14

PRESENT AND FUTURE SOLAR NEUTRINO EXPERIMENTS

Till A. KIRSTEN

Max-Planck-Institut für Kernphysik Heidelberg, P. O. Box 103 980, D - 69029 Heidelberg, Germany

ABSTRACT

All five solar neutrino experiments that have produced data show signals that are significantly above zero but short relative to standard solar model expectations. This cannot be due to ‘solar physics’. Instead, neutrino mass mediated neutrino flavor changes yield a consistent explanation. No viable alternatives have yet been suggested. Future experiments aim for full solar neutrino spectroscopy. Upcoming projects and potential future experiments are shortly summarized.

1. Available data

The neutrinos that are produced in the solar fusion reaction chains reflect the conditions in the stellar interior. If the model predictions for the expected neutrino fluxes are firm, then the solar neutrino experiments can also test neutrino properties during propagation along the 150 million kilometer 'baseline' between 'source' and detector. So far, results have been acquired with five solar neutrino detectors: Homestake1), Kamiokande2), Superkamiokande3), Gallex4), and Sage5). The Kamiokande experiments are real time water Cerenkov detectors based on neutrino-electron scattering whereas the others are radiochemical experiments using inverse beta decay respectively on 37Cl (Homestake, observing 37Ar) and on 71Ga (Gallex and Sage, observing 71Ge). All the experiments have been thoroughly described before and this is not repeated here. We mention however that the gallium experiments have undergone performance tests with strong 51Cr low energy neutrino sources6,7). In addition, Gallex has been verified with high statistics in a spiking experiment where 71As was added and decayed in 71Ge8) within the gallium target. 

The major results from the five available experiments are compiled in Table 1 and compared to the expected values based on the Standard Solar Model (SSM). A shortage of the measured signal relative to expectation is apparent in all cases. The last line of the Table gives the magnitude of the absolute deficit, 


 ( = Sth - Sexp    
   


     


 

expressed in units of the -1( error, | - (( | , obtained by quadratic addition of the errors + (Sexp and - (Sth. This allows to examine and to judge the significance of the minimal absolute deficit. Here, Sth is the theoretical SSM-expectation value according to
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Table 1: Results from all five solar neutrino experiments, S_, compared to the
theoretical signal, S,. Quoted errors are all 1. Experimental errors include systematic
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Bahcall et al.9), Sexp is the signal measured experimentally. The unit used for Sx is a production rate in SNU for radiochemical experiments and an absolute 8B-neutrino flux in 106/cm2s for Kamiokande and Superkamiokande. 

We note from the table that:

- All solar neutrino experiments observe a signal above zero,

 - All solar neutrino experiments observe fewer neutrinos than predicted from stellar theory, 

- The reduction factor R-1 = Sth / Sexp is ( 3 for Homestake and ( 2 for the other four

   experiments.

The reliability of the experimental results and their quoted errors is discussed by us in 10).

 To take the uncertainties of the theoretical model predictions at face value implies that all solar physics processes and input data are considered to be well known and that the quoted spread also covers the range of results obtained for standard solar models by the various authors. While this is generally the case and supported in particular by the recent helioseismological observations11), some of the input data (cross sections, opacities) still have appreciable errors. This is considered in the evaluation of (Sssm , whereby individual input errors are added in quadrature (see 9) for a recent discussion of the reliability of SSM-predictions).

To illustrate our discussion, we show in Fig.1 by proxy the results for Homestake, Superkamiokande, and Gallex. In this graph, the expectation value Sth is set equal to 100 % . The relative errors (Sexp/Sexp and (Sth/Sth are shown individually at the ( 2(-level, such that missing overlap assures a significant deficit with > 95 % confidence. 

Experimental 2(-errors are ( 7 % for Superkamiokande and of the order of 20 % for the other four experiments. The 2(-error for the prediction is ( 12 % for gallium and of the order of 35 % for the other experiments. With error propagation in quadrature for the experimental result and for the prediction, the 2(-uncertainties for the observed absolute deficit, (, range from 30 % to 70 % of that deficit. In other words, even in considering the minimal case, deficits survive at >> 95 % c.l.  Expressed in units of the uncertainty, ( = - (( , the absolute deficits are ( ( 2.9( for Kamiokande and Superkamiokande; ( ( 5( for the chlorine experiment; and ( ( 5.3( for the gallium experiments (Tab.1).  

2. Interpretation

Until 1990, most attempts to ‘solve the solar neutrino problem’ focused on solar physics. The most noticeable exception was the suspicion of a time dependence of the 8B-neutrino flux and it’s eventual explanation by magnetic interactions between neutrinos and strong magnetic fields in the convection zone of the Sun12). This would imply a non-zero magnetic moment of the electron neutrino, a drastic departure from the standard model of weak interactions. 

[image: image2.png]Results of Solar Neutrino Experiments

= SSM predicted proportions

pptpep
base deficit pred._)5  prediction pred+2G
- 140
O
+3 120
O 2
S O
(D) 100 !
S
s ®
2
(-
O 40
-+
C
(D) 20
O
O
0
al

Homestake S.-Kamiok. Gallex




Figure 1: Major results from the Homestake, Superkamiokande, and Gallex solar neutrino experiments. The SSM expectation values 9) are set = 100 %. Also shown are the ( 2( uncertainties individually for experiments and predictions (95 % c.l.). Observed are (33 ( 6) % for Homestake, (47 ( 3) % for Superkamiokande, and (60 ( 12) % for Gallex (2(, experimental errors only). Sources of data are summarized in Tab.1. The spectral composition of the expected signal according to the SSM is shown for the individual experiments in the columns displayed on the left of the major data bars. Statistically significant neutrino deficits (i.e., a shortage of the measured neutrino capture rate relative to the prediction) are evident in all cases. 

After 1990, the emphasis in solar neutrino research shifted from solar physics to particle physics as the most likely cause of the missing electron neutrinos. This change in attitude evolved from the emergence of the new experimental data, supplied by Kamiokande, Gallex, and Sage. A plain reduction of the 8B-neutrino flux was no longer sufficient to reproduce the data.  

To explain the situation after Kamiokande, a suppression mechanism was indicated that is more effective for 7Be-neutrinos than for 8B-neutrinos. More general, the flux in the energy range covered only in Homestake but not in Kamiokande (0.8 - 7.5 MeV) should be more depressed than in the range above 7.5 MeV. This was a strong hint for neutrino oscillations to be involved. To check on this possibility, it was necessary to get data from an experiment in which the production rate is not dominated by the tenuous 8B-neutrinos but by pp- and 7Be- neutrinos. Both branches are robust; few possibilities exist to affect the expected rate by model- or input changes. 

Gallium experiments have this quality (see Fig. 1). The expected signal for the gallium experiment is 129 ( 8 SNU. The pp neutrinos contribute 73 SNU, equal to 57 %. The second largest contribution (34 SNU) is from 7Be neutrinos. 8B neutrinos are not distinct in the Ga signal, their theoretically expected contribution is only 9 %. 

The Gallex result is 78 ( 8 SNU, about 60 % of the 129 SNU expected in the Standard Solar Model. To partition this rate we recall that the 8B-neutrino flux is known from Superkamiokande. It accounts for 6 SNU in Gallex. This leaves 72 SNU for pp- and 7Be-neutrinos together, about as much as required for pp-neutrinos alone.  The most conservative approach is to assign the available signal with priority to pp-neutrinos, because this branch is absolutely fixed to the solar luminosity. If this is done, no room is left for 7Be-neutrinos in the signal. This is puzzling because 8B is made from 7Be (7Be + 1H ( 8B + ( ). About half the 7Be that is predicted in the standard model must be present in the Sun in order to account for the 8B-neutrino flux that has actually been observed by Superkamiokande. 

The missing 7Be neutrinos constitute a new solar neutrino problem. The prediction of the 7Be-neutrino flux (PPII-branch) is coupled to 11% of the solar luminosity and is not easily changed. Solar physics cannot account for the product, 8B , without the seed, 7Be. Ironically, the strength of the argument comes from the 8B-neutrinos that are observed, not from those that are missing. 

Initially, the full predicted value for the SSM was still within 2( of the Gallex I result. In the following years, the errors shrunk and the 7Be-deficit became significant13,14). At present, with a 1( error of ( 8 SNU, it is practically inescapable to conclude 7Be-neutrino disappearance for reasons that are not related to solar physics. Neutrino flavor changes remain as the only known possibility for a consistent explanation of the experimental evidence.

3. Neutrino oscillations 

The effective conversion factor for the transformation of electron neutrinos in neutrinos of other flavors or in sterile neutrinos, along the baseline between Sun and detector, depends on the neutrino mass parameters, the mixing angles, and the neutrino energy. The energy dependence qualifies the mechanism to account for the observed neutrino data. For vacuum oscillations, the oscillation length L is proportional to

L ( E( / (m2, where (m2 = (m(12 -  m(22(  and m(i is the mass of the mass eigenstate (i.   

    Another viable option is Mikheyev-Smirnov-Wolfenstein (MSW)-oscillations15). This mechanism is caused by coherent forward scattering of neutrinos on electrons, together with the flavor asymmetry in the dense solar medium (absence of muons and tauons). The effect has resonance character; maximum mixing is possible even if vacuum mixing angles are small. 

    In Fig. 2 we show the characteristic depression factors for the scenario with matter enhancement (MSW-effect). Bahcall, Krastev, and Smirnov16) have analyzed all available experimental data. This includes, apart from the measured rates, also the day/night, zenith angle and spectral data from Superkamiokande17) . The best fit for all available data is obtained with the 'small angle MSW-solution'.  It is centered at (m2 » 5.4 × 10-6 (eV/c2)2; sin2(2q) » 6 × 10-3 or, q » 2.2°. In this solution, the pp-neutrinos (E < 0.42 MeV) are left intact as (e , most or all 7Be-neutrinos (0.86 MeV) are strongly converted, and 8B-neutrinos (up to 14.1 MeV) are partially converted, particularly effective below ( 6 MeV; see Fig. 2 for verification. Vacuum oscillations centered at (m2 » 6 · 10‑11 (eV/c2)2 and sin2 (2q) » 0.8 are also consistent with the data (see Berezinsky18) in these Proceedings). 

4.  Neutrino mass

Neutrino oscillations imply non-standard neutrinos and 'new physics', irrespective of particular theoretical models. The most natural approach is to assume a seesaw neutrino mass mechanism (see e.g.19)) and to assign the dominant mixing of solar neutrinos to ne « n(  within a regular lepton-quark mass hierarchy, with 

m(ne) << m(n(). This leads to a mass estimate for the muon neutrino of  

m((() » 2.2 meV and a mixing angle of  q = 2.2° ('small angle solution', see 18)).

     The most likely neutrino mass scheme is shown in Fig. 3. If lepton-quark family mass scaling according to m((e) / m(n() ( mu2 / mc2  holds, the electron neutrino mass is very small, of order m(ne) » 10 neV. 

    An estimate for the mass of (( in this pattern could be deduced from atmospheric neutrinos at ( 0.07 eV/c2 (Superkamiokande Collaboration)20), see below.

If the seesaw scenario is valid, it seems impossible to measure the neutrino mass (of any flavor) in direct experiments because of it's smallness.  Another consequence would be that neutrinos could not substantially contribute to hot dark matter. We note, however, that the seesaw mass hierarchy is not the only possibility, other schemes with more or less degenerate neutrino mass relations are also possible (e.g.19,21)).
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Figure 2: Survival probabilities of (e arriving on Earth after MSW-transformations as function of neutrino energy (annual averages). 

"SMA" = small mixing angle solution, (m2  = 5.4 · 10-6 (eV/c2)2 , sin2(2() = 6 ·10-3  "LMA" = large mixing angle solution,   (m2 = 1.8 · 10-5 (eV/c2)2 , sin2(2() = 0.76
It is seen that for the small angle MSW-solution, pp-neutrinos are left intact, 7Be-neutrinos are strongly depressed, and 8B-neutrinos are partially reduced, in particular towards lower energies (<10 MeV). Figure after Bahcall, Krastev and Smirnov16).

__________

There is no doubt that neutrino oscillations are a viable interpretation of the solar neutrino data. But is this the only possibility? How compelling is the evidence for new physics from solar neutrinos?  In the following, we summarize the present situation.

- The experimental results from five solar neutrino experiments and their error estimates are basically reliable.

- Helioseismological observations confirm that the Standard Solar Model is a very good model.

- The sizable flux of 8B-neutrinos observed is logically incompatible with the near absence of 7Be in the Sun as suggested by the paucity of low energy solar neutrinos. This conflict is not traceable to a solar model deficiency resolvable by fine-tuning or changes in the central temperature of the Sun.

- Just to lower ad-hoc the central temperature of the Sun is not sufficient to explain the data.

- Neutrino flavor conversion can consistently account for all solar neutrino data.

- No plausible alternatives have yet been suggested.

    In conclusion, the evidence is between convincing and overwhelming, however, there is no 'smoking gun'. The evidence is indirect and based on (e disappearance. In many respects, the situation is similar to the case of the ((/(e anomaly observed for 
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Figure 3:  Plausible neutrino mass scheme deduced from 

· solar neutrino data ((()

-     atmospheric neutrino data ((()
· lepton-quark symmetric mass scaling ((e)

See text for underlying assumptions. Note that in a ‘natural’ hierarchy, it is the heavier partner of the dominant oscillation whose mass is dominantly revealed. 

The quoted masses are supposed to indicate only approximate ranges, rather than exact values.

______

cosmic ray produced atmospheric neutrinos by the Superkamiokande Collaboration20) :

convincing, yet indirect. The mass difference deduced for these data in terms of MSW-oscillations that occur during the neutrino passage through the Earth is (m2 ( 3 · 10-3 (eV/c2)2 22) .This is much larger than for the solar neutrino solution, (m2  ( 5 · 10-6 (eV/c2)2. It is consistently explained as result of  (( - (( oscillations, leading to a value for m(n() of ( 70 meV (Fig. 3). This explicit mass of (( is somewhat ill-defined because the solution is found for nearly maximal mixing.

     Fitting the same scheme (MSW), the 'solar' evidence and the 'atmospheric' evidence tend to support each other and increase the probability that their interpretation reflects the truth. Continued efforts are needed for the direct proof of neutrino mass, solar neutrino physics remains to be an active field.

5. Future experiments 

5.1 Transition phase

The indications of non-standard physics from solar neutrino observations are of central importance in modern physics. To follow up on these indications, most of the present experiments continue to operate or will even be upgraded.

     At least for pp-neutrinos, the radiochemical method (gallium detectors) will remain without alternative for the next 5 years. This is the motivation for the Gallium Neutrino Observatory (GNO)24), the follow-up project of Gallex. Data recording started at Gran Sasso in April 1998 25). The plan is to register pp-neutrinos for a full solar cycle. Upscaling up to 100 tons of gallium is envisioned. Also, a new cryogenic calorimeter method for 71Ge detection with superior efficiency is developed. Ge is deposited as 

metal between two absorber crystals connected with superconducting phase transition thermometer (SPT) readouts. The combination of more gallium and higher efficiency would further reduce the errors. It is intended to reduce the total error to 5% for a close examination of the time constancy of the pp neutrino flux. If the error is reduced that far, GNO may be able to exclude standard (massless) neutrinos without any reference to solar models. 

     Superkamiokande will continue to collect high statistics solar neutrino data. Daily, seasonal, and overall variations can be recorded and a statistically significant Kurie-plot of the 8B-neutrino spectrum should be obtained. This will test in particular the small angle MSW solution of the solar neutrino problem.

5.2 Upcoming experiments that are already in an advanced state 

The overall program for solar neutrino observations aims for full spectroscopic information and eventually for a direct proof of neutrino oscillations (appearance experiment). A general tendency is to develop technologies that allow lowering the threshold of real time detectors by substantial background reductions. The progress of

real time detectors will determine also the future of radiochemical experiments.

    Many new projects are in preparation 23), they are summarized in Tables 2 and 3. However, at most five of them will definitely go into operation during the next 5 years, each with at least some new specific quality. 

- SNO (Tab. 2) is a 1 kiloton heavy water real-time Cerenkov detector for 8B neutrinos in the Creighton mine in Sudbury, Canada. Data taking is planned to start this year (1999)26). The main goal of SNO is to measure not only the spectral shape of 8B neutrinos > 6.5 MeV in the charged current reaction, but also the ratio (( e / (( all  , that is, to search for neutrino oscillations not only through disappearance of (e but in effect also through  appearance of (( and ((. This is possible since the disintegration of the deuteron into its nucleons is a neutral current reaction and occurs irrespective of neutrino flavor. In this case, the event signature is a 6.25 MeV - ( followed by the detection of the neutron, either by capture on added 35Cl or by means of 3He counters.   
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-  BOREXINO (Tab. 2) is a 100 ton liquid scintillation detector devoted specifically to the detection of 7Be-neutrinos through neutrino-electron scattering27,28). Electron - neutrino scattering is dominated by (e since the cross section for the charged current reaction is about 6 times that for neutral current scattering of (x. Scintillation detectors have superior light output and better energy resolution compared to Cerenkov-detectors. They can operate at much lower energy if and only if the internal background can be reduced to acceptable levels. This requires extreme radiopurity, especially for 14C and nuclides from the U,Th-decay series. In a pilot experiment (CTF = counting test facility) it has been shown that backgrounds can be kept at the required level down to a neutrino energy threshold of ( 0.5 MeV, sufficient to detect the flux of 862 keV 7Be- neutrinos. This flux would be rather high if the SSM applies. If it were found to be strongly reduced or absent, this would confirm the 7Be-problem encountered in the gallium experiments. The detector is now under construction at Gran Sasso and planned to go in operation in the year 2001.

- A detector quite similar to Borexino is KAMLAND29) (Tab. 2), at the site of the old Kamiokande detector in Japan. However, it is primarily devoted to be used for an intermediate long baseline experiment to detect reactor antineutrino oscillations. Only if the design purity would be substantially increased could it also be used for solar neutrino detection.

- Iodine at Homestake30) (Tab. 2) took data with a first pilot module (100 tons of iodine). In many aspects this radiochemical experiment resembles the Chlorine Experiment. It has a much higher, but not well known production rate and benefits from a EC / ( - coincidence in the 127Xe decay. From the beginning the experiment will operate in the alternating day/night extraction mode.

- ICARUS31) (Tab. 3) is a fine-grained multipurpose liquid argon drift chamber which can also be used to detect solar 8B-neutrinos above  ( 6 MeV. It is sensitive to both, c.c and n.c. reactions and to e - ( scattering. A first 600 ton module is in preparation at Gran Sasso, the final goal is a 6 kiloton detector. It should register the 8B-neutrino spectrum with high resolution in a relatively short time of running. 

5.3   Further experiments and possibilities

In the following we describe interesting conceptions and ideas of more or less promising new solar neutrino experiments. Intense work of many years is involved in some them, others are at present just "good ideas". Common to all of them is that at this time one can not judge if or when they could eventually become real solar data taking experiments since either the physics (mostly background), the technology (large scales), the funding, or all of them are unsolved. Notwithstanding, some of these proposals may sometime later play an important role and the development of at least one real time pp-neutrino detector is an absolute must for the future of solar neutrino spectroscopy.

     Radiochemical Lithium experiment  (Tab. 2)32). Early studies of the system

7Li ((e, e-) 7Be by Davis were aimed at the organic solvent extraction of Be from liquid Li metal but the unsolved problem was the detection of 7Be. The only detectable radiation emitted from 7Be are 43 eV Auger electrons. Now the Genoa group has made remarkable progress with a low temperature micro-calorimeter33) and joined with the INR group to rejuvenate the project. A detector as small as 10 tons of Li could be sufficient. With respect to energy, the expected signal would be rather non-specific since none of the (-sources above the threshold of 0.86 MeV is clearly dominating the production rate. 

     Radiochemical liquid Xenon experiment34) (Tab. 2). The idea is to extract by ion collection techniques 131Cs from 131Xe((e, e-)131Cs out of 1 kiloton of liquid xenon and to detect it with semiconductors. 7Be and 8B-neutrinos would contribute in about similar quantities. 

    We may remark here that for 8B-neutrino detection the radiochemical method has been overtaken by present 'state of the art' real-time detector technology. In view of the experimental errors, it is an artificial argument that data from radiochemical detectors (sensitive only to c.c.) can serve to distinguish from signals obtained with real-time detectors  (sensitive to c.c. and n.c.). 

    The HELLAZ project35) aims for real time pp-neutrino detection by (-e scattering (Tab. 2) using a high pressure, low temperature He- time projection chamber. Extreme radio-purity is required for an effective threshold energy as low as 200 keV, helium is favorable in this respect. Some lab-scale testing has been performed, but the realization of the envisioned 10 ton detector is rather far away. 

    An approach quite similar to Hellaz but using some advantages of gaseous tetrafluorocarbon instead of helium is investigated in the Super-MuNu project36) (Tab. 2). Such a TPC is primarily developed to determine the magnetic moment of the neutrino but it has also the potential for solar pp-neutrino detection. Like in all these ambitious low-threshold experiments, success depends on the practical solution of the background problems in the full scale detector. Up-scaling from small models by more than a factor of five in one step is highly questionable. 

     Borexino is the only actively pursued liquid scintillation detector, but the attractive feature of being able to simultaneously detect charged current reactions (often with convenient coincidences), neutral current reactions, and (-e scattering has led to the consideration of quite a few potential experiments, either with the target isotope being part of the scintillator (e.g. hexafluorobenzene in the Fluorine experiment 

[19F((e,e-)19Ne*, Tab. 3] 37), or by dissolving the target in the scintillator. In this way, with some knowledge of chemistry, almost any desired nuclide becomes feasible for investigation. The first such attempt was the Indium Scintillator experiment 

(115In ((e,e-)115Sn* 38) ). The initial hope to benefit from the low threshold of 128 keV to detect pp-neutrinos failed because of the natural activity of 115In, but with the electronic threshold raised to about 600 keV, indium could still make a very good detector for 7Be-neutrinos. However, such a project is not presently pursued since Borexino is more advanced for 7Be-neutrino detection. Borexino (see above) is the stripped down version of the initial BOREX proposal (with 11B in trimethylborate dissolved in the scintillator) by settling for (-e scattering only.

     Another recently proposed scheme, also with low threshold for 7Be- and even pp-neutrino detection, is LENS (low energy neutrino spectrometer) 39). This project could well become the ultimate low energy real-time detector for all neutrino branches, including pp-neutrinos. It would use ytterbium- or gadolinium loaded scintillator for 

176Yb (ne , e-) 176Lu*  ( E( > 245 keV);    or  160Gd (ne , e- )160Tb* ( E( > 301 keV).

Characteristic electron-gamma coincidence signatures could help to achieve the required background reduction at very low energies. In this way, real neutrino spectra should become measurable. 

     Also considered are solid scintillator crystals such as LiI(Eu)40) (Tab. 3) or ionization semiconductors such as gallium arsenide crystals (Tab. 3)41). 

     For the far future, real technological breakthroughs can be hoped for from cryogenic particle and quasi-particle detectors. The importance of spectral measurements of pp-neutrinos has motivated  the HERON project (Tab. 2) 42). This is planned as a ballistic roton detector using 10 tons of superfluid helium at 20 mK. Excitons from (-e scattering have long ranges at very low temperature. Their action is transmitted to the surface of the extended liquid helium target. At the surface, rotons evaporate He atoms, which are detected by means of micro- calorimeters (Si wafer plus thermistor).  

    Bolometers:  Owing to the very small specific heat at very low temperature, dielectric crystals (e.g. Si, Ge, Al2O3 [saphire single crystals], alkali halogenides) experience a sizable temperature rise upon energy deposition. This can be measured with a thermistor or a SPT. Promising advances are reported by the Milano group on sodium bromide for neutrino capture on 81Br (Tab. 3)43). Earlier, lithium fluoride cryogenic bolometers had been proposed for inverse beta decay on 7Li, in particular by pep-neutrinos (Tab. 3) 44), and even gallium single crystals at low temperature may have some advantages over the above mentioned idea of gallium arsenide semiconductors. 

     Finally we mention the possibility of using real superconductivity for solar neutrino detection. Here one records with tunnel junctions the charge created by Cooper pair breaking due to (quasi)particle excitation in the superconductor. The best known project of this type is pp-neutrino detection in superconducting indium antimonide (Tab. 3) 45). 4 tons of superconducting crystals are required for a capture rate of just 1 per day, obviously there is a long way to go for this type of detector.

     We close by noting that at least some of the experiments mentioned in this section seem feasible in principle, but whether any one will be carried out with success remains an open question. All solar neutrino experiments are expensive and time consuming projects. All other problems assumed to be solved, only after full scale installation will one know for sure whether the backgrounds in a particular experiment are manageable.
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