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NEUTRINO OSCILLATIONS EXPERIMENTSAT FERMILAB �Adam ParaFermilab, Pine St., Batavia IL 60510, USA(Reeived May 1, 2000)Neutrino osillations provide an unique opportunity to probe physisbeyond the Standard Model. Fermilab is onstruting two new neutrinobeams to provide a deisive test of two of the reent positive indiationsfor neutrino osillations: MiniBOONE experiment will settle the LSNDontroversy, MINOS will provide detailed studies of the region indiatedby the SuperKamiokande results.PACS numbers: 14.60.Pq, 14.60.Lm1. IntrodutionNeutrinos are speial. They are the only elementary fermions whih areneutral, thus they an be their own antipartiles. Their masses (if non-zero) are several orders of magnitude smaller than those of harged leptonsor quarks. These two fats may be, in fat, related: with both Dira andMajorana, masses present, the neutrino mass eigenstates will naturally split,with the light mass eigenstate beingm� � m2DmR : (1)If the Dira mass mD is of the order of a typial quark or harged leptonmass and the right-handed Majorana mass is of the order of the GUT sale,the left-handed neutrinos would then have a mass well below 1 eV.Diret measurements of the neutrino masses are very di�ult; experi-ments so far have been able to yield only upper limits. The best limit anbe set for the �e from tritium � deay, whih is of the order of 1 eV [1℄. Avery similar limit, although dependent on the assumed Majorana nature of� Presented at the Craow Epiphany Conferene on Neutrinos in Physis andAstrophysis, Craow, Poland, January 6�9, 2000.(1313)



1314 A. Parathe neutrino, is derived from the measured rates of the neutrino-less doublebeta deays. Mass limits for other neutrino speies are onsiderably worse:m�� < 170 keV from the deay of harged pions and m�� < 24 MeV fromthe deay � ! 5�� + �� . Neutrino osillations o�er the only pratialmeans to unravel details of the neutrino mass spetrum.2. Neutrino osillationsIf neutrinos have masses, we may expet in analogy with the quark setor,that the weak interation eigenstates are mixtures of the mass eigenstates�1; �2; �3, with the CKM-like mixing matrix U [3℄U = 0� Ue1 Ue2 Ue3U�1 U�2 U�3U�1 U�2 U�3 1A (2)usually parametrized as0� 1312 13s12 s13e�iÆ�23s12 � s13s2312eiÆ 2312 � s13s23s12eiÆ 13s23s23s12 � s132312eiÆ �s2312 � s1323s12eiÆ 1323 1A ; (3)where sij = sin#ij and ij = os#ij and #ij is the mixing angle of �i and �j.Di�erenes of mass eigenvalues will lead, through di�erenes in timeevolution of the omponents of the wave funtion, to the phenomenon ofneutrino osillations: [2℄ the beam of neutrinos of a given �avor, say ��,will be observed as a mixture of all three neutrino �avors after a ertaindistane L. Frequeny of these osillation is governed by �m2ij = m2i �m2j .For example, starting with a pure �� beam and assuming j�m212j �j�m223j, we would expet probabilities of deteting of ��, �e and �� to beP (�� ! ��) = 1� 4U2�3 �1� U2�3� sin2 ��m223L4E � ;P (�� ! �e) = sin2 �23 sin2 2�13 sin2 ��m223L4E � ;P (�� ! �� ) = os4 �13 sin2 2�23 sin2 ��m223L4E � ; (4)where E is the neutrino beam energy and L is the distane of the detetorfrom the neutrino soure.At present, there are three experimental indiations, shown in Fig. 1,that the neutrino osillations might, in fat, our in nature:
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Fig. 1. Summary of possible indiations for neutrino osillations1. Solar neutrino de�itThe �ux of solar �e measured in several experiments is about 50% ofthe �ux expeted in the Standard Solar Model. This large disrepanyis unlikely to be aused by our ignorane of the physis of the Sun;it an be interpreted as a result of �e ! �x osillations. The �m2responsible for these osillations would be of the order of 10�10 eV2 ifthe osillations our in a vauum, or 10�5�10�4 eV2 if the osillationour in matter via the MSW e�et.2. Atmospheri neutrinosThe SuperKamiokande detetor [4℄ has been used to detet intera-tions of atmospheri neutrinos. The results show depletion of the ��interation rate as a funtion of the zenith angle, while the �e inter-ation rate is onsistent with the expetations [4℄, as shown in Fig. 2.The observed depletion is onsistent with the hypothesis of neutrinoosillations and strongly suggests �� ! �� osillations with a verylarge mixing angle and a �m2 in the range 0.003�0.01 eV2 [5℄.
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cosθFig. 2. Zenith angle distribution of atmospheri �e and �� events observed inSuperKamiokande experiment.3. LSND experimentAn 800 MeV proton beam at LAMPF was used to produe pions,whih were subsequently stopped in the absorber. A liquid sintilla-tor detetor reorded an exess of 82:8 � 23:7 �e interations abovethe expeted bakground of 17:3 � 4 events. These interations areonsistent with the hypothesis of �� ! �e osillations (Fig. 3), if theosillation parameters are in the region shown in Fig. 1. Neutrino os-illations in the large mixing angle region are exluded by the reatorexperiments. The large �m2 region is exluded by CCFR and NO-MAD experiments, but the possibility of the neutrino osillations inthe region 0:3 < �m2 < 2 eV2 remains open.Developing a onsistent interpretation of the data shown in Fig. 1 isdi�ult. Three di�erent massive neutrinos allow for only two independent�mij. Most of the proposed senarios invoke a new, hitherto unknown,sterile neutrino or postulate that some of the experimental results are not,in fat, manifestations of the neutrino osillations.
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Fig. 3. Energy distribution of the exess �e interations observed in the LSNDdetetor.Given the potential importane of the neutrino mass setor, the followingquestions pose an experimental hallenge in the near future:� Are all three indiations really examples of neutrino osillations?Observation of osillatory behavior as a funtion of distane and/orneutrino energy, would be partiularly onvining proof. Seasonal orday�night variation of the solar neutrino �ux ould serve as a proofof the solar neutrino osillation hypothesis. Observation of energydependene of the disappearane of the �� �ux is also possibility inthe atmospheri or LSND regions.� What are the osillation modes?The LSND result implies �� ! �e osillations. What are the osillationmodes responsible for the solar neutrino e�et? The atmospheri neu-trino de�it? Are there sterile neutrinos? Preliminary results from theSuperKamiokande experiment shown in Fig. 2 disfavor suh a possibil-ity as the dominant osillation mode, beause matter indued e�etswould lead to a small redution of the observed de�it.� What are the osillation parameters?What are the patterns of the �m2ij? The mixing angles? What are theelements of the lepton mixing matrix? Are there dominant and sub-dominant osillation modes orresponding to eah osillation frequeny(�m2)?



1318 A. Para� The presene of the phase fator e�iÆ in the mixing matrix U impliesa possibility of CP-violating e�ets in neutrino osillations. How largeare they? What is the value of Æ ?Studies of osillations in the solar neutrino region require extra-terrestrialdistanes and/or very low energy neutrino soures, suh as nulear reators.Osillations in the atmospheri neutrinos region or the region indiated bythe LSND experiment lend themselves to studies with neutrino beams pro-dued in the laboratory. Suh investigations of the neutrino osillations arean important part of the sienti� program at Fermilab.3. Fermilab aelerators and neutrino beamsThe �agship of the Fermilab high energy physis program is the TevatronCollider. Reent upgrades of the aelerator infrastruture were spei�allydesigned to boost the luminosity of the Collider and at the same time toenable a �xed-target program, like neutrino experiments, to be arried si-multaneously with the Collider experiments. Two of the existing Fermilab'saelerators are being used to produe neutrino beams: the 8 GeV Boosterand the newly onstruted Main Injetor.3.1. 8 GeV booster neutrino beam (MiniBOONE)The Booster is the oldest part of the of the aelerator omplex at Fer-milab. Upgraded to 400 MeV injetion in 1993, it is apable of delivering upto 5 � 1012 protons per pulse. In the past, it was operated at 2:5 Hz, butafter improvements of its pulsed magnets, its repetition rate an be as highas 7:5 Hz.A Booster [7℄ neutrino beam is under onstrution. An 8 GeV protonbeam is extrated onto a titanium or nikel target. Two magneti hornsfous seondary pions and kaons, their fousing power being optimized for3 GeV seondaries. The seondary beam has a relatively short deay pathwhih an be varied from 25 to 50 m. A variable deay path will provideadditional information on the �e omponent of the beam.Combining the high proton �ux with a high e�ieny horn fousing willprovide a high �ux neutrino beam, yielding over 2,000,000 �� interationsper kton-year at a distane 500 m from the soure. The neutrino �ux willhave a maximum around E� = 1 GeV and an exponential high energy tailfalling to the 10% level at E� = 3 GeV.



Neutrino Osillations Experiments at Fermilab 13193.2. NuMI: neutrino beams from the Main InjetorThe Main Injetor aelerator is a 150 GeV proton synhrotron on-struted to replae the original Fermilab Main Ring. It is expeted to serveas a high intensity, fast-yling aelerator for antiproton prodution, asan injetor into the Tevatron and simultaneously to support �xed targetexperiments using 120 GeV protons.It is expeted that after the ompletion of the NuMI onstrution projet,the Main Injetor will be able to deliver 3:6�1020 protons per year onto theNuMI target, in parallel with the simultaneous support for the antiprotonprodution for the Tevatron Collider experiments.The high intensity and high repetition rate of the Main Injetor o�ersan opportunity for neutrino beams of unpreedented intensity, thus reatingan opportunity for long baseline neutrino osillation experiments. The MainInjetor will aelerate 6 bathes of 8� 1012 protons eah with a repetitionrate of 1.9 ses. One of these bathes will be used for antiproton prodution,while the remaining �ve bathes will be extrated onto the neutrino target.Seondary pions and kaons will be olleted and foused using a system oftwo paraboli magneti horns, and subsequently they will produe a neutrinobeam by deaying inside a 675 m long deay pipe. The beam optis isdesigned to allow tuning of the neutrino beam energy by moving the fousingelements (horns) in a manner similar to a zoom lens. The energy spetraof three possible beam on�gurations are shown in Fig. 4, together with a

Fig. 4. Neutrino beam spetra for di�erent NuMI beam on�gurations



1320 A. Paraspetrum of a hypothetial beam, where all of the seondary partiles wereolleted and allowed to deay. The NuMI beam design provides overalle�ieny of the order of 50%; in all three beam on�gurations.4. MiniBOONE experiment: heking the LSND resultThe primary goals of this experiment are:� Unambiguously on�rm or disprove the existene of the neutrino os-illation signal suggested by the LSND experiment.� Provide preise measurements of the osillation parameters, should theexistene of the e�et be established, or improve the existing limits ifthe e�et is not on�rmed.The detetor will onsist of a 12 m diameter spherial tank �lled with 769tons of mineral oil, loated at the distane of 500 m from the neutrino soure.Cerenkov light emitted by partiles produed in the neutrino interationswill be deteted by 1220 eight-inh phototubes. The pattern of the detetedCerenkov rings will be used as a primary tool of the partile ID, as shown inFig. 5. The outer 50 m volume, optially isolated from the main detetorvolume and viewed 292 outward-pointing photomultipliers, will serve as aveto against osmi rays.
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Neutrino Osillations Experiments at Fermilab 1321The Booster neutrino beam is expeted to yield 500,000 �� quasi-elastiCC interation per year in the MiniBOONE �duial volume. The expetedsignal of the neutrino osillations, predited from the LSND results, willonsist of a sample of 1000 identi�ed �e CC interations. The main bak-ground will be due to the intrinsi �e omponent of the beam: it is expetedthat there will be 1275 events of �e from muons deays and 425 events of �efrom K deays. The bakground alulations an be experimentally veri�edby hanging the length of the deay volume. An additional handle will beprovided by the fat, that the sample of �e interations due to �� ! �eosillations will have an energy distribution di�erent from that expeted �eomponent of the beam (see Fig. 6).

Fig. 6. Expeted spetra of the exess �e interations for two possible osillationsenarios.The large size of the expeted LSND-inspired osillation signal will enablea preise measurement of the underlying osillation parameters whereas anabsene of the signal will lead to greatly improved limits on possible �� ! �eosillations, shown in Fig. 7.
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Fig. 7. Sensitivity of the MiniBOONE experiment5. MINOS experiment: measuring osillation parameters in theSuperKamiokande regionMINOS [8℄ experiment is designed to investigate neutrino osillations inthe region indiated by the atmospheri neutrino experiments. Two dete-tors, funtionally idential, will be plaed in the NuMI neutrino beam: oneat Fermilab and the seond one in Soudan iron mine, 732 km away.5.1. Two detetors neutrino osillation experimentTwo idential detetors plaed in the same neutrino beam make the osil-lation experiment relatively easy. Observed interations of �� an be dividedinto two lasses: �CC�-like, with an identi�ed � trak, and �NC�-like, muon-less. The ratio of the observed numbers of the CC and NC-like events inthe two detetors must be the same, provided that the same lassi�ationalgorithm is used. This remains quite true, even if the beam spetra atthe two detetor loations di�er slightly, as the ratio �NC=�CC is energyindependent.



Neutrino Osillations Experiments at Fermilab 1323If �� undergoes osillations, then some fration of the original �� beamwill arrive at the far detetor in an 'osillated' form. The CC interation ofthe osillated neutrino (with the interation ross setion potentially reduedby a fator � with respet to the �CC�� ) will not, in general, produe a � in athe �nal state and they will be lassi�ed as �NC�-like interations. We willhave, therefore: Near� NCnear = �near ��NC + "�CC�CCnear = �near (1� ")�CC (5)and Far� NCfar = �far ��NC + "�CC + ���CC�CCfar = �far (1� ") (1� �)�CC ; (6)where " is the fration CC interations mislassi�ed as the �NC� events, � isthe fration of the beam �osillated� and �near; far is the total neutrino �uxat the near/far detetors.The double ratio R = �NCCC�near = �NCCC�far is a partiularly sensitive mea-sure of the osillations:R = 11� � 1 + ("+ ��) �CC�NC1 + "�CC�NC : (7)R ombines the sensitivities of the disappearane experiment, 11�� term,and the appearane experiment, �� �CC�NC term. In addition R has very smallsystemati unertainty, as most of the neutrino �ux unertainties anel.The value of R will provide additional information about the osillationmode through the value of �:� = 8<: 1 �� ! �e0:2� 0:3 �� ! ��0 �� ! �sterile : (8)5.2. MINOS detetorsThe MINOS experiment will onsist of two, nearly idential detetors:one loated at the Fermilab site, some 500 meters behind the deay pipe,and the seond one, in northern Minnesota, at the distane of 732 km fromFermilab. The far detetor will be loated in a new avern, whih is underonstrution in the Soudan mine, lose to the existing Soudan II detetor.The far MINOS detetor will onsist of two supermodules, 2.7 kton eah.They will be onstruted as magnetized steel otagons, 8 m in diameter,with a toroidal magneti �eld about 1.5 T. Steel plates, 2.5 m thik, will be



1324 A. Parainterspersed with planes of sintillator strips, to provide alorimetri mea-surement of the deposited energy, with energy resolution �E=E � 0:6=pE.The ative detetor elements will onsist of strips of extruded sintillator,1 m thik and 4 m wide. Sintillation light will be olleted by waveshifting�bres and read out by Hamamatsu M16 photomultipliers. The �ne granular-ity of the sintillator strips will allow them to be used as a traking detetorto measure muon trajetories and determine the muon momentum from theurvature in the magneti �eld.The near detetor, on the Fermilab site, will be as similar as possible tothe far detetor, exept for its size.The neutrino beam line and the MINOS detetors are under onstrutionand the data taking is expeted to ommene in 2003. The hoie of theinitial beam energy is urrently under disussion and it may depend on theforthoming results of the K2K experiment.5.3. MINOS physis measurementsTwo massive detetors and an intense neutrino beam onstitute a power-ful tool to investigate neutrino osillations, espeially when the beam energyan be hosen to maximize the osillation signal. MINOS will perform sev-eral independent measurements, whih will provide a lear and ompletepiture of the neutrino osillations in the SuperKamiokande region. Thesemeasurements fall into three di�erent ategories:

Fig. 8. 90% C.L. limits on the �� ! �� osillations parameters for 2 years exposure



Neutrino Osillations Experiments at Fermilab 1325� Firm evidene for the osillationsNear/far detetor omparison will redue the systemati unertainties.The neutrino beam spetrum measurement with the near detetor willonstrain the predited neutrino �ux at the far detetor. In the pres-ene of the SuperKamiokande-indiated e�et we expet at least twoevidenes for the osillations:� A double ratio R = �NCCC�near = �NCCC�far (see Eq. 7) di�erent fromone. The sensitivity of this measurement for di�erent possible�m2 depends on the seleted beam energy, as shown in Fig. 8� The �� harged urrent interation rate and the observed energydistribution. Presene of neutrino osillations will lead to a har-ateristi osillatory modi�ation of the spetrum observed at thefar detetor, as shown in Fig. 9
All events,  observed energy

All events, observed energy, expected

All events,  observed energy

0

20

40

0 1 2 3 4 5 6 7 8 9 10

0

20

40

60

0 1 2 3 4 5 6 7 8 9 10

0

0.5

1

0 1 2 3 4 5 6 7 8 9 10Fig. 9. Observed spetrum of the identi�ed �� CC events in the presene (top)or absene (middle) of osillations. Shaded histogram represents ontribution ofmisidenti�ed NC events. Ratio of the observed and the expeted distributions isshown at the bottom for 2 years exposure.



1326 A. Para� Measurement of the osillation parameters: �m2 and sin2 2�Fits of the observed depletion of the CC energy spetrum in Fig. 9 willprovide a preise estimate of the osillation parameters. The expetedpreision of this determination depends somewhat on the osillationsenario and on the hoie of the beam. Two years exposure of the MI-NOS detetors will yield measurements with the preision illustratedin Fig. 10.

Fig. 10. The 68% C.L. error ontours for the expeted osillation signal withsin2 2� = 0:8 and di�erent �m2. Di�erent ontours represent measurements withdi�erent beams: low (le), medium (me) and high (he) energy and two years expo-sure.� Determination of the osillation mode(s)� �� ! �sterile ?The large mixing angle indiated by the SuperKamiokande resultsleads to a signi�ant ontribution of the appearane term to Rin Eq. (7). The measurement of R will provide a deisive demon-stration for or against sterile neutrinos as a dominant osillationmode over the entire region of SuperKamiokande.



Neutrino Osillations Experiments at Fermilab 1327� �� ! �e ?The �ne granularity of the MINOS detetor will allow for identi�-ation of the �e interations by topologial riteria with e�ienyof the order of 15 � 20%. The bakground of the misidenti�edNC interations as well as the intrinsi �e omponent of the beam(expeted to be of the order of 0:6%) will be measured with highauray by the near detetor. Fig. 11 shows the sensitivity ofthe MINOS detetor to this osillation mode in omparison withthe limits from CHOOZ experiment.

Fig. 11. The 90% C.L. limits for �� ! �e osillation parameters for two yearsexposure with di�erent beams: low (Ph2le), medium (Ph2me) and high (Ph2he)energy. � �� ! �� ?Cirumstantial evidene for this osillation mode will be providedby the measurement of R (Eq. (7)). For relatively high �m2,above 5 � 10�3 eV2 a signi�ant sample of CC �� interationsan be identi�ed by exlusive deay modes, like � ! �. The neardetetor will be again instrumental in reliable determination ofthe unavoidable bakground from the NC interations.



1328 A. Para6. Conlusions and outlookNew experiments, under onstrution at Fermilab, will help to larifythe situation with neutrino osillations in the �m2 > 0:001 eV2 region.The MiniBOONE experiment will settle, within oming 2�3 years, the issueof the LSND results by preise determination of the underlying osillationparameters or by setting limits far outside the LSND-allowed region. MINOSexperiment will deisively establish the phenomenon of neutrino osillationsand measure preisely the orresponding mixing angles and �m2 valuesin the region indiated by the SuperKamiokande experiment within next5�6 years. The question of the dominant osillation mode: �� ! �� or�� ! �sterile will be settled. The sub-dominant mode �� ! �e will beestablished or the existing CHOOZ limit will be signi�antly improved. Thenext generation of the osillation experiments will probably await a newgeneration of neutrino beams, derived from muon storage rings. The highintensity of suh beams will make it possible to detet subtle e�ets likeCP-violation or matter indued e�ets. By providing �e beams along withthe �� omponent, these beams will enable omplete measurements of theneutrino mixing matrix elements.It is a pleasure to thank and to ongratulate the organizers, espeiallyProf. M. Je»abek, for the �awless organization of suh a pleasant and stim-ulating onferene. Many of my olleagues in MINOS ollaboration on-tributed to this presentation, I would like to thank in partiular Dr. D.Petyt for his ontribution to understanding of the physis potential of thisexperiment. Profs. J. Conrad and M. Shaevitz helped me to fully appreiatethe beauty of the MiniBOONE experiment.Apologizes go to all those, whom I negleted to quote properly. Thenumber of relevant papers is overwhelming.REFERENCES[1℄ J. Bonn, Ch. Weinheimer, Ata Phys. Pol. B31, 1209 (2000).[2℄ B. Ponteorvo, Zh. Eksp. Teor. Fiz. 33, 549 (1957).[3℄ Z. Maki, M. Nakagawa, S. Sakata, Prog. Theor. Phys. 28, 870 (1962).[4℄ Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998).[5℄ D. Kielzewska, Ata Phys. Pol. B31, 1181 (2000).[6℄ C. Athanassopoulos et al., Phys. Rev. C55, 2079 (1997); see also:http://www.neutrino.lanl.gov/LSND/pubs/.[7℄ http://www-boone.fnal.gov/.[8℄ http://www.hep.anl.gov/ndk/hypertext/minos_tdr.html.


