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Our results are presented in Fig. 2 where we plot the
cross section after taking out certain "scaling" factors
corresponding to simple constituent counting [Fig. 2(a)]
and to the reduced-nuclear-amplitudes approach [Fig.
2(b)]. Evidence for either description then takes the
form of the data becoming a (undetermined) constant
above some photon energy. In each plot, we include the
result of a recent calculation based on meson exchange,
scaled in the same fashion. Data from previous experi-
ments' at lower energies are also included.
According to constituent-counting rules, the differ-

ential cross section for a particular exclusive process at
fixed center-of-mass angle should approach the form
der/dt cs: I/s" where n is the total number of elementa-
ry fields. Consequently, for the reaction H(y, p)n we
might expect the quantity s "dCr/dt, plotted in Fig. 2(a),
to approach a constant above some energy.
The approach taken by Brodsky and Hiller using the

reduced nuclear amplitudes implies that the differential
cross section should be given by the expression

d &c.m.
where

i =(pi —2 pd)'.
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FIG. 2. Results of our experiment at 0, =90 along with
results of previous experiments at lower energies. The data are
plotted so as to elucidate "scaling" as determined by (a) simple
constituent counting (Ref. 2) and by (b) a formalism based on
the reduced nuclear amplitudes (Ref. 5). The solid lines are
the result of a recent calculation based on meson exchange
(Ref. 4). The dashed lines represent constants that approxi-
mate the data at high energy but whose magnitudes are not
predicted by any model. Only statistical errors and errors due
to the uncertainty in the end-point energy are shown.

The nucleon elastic form factors are approximated by
FN(t) =1/[1 t/(0 7—1 GeV. )] and pT is the nucleon

transverse momentum. Accordingly, we plot the quanti-
ty f (8, m. =90') in Fig. 2(b) as a function of photon en-
ergy. We note that while f (O, m) =const is equivalent
to satisfying simple constituent counting for higher pho-
ton energies, the ratio of their respective energy-depen-
dent scaling factors changes by roughly a factor of 2 be-
tween 1.0 and 1.6 GeV. In principle, we might expect
the use of reduced nuclear amplitudes to describe the
data better at lower energies than by using simple con-
stituent counting. Indeed, this appears to be true in the
case of the deuteron elastic form factor.
It is immediately clear from Fig. 2 that the meson-

exchange calculation of Ref. 4 does not describe the data
above E„=500MeV. It does not appear that agreement
with our data can be achieved by adjusting the various
parameters in the calculation, although this is not
surprising since the calculation does not incorporate all
possible degrees of freedom. Indeed, fully relativistic
calculations which exploit the range of assumptions
about, for example, deuteron wave functions and the
specific nature of the exchange currents, as well as in-
cluding all relevant degrees of freedom, must be done be-
fore definite statements can be made about agreement
with an entire class of such models. We note that such
calculations are largely constrained by data from other
reactions.
Despite the very low energy (s =2M/), our data seem

to be described by the simple constituent-counting rela-
tion for E„~1.2 GeV, although the data do not extend
to high enough energy to identify logarithmic or other-
wise slowly varying deviations as suggested from QCD.
We note that a fit to the data above 1.2 GeV with the
form der/dt =A/s" yields n =10.5~0.7. The data are
reasonably described by the formalism of Brodsky and
Hiller, 5 although it deviates somewhat at the highest
photon energies. Higher-energy data are needed to dis-
tinguish conclusively between the two "quark/parton"
descriptions and to determine whether or not the s
dependence persists over a larger range in energy.
We wish to thank Dr. B. Mecking for his work in iden-

tifying possible sources of background prior to the exper-
iment. We are grateful to the SLAC cryogenics target
group, especially J. Mark and J. Nicol, and the end sta-
tion A support staff, in particular R. Eisele. This work
was supported by the U.S. Department of Energy, Nu-
clear Physics Division, under Contracts No. W-31-109-
ENG-38, No. DE-A505-76-ERO-4043, No. DE-AC02-
76-ERO-3069, and No. DE-FG03-88-ERO-4039; and
by the National Science Foundation under Grants
No. PHY85-05682, No. PHY86-08247-01, and No.
PHY87-15050. One of us (B.W.F.) acknowledges sup-
port from the Alfred P. Sloan Foundation.

' Present address: Physics Division, Continuous Electron
Beam Accelerator Facility, Newport News, VA 23606.

Present address: LeCroy Research Systems, Spring Val-
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2(b)]. Evidence for either description then takes the
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above some photon energy. In each plot, we include the
result of a recent calculation based on meson exchange,
scaled in the same fashion. Data from previous experi-
ments' at lower energies are also included.
According to constituent-counting rules, the differ-
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fixed center-of-mass angle should approach the form
der/dt cs: I/s" where n is the total number of elementa-
ry fields. Consequently, for the reaction H(y, p)n we
might expect the quantity s "dCr/dt, plotted in Fig. 2(a),
to approach a constant above some energy.
The approach taken by Brodsky and Hiller using the
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d &c.m.
where

i =(pi —2 pd)'.

, i, F~2(i~)F.'(i„),f'(&. ),

C5

O
CU)

CD

PREVIOUS 0/ORK
THIS EXPT.

8 =so

b

0
2—(

I I I I I I I I I I I j I I I

CU

CD

E
~O

C4

00 500 IOOO

E„(Mev)
I500

FIG. 2. Results of our experiment at 0, =90 along with
results of previous experiments at lower energies. The data are
plotted so as to elucidate "scaling" as determined by (a) simple
constituent counting (Ref. 2) and by (b) a formalism based on
the reduced nuclear amplitudes (Ref. 5). The solid lines are
the result of a recent calculation based on meson exchange
(Ref. 4). The dashed lines represent constants that approxi-
mate the data at high energy but whose magnitudes are not
predicted by any model. Only statistical errors and errors due
to the uncertainty in the end-point energy are shown.

The nucleon elastic form factors are approximated by
FN(t) =1/[1 t/(0 7—1 GeV. )] and pT is the nucleon

transverse momentum. Accordingly, we plot the quanti-
ty f (8, m. =90') in Fig. 2(b) as a function of photon en-
ergy. We note that while f (O, m) =const is equivalent
to satisfying simple constituent counting for higher pho-
ton energies, the ratio of their respective energy-depen-
dent scaling factors changes by roughly a factor of 2 be-
tween 1.0 and 1.6 GeV. In principle, we might expect
the use of reduced nuclear amplitudes to describe the
data better at lower energies than by using simple con-
stituent counting. Indeed, this appears to be true in the
case of the deuteron elastic form factor.
It is immediately clear from Fig. 2 that the meson-

exchange calculation of Ref. 4 does not describe the data
above E„=500MeV. It does not appear that agreement
with our data can be achieved by adjusting the various
parameters in the calculation, although this is not
surprising since the calculation does not incorporate all
possible degrees of freedom. Indeed, fully relativistic
calculations which exploit the range of assumptions
about, for example, deuteron wave functions and the
specific nature of the exchange currents, as well as in-
cluding all relevant degrees of freedom, must be done be-
fore definite statements can be made about agreement
with an entire class of such models. We note that such
calculations are largely constrained by data from other
reactions.
Despite the very low energy (s =2M/), our data seem

to be described by the simple constituent-counting rela-
tion for E„~1.2 GeV, although the data do not extend
to high enough energy to identify logarithmic or other-
wise slowly varying deviations as suggested from QCD.
We note that a fit to the data above 1.2 GeV with the
form der/dt =A/s" yields n =10.5~0.7. The data are
reasonably described by the formalism of Brodsky and
Hiller, 5 although it deviates somewhat at the highest
photon energies. Higher-energy data are needed to dis-
tinguish conclusively between the two "quark/parton"
descriptions and to determine whether or not the s
dependence persists over a larger range in energy.
We wish to thank Dr. B. Mecking for his work in iden-
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The Standard Model

Weak Eigenstates: 
Is that all there is?

If not, then the 
neutrinos can mix!

Unitary mass matrix 
described by three 

angles and a phase.
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Search for 𝜈μ→𝜈e Appearance

S. J. FREEDMAN et al. 47

tor. The outside of the tank measures 10.1 m long by
6.75 m diameter. Backing the scintillator tank is a con-
centric passive shield consisting of a 17.5-cm-thick
volume filled with fine lead shot (packing fraction =0.7),
constrained within two steel shells, each 1.7 cm thick.
The passive shield absorbs gamma rays which might
traverse the active veto shield without being detected.
One of the backgrounds reduced by the lead is brems-
strahlung photons coming from decay electrons originat-
ing from those muons which stop and decay near the
inner surface of the tunnel housing the experiment. The
shield assembly is constructed in two major sections
which ride on independent systems of rails. One section
carries the bottom "cart" which supports the neutrino
detector, a vertical circular wall, and the principal part of
the electronics which is housed in a "hut" as shown in
Fig. 13~ For structural reasons the bottom cart is divided
into 6 optically isolated sections, separated by I beams.
The vertical wall is also optically isolated from the cart.
The other major section supports the main part of the
cylinder and the remaining vertical wall. This section
forms a single, continuous liquid scintillator tank.
The active shield is a detector for charged cosmic rays,

primarily muons. As noted it is essential to veto the
muon triggers, but the event rate due to delayed triggers
from stopped-muon beta-decay electrons would also be
unacceptable. To minimize deadtime, this is achieved
with two veto gates. A "long" veto (about 11 ps) is ap-
plied if a hit, presumably from a stopping muon, is
detected in one and only one of the optically isolated sec-
tions of the shield. A "short" veto (about 2.5 ps) is ap-
plied for coincident hits in isolated sections on the as-
sumption that the muon excited the detector. The gen-
eral "hit" condition is specified by an adjustable number
of hit PMTs (typically from 3 to 5) with signals above
threshold.
The performance of the cosmic-ray shielding is dis-

cussed at length in Refs. [21,22] and we summarize the
basic issues here. The online inefficiency of the active
shield for detecting cosmic-ray muons is roughly 10
Most of the ine%ciency is from muons that hit the shield

but fail to pass the multiplicity condition which is always
set to be greater than one. The missed muons generally
hit the shield at the location of a PMT. For these hits the
distance to the neighboring PMTs is maximized. Fur-
thermore the PMTs protrude into the scintillator, reduc-
ing the scintillator thickness. Nevertheless, these events
are easy to identify oNine because a single PMT has an
exceptionally large output pulse.
Most of the required reduction in the cosmic-ray rate is

achieved in the ofAine data analysis. The active shield
PMT signals are digitized and stored in RAM similar to
the other detector signals. However, the shield signals
are shaped with a 30-ns rise time and a 1.4-ps fall time;
the digitizing period is 167 ns. A 56.7 ps of event history
proceeding the time of the trigger is used as the basis of
more stringent oNine cuts as discussed below.
After stopping muons the next most serious cosmic ray

background is from neutron generated events due to pro-
tons from n-p scattering. Recoil protons are heavily ion-
izing and easily discriminated from electrons, but the
trigger rate must be acceptably low. More troublesome
are the secondary reactions that can produce electron
tracks and false neutrino signatures. Among these are
gamma-ray producing nuclear reactions, the reaction
n +p ~np m where the m. photons scatter, and the
n +p ~nn~+ reaction, with an electron coming from the
m to p—+e decay chain. The only practical way to reduce
the backgrounds from neutrons is with massive passive
shielding.
The tunnel is covered by iron and earth at least 2000

g/cm thick and a 720 g/cm thick water tank seals the
downstream end of the tunnel. The cosmic ray neutron
Aux is reduced by a factor of 2000. Figure 14 shows the
decrease in the detection rate of recoil protons (our most
sensitive measure of the neutron background) as passive
shielding is added over the sides and downstream end of
the detector during 1986 and 1987. The trigger rate from
cosmic-ray neutrons is between 20 and 40 per live-time-
equivalent day (=5600 sec considering the LAMPF ac-
celerator duty factor) for most running, depending some-
what on the energy range and the fiducial volume cut.

ACTIVE VETO SHIELD 300

250—

200—

150—
I—
CC 100—

50—

ELECTRONICS HUT

I, . I

JUNE
1986

I

AUG.
1987

OCT. DEC,

FICx. 13. Isometric view of the detector and cosmic ray
shield. The bottom of the shield and one vertical wall move as a
unit along with the central detector.

FIG. 14. Cosmic-ray n-p scattering rate during the period
shielding is stacked over the detector. One LD (LAMPF day)
corresponds to 5600 sec of beam time.

47 LIMITS ON NEUTRINO OSCILLATIONS FROM v, APPEARANCE 827

VI. RESULTS 10 I I I I I I I

We begin by discussing the conclusions of the analysis
that does not invoke neutron detection. The final data
sample displayed in Fig. 24 is used to deduce 90%
confidence level (90% CL) upper limits on neutrino
Aavor oscillations v„~v„and the Majorana oscillation
modes v, —+v, and v„—+v, . The experiment can be used
to set limits on direct v, production, and we shall obtain
a constraint on the lepton number violating process
p+ ~e ++v, +v„. Most of the previous accelerator-
based neutrino oscillation experiments used beams of
high energy v„, but not v„.
We obtain the limits on the various oscillation modes

using a maximum likelihood analysis. We also perform
the corresponding analyses using g and a Bayesian
method [34], obtaining similar limits. The likelihood cal-
culation accounts for the Poisson statistics in the number
of beam-on and beam-oF events that are partitioned into
5-MeV-wide energy bins. For each of the various neutri-
no processes we use the appropriate cross section with
the uncertainties discussed in Sec. IV. The Monte Carlo
code provides the detector acceptances and the finite-
energy resolution distortion for each. An 8% systematic
error is assigned to the neutrino Aux, coming primarily
from the uncertainty in the ~+ decay to proton ratio.
The triggering eKciency and the eKciency of the event
selection procedures are summarized in Table III. The
analysis is found to be relatively insensitive to reasonable
variations of these systematic uncertainties. The
stringency of the experimental upper limits are statistics
limited by the number of events in the beam-on gate.
For the neutrino Aavor oscillation mode, v„~v„we

CERN SPS

10

)
CD

E

10
0.01

I I I I I I I I I I I I I I I I

0.1

u sin (26)

FIG. 29. The 90% confidence level contour for the region of
5m and a sin (20) excluded by this experiment for v, ~v, os-
cillations (solid curve). The dotted curve is from Ref. [14].

obtain the following (90% CL) limits:

5m (0.14 eV, for maximal mixing,

sin (28) (0.024, for large 5m

Figure 28 shows the 90%%uo CL contour for the region of

10 I l; I I I I I I I I I I I I I I I 210 il „
)

I

t

I

CERN SPS
BEBC

I I I I lli, ll I I I I II IL

Vp~ Ve

10 10

CU

CD

E

10
0.01

I I I I I I I I

0, 1

sin (2B)

)p
10

I I I I I I II I I I I I I II

10 10

0. sin (20)

FIG. 28. The 90% confidence level contour for the region of
5m and sin (20) excluded by this experiment for v„~v, oscil-
lations.

FIG. 30. The 90% confidence level contour for the region of
5m and a sin (20) excluded by this experiment for v„~v, os-
cillations (solid curve). The dotted curve is from Ref. [14].

S.J. Freedman, et al, 
Phys. Rev. D 47(1993)811P (⌫↵ ! ⌫↵) = 1� P (⌫↵ ! ⌫�)

= 1� sin2 2✓ sin2
2

41.27 �m2(eV)2
L

E

 m

MeV

!3

5

P
(⌫

↵
!

⌫ ↵
)
=

1
�
P
(⌫

↵
!

⌫ �
)

=
1
�
si
n2

2✓
si
n2

2 4 1
.2
7
�
m

2 (
eV

)2
L E

 
m

M
eV

!
3 5

Another null 
result, but 
nobody knew 
where to look.



Daya Bay

10

Fast Forward 25 Years: Neutrino Mixing Occurs!

However, the mixing angle 𝛳13 remains unknown.

Limits from prior experiments say that 𝛳13 is “small”.

The world mounts three disappearance experiments 
at nuclear power plants close to the optimum baseline.
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Neutrino Energy Spectra
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Spectral distortions 
are consistent with 
neutrino oscillations.
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θ13 Oscillation Analysis using n-Captures on Gd 

Zhe Wang 8 

θ13 Oscillation Analysis using n-Captures on Gd 

Zhe Wang 8 
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MiniBooNE�Detector

Signal�Region

Veto�Region

Figure 4: A schematic drawing of the MiniBooNE detector.
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“Sterile” Neutrinos?

16

PRD 64(2001)112007 
arXiv: 1306.6494
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PROSPECT @ HFIR
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Precision Measurement Very Close to the Reactor

Neutrino detectors near to 
and far from a compact and 
well-understood research 
nuclear reactor core.

arXiv:1307.2859 http://prospect.yale.edu

http://prospect.yale.edu
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Near Detector Sensitivity

Floor plan at HIFR

≈2.5 Tons

< 10m to 
reactor core



Other Overlaps with Roy
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Neutron cross sections
A.B. Smith, R. Holt, J. Whalen,!
Argonne National Laboratory Report, ANL/NDM-43, 1978
“I began life as a neutron physicist. I am still a 
believer in the integral fast reactor (IFR)…”

16O(𝛾,𝛼)12C
(See talk tomorrow by Claudio Ugalde.)

Always a wide range of interests, always 
encouraging to young people, always a pleasure.



Congratulations, Roy!
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… and many thanks to the organizers.


