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1 Accomplishments

1.1 Experimental

The experimental effort was led by James Napolitano, who was previously a professor at Rensselaer 
but since January 2014 has been a professor at Temple University. His research has been supported 
on a sub-contract since his move.

1.1.1 Background/Introduction

Neutrino mixing has become a rich field. SNO demonstrated that neutrino mixing in the first two 
generations solves the Solar Neutrino Problem [1], and KamLAND measured the relevant mixing 
parameters using z/e from nuclear power plant reactors [2]. Super-K observed mixing between the 
second and third generations by probing the Atmospheric Neutrino Anomaly [3], confirmed by 
terrestrial accelerator experiments K2K [4] and MINOS [5], and later by T2K [6, 7, 8]. Indications 
for mixing between the first and third generations came from T2K [9] and Double Chooz [10], 
quickly followed by definitive results from Daya Bay [11] and RENO [12]. Most recently, CP 
violation is suggested by the latest measurements from T2K [13] when coupled with a precision 
value for d\3 from Daya Bay [14].

These results have had a large impact [15]. We now know that all three mixing angles are 
nonzero, making CP violation possible in the neutrino sector. This is a leading candidate for 
a mechanism by which the baryon/antibaryon asymmetry was created in the early universe [16, 
17]. Important outstanding issues are to measure a nonzero CP-violating phase, to sort out the 
mass hierarchy of the three neutrino generations, and to establish whether neutrinos are Dirac or 
Majorana particles. The community is actively pursuing all of these, while continuing to make 
precise measurements of the already known parameters.

The phenomenology of neutrino oscillations is well known [15]. Cast in a form suited to mea
suring 0\3 with nuclear reactors [14], the z/e disappearance probability becomes

P(z/e ^ z/e) = 1 — cos4 0\3 sin2 26\2 sin2 A2i — sin2 26\3 sin2 Aee (1)
where Aj = 1.267Am2i(eV)2[L(m)/E (MeV)] (2)

and sin2 Aee = cos2 6i2 sin2 A3i + sin2 6\2 sin2 A32 (3)

with Am2) the difference in the squares of the mass eigenstates Vj and ry The third term on the 
right in Equation 1 dominates the disappearance probability for the Daya Bay geometry. Equation 3 
also defines Am^e & |Am3i| ~ |AmJ2|.
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Figure 1: Photograph of the partially filled far hall water pool with three installed AD’s. Top 
right shows the performance of the Reverse Osmosis processor in the central Fill/MakeUp (FMU) 
system feeding all three halls. Bottom right shows the water resistivity exiting the polishing loops 
in each hall before it enters the pool. The “spikes” occur when the FMU feeds replacement water 
to a pool, and the sensors are bypassed during these short periods.

The Daya Bay experiment[18, 19, 20] uses eight antineutrino detectors (ADs) in three experi
mental halls. Two halls, with two ADs each, are near reactor cores, and one is at a distance that 
optimizes sensitivity to 0\3. All halls have significant overburden, the far hall having the largest. 
Daya Bay’s results [11, 14, 21, 22, 23] have been well received. The experiment is now in a con
tinuous operating mode, expecting to acquire data through 2017, so that the uncertainty on our 
eventual final result for d\3 is dominated by systematic error.

1.1.2 Summary of Progress on Daya Bay

Our latest results on ve disappearance are being prepared for publication, and currently under 
collaboration-wide review. Using 404 days of data, including periods with either six or eight 
detectors, we find sin2 2d\3 = 0.084 ± 0.005 and || = (2.42 ± 0.11) x 10-3 eV2. The total 
uncertainty of both sin2 2d\3 and | Am^| is dominated by statistics.

Our group has responsibility for the water purification system, and we have published details 
of its design and performance [20]. Water purification is carried out in parallel for each of the three 
halls, with a separate polishing loop near each of the three pools. A common, fourth, station 
feeds the pools, taking municipal water first through a series of filters and reverse osmosis, and 
then electronic deionization to achieve ultra high purity. The polishing loops maintain purity with 
mixed bed deionization units, as well as filtration, deaeration, and UV sterilization devices.

Figure 1, from [20], shows a photo of the far site water pool, and the performance during the 
first year of operation. The system operates continuously, and is monitored during data-taking 
shifts. Periodic maintenance is required. We will continue some research on the water pool itself, 
including studying a source of CO2 which reduces the resistivity after residence time in the pool, 
but which does not significantly affect the water attenuation length.

Power plant reactors are copious sources of he, but the details of the intensity and spectrum
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Figure 2: The reactor power, IBD rates, and neutrino and background spectra in Daya Bay obtained 
by extrapolating to zero reactor power. See the text for details.

are notoriously difficult to calculate. Graduate student Neill Raper is studying the spectrum 
details at high energy, where few fission daughter isotopes contribute. Consequently, his study 
should constrain the various models of reactor neutrino spectra. Indeed, even though Daya Bay’s 
latest results on neutrino oscillations are dominated by statistical error, the reactor spectrum shape 
is a dominant source of systematic uncertainty.

Above EVe ~ 8 MeV, the inverse beta decay signal is dominated by cosmic ray backgrounds. 
The best way to measure these backgrounds is to take data with the reactors off, but we work at a 
large scale nuclear power station, so this option is not open to us. However, with six different reactor 
cores, refueling events happen often enough so that lower power periods offer the opportunity to 
extrapolate to zero power.

Figure 2 shows the extrapolation approach and current results. The upper left shows a history 
of the two reactor cores near Experimental Hall 1 (EH1) along with the distance-averaged power at 
the hall. Neutrinos are detected via Vep ^ e+n (“inverse beta decay” or IBD) where the positron 
energy gives the neutrino energy. The upper right plots the IBD rate for one positron energy bin 
(6.5 and 7.5 MeV) for individual runs, versus the average reactor power for that run. The lower 
plots show the background spectrum (from the intercept) and neutrino spectrum (from the slope) in 
different energy bins. The background spectrum agrees with independent estimates. The spectrum
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Figure 3: Progress on hardware for PROSPECT at 
Temple University. Left: Liquid scintillator cell test 
facility, under construction. Different cell prototypes 
are inserted into the cylinder, which will be fitted 
with acrylic flanges and PMTs on top and bottom, 
then filled with scintillator. Right: Design of the 
8 x 9 ft2 shielding wall that will be stand between the 
detector and reactor vessel. Depending on the specific 
configuration of led, the weight will be between 10 and 
15 tons.

shows a contribution for E > 8 MeV.

1.1.3 Summary of Progress on PROSPECT

There is intense speculation today regarding the possible existence of a fourth generation of “ster
ile” neutrinos, which significantly mixes with electron neutrinos and is dominated by a high mass 
eigenstate. This speculation is fueled by several experiments, including excess electron appear
ance [24, 25, 26, 27, 28] in accelerator-based searches, solar neutrino detector calibrations [29, 30], 
and astrophysical indications [31].

One particularly intriguing piece of evidence for sterile neutrinos is the deficit of observed 
neutrinos from nuclear reactors, relative to prediction, known as the Reactor Neutrino Anomaly [32]. 
A recent analysis [33] gives sin2 dnew = 0.14 ± 0.08 and |Am^w| > 1.5 eV2, at 95% CL, consistent 
with a global 3 + 1 (that is, one sterile neutrino) analysis [34]. The most precise data set used for 
this result comes from detectors that are located at least 15 m from the reactor core, limiting the 
sensitivity to |Am^ew |. Of course, this analysis relies on being able to independently predict the 
reactor neutrino flux with a precision of several percent [35, 36], and this is not without controversy. 
See [37], for example.

PROSPECT [38] will search for a ve disappearance signal from sterile neutrinos, using a detector 
very close to the core of a well understood research reactor, namely the High Flux Isotope Reactor 
(HFIR) at Oak Ridge National Lab (ORNL). One attractive feature of HFIR is that the core is 
compact, minimizing the “washout” of neutrino oscillations with too short wavelengths, that is, for 
too large values of |Am^ew |. The experiment expects to accumulate ^ 106 detected ve per year, 
in its full configuration. Furthermore, a spectral measurement of this single fissionable isotope will 
therefore improve our confidence in neutrino flux calculations.

Figure 3 indicates two major tasks which the Temple group has already undertaken. These 
include the construction of a liquid scintillator test cell prototype, and the design of a shielding wall 
that will be installed at HFIR. The test cell prototype steel shell is completed, and being prepared 
to be filled with liquid scintillator, which is now on hand.

PROSPECT uses the same technique as Daya Bay, that is the inverse beta decay (IBD) reaction 
vep ^ e+n on a liquid scintillator target, with delayed neutron capture to suppress backgrounds. 
Backgrounds for PROSPECT are much larger than for Daya Bay, however. There is much less
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Figure 4: Progress on data analysis on 
PROSPECT at Temple University. A 
preliminary analysis of our 20-kg de
tector data at HIFR, aiming to iden
tify neutron capture signals. There is 
only a crude energy calibration, and a 
simple attempt at pulse shape identi
fication is utilized on the vertical axis, 
but it seems that a neutron capture 
signal is apparent.

overburden to shield cosmic rays, and the neutron and gamma ray backgrounds from the reactor 
itself are much more serious because of the proximity to the core.

To this end, PROSPECT will use a highly segmented detector with 6Li-loaded scintillator. 
This is in contrast to the large monolithic design for Daya Bay, with Gd-loaded scintillator. The 
segmentation allows us to localize the energy signal, and the delayed capture from n +6 Li ^ a +t 
is also localized, as opposed to the photon signal from Gd capture. However, the 6Li capture signal 
is relatively small, around 0.5 MeV, so pulse shape discrimination will be necessary to isolate it.

A new Temple graduate student, Danielle Berish, joined the group this year and has begun 
working on PROSPECT. Figure 4 shows our very first attempt at isolating the n +6 Li ^ a + t 
in data taking with PROSPECT-20 at HIFR. Initial results are encouraging, but obviously much 
more work needs to be done, and will be continued.

1.2 Theoretical

The theoretical effort has been led by Joel Giedt, who is an associate professor at Rensselaer.

1.2.1 Lattice N = 4 super-Yang-Mills

The primary focus of the most recent work in theory has been on a lattice discretization of N = 4 
super-Yang-Mills. A real space renormalization group transformation that preserves all of the 
lattice symmetries was identified in [39]. This is key to the arguments regarding fine-tuning of 
the lattice action in order to obtain the desired continuum limit, which was made in our earlier 
work [40]. In [39] we also showed how rescaling of lattice fields reduces the number of apparent 
fine-tunings, and in fact if the moduli space is not lifted as the all-order perturbative analysis of 
[40] suggests, then there is only a single parameter that must be adjusted in order to recover the 
full N = 4 supersymmetry. We also conducted a preliminary Monte Carlo renormalization group 
analysis using this blocking scheme and found encouraging results that are consistent with little 
need for fine-tuning.

Another recent paper that we had on this topic was [41], where a number of matters were 
investigated. One had to do with presence of monopoles from the U(1) sector, which were pushing 
the lattice theory into the wrong phase. This was cured by adding a term to the lattice action that
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involved det Pab, where Pab is an elementary plaquette on the lattice. A further issue had to do with 
this term and the so-called “mass term” which is added to stabilize the U(1) scalar modes, necessary 
in order to have a well-defined lattice spacing, due to the presence of a flat direction. Both of these 
terms break the scalar supersymmetry Q in the twisted formulation. We measured the amount of 
such breaking nonperturbatively and found that it is not out of control, being in the 10-20% range 
for the 't Hooft couplings that we studied. Recently we have found alternative ways to deform the 
theory to avoid the monopole problem and stabilize the flat direction which do not break the Q 
supersymmetry. Explorations of this superior approach are currently underway. Another thing that 
was examined was the fate of the other 15 supercharges in the lattice theory. Certainly they are 
broken by the lattice artifacts, but we were able to quantify the breaking using our earlier results of 
[42] relating to the R symmetries. There it was found that restoration of any element of a discrete 
subgroup of the continuum SU(4)R symmetry would guarantee the correct continuum limit, when 
the renormalization arguments of [40] were taken into account. Therefore in [41] we computed the 
discrete R symmetry transformed plaquette and compared it to the original plaquette. We also 
extended this to larger Wilson loops. What was found was that under a particular normalization of 
the relative difference, the violation of the discrete R symmetry was at the 10-20% level. Thus we 
conclude that the full N = 4 supersymmetry is not badly broken by the lattice theory and useful 
results can be obtained without any fine-tuning. Nevertheless, we have been exploring the possible 
improvements through tuning coefficients in the bare lattice action.

Our recent work has also been summarized in a Lattice 2014 proceedings report [43]. Giedt had 
two invited talks on this topic, one in Feb. 2014 at the high energy theory seminar at the Institute 
for Advanced Study, Princeton University. The second was at the high energy theory seminar at 
Rutgers University in May 2014. Neither of these audiences involved lattice gauge theorists, which 
shows that our N = 4 work is of interest outside of our community.

1.2.2 Lattice chiral gauge theories

In [44] we tested a proposal for lattice chiral gauge theory. This proposal goes back to earlier 
work by Poppitz and coworkers, and was previously examined in a somewhat different context 
by Giedt and Poppitz in 2007. In our recent work we studied the polarization tensor in a two
dimensional chiral gauge theory that is free of gauge anomalies. We used this tensor as a probe of 
whether or not the “mirror” sector acquires a large mass due to the chiral coupling of a unitary 
“Higgs” field with strong Yukawa coupling. This was a rather demanding calculation and required 
a number of optimizations and code validations by our student Chen Chen who worked on the 
project. Unfortunately we found that there are massless modes in the mirror sector, so it appears 
that the proposal does not work. This was valuable information since the previous tests had been 
done in the chiral Schwinger model, which has a gauge anomaly. There 't Hooft anomaly matching 
implies that the mirror sector should have massless modes. Thus it was crucial to test the proposal 
in an anomaly free model. Our results were also presented in a Lattice 2013 conference proceedings 
[45].

We are continuing to work on the topic of chiral gauge theories and will be examining Luscher’s 
proposal in up-coming research. This does not rely on a mirror sector and seems like a route that 
is more promising given our recent results.
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1.2.3 Center stabilized Eguchi-Kawai reduction

In recent work we have been exploring the fate of center symmetry in single-site lattice gauge theory 
with one Dirac flavor of lattice fermion in the adjoint representation. The fermion discretization 
that we have chosen is Mobius domain wall fermions. We have come up with a new way to test 
the fate of center symmetry in the limit of a large number of colors, based on the distribution of 
eigenvalues of the untraced Polyakov loop. The results seem to suggest that center symmetry may 
be restored at a large number of colors. We expect to finalize this work in the coming year.

1.2.4 Two adjoint flavor SU(2) lattice gauge theory

Our most recent work on this topic determined the anomalous mass dimension using finite size 
scaling [46]. We found 7 = 0.50 ± 0.26, which is generally consistent with other studies of this 
quantity in this theory. It is significantly smaller than the value of 7 « 1 that is required for 
phenomenology. In earlier work [47] we had found a much larger range of values for 7 using Monte 
Carlo renormalization group techniques. Early results of that work also appeared in the Lattice 
2010 and 2011 proceedings [48, 49]. There we also studied the discrete ft function and found 
behavior that could be interpreted as consistent with the presence of an infrared fixed point. A 
similar conclusion was reached in our earlier work [50] where we used Creutz ratios in order to 
define a running coupling. There we found that there was an absence of running or backward 
running, also consistent with an infrared fixed point. This work also appeared in the Lattice 2011 
proceedings [51].

1.2.5 Lattice Wess-Zumino model

In [52] we studied the supercurrent and the extent to which it is not conserved due to explicit 
breaking by lattice artifacts. This drew on code that we had developed under this grant for an 
earlier paper [53]. In these studies we confirmed earlier results for this lattice model, and also 
emphasized the role of the exact U(1)r symmetry in the renormalization of the lattice theory. 
Some of these results also appeared in a Lattice 2010 proceeding [54].

1.2.6 Other work

In [55] a quiver lattice construction was described, which can be used to describe the D1/D5 brane 
world-volume gauge theory. We studied how estimates of the scalar form factor of nucleons coming 
from lattice QCD can be used to predict dark matter cross sections in the context of the NMSSM 
[56]. In [57] we investigated flavor symmetry violating effects coming from using staggered lattice 
fermions in the low energy effective theory of graphene. We reviewed lattice gauge theory beyond 
the standard model at the Lattice 2012 conference in an invited plenary talk, which resulted in a 
review proceedings [58].

2 Students supported by the grant who received their PhD

One experimental student, Johnny Goett, graduated with his PhD in May 2010. One theory 
student, Chen Chen, graduated with his PhD in May 2013. Other students are in progress.
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3 Publications that resulted from this project

3.1 Experimental

1. F. P. An et al. [Daya Bay Collaboration], “Observation of electron-antineutrino disappearance 
at Daya Bay,” Phys. Rev. Lett. 108, 171803 (2012) [arXiv:1203.1669 [hep-ex]].

2. F. P. An et al. [Daya Bay Collaboration], “A side-by-side comparison of Daya Bay antineu
trino detectors,” Nucl. Instrum. Meth. A 685, 78 (2012) [arXiv:1202.6181 [physics.ins-det]].

3. F. P. An et al. [Daya Bay Collaboration], “Improved Measurement of Electron Antineutrino 
Disappearance at Daya Bay,” Chin. Phys. C 37, 011001 (2013) [arXiv:1210.6327 [hep-ex]].

4. F. P. An et al. [Daya Bay Collaboration], “Independent measurement of the neutrino mixing 
angle di3 via neutron capture on hydrogen at Daya Bay,” Phys. Rev. D 90, no. 7, 071101 
(2014) [arXiv:1406.6468 [hep-ex]].

5. F. P. An et al. [Daya Bay Collaboration], “Search for a Light Sterile Neutrino at Daya Bay,” 
Phys. Rev. Lett. 113, 141802 (2014) [arXiv:1407.7259 [hep-ex]].

6. K. V. Tsang, F. P. An, Q. An, J. Z. Bai, A. B. Balantekin, H. R. Band, W. Beriguete and 
M. Bishai et al., “Results from the Daya Bay Reactor Neutrino Experiment,” Nucl. Phys. 
Proc. Suppl. 246-247, 18 (2014).

7. F. P. An et al. [Daya Bay Collaboration], “Spectral measurement of electron antineutrino 
oscillation amplitude and frequency at Daya Bay,” Phys. Rev. Lett. 112, 061801 (2014) 
[arXiv:1310.6732 [hep-ex]].

8. J. Wilhelmi et al., “The water purification system for the Daya Bay Reactor Neutrino Ex
periment,” Journal of Water Process Engineering 5, 127 (2015).

9. F. P. An et al. [Daya Bay Collaboration], “The muon system of the Daya Bay Reactor antineu
trino experiment,” Nucl. Instrum. Meth. A 773, 8 (2015) [arXiv:1407.0275 [physics.ins-det]].

10. F. P. An et al. [Daya Bay Collaboration], “A new measurement of antineutrino oscillation 
with the full detector configuration at Daya Bay,” arXiv:1505.03456 [hep-ex].

3.2 Theoretical

1. Joel Giedt, Andrew Skinner and Saroj Nayak, “Effects of flavor-symmetry violation from stag
gered fermion lattice simulations of graphene,” Phys. Rev. B 83, 045420 (2011) [arXiv:0911.4316 
[cond-mat.str-el]].

2. Chen Chen, Eric Dzienkowski and Joel Giedt, “Lattice Wess-Zumino model with Ginsparg- 
Wilson fermions: One-loop results and GPU benchmarks,” Phys. Rev. D 82, 085001 (2010) 
[arXiv:1005.3276 [hep-lat]].

3. Joel Giedt, Chen Chen and Eric Dzienkowski, “Lattice Wess-Zumino model simulation with 
GPUs,” PoS LATTICE 2010, 052 (2010).
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4. Simon Catterall, Luigi Del Debbio, Joel Giedt and Liam Keegan, “MCRG Minimal Walking 
Technicolor,” PoS LATTICE 2010, 057 (2010) [arXiv:1010.5909 [hep-ph]].

5. Simon Catterall, Eric Dzienkowski, Joel Giedt, Anosh Joseph and Robert Wells, “Pertur
bative renormalization of lattice N=4 super Yang-Mills theory,” JHEP 1104, 074 (2011) 
[arXiv:1102.1725 [hep-th]].

6. Joel Giedt, “A deconstruction lattice description of the D1/D5 brane world-volume gauge 
theory,” Adv. High Energy Phys. 2011, 241419 (2011).

7. Chen Chen, Joel Giedt and Joseph Paki, “Supercurrent conservation in the lattice Wess- 
Zumino model with Ginsparg-Wilson fermions,” Phys. Rev. D 84, 025001 (2011) [arXiv:1104.1126 
[hep-lat]].

8. Simon Catterall, Luigi Del Debbio, Joel Giedt and Liam Keegan, “Systematic Errors of the 
MCRG Method,” PoS LATTICE 2011, 068 (2011) [arXiv:1110.1660 [hep-ph]].

9. Joel Giedt and Evan Weinberg, “Backward running or absence of running from Creutz ratios,” 
Phys. Rev. D 84, 074501 (2011) [arXiv:1105.0607 [hep-lat]].

10. Simon Catterall, Luigi Del Debbio, Joel Giedt and Liam Keegan, “MCRG Minimal Walking 
Technicolor,” Phys. Rev. D 85, 094501 (2012) [arXiv:1108.3794 [hep-ph]].

11. Joel Giedt and Evan Weinberg, “Backward running or absence of running from Creutz ratios,” 
PoS LATTICE 2011, 238 (2011).

12. Joel Giedt and Evan Weinberg, “Finite size scaling in minimal walking technicolor,” Phys. 
Rev. D 85, 097503 (2012) [arXiv:1201.6262 [hep-lat]].

13. Sophie J. Underwood, Joel Giedt, Anthony W. Thomas and Ross D. Young, “Neutralino- 
hadron scattering in the NMSSM,” Phys. Rev. D 86, 035009 (2012) [arXiv:1203.1092 [hep- 
ph]].

14. Joel Giedt, “Lattice gauge theory and physics beyond the standard model,” PoS LATTICE 
2012, 006 (2012).

15. Chen Chen, Joel Giedt and Erich Poppitz, “On the decoupling of mirror fermions,” JHEP 
1304, 131 (2013) [arXiv:1211.6947 [hep-lat]].

16. Simon Catterall, Joel Giedt and Anosh Joseph, “Twisted supersymmetries in lattice N = 4 
super Yang-Mills theory,” JHEP 1310, 166 (2013) [arXiv:1306.3891 [hep-lat]].

17. Joel Giedt, Chen Chen and Erich Poppitz, “On the decoupling of mirror fermions,” PoS 
LATTICE 2013, 131 (2014) [arXiv:1403.5146 [hep-lat]].

18. Simon Catterall, David Schaich, Poul H. Damgaard, Thomas DeGrand and Joel Giedt, 
“N=4 Supersymmetry on a Space-Time Lattice,” Phys. Rev. D 90, no. 6, 065013 (2014) 
[arXiv:1405.0644 [hep-lat]].

19. Simon Catterall and Joel Giedt, “Real space renormalization group for twisted lattice N=4 
super Yang-Mills,” JHEP 1411, 050 (2014) [arXiv:1408.7067 [hep-lat]].
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20. Simon Catterall, Joel Giedt, David Schaich, Poul H. Damgaard and Thomas DeGrand, “Re
sults from lattice simulations of N=4 supersymmetric Yang-Mills,” PoS LATTICE 2014, 267 
(2014) [arXiv:1411.0166 [hep-lat]].

21. W. Cunningham and J. Giedt, “Eguchi-Kawai reduction with one flavor of adjoint Moebius 
fermion,” arXiv:1401.0054 [hep-lat].
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