75 m from the end of
the Booster neutrino beamline decay pipe with the 25 m absorber in position (100 m
from the production target), is shown in Figure 3.2. As indicated, the average energy
of neutrinos from the Booster is 700 MeV, with virtually no neutrinos beyond 3 GeV.
This neutrino energy distribution is excellent for making the As measurement. It is
an energy large enough to be beyond the region where low-energy nuclear corrections
are significant, yet not so large where pion production and DIS scattering backgrounds
are high. The NuMI flux, however, has an average energy above 7 GeV and a tail that
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Figure 2.10: Ratio of neutron background, from neutrino interactions in the sur-
rounding earth, to NC-like detector events using the FINeSSE detector in the Booster
neutrino beam (top) and the NuMI neutrino beam (bottom), shown as a function
of energy energy deposited in the detector. This plot assumes 100% detection and

reconstruction efficiency.

extends past 30 GeV. This energy distribution creates large pion and DIS scattering
rates that increase the background to NC neutrino elastic scattering considerably.

In addition, this flux of neutrinos around the MINOS near detector enclosure will
create a large flux of low-energy neutrons from neutrino interactions in the earth. This
background is much larger in the MINOS area when compared to that in FINeSSE.
The results of simulation of this effect are shown in Figure 2.10. Note that in the
lowest eneré;y bin, the background is 14 times higher at the MINOS near detector
location. For these reasons, the As measurement can not be made in the NuMI

beam.

In order to explore the oscillation regions discussed in Section 2.2.4, a two detector
comparison is required, and L /E for the far detector must be on the order of 1 m/MeV.
This is not possible in the NuMI beamline for two reasons. First, there is no tunnel
for a detector far enough upstream of the MINOS near detector (equivalent to the
FINeSSE detector) to measure the beam before the neutrinos have oscillated. Second,
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the high average neutrino energy of the NuMI beam means that the baseline for the
far detector for an oscillation experiment would have to be on the order of 800 m, a
much longer distance than is available in the NuMI beamline. These two consideration
lead to the conclusion that FINeSSE must run on the Booster neutrino beamline.
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Chapter 3

The Neutrino Beam and Expected
Event Rates

3.1 The Booster Neutrino Beam

The Booster neutrino beamline presently delivers beam to the MiniBooNE exper-
iment; as the FINeSSE detector will be placed upstream of MiniBooNE, the one
beamline will provide neutrinos to both experiments. The projections for protons on
target (POT) in this section are based on a conservative interpretation of the Proton

committee report [4].

3.1.1 Beam Intensity Requirements

During the fall 2003 shutdown, several improvements in the Booster were made. These
upgrades are expected to provide routine peak operation with 5 x 10'? protons/batch
and 5 Hz for the Booster neutrino beamline. The efficacy of these improvements will
be understood prior to FINeSSE running, and there should also be sufficient time to
implement additional improvements if the goals are not met by the end of 2004.

By the summer of 2003, the Booster was routinely delivering more than 5x10'2
protons/batch for Stacking for Run II, demonstrating that Booster can achieve the
batch intensity required for FINeSSE. The issues are reducing and controlling losses
at this intensity, and achieving the required repetition rate. The principal improve-
ments during the Fall of 2003 were modifications to the doglegs to reduce losses,
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installation of two large aperture RF cavities to reduce losses at these two locations,
the installation of collimators to control losses, and modifications to the RF and mag-
net subsystems to allow an increase of the equipment repetition rate to 7.5 Hz. Once
these improvements are operational, it is expected that the above ground radiation
will be the limit on Booster operation; however, this limit is well above what is needed
during the FINeSSE era. In addition, in 2004, Fermilab and Columbia University are
expected to develop a robot for measuring the losses in the Booster during beam
operation, which will help to understand these losses in detail.

Although the Booster equipment may be able to achieve 7.5 Hz, the MiniBooNE
horn imposes a limit of 5 Hz. If the Booster were to achieve 5x10'? protons/batch
at 5 Hz for an hour, the MiniBooNE target would receive 9x10 protons per hour.
This is considered a nominal performance level, however, and it is not expected to

persist for a week, (much less for an entire year).

To relate a nominal performance to the number of protons delivered per year, one
can define an annual efficiency. The analysis used here follows the same steps given in
the Proton committee report [4]. The annual efficiency must include factors to account
for the number of weeks actually scheduled for beam operation in a year; the reliability
of the Proton Source (Linac, Booster, and beam transfer lines) during those scheduled
weeks; and the operational efficiency for actually achieving 5x 102 protons/batch and
5 Hz. The number of weeks scheduled per year is determined by the Director’s Office
and is taken to be in the range 42 to 44 weeks. The reliability of the Proton Source
has been measured by MiniBooNE to be in the range 0.90 to 0.94. The operational
efficiency is estimated to be 0.90 [47]. Combining these factors one obtains an annual
efficiency of 0.66 to 0.72.

By the time FINeSSE would start to run, however, NuMI will also be taking
beam. NuMI is expected to use five Booster batches per Main Injector cycle. NuMI
is expected to share the same Main Injector cycle as Stacking for Run II, and Stacking
is expected to take two Booster batches per Main Injector cycle. The Main Injector
cycle time is expected to be about two seconds. With these assumptions, NuMI plus
Stacking will require seven batches every two seconds, which is an average rate of
3.5 Hz. At the moment, some of the Booster equipment requires two “prepulses”
with no beam, or 1 Hz. Thus, the bandwidth required by NuMI, Stacking, and the
prepulses is 4.5 Hz. This leaves 3 Hz for delivering beam to the MiniBooNE target,
assuming a total Booster bandwidth of 7.5 Hz. This is 60% of the maximum 5 Hz
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which the Booster neutrino beamline should be receiving in 2004. If prepulses can
be eliminated, then this can be used to add 1 Hz to this beamline, but this proposal

does not count on that.

Thus, one expects a nominal performance of the Booster neutrino beam for FI-
NeSSE of 5x10'? protons/batch and 3 Hz. Given the range for annual efficiency
calculated above, one calculates the POT/year for FINeSSE as 5x10'?x 3 Hz x
3.15%x107 sec/yr x (0.66 to 0.72) = (3.12 to 3.40) x10* POT /yr.

This proposal assumes delivery of 3.0x10%° POT/yr, conservatively below the

range quoted above.

3.1.2 Booster Neutrino Beam Production

The Neutrino Flux

The neutrino beam is produced by the 8 GeV Fermilab Booster which currently
feeds the MiniBooNE experiment. Protons from the Booster strike a 71 cm beryllium
target inserted in a magnetic focusing horn. Protons arrive at this target in 1.6 us
long Booster spills. The timing structure within each spill delivers 84 2 ns wide
bunches of beam, each separated by 18 ns. Secondary short-lived hadrons (primarily
pions) produced in the target are focussed by the horn and enter a decay region. In
normal MiniBooNE operation, this decay region is 50m long, at the end of which
region is a beam absorber to stop hadrons and low energy muons. Located 25m from
the proton target is an intermediate absorber which can be lowered into the beam
for use as a systematic check on the MiniBooNE v, background from p decays. It
is assumed that the 25 m absorber will be in place during the period when FINeSSE
is operational to accommodate FINeSSE and MiniBooNE physics goals. Figure 3.1

provides a diagram of the two possible absorber positions.

The neutrino flux resulting from this design was simulated using the same tools
currently being employed by the MiniBooNE collaboration [3]. The beam simulation
utilizes GEANT 4 transport code [48], and the MiniBooNE JAM pion production
model [49] which includes all beamline elements (horn, shielding, absorbers, etc.) and
7t K*, K° production from proton interactions on beryllium. To better reproduce
the energy distribution of neutrino events observed in the MiniBooINE detector, pion
spectra were input from a Sanford-Wang-based global fit [49] to pion production
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Figure 3.1: Schematic of the MiniBooNF target hall and decay region. The 25m and

50m absorber locations are indicated.

data in the relevant energy range in a procedure similar to that adopted by K2K.
Figure 3.2 shows the resultant muon neutrino flux expected from a 25 m decay length
beam produced at the 100 m FINeSSE detector site. In this configuration, 9.55 x 1079
muon neutrinos per POT per cm? are anticipated with a mean energy of ~ 700 MeV.
The neutrino flux is roughly 20 times larger than that expected in a comparable
volume at MiniBooNE. Note that the flux is diminished by about a factor of 1.8
in switching from a 50 m decay length to a shorter 25 m decay length. However, as
will be demonstrated, the 25 m absorber location is ideal for optimizing FINeSSE’s

oscillation sensitivity.

Figure 3.3 shows the individual contributions to the total neutrino flux expected
at FINeSSE. Contaminations from 7,’s and v.’s are predicted to be 6% and 0.5%
of the total v, flux, respectively. Once the “wrong-sign” v, background events are
weighted by their appropriate cross section, they will comprise less than 1.5% of the
total events in the FINeSSE detector.

Better knowledge of the incoming neutrino beam flux enables more precise cross
section measurements at both MiniBooNE and FINeSSE. The Booster neutrino flux
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Figure 3.2: Ezpected v, fluz at a 100m detector site assuming a 25m decay length.

will be much more precisely known than the fluxes reported in previous low energy
neutrino cross section measurements well in advance of FINeSSE’s commissioning.
This improved knowledge comes from two sources: data from the Brookhaven E910
experiment [50] and from the CERN HARP experiment [51]. Analysis that is already
underway of E910 proton-beryllium data taken at 6, 12, and 18 GeV beam energies
will be instrumental in verifying the extrapolation of the Sanford-Wang parametriza-
tion [49] to the 8 GeV Booster beam energy. More importantly, HARP data taken
at 8 GeV on the Booster neutrino production target slugs will provide a tighter con-
straint on the flux. The high statistics HARP data will provide a statistical precision
of ~ 2% [52] on 7t production, which is the main source of muon neutrinos at both
the FINeSSE and MiniBooNE detectors. Therefore, with these additional inputs, the
overall muon neutrino flux at FINeSSE should be known to roughly 5% [3].

3.2 Event Rates

The number of neutrino events expected in the FINeSSE Vertex Detector is calcu-
lated using the NUANCE Monte Carlo [53] to generate neutrino interactions on C H,.
NUANCE is open-source code originally developed for simulating atmospheric neu-
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Figure 3.3: Predicted flur contributions at a 100m detector site assuming a 25m

decay length. Muon neutrinos comprise 93.5% of the expected neutrino flux.

trino interactions in the IMB detector. NUANCE has since been further developed
and is now used by the K2K, Super-K, SNO, MiniBooNE, and MINERvVA collabo-
rations. The neutrino interaction cross sections in NUANCE have been extensively
checked against published neutrino data and other available Monte Carlo event gen-
erators. In addition, the full NUANCE simulation has been recently shown to provide
a good description of events in both the MiniBooNE detector and K2K near detector

ensemble.

For this specific use, NUANCE was modified to include the FINeSSE detector
composition and geometry, as well as the incident neutrino flux at the 100 m detector
site (Section 3.1.2). Using the input neutrino flux distribution, NUANCE predicts
event rates, kinematics, and final state particle topologies that can subsequently feed
hit-level GEANT detector simulations, or, as in this case, simply estimate the type
and number of neutrino interactions expected at FINeSSE.

Table 3.1 lists the NUANCE-predicted event populations at the 100 m FINeSSE
detector site with the 25 m absorber in position. The table provides the expected v,
rates per ton detector for 1 x 102 POT as well as the expected backgrounds from
the 7, and v, content in the beam. In all cases, the event rates have been normalized
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to the number of contained neutrino events observed in the MiniBooNE detector [3].
Roughly 1.3% (0.6%) of the total neutrino events result from 7, (v,) interactions in the
detector. The dominant contributions to the total event rate result from quasi-elastic
and resonant processes: 41% of the v, events are CC quasi-elastic (v, n — p~ p), 17%
are NC elastic (v, N — v, N; N = n,p), and 35% resonant single pion production
(vu N — p~ (v,) N7) channels.

vy, v, Ve + 7, v,
v Reaction 10% POT | 10%° POT | 10%° POT || 6 x 102° POT
1 ton 1 ton 1 ton 9 ton
CC QE, v,n — up 2,715 43 13 146,610 |
NC EL, v,N — v,N 1,096 18 5 59,184 |
CCrnt,yp— pprt 1,235 6 8 66,690
CC 7% y,n — ppn? 258 3 2 13,932
CCrnt, yyn — pynrt 216 2 2 11,664
NC 7°, v,p — v,pr® 211 3 2 11,394
NC 7t yup = yynn™ 125 2 0 6,750
' NC 7°, y,n = yn® 158 3 2 8,532
NC 7~, y,n — y,pr~ 98 3 0 5,292
CC DIS, v,N = u~X 80 0 3 4,320
NC DIS, v,N —= v, X 37 0 2 1,998
| CC coh 7, v,A— p~Art | 160 5 2 8,640
' NC coh 7°, v, A — v, Ar° 98 3 0 5,292
other 117 2 0 6,318
total 6,604 93 41 356,616

Table 3.1: Number of events expected at 100m with a 25m decay length for 1 x
10% POT per ton detector and for the full requested FINeSSE running and detector
(rightmost column). These predictions do not include final state effects in ?C and
assume 100% detection efficiency.

A total of approximately 360,000 neutrino interactions can be expected at FI-
NeSSE for the full request of 6 x 10%° POT. This raw estimate assumes a 9 ton
fiducial detector and 100% detection/reconstruction efficiency.
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Effect of Final State Interactions

Because a large fraction of neutrino interactions at FINeSSE take place on carbon,
the number of expected events will depend not only on the predicted neutrino cross
sections and flux, but also on the final state interactions engendered by the local nu-
clear environment. Particles produced via neutrino interactions in carbon nuclei will
have a chance to reinteract before exiting the nucleus, and thus can vanish or change
identity before being detected. Although the initial reaction might be a simple CC
quasi-elastic interaction (v, n — p~ p), the observed final state particles might include
pions, multiple nucleons, low energy photons, or all of these combined. Examples of
the types of nuclear rescattering that can distort the final state observed at FINeSSE
include simple absorption, charge exchange (7t n — n°p, 7°p — 7t n, 1°n — 7~ p,
7~ p — 7°n), and both inelastic and elastic scattering. For example, consider the
resonant interaction v, n — p~ p7°. If the 79 is absorbed before exiting the carbon
nucleus, the interaction will appear to be quasi-elastic v, n — p~ p. Hence, the pres-
ence of such final state interactions demands accounting in our observed event rate

calculations.

Table 3.2 summarizes the final states expected at FINeSSE after using NUANCE
to simulate re-interactions within carbon nuclei. The table defines “QE-like”, “NC-
EL-like”, and “NC-7’-like” event categories, where these classes refer to final states
that appear to be QE, NC elastic, or NC 7° events, respectively. Specifically,

e CC QE-like: a CC event with a muon and any number of nucleons in the event
(no 7 or K in the final state)

e NC EL-like: a NC event with any number of nucleons
(no p, m, or K in the final state)

e NC 7%like: a NC event with any number of nucleons and a single 7°
(no other 7's, K, or u in the final state)

Comparison of Tables 3.1 and 3.2 reveal that the number of observed QE and NC
elastic interactions increases by roughly 10 — 15% as a result of final state reinter-
actions. This is largely a result of resonant processes where the final state pion is

O events

absorbed. By the same mechanism, the overall number of observed NC =
decreases by roughly 30% because the final state 7° is either absorbed or “charge

exchanges”. The contributions are further differentiated by the number of neutrons
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and protons produced. More than half of the events yield only a single nucleon in
the final state. The non-negligible rate of NC 7° events with no final state nucleons
results mainly from coherent pion production processes where the nucleus remains
intact.
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Binal state # v, events | fraction of total (%ﬂ
CC QE-like: 7, 1p 2136 69.5%
CC QE-like: =, > 1p 937 30.5%
CC QE-like: total 3073
NC EL-like: v,, 0p,1n 361 28.4%
NC EL-like: v,, On,1p 400 31.4%

| NC EL-like: v, 1p,1n 131 10.3%
NC EL-like: v,, > 1p,>1n 96 7.5%
NC EL-like: v, 11, > 1p 78 6.1%
NC EL-like: v,, 0p,> 1n 71 5.6%
NC EL-like: v,, 0n,>1p 68 5.3%
NC EL-like: v,, 1p,> 1n 67 5.3%
NC EL-like: total 1272

| NC n%like: v,,17%1p,0n | 108 35.4%
NC 70-like: v,,17%,0p,1n | 43 14.1%
NC 7%like: v,,17% 1p, 1n 35 11.5%
NC 7%-like: v,,17%,0p,0n 27 8.9%
NC r%-like: v,,17%, > 1p,> 1n 22 7.3%
NC w0-like: v,,17% 1p,> 1n 20 6.2%
NC 70-like: v,,17% > 1p,1n 19 6.2%
NC n%like: v,,17°% > 1p,0n 17 5.2%
NC n0-like: v,,17°%,0p, > 1n 16 5.2%
NC 70-like: total 307

Table 3.2: Number of events for 1 x 102 POT per ton detector after including the
effects of final state interactions in '2C. The event classes are further broken down to
indicate the number of nucleons present in the final state (either 0, 1, or > 1 proton

or neutron).
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With these definitions, Table 3.3 lists the dominant contributions to each final
state. Of the observed QE-like events, 86.7% are true QE interactions. Of the events
appearing to be NC elastic in the detector, 85.8% are true NC elastic interactions.
Of the events appearing to be NC 7° 73.5% + 19.0% = 92.5% are true NC 7°
resonant or coherent interactions, respectively. Therefore, under the assumption of
100% reconstruction and detection efficiencies, the level of irreducible backgrounds
from final state effects appears to be less than 15%. However, reconstruction and
selection criteria may potentially amplify or reduce the effect of such backgrounds.

Just as non-QE events can appear to be quasi-elastic in the detector (via pion
absorption), the reverse can also occur, albeit at a much smaller rate. NUANCE
predicts that less than 1% of QE (or NC elastic) events will fail to appear quasi-
elastic. This results from the small probability that a proton will rescatter in the

carbon nucleus and produce one or more pions, for example:

p+p — p+n+a’

p+p — n+p+7n*

p+p — p+p+n°

p+p — p+p+7+7°
p+p — p+p+rt 4w
p+p — n+n+at+at
p+p — p+n+rt+7° etc

The situation differs for NC 7° events. In this case, roughly 30% of true NC #°
interactions will not appear to be NC 7% events in the detector: ~ 20% of the true
NC 70 interactions have no final state 7° (that pion is absorbed before exiting the
nucleus), and ~ 10% instead contain a final state 7% or 7~ due to charge exchange
processes,

mp—>7atn

wOn =7 p-
Therefore, because a large number of the neutrino scatters occur on carbon, it is
important that the FINeSSE Monte Carlo simulation include these secondary final
state interactions. Such a model is provided by the NUANCE generator, and is used

in all event simulations provided in this document.
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‘ final state 1 contribution | fraction (%)
CC QE-like QE (v,n — pu~p) 86.7%
CC QE-like | CC " RES (v, N — p~Nx*) 9.2%
CC QE-like CC 7° RES (v, n — p~pr?) 2.3%
CC QE-like | CC n* COH (v, A — p~ An™) 1.3%
CC QE-like CCn(vyn— p pn) 0.3%
CC QE-like CC DIS (v, N — p~ X) 0.2%
NC EL-like NCEL (v, N — v, N) 85.8%
NC EL-like | NC m° RES (5, N — v, N7°) | 7.6%
NC EL-like NC 7~ RES (yyn = v, pn™) 2.3%
NC EL-like NC 7+ RES (v,p = v ,nnt) 2.1%
NC EL-like NC 7° COH (v, A — v, An°) 1.9%
NC EL-like NC 7 (v,n = v,nn) 0.2%

| NC EL-like NC DIS (v, N = v, X) 0.1%
NC 7%-like NC 7° RES (v, N = v, N %) 73.5%
NC #°-like NC 7° COH (v, A — v, An°) 19.0%
NC 7°-like NCDIS (1, N = v, X) | 2.4%
NC n0-like NC 7~ RES (y,n— v, pn™) 1.8%
NC n°-like NC n* RES (v, p = v,n7™) 1.5%
NC 7°-like NCEL (v, N = vy, N) 1.3%
NC 70-like NCn (v, N - v, Nn) 0.3%

| NC #%like | NC multi-m (v, N = v, N7°7?) 0.2%

Table 3.3: Fractional contributions to each observed final state at a FINeSSE 100m
detector site. “RES” (“COH”) refers to resonant (coherent) pion production pro-

cesses; “DIS” refers to deep inelastic scattering.
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Chapter 4

The FINeSSE Detector

The FINeSSE detector is a 13 ton (9 ton fiducial) active target, consisting of a track-
ing scintillator detector followed by a muon rangeout stack comprised of scintillator
planes interspersed with iron absorber. The physics goals of this experiment require
the ability to tag both v,p — v,p and v,n — 1~ p interactions by looking for the final
state protons and muons produced in these channels. Proton energy and angle are
measured in the first part of the detector, called the Vertex Detector. Muon tracks
are tagged in both the Vertex Detector and the downstream Muon Rangestack. The
Vertex Detector is also ideal for cross section measurements (such as single 7° produc-
tion), which require good final state particle separation and good energy resolution.
FINeSSE is designed to meet these requirements with a novel, yet relatively simple,
detector.

4.1 Detector Design and Construction

The layout of the FINeSSE detector can be seen in Figure 4.1. The upstream Ver-
tex Detector contains a wavelength-shifting (WLS) fiber array situated in a large,
open volume of liquid scintillator. The downstream Muon Rangestack is comprised
of 4.1cm x lcm scintillator strips organized into planes in alternating X and Y ori-
entations, interspersed with iron absorber. The Vertex Detector is described below
in Section 4.1.1; this is followed by a description of the Muon Rangestack in Sec-
tion 4.1.2.
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Figure 4.1: A schematic drawing of the FINeSSE detector. The cubic volume is the
(3.5m)® Vertex Detector. It is a (2.4m)? signal region surrounded by a veto, filled
with scintillator oil. The larger volume downstream is the Muon Rangestack.
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4.1.1 The Vertex Detector

The FINeSSE Vertex Detector consists of a cube-shaped volume of liquid scintillator
with dimensions 2.4 x 2.4 x 2.4 m®. Light generated by ionizing particles traversing
the scintillator is picked up by 1.5 mm diameter, WLS fibers, submerged throughout
the sensitive volume. The fibers are mounted on a support frame, and are connected
on one end to multi-anode photomultipliers, mounted to the outside of that frame.
The fiber frame, photomultipliers, and associated electronics form a unit; this unit
is immersed in the liquid scintillator, which is contained in a cubic tank, 3.5 m on a
side. The volume between the fiber structure and the tank wall is used to monitor
charged particles entering and exiting from the tracking volume (”veto shield”). The
photomultiplier signals are processed in situ and transmitted by Ethernet to the
outside of the tank, thus minimizing the number of cables that penetrate the tank
wall. A schematic drawing of the tracking detector is shown in Fig. 4.2. Cables
penetrate the tank wall above the oil level to prevent leaks.

Particle tracks can be reconstructed because the time of arrival of the light at the
end of a fiber from a given source inside the detector is a known, continuous function
of the distance between the source and the fiber. The detector will be calibrated
using cosmic rays.

The arrangement of the WLS fibers is shown schematically in Fig. 4.3. There
are three sets of fibers, running parallel to the axes of a Cartesian coordinate system.
Except for a rotation in space and an offset, the three fiber sets are identical, consisting
of fibers that intercept the wall at the vertices of a quadrate grid. The distance
between grid points is 30 mm. Thus, the closest distance between any two fibers in
the full assembly is 15 mm. The resulting arrangement is invariant with respect to a
rotation by 90° about any major axis. For the given dimensions, there are a total of
80 x 80 x 3 = 19200 fibers.

Tracking Scheme

Consider a point source of light at some distance d from a long, WLS fiber. A fixed
fraction of the light that intercepts the fiber is wavelength-shifted and transported to
the photo detector. Ideally, the exiting light is proportional to the diameter of the
fiber and inversely proportional to d. In reality, this distance dependence is faster
than 1/d, because of light attenuation in the scintillator, and because the fraction of
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Figure 4.2: A schematic drawing of the Vertex Detector shown from the side.
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Figure 4.3: The geometrical arrangement of WLS fibers inside the Vertex Detector.
The arrangement consists of three orthogonal sets of parallel fibers. The geometry 1s
symmetric with respect to a rotation by 90° about any of the three major azes.
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light captured by the fiber depends on the angle between the fiber and the incident
ray. '

The light collection efficiency versus distance to the fiber can be determined by
Monte Carlo and test measurements. This dependence will be the same throughout
the detector volume, with the possible exception of regions close to the wall, where
reflected light may contribute.

The light from the source travels to all nearby fibers through a completely homo-
geneous medium. Since the sharing of light by nearby fibers can be used to localize
the source, the position and angle of tracks can then be reconstructed. Fibers along
a given direction are only sensitive to the projection of the track onto a plane per-
pendicular to that direction. Even if a second, orthogonal set of fibers is provided, it
is still possible that a track may be parallel to one of two directions. This difficulty
is avoided in the FINeSSE detector by having three orthogonal sets of fibers.

Light Generation and Transport

A comparative study of different scintillator fluids used in conjunction with WLS
fibers is given in Ref. [54]. In general, an ionizing particle excites ultraviolet fluo-
rescence (~ 350 nm) in the scintillator. This light is normally shifted to a longer
wavelength (~ 430 nm), to avoid problems with absorption in the scintillator. The
shifted light propagates isotropically. The light that intercepts a WLS fiber is shifted
once more, to typically ~ 500 nm to inject light into the acceptance cone of the fiber
and to prevent re-absorption in the fiber. The WLS fiber consists of a polystyrene
core (n=1.60), surrounded by cladding of a lesser index of refraction. The trapping ef-
ficiency of the fiber is significantly enhanced (to typically 6%) when two claddings are
used. For a 1.5 mm diameter fiber, the first cladding is 45 pm thick acrylic (n=1.49),
and the second is a layer of 15 pm thick fluor-acrylic (n:1.42). The data given here
are for BCF-91A-MC fibers from Saint-Gobain [55]. Similar fibers are available from
Kuraray [56]. The second cladding also provides protection against possible chem-
ical interaction between the liquid scintillator and WLS fibers. Long-term tests of
fibers in mineral-oil-based scintillation fluid, carried out in the context of MINOS
R&D [57, 54], showed no discernible ill effects. Specifically, the BCF91A fibers used
in these studies were not affected after having been suspended for six months, at
temperatures up to 50° C, in mineral-oil-based scintillator, BC517L, or in the high
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fluor concentration BC517H. Furthermore, single clad fibers suspended in B517L for
more than two years also showed no aging or deterioration [54].

The attenuation length <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>