
                             Comparison of NOvA with Homestake options

MD: I  will respond to many of the comments below as briefly as possible.  In general, some of the analysis below is not correct and misses the big picture.  I find it surprising to be subject to such detailed questioning for a project that has demonstrated clear advantages on general grounds.  

First a few general comments. NOVA is a single purpose experiment with limited reach for the physics that defines its uniqueness.  In such a situation the risk to the US-HEP program is very high. There is little international interest because of the lack of breadth in the physics program. 

There is also very high technical risk due to the surface operation of NOVA. Historically, detectors that have operated in a high rate environment have found the need to introduce deeper cuts to reduce the background. Each cut has resulted in signal loss which was unanticipated by Monte Carlos at the proposal stage.  Even with a factor of 2 efficiency loss, NOVA essentially becomes undoable. 

The Homestake beam can certainly be run with 120 GeV protons. We have chosen to work at the slight angle of 0.5 deg. The event rates and sensitivity for this option has been delivered to the committee.  The discussion between 60 GeV and 120 GeV running is a distraction.  We find it unnecessary to make a decision on the exact running scenario.   In any case,  the beamline must be built for running from 60 to 120 GeV for the future possibility of Project-X. 
These are facts: 

NOVA is 15 kT fiducial and at Homestake we will have 100 kT fiducial.    The raw event rate is approximately a factor of 7 higher at Homestake for the same number of 120 GeV protons.
The Homestake proposal has much higher matter effect and therefore much greater mass hierarchy sensitivity for equal numbers of protons on target.  

The table made by Stan assumes 30 years of running for NOVA to arrive at the same number of signal events as the Homestake proposal.  It is not a proper way to compare. There is a qualitative difference between  8 years of running and 30 years of running.  

Now a few specific responses: 
Beam energy: In my presentation to P5 at SLAC I used the 60 GeV beam to allow simple comparison to the Project-x intensities. As Stan has shown below, the amount of beam power that is available is equal for 60 GeV versus 120 GeV running in pre-project X days.  Therefore, it is important to maintain flexibility to run either.  

Decay pipe: As part of the FNAL/BNL study a careful study was performed to make sure we chose the tunnel length that does not cause problems with the site boundary. We have consulted  the main authority on this matter at FNAL and have determined that  380 m allows more than enough space for the near detector.   No body is arguing for a 200 m decay pipe.  With 380 m decay pipe the near detector is well inside the site boundary. 

On-off axis agle: It is entirely unnecessary to define the precise beam conditions at this stage. The beam conditions for MINOS were left flexible until the end.  I see no advantage to be specific here. We will choose the beam condition best suited for the sensitivity. We have made clean, detailed, well-documented calculations for both the 60 GeV and 120 GeV (0.5 deg) conditions.  As the beam design develops we will choose the best configuration. I  suggest that focus be on the 120 GeV option for purposes of comparison. 
Comparison of NOVa with Homestake: The issue of 60 versus 120 GeV operation is of no consequence for the purposes of comparison since Stan has shown that the beam power (the neutrino rate is proportional to the beam power) is equal for 60 versus 120 GeV. 

From now on we assume 120 GeV operation only. In this case there can be no argument that any program can get the same number of protons.    Secondly, I am puzzled about the comments about power and number of seconds per year and yrs of running, etc.    For all our calculations,  we have clearly stated the number of protons used.   The  power level and years of running are simply written for reasons of convenience.    Please focus on the number of protons on target. 

We have used 30e20 POT for neutrinos and 30e20 POT for antineutrinos  at 120 GeV  Our understanding is that this is the number of protons used by NOVA.   Therefore our numbers are directly comparable.   

All comparison should be based on the proposed detector mass, the number of POT, and total rates for specific species. 
Near Detector: 

We do not believe it is necessary to have a 1 kT water Cherenkov detector at the near detector. We have not proposed this. The purpose of a near detector is to determine the spectrum and the contamination factors, does not have to be an identical detector if its resolution is adequate. 
We point out that the near detector operating in high rates must be solved for any next generation experiment. It is not unique to the Homestake proposal.  Is Stan suggesting that we do not create an intense neutrino beam because of a technical issue of how to build a high resolution, high rate near detector?
The experience from MINOS suggests that having a detector that is nominally the same as the far detector is of little use.  The MINOS near detector is made of steel plates and plastic scintillators, the but the similarity to the far detector ends there.   The optical characteristics of the fibers, the magnetic field, the electronics, the software,  and most importantly the spectrum and the spread of the beam are all different.  In fact, one has to make large corrections to the near data to extrapolate to the far based on Monte Carlo.   Therefore,   the notion that the near  must be a water Cherenkov detector is incorrect.  Secondly, we see no reason to specify the near detector more than to say that it will be a high resolution spectrometer and it must allow 5% determination of backgrounds in the far detector.  

Lastly,   the water Cherenkov detector has proven to be robust, easy to model, very stable technology.  There should far more confidence in modeling of backgrounds in a water Cherenkov detector than any other technology. 
I have made detailed remarks in the comparison section. 

============================================================

I have tried to make some comparisons between NOvA and  Homestake options for neutrinos from Fermilab. One of the difficulties in doing this is the current lack of firm definition of the potential  Homestake experiment: three major parameters are (to my knowledge) unspecified at this time:

a) Energy of the proton beam: 60 GeV or 120 GeV
b) Length of decay pipe: 380 m or 200 m or in between

c) On axis or off-axis configuration and if the latter, at what angle

To understand the impact of energy choice, one has to understand th parameters of the Booster and the Main Injector. The Booster is in principle a 15 Hz machine, with a limit of about 5E20 protons per each Booster batch. The Main Injector can accept maximum 11 Booster batches in each cycle. The ramping time is 1.4 s for the 120 GeV operation, half of that for the 60 GeV operation. There may also have to be a short time (<0.1 s) in between cycles; I will ignore that in the following calculations. 

The envisaged mode of operation for NOvA (and presumably for any Homestake experiment) in the pre-Project X days is sending 11 Booster batches to the Recycler, then  injecting them into the Main Injector, and then accelerating them there to the desired energy. During the acceleration cycle, new proton batches are accelerated in the Booster and sent to the Recycler. Thus the Recycler is used as a holding ring to effectively hide the time spent by the Booster in producing the required protons (currently in NuMI the filling time has to be added to the acceleration cycle time).

During the 1.4s time period (MI acceleration cycle for 120 GeV) the Booster is capable of delivering 21 batches 15 x 1.4). Thus in the 120 GeV mode, the fraction of maximum possible  protons that would be accelerated is 11/21. Since it takes 0.73s to produce 11 batches in the Booster, at 60 GeV all of them can be accelerated. We can then calculate number of protons/year and the average power for these two energies under the optimum conditions. Assuming 2E7 s in a year (an assumption used by Milind that is somewhat optimistic based on experience to date) we have:

at 60 GeV: 15 x 5E12 x 2E7 = 15E20 pot/yr    or  15E21 x 1.6E-19 x 60E9/2E7 = 720kW 

at 120 GeV: (11/21) x 15 x 5E12 x 2E7 = 7.9E20 pot/yr   and   (120/60) x (11/21) x 720 =   754kW

For SNuMI operation, one would use the accumulator and 18 Booster batches could be accelerated in the Main Injector. We would then have:

at 60 GeV - no change

at 120 GeV - increase by 18/11 ie 12.9E20 pot/yr and average power of 1.23 MW

60 GeV operation

60 GeV operation in Anu configuration (planned as part of NOvA experiment) has following possibly negative implications:

a) There are no protons available for any possible 8 GeV program (eg mu->e is not possible)

b) Currently the Booster can only work at 9 Hz; so for the above yields to be feasible, at a minimum the RF power has to be increased

c) One of the current limitations on no of protons from the Booster is activation of components and radioactivity levels on the surface. So it is not clear whether steady 15 Hz operation is feasible

d) Booster is an old and ill understood machine; running it flat out may increase down time

e) The horns will pulse twice as much; thus down time due to horn malfunction will undoubtedly increase

Length of decay pipe  

It was mentioned that the decay pipe could be shortened to 200 m if necessary (to get away from the site boundary or to increase the distance to the Near Detector). To estimate the effect of such a change I took the relative decay probability of a 7.5 GeV pion (parent of 3 GeV neutrino that is at the peak of the 1st oscillation maximum).

This loses you a factor of 1.58 at that energy; the total signal would probably go down by a similar number.

If one chose to go to 120 GeV and off-axis, the loss would be somewhat greater since higher energy nu’s would be contributing to the events in the peak

Off-axis configuration 

I performed a similar calculation for off-axis configuration, limiting myself to the loss of solid angle. Again, for 7.5 GeV pion the decrease is 1.49 in neutrino flux.

Near Detector Issue.

At the present time neither the beam parameters nor Near Ddetector location and/or nature have been specified for the potential Homestake experiment so I will make a reasonable guess that it is 400 m from the mean production point of neutrinos. Milind’s number of 200,000 nu CC events in 300kt Far Detector per year at 2 MW power in the beam extrapolate to about 0.2 nu interactions per kt per RF bucket (19 ns) with 700 kW beam (plus comparable number of “rock muons”). MINOS Near Detector is about 1kT (so as to contain the full event) but the fiducial volume is much less. Presumably a 1kT water detector would have to integrate over at least 50ns, probably even more, so disentangling multiple events is a challenge. 120 GeV energy choice would double instantaneous rate so that is one negative of that option. 

NOvA - Homestake comparison

I believe that the discussion and conclusions above should be non-controversial. What follows is more subjective and relies on the simulations that were presented by Gary and Milind. I will limit myself to comparisons of raw numbers of signal and background events as a crude approximation of potential sensitivity of two experiments. I will limit my comparison to the 100 kT detector experiment.

Milind presented curves and numbers for 1 MW, 60E20 pot for both nu and nu-bar and 3 yrs of running for each. 

 I asked Gary to give me equivalent numbers for roughly the same signal yield as Milind obtained. His numbers were quoted for 120E20 pot for both nu and nu-bar and 20 yrs of running for each. 
This is a strange way to make a comparison. There is a qualitative difference between 40 yrs of running of NOVA versus 6 yrs of running at Homestake.  

Taking these numbers literally, it would appear that there is a factor of 6.7 (20/3) in signal rate between the two. But as previous calculations show, Milind’s time projection is optimistic, Gary’s is pessimistic; the appropriate times required for these POT yields should be 4 and 15.2 years giving a ratio of 3.8. Thus if one believes everything else in the two sensitivity calculations (aside from the pot vs time required), a correct comparison would first lower Milind’s sensitivity (or increase Gary’s) by roughly sqrt (6.7/3.8) ie 1.33. 

This discussion is confusing.   Lets first dispense with the 60 GeV notion. There are clear, well documented calculations using 120 GeV protons. We will use the 120 GeV running option for Homestake.    As I have stated, the running times, power level used, etc. is of no consequence.   I have clearly stated the POT we have used for the calculation.  We have used the same number of POT as NOVA.   They will take the same number of years for NOVA or Homestake.    The number is 30e20 for neutrinos and 30e20 for anti-neutrinos using 120 GeV protons.  

The following Table gives the numbers of signal and background events in the two calculations for the number of POT’s quoted above. For the sake of being definite, to obtain these numbers, I took delta=0, and added the two mass hierarchies together, The numbers then are:

                                                             Signal                             Background

       Experiment                             nu   nu-bar  total               nu      nu-bar  total

60 GeV (1300km, 100kt water)    297    171     468               462      163      625

120 GeV (NOvA)                          349    133     483               244      117      361

 There are a lot of problems with this table. 

a) It is NOT possible for NOVA to get the number of events claimed above on a rational timescale.  The table is not made for equal number of protons on target for Homestake versus NOVA.   For equal number of POT, NOVA will get  at most 1/5 as many events.  

b) Is this table supposed to show that NOVA can get the same number of events if it were to run for 30 years ?    Or is it supposed to show that if NOVA were factor of 5 times larger it will get the same number ?  That will make NOVA a $1000M detector. 

c)  The treatment of background between the two is uneven. In the interest of complete disclosure, we have always shown the entire spectrum of background for Homestake, but the main signal is only confined to the first peak region where the background is only ½ of what Stan has put in the table.  Secondly, Stan has double counted the background by adding the two hierarchies together. This procedure obviously penalizes the Homestake option which has much more asymmetry in the rates due to the matter effect. 

d) If the main focus is mass hierarchy, the above table does not address the issue correctly.  The effect is an asymmetry between the neutrinos and antineutrinos or alternately between the mass hierarchies.   I have reformulated above table and introduced the “difference in event rate for the two mass hierarchies” as the merit factor. I have also used only the signal and background from the main oscillation node for the Homestake option. 

                                                         Delta(neutrinos)    Bckg           Delta(antis)   backg. 

120 GeV (0.5deg) (Homestake) 
67                      60                36                   26 
120 GeV NOVA (15 kT)                     ~14                      30                ~4                   15 

I have made the table for fixed amount of running. 30e20 POT for each polarity.  I have obtained the background and signal  rate from Stan’s table scaled down to 30E20 and the difference in signal between mass hierarchies from calculation.   This table illustrates true nature of the event rates.  

To compare the two sensitivities one could (very naively) ask what would be the increase in the running time required for the experiment with worse signal/noise ratio to achieve the same statistical significance of the signal in both experiments. For the same number of signal events this ratio would be given by the ratio of (S/(S+2B)) for the two experiments; in the case above it is 1.47 in favor of the NOvA experiment. 

I point out that the background level used for the Homestake is from the entire spectrum, where as the signal is confined to a narrow range of energies. Only about ½ of the background level should be used.  With this, in fact, the figure of merit becomes in favor of the Homestake experiment. But this analysis is incorrect for determination of the mass hierarchy.  As I have displayed above, the figure of merit in the case of mass hierarchy is overwhelmingly in favor of Homestake.  

Clearly such a viewpoint is very much oversimplified. A legitimate argument can be made that the wide beam experiment has also the spectrum information which can provide a lot of information. More specifically the relative behavior of the signal in the first and second maxima is quite sensitive to the relative differences induced by different CP phase and mass hierarchy. In reality, however, the statistics and signal to noise ratio are so poor in the 2nd oscillation maximum region (~1 GeV) that I find it hard to believe that it provides much information. The statistical significance of the total signal in the 0.5-1.5 GeV region is around 1.5 sigma on the average and the difference between different hypotheses about a third of that. I believe that the gain from the spectrum information comes mainly from the 1st oscillation peak region - around 3 GeV. Thus this gain would be comparable in NOvA if spectrum information is also used there in the analysis. I am told that this is currently under study.

The exercise was already attempted for the FNAL/BNL study and was shown to be of limited use for the off-axis narrow band beam. NOVA will not have sufficient statistics as shown above for 30e20 POT to allow a spectral fit. 

Furthermore, spectrum information is much more subject to systematics, especially for nue events where the major background comes from the feed-down (of misinterpreted NC events) from higher nu energy events. Thus understanding of the neutrino spectrum is much more important, but also much more difficult, than for the off-axis beam where the spectrum in the detector is determined mainly by the beam-detector geometry. Personally, I find it very difficult to judge the impact of systematics without knowing the nature and location of the Near Detector and the method to be used to obtain the Far Detector neutrino spectrum and the contributions from various background sources. I think knowing the details of the Far Detector design is also essential if one is going to estimate the background accurately.    

I am astonished at the comments about details. 

There have been at least 5 independent calculations of the backgrounds and sensitivity.  I do not recall any project in recent history that has been subject to such detailed and hostile scrutiny.   I should remind the committee and Stan that there were a series of workshops and  long periods for the study in last two years.   I am also astonished at the criticism about systematics.   We are using the same level of systematic uncertainties as any recent proposed project, NOVA, T2k, etc.   It is generally accepted that 5% level can be achieved with modest amount of   work.  In any case, for the initial 100 kt detector, it has been shown that systematics are not the limiting factor. 

I believe the systematics for the off-axis beam are in fact much more difficult because of the uncertainties in the spread of angle that the near detector extends.   There is also the problem of azimuthal symmetry of the beam for off-axis.  

Finally, I repeat that the most important differences between the Homestake  and NOVA proposals are   A) the size of the detectors, and B) the distance. The larger statistics and higher matter effect makes the Homestake experiment far more sensitive to the mass hierarchy.  

Below I would like to respond to some of Gary’s comments. 

Amount of running:  See my comments above in respose to Stan. 

Binary decision:  I do not understand what is meant by “the mass hierarchy is a binary decision”. All important physics measurements are binary decision: neutrinos either oscillate or don’t oscillate, proton either decays or does not decay.   Such decisions need high degree of confidence. NuSAG did not accept the argument that a low confidence value is sufficient for the mass hierarchy decision.  

Pretty plots:  We agree that the CP phase measurement plots are pretty. It is because our calculations involve much more detail and scrutiny than Niki’s.   We do not claim that CP violation can be established with high degree of confidence with a 100 kT detector. Nevertheless, we like to draw a distinction between establishing CP violation versus measuring the value of the phase (delta).  A 100 kT detector will lead to a decent measurement of delta in wide regions of parameter space.   

DUSEL is far:  This has been one of the criticisms for the last 5 years.  DUSEL is now near. 

FNAL must run accelerators: No comment. 
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