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Paznen 1 DxkcnepuMeHTHI HA AJIPOHHBIX KOJLJIaiIepax.

1.1 KonTpoas no uroram (KHN) - 8 Heneast

AHHOTADNUA
Kypc nexkunit «Pu3nka HEUTPUHO» BKIIOYAET B ce0sI CIIEIYIONINE OCHOBHBIE Pa3/Ieibl.

[lpeackaszanue wu  OTKpeITHE HeWTpuHO. OOHAapyX eHHE MIOOHHOTO HEWTPHUHO, HW3MEpeHue
CIHPAIBHOCTH HEUTPUHO, OTKPHITHE HAPYUICHUS MPOCTPAHCTBEHHOM UYETHOCTH B  CIalbIX
B3aUMOJICUCTBUAX. bymer paccmorpeHa (Qusumka ciaOblx  B3auMOJACHCTBUHM, V-A  Teopwus,
dbynaamenTanbhable quckpetHbie cummetpun C, P, T, CP u CPT. OOcyxnaercs Teopusi BaiinGepra-
Canama (oObeaMHEHHE HJIEKTPOMArHUTHBIX M CIAObIX B3aUMOJCHCTBUIN) M CBOWCTBA HEUTPUHO B
pamkax CranaaptHoit Moaenu. PaccMaTpuBaeTcss OTKpBITHE HEUTPAIBHBIX TOKOB U MPOMEKYTOUHBIX
0030HOB.

3HauUUTENbHOE BHUMAHUE YJIEJICHO OCHILIIAIMAM HelTpuHo. M3noxena uaes b.M. IlontexopBo u
SKCIIEPUMEHTAIIBHOE  OTKPBITUE HEUTPUHHBIX OCHWUIALMHA B JKCICPUMEHTAaX C COJHEYHBIMU M
atMoc(epHBIMU  HEHTPHUHO. JletanbHO  pacCMOTpPEHBl  YCKOPUTEIbHbIE U  PEAKTOPHbBIE
OCHWJUTSIIIMOHHBIC YKCIIEPUMEHTHI, U3MepeHue yria cMemmBanue theta 13 u mouck CP HapymieHus B
nentoHHOM cektope CranmaptHoit Monenu. IlpencraBieHa (HEHOMEHOTIOTHS HEHTPUHHBIX
OCHWJUIALIMKM B BakyyMme W B BellecTBe. M3nararoTcs panpHeWIne NEepCHeKTUBbl OCHMILISALMOHHBIX
AKCIEPUMEHTOB CJIEIYIOIIETO MTOKOJIEHHUS.

PaccMoTpeHbl SKCepuMEHTHI MO MPSIMOMY H3MEPEHHIO0 Macchl HEHTpPUHO B 0OeTa pacraje TpUTHSL.
HpeHCTaBJIeHBI OrpaHn4€Hrd Ha CYMMApHYIO MaccCy HeﬁTpHHO U3 KOCMOJOIMYCCKHUX JOaHHBIX.
OOcyxmaercss mpupoda HEUTpuHO: MaitopaHoBckue wiau JupakoBckue yacTuilbl. PaccMoTpeHsl
SKCHEPUMEHTHI 110 TOUCKY O€3HEMTPUHHOIO ABOMHOrO 6eTa pacrnajia 1 MpeicTaBiIeHbl pe3yIbTaThl 110
UCCIIEIOBAHUIO CBOMCTB HEUTPHUHO.

Takke pacCMOTpPEHbl HEUTPUHHBIC AHOMAJIMU: YKa3aHUs Ha CYIIECTBOBAHUSI CTEPUIIbHBIX HEUTPHUHO,
MOJTy4eHHBIE B YCKOPHUTEIHHBIX, PEAKTOPHBIX PAJHMOXUMHUYECKUX OJKcmepuMeHTax. OOCyKIaroTcs
MOCJIEAHUE AKCIIEPUMEHTAIBHBIE PE3YJIbTAThI MO MOUCKY JETKUX U TSHKENIBIX CTEPUIIBHBIX HEUTPHUHO.
PaccmarpuBaercst HeWTpuHHAs acTpopU3MKa BBICOKUX JHEPTrUid, acTpOoPU3MUECKHE HCTOUYHUKH
HEUTPUHO, KOCMOTCHHbIE HEUTPUHO, AHHUTWISIUSA TEMHOW Marepuu. balkanbCKUN NOABOIAHBIN
HelTpunHbIi Teneckor, s3xcnepuMenTsl [CECUBE 1 ANTARES.

ABSTRACT
The lecture course “Neutrino Physics” includes the following main sections:

Prediction and Discovery of the Neutrino.
The detection of the muon neutrino, measurement of neutrino helicity, and the discovery of parity
violation in weak interactions are discussed. The course covers the physics of weak interactions, the V-
A theory, and the fundamental discrete symmetries: C, P, T, CP, and CPT. The Weinberg—Salam
theory (unification of electromagnetic and weak interactions) and the properties of neutrinos within the
Standard Model are also examined, along with the discovery of neutral currents and intermediate
vector bosons.



Significant attention is devoted to neutrino oscillations.
The course presents B.M. Pontecorvo’s idea and the experimental discovery of neutrino oscillations in
solar and atmospheric neutrino experiments. Accelerator and reactor-based oscillation experiments are
examined in detail, including the measurement of the mixing angle 013 and the search for CP violation
in the lepton sector of the Standard Model. The phenomenology of neutrino oscillations in vacuum and
matter is presented, along with future prospects for next-generation oscillation experiments.

Experiments for direct measurement of neutrino mass in tritium beta decay are discussed. The
course also presents constraints on the sum of neutrino masses derived from cosmological data. The
nature of neutrinos—whether they are Majorana or Dirac particles—is explored. Experiments
searching for neutrinoless double beta decay are reviewed, along with their results on neutrino
properties.

Neutrino anomalies are also considered, including indications of sterile neutrinos observed in
accelerator, reactor, and radiochemical experiments. The latest experimental results in the search for
light and heavy sterile neutrinos are discussed. The course also covers high-energy neutrino
astrophysics, astrophysical sources of neutrinos, cosmogenic neutrinos, and dark matter annihilation.
Key experiments such as the Baikal underwater neutrino telescope, ICECUBE, and ANTARES are
included.

1. IEJIM OCBOEHMS YYEBHOM JUCHUIIJIAHBI
Kypc nexumii «HelitpunHast Qusnxa» 3HAKOMHUT CTYACHTa C OCHOBHBIMU TEOPETUYECKUMU

MOJIOKEHUSAMHU, METOJaMH, SKCIEPUMEHTAJIbHBIMM YCTAaHOBKAMHM M pe3yJibTaTaMH B 00JacTu
HelTpuHHOM ¢u3uku. OH co3maer HeoOXoauMyro 0a3y Uil NOHMMaHHMs W JanbHeiiiero Ooiee
[IyOOKOI0 U3y4EHHUS 3TOT0 00JIaCTH HAYKH U BO3MOXKHOCTH HAay4yHOU paboThl B HEUTPUHHOMN QU3UKe.

1. PURPOSES OF THE EDUCATIONAL COURSE

The lecture course “Neutrino Physics” introduces students to the fundamental theoretical principles,
methods, experimental setups, and key results in the field of neutrino physics. It provides the essential
foundation for understanding and further, more in-depth study of this area of science, as well as for
pursuing research work in neutrino physics.

2. MECTO YUYEBHOH JJUCHUAILJIMHBI B CTPYKTYPE OOII BIIO

Jnst ocBOeHMsI JaHHOW AMCLMILIMHBI OOy4aroUIuiicss NOJDKEH 007ajaTh 3HAHWSAMU U YMEHUSIMU B
00beMe HECKOJIBKMX KypCOB BbICIIEH HIKOJIBI. B yacTHOCTH,

— HMMETh XOpOLIYI0 IOJArOTOBKY IO PSAYy MaTeMaTU4YeCKHX AWCLUIUIMH, TaKUX MaTeMaTHYECKUN
aHaJIn3, JIMHEHHas anredpa, AuddepeHunanbHble U MHTErpajbHblE ypaBHEHHUs, Teopus rpynn. B
YACTHOCTH, OOy4Yaroluiics JOJDKEH ObITh 3HAKOM C TakKUMHM MOHATHSAMU KakK pal, (QyHKOus,
(byHKLIMOHAT, [T0JIe, JODKEH 00J1a1aTh 3HAHUAMU JOCTAaTOUYHBIMU /IS petieHus AuddepeHnaibHbIX 1
UHTETPATBbHBIX YpaBHEHHMH, JOJDKEH OBITh 3HAKOM CO CIHEIHAIbHBIMH M OOOOIIEHHBIME (PYHKIUSMH,
UMETh 0a30BbI€ 3HAHUS 110 TEOPUU TPYILI;

— obnajaTh 3HAHUAMH B OOBEME HE MEHbIIE CTaHJAPTHBIX KypCOB KBAaHTOBON MEXaHUKU U
KJIACCUYECKON JJIEKTPOJMHAMUKH, YMETh OIEPUPOBATH C TAaKUMHM TMOHATHUAMU KaK KBaHTOBBIN
Oneparop, KOMMYTAallMOHHBIE COOTHOLIEHHs, BOJHOBas (DyHKIUS, KaHOHHYECKOE KBAHTOBAHME,
BTOPUYHOE KBaHTOBaHUE, bo3ze u DepMu CTaTUCTHKA, TOHUMATh KA4YECTBEHHOE MTOBEICHUE BOJIHOBBIX



GbyHKIMI B 3aJadye O CBSI3aHHOM COCTOSIHUM M B 3ajjau€ paccesHusi, UMEeTh IpeicTaBlieHHue 00
AHATUTUYECKUX CBOMCTBaX BOJTHOBOM (DYHKIIMH B KOMIUIEKCHOU MJIOCKOCTH UMITYJIbCA U DHEPTHH;

— MOHUMATh CYIIHOCTb AJITOPUTMUYECKUX MPEANUCAHUI U IEeMOHCTPUPOBATh YMEHHE JIEHCTBOBATH B
COOTBETCTBUH C MPEJIOKEHHBIM aJITOPUTMOM;

— UMETh HaBBIKH YCTHBIX, TUCbMEHHBIX, HHCTPYMEHTAIBHBIX BHIYHCICHUH.

2. THE COURSE IN THE EDUCATIONAL PROGRAM

To successfully complete this course, student must possess comprehensive knowledge in a few
disciplinces of the high school. In particular,

— they should be well educated in mathematics (analysis, linear algebra, differential and integral
equations, theory of groups and representations). The student must be familiar with such notions as
series, function, functional, field and must be able to solve differential and integral equations, must be
familiar with spetial and generalised functions as well as with the basic principles of the theory of
groups;

— they must complete the standard courses in Quantum Mechanics and Classical Electrodynamics and
be able to master such notions as quantum operator, commutation relations, wave funtion, canonical
quantiation, second quantisation, Bose and Fermi statistics, then understand the qualitative behaviour
of the wave functions for a bound-state problem and a scattering problem, possess basic knowledge in
analytical properties of the wave functions in the complex momentum and energy planes;

— they must have the idea of algorithms and demonstrate the ability to follow the prescribed algorithm;

— they must possess basic abilities of various types of calculations.

4. CTPYKTYPA U COAEP)KAHUE YUEBHOM JUCHUIIJINHBI
Kanennapuplii 11aH

Camocr.
Tewma 3ansaTHA Jlexunn CeMuHapbl
pabora
Beenenue.  Cnabble B3aUMO/ICUCTBUSI.
1 |[[unmore3a  HeWTpuHO. DyHIAAMEHTAIBHBIE 1 1 0

cummerpuu. Hapymenue P-uerHoctu
OTKpBITHE HEUTPUHO B PEaKTOPHOM|
2 PKCIEpUMEHTE. OTKpBITHE MIOOHHBIX| 1 1 0
HelTpuHO. CIMpaIbHOCTh HEUTPUHO.
V-A teopusi. IIpomexxyTouHble OO30HBI.

3 . 1 1 0
HeliTpanbHble TOKH.
CrannapTHas COJIHEYHast MOJIENb.

4 |/lerekTMpoBaHHE  COJIHEYHBIX  HEUTPHHO. 1 1 0
OTKpbITHE OCUMUJUISIIUNA COJIHEUHBIX HEUTPUHO
IATMOc(hepHBIC HEUTPHUHO. JlerexkTop

S |CynepKamuokanzae. OTKpbITHE OCHHIUIALMHI 1 | 0
aTMOC(hEpHBIX HEUTPUHO
DEHOMEHOJIOTUS HEUTPUHHBIX  OCIMJUISIIUH.

6 |Ocuumnsiuvii HEUTPUHO B BakyyMe U B 1 1 0
BEIIECTBE

7 Y cKOpUTENbHBIE DKCIEPUMEHTHI C JTMHHOM] 1 1 0
0azoi

] 3mepenne OCHMJUISIIIMOHHBIX IMapaMeTpoB B 1 1 0

€aKTOPHBIX IKCIIEPUMEHTAX
3mepenue yria cmemuBanus theta 13 1 1 0
10 [[Touck CP HapymieHuss B HEHTPUHHBIX 1 1 0




OCLIMIIALIASIX

1 HpﬁMO? W3MEpPEHHE MacChl HEUTPUHO. MoJieny 1 1 0
KayveJiei.

12 [Ipupona ueiitpuno. [louck Ge3HEUTPUHHOTO, 1 1 0
IBOMHOTO OeTa pacnajia

13 Heiitpuno u  Kocmosiorus.  PenukToBbIE 1 | 0
HelTpuHO. CTepUiIbHbIE HEUTPUHO

14 |HeditpuHHas acTpodu3uKa. 1 1 0

15 [[naHupyeMble HEUTPUHHBIE SKCIIEPUMEHTHI. 1 1 0
3aKIoueHue.

Htoro yacos 30 30

CopneprkaHue AUCHUIUIMHBI (MOAYIISA), CTPYKTYPUPOBAHHOE 110 TeMaM (pa3jaenam)

1. Tema 1

Brenenue B kypc HelitpunHOU (pr3uku. Kparkoe n3noxenue Gu3nku caadbbIX B3aUMOICHCTBHIA.
Wznoxenune I'nunoressl B.[laynu o cymectBoBanuu HeWTpuHo. M3noxenne GpyHaaMeHTaIbHBIX
muckpetHbix C,P, T, CP, CPT cummerpuii. 'unoresa o HapyIeHH IPOCTPAHCTBEHHOM YETHOCTU U
JKCIEpUMEHTAIbHOE OOHApyKEHUE B dKcriepuMenTte By.

2. Tema 2

Perucrpanus HeliTpuHo B peakTopHOM 3KcniepumenTe Pelineca u Koysna. OTKpbITHE MIOOHHBIX
HEHUTPUHO B yCKOpUTENbHOM 3KcriepuMenTe B bHIL. [ToHATTE cCiMpanbHOCTH HEUTPUHO U
JKCIIEPUMEHTAJIbHOE U3MEPEHHE CIIMPAIbHOCTH B dKcriepumenTe [ onpaxabep.

3. Tema 3

V-A Teopus cnaboro B3aumozencTBus. ['Mmnore3a mpoMexXyTOUHBIX BEKTOPHBIX O030HOB,
00bEeIMHEHNE 3JICKTPOMAarHUTHOTO U c1a00ro B3aMMOEHCTBHS. DKCIIEpUMEHTAIbHOE OOHApyKEeHUE
HelTpanbHbIX TOKOB. OTKpbITHE W 11 Z 6030HOB B 9kcniepumenTtax B [IEPH.

4. Tema 4

Onucanne CrangaptHoit ComHeyHoi Mmoaenu. [ToTok comHedHbIx HeHTpuHO Ha 3emie. OOHapyKeHHe
JIeUIUTa COIHEYHBIX HEUTPUHO B SKCIIEpUMEHTe J[PBHCa, B TAJUTMEBBIX SKCIIEPUMEHTAX U
skcnepumente Kamuoxkanze. ['unoreza b.M.IlonTekopBo 00 ocumyuisiiusax HeUTpuHo. OTKphITHE
OCHUJUISIIMI COJIHEUHBIX HEUTPUHO B 3KcriepuMeHTe SNO.

5. Tema 5

Perucrpanus armocepHbIii HEBUTPUHO B MOI3EMHBIX SKCIIEPUMEHTAX. «ATMOC(hEpHass aHOMAIHSD.
Bonnbie uepenkoBckue aerekropel Kamnokanne n CynepKamuokanae. OTKpbITHE OCHMIIIAIIMN
aTMoc(hepHbIX HEUTpUHO B dKcniepumente CynepKamunkanme.

6. Tema 6

DeHOMEHOJIOT Ul HEUTPUHHBIX OCHMIUIALIMI. PaccMOTpeHre OCHMIUISINUNA IBYX TUIIOB HEUTPUHO.
[Tonydenue BbIpax)eHUl 111 BEPOSITHOCTH ocumiusiuuii. MaTtpuua cMmemmBanus [lonTekopBo-Maku-
HakaraBa-Cakara it Tpex TUIIOB HeUTpuHO. [lapamMeTpbl HEUTPUHHBIX OCHMILIIALIMH.

7. Tema 7

HccnenoBanue ocunmuisAuil HEUTPUHO B YCKOPUTEIBHBIX SKCIIEPUMEHTAX C JITUHHON 0a30ii.
OxcnepumenTsl K2K, MINOS, OPERA. CMenieHHble OT OCH IIyYKH HEUTPUHO. DKCIEPUMEHTBI C



JHHOM 6a30ii BTOoporo nokosiehns T2K 1 NOVA. OTKpbITHE OCHIIIAINIO MIOOHHBIX HEUTPUHO B
3JIEKTPOHHBIE.

8. Tema 8

N3MmepeHre oCHMUISIIMOHHBIX TAPAaMETPOB B PEAKTOPHBIX IKCIIEPUMEHTax. MeTos 1eTeKTUPOBAHMS
PEAKTOPHBIX AaHTUHEUTPUHO. DKCIIEPUMEHT ¢ JuHHOK 6a3z0it KamJlann. M3mepenue
OCHWJUTSIIIUOHHBIX [TAPAaMETPOB B PEAKTOPHBIX dKcrepuMeHTax Daya Bay, RENO u Double Chooz.

9. Tema 9

N3mepenue yria cmemuBanus theta 13 B yCKOpPUTENBHBIX U PEAKTOPHBIX HKCHEPUMEHTAX.
[lepcriekTBEI U1 N3MEPEHUS MEPAPXUU MacC HEUTpUHO M noucka CP HapynieHus B IENTOHHOM
cexktope CtangaptHoil Monenu. Ctpykrypa PMNS maTpuiibl cMenmBaHusl.

10. Tema 10

[louck napymenus CP cumMMeTpun B HEUTPUHHBIX ocMIUIIIUAX. MeTtoauka noucka CP HeueTHOM
aCUMMETPUU NPU U3MEPEHUH OCLMIUIALUN MIOOHHBIX HEHTPUHO U AHTUHEHUTPHUHO B SKCIIEPUMEHTE
T2K. Ucnosib30BaHNE PEaKTOPHBIX TAHHBIX ISl TOBBIIIEHUS YYBCTBUTEILHOCTUN SKCIIEPUMEHTA.
IlepBoe ykazanue Ha CP Hapymenue B sxkcriepumente T2K. Pesynbrars! axkciepumenta NOVA.

11.Temall.

[Tpsimoe u3MepeHne Macchl SJIEKTPOHHOTO HEUTPUHO B OeTa pacrmajae TpUTHSL. DKCIEpUMEHTHI Tpouil
HIO-Macc 1 MaiiHu. Meron MarHuTHOH aanabatuueckoil kommumanuu. JxcnepumenT KATPUH.
Orpannuenne Ha 3()(HEeKTUBHYIO Maccy 3JIEKTPOHHOTO HEHTPUHO.

12. Tema 12

Heiitpuno MaiiopanoBckas win J{upakoBckas yactuia. @usnka 6e3HEMTPUHHOTO JIBOMHOr0 Oeta
pacmiaga. SlnepHble MAaTpHYHBIC 3JIEMEHTBL. DKCIIEPUMEHTAIbHbBIE METOIbI IIOMCKAa O€3HEUTPHHHOTO
JBOIHOrO OeTa pacraja B repMaHHEBbIX, KCEHOHOBBIX M KPUOTE€HHBIX JE€TEKTOPAX.
OKclepUMeHTaIbHbIE OrpaHUYeHUs Ha 3(P(PEeKTUBHYIO Maccy HEUTPUHO, ITOJyUYCHHBIE B
skcnepumenTtax KamJlana-Zen, GERDA. binxkaiiime nepcrnexkTuBbl.

13. Tema 13

Helitpuno u kocMoutorust. OrpaHu4eHnst Ha CyMMY MacC HEMTPUHO U3 KOCMOJIOTMYECKUX TaHHBIX.
PenukroBele HelTprHO. HEUTPUHO OT B3pHIBOB CBEPXHOBBIX. CTEPHIIbHBIE HEUTPUHO. AHOMAIUS
LSND, peakropHas u rajuineBasi anHomanus. OrpaHUueHuUs Ha apaMeTphl JETKUX CTEPUIbHBIX
HEUTPUHO U3 PEaKTOPHBIX, YCKOPUTEIbHBIX U aCTPO(YU3NUECKUX IKCIIEPUMEHTOB.

14. Tema 14

Heiitpunnblia acTpodu3nka BEICOKUX dHEpTruid. baiikanbCckuil o BOIHbIN HEUTPUHHBIN TEIECKOTI,
skcniepuMmenThl ICECUBE, ANTARES. Actpodusnueckne HCTOUYHUKHA HEUTPUHO.

15.Tema 15

PaccmarpuBaroTcss HEUTPUHHBIE SKCIEPUMEHTHI CEAYIOIIEro nokoyenus ['unepKamuokanne n
DUNE. OCHOBHBIMU LENAMH 3TUX IKCIIEPUMEHTOB SBJISIOTCS TOMCK CP HapylieHus: B HEUTPUHHBIX
OCLMJUISILIUAX, ONPEAETICHUE HEPAPXUH MAacC HEMTPUHO, ITOMCK pacnaja IpoTOHA, PErUCTpalus
PENUKTOBBIX HEUTPUHO OT CBEPXHOBBIX. ByeT paccMoTpeHa sKcriepuMeHTaIbHasi METOANKA U
YYBCTBUTEIBHOCTb 3TUX HKCIIEPUMEHTOB K Pa3IMYHBIM (hU3HUECKUM Iporeccam. B 3akmouennn
OyAyT U3710’KE€HBI OCHOBHBIE UTOT'H Kypca U MIPOAHAIM3UPOBAaHbl OCHOBHBIE (DYHAaMEHTaIbHbIE
pe3yNbTaThl, NOJyYE€HHbIE B HEUTPUHHON (U3UKE.



Chapters Lectures Seminars HOIESWO

Introduction. Weak Interactions. The Neutrino

1 Hypothesis. Fundamental Symmetries. Parity| 1 1 0
'Violation.
Discovery of the Neutrino in Reactor

2 Experiments. Discovery of Muon Neutrinos. 1 1 0
Neutrino Helicity.
V-A Theory. Intermediate Vector Bosons.

3 1 1 0
Neutral Currents.
Standard Solar Model. Detection of Solar

4 |Neutrinos. Discovery of Solar Neutrino 1 1 0
Oscillations.
Atmospheric ~ Neutrinos.  The  Super-

5 |Kamiokande  Detector.  Discovery  of] 1 1 0
Atmospheric Neutrino Oscillations.
Phenomenology of Neutrino Oscillations.

6 Neutrino Oscillations in Vacuum and in 1 1 0
Matter.

7 Long-Baseline Accelerator Experiments. 1 1 0
Measurement of Oscillation Parameters in

8 ) 1 1 0
Reactor Experiments.

9 Measurement of the Mixing Angle 01s. 1 1 0
Search for CP Violation in Neutrino

10 R 1 1 0
Oscillations.
Direct Measurement of Neutrino Mass. The

11 ) 1 1 0
See-Saw Mechanism.

12 Nature of Neutrinos. Search for Neutrinoless| 1 1 0
Double Beta Decay.
Neutrinos and Cosmology. Relic Neutrinos.

13 . ) 1 1 0
Sterile Neutrinos.

14 [Neutrino Astrophysics. 1 1 0

15 |Planned Neutrino Experiments. Conclusion. 1 1 0

Total 30 30

Contents

Topic 1

Introduction to the Neutrino Physics Course. A brief overview of the physics of weak interactions.
Presentation of V. Pauli's hypothesis on the existence of neutrinos. Explanation of fundamental
discrete symmetries: C, P, T, CP, and CPT. The hypothesis of spatial parity violation and its
experimental discovery in the Wu experiment.

Topic 2
Neutrino detection in the Reines and Cowan reactor experiment. Discovery of muon neutrinos in an
accelerator experiment at BNL. The concept of neutrino helicity and experimental measurement of
helicity in the Goldhaber experiment.

Topic 3
V-A theory of weak interaction. Hypothesis of intermediate vector bosons, unification of



electromagnetic and weak interactions. Experimental discovery of neutral currents. Discovery of W
and Z bosons in CERN experiments.

Topic 4
Description of the Standard Solar Model. Solar neutrino flux on Earth. Detection of the solar neutrino
deficit in the Davis experiment, gallium experiments, and the Kamiokande experiment. B.M.
Pontecorvo’s hypothesis of neutrino oscillations. Discovery of solar neutrino oscillations in the SNO
experiment.

Topic 5
Detection of atmospheric neutrinos in underground experiments. "Atmospheric anomaly." Water
Cherenkov detectors Kamiokande and Super-Kamiokande. Discovery of atmospheric neutrino
oscillations in the Super-Kamiokande experiment.

Topic 6
Phenomenology of neutrino oscillations. Consideration of oscillations between two types of neutrinos.
Derivation of oscillation probability expressions. The Pontecorvo-Maki-Nakagawa-Sakata mixing
matrix for three types of neutrinos. Neutrino oscillation parameters.

Topic 7
Study of neutrino oscillations in long-baseline accelerator experiments. K2K, MINOS, and OPERA
experiments. Off-axis neutrino beams. Second-generation long-baseline experiments: T2K and NOvA.
Discovery of muon neutrino to electron neutrino oscillations.

Topic 8
Measurement of oscillation parameters in reactor experiments. Reactor antineutrino detection methods.
Long-baseline KamLAND experiment. Measurement of oscillation parameters in reactor experiments:
Daya Bay, RENO, and Double Chooz.

Topic 9
Measurement of the mixing angle 613 in accelerator and reactor experiments. Prospects for measuring
the neutrino mass hierarchy and searching for CP violation in the lepton sector of the Standard Model.
Structure of the PMNS mixing matrix.

Topic 10
Search for CP violation in neutrino oscillations. Methods to search for CP-odd asymmetry in muon
neutrino and antineutrino oscillation measurements in the T2K experiment. Use of reactor data to
improve experimental sensitivity. First hint of CP violation in the T2K experiment. Results from the
NOVA experiment.

Topic 11
Direct measurement of the electron neutrino mass in tritium beta decay. The Troitsk and Mainz
experiments. Magnetic adiabatic collimation method. The KATRIN experiment. Constraints on the
effective electron neutrino mass.

Topic 12
Are neutrinos Majorana or Dirac particles? Physics of neutrinoless double beta decay. Nuclear matrix
elements. Experimental methods for searching for neutrinoless double beta decay in germanium,



xenon, and cryogenic detectors. Experimental constraints on the effective neutrino mass from
KamLAND-Zen, GERDA experiments. Future prospects.

Topic 13
Neutrinos and cosmology. Constraints on the sum of neutrino masses from cosmological data. Relic
neutrinos. Neutrinos from supernova explosions. Sterile neutrinos. LSND anomaly, reactor and
gallium anomalies. Constraints on the parameters of light sterile neutrinos from reactor, accelerator,
and astrophysical experiments.

Topic 14
High-energy neutrino astrophysics. The Baikal underwater neutrino telescope, ICECUBE, and
ANTARES experiments. Astrophysical sources of neutrinos.

Topic 15
Next-generation neutrino experiments: Hyper-Kamiokande and DUNE. The main goals of these
experiments are to search for CP violation in neutrino oscillations, determine the neutrino mass
hierarchy, search for proton decay, and detect relic neutrinos from supernovae. The experimental
methods and sensitivities of these experiments to various physical processes will be discussed. In
conclusion, the main results of the course will be presented, and the fundamental outcomes in neutrino
physics will be analyzed.

5. OBPA3OBATEJIBHBIE TEXHOJIOI'MA

Kypc coctout u3 Tpéx pasusix ¢popM oOydeHus: JeKIIUU, CEMUHAPhl U CAMOCTOSATENbHAs paboTa.
Jlexunu mpoBOJATCS C UCHOJIb30BAHUEM COBPEMEHHBIX TEXHOJIOTUM, B T.4. MyJIbTUMEIUNHBIX. Ha
CEMUHAPCKUX 3aHATHSIX CTYACHTHI PEIIAIOT TUTUYHBIC 3a/1a4d 110 KBAHTOBOU TEOPHH TOJIs,
MPOBOAUTCA pa3zdop mpakTudeckux 3anad. [IpeaycmMoTpeHo MHANBUAYATbHBIE U TPYIIIIOBBIC
KOHCYJbTaIMK. BO3MOXHO JUCTaHIIMOHHOE OOIICHHE CO CTYIEHTaMH.

6. OIEHOYHBIE CPEJACTBA JJISA TEKYIIEI'O KOHTPOJIA YCIIEBAEMOCTHU,
MNPOMEXYTOYHOM ATTECTAIIMA IO UTOI'AM OCBOEHUSA JUCHUILJIAHBI U
YYEFHO-METOJIUYECKOE OBECIHEYEHUE CAMOCTOSITEJIbHON PABOTHI
CTYAEHTOB

Pa3zpaboTanbl KOHTPOJIBHO-U3MEPHUTEIbHBIE MaTepUallbl IS KOHTPOJIL YCHEBAaeMOCTH U

OILICHOYHBIE CPEJCTBA JIUIsl ATTECTAIIMH 110 UTOTAaM OCBOCHHS JUCIUILTUHBI (KOHTPOJIBHBIE BOIIPOCHI TI0
BCEM pasjiesiam Kypca).

7. YYEBHO-METOJUYECKOE U TH®OPMALIMOHHOE OBECIIEYHEHUE
YUYEBHOM JUCHUILTAHBI
a) OCHOBHAS JIMTEPATYPA:

l. 1.JI.b.Oxy#Hs. "Jlentons! u kBapku'". Hayxka. ['n. pen. ¢us.-mar. nur., 1990.
2.}0.Kommunc, b.bykcbaym. CnaOble B3auMoielicTBUA JENTOHOB U KBapkoB. [lep. ¢ aHr:.
Mockga, DHeprouszaart, 1987.

3. ®.boywm, II. @orenb. «Du3nka MacCUBHBIX HEUTPUHO», «Mup» , Mocksa, 1990.

4. 4 K.Winter. Neutrino physics. Cambridge Monographs on Particle Physics, Nuclear
Physics and Cosmology. 2008.

3. 5.C.M.bunenbkuii. Jlekunu no Gpusnke HEUTPUHHBIX U JIENTOH-HYKJIOHHBIX ITPOLIECCOB,
Mocksa, Dueprousaar, 1981.
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6) JOIIOJIHUTEJIbHA S JIMTEPATVYPA:

1. 1.Knannop-Knaiiurporxayc I'.B., HImunr A., "HeyckopurtensHas Gpusmka 31eMeHTapHBIX
gactunl", [lep. ¢ Hem., Mocksa, Hayka, ®usmarnur, 1997.

. 2.J1x.bakan "He#titpuanas actpodusuka", "Mup", Mockga, 1993.

. 3.M.Kommub6a. Poxnenue HelTpuHHON acTpodusuku .Y cnexu Gu3ndeckux Hayk, T.174 (2004)
c.418-426.

. 4 K.Zuber. Neutrino physics, CRC Press, 2012.

. 5.C.Giunti and C.W.Kim. Fundamentals of Neutrino Physics and Astrophysics, Oxford
University Press, 2007.

6. 6. I'epmrreitn C.C., Ky3nenon E.I1., Ps6oB B.A. IIpupona Mmaccel HEUTpUHO W HEHTPUHHBIE

ocuwusIud. Ycnexu puznueckux Hayk, T.167 (1997) c.811.

7. 7.bunenbkuit C.M. Maccbl HEUTpUHO, CMEIIMBAHUE U OCUMJUISILIMA HEUTPHUHO. Y ClIeXH
¢buzmveckux Hayk, T.173 (2003) c.1137.

. 8.Kynenko FO.I'. MccnenoBanne HEUTPUHHBIX OCIMIUIALUN B SKCIIEPUMEHTaX C JUIMHHOW 0a30M.
VYcnexu ¢pusznueckux Hayk, T.181 (2011) ¢.569-594.
9.

B) [IPOTPAMMHOE OBECIIEUEHUE N UHTEPHET-PECYPCBI:

http://www library.mephi.ru/ 6ubmmorexa HUAY MUDUX

http://www.gpntb.ru/ rocynapcTBeHHas myOiIruHas HAyYHO-TEXHUUECKast OnonroTexaX

http://elibrary.ru/ 6a3a JaHHBIX HAyYHBIX CTaTeHX

W N

[V, IR

o0

8. MATEPHAJIBHO-TEXHUYECKOE OBECIIEYEHUE YYEFHOM JUCIHUILJIAHBI

B xone npoBeneHus TEKIUN UCIOIB3YETCS MyJIbTUMEIUITHOE 000pyI0BaHUE.

[Iporpamma cocraBiena B cootBercTBruu ¢ TpedoBanusimu GI'OC BIIO 3+ no HanpasieHusm
IOATOTOBKH:

14.03.02 SnepHas pu3uKa U TEXHOIOTHH.

ABTOp IpOrpaMMBI:



http://www.library.mephi.ru/
http://www.gpntb.ru/
http://elibrary.ru/

6.

POHJ OHEHOYHBIX CPEJACTB

2. TUITIOBBIE KOHTPOJIBHBIE 3AJIAHUSA
JUTst olieHku 3HaHui (3), ymenuii (Y) u HaBbikoB (B)

KonTpoJibHbIe BOIPOCHI (He MeHee MATH BONPOCOB/3aaHMN)

. OHpeI[eJ'II/ITe KHHCTUYCCKYIO SHCPI'UI0 PEINKTOBBIX HGI>'ITpI/IHO.

Bo3MOXHBI 1M OCUMIIISIUANA HEUTPUHO VUL—V U7

. Paccuuraiite BeposaTtHocTh (branching ratio) pacnaga m—ev. CpaBHUTE €€ C BEPOSTHOCTHIO

pacriaga T—pv.

. TlokaxuTe, BOBMOXKEH JIM pacraj HEUTPaJIbHOrO MUOHA HA HEUTPUHO U AHTUHEUTPUHO, €CIIU

Macca HEUTPUHO paBHA HYJIIO.

. Paccunraiite miuHY JeTeKTOpa HEUTPUHO W3 JKeJie3a, TAEC BEPOATHOCTh B3aUMOCHCTBUSA

HelitpuHo ¢ 3Heprued 1 BB paBHa 10—8. CeueHue B3aMMOJECHCTBUS HEUTPUHO PpaBHO
10—38cm2.

Omnpenenute MOPOTr YHEPTUM IS pEaKIuu ViI+e———+ve B JJabopaTOpHON CUCTEME.

IIpumepbl KOHTPOJIBbHBIX 33/1aHUI (He MeHee SATH BOIMPOCOB/3aIaHN)

1.
2.

BBIBG,Z[I/ITG BBIPAKCHUC IJId BEPOATHOCTU OCI_[I/IHHHL[I/II\/'I MCKAY ABYMS TUIIAMHA HGfITpPIHO.

B BOJIHBIX 4EpEHKOBCKUX JAETEKTOPAX MPHU PErMCTPalMyU AIEKTPOHHBIX HEUTPUHO C DHEPrUEH
okono 1 I'>B ogHMM U3 OCHOBHBIX HMCTOYHHUKOB (POHA SIBISIOTCS HEHUTpadbHBIE MHOHBI,
MIPOU3BOJUMBIE MIOOHHBIMHA HEHUTPUHO 4Ye€pe3 HEUTpabHbIE TOKH. BbIBeIUTE KHUHEMATHKY
pacnaza HEWTpaJlbHOTO MHUOHA Ha JiBa GoroHa. Mcnonb3ys 3TO, BBIUUCIUTE Maccy MHOHA U3
u3MepeHuil 1Byx gortonoB. [lokaxure, B Kakux ciaydasx pacnag n0—yy MOKET UMUTHPOBAThH
CUTHAJI OT OJJMHOYHOTO 3JIEKTPOHA.

. BeIBenuTe BhIpakeHue Ui OCUMIUIALUN HEUTPUHO B ClTydae TPEX TUIIOB HEUTPUHO B BaKyyMe.

BeiBenute BbIpaskeHHe A BeposATHOCTH pacnaga (branching ratio) m—ev. CpaBHute €€ c
BEPOSITHOCTBIO pacmajga T—Lv.

. UepeHKOBCKHMI BOAHBIN IETEKTOP HMCHOJIB3YETCS IS MOMCKa pacrajna nportoHa. OCHOBHOM

pexum p—e+n0. Kakue nponeccsl ¢ yyacTueM aTMOCQEPHBIX HEUTPUHO MOTYT UMUTHUPOBATh
3TOT pacnaj? Kakue MeToabl HCIIONB3YIOTCS IS TIOaBIeHUs oHa aTMOC(HEPHBIX HEUTPHHO?

IIpumepsl 3K3aMeHALMOHHBIX 0MJIETOB (ec1u GopMa KOHTPOJIsI — IK3aMeH)

Bbuaer 1:

1.
2.

N3Mepenne oCIMIISUOHHBIX TapaMeTPOB B yCKOpUTEIbHBIX 3kcniepumenTax K2K n MINOS.

BriBenute Boipakenue nist CP-Heu€THOM acuMMeTpun

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)



B BaKyyMe, MCIOJIb3Ys MOJIHbIE BBIPAKEHUSA IJIs OCHUJUISIIUA TpEX THIOB HEUTpHHO. Paccuuraiite
YHUCJICHHOE 3HAYEHUE aCUMMETpPUU JJIs SHEPruH MIOOHHBIX HeHTpuHo 600 M>3B u 6a3sr 300 kM.
Ocuwmnsauuonable  mapamerpbl:  012=340, 023=450, 013=90, Am212=7.5%x10—-5e¢V2, Am232
=2.4x10—-3eV2.

Buuer 2:
1. Dxcnepument Super-Kamiokande. OTkpbITHE OCHMIIIAINI aTMOC(HEPHBIX HEHTPUHO.

2. B cnydae pacnaja m— v BBIBEJUTE 3aBHCUMOCTb SHEPrUHM HEUTpUHO (B JabopaTOpHOM
cUCTeMe) OT yrjia O MexIy HampaBlieHHEM IHOHAa U HEUTpuHO. PaccmoTrpute ciyyail manoro
yraa 6. [loctpoiite rpaguku 3aBUCMMOCTH SHEPTUU HEUTPUHO OT SHEPTUU NMUOHA A yrioB 0,
1, 2, 3 rpanyca B quana3one sHepruii nuoHoB ot 0 1o 20 I'3B.

Buaner 3:
1. N3mepenue yraa 013 B sxcnepumentax T2K u peakTOpHBIX SKCIIEpUMEHTAX.
2. Ouenure Bkiaj Beuectsa B CP-HEUETHYI0 aCUMMETPHIO
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

s aByx ciydaeB: Ev=600MeV,L=300km u Ev=1800MeV,L=900km. Cuuraiite HOpMaJIbHYIO
uepapxuto macc. Mcronp3yiTe oclrIIsIMOHHbBIE TapaMeTpsl u3 Tadmnui PDG.

Bujer 4:

1. U3mepenue coiHEYHBIX HEUTPUHO B 3KcniepuMenTe SNO. OTKpBITHE OCHMIUISIIMNA COJIHEUHBIX

HEUTPHUHO.

2. MIOOHHOE HEUTPHUHO B3aUMOJICHCTBYET B BOJE U pOXKIAaeT MIOOH ¢ sHeprue 1 I1B.
Paccuuraiite pasmepbl UepeHKOBCKOro Kojblla (BHYTPEHHHUN W BHELIHMI JuWaMETpbl) Ha
CTCHKE, MEPIEHANKYJIIPHON HAIIPaBJICHUIO MIOOHA, PacCIOJIOKEHHOM Ha paccrostHuM 20 M OT
TOYKHM B3auMoOJeHCTBUsA. [IpennokuTe MeTon BOCCTAHOBIEHHUS BEPIIMHBI B3aWMOJACHCTBHUSA
HEUTPUHO U OLIEHUTE MOTPEIIHOCTh MPU BPEMEHHOM pa3pelieHnn (OTOyMHOXKHUTENEH 2 HC.

buaer S:
1. besneiiTpuHHbIA qBOIHOMN OeTa pacnan. MaiiopaHoBckue U J{upakoBckue HEUTPUHO.

2. OmpenenuTe ONTUMANTBbHBIE 0a3bl PEAKTOPHBIX IKCIIEPUMEHTOB JIJISI U3MEPCHHS «COJTHEUHBIX)
napameTpoB U yria 013. CuuTaiite CpeqHIOI0 YHEPTHI0 PEaKTOPHBIX aHTHUHEUTpUHO 4 M»1B.
Bo3moxxHO 1 M3MepeHue «arMoc(epHBIX MapaMeTpoB» B IKCIHEPUMEHTaX C PEAKTOPHBIMU
HerTpuHo? Ecnu na, To npu kakoit 6aze?

QUESTIONS

Control Questions (at least five questions/tasks)

1. Determine the kinetic energy of relic neutrinos.



2. Are neutrino oscillations possible for vp—v u?
3. Calculate the branching ratio for the decay n—ev. Compare it with the decay m—pv.

4. Show whether the decay of a neutral pion to neutrino and antineutrino is possible if the neutrino
mass is zero.

5. Calculate the length of a neutrino detector made of iron, where the probability of interaction of
a neutrino with an energy of 1 GeV is 10—8. The cross-section for neutrino interaction is
10—38cm?2.

6. Determine the threshold energy for the reaction vu+e——p—+ve in the laboratory system.

Examples of Control Tasks (at least five questions/tasks)

1. Derive the expression for the oscillation probability between two types of neutrinos.

2. In water Cherenkov detectors, the detection of electron neutrinos with an energy of about 1
GeV often faces background from neutral pions, produced by muon neutrinos via neutral
currents. Derive the kinematics for the decay of a neutral pion into two photons. Use this to
calculate the mass of the pion from the measurement of the two photons. Show in what cases
the decay n0—yy can mimic a signal from a single electron.

3. Derive the expression for neutrino oscillations in the case of three neutrino types in vacuum.

4. Derive the branching ratio for the decay m—ev. Compare it with the branching ratio for the
decay m—pv.

5. The Cherenkov water detector is used to search for proton decay. The main mode is p—e+n0.
What processes involving atmospheric neutrinos can mimic this decay? What methods are used
to suppress the background from atmospheric neutrinos?

Examples of Exam Tickets (if the form of assessment is an exam)

Ticket 1:
1. Measurement of oscillation parameters in the K2K and MINOS accelerator experiments.
2. Derive the expression for the CP-odd asymmetry

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—v'e)

in vacuum, using the full expressions for three-neutrino oscillations. Calculate the numerical value of
the asymmetry for the energy of muon neutrinos at 600 MeV and a baseline of 300 km. The oscillation
parameters are: 012=340, 023=450, 013=90, Am212=7.5%x10—5eV2, Am232=2.4x10—-3eV2.

Ticket 2:
1. Super-Kamiokande experiment. Discovery of atmospheric neutrino oscillations.

2. In the case of the decay m—pv, derive the dependence of neutrino energy (in the laboratory
frame) on the angle 0 between the direction of the pion and the neutrino. Specifically, examine
the case of small angle 8. Construct graphs showing the dependence of neutrino energy on pion
energy for angles of 0, 1, 2, 3 degrees in the pion energy range of 0 to 20 GeV.

Ticket 3:



1. Measurement of the mixing angle 613 in the T2K and reactor experiments.
2. Evaluate the contribution of matter to the CP-odd asymmetry
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

for two cases: Ev=600MeV,L=300km and Ev=1800MeV,L=900km. Assume normal mass hierarchy.
Use the oscillation parameters from PDG tables.

Ticket 4:

1. Measurement of solar neutrinos in the SNO experiment. Discovery of solar neutrino
oscillations.

2. A muon neutrino interacts in water and produces a muon with an energy of 1 GeV. Calculate
the size of the Cherenkov ring (inner and outer diameters) on the wall, perpendicular to the
muon direction, located 20 meters from the interaction point. Propose a method to reconstruct
the neutrino interaction vertex and estimate the error with a photo-multiplier time resolution of
2 ns.

Ticket S:
1. Neutrinoless double beta decay. Majorana and Dirac neutrinos.

2. Determine the optimal baseline lengths for reactor experiments aimed at measuring "solar"
parameters and the mixing angle 613. Assume an average reactor antineutrino energy of 4
MeV. Is it possible to measure "atmospheric parameters" in reactor neutrino experiments? If so,
at what baseline length?

CocraBuTenb

3am. 3aBeqyroIIero kageapoit I'paués B.M.

« » 20 T

Kputepumu 11 aTrecTaluu pasjieion:

Teopernyeckas 4YacTb Kypca COACPKHUT 25 BOMPOCOB, pa3dutbix Ha 4 pasgena. CTyaeHTY
BbicTaBisieTcss oT 0 g0 2 OawioB 3a KaKABIA BONPOC B 3aBUCHMOCTH OT TIOJHOTBI U
apryMEHTUPOBAHHOCTH OTBeTa. MaKCHUMallbHOE KOJIMYECTBO OaIOB, KOTOPOE MOXKET TOIYYUTh
CTYZICHT TI0 pe3yJIbTaTaM aTTeCTallMU TEOPETUIeCKOr yacTH, — 50 6ayuioB. MUHMMAIBHOE KOJIHYECTBO

0aJlJI0B, KOTOPOE HEOOXOIMMO MOJIYYUTh CTYJEHTY JIJIsl aTTecTauu, — 30 0amios.



Kaxnapiii u3 4 pa3nesioB coycKa 3a/1ad K MPaKTUYECKUM 3aHATUAM COACPKUT 1O 6 3a/1a4, KOTOpbIE
CTYIEHTY HEOOXOIUMO peHIuTh JUIsl AaTTecTallid COOTBETCTByomiero pasnena. CryaeHTy
BbICTaBIIsIeTCS OT 0 710 2 Oa/UTOB 332 KAKAYIO 33/1a4y B 3aBUCHMOCTH OT IPABHJIBHOCTH PEIICHUS, €TO0
MOJHOTHl W AprYMEHTHUPOBAHHOCTH, TMOATBEPXKAAMOIIEH 3HaHHE MaTepuana. MakcuMalbHOe
KOJIMYECTBO OAJJIOB, KOTOPOE MOJKET MOJYUYUTh CTYJEHT MO pe3yJibTaTaM aTTeCTaIlluu IMPAKTHIECKOM
yactu, — 48 6amioB. MUHUMAaIbHOE KOJTUYECTBO OAlJIOB, KOTOPOE HEOOXOAMUMO MONYYHTh CTYACHTY
it arrectanuu, — 30 6ayutoB (HO HE MeHee 6 0aJUTOB MO KaXKIOMY pa3ieny).

Jlnis nomycka K caye dK3aMeHa 1Mo Kypcey CTYACHT JOJDKEH MOTy4duTh He MeHee 30 GalsioB mo
pe3yabpTaTam aTTeCTalliu TEOPETUYECKON yacTu U He MeHee 30 0asuioB Mo pe3ysibTaTaM aTTeCTalluu
MPAKTHYECKOM yacTH (MpruuéM He MeHee 6 0aiioB 3a Ka)/blil U3 pa3iesioB).

OO0mas oreHka ompeneNsercs CyMMOM OaJlJioB, TOJMYYEHHBIX CTYJIEHTOM Ha 3JK3aMEHe
(MuHMManbHOE KonuuecTBO — 30 GamnoB, MakCUMalbHOE KOiMMuecTBO — 50 0aiioB) U MO UTOram

arrecrauuu pasaciioB. HTtorosas orieHKa OIpPCaACIACTCA O6IJ_II/IM KOJINYE€CTBOM OaJlJIOB.

Kpurepun o01ieii oneHKu:

KauecTBenHas oeHka
IIpoueHT pe3yibTATHBHOCTH N
HHAUBHAYAJBHBIX 00Pa30BaTeJbHbIX JOCTHKEHU
(MpaBUJIBLHBIX OTBETOB) =
0as11 (oTMeTKa) BepOAJIbHBIN AHAJIOT
90 + 100 5 OTJINYHO
70 + 89 4 XOPOILIO
60 + 69 3 YIOBJIETBOPUTEIHLHO
meHnee 60 2 HE yJIOBJIETBOPUTEIIHHO




Ouenka Ouenka 3K3aMeHa, 3a4éTa
.. . TpeOoBaHus K 3HAHUSM HA
IK3aMeHa, 3a4éTa (TecToBble HOPMBI: % MPABHIHHBIX .
YCTHOM 3a4éTe
(crarmapTHas) OTBETOB) 1.2
«OMAUUHOY, 90+ 100 % | OueHKa «OTIMYHO» BBICTABISETCS CTYACHTY, €CIIH OH IIyOOKO W MPOYHO
A YCBOWJI TPOTPaMMHBI MaTepHal, WCUYEepIBIBAIONIE, IIOCIIECA0BATEIHHO, Ko
YEeTKO M JIOTUYECKH CTPOHMHO €ro M3jaraeT, yMeeT TECHO YBA3BIBATb | HT
TEOPHIO C TPAKTHUKOH, MCIIOJIB3YeT B OTBETE MaTepHall MOHOTPadUIeCKOM
JIUTEPATYyPHIL. po
«xopouoy, 70 + 89% O1meHKa «XOpOIIO» BBICTABISIETCS CTYACHTY, €CIIM OH TBEPIO 3HACT | JIp
D C B Marepuang, TIpaMOTHO M IO CYILIECTBY M3JIaraeT €ro, He JOIlycKas
CYILLIECTBEHHBIX HETOYHOCTEM B OTBETE HA BOIIPOC. no
«y00671emeo- 60+ 69% OlnieHKa «yJIOBJIETBOPUTENHLHO» BBICTABISIETCS] CTYICHTY, €CIIU OH UMEET | T
PUMETLHOY 3HAHMS TOJIKO OCHOBHOTO MarepHaia, HO HE YCBOWJI €ro JeTaje,
E D JIOIyCKaeT HETOYHOCTH, HEJAOCTaTOYHO IPaBUIbHbIE (HOPMYJIUPOBKHY, ora
HapyUIeHUs  JIOTMYECKOHW  IIOCJIEIOBAaTEIbHOCTH B H3JOXKEHHU | M
MIPOTPAaMMHOT0 MaTepHaa. K
«Hey008nemeo- menee 60% | OnieHKa «HEYJIOBJIETBOPHUTEIBHO» BBICTABISIETCSI CTYAEHTY, KOTOPBIM He (
PUMENbHOY, 3HACT 3HAYMTENBHOM 4YacTH InporpamMmporo wmatepuana, pomyckaer | H)
F CYILLECTBEHHBIC OMMOKU. Kak IpaBuIIO, OLCHKA «HEYNOBICTBOPUTCIBHO» | 8
CTaBUTCA CTYyJICHTAM, KOTOphIE HE MOTYT TPOJODKUTH OOy4eHue Oe3
JIOTIOJTHUTEIBHBIX 3aHATHH 110 COOTBETCTBYIOUICH AUCIUIIINHE. He
ae
JIdA
AH

HOTANUA
Kypc nexnuit «®uznka HEUTPUHO» BKIIOYAET B €05l CeIyIOIINEe OCHOBHBIE pa3/ebl.

[Ipenckazanme u  OoTKpbITHEe HeWTpuHO. OOHapy’KeHHE MIOOHHOTO HEWTPHHO, H3MEpEeHHe
CIMPAJIBHOCTH HEUTPUHO, OTKPHITHE HAPYLIEHUS IPOCTPAHCTBEHHOM YETHOCTHM B  clalbIX
B3auMoJieicTBUAX. bByner paccmoTpeHa ¢usuka cialblx  B3auMmojeiictBui, V-A  Teopus,
dynnamentansablie nuckpernsie cummerpun C, P, T, CP u CPT. Ob6cyxnaercs Teopust BaitnGepra-
Canama (0ObeJMHEHHE 3JIEKTPOMArHUTHBIX M CJIA0BIX B3aUMOJEHCTBUI) M CBONCTBA HEUTPUHO B
pamkax CrannaptHoi Mogenu. PaccmaTpuBaeTcsi OTKpBITHE HEUTPAIBHBIX TOKOB U IIPOMEKYTOYHBIX
0030HOB.

3HAYUTEIbHOEC BHUMAHHUE YACJICHO OCHWUIAUUSIM HelTpuHo. M3noxena unes b.M. IlontexkopBo u
HKCIIEPUMEHTAILHOE  OTKPBITUE HEUTPUHHBIX OCHWUISLUUNA B 3KCHEPUMEHTaX C COJIHEYHBIMU H
aTMOC(EpPHBIMH  HEUTPHUHO. JleTanbHO  pacCMOTpPEHBI  YCKOPUTEIbHBIE U  PEAKTOPHBIC
OCIMJUTAIIMOHHBIE SKCTIEPUMEHTHI, U3MepeHue yria cmemmBanue theta 13 u mouck CP Hapymienus B
nentoHHOM cektope CranmaptHoii Mogenu. llpencraBiena (EHOMEHOJOTUS HEHTPUHHBIX
OCIWUIALIMM B BaKyyMe W B BellecTBe. I3mararoTcs mgaibHEWIME MEePCHeKTUBBI OCIUIUIAIIMOHHBIX
AKCTIEPUMEHTOB CIIEAYIOIIETO TTOKOJICHHUS.

PaccMoTpeHBl SKCIEPUMEHTHI 110 TPSIMOMY H3MEPEHHI0 MacChl HEWTPHHO B OeTa pacmajae TPUTHS.
[IpencraBieHsl OTrpaHUYEHUs HA CYMMapHYK MacCy HEHTPHHO M3 KOCMOJIOTHYECKUX JIaHHBIX.
O6cyxnaercss mpupofa HelTpuHo: MailiopaHoBckue wunu JlupakoBckue 4YacTUIbl. PaccMOTpeHbI
HKCIIEPUMEHTHI IO TIOMCKY O€3HEHTPUHHOTO JBOMHOTO OeTa pacrajia u MpeACcTaBIeHbl pe3yIbTaThl MO
HCCIIETOBAHUIO CBOMCTB HEUTPHUHO.

Takke pacCMOTPEHBI HEUTPUHHBIC AaHOMAIMU: YKa3aHUs Ha CYIIECTBOBAHUS CTEPWIbHBIX HEUTPUHO,
MOJIyYE€HHbIE B YCKOPUTEIbHBIX, PEAKTOPHBIX PAAUOXHUMHUYECKUX HSKcmepuMeHTax. OOcyxnaroTcs



MOCJIEAHUE AKCIIEPUMEHTAIbHBIE PE3YJIbTAThI MO MOUCKY JETKUX U TSKEIBIX CTEPUIIBHBIX HEUTPHUHO.
PaccmartpuBaercs HeWTpuHHas acTpodu3MKa BBICOKUX DJHEPrHil, acTpodu3nuecKue HCTOYHUKU
HEUTPUHO, KOCMOTCHHbIE HEUTPUHO, AaHHUTWJISIUSA TEMHOW Marepuu. balkanbCKUN TOABOIAHBIN
HelTpunHbIi Teneckor, s3xcnepuMenTsl [ICECUBE 1 ANTARES.

ABSTRACT
The lecture course “Neutrino Physics” includes the following main sections:

Prediction and Discovery of the Neutrino.
The detection of the muon neutrino, measurement of neutrino helicity, and the discovery of parity
violation in weak interactions are discussed. The course covers the physics of weak interactions, the V-
A theory, and the fundamental discrete symmetries: C, P, T, CP, and CPT. The Weinberg—Salam
theory (unification of electromagnetic and weak interactions) and the properties of neutrinos within the
Standard Model are also examined, along with the discovery of neutral currents and intermediate
vector bosons.

Significant attention is devoted to neutrino oscillations.
The course presents B.M. Pontecorvo’s idea and the experimental discovery of neutrino oscillations in
solar and atmospheric neutrino experiments. Accelerator and reactor-based oscillation experiments are
examined in detail, including the measurement of the mixing angle 613 and the search for CP violation
in the lepton sector of the Standard Model. The phenomenology of neutrino oscillations in vacuum and
matter is presented, along with future prospects for next-generation oscillation experiments.

Experiments for direct measurement of neutrino mass in tritium beta decay are discussed. The
course also presents constraints on the sum of neutrino masses derived from cosmological data. The
nature of neutrinos—whether they are Majorana or Dirac particles—is explored. Experiments
searching for neutrinoless double beta decay are reviewed, along with their results on neutrino
properties.

Neutrino anomalies are also considered, including indications of sterile neutrinos observed in
accelerator, reactor, and radiochemical experiments. The latest experimental results in the search for
light and heavy sterile neutrinos are discussed. The course also covers high-energy neutrino
astrophysics, astrophysical sources of neutrinos, cosmogenic neutrinos, and dark matter annihilation.
Key experiments such as the Baikal underwater neutrino telescope, ICECUBE, and ANTARES are
included.

1. IIEJIM OCBOEHMS YYEBHOM JUCIHUITLINHBI
Kypc nexnuit «HelitpunHas ¢usnka» 3HAKOMUT CTYJ€HTa C OCHOBHBIMH TEOPETHUECKUMHU

HIOJIOKEHHUSAMHU, METOJAMHU, SKCIEPUMEHTAJIbHBIMM YCTAaHOBKAMHM M  pe3yJibTaTaMd B 00JacTu
HelTpuHHOM ¢Qusuku. OH co3gaer HeoOXoAumyro 0Oa3y Juisl NMOHUMaHUS M JalibHeluiero Oosiee

rJ1yOOKOr0 U3y4eHHs! 3TOro 001aCTH HayKH U BO3MOXKHOCTH HAYYHOH pabOThl B HEUTPUHHOU (DU3UKE.

1. PURPOSES OF THE EDUCATIONAL COURSE
The lecture course “Neutrino Physics” introduces students to the fundamental theoretical principles,
methods, experimental setups, and key results in the field of neutrino physics. It provides the essential



foundation for understanding and further, more in-depth study of this area of science, as well as for
pursuing research work in neutrino physics.

2. MECTO YYEBHOM JUCIHUILIMHBI B CTPYKTYPE OOII BIIO

Jist ocBOGHHSI MaHHOW JUCHHUILIIMHBI OOYYAIOUIUICS TOJHKeH 00NajaTh 3HAHUSIMH W YMEHUSMH B
00beMe HECKOJIBKMX KYPCOB BBICIIICH IIKOJIBL. B yacTHOCTH,

— HMMETh XOpOIIYI0 TOJrOTOBKY IO PSAYy MaTeMaTHYeCKHX AWCHUIUIMH, TaKuX MaTeMaTHUYeCKUu
aHau3, JMHeWHas anreOpa, AuddepeHnranbHble U MHTETpadbHbIE ypaBHEHUs, Teopus rpynmn. B
YaCTHOCTH, OOYYAIOIIMICS JOJDKEH OBITh 3HAKOM C TaKUMHU TOHATHSAMH Kak psj, (QyHKIWSA,
(GyHKIMOHA, TI0JIe, T0JDKEH 00J1a1aTh 3HAHUSMHU JTIOCTATOYHBIMH JIJIs pereHus quddepeHInaabHbIX 1
UHTETPAIbHBIX YPAaBHEHHMH, JOIDKEH OBITh 3HAKOM CO CHEIHAIbHBIMH M OOOOIIEHHBIMH (PYHKLIHUSAMH,
UMeTh 0a30BbIC 3HAHMSI 10 TCOPHH T'PYIIIL;

— oOmajmaTh 3HAHUSIMH B OOBEME HE MEHBIIE CTAaHJAPTHBIX KypCOB KBAHTOBOM MEXaHUKU U
KJIACCMYECKON JJIEKTPOJAWHAMUKHU, YMETh OIEPUPOBATH C TaKHUMH TOHATHUSAMU KaK KBaHTOBBIN
orepaTop, KOMMYTAIIHOHHBIE COOTHOIIEHUS, BOJHOBas (YHKIMSI, KaHOHWYECKOE KBAaHTOBAHHE,
BTOpUYHOE KBaHTOBaHUE, boze u PepMu cTaTUCTHKA, TIOHUMATh KaYECTBEHHOE IOBEJCHHE BOJHOBBIX
GyHKIUI B 3aJadye O CBSI3aHHOM COCTOSIHUM M B 3ajjau€ paccesHusi, UMETh MpeACTaBleHUE 00
AHATUTUYCCKUX CBOMCTBAX BOJTHOBON ()YHKIIMH B KOMIUICKCHOU TJIOCKOCTH MMITYJIbCA U DHEPTHUH;

— NOHMMATh CYIIHOCTb aJTOPUTMUYECKUX MPEANHUCAHUN U IEMOHCTPUPOBATH YMEHUE JEHCTBOBAThH B
COOTBETCTBUHU C MPEATI0KEHHBIM AITOPUTMOM;

— UMETh HaBBIKH YCTHBIX, TUChbMEHHBIX, HHCTPYMEHTAILHBIX BHIYHCICHUH.

2. THE COURSE IN THE EDUCATIONAL PROGRAM

To successfully complete this course, student must possess comprehensive knowledge in a few
disciplinces of the high school. In particular,

— they should be well educated in mathematics (analysis, linear algebra, differential and integral
equations, theory of groups and representations). The student must be familiar with such notions as
series, function, functional, field and must be able to solve differential and integral equations, must be
familiar with spetial and generalised functions as well as with the basic principles of the theory of
groups;

— they must complete the standard courses in Quantum Mechanics and Classical Electrodynamics and
be able to master such notions as quantum operator, commutation relations, wave funtion, canonical
quantiation, second quantisation, Bose and Fermi statistics, then understand the qualitative behaviour
of the wave functions for a bound-state problem and a scattering problem, possess basic knowledge in
analytical properties of the wave functions in the complex momentum and energy planes;

— they must have the idea of algorithms and demonstrate the ability to follow the prescribed algorithm;

— they must possess basic abilities of various types of calculations.

4. CTPYKTYPA U COAEP)KAHUE YYEBHOM JUCIHUILINHBI
Kanennaphslii nian

CamocrT.
Tema 3anaTusa Jlexknuu CemuHapsbl
pabora
Beenenne. CiaOnle B3aUMOJIENCTBUSL.
1 [I'mnore3sa  HeWTpuHO.  DyHIAMEHTAJIbHBIE 1 1 0

cummeTpun. Hapymenue P-uetHocTn

OTKpbITHE HEUTPUHO B pPEaKkTOpHOM
2  PKCHEpUMEHTE. OTKpbITHE MIOOHHBIX| 1 1 0
HelTpruHO. CIMPaIbHOCTh HEUTPUHO.
3 |V-A teopus. IlpomexyTouHbie OO30HBI 1 1 0




HeiiTpajibHbIe TOKH.
CrannapTHas COJIHEYHAas MOJEITb.

4 |leTekTMpOBaHWE  COJMHEYHBIX  HEUTPHHO. 1 1 0
OTKpPBITHE OCHWJUISIIANA COJTHEYHBIX HEUTPHUHO
IATMOC(EepHBIE HEUTPUHO. JHetextop

S |CynepKamuokanzae. OTKpbITHE OCHHIUIALIMHI 1 | 0
aTMOC(hEepHBIX HEUTPUHO
DEHOMEHOJIOTUS HEUTPUHHBIX  OCLIMJUISLIU.

6 |(Ocunwmnsuuid HEWTPUHO B BAaKyymMeé H B 1 1 0
BEILIECTBE

7 Y cKOpUTENbHBIE SKCIEPUMEHTHI C JUTMHHOM 1 1 0
0azoi

2 3mepeHne OCHMJUISIIIMOHHBIX IMapaMeTpoB B 1 1 0
€aKTOPHBIX DKCIIEPUMEHTAX

9 |[M3mepenwue yrina cMemuBanms theta 13 1 1 0

10 [louck CP HapymieHuss B  HEHTPUHHBIX 1 1 0
OCLIMIIALIASIX

1 Hp;lMij W3MEPEHHE MacChl HEUTPUHO. MoJeny 1 1 0
Kauesen.

12 [Ipupona ueiitpuno. [louck Ge3HEUTPUHHOTO, 1 1 0
IBOMHOTO OeTa pacnajia

13 HeilitpuHo w©  kocmonorus.  PenukroBble] | 1 0
HeTprHO. CTEPUIIbHBIC HEUTPUHO

14 |HeditpuHHas acTpodu3uKa. 1 1 0

15 [[naHupyeMble HEUTPUHHBIE SKCIIEPUMEHTHI. 1 1 0
3aKiroueHue.

MToro yacos 30 30

CopneprkaHue AUCUUIUIMHBI (MOAYIIS), CTPYKTYPUPOBAHHOE 110 TeMaM (pa3jaenam)

1. Tema 1

BBenenue B kypc HeliTpuHHON ¢usnku. KpaTkoe nsnoxxenne Gu3nku caabbIX B3aUMOJEHCTBHI.
N3noxenue I'unoressl B.Ilaynu o cymecrBoBanum HeiitpuHo. M3noxxenue GpyHnaMeHTanbHbIX
muckpetHbix C,P, T, CP, CPT cummerpuii. 'unoresa o HapyIIeHH IPOCTPAHCTBEHHOM Y€THOCTU U
JKCIIEpUMEHTAJIbHOE OOHApYKEHHE B dKCIIepuMeHTe By.

2. Tema 2

Perucrpanus HeliTpuHo B peakTopHOM 3KcniepuMmenTe Pelineca nu Koysna. OTKpbITHE MIOOHHBIX
HEHUTPUHO B YCKOpUTEIBHOM 3KcriepuMenTe B bHIL. [ToHATTE CiMpaibHOCTH HEUTPUHO U
JKCIIEPUMEHTAJIbHOE U3MEPEHHE CIIMPAIbHOCTH B dKcriepumenTe [ onbaxabep.

3. Tema 3

V-A Teopus cnaboro B3aumozecTBus. ['Mmnore3a mpoMeXyTOUHBIX BEKTOPHBIX O030HOB,
00bEIMHEHNE PJICKTPOMAarHUTHOTO U c1a00ro B3aMMOEHCTBHSL. DKCIIEpUMEHTAIbHOE OOHApyKEeHUE
HelTpanbHbIX TOKOB. OTKpbiTHe W 1 Z 6030HOB B 3kcniepumenTtax B LIEPH.

4. Tema 4

Omucanne CrangaptHoit ComHeuHoi Mmoaenu. [ToTok comHedHbIx HeHTpuHO Ha 3emie. OOHapykeHHe
JneUIUTa COTHEYHBIX HEUTPUHO B SKCIIEpUMEHTe J[9BHCa, B TAJUTMEBBIX SKCIIEPUMEHTAX U



skcniepumente Kamuokanse. I'unoreza b.M.IlonTekopBo 00 ocruuisiiusax HeuTpuHo. OTKpbITHE
OCHWJUIALIMI COJTHEYHBIX HEUTPUHO B 3KcniepuMente SNO.

5. Tema 5

Peructpanus armochepHblit HEUTPUHO B MOJ3EMHBIX SKCIIEPUMEHTaX. «ATMOC(EpHas aHOMAITU.
Bonansie uepenkoBckue aerekropsl Kamnokanae n CynepKamuokanne. OTKpbITHE OCHMILIALUN
aTMoc(epHbIX HeliTpuHO B 3kcriepumentTe CynepKamuunkanze.

6. Tema 6

DeHOMEHOJIOT UL HEUTPUHHBIX OCHMIUIALIMI. PaccMOTpeHre OCHMIUISIUNA IBYX TUIIOB HEUTPUHO.
[Tonyuenue BbIpaXxeHUM 11 BEPOATHOCTH ocliuisinuid. Matpuia cmemmBanus [lontekopBo-Maku-
Hakarasa-Cakata jjist Tpex TUIIOB HeUTpuHO. [lapamMeTpbl HEUTPUHHBIX OCHMILIIALIUH.

7. Tema 7

HccnenoBanue ocisiiuil HEUTPUHO B YCKOPUTENbHBIX SKCIIEPUMEHTAX C JUIMHHON 0a30H.
OxcnepumenThl K2K, MINOS, OPERA. CMeleHHbIE OT OCH IMTyYKH HEUTPUHO. DKCIIEPUMEHTHI C
JunHHOU 62301 BTOporo nokoneHus T2K u NOVA. OTKpbITHE OCHMIUIALIUIO MIOOHHBIX HEUTPUHO B
AJIEKTPOHHBIE.

8. Tema &

M3mepenne ocuMIISUOHHBIX TAPAMETPOB B PEAKTOPHBIX IKCIIEPUMEHTAX. METo/1 AeTeKTUPOBaHUs
PEaKTOPHBIX AHTHHEUTPUHO. DKCIIEPUMEHT ¢ JiTMHHOM 0a3oit KamJlann. Usmepenue
OCIIMJUTAIIMOHHBIX ITApaMETPOB B peakTOpHBIX dkcriepuMerTax Daya Bay, RENO u Double Chooz.

9. Tema 9

N3mepenue yrina cMemmBanus theta 13 B yCKOPUTENBHBIX M PEAKTOPHBIX SKCIEPUMEHTAX.
IlepciekTHBBI JUIsl U3MEPEHUS NEPAPXUN MacC HEUTPUHO | noucka CP HapylIeHus B JIENTOHHOM
cexrope Crangaptaoit Mogenu. Ctpykrypa PMNS matpuiibl cmemuBaHusl.

10. Tema 10

[Touck napyumenuss CP cuMMeTpuu B HEUTPUHHBIX oclMILISIUAX. Metoauka noucka CP HedeTHOM
ACUMMETPHUU IIPU U3MEPEHUHN OCLWIUIALIMI MIOOHHBIX HEUTPUHO U @aHTUHEUTPUHO B SKCIIEPUMEHTE
T2K. Ucnonb30BaHne PEaKTOPHBIX JTAHHBIX /7S IOBBIIIEHNS YyBCTBUTEIbHOCTUH YKCIIEPUMEHTA.
[TepBoe ykazanue Ha CP Hapymenue B axcnepumente T2K. Pesynbrarel skcniepumenta NOVA.

11.Temall.

[Ipsimoe n3MepeHne Macchl AJIEKTPOHHOTO HEUTPUHO B OeTa pacmaje TPUTHS. DKCIEPUMEHTHI Tpouil
HIO-Macc 1 Maiinn. Metog MarHuTHOW aauabatnyeckor koyummmaruu. JxcnepumedT KATPUH.
Orpanunvenne Ha 3PGEKTUBHYIO MacCy JEKTPOHHOTO HEUTPHUHO.

12. Tema 12

Heiitpuno MaitopanoBckas wim J{upakoBckas yactuiia. @usnka 6e3HEUTPHHHOTO JIBOMHOTO OeTa
pacniazia. SlnepHble MaTpUYHBIE 3JIEMEHTh. DKCIIEPUMEHTAIbHbBIE METOIbI TOMCKa O€3HEUTPUHHOTO
JBOMHOTO OeTa pacraja B repMaHUEBBIX, KCCHOHOBBIX U KPUOTE€HHBIX JIETEKTOPaX.
DKcrepuMeHTaIbHBIE OTpaHnYeHHs Ha () PEeKTHBHYIO MacCy HEUTPHUHO, TOTyYSHHBIE B
skcnepuMenTax KamJlana-Zen, GERDA. bimxkaiiime nepcnekTUBEI.

13. Tema 13

Heiirpuno u xocmosnorusi. OrpaHuyeHus Ha CyMMY MacC HEUTPUHO M3 KOCMOJIOTHYECKUX JIAHHBIX.
PenukroBbie HEWTprHO. HEHTPHUHO OT B3pbIBOB CBEPXHOBBIX. CTEpUIIbLHBIE HEUTPUHO. AHOMAIIUS
LSND, peakropHas u rajuiieBas anHomanusi. OrpaHU4eHus: Ha TapaMeTpbl JIETKUX CTEPUIIbHBIX
HEUTPUHO M3 PEAKTOPHBIX, YCKOPUTEIBHBIX U aCTPOPU3NIECCKIX IKCIIEPUMEHTOB.



14. T

eMma 14

Heiitpunnbia acTpodusmka BEICOKUX dHEpruid. baiikanbckuil moaBOIHBIN HEUTPUHHBIN TENECKOTI,
skcniepumenTsl ICECUBE, ANTARES. Actpodu3nueckie HCTOYHUKH HEHTPUHO.

15.Tema 15

PaccmaTpurBaroTCst HEHTPUHHBIE SKCIIEPUMEHTHI ciietytomiero nokosnenus [ unepKamnokanae n
DUNE. OCHOBHBIMM LIENISIMU 3THX IKCIIEPUMEHTOB SIBJIAIOTCS ToMCcK CP HapylieHus: B HEUTPUHHBIX
OCHWUIALMAX, OIPEIEICHUE UEPAPXUU MACC HEUTPUHO, TOMCK pacmaia MpoTOHA, perucTpanus
PEIIMKTOBBIX HEUTPHUHO OT CBEPXHOBBIX. byIeT paccMOTpeHa SKCrIepUMEHTalbHAsE METOIUKA U
qyBCTBUTEIBHOCTH 3TUX SKCIIEPUMEHTOB K PA3IMYHbIM (PU3HUecKUM mpolieccaM. B 3axiouennn
OyAyT U3TI0’KEHBI OCHOBHBIE UTOTH Kypca M MPOaHAIM3UPOBAHBI OCHOBHBIE (PyHIaMEHTAIbHBIC
pe3yibTaThl, MOTy4YEeHHbIE B HEUTPUHHOM (husnke.

Chapters Lectures Seminars HOTke wo

Introduction. Weak Interactions. The Neutrino

1 Hypothesis. Fundamental Symmetries. Parity| 1 1 0
'Violation.
Discovery of the Neutrino in Reactor

2 Experiments. Discovery of Muon Neutrinos. 1 1 0
Neutrino Helicity.
V-A Theory. Intermediate Vector Bosons.

3 1 1 0
Neutral Currents.
Standard Solar Model. Detection of Solar

4 [Neutrinos. Discovery of Solar Neutrino 1 1 0
Oscillations.
Atmospheric ~ Neutrinos.  The  Super-

5 |Kamiokande  Detector.  Discovery  of] 1 1 0
Atmospheric Neutrino Oscillations.
Phenomenology of Neutrino Oscillations.

6 Neutrino Oscillations in Vacuum and in 1 1 0
Matter.

7  |Long-Baseline Accelerator Experiments. 1 1 0
Measurement of Oscillation Parameters in|

8 ) 1 1 0
Reactor Experiments.

9  |Measurement of the Mixing Angle 0. 1 1 0
Search for CP Violation in Neutrino

10 R 1 1 0
Oscillations.
Direct Measurement of Neutrino Mass. Thel

11 . 1 1 0
See-Saw Mechanism.

12 Nature of Neutrinos. Search for Neutrinoless 1 1 0
Double Beta Decay.
Neutrinos and Cosmology. Relic Neutrinos.

13 ) ) 1 1 0
Sterile Neutrinos.

14 |Neutrino Astrophysics. 1 1 0

15 |Planned Neutrino Experiments. Conclusion. 1 1 0

Total 30 30




Contents

Topic 1
Introduction to the Neutrino Physics Course. A brief overview of the physics of weak interactions.
Presentation of V. Pauli's hypothesis on the existence of neutrinos. Explanation of fundamental
discrete symmetries: C, P, T, CP, and CPT. The hypothesis of spatial parity violation and its
experimental discovery in the Wu experiment.

Topic 2
Neutrino detection in the Reines and Cowan reactor experiment. Discovery of muon neutrinos in an
accelerator experiment at BNL. The concept of neutrino helicity and experimental measurement of
helicity in the Goldhaber experiment.

Topic 3
V-A theory of weak interaction. Hypothesis of intermediate vector bosons, unification of
electromagnetic and weak interactions. Experimental discovery of neutral currents. Discovery of W
and Z bosons in CERN experiments.

Topic 4
Description of the Standard Solar Model. Solar neutrino flux on Earth. Detection of the solar neutrino
deficit in the Davis experiment, gallium experiments, and the Kamiokande experiment. B.M.
Pontecorvo’s hypothesis of neutrino oscillations. Discovery of solar neutrino oscillations in the SNO
experiment.

Topic 5
Detection of atmospheric neutrinos in underground experiments. "Atmospheric anomaly." Water
Cherenkov detectors Kamiokande and Super-Kamiokande. Discovery of atmospheric neutrino
oscillations in the Super-Kamiokande experiment.

Topic 6
Phenomenology of neutrino oscillations. Consideration of oscillations between two types of neutrinos.
Derivation of oscillation probability expressions. The Pontecorvo-Maki-Nakagawa-Sakata mixing
matrix for three types of neutrinos. Neutrino oscillation parameters.

Topic 7
Study of neutrino oscillations in long-baseline accelerator experiments. K2K, MINOS, and OPERA
experiments. Off-axis neutrino beams. Second-generation long-baseline experiments: T2K and NOvA.
Discovery of muon neutrino to electron neutrino oscillations.

Topic 8
Measurement of oscillation parameters in reactor experiments. Reactor antineutrino detection methods.
Long-baseline KamLAND experiment. Measurement of oscillation parameters in reactor experiments:
Daya Bay, RENO, and Double Chooz.

Topic 9
Measurement of the mixing angle 01; in accelerator and reactor experiments. Prospects for measuring
the neutrino mass hierarchy and searching for CP violation in the lepton sector of the Standard Model.
Structure of the PMNS mixing matrix.



Topic 10
Search for CP violation in neutrino oscillations. Methods to search for CP-odd asymmetry in muon
neutrino and antineutrino oscillation measurements in the T2K experiment. Use of reactor data to
improve experimental sensitivity. First hint of CP violation in the T2K experiment. Results from the
NOVA experiment.

Topic 11
Direct measurement of the electron neutrino mass in trititum beta decay. The Troitsk and Mainz
experiments. Magnetic adiabatic collimation method. The KATRIN experiment. Constraints on the
effective electron neutrino mass.

Topic 12
Are neutrinos Majorana or Dirac particles? Physics of neutrinoless double beta decay. Nuclear matrix
elements. Experimental methods for searching for neutrinoless double beta decay in germanium,
xenon, and cryogenic detectors. Experimental constraints on the effective neutrino mass from
KamLAND-Zen, GERDA experiments. Future prospects.

Topic 13
Neutrinos and cosmology. Constraints on the sum of neutrino masses from cosmological data. Relic
neutrinos. Neutrinos from supernova explosions. Sterile neutrinos. LSND anomaly, reactor and
gallium anomalies. Constraints on the parameters of light sterile neutrinos from reactor, accelerator,
and astrophysical experiments.

Topic 14
High-energy neutrino astrophysics. The Baikal underwater neutrino telescope, ICECUBE, and
ANTARES experiments. Astrophysical sources of neutrinos.

Topic 15
Next-generation neutrino experiments: Hyper-Kamiokande and DUNE. The main goals of these
experiments are to search for CP violation in neutrino oscillations, determine the neutrino mass
hierarchy, search for proton decay, and detect relic neutrinos from supernovae. The experimental
methods and sensitivities of these experiments to various physical processes will be discussed. In
conclusion, the main results of the course will be presented, and the fundamental outcomes in neutrino
physics will be analyzed.

S. OBPA3OBATEJIBHBIE TEXHOJIOT'UA

Kypc coctont u3s tTpéx pasubix ¢popM oOydeHus: JEKIUU, CEMUHAPhl U CAMOCTOSTENbHAs paboTa.
Jlexuuu npoBOAATCA € UCIOIB30BAHUEM COBPEMEHHBIX TEXHOJIOIUH, B T.4. MyJIbTUMEAUIHBIX. Ha
CEMHHAPCKUX 3aHATUAX CTYAEHTHI PEIIal0T TUIIMYHbIE 334a4d 110 KBAHTOBOM TEOPHH I10JIS,
POBOAMTCA pa3zdop npakTudyeckux 3anad. [IpeaycmMoTpeHo HHAMBUAYaIbHBIE U TPYIIIIOBBIE
KOHCYJIbTAllM1. BO3MOXHO AUCTaHIIMOHHOE OOLIEHHE CO CTYIEHTaMU.

6. OIEHOYHBIE CPEJACTBA JAJIAA TEKYHIEI'O KOHTPOJIA YCIIEBAEMOCTMU,
MMPOMEXYTOYHOM ATTECTAIIAU IO UTOI'AM OCBOEHMS JTUCIHUTIINHBI 1
YYEBHO-METOJIUYECKOE OBECIEYEHUE CAMOCTOSITEJIbHOM PABOTHI
CTYJAEHTOB



Pa3paboTanbl KOHTPOJIBHO-U3MEPUTENbHBIE MaTepuaibl il KOHTPOJSl YCIEBAaEMOCTU U
OLICHOYHBIE CPEJICTBA JUISl ATTECTALIMU IO UTOr'aM OCBOEHUS AUCLUUIUIMHBI (KOHTPOJIBHBIE BOIIPOCHI IO
BCEM pazJiesiaM Kypca).

7. YYEBHO-METOANYECKOE U UHO®OPMAIIMOHHOE OBECIIEYEHUE
YYEBHOM JUCIATIIMHBI
a) OCHOBHAA JIUTEPATYPA:

1. 1.JI.b.Oxy#ns. "JlenTons! u kBapku". Hayka. ['n1. pen. ¢uz.-mat. nurt., 1990.
2.}10.Kommunc, b.bykcbaym. Crnabble B3auMOAEHCTBUS JIENTOHOB U KBapkoB. Ilep. ¢ aHr.
Mocksa, Dueprousaar, 1987.

3. ®.boywm, I1. @orenb. «du3nka MaCCUBHBIX HEUTPUHO», «Mup» , Mocksa, 1990.
4. 4.K.Winter. Neutrino physics. Cambridge Monographs on Particle Physics, Nuclear
Physics and Cosmology. 2008.
5. 5.C.M.bunenbkuii. Jlekuuu o Gpu3uke HEUTPUHHBIX U JIENTOH-HYKJIOHHBIX MPOIIECCOB,
Mocksa, DHeprousaar, 1981.
0) AOIIOJIHUTEJIBHA S JIMTEPATYPA:

(8]

1. 1.Knannop-Knaiturporxayc I'.B., HImunr A., "HeyckoputenbHas Gpusmka 31eMEeHTapHBIX
ygactull", [lep. ¢ uem., Mocksa, Hayka, ®usmarnur, 1997.
2. 2. 1xx.bakan "He#itpunnas actpoduszuka", "Mup", Mockga, 1993.
. 3.M.Kommub6a. Poxnenue HelTpuHHON acTpodu3uku .Ycnexu Gu3ndeckux Hayk, T.174 (2004)
c.418-426.
4. 4 K.Zuber. Neutrino physics, CRC Press, 2012.
5. 5.C.Giunti and C.W Kim. Fundamentals of Neutrino Physics and Astrophysics, Oxford
University Press, 2007.
6. 6. I'epurreiin C.C., Ky3neuos E.IL., Ps6oB B.A. [Ipupona maccel HEUTpUHO U HEHTPUHHBIE
OCIHWILIAHH. Y criexu (u3ndeckux Hayk, T.167 (1997) c.811.
7. 7.bunenbkuit C.M. Maccsl HEUTPpUHO, CMEIIMBAHUE U OCLMJUISILIMA HEUTPHUHO. Y ClIEXH
¢usnveckux Hayk, T.173 (2003) c.1137.
8. 8.Kyzaenxko 10.I'. MccnenoBanne HEHTPUHHBIX OCIUJUTAIIMA B IKCIIEPUMEHTAX C JNTMHHON 0a30ii.
VYenexu puznueckux Hayk, 1.181 (2011) ¢.569-594.
9.
B) [IPOTPAMMHOE OBECIIEUEHUE N UHTEPHET-PECYPCBI:
http://www library.mephi.ru/ 6ubnuorexka HUAAY MUOUX
http://www.gpntb.ru/ rocyiapcTBeHHas myOIMYHAs HAyIHO-TeXHUYEeCcKast OnomorexaX
http://elibrary.ru/ 6a3a 1aHHBIX HAyYHBIX cTaTEHX

(98]

8. MATEPHAJIBHO-TEXHUYECKOE OBECIIEYEHUE YYEFHOU JUCIHUTLIAHBI

B xoze npoBeaeHus JeKIUil HCIIONB3YeTCsl MyJIbTUMEANHHOE 000pYJOBaHHE.

[Iporpamma coctaBiena B coorBerctBuu ¢ TpeboBanusamMu OI'OC BIIO 3+ no HanpaBieHUsIM
MOJATOTOBKHU:

14.03.02 SnepHast pu3uKa U TEXHOIOTHH.

ABTOD ITpOTrPaMMBI:



http://www.library.mephi.ru/
http://www.gpntb.ru/
http://elibrary.ru/

6.

POHJ OHEHOYHBIX CPEJACTB

2. TUITIOBBIE KOHTPOJIBHBIE 3AJIAHUSA
JUTst olieHku 3HaHui (3), ymenuii (Y) u HaBbikoB (B)

KonTpoJibHbIe BOIPOCHI (He MeHee MATH BONPOCOB/3aaHMN)

. OHpeI[eJ'II/ITe KHHCTUYCCKYIO SHCPI'UI0 PEINKTOBBIX HGI>'ITpI/IHO.

Bo3MOXHBI 1M OCUMIIISIUANA HEUTPUHO VUL—V U7

. Paccuuraiite BeposaTtHocTh (branching ratio) pacnaga m—ev. CpaBHUTE €€ C BEPOSTHOCTHIO

pacriaga T—pv.

. TlokaxuTe, BOBMOXKEH JIM pacraj HEUTPaJIbHOrO MUOHA HA HEUTPUHO U AHTUHEUTPUHO, €CIIU

Macca HEUTPUHO paBHA HYJIIO.

. Paccunraiite miuHY JeTeKTOpa HEUTPUHO W3 JKeJie3a, TAEC BEPOATHOCTh B3aUMOCHCTBUSA

HelitpuHo ¢ 3Heprued 1 BB paBHa 10—8. CeueHue B3aMMOJECHCTBUS HEUTPUHO PpaBHO
10—38cm2.

Omnpenenute MOPOTr YHEPTUM IS pEaKIuu ViI+e———+ve B JJabopaTOpHON CUCTEME.

IIpumepbl KOHTPOJIBbHBIX 33/1aHUI (He MeHee SATH BOIMPOCOB/3aIaHN)

1.
2.

BBIBG,Z[I/ITG BBIPAKCHUC IJId BEPOATHOCTU OCI_[I/IHHHL[I/II\/'I MCKAY ABYMS TUIIAMHA HGfITpPIHO.

B BOJIHBIX 4EpEHKOBCKUX JAETEKTOPAX MPHU PErMCTPalMyU AIEKTPOHHBIX HEUTPUHO C DHEPrUEH
okono 1 I'>B ogHMM U3 OCHOBHBIX HMCTOYHHUKOB (POHA SIBISIOTCS HEHUTpadbHBIE MHOHBI,
MIPOU3BOJUMBIE MIOOHHBIMHA HEHUTPUHO 4Ye€pe3 HEUTpabHbIE TOKH. BbIBeIUTE KHUHEMATHKY
pacnaza HEWTpaJlbHOTO MHUOHA Ha JiBa GoroHa. Mcnonb3ys 3TO, BBIUUCIUTE Maccy MHOHA U3
u3MepeHuil 1Byx gortonoB. [lokaxure, B Kakux ciaydasx pacnag n0—yy MOKET UMUTHPOBAThH
CUTHAJI OT OJJMHOYHOTO 3JIEKTPOHA.

. BeIBenuTe BhIpakeHue Ui OCUMIUIALUN HEUTPUHO B ClTydae TPEX TUIIOB HEUTPUHO B BaKyyMe.

BeiBenute BbIpaskeHHe A BeposATHOCTH pacnaga (branching ratio) m—ev. CpaBHute €€ c
BEPOSITHOCTBIO pacmajga T—Lv.

. UepeHKOBCKHMI BOAHBIN IETEKTOP HMCHOJIB3YETCS IS MOMCKa pacrajna nportoHa. OCHOBHOM

pexum p—e+n0. Kakue nponeccsl ¢ yyacTueM aTMOCQEPHBIX HEUTPUHO MOTYT UMUTHUPOBATh
3TOT pacnaj? Kakue MeToabl HCIIONB3YIOTCS IS TIOaBIeHUs oHa aTMOC(HEPHBIX HEUTPHHO?

IIpumepsl 3K3aMeHALMOHHBIX 0MJIETOB (ec1u GopMa KOHTPOJIsI — IK3aMeH)

Bbuaer 1:

1.
2.

N3Mepenne oCIMIISUOHHBIX TapaMeTPOB B yCKOpUTEIbHBIX 3kcniepumenTax K2K n MINOS.

BriBenute Boipakenue nist CP-Heu€THOM acuMMeTpun

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)



B BaKyyMe, MCIOJIb3Ys MOJIHbIE BBIPAKEHUSA IJIs OCHUJUISIIUA TpEX THIOB HEUTpHHO. Paccuuraiite
YHUCJICHHOE 3HAYEHUE aCUMMETpPUU JJIs SHEPruH MIOOHHBIX HeHTpuHo 600 M>3B u 6a3sr 300 kM.
Ocuwmnsauuonable  mapamerpbl:  012=340, 023=450, 013=90, Am212=7.5%x10—-5e¢V2, Am232
=2.4x10—-3eV2.

Buuer 2:
1. Dxcnepument Super-Kamiokande. OTkpbITHE OCHMIIIAINI aTMOC(HEPHBIX HEHTPUHO.

2. B cnydae pacnaja m— v BBIBEJUTE 3aBHCUMOCTb SHEPrUHM HEUTpUHO (B JabopaTOpHOM
cUCTeMe) OT yrjia O MexIy HampaBlieHHEM IHOHAa U HEUTpuHO. PaccmoTrpute ciyyail manoro
yraa 6. [loctpoiite rpaguku 3aBUCMMOCTH SHEPTUU HEUTPUHO OT SHEPTUU NMUOHA A yrioB 0,
1, 2, 3 rpanyca B quana3one sHepruii nuoHoB ot 0 1o 20 I'3B.

Buaner 3:
1. N3mepenue yraa 013 B sxcnepumentax T2K u peakTOpHBIX SKCIIEpUMEHTAX.
2. Ouenure Bkiaj Beuectsa B CP-HEUETHYI0 aCUMMETPHIO
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

s aByx ciydaeB: Ev=600MeV,L=300km u Ev=1800MeV,L=900km. Cuuraiite HOpMaJIbHYIO
uepapxuto macc. Mcronp3yiTe oclrIIsIMOHHbBIE TapaMeTpsl u3 Tadmnui PDG.

Bujer 4:

1. U3mepenue coiHEYHBIX HEUTPUHO B 3KcniepuMenTe SNO. OTKpBITHE OCHMIUISIIMNA COJIHEUHBIX

HEUTPHUHO.

2. MIOOHHOE HEUTPHUHO B3aUMOJICHCTBYET B BOJE U pOXKIAaeT MIOOH ¢ sHeprue 1 I1B.
Paccuuraiite pasmepbl UepeHKOBCKOro Kojblla (BHYTPEHHHUN W BHELIHMI JuWaMETpbl) Ha
CTCHKE, MEPIEHANKYJIIPHON HAIIPaBJICHUIO MIOOHA, PacCIOJIOKEHHOM Ha paccrostHuM 20 M OT
TOYKHM B3auMoOJeHCTBUsA. [IpennokuTe MeTon BOCCTAHOBIEHHUS BEPIIMHBI B3aWMOJACHCTBHUSA
HEUTPUHO U OLIEHUTE MOTPEIIHOCTh MPU BPEMEHHOM pa3pelieHnn (OTOyMHOXKHUTENEH 2 HC.

buaer S:
1. besneiiTpuHHbIA qBOIHOMN OeTa pacnan. MaiiopaHoBckue U J{upakoBckue HEUTPUHO.

2. OmpenenuTe ONTUMANTBbHBIE 0a3bl PEAKTOPHBIX IKCIIEPUMEHTOB JIJISI U3MEPCHHS «COJTHEUHBIX)
napameTpoB U yria 013. CuuTaiite CpeqHIOI0 YHEPTHI0 PEaKTOPHBIX aHTHUHEUTpUHO 4 M»1B.
Bo3moxxHO 1 M3MepeHue «arMoc(epHBIX MapaMeTpoB» B IKCIHEPUMEHTaX C PEAKTOPHBIMU
HerTpuHo? Ecnu na, To npu kakoit 6aze?

QUESTIONS

Control Questions (at least five questions/tasks)

1. Determine the kinetic energy of relic neutrinos.



2. Are neutrino oscillations possible for vp—v u?
3. Calculate the branching ratio for the decay n—ev. Compare it with the decay m—pv.

4. Show whether the decay of a neutral pion to neutrino and antineutrino is possible if the neutrino
mass is zero.

5. Calculate the length of a neutrino detector made of iron, where the probability of interaction of
a neutrino with an energy of 1 GeV is 10—8. The cross-section for neutrino interaction is
10—38cm?2.

6. Determine the threshold energy for the reaction vu+e——p—+ve in the laboratory system.

Examples of Control Tasks (at least five questions/tasks)

1. Derive the expression for the oscillation probability between two types of neutrinos.

2. In water Cherenkov detectors, the detection of electron neutrinos with an energy of about 1
GeV often faces background from neutral pions, produced by muon neutrinos via neutral
currents. Derive the kinematics for the decay of a neutral pion into two photons. Use this to
calculate the mass of the pion from the measurement of the two photons. Show in what cases
the decay n0—yy can mimic a signal from a single electron.

3. Derive the expression for neutrino oscillations in the case of three neutrino types in vacuum.

4. Derive the branching ratio for the decay m—ev. Compare it with the branching ratio for the
decay m—pv.

5. The Cherenkov water detector is used to search for proton decay. The main mode is p—e+n0.
What processes involving atmospheric neutrinos can mimic this decay? What methods are used
to suppress the background from atmospheric neutrinos?

Examples of Exam Tickets (if the form of assessment is an exam)

Ticket 1:
1. Measurement of oscillation parameters in the K2K and MINOS accelerator experiments.
2. Derive the expression for the CP-odd asymmetry

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—v'e)

in vacuum, using the full expressions for three-neutrino oscillations. Calculate the numerical value of
the asymmetry for the energy of muon neutrinos at 600 MeV and a baseline of 300 km. The oscillation
parameters are: 012=340, 023=450, 013=90, Am212=7.5%x10—5eV2, Am232=2.4x10—-3eV2.

Ticket 2:
1. Super-Kamiokande experiment. Discovery of atmospheric neutrino oscillations.

2. In the case of the decay m—pv, derive the dependence of neutrino energy (in the laboratory
frame) on the angle 0 between the direction of the pion and the neutrino. Specifically, examine
the case of small angle 8. Construct graphs showing the dependence of neutrino energy on pion
energy for angles of 0, 1, 2, 3 degrees in the pion energy range of 0 to 20 GeV.

Ticket 3:



1. Measurement of the mixing angle 613 in the T2K and reactor experiments.
2. Evaluate the contribution of matter to the CP-odd asymmetry
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

for two cases: Ev=600MeV,L=300km and Ev=1800MeV,L=900km. Assume normal mass hierarchy.
Use the oscillation parameters from PDG tables.

Ticket 4:

1. Measurement of solar neutrinos in the SNO experiment. Discovery of solar neutrino
oscillations.

2. A muon neutrino interacts in water and produces a muon with an energy of 1 GeV. Calculate
the size of the Cherenkov ring (inner and outer diameters) on the wall, perpendicular to the
muon direction, located 20 meters from the interaction point. Propose a method to reconstruct
the neutrino interaction vertex and estimate the error with a photo-multiplier time resolution of
2 ns.

Ticket S:
1. Neutrinoless double beta decay. Majorana and Dirac neutrinos.

2. Determine the optimal baseline lengths for reactor experiments aimed at measuring "solar"
parameters and the mixing angle 613. Assume an average reactor antineutrino energy of 4
MeV. Is it possible to measure "atmospheric parameters" in reactor neutrino experiments? If so,
at what baseline length?

CocraBuTenb

3am. 3aBeqyroIIero kageapoit I'paués B.M.

« » 20 T

Kputepumu 11 aTrecTaluu pasjieion:

Teopernyeckas 4YacTb Kypca COACPKHUT 25 BOMPOCOB, pa3dutbix Ha 4 pasgena. CTyaeHTY
BbicTaBisieTcss oT 0 g0 2 OawioB 3a KaKABIA BONPOC B 3aBUCHMOCTH OT TIOJHOTBI U
apryMEHTUPOBAHHOCTH OTBeTa. MaKCHUMallbHOE KOJIMYECTBO OaIOB, KOTOPOE MOXKET TOIYYUTh
CTYZICHT TI0 pe3yJIbTaTaM aTTeCTallMU TEOPETUIeCKOr yacTH, — 50 6ayuioB. MUHMMAIBHOE KOJIHYECTBO

0aJlJI0B, KOTOPOE HEOOXOIMMO MOJIYYUTh CTYJEHTY JIJIsl aTTecTauu, — 30 0amios.



Kaxnapiii u3 4 pa3nesioB coycKa 3a/1ad K MPaKTUYECKUM 3aHATUAM COACPKUT 1O 6 3a/1a4, KOTOpbIE
CTYIEHTY HEOOXOIUMO peHIuTh JUIsl AaTTecTallid COOTBETCTByomiero pasnena. CryaeHTy
BbICTaBIIsIeTCS OT 0 710 2 Oa/UTOB 332 KAKAYIO 33/1a4y B 3aBUCHMOCTH OT IPABHJIBHOCTH PEIICHUS, €TO0
MOJHOTHl W AprYMEHTHUPOBAHHOCTH, TMOATBEPXKAAMOIIEH 3HaHHE MaTepuana. MakcuMalbHOe
KOJIMYECTBO OAJJIOB, KOTOPOE MOJKET MOJYUYUTh CTYJEHT MO pe3yJibTaTaM aTTeCTaIlluu IMPAKTHIECKOM
yactu, — 48 6amioB. MUHUMAaIbHOE KOJTUYECTBO OAlJIOB, KOTOPOE HEOOXOAMUMO MONYYHTh CTYACHTY
it arrectanuu, — 30 6ayutoB (HO HE MeHee 6 0aJUTOB MO KaXKIOMY pa3ieny).

Jlnis nomycka K caye dK3aMeHa 1Mo Kypcey CTYACHT JOJDKEH MOTy4duTh He MeHee 30 GalsioB mo
pe3yabpTaTam aTTeCTalliu TEOPETUYECKON yacTu U He MeHee 30 0asuioB Mo pe3ysibTaTaM aTTeCTalluu
MPAKTHYECKOM yacTH (MpruuéM He MeHee 6 0aiioB 3a Ka)/blil U3 pa3iesioB).

OO0mas oreHka ompeneNsercs CyMMOM OaJlJioB, TOJMYYEHHBIX CTYJIEHTOM Ha 3JK3aMEHe
(MuHMManbHOE KonuuecTBO — 30 GamnoB, MakCUMalbHOE KOiMMuecTBO — 50 0aiioB) U MO UTOram

arrecrauuu pasaciioB. HTtorosas orieHKa OIpPCaACIACTCA O6IJ_II/IM KOJINYE€CTBOM OaJlJIOB.

Kpurepun o01ieii oneHKu:

KauecTBenHas oeHka
IIpoueHT pe3yibTATHBHOCTH N
HHAUBHAYAJBHBIX 00Pa30BaTeJbHbIX JOCTHKEHU
(MpaBUJIBLHBIX OTBETOB) =
0as11 (oTMeTKa) BepOAJIbHBIN AHAJIOT
90 + 100 5 OTJINYHO
70 + 89 4 XOPOILIO
60 + 69 3 YIOBJIETBOPUTEIHLHO
meHnee 60 2 HE yJIOBJIETBOPUTEIIHHO




OuneHka
3K3aMeHa, 3a49éTa

Onenka ’K3aMeHa, 3a4éTa

o TpeOoBaHus K 3HAHUSM HA
(TecToBBIE HOPMBI: %0 MPABUIBHBIX

YCTHOM 3a4éTe

(crarmapTHas) OTBETOB)
«OMIUYHOY, 90+ 100 % | OueHKa «OTIMYHO» BBICTABISETCS CTYACHTY, €CIIH OH IIyOOKO W MPOYHO
A YCBOWJI TPOTPaMMHBI MaTepHal, WCUYEepIBIBAIONIE, IIOCIIECA0BATEIHHO,
YeTKO W JIOTHYECKH CTPOWHO €ro W3JIaraeT, yMeeT TECHO YBS3BIBaTh
TEOPHIO C TPAKTHUKOH, MCIIOJIB3YeT B OTBETE MaTepHall MOHOTPadUIeCKOM
JIMTEPATYPBL.
«xopouoy, 70 + 89% OrieHKa «XOPOIIO» BBICTABISIETCS CTYACHTY, €CIM OH TBEPAO 3HAET
D C B Marepuang, TIpaMOTHO M IO CYILIECTBY M3JIaraeT €ro, He JOIlycKas
CYILLIECTBEHHBIX HETOYHOCTEM B OTBETE HA BOIIPOC.
«y00671emeo- 60+ 69% OlneHKa «yJIOBJIETBOPUTENLHO» BBICTABISICTCS CTYJCHTY, €CJIM OH HUMEET
PUMETLHOY 3HAHMS TOJIKO OCHOBHOTO MarepHaia, HO HE YCBOWJI €ro JeTaje,
E D JIOIyCKaeT HETOYHOCTH, HEJAOCTaTOYHO IPaBUIbHbIE (HOPMYJIUPOBKHY,
HapyUICHUs  JIOTMUYECKOHM  IOCJIENOBAaTEIbHOCTH B H3JI0KEHHU
MIPOTrPaMMHOI0 MaTepHala.
«Hey008nemeo- menee 60% | OnieHKa «HEYJIOBJIETBOPHUTEIBHO» BBICTABISIETCSI CTYAEHTY, KOTOPBIM He
PUMENbHOY, 3HAeT 3HAYUTEIBHOM 4YacTH NPOrpaMMHOTO Marepuana, MAOIyCKaeT
F CymiecTBeHHbIC OMMOKHN. Kak MmpaBwiIO, OIEHKA «HEYIOBICTBOPUTEIHHOY
CTaBUTCA CTYyJICHTAM, KOTOphIE HE MOTYT TPOJODKUTH OOy4eHue Oe3
JIOTIOJTHUTEIBHBIX 3aHATHH 110 COOTBETCTBYIOUICH AUCIUIIINHE.




Pa3pnea 2 Heiitpuno.

2.1 Konrpouab no uroram (KH) - 12 Heneas

AHHOTADNUA
Kypc nexunii «Pu3nka HEUTPUHO» BKIIOYAET B ce0sI CIIEIYIONINE OCHOBHBIC Pa3/Ieibl.

[lpenckazanre u OTKpbITHE HeWTpuHO. OOHapyXeHHE MIOOHHOTO HEHTPUHO, U3MEpEeHue
CHUPAJIBLHOCTH HEUTPUHO, OTKPHITHE HApyLIEHHWS MPOCTPAHCTBEHHOM YETHOCTH B  cialbIX
B3aUMOJICUCTBUAX. bynmer paccMmorpeHa ¢usmka ciaOblx B3auMOJIEUCTBUM, V-A  Teopwus,
dbynnamentansubie quckpetnbie cummerpuu C, P, T, CP u CPT. OOcyxnaercs teopusi BaiinGepra-
Canama (oObeaMHEHHE HJIEKTPOMArHUTHBIX M CIAObIX B3aUMOJCHCTBUIN) M CBOWCTBA HEUTPUHO B
pamkax CrangaptHoit Moaenu. PaccMaTpuBaeTcss OTKpPBITHE HEUTPAIBbHBIX TOKOB U MPOMEKYTOUHBIX
0030HOB.

3HauUUTENbHOE BHUMAHUE YJIEICHO OCHILIAIUAM HelTpuHo. M3noxkena uaes b.M. IlontexopBo u
SKCIEPUMEHTAIBHOE  OTKPHITUE HEHUTPUHHBIX OCHWUIALMHA B JKCICPUMEHTAaX C COJHEYHBIMU M
atMoc(epHBIMU  HEHTPHUHO. JletanbHO  pacCMOTpPEHBI  YCKOPUTEIbHBIE U  PEAKTOPHbBIE
OCHIJUTSIIIMOHHBIC YKCIIEPUMEHTHI, U3MepeHue yria cMmemmBanue theta 13 u mouck CP HapymieHus B
nentoHHOM cektope CranmaptHoit Monenu. IlpencraBieHa (HEHOMEHOJIOTHS HEHTPHUHHBIX
OCHWJUIALIMKM B BakyyMe W B BellecTBe. M3nararoTcs panpHeWIne MepCreKTUBbI OCHMILISALIMOHHBIX
AKCIEPUMEHTOB CJIEIYIOIIETO MTOKOJIEHHUS.

PaccMoTpeHbl SKCHEPUMEHTHI 1O HPSIMOMY H3MEPEHHI0 Macchl HEWTPHHO B OeTa pacmajae TpUTHS.
IIpeacraBieHsl OrpaHMYEHHs HA CYMMAapHYK0 MacCy HEUTPUHO M3 KOCMOJIOTMYECKUX JAHHBIX.
OOcyxmaercss mpupoda HEUTpuHO: MaitopaHoBckue wiau JupakoBckue yacTuilbl. PaccMoTpeHsb
9KCIIEPUMEHTHI TI0 TOUCKY O€3HEUTPUHHOTO IBOMHOTrO OeTa pacnaja U MpeACcTaBlIeHbl PE3yJIbTaThI 10
UCCIIEIOBAHUIO CBOMCTB HEUTPHUHO.

Takxe paccCMOTpEeHbl HEUTPUHHBIE aHOMAJIMU: YKa3aHUs Ha CYIIECTBOBAHUS CTEPUIIbHBIX HEUTPHUHO,
MOJTy4eHHBIE B YCKOPHUTEIHHBIX, PEAKTOPHBIX PAJHMOXMMHYECKUX OJKcmepuMeHTax. OOCyKIaroTcs
MOCJIEAHUE IKCIIEPUMEHTAIBHBIE PE3YJIbTATHI MO MOUCKY JETKUX U TSKEIBIX CTEPUIIBHBIX HEUTPHUHO.
PaccmarpuBaercst HeHUTpuHHAsh acTpOPU3MKA BBICOKHUX OJHEPrUid, acTpoPU3MUECKHe HNCTOUYHUKH
HEUTPUHO, KOCMOTCHHbIE HEUTPUHO, AaHHUTWISIUSA TEMHOW Marepuu. balkanbCKUN TOABOIAHBIN
HelTpuHHbIN Teneckor, s3xcnepuMenTsl [CECUBE 1 ANTARES.

ABSTRACT
The lecture course “Neutrino Physics” includes the following main sections:

Prediction and Discovery of the Neutrino.
The detection of the muon neutrino, measurement of neutrino helicity, and the discovery of parity
violation in weak interactions are discussed. The course covers the physics of weak interactions, the V-
A theory, and the fundamental discrete symmetries: C, P, T, CP, and CPT. The Weinberg—Salam
theory (unification of electromagnetic and weak interactions) and the properties of neutrinos within the
Standard Model are also examined, along with the discovery of neutral currents and intermediate
vector bosons.

Significant attention is devoted to neutrino oscillations.
The course presents B.M. Pontecorvo’s idea and the experimental discovery of neutrino oscillations in



solar and atmospheric neutrino experiments. Accelerator and reactor-based oscillation experiments are
examined in detail, including the measurement of the mixing angle 613 and the search for CP violation
in the lepton sector of the Standard Model. The phenomenology of neutrino oscillations in vacuum and
matter is presented, along with future prospects for next-generation oscillation experiments.

Experiments for direct measurement of neutrino mass in tritium beta decay are discussed. The
course also presents constraints on the sum of neutrino masses derived from cosmological data. The
nature of neutrinos—whether they are Majorana or Dirac particles—is explored. Experiments
searching for neutrinoless double beta decay are reviewed, along with their results on neutrino
properties.

Neutrino anomalies are also considered, including indications of sterile neutrinos observed in
accelerator, reactor, and radiochemical experiments. The latest experimental results in the search for
light and heavy sterile neutrinos are discussed. The course also covers high-energy neutrino
astrophysics, astrophysical sources of neutrinos, cosmogenic neutrinos, and dark matter annihilation.
Key experiments such as the Baikal underwater neutrino telescope, ICECUBE, and ANTARES are
included.

1. IIEJIM OCBOEHMS YYEBHOM JJUCIUITIINHBI
Kypc nexkmuit «Heltpunnas Qusukay 3HAKOMHUT CTYJEHTa C OCHOBHBIMU TEOPETHUYECKUMH

MOJIO)KEHUSMH, METOJAaMH, 3KCIEPUMEHTAIbHBIMU YCTAaHOBKAMH M  pe3yibTaTaMu B oOjactu
HelTpuHHON ¢u3uku. OH co3maer HeoOXoauMylo 0a3y JUIsi NMOHMMaHHS W JaibHeimero Ooiee
rJ1yOOKOTr0 U3y4eHHs! 3TOro 001aCTH HayKH U BO3MOXKHOCTH HAyYHOH paboThl B HEUTPpUHHON (U3UKE.

1. PURPOSES OF THE EDUCATIONAL COURSE

The lecture course “Neutrino Physics” introduces students to the fundamental theoretical principles,
methods, experimental setups, and key results in the field of neutrino physics. It provides the essential
foundation for understanding and further, more in-depth study of this area of science, as well as for
pursuing research work in neutrino physics.

2. MECTO YYEBHOM JUCIHUAILJIMHBI B CTPYKTYPE OOII BIIO

JUis OCBOGHMS JAaHHOW AWCLUIUIMHBI OOydYaroluiics JOJKEeH oOsafaTh 3HAHUSAMM U YMEHHMSMU B
00BEME HECKOJIBKUX KYpPCOB BBICIIEH HIKOJIBI. B yacTHOCTH,

— HMMETh XOpOIIYI0 MOJrOTOBKY IO PSAy MaTeMaTH4YeCKHX AWCLUUIUIMH, TaKuX MaTeMaTHUYecKun
aHanu3, JUHEHHas anrebpa, nuddepeHIanbHble U UHTErpajbHble ypaBHEHUs, Teopus rpynn. B
YaCTHOCTH, OOydarolmuiics JO0JDKEeH OBbITh 3HAKOM C TaKMMM MOHATHUAMH Kak psa, (QyHKIus,
(byHKIIMOHA, 10J1e, AOJKEH 001a/1aTh 3HAHUAMHU JOCTaTOYHBIMU ISl pelieHus quddepeHIaabHbIX 1
UHTErpalIbHbIX YPAaBHEHHH, JOIDKEH ObITh 3HAKOM CO CHEIHAIbHBIMH M OOOOIIEHHBIMH (PYHKLUSAMH,
UMeTh 0a30BbI€ 3HAHUS 110 TEOPUU TPYIII;

— o0nmajaTh 3HAHUAMH B OO0BEME HE MEHBIIE CTAaHNAPTHBIX KypCOB KBAaHTOBON MEXaHUKHA U
KJIJACCHYECKON DIIEKTPOJAMHAMUKH, YMETh OIIEPUPOBATH C TAaKMMHM IOHATHAMU KaK KBaHTOBBIN
oreparop, KOMMYTAIlMOHHBIE COOTHOUICHHS, BOJHOBAas (DYHKIUS, KaHOHHYECKOE KBAHTOBAaHMUE,
BTOpPUYHOE KBaHTOBaHuUE, bo3ze u depMu cTaTUCTHKA, TOHUMATh KaYECTBEHHOE MMOBEACHUE BOJHOBBIX
(GyHKUMH B 3ajaye O CBSI3aHHOM COCTOSIHUM M B 3a/lau€ paccesHus, UMeThb IMpeACTaBIeHue 00
AQHAJTUTUYECKUX CBOMCTBAX BOJHOBOM (DYHKUHUH B KOMIIEKCHOM TJIOCKOCTH UMITYJIbCA U SHEPTUH;



— NOHMMATh CYIIHOCTb aJTOPUTMUYECKUX MPEANUCAHUN U IEMOHCTPUPOBATH YMEHHUE JEHCTBOBAThH B
COOTBETCTBUHU C MPEATI0KEHHBIM AITOPUTMOM;
— UMETh HaBBIKH YCTHBIX, TUChbMEHHBIX, HHCTPYMEHTAILHBIX BHIYHCICHUHN.

2. THE COURSE IN THE EDUCATIONAL PROGRAM

To successfully complete this course, student must possess comprehensive knowledge in a few
disciplinces of the high school. In particular,

— they should be well educated in mathematics (analysis, linear algebra, differential and integral
equations, theory of groups and representations). The student must be familiar with such notions as
series, function, functional, field and must be able to solve differential and integral equations, must be
familiar with spetial and generalised functions as well as with the basic principles of the theory of
groups;

— they must complete the standard courses in Quantum Mechanics and Classical Electrodynamics and
be able to master such notions as quantum operator, commutation relations, wave funtion, canonical
quantiation, second quantisation, Bose and Fermi statistics, then understand the qualitative behaviour
of the wave functions for a bound-state problem and a scattering problem, possess basic knowledge in
analytical properties of the wave functions in the complex momentum and energy planes;

— they must have the idea of algorithms and demonstrate the ability to follow the prescribed algorithm;

— they must possess basic abilities of various types of calculations.

4. CTPYKTYPA U COAEP)KAHUE YYEBHOM JUCIHUILINHBI
Kanennapnslii man

Camocr.
Tema 3agaTusa Jlexnun CemuHapsbl
paboTta

Beenenme. CialOnle B3aUMOJIEHCTBUSL.

1 [Tunore3a  HeWTpuHO.  DyHIaMEHTaJIbHBIC 1 1 0
cummerpun. Hapymenue P-uetHoct
OTKpbITHE HEUTPUHO B pPEaKkTOpHOM

2  PKCHEpUMEHTE. OTKpbITHE MIOOHHBIX| 1 1 0
HenTpuHO. CIMpaIbHOCTh HEUTPUHO.

3 V-A teopus. IlpoMexyTouHble OO30HBI. 1 1 0
HeiTpaibHbIE TOKH.
CrannmapTHas COJIHEUHAas MOJICTTb.

4 |lerekTMpoBaHME  COJHEYHBIX  HEUTPHUHO. 1 1 0
OTKpBITHE OCHUIUIALUNA COJTHEUHBIX HEUTPUHO
AT™MOC(hepHBIC HEUTPHUHO. HerexTop

5 |CynepKamuokanae. OTKpbITHE OCHMIUIAIUHN 1 1 0
aTMOC(hEpHBIX HEUTPUHO
DEHOMEHOJIOTUS HEUTPUHHBIX  OCHMJUISIINH.

6 |[Ocuwisauuii HEWTPUHO B BakyyMeé M B 1 1 0
BEIIECTBE

7 Y CKOpUTENbHBIE 3KCHEPUMEHTHI C JUIMHHOM 1 1 0
0a3oi

2 3mepenne OCHMJUTSIITUOHHBIX MMapaMeTPOB B 1 1 0
€aKTOPHBIX YKCIEPUMEHTAX

9 |[M3mepenue yria cmemmuBanus theta 13 1 1 0

10 [louck CP HapylieHMss B  HEUTPUHHBIX 1 1 0
OCIIMILTSLIMSIX

11 [[IpsMoe m3mepeHne Maccel HEUTpUHO. Moiens| | 1 0




Kaueseil.

12 [Tpupona wHeiitpuno. [louck OGe3HEUTPUHHOTO, 1 1 0
TBOMHOTO OeTa pacmana

13 Heiitpuno u  kocmosorus.  PenukToBble) 1 1 0
HelTpruHO. CTepHIIbHBIE HEUTPUHO

14 [HeiitpuHHas acTpodusnka. 1 1 0

15 [[maHrpyeMble HEWTPUHHBIE HKCIEPUMEHTBHI. 1 1 0
3aKiroueHue.

HToro yacos 30 30

ConeprxaHue TUCHUTLTAHBI (MOIYJIs), CTPYKTYPUPOBAHHOE 110 TeMaM (pa3zesiam)

1. Tema 1

Bgenenue B kypc HelTpuHHOM (puszuku. KpaTtkoe nsznoxenue Gpu3nKu ciadbbIX B3auMOJCHCTBUH.
Wznoxenne I'nnoressl B.[laynu o cymectBoBannu HeWTpuHO. 3n0xkenne GyHaaMeHTaIbHBIX
muckpetHbix C,P,T, CP, CPT cummerpunii. ['unoresa o HapylmeHn NpoOCTPAaHCTBEHHON YETHOCTH U
JKCHEpUMEHTaIbHOE 0OHApY)KEHUE B 3KcriepuMenTe By.

2. Tema 2

Perucrpanus nelitpuHo B peaktopHOoM 3KcniepumenTe Peiineca u Koyana. OTKpbITHE MIOOHHBIX
HEUTpUHO B ycKOpuTeabHOM dkcniepuMenTe B BHII. TlonsTTe ciupanbHOCTH HEUTPUHO U
AKCIIEPUMEHTATBHOE U3MEPEHHE CTUPATLHOCTHU B dKcIiepuMenTe I onbaxadep.

3. Tema 3

V-A teopus cnaboro B3auMoaeicTBUs. [ unore3a npoMexyTOUHbIX BEKTOPHBIX 0030HOB,
00bEIMHEHNE 3JICKTPOMAarHUTHOTO U c1a00ro B3aMMOIECHCTBHS. DKCIIEpUMEHTAIbHOE OOHApYKEHUE
HelTpaiabHbIX TOKOB. OTKpbITHE W M Z 6030HOB B 3KcniepumenTax B LIEPH.

4. Tema 4

Omnucanune Crannaptaoit ConneuHoii Mmozenu. [1oTok conHedHbIx HeUTpHHO Ha 3emiie. OOHapyKeHUe
IIG(I)I/IIII/ITa COJIHCYHBIX HefITpHHO B OKCIICPUMCHTC I[BBI/ICH,, B TaJINIUCBBIX SKCIICPUMCHTAX 1
skcniepumente Kamuokanne. ['unoreza b.M.ITorTekopBo 00 ocrinuisiiusax HeuTpuHo. OTKpbITHE
OCHWJUIALIMI COJTHEYHBIX HEUTPUHO B 3KcniepuMente SNO.

5. Tema 5

Perucrparus atMmocdepHbIii HEUTPUHO B TTOJI3EMHBIX IKCIIEPUMEHTaX. « ATMOC(hepHask aHOMaJTHS).
Bonansie uepenkoBckue aerekropsl Kamnokanae n CynepKamuokanne. OTKpbITHE OCHMILIALUN
aTMoc(epHbIX HeliTpuHO B 3kcriepumenTe CynepKamuunkanze.

6. Tema 6

DeHOMEHOJIOTHS HEUTPUHHBIX OCHWIIIALUN. PaccMOTpeHre OCHMIUISIUN ABYX TUIIOB HEUTPHUHO.
[Tonydenue BbIpa)kxeHUM 11 BEPOATHOCTH ocluisinuid. Matpuia cmemmBanus [lontekopBo-Maku-
HakaraBa-CakaTa 17151 Tpex TUIIOB HEUTpHUHO. [lapameTpsl HEUTPUHHBIX OCLMIUISILIUM.

7. Tema 7

HccnenoBanue ocUMLISIUI HEUTPUHO B YCKOPUTENIBHBIX SKCIIEPUMEHTaX C JJIMHHOM 0a30ii.
OxcnepumenTsl K2K, MINOS, OPERA. CMenieHHbIe OT OCH IIyYKH HEUTPUHO. DKCIEPUMEHTBI C
JumHHOU 6a30i BTOporo nokoneHus T2K u NOVA. OTKpbITHE OCHMIUIALINIO MIOOHHBIX HEUTPUHO B
AJIEKTPOHHBIE.



8. Tema &

H3MepeHne oCILISIIUOHHBIX TAPAMETPOB B PEAKTOPHBIX IKCIIEPUMEHTaX. MeToa NeTeKTUPOBaHUS
PEaKTOPHBIX AHTUHEHUTPUHO. DKCIEPUMEHT ¢ JuInHHON 0a3oit KamJlana. M3mepenue
OCIWJUTAIIMOHHBIX ITAPaMETPOB B peakTopHBIX dKkcriepuMerTax Daya Bay, RENO u Double Chooz.

9. Tema 9

Nsmepenue yria cmemuBanus theta 13 B yCKOPUTETBHBIX M PEAKTOPHBIX JKCIIEPUMEHTAX.
[lepciekTUBBI TSt ©3MEPEHUS UepapXUX MacC HEUTpUHO u moucka CP HapyIieHus B JISNTOHHOM
cektope CrannaptHoit Moaenu. Ctpykrypa PMNS MaTpuliibl cMelvuBaHusl.

10. Tema 10

[Touck Hapymenuss CP cummerpun B HEUTpUHHBIX ocuWuIAnUsIX. Mertoauka noucka CP HedeTHO
aCUMMETPHUH MPU U3MEPEHUH OCLMIJLUIALUN MIOOHHBIX HEUTPUHO U AaHTUHEHUTPUHO B DKCIIEPUMEHTE
T2K. Ucnonbp30BaHne pPEakTOPHBIX JAHHBIX JIJIS IIOBBIIEHHS YyBCTBUTEIbHOCTUH YKCIIEPUMEHTA.
[lepBoe yxazanue Ha CP Hapymenue B sxkcriepumente T2K. Pesynbrarsl sxciepumenta NOVA.

11.Temall.

[Ipsmoe n3MepeHne Macchl AIEKTPOHHOI0 HEUTPUHO B OeTa pacnaje TpUTHs. DKcrepuMeHTs! Tpouir
HIO-Macc 1 MaiH1. Meroa MarHuTHON amuabarndeckoi koyumMaruu. DkcriepumerT KATPUH.
Orpanunvenne Ha YPGEeKTUBHYIO MacCy JIEKTPOHHOTO HEUTPUHO.

12. Tema 12

Heiitpuno MaiiopanoBckas wim J{upakoBckas yactuiia. @usnka 6e3HEUTPHHHOTO IBOMHOTO OeTa
pacniaza. SlnepHble MaTpUUHBIE 3JIEMEHThI. DKCIIEPUMEHTAJIbHbBIE METObI TOMCKAa O€3HEUTPUHHOTO
JBOWHOTrO OeTa pacrajia B repMaHUEBBIX, KCCHOHOBBIX U KPUOTE€HHBIX JIETEKTOpax.
DKcrepuMeHTaIbHBIE OTpaHYeHHS Ha 3(p(PEeKTUBHYIO MacCy HEUTPUHO, TOTyYCHHBIE B
skcnepumenTax KamJlann-Zen, GERDA. bimxkaiinme nepcrnekTUBBIL.

13. Tema 13

Helitpuno u xocmonorus. OrpaHuyeHs Ha CyMMY Macc HEHTPUHO U3 KOCMOJIOTUYECKUX JaHHbIX.
PenukroBbie HEWTprHO. HEHTPHUHO OT B3pbIBOB CBEPXHOBBIX. CTEPUIIbHBIE HEUTPUHO. AHOMAIIHS
LSND, peakropHas u rajuiieBas anomanusi. OrpaHUuYeHus: Ha TapaMeTpbl JIETKUX CTEPUIIbHBIX
HEUTPUHO U3 PEaKTOPHBIX, YCKOPUTEIBHBIX U aCTPO(YU3NUECKUX IKCTIEPUMEHTOB.

14. Tema 14

HetitpunHbIa acTpodr3uKa BRICOKUX SHEPruid. balkaibckuii oABOIHBIN HEHTPHUHHBIA TEIECKOII,
skcniepumenTel ICECUBE, ANTARES. Actpodusnueckie HCTOYHUKH HEHTPUHO.

15.Tema 15

PaccmarpuBaroTcs HEHTpUHHBIE SKCIIEPUMEHTHI clieaytoliero nokonexus [ 'unepKamuoxanne u
DUNE. OcHOBHBIMU LIETIIMU 3THUX YKCIIEPUMEHTOB SIBIISIIOTCS orck CP HapyiieHus: B HEUTPUHHBIX
OCHWUIALIMSX, OIIPEICTICHUE HEPAPXUU MACC HEUTPUHO, TOMCK pacmaia MpoTOHa, PerucTpaIus
PENMKTOBBIX HEUTPUHO OT CBEPXHOBBIX. byieT paccMoTpeHa skcrepuMeHTaibHasi METOAUKA U
qyBCTBUTEIBHOCTH 3TUX IKCIIEPUMEHTOB K PA3IMYHbIM (PU3HYecKUM Iporieccam. B 3axiouenun
6YIIYT H3JI0KCHBI OCHOBHBIC UTOT'M KypCa U MPOAHAIIM3UPOBAHBI OCHOBHBIC (i)YHIlaMCHTaHBHBIG
pe3ynbTaThl, TOJIYYCHHBIC B HEUTPUHHON (PU3HKE.

Homewo
rk

1 Introduction. Weak Interactions. The Neutrino 1 1 0

Chapters Lectures Seminars




Hypothesis. Fundamental Symmetries. Parity|
'Violation.
Discovery of the Neutrino in Reactor

2 Experiments. Discovery of Muon Neutrinos. 1 1 0
Neutrino Helicity.
V-A Theory. Intermediate Vector Bosons.

3 1 1 0
Neutral Currents.
Standard Solar Model. Detection of Solar

4 [Neutrinos. Discovery of Solar Neutrino 1 1 0
Oscillations.
Atmospheric ~ Neutrinos.  The  Super-

5 |Kamiokande  Detector.  Discovery  of] 1 1 0
Atmospheric Neutrino Oscillations.
Phenomenology of Neutrino Oscillations.

6 Neutrino Oscillations in Vacuum and in 1 1 0
Matter.

7  |Long-Baseline Accelerator Experiments. 1 1 0
Measurement of Oscillation Parameters in

8 ) 1 1 0
Reactor Experiments.

9  [Measurement of the Mixing Angle 01s. 1 1 0
Search for CP Violation in Neutrino

10 R 1 1 0
Oscillations.
Direct Measurement of Neutrino Mass. The

11 ) 1 1 0
See-Saw Mechanism.

12 Nature of Neutrinos. Search for Neutrinoless 1 1 0
Double Beta Decay.
Neutrinos and Cosmology. Relic Neutrinos.

13 ) ) 1 1 0
Sterile Neutrinos.

14 [Neutrino Astrophysics. 1 1 0

15 |Planned Neutrino Experiments. Conclusion. 1 1 0

Total 30 30

Contents

Topic 1

Introduction to the Neutrino Physics Course. A brief overview of the physics of weak interactions.
Presentation of V. Pauli's hypothesis on the existence of neutrinos. Explanation of fundamental
discrete symmetries: C, P, T, CP, and CPT. The hypothesis of spatial parity violation and its
experimental discovery in the Wu experiment.

Topic 2
Neutrino detection in the Reines and Cowan reactor experiment. Discovery of muon neutrinos in an
accelerator experiment at BNL. The concept of neutrino helicity and experimental measurement of
helicity in the Goldhaber experiment.

Topic 3
V-A theory of weak interaction. Hypothesis of intermediate vector bosons, unification of
electromagnetic and weak interactions. Experimental discovery of neutral currents. Discovery of W
and Z bosons in CERN experiments.



Topic 4
Description of the Standard Solar Model. Solar neutrino flux on Earth. Detection of the solar neutrino
deficit in the Davis experiment, gallium experiments, and the Kamiokande experiment. B.M.
Pontecorvo’s hypothesis of neutrino oscillations. Discovery of solar neutrino oscillations in the SNO
experiment.

Topic 5
Detection of atmospheric neutrinos in underground experiments. "Atmospheric anomaly." Water
Cherenkov detectors Kamiokande and Super-Kamiokande. Discovery of atmospheric neutrino
oscillations in the Super-Kamiokande experiment.

Topic 6
Phenomenology of neutrino oscillations. Consideration of oscillations between two types of neutrinos.
Derivation of oscillation probability expressions. The Pontecorvo-Maki-Nakagawa-Sakata mixing
matrix for three types of neutrinos. Neutrino oscillation parameters.

Topic 7
Study of neutrino oscillations in long-baseline accelerator experiments. K2K, MINOS, and OPERA
experiments. Off-axis neutrino beams. Second-generation long-baseline experiments: T2K and NOvVA.
Discovery of muon neutrino to electron neutrino oscillations.

Topic 8
Measurement of oscillation parameters in reactor experiments. Reactor antineutrino detection methods.
Long-baseline KamLAND experiment. Measurement of oscillation parameters in reactor experiments:
Daya Bay, RENO, and Double Chooz.

Topic 9
Measurement of the mixing angle 015 in accelerator and reactor experiments. Prospects for measuring
the neutrino mass hierarchy and searching for CP violation in the lepton sector of the Standard Model.
Structure of the PMNS mixing matrix.

Topic 10
Search for CP violation in neutrino oscillations. Methods to search for CP-odd asymmetry in muon
neutrino and antineutrino oscillation measurements in the T2K experiment. Use of reactor data to
improve experimental sensitivity. First hint of CP violation in the T2K experiment. Results from the
NOVA experiment.

Topic 11
Direct measurement of the electron neutrino mass in tritium beta decay. The Troitsk and Mainz
experiments. Magnetic adiabatic collimation method. The KATRIN experiment. Constraints on the
effective electron neutrino mass.

Topic 12
Are neutrinos Majorana or Dirac particles? Physics of neutrinoless double beta decay. Nuclear matrix
elements. Experimental methods for searching for neutrinoless double beta decay in germanium,
xenon, and cryogenic detectors. Experimental constraints on the effective neutrino mass from
KamLAND-Zen, GERDA experiments. Future prospects.



Topic 13
Neutrinos and cosmology. Constraints on the sum of neutrino masses from cosmological data. Relic
neutrinos. Neutrinos from supernova explosions. Sterile neutrinos. LSND anomaly, reactor and
gallium anomalies. Constraints on the parameters of light sterile neutrinos from reactor, accelerator,
and astrophysical experiments.

Topic 14
High-energy neutrino astrophysics. The Baikal underwater neutrino telescope, ICECUBE, and
ANTARES experiments. Astrophysical sources of neutrinos.

Topic 15
Next-generation neutrino experiments: Hyper-Kamiokande and DUNE. The main goals of these
experiments are to search for CP violation in neutrino oscillations, determine the neutrino mass
hierarchy, search for proton decay, and detect relic neutrinos from supernovae. The experimental
methods and sensitivities of these experiments to various physical processes will be discussed. In
conclusion, the main results of the course will be presented, and the fundamental outcomes in neutrino
physics will be analyzed.

5. OBPA3OBATEJIBHBIE TEXHOJIOTI'MU

Kypc coctout u3 Tpéx paszHbix Gpopm 0OyueHHs: JeKIIUH, CEMUHAPhI U CAaMOCTOsITeNIbHAast padoTa.
Jlexuuu npoBoOASTCS € UCIOJIb30BAHUEM COBPEMEHHBIX TEXHOJIOIUH, B T.4. MyJIbTUMEAUIHBIX. Ha
CEMUHAPCKUX 3aHATUAX CTYJEHTHI PEIIAOT TUIIMYHbIE 33]Ja4l 110 KBAHTOBON TEOPUH OIS,
IPOBOJUTCA Pa300p MpakTHUECKUX 3a1au. [IpeaycMOTpeHo HHANBUyalbHbIE U TPYIIIIOBbIE
KOHCYJIbTallM1. BO3MOXKHO AUCTAaHIIMOHHOE OOLICHHE CO CTYIEHTAMU.

6. OIEHOYHBIE CPEJACTBA JJIAA TEKYIIEI'O KOHTPOJIA YCIIEBAEMOCTHU,
MPOMEXYTOYHOM ATTECTAIIMHA IO UTOI'AM OCBOEHUSA JJUCHUTLIIAHBI 1
YUYEBHO-METOJUYECKOE OBECIIEUEHUE CAMOCTOSTEJIbHON PABOThHI
CTYJAEHTOB

Pa3zpaboTaHbl KOHTPOJBHO-U3MEPHUTEIbHBIE MaTepHalbl IS KOHTPOJII YCHEBAaeMOCTH U
OLIEHOYHBIE CPEJCTBA JUIsl ATTECTAllMU 0 UTOTaM OCBOCHMS JAUCLUILIMHBI (KOHTPOJIbHbBIE BONPOCHI 10

BCEM paszjiesiam Kypca).

7. YUYEBHO-METOANUYECKOE U UTH®OPMAIIMOHHOE OBECIIEYEHUE
YYEBHOM JUCHUIIJINHBI
a) OCHOBHAA JIUTEPATYPA:
l. 1.JI.b.Oxy#ns. "JlenTons! u kBapku". Hayka. ['n. pen. ¢uz.-mat. nut., 1990.
2.}0.Kommunc, b.bykcboaym. CnaOpie B3aMOIeHCTBHS JICMITOHOB U KBapKOB. Ilep. ¢ aHTII.
Mocksa, DHeprousaar, 1987.
3. 3. ®.boywm, I1. ®orenb. «du3nka MacCCUBHBIX HEUTPUHOY, «Mup» , Mocksa, 1990.
4. 4 K.Winter. Neutrino physics. Cambridge Monographs on Particle Physics, Nuclear
Physics and Cosmology. 2008.
3. 5.C.M.bunenbkuii. Jlekunu no ¢pusruke HEUTPUHHBIX U JIENTOH-HYKJIOHHBIX IPOLIECCOB,

Mockga, DHeprouzaart, 1981.
0) AOIIOJIHUTEJIbHA S JIMTEPATYPA:



[a—

. 1.Knmanmop-Kunaiiarporxayc I'.B., [lImuar A., "HeyckoputenpHas (pu3uka 3JeMEHTapHBIX
yactul", [lep. ¢ Hem., MockBa, Hayka, ®u3smarnur, 1997.
. 2.Jlx.bakan "He#trpunnas acrpodusuka”, "Mup", Mocksa, 1993.
. 3.M.Komub6a. Poxxienne HeWTpuHHON acTpodu3uky .Ycnexu pusnueckux Hayk, T.174 (2004)
c.418-426.
. 4.K.Zuber. Neutrino physics, CRC Press, 2012.
. 5.C.Giunti and C.W.Kim. Fundamentals of Neutrino Physics and Astrophysics, Oxford
University Press, 2007.
6. 6. I'epurteiin C.C., Ky3nenos E.I1., Ps6oB B.A. IIpupoaa maccbl HEHTpUHO U HEUTPUHHBIE
ocUMJUIILMU. Ycnexu (pu3nyecKux Hayk, T.167 (1997) c.811.
7. 7.bunenbkuit C.M. Maccbl HEUTPUHO, CMEIIMBAHUE M OCIUJUISIIIUA HEUTPUHO. Y CIEXHU
¢usnyeckux Hayk, T.173 (2003) c.1137.
8. 8.Kyzaenxko 10.I'. MccnenoBanne HEHTPUHHBIX OCIMJUTALMN B SKCIIEPUMEHTAX C JJIMHHON 0a30ii.
VYcenexu ¢puzndeckux Hayk, T.181 (2011) ¢.569-594.
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9.
B) [[IPOTPAMMHOE OBECIIEUEHUE N UHTEPHET-PECYPCBI:
http://www.library.mephi.ru/ 6mbmuorexka HUAY MUDUX
http://www.gpntb.ru/ rocyjapcTBeHHas MyOJu4Has HayYHO-TeXHUUYecKas onbnuoTexaX
http://elibrary.ru/ 6a3a JaHHBIX HAyYHBIX CTATEHX

8. MATEPUAJIBHO-TEXHUYECKOE OBECIHIEYEHUE YYESHOM JIUCIUTLIMHBI
B xoze npoBeneHus JEKINUA UCTIOIB3YETCS MYJIbTHMEANITHOE 000PYy/I0BaHHE.

[Tporpamma cocraBiena B coorBercTBuu ¢ TpedboBanusmu OI'OC BIIO 3+ no HanpaBneHusM
MOArOTOBKH:

14.03.02 AnepHas pusnka ¥ TEXHOJIOTHH.

ABTOp porpaMmel:



http://www.library.mephi.ru/
http://www.gpntb.ru/
http://elibrary.ru/

6.

POHJ OHEHOYHBIX CPEJACTB

2. TUITIOBBIE KOHTPOJIBHBIE 3AJIAHUSA
JUTst olieHku 3HaHui (3), ymenuii (Y) u HaBbikoB (B)

KonTpoJibHbIe BOIPOCHI (He MeHee MATH BONPOCOB/3aaHMN)

. OHpeI[eJ'II/ITe KHHCTUYCCKYIO SHCPI'UI0 PEINKTOBBIX HGI>'ITpI/IHO.

Bo3MOXHBI 1M OCUMIIISIUANA HEUTPUHO VUL—V U7

. Paccuuraiite BeposaTtHocTh (branching ratio) pacnaga m—ev. CpaBHUTE €€ C BEPOSTHOCTHIO

pacriaga T—pv.

. TlokaxuTe, BOBMOXKEH JIM pacraj HEUTPaJIbHOrO MUOHA HA HEUTPUHO U AHTUHEUTPUHO, €CIIU

Macca HEUTPUHO paBHA HYJIIO.

. Paccunraiite miuHY JeTeKTOpa HEUTPUHO W3 JKeJie3a, TAEC BEPOATHOCTh B3aUMOCHCTBUSA

HelitpuHo ¢ 3Heprued 1 BB paBHa 10—8. CeueHue B3aMMOJECHCTBUS HEUTPUHO PpaBHO
10—38cm2.

Omnpenenute MOPOTr YHEPTUM IS pEaKIuu ViI+e———+ve B JJabopaTOpHON CUCTEME.

IIpumepbl KOHTPOJIBbHBIX 33/1aHUI (He MeHee SATH BOIMPOCOB/3aIaHN)

1.
2.

BBIBG,Z[I/ITG BBIPAKCHUC IJId BEPOATHOCTU OCI_[I/IHHHL[I/II\/'I MCKAY ABYMS TUIIAMHA HGfITpPIHO.

B BOJIHBIX 4EpEHKOBCKUX JAETEKTOPAX MPHU PErMCTPalMyU AIEKTPOHHBIX HEUTPUHO C DHEPrUEH
okono 1 I'>B ogHMM U3 OCHOBHBIX HMCTOYHHUKOB (POHA SIBISIOTCS HEHUTpadbHBIE MHOHBI,
MIPOU3BOJUMBIE MIOOHHBIMHA HEHUTPUHO 4Ye€pe3 HEUTpabHbIE TOKH. BbIBeIUTE KHUHEMATHKY
pacnaza HEWTpaJlbHOTO MHUOHA Ha JiBa GoroHa. Mcnonb3ys 3TO, BBIUUCIUTE Maccy MHOHA U3
u3MepeHuil 1Byx gortonoB. [lokaxure, B Kakux ciaydasx pacnag n0—yy MOKET UMUTHPOBAThH
CUTHAJI OT OJJMHOYHOTO 3JIEKTPOHA.

. BeIBenuTe BhIpakeHue Ui OCUMIUIALUN HEUTPUHO B ClTydae TPEX TUIIOB HEUTPUHO B BaKyyMe.

BeiBenute BbIpaskeHHe A BeposATHOCTH pacnaga (branching ratio) m—ev. CpaBHute €€ c
BEPOSITHOCTBIO pacmajga T—Lv.

. UepeHKOBCKHMI BOAHBIN IETEKTOP HMCHOJIB3YETCS IS MOMCKa pacrajna nportoHa. OCHOBHOM

pexum p—e+n0. Kakue nponeccsl ¢ yyacTueM aTMOCQEPHBIX HEUTPUHO MOTYT UMUTHUPOBATh
3TOT pacnaj? Kakue MeToabl HCIIONB3YIOTCS IS TIOaBIeHUs oHa aTMOC(HEPHBIX HEUTPHHO?

IIpumepsl 3K3aMeHALMOHHBIX 0MJIETOB (ec1u GopMa KOHTPOJIsI — IK3aMeH)

Bbuaer 1:

1.
2.

N3Mepenne oCIMIISUOHHBIX TapaMeTPOB B yCKOpUTEIbHBIX 3kcniepumenTax K2K n MINOS.

BriBenute Boipakenue nist CP-Heu€THOM acuMMeTpun

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)



B BaKyyMe, MCIOJIb3Ys MOJIHbIE BBIPAKEHUSA IJIs OCHUJUISIIUA TpEX THIOB HEUTpHHO. Paccuuraiite
YHUCJICHHOE 3HAYEHUE aCUMMETpPUU JJIs SHEPruH MIOOHHBIX HeHTpuHo 600 M>3B u 6a3sr 300 kM.
Ocuwmnsauuonable  mapamerpbl:  012=340, 023=450, 013=90, Am212=7.5%x10—-5e¢V2, Am232
=2.4x10—-3eV2.

Buuer 2:
1. Dxcnepument Super-Kamiokande. OTkpbITHE OCHMIIIAINI aTMOC(HEPHBIX HEHTPUHO.

2. B cnydae pacnaja m— v BBIBEJUTE 3aBHCUMOCTb SHEPrUHM HEUTpUHO (B JabopaTOpHOM
cUCTeMe) OT yrjia O MexIy HampaBlieHHEM IHOHAa U HEUTpuHO. PaccmoTrpute ciyyail manoro
yraa 6. [loctpoiite rpaguku 3aBUCMMOCTH SHEPTUU HEUTPUHO OT SHEPTUU NMUOHA A yrioB 0,
1, 2, 3 rpanyca B quana3one sHepruii nuoHoB ot 0 1o 20 I'3B.

Buaner 3:
1. N3mepenue yraa 013 B sxcnepumentax T2K u peakTOpHBIX SKCIIEpUMEHTAX.
2. Ouenure Bkiaj Beuectsa B CP-HEUETHYI0 aCUMMETPHIO
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

s aByx ciydaeB: Ev=600MeV,L=300km u Ev=1800MeV,L=900km. Cuuraiite HOpMaJIbHYIO
uepapxuto macc. Mcronp3yiTe oclrIIsIMOHHbBIE TapaMeTpsl u3 Tadmnui PDG.

Bujer 4:

1. U3mepenue coiHEYHBIX HEUTPUHO B 3KcniepuMenTe SNO. OTKpBITHE OCHMIUISIIMNA COJIHEUHBIX

HEUTPHUHO.

2. MIOOHHOE HEUTPHUHO B3aUMOJICHCTBYET B BOJE U pOXKIAaeT MIOOH ¢ sHeprue 1 I1B.
Paccuuraiite pasmepbl UepeHKOBCKOro Kojblla (BHYTPEHHHUN W BHELIHMI JuWaMETpbl) Ha
CTCHKE, MEPIEHANKYJIIPHON HAIIPaBJICHUIO MIOOHA, PacCIOJIOKEHHOM Ha paccrostHuM 20 M OT
TOYKHM B3auMoOJeHCTBUsA. [IpennokuTe MeTon BOCCTAHOBIEHHUS BEPIIMHBI B3aWMOJACHCTBHUSA
HEUTPUHO U OLIEHUTE MOTPEIIHOCTh MPU BPEMEHHOM pa3pelieHnn (OTOyMHOXKHUTENEH 2 HC.

buaer S:
1. besneiiTpuHHbIA qBOIHOMN OeTa pacnan. MaiiopaHoBckue U J{upakoBckue HEUTPUHO.

2. OmpenenuTe ONTUMANTBbHBIE 0a3bl PEAKTOPHBIX IKCIIEPUMEHTOB JIJISI U3MEPCHHS «COJTHEUHBIX)
napameTpoB U yria 013. CuuTaiite CpeqHIOI0 YHEPTHI0 PEaKTOPHBIX aHTHUHEUTpUHO 4 M»1B.
Bo3moxxHO 1 M3MepeHue «arMoc(epHBIX MapaMeTpoB» B IKCIHEPUMEHTaX C PEAKTOPHBIMU
HerTpuHo? Ecnu na, To npu kakoit 6aze?

QUESTIONS

Control Questions (at least five questions/tasks)

1. Determine the kinetic energy of relic neutrinos.



2. Are neutrino oscillations possible for vp—v u?
3. Calculate the branching ratio for the decay n—ev. Compare it with the decay m—pv.

4. Show whether the decay of a neutral pion to neutrino and antineutrino is possible if the neutrino
mass is zero.

5. Calculate the length of a neutrino detector made of iron, where the probability of interaction of
a neutrino with an energy of 1 GeV is 10—8. The cross-section for neutrino interaction is
10—38cm?2.

6. Determine the threshold energy for the reaction vu+e——p—+ve in the laboratory system.

Examples of Control Tasks (at least five questions/tasks)

1. Derive the expression for the oscillation probability between two types of neutrinos.

2. In water Cherenkov detectors, the detection of electron neutrinos with an energy of about 1
GeV often faces background from neutral pions, produced by muon neutrinos via neutral
currents. Derive the kinematics for the decay of a neutral pion into two photons. Use this to
calculate the mass of the pion from the measurement of the two photons. Show in what cases
the decay n0—yy can mimic a signal from a single electron.

3. Derive the expression for neutrino oscillations in the case of three neutrino types in vacuum.

4. Derive the branching ratio for the decay m—ev. Compare it with the branching ratio for the
decay m—pv.

5. The Cherenkov water detector is used to search for proton decay. The main mode is p—e+n0.
What processes involving atmospheric neutrinos can mimic this decay? What methods are used
to suppress the background from atmospheric neutrinos?

Examples of Exam Tickets (if the form of assessment is an exam)

Ticket 1:
1. Measurement of oscillation parameters in the K2K and MINOS accelerator experiments.
2. Derive the expression for the CP-odd asymmetry

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—v'e)

in vacuum, using the full expressions for three-neutrino oscillations. Calculate the numerical value of
the asymmetry for the energy of muon neutrinos at 600 MeV and a baseline of 300 km. The oscillation
parameters are: 012=340, 023=450, 013=90, Am212=7.5%x10—5eV2, Am232=2.4x10—-3eV2.

Ticket 2:
1. Super-Kamiokande experiment. Discovery of atmospheric neutrino oscillations.

2. In the case of the decay m—pv, derive the dependence of neutrino energy (in the laboratory
frame) on the angle 0 between the direction of the pion and the neutrino. Specifically, examine
the case of small angle 8. Construct graphs showing the dependence of neutrino energy on pion
energy for angles of 0, 1, 2, 3 degrees in the pion energy range of 0 to 20 GeV.

Ticket 3:



1. Measurement of the mixing angle 613 in the T2K and reactor experiments.
2. Evaluate the contribution of matter to the CP-odd asymmetry
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

for two cases: Ev=600MeV,L=300km and Ev=1800MeV,L=900km. Assume normal mass hierarchy.
Use the oscillation parameters from PDG tables.

Ticket 4:

1. Measurement of solar neutrinos in the SNO experiment. Discovery of solar neutrino
oscillations.

2. A muon neutrino interacts in water and produces a muon with an energy of 1 GeV. Calculate
the size of the Cherenkov ring (inner and outer diameters) on the wall, perpendicular to the
muon direction, located 20 meters from the interaction point. Propose a method to reconstruct
the neutrino interaction vertex and estimate the error with a photo-multiplier time resolution of
2 ns.

Ticket S:
1. Neutrinoless double beta decay. Majorana and Dirac neutrinos.

2. Determine the optimal baseline lengths for reactor experiments aimed at measuring "solar"
parameters and the mixing angle 613. Assume an average reactor antineutrino energy of 4
MeV. Is it possible to measure "atmospheric parameters" in reactor neutrino experiments? If so,
at what baseline length?

CocraBuTenb

3am. 3aBeqyroIIero kageapoit I'paués B.M.

« » 20 T

Kputepumu 11 aTrecTaluu pasjieion:

Teopernyeckas 4YacTb Kypca COACPKHUT 25 BOMPOCOB, pa3dutbix Ha 4 pasgena. CTyaeHTY
BbicTaBisieTcss oT 0 g0 2 OawioB 3a KaKABIA BONPOC B 3aBUCHMOCTH OT TIOJHOTBI U
apryMEHTUPOBAHHOCTH OTBeTa. MaKCHUMallbHOE KOJIMYECTBO OaIOB, KOTOPOE MOXKET TOIYYUTh
CTYZICHT TI0 pe3yJIbTaTaM aTTeCTallMU TEOPETUIeCKOr yacTH, — 50 6ayuioB. MUHMMAIBHOE KOJIHYECTBO

0aJlJI0B, KOTOPOE HEOOXOIMMO MOJIYYUTh CTYJEHTY JIJIsl aTTecTauu, — 30 0amios.



Kaxnapiii u3 4 pa3nesioB coycKa 3a/1ad K MPaKTUYECKUM 3aHATUAM COACPKUT 1O 6 3a/1a4, KOTOpbIE
CTYIEHTY HEOOXOIUMO peHIuTh JUIsl AaTTecTallid COOTBETCTByomiero pasnena. CryaeHTy
BbICTaBIIsIeTCS OT 0 710 2 Oa/UTOB 332 KAKAYIO 33/1a4y B 3aBUCHMOCTH OT IPABHJIBHOCTH PEIICHUS, €TO0
MOJHOTHl W AprYMEHTHUPOBAHHOCTH, TMOATBEPXKAAMOIIEH 3HaHHE MaTepuana. MakcuMalbHOe
KOJIMYECTBO OAJJIOB, KOTOPOE MOJKET MOJYUYUTh CTYJEHT MO pe3yJibTaTaM aTTeCTaIlluu IMPAKTHIECKOM
yactu, — 48 6amioB. MUHUMAaIbHOE KOJTUYECTBO OAlJIOB, KOTOPOE HEOOXOAMUMO MONYYHTh CTYACHTY
it arrectanuu, — 30 6ayutoB (HO HE MeHee 6 0aJUTOB MO KaXKIOMY pa3ieny).

Jlnis nomycka K caye dK3aMeHa 1Mo Kypcey CTYACHT JOJDKEH MOTy4duTh He MeHee 30 GalsioB mo
pe3yabpTaTam aTTeCTalliu TEOPETUYECKON yacTu U He MeHee 30 0asuioB Mo pe3ysibTaTaM aTTeCTalluu
MPAKTHYECKOM yacTH (MpruuéM He MeHee 6 0aiioB 3a Ka)/blil U3 pa3iesioB).

OO0mas oreHka ompeneNsercs CyMMOM OaJlJioB, TOJMYYEHHBIX CTYJIEHTOM Ha 3JK3aMEHe
(MuHMManbHOE KonuuecTBO — 30 GamnoB, MakCUMalbHOE KOiMMuecTBO — 50 0aiioB) U MO UTOram

arrecrauuu pasaciioB. HTtorosas orieHKa OIpPCaACIACTCA O6IJ_II/IM KOJINYE€CTBOM OaJlJIOB.

Kpurepun o01ieii oneHKu:

KauecTBenHas oeHka
IIpoueHT pe3yibTATHBHOCTH N
HHAUBHAYAJBHBIX 00Pa30BaTeJbHbIX JOCTHKEHU
(MpaBUJIBLHBIX OTBETOB) =
0as11 (oTMeTKa) BepOAJIbHBIN AHAJIOT
90 + 100 5 OTJINYHO
70 + 89 4 XOPOILIO
60 + 69 3 YIOBJIETBOPUTEIHLHO
meHnee 60 2 HE yJIOBJIETBOPUTEIIHHO




Ouenka Ouenka 3K3aMeHa, 3a4éTa
.. . TpeOoBaHus K 3HAHUSM HA
IK3aMeHa, 3a4éTa (TecToBble HOPMBI: % MPABHIHHBIX .
YCTHOM 3a4éTe
(crarmapTHas) OTBETOB) 2.2
«OMAUUHOY, 90+ 100 % | OueHKa «OTIMYHO» BBICTABISETCS CTYACHTY, €CIIH OH IIyOOKO W MPOYHO
A YCBOWJI TPOTPaMMHBI MaTepHal, WCUYEepIBIBAIONIE, IIOCIIECA0BATEIHHO, Ko
YEeTKO M JIOTUYECKH CTPOHMHO €ro M3jaraeT, yMeeT TECHO YBA3BIBATb | HT
TEOPHIO C TPAKTHUKOH, MCIIOJIB3YeT B OTBETE MaTepHall MOHOTPadUIeCKOM
JIUTEPATYyPHIL. po
«xopouoy, 70 + 89% O1meHKa «XOpOIIO» BBICTABISIETCS CTYACHTY, €CIIM OH TBEPIO 3HACT | JIp
D C B Marepuang, TIpaMOTHO M IO CYILIECTBY M3JIaraeT €ro, He JOIlycKas
CYILLIECTBEHHBIX HETOYHOCTEM B OTBETE HA BOIIPOC. no
«y00671emeo- 60+ 69% OlnieHKa «yJIOBJIETBOPUTENHLHO» BBICTABISIETCS] CTYICHTY, €CIIU OH UMEET | T
PUMETLHOY 3HAHMS TOJIKO OCHOBHOTO MarepHaia, HO HE YCBOWJI €ro JeTaje,
E D JIOIyCKaeT HETOYHOCTH, HEJAOCTaTOYHO IPaBUIbHbIE (HOPMYJIUPOBKHY, ora
HapyUIeHUs  JIOTMYECKOHW  IIOCJIEIOBAaTEIbHOCTH B H3JOXKEHHU | M
MIPOTPAaMMHOT0 MaTepHaa. K
«Hey008nemeo- menee 60% | OnieHKa «HEYJIOBJIETBOPHUTEIBHO» BBICTABISIETCSI CTYAEHTY, KOTOPBIM He (
PUMENbHOY, 3HACT 3HAYMTENBHOM 4YacTH InporpamMmporo wmatepuana, pomyckaer | H)
F CymiecTBeHHbIC OMMOKHN. Kak MmpaBwiIO, OIEHKA «HEYIOBICTBOPUTEIHHOY
CTAaBUTCS CTYJIEHTaM, KOTOpble HE MOTYT TNPOJOKHTH OOydeHHe 6e3 |
JIOTIOJTHUTEIBHBIX 3aHATHH 110 COOTBETCTBYIOUICH AUCIUIIINHE. 12
He
ae
JIdA

AHHOTADIUA
Kypc nexunit «®u3nka HEUTPUHO» BKITIOYAET B ce0sI CIIEAYIOLINE OCHOBHBIE Pa3/Ieibl.

[Ipenckazanue u  OTKpbiTHE HeWTpuHO. OOHapyXeHHE MIOOHHOTO HEHTPUHO, H3MEpeHue
CHUPATBLHOCTA HEUTPUHO, OTKPHITHE HAPYIICHUS MPOCTPAHCTBEHHOM YETHOCTH B  Cla0bIX
B3auMoOJIeCcTBUAX. bynmer paccmorpeHa (Qusumka ciaOblXx  B3aUMOJACHCTBUM, V-A  Teopwus,
dbynaaamenTanbable quckpetHbie cummerpun C, P, T, CP u CPT. OOcyxnmaercs Teopusi BaiinGepra-
Canama (0OBeqMHEHHE DJIEKTPOMATHUTHBIX M CIAOBIX B3aUMOJEHCTBUIN) M CBOWCTBA HEUTPHUHO B
pamkax CrangaptHoit Moaenu. PaccMaTpuBaeTcss OTKpPBITHE HEUTPAIBbHBIX TOKOB U MPOMEKYTOUHBIX
0030HOB.

3HAYUTENIbHOE BHUMAaHUE YAENEHO ocumuiauusaM HelTpuHo. W3noxxena maes b.M. Ilontexopso u
JKCIIEPUMEHTAJIBHOE  OTKPBITUE HEUTPUHHBIX OCHMJULALIMKA B DJKCIEPUMEHTAaX C COJHEYHBIMH U
aTMOC(EepHBIMU  HEHTPHUHO. JleTanpHO  pacCMOTPEHBI ~ YCKOPUTEIBHBIE U PEAKTOPHBIE
OCHWJUISIIIMIOHHBIE SKCIIEPUMEHTHI, u3MepeHue yria cmemuBanue theta 13 u nmouck CP Hapymienus B
nentoHHOM cektope CranmaptHoit Monenu. IIpencraBieHa (HEHOMEHOJIOTHS HEHTPUHHBIX
OCLMJULILIMKM B BakyyMe W B BellecTBe. lM3nararorcs JajlpHEHIIMe NMEpCIEKTUBBI OCHUIUIALIMOHHBIX
HKCIIEPUMEHTOB CJIEAYIOIIErO MOKOJICHUS.

PaccMoTpeHnbl SKCepUMEHTHI M0 MPSIMOMY H3MEPEHHIO0 Macchl HEHTpPUHO B OeTa pacraje TpUTHSL.
IIpencraBieHsl OrpaHMYEHHs HA CYMMAapHYK0 MacCy HEUTPUHO M3 KOCMOJIOTUYECKUX JAHHBIX.
OOcyxmaercss mpupoda HeWTpuHO: MaitopaHoBckue wiau JupakoBckue yacTuilbl. PaccMoTpeHs
9KCIIEPUMEHTHI TI0 MOUCKY O€3HEUTPUHHOTO IBOMHOTO OeTa pacnaja U MpeACTaBIeHbl PE3yJIbTAThI 10
UCCIIEIOBAHUIO CBOMCTB HEUTPUHO.



Takke pacCMOTpPEHbl HEUTPUHHBIC AHOMAJIMU: YKa3aHUs Ha CYLIECTBOBAHUSI CTEPUIIbHBIX HEUTPHUHO,
MOJy4YEeHHbIE B YCKOPUTEIbHBIX, PEAKTOPHBIX PAAHMOXHUMHUYECKHUX OJKcmepuMeHTax. OOcCykaaroTcs
MOCJIETHAE SKCIIEPUMEHTAIIbHBIE PE3YJIbTATHI 110 MOUCKY JIETKUX U TSDKENBIX CTEPUIBHBIX HEUTPHUHO.
PaccmarpuBaercst HeWTpuHHAsh acTpoPU3MKa BBICOKHX OJHEPTrUid, acTpOoPU3NUECKHEe HNCTOUYHUKH
HEUTPUHO, KOCMOTCHHbIE HEUTPUHO, AaHHUTWISIMS TEMHOW MaTtepuu. balkanbCKUN TOABOIHBIN
HelTpuHHbIN Teneckor, s3xcnepuMenTsl [CECUBE 1 ANTARES.

ABSTRACT
The lecture course “Neutrino Physics” includes the following main sections:

Prediction and Discovery of the Neutrino.
The detection of the muon neutrino, measurement of neutrino helicity, and the discovery of parity
violation in weak interactions are discussed. The course covers the physics of weak interactions, the V-
A theory, and the fundamental discrete symmetries: C, P, T, CP, and CPT. The Weinberg—Salam
theory (unification of electromagnetic and weak interactions) and the properties of neutrinos within the
Standard Model are also examined, along with the discovery of neutral currents and intermediate
vector bosons.

Significant attention is devoted to neutrino oscillations.
The course presents B.M. Pontecorvo’s idea and the experimental discovery of neutrino oscillations in
solar and atmospheric neutrino experiments. Accelerator and reactor-based oscillation experiments are
examined in detail, including the measurement of the mixing angle 013 and the search for CP violation
in the lepton sector of the Standard Model. The phenomenology of neutrino oscillations in vacuum and
matter is presented, along with future prospects for next-generation oscillation experiments.

Experiments for direct measurement of neutrino mass in tritium beta decay are discussed. The
course also presents constraints on the sum of neutrino masses derived from cosmological data. The
nature of neutrinos—whether they are Majorana or Dirac particles—is explored. Experiments
searching for neutrinoless double beta decay are reviewed, along with their results on neutrino
properties.

Neutrino anomalies are also considered, including indications of sterile neutrinos observed in
accelerator, reactor, and radiochemical experiments. The latest experimental results in the search for
light and heavy sterile neutrinos are discussed. The course also covers high-energy neutrino
astrophysics, astrophysical sources of neutrinos, cosmogenic neutrinos, and dark matter annihilation.
Key experiments such as the Baikal underwater neutrino telescope, ICECUBE, and ANTARES are
included.

1. IEJIU OCBOEHMS YUYEBHOM JUCIHUILINHBI
Kypc nexumii «Helitpunnas ¢usnkay 3HAKOMHUT CTYJIEHTa C OCHOBHBIMH TEOPETUUYECCKUMU

MOJIOKEHUSAMH, METOJAaMH, SKCIEPUMEHTAIbHBIMH YCTAaHOBKAMHM M  pe3ysibTaTaMH B 00JacTu
HelTpuHHOM ¢u3uku. OH co3naer HeoOXoauMyro 0a3y Ul NMOHHMMaHHMs W JanbHeiiiero Ooiee
[IyOOKOT0 U3Y4YEHHUS 3TOT0 00JIACTH HAYKU U BO3MOXKHOCTH HAyYHOU pabOThl B HEUTPUHHOM (PU3UKE.

1. PURPOSES OF THE EDUCATIONAL COURSE



The lecture course “Neutrino Physics” introduces students to the fundamental theoretical principles,
methods, experimental setups, and key results in the field of neutrino physics. It provides the essential
foundation for understanding and further, more in-depth study of this area of science, as well as for
pursuing research work in neutrino physics.

2. MECTO YYEBHOM JUCIHUAILJIMHBI B CTPYKTYPE OOII BIIO

JIns OCBOCHHMSI JAHHOW JWCHMIUIMHBI OOyYaroOIIMICs MODKeH o0JafaTh 3HAHMSAMH W YMEHUSMH B
00beMe HECKOJIBKHX KYypCOB BbICIIEH MIKOJIbI. B uacTHOCTH,

— HMETh XOpOINYI MOJTrOTOBKY IO DSy MaTeMaTHYECKHX UCIHIUINH, TaKUX MaTeMaTHYeCKUI
aHaMM3, JHUHEiHas anreOpa, auddepeHIManbHBIE M MHTETpAIbHBIE YpPaBHEHHS, TeOopHs rpymm. B
YaCTHOCTH, OOyduaromuiics IO/DKEH OBbITh 3HAKOM C TaKUMM MOHATHUAMH Kak psfa, (QyHKIus,
(byHKIHOHAT, MTOJIe, TODKEH 00J1a1aTh 3HAHUSIMH JOCTAaTOYHBIMH JIJIS perieHus 1udepeHInalbHbIX 1
MHTETPAJIbHBIX yYPaBHEHHH, JOJDKEH OBITh 3HAKOM CO CIEHUATBHBIMA U OOOOMIEHHBIMHU (YHKIHSIMH,
UMETh 0a30BbI€ 3HAHUS 110 TEOPUU TPYIII;

— obnazaTh 3HAHUAMH B OO0BEME HE MEHBIIE CTAaHIAPTHBIX KypCOB KBAaHTOBON MEXaHUKUA U
KJTACCHYECKOM 3JIEKTPOJANHAMUKH, YMETh ONEPHUPOBATh C TAaKUMH MOHATHSIMH KaK KBaHTOBBIH
oreparop, KOMMYTAllMOHHBbIE COOTHOLICHHS, BOJHOBas (YyHKIUS, KaHOHHYECKOE KBAHTOBAaHMUE,
BTOPUYHOE KBaHTOBaHUE, bo3e 1 DepmMu CTaTUCTHKA, TOHUMATh Kau€CTBEHHOE TTOBEJACHNE BOJHOBBIX
GyHKIMI B 337a4e O CBSI3aHHOM COCTOSHHMM M B 3a7ade pacCesHHs, WMETh IpeACTaBlIeHHE 00
AQHAJTMTUYECKUX CBOMCTBAX BOJIHOBOW (PYHKIMU B KOMITJIEKCHOHU TNIOCKOCTH UMITYJIbCA U SHEPTHH;

— MOHUMATD CYIIHOCTh aJTOPUTMUYECKHUX MPEANUCAHUNA U JIEMOHCTPUPOBATh YMEHUE JACHCTBOBATH B
COOTBETCTBHUH C IPEIIOKEHHBIM aJTOPUTMOM;

— UMETh HaBBIKU YCTHBIX, INCbMEHHBIX, THCTPYMEHTAJILHBIX BHIUYUCICHUH.

2. THE COURSE IN THE EDUCATIONAL PROGRAM

To successfully complete this course, student must possess comprehensive knowledge in a few
disciplinces of the high school. In particular,

— they should be well educated in mathematics (analysis, linear algebra, differential and integral
equations, theory of groups and representations). The student must be familiar with such notions as
series, function, functional, field and must be able to solve differential and integral equations, must be
familiar with spetial and generalised functions as well as with the basic principles of the theory of
groups;

— they must complete the standard courses in Quantum Mechanics and Classical Electrodynamics and
be able to master such notions as quantum operator, commutation relations, wave funtion, canonical
quantiation, second quantisation, Bose and Fermi statistics, then understand the qualitative behaviour
of the wave functions for a bound-state problem and a scattering problem, possess basic knowledge in
analytical properties of the wave functions in the complex momentum and energy planes;

— they must have the idea of algorithms and demonstrate the ability to follow the prescribed algorithm;

— they must possess basic abilities of various types of calculations.

4. CTPYKTYPA U COAEP)KAHUE YUEBHOM JUCHUIIJINHBI
Kanennapuslit muian

Camocr.
Tewma 3ansTHA Jlexunn CeMuHapbl
pabora
Beenenne.  Cralble B3alMOJICHCTBHSI.
1 |[[unmore3a  HeWTpuHO. DyHIAAMEHTAILHBIC 1 1 0

cummerpuu. Hapymenue P-uerHoct
OTKpBITHE HEUTPHUHO B PEaKTOPHOM|
PKCIIEPUMEHTE. OTKpbITHE MIOOHHBIX|




HelTprHO. CIUPaIbHOCTh HEUTPUHO.

3 V-A  Tteopus. [Ipomexyrounbie OGO30HBI. 1 1 0
HeiTpaibHbIe TOKH.
CrannapTHas COJIHEYHAas MOJEJIb.

4 |leTekTUpOBaHWE  COJHEYHBIX  HEUTPHUHO. 1 1 0
OTKpBITHE OCHHMIUISIIMNA COJIHEUYHBIX HEUTPHUHO
IATMOC(epHBIe HEUTPHUHO. [erexkTop

5 |CynepKamuokanae. OTKpBITHE OCHHILUISIUHN 1 1 0
aTMOC(hEpHBIX HEUTPUHO
DEHOMEHOJIOTHUSI HEUTPUHHBIX OCIAJIIAIUNA,

6 |[Ocuwiisiuuid HEUTPUHO B BaKyymMeé U B 1 1 0
BEILIECTBE

7 Y CKOpPUTENBHBIE SKCIEPUMEHTHI C JUIMHHOM 1 1 0
0azoi

3 3mepeHne OCUMIUISILIMOHHBIX I1apaMeTpPOB B 1 1 0
[PEaKTOPHBIX HKCIEPUMEHTAX

9 [M3mepenwne yrina cmemuBanus theta 13 1 1 0

10 [louck CP HapymieHuss B  HEHUTPUHHBIX 1 1 0
OCHMJUTSIIHASIX

1 Hp;IMoev: HU3MEPEHHUE MAcChl HEUTPUHO. Moieh| 1 1 0
KaueJIei.

12 [Ipupona neittpuno. [lonck Ge3HEUTPUHHOTO | 1 0
BOIHOTO OeTa pacrnaja

13 Helitpyno u  kocmosiorusi.  PeluKTOBBIC 1 1 0
HelTprHO. CTepUIIbHBIE HEUTPUHO

14 |HeiiTpuHHas actpodu3uKa. 1 1 0

15 [[naHupyeMble HEWTPUHHBIE HKCIIEPUMEHTHI. | 1 0
3aKIr0YeHue.

HToro yacos 30 30

ConeprxkaHue TUCIUTTAHBI (MOYJIsA), CTPYKTYPHUPOBAHHOE IO TeMaM (pa3zesiam)

1. Tema 1

Beenenwne B kypc HeliTpunHOM (uszukn. KpaTtkoe nznoxenne GU3NKU cadbIX B3aUMOICHCTBHN.
Nznoxenune ['nunoresst B.I1aynu o cymecrBoBanun HelTpuHO. M3noxeHnue hyHIaMEHTATBHBIX
muckpetHbix C,P, T, CP, CPT cummerpuii. 'unoresa o HapyIIeHN IPOCTPAHCTBEHHOM YETHOCTU U
AKCIEPUMEHTAIbHOE OOHApYKEHHE B IKCIIepUMeHTe By.

2. Tema 2

Peructpanus HelTpuHO B peakTopHOM 3KcriepumenTe Pelineca u Koysna. OTKpbeITHE MIOOHHBIX
HEUTPUHO B YyCKOpUTEIbHOM 3KcriepuMenTe B bHIL. [ToHATTE CiMpaibHOCTH HEUTPUHO U
9KCHEPUMEHTAIBHOE U3MEPEHNE CIUPATILHOCTH B 3KcnepuMenTe I'ospaxadep.

3. Tema 3

V-A Teopus cnaboro B3auMoAecTBus. ['MoTe3a npoMeXyTOUHBIX BEKTOPHBIX O030HOB,
00bEJMHEHNE JIEKTPOMAarHUTHOIO U c1a00ro B3aMMOJAEHCTBUS. DKCIIEPUMEHTAIbHOE OOHApYKEHUE
HelTpanbHbIX TOKOB. OTKpbiTHE W 11 Z 6030HOB B 3kcniepumenTtax B [IEPH.

4. Tema 4



Onucanne Crangaptaoit ComHeunoi mojenu. [ToTok comHedHsix HeHTpuHO Ha 3emie. OOHapykeHue
neUIUTa COTHEYHBIX HEUTPUHO B SKCIIepUMeHTe J[9BHca, B TaJUIMEBBIX SKCIIEPUMEHTAX U
skcniepumente Kamuokanze. ['unoresa b.M.ITonTexkopBo 06 ocummsusax HeUTpuHo. OTKpbITHE
OCIWJUIALINI COTHEYHBIX HEUTPUHO B IKcriepuMente SNO.

5. Tema 5

Perucrpanus armocepHbIii HEBUTPUHO B MOJI3EMHBIX SKCIIEPUMEHTAX. «ATMOC(hepHass aHOMAIIU».
Bonansie uepenkoBckue aerekropsl Kamnokanae u CynepKamuokanae. OTKpbITHE OCHUIIIALUN
aTMoc(epHbIX HeliTpuHO B 3kcniepumenTe CynepKamuukanze.

6. Tema 6

DEeHOMEHOJIOTUS HEUTPUHHBIX OCHMIUIALIMN. PaccMOTpeHre OCIMIUISIIIMNA IBYX TUIIOB HEUTPHUHO.
[Tonmyuyenue BbIpa)KEHUM U1 BEPOSITHOCTH ocuuiuAnui. Martpuna cmemuBanus IlonrexopBo-Maku-
HakaraBa-Cakara ans Tpex TUIOB HeHTpuHO. [lapameTpbl HEHTPUHHBIX OCIMIUISILIUIA.

7. Tema 7

HccnenoBanue ocunuIsAuil HEUTPUHO B YCKOPUTENIBHBIX SKCIIEPUMEHTAX C JJITUHHON 0a30ii.
OxcnepumenTsl K2K, MINOS, OPERA. CMenieHHbIE OT OCH MyYKH HEUTPUHO. DKCIIEPUMEHTBI C
JrHHOM 6a30ii BToporo nokosieHns T2K u NOVA. OTKpbITHE OCHMIIIAINIO MIOOHHBIX HEUTPUHO B
AJIEKTPOHHBIE.

8. Tema 8

H3MepeHne oCMILIAIUOHHBIX TIapaMETPOB B PEaKTOPHBIX IKCIIEPUMEHTaX. MeToa NeTeKTUpOBaHuUs
PEAKTOPHBIX AHTUHEUTPUHO. DKCIIEPUMEHT ¢ JiuHHOK 6a30it KamJlann. M3mepenue
OCHWUTSIIIMOHHBIX TTApaMETPOB B PEaKTOPHBIX dkcriepuMerTax Daya Bay, RENO u Double Chooz.

9. Tema 9

W3mepenue yrina cmemuBanus theta 13 B yCKOPUTENBHBIX U PEAKTOPHBIX SKCIIEPUMEHTAX.
[lepcriekTuBEI U1 N3MEpPEHUS EPAPXUU MacC HEUTpUHO M noucka CP HapynieHus B IENTOHHOM
cekrope CrannaptHoi Moaenu. Ctpykrypa PMNS MaTpuiibl cMeliuBaHusl.

10. Tema 10

[Touck Hapymenuss CP cuMMeTpun B HEUTPUHHBIX ocHMIUIIIUAX. MeTtoauka noucka CP HeueTHOM
ACUMMETPUU NPU U3MEPEHUH OCLMIUIALUN MIOOHHBIX HEUTPUHO U AaHTUHEHUTPUHO B SKCIIEPUMEHTE
T2K. Hcnonb30BaHne PEaKTOPHBIX JaHHBIX [ MOBBIIICHNS YyBCTBUTEIBHOCTHH YKCIIEPUMEHTA.
[TepBoe ykazanue na CP napyuienue B axkcnepumente T2K. Pesynbrarsl sxcniepumenta NOVA.

11.Temall.

[TpsiMoe n3MepeHne Macchl JEKTPOHHOIO HEUTPUHO B OeTa pacnaje TpUTHsL. DKCIepUMeHTHI Tpouiy
HIO-Macc 1 MaifHu. Meron MarHuTHO# aanabartudeckoil kommumanuu. JxkcnepumenT KATPUH.
Orpannuenne Ha 3)(HEKTUBHYIO Maccy 3JIEKTPOHHOTO HEHTPUHO.

12. Tema 12

Heiitpuno Maiiopanosckas win J{upakoBckas yactuiia. @usnka 6e3HEUTPUHHOTO IBOMHOrO Oeta
pacnana. SlnepHble MaTpUUHBIE 3JIEMEHTHI. DKCIEPUMEHTAIbHbIE METObI IOUCKA O€3HEUTPUHHOTO
JBOMHOTrO OeTa pacraja B repMaHUEBBIX, KCCHOHOBBIX U KPUOTE€HHBIX JIETEKTOpax.
DKclepUMeHTaIbHbIE OrpaHUYeHHS Ha 3(P(PEKTUBHYIO MacCy HEUTPUHO, TOTYyYCHHBIE B
skcnepumentax KamJlana-Zen, GERDA. binxkaiiime nepcrnexkTuBbl.

13. Tema 13

Helitpuno u xocmonorus. OrpaHuyeHus Ha CyMMY Macc HEHTPUHO U3 KOCMOJIOTHYECKUX JaHHbIX.
PenukroBeie HeliTprHO. HEWTPUHO OT B3phIBOB CBEPXHOBBIX. CTEpHIIbHBIE HEUTPUHO. AHOMAIHUS



LSND, peakropHas u rajmueBasi anoMalusi. OTpaHMYEeHUs HA MApaMETPbl JIETKUX CTEPUITbHBIX
HEUTPUHO U3 PEAKTOPHBIX, YCKOPUTEIBHBIX U aCTPOPHU3NIECKIX IKCIIEPUMEHTOB.

14. Tema 14

Heiitpunnblia acTpodu3nka BEICOKUX dHEpTruid. baiikanbckuil Mo BOIHBIN HEUTPUHHBIN TEIECKOTI,
skcnepumenTsl [ICECUBE, ANTARES. Actpodu3nueckue HCTOYHUKH HEHTPUHO.

15.Tema 15

PaccmarpuBaroTcss HEUTPUHHBIE SKCIEPUMEHTHI CIeAYOIero nokosenus [ unepKamuokanne n
DUNE. OCHOBHBIMU LIENAMH 3TUX IKCIIEPUMEHTOB SBJISIOTCS TOMCK CP HapylieHus: B HEUTPUHHBIX
OCLMJUISILIUAX, ONIPEAETICHUE HEPAPXUH MAacC HEMTPUHO, ITOMCK pacnaja IpoTOHA, PETUCTpaLus
PENUKTOBBIX HEUTPUHO OT CBEPXHOBBIX. ByneT paccMoTpeHa sKkcriepuMeHTaIbHasi METOANKA 1
YYBCTBUTEIBHOCTh 3TUX HKCIIEPUMEHTOB K Pa3IMYHBIM (DU3HUECKUM Ipolieccam. B 3akmouennn
OyAyT U37I0’KEHBI OCHOBHBIE UTOT'H Kypca M MPOAHAIM3UPOBAHbBI OCHOBHBIE (DYHIaMEHTAIbHbIC
pe3yJbTaThl, NOJyUYEHHbIE B HEUTPUHHON (U3HUKE.

Chapters Lectures Seminars Hor?kewo

Introduction. Weak Interactions. The Neutrino

1 Hypothesis. Fundamental Symmetries. Parity| 1 1 0
'Violation.
Discovery of the Neutrino in Reactor

2 Experiments. Discovery of Muon Neutrinos. 1 1 0
Neutrino Helicity.
V-A Theory. Intermediate Vector Bosons.

3 1 1 0
Neutral Currents.
Standard Solar Model. Detection of Solar

4 |Neutrinos. Discovery of Solar Neutrino 1 1 0
Oscillations.
Atmospheric ~ Neutrinos.  The  Super-

5 |Kamiokande  Detector.  Discovery  of] 1 1 0
Atmospheric Neutrino Oscillations.
Phenomenology of Neutrino Oscillations.

6 Neutrino Oscillations in Vacuum and in 1 1 0
Matter.

7 Long-Baseline Accelerator Experiments. 1 1 0
Measurement of Oscillation Parameters in

8 ) 1 1 0
Reactor Experiments.

9  |Measurement of the Mixing Angle 0:s. 1 1 0
Search for CP Violation in Neutrino

10 R 1 1 0
Oscillations.
Direct Measurement of Neutrino Mass. The

11 . 1 1 0
See-Saw Mechanism.

12 Nature of Neutrinos. Search for Neutrinoless 1 | 0
Double Beta Decay.
Neutrinos and Cosmology. Relic Neutrinos.

13 ) ) 1 1 0
Sterile Neutrinos.

14  [Neutrino Astrophysics. 1 1 0

15 [Planned Neutrino Experiments. Conclusion. 1 1 0




[Total 30 | 30 |

Contents

Topic 1
Introduction to the Neutrino Physics Course. A brief overview of the physics of weak interactions.
Presentation of V. Pauli's hypothesis on the existence of neutrinos. Explanation of fundamental
discrete symmetries: C, P, T, CP, and CPT. The hypothesis of spatial parity violation and its
experimental discovery in the Wu experiment.

Topic 2
Neutrino detection in the Reines and Cowan reactor experiment. Discovery of muon neutrinos in an
accelerator experiment at BNL. The concept of neutrino helicity and experimental measurement of
helicity in the Goldhaber experiment.

Topic 3
V-A theory of weak interaction. Hypothesis of intermediate vector bosons, unification of
electromagnetic and weak interactions. Experimental discovery of neutral currents. Discovery of W
and Z bosons in CERN experiments.

Topic 4
Description of the Standard Solar Model. Solar neutrino flux on Earth. Detection of the solar neutrino
deficit in the Davis experiment, gallium experiments, and the Kamiokande experiment. B.M.
Pontecorvo’s hypothesis of neutrino oscillations. Discovery of solar neutrino oscillations in the SNO
experiment.

Topic 5
Detection of atmospheric neutrinos in underground experiments. "Atmospheric anomaly." Water
Cherenkov detectors Kamiokande and Super-Kamiokande. Discovery of atmospheric neutrino
oscillations in the Super-Kamiokande experiment.

Topic 6
Phenomenology of neutrino oscillations. Consideration of oscillations between two types of neutrinos.
Derivation of oscillation probability expressions. The Pontecorvo-Maki-Nakagawa-Sakata mixing
matrix for three types of neutrinos. Neutrino oscillation parameters.

Topic 7
Study of neutrino oscillations in long-baseline accelerator experiments. K2K, MINOS, and OPERA
experiments. Off-axis neutrino beams. Second-generation long-baseline experiments: T2K and NOvA.
Discovery of muon neutrino to electron neutrino oscillations.

Topic 8
Measurement of oscillation parameters in reactor experiments. Reactor antineutrino detection methods.
Long-baseline KamLAND experiment. Measurement of oscillation parameters in reactor experiments:
Daya Bay, RENO, and Double Chooz.

Topic 9
Measurement of the mixing angle 013 in accelerator and reactor experiments. Prospects for measuring



the neutrino mass hierarchy and searching for CP violation in the lepton sector of the Standard Model.
Structure of the PMNS mixing matrix.

Topic 10
Search for CP violation in neutrino oscillations. Methods to search for CP-odd asymmetry in muon
neutrino and antineutrino oscillation measurements in the T2K experiment. Use of reactor data to
improve experimental sensitivity. First hint of CP violation in the T2K experiment. Results from the
NOvVA experiment.

Topic 11
Direct measurement of the electron neutrino mass in trititum beta decay. The Troitsk and Mainz
experiments. Magnetic adiabatic collimation method. The KATRIN experiment. Constraints on the
effective electron neutrino mass.

Topic 12
Are neutrinos Majorana or Dirac particles? Physics of neutrinoless double beta decay. Nuclear matrix
elements. Experimental methods for searching for neutrinoless double beta decay in germanium,
xenon, and cryogenic detectors. Experimental constraints on the effective neutrino mass from
KamLAND-Zen, GERDA experiments. Future prospects.

Topic 13
Neutrinos and cosmology. Constraints on the sum of neutrino masses from cosmological data. Relic
neutrinos. Neutrinos from supernova explosions. Sterile neutrinos. LSND anomaly, reactor and
gallium anomalies. Constraints on the parameters of light sterile neutrinos from reactor, accelerator,
and astrophysical experiments.

Topic 14
High-energy neutrino astrophysics. The Baikal underwater neutrino telescope, ICECUBE, and
ANTARES experiments. Astrophysical sources of neutrinos.

Topic 15
Next-generation neutrino experiments: Hyper-Kamiokande and DUNE. The main goals of these
experiments are to search for CP violation in neutrino oscillations, determine the neutrino mass
hierarchy, search for proton decay, and detect relic neutrinos from supernovae. The experimental
methods and sensitivities of these experiments to various physical processes will be discussed. In
conclusion, the main results of the course will be presented, and the fundamental outcomes in neutrino
physics will be analyzed.

S. OBPA3OBATEJIBHBIE TEXHOJIOT' U

Kypc cocTout u3 Tpéx paszHbix Gpopm 00yueHHs: JEKIUH, CEMUHAPHI U CAaMOCTOsITeNIbHast padoTa.
Jlexuuu npoBOASTCA € UCIOIb30BAaHUEM COBPEMEHHBIX TEXHOJIOTUH, B T.4. MyJIbTUMEANIHBIX. Ha
CEMMHAPCKUX 3aHATUAX CTYIEHTHI PEIA0T TUIINYHBIE 331a4U 110 KBAHTOBOM TEOPHH I10JIS,
POBOJUTCA Pa300p MpakTHUECKUX 3a1ad. [IpeycMOoTpeHo HHANBU Y albHbIE U TPYIIIOBEIE
KOHCYJIbTalli. BO3MOXHO JUCTaHIIMOHHOE OOLIEHHE CO CTYIEHTaMH.

6. OHEHOYHBIE CPEACTBA /151 TEKYIIEI'O KOHTPOJIA Y CIIEBAEMOCTH,
IMPOMEXYTOYHOU ATTECTALIUU 10 UTOI'AM OCBOEHUA JTUCHUTIJIMHBI 1



YUYEBHO-METOJUYECKOE OBECIIEUEHUE CAMOCTOSTEJIbHON PABOThHI
CTYJAEHTOB
Pa3zpaboTaHbl KOHTPOJBbHO-U3MEPHUTEIbHBIE MaTepHalbl IS KOHTPOJI YCIEBAaeMOCTH U

OILICHOYHBIC CPEJICTBA JIUIsl aTTECTAIIMK 110 UTOTAM OCBOCHHS JUCIUILTUHBI (KOHTPOJIBHBIC BOIPOCHI TI0
BCEM paszjiesiaM Kypca).

7. YYEBHO-METOANUYECKOE U UTH®OPMALIMOHHOE OBECIIEYEHUE
YYEBHOM JUCHUIIJINHBI
a) OCHOBHAS JIMTEPATYPA:
l. 1.JI.Lb.Oxy#ns. "JlenTons! u kBapku". Hayka. ['n. pen. ¢uz.-mat. nut., 1990.
2.}0.Kommunc, b.bykc6aym. Crabble B3auMOAEHCTBUS JIENTOHOB U KBapkoB. Ilep. ¢ aHr.
Mocksa, DHeprousaar, 1987.
3. 3. ®.boywm, I1. ®orenb. «du3nka MaCCUBHBIX HEUTPUHOY, «Mup» , Mocksa, 1990.
4. 4 K.Winter. Neutrino physics. Cambridge Monographs on Particle Physics, Nuclear
Physics and Cosmology. 2008.
S. 5.C.M.bunenskuii. Jlekuuu no Gpusnke HEUTPUHHBIX U JIENTOH-HYKJIOHHBIX ITPOLIECCOB,
Mocksa, DHeprouzaart, 1981.
6) JOIIOJIHUTEJIbBHA S JIMTEPATYPA:

1. 1.Knangop-Kinaiiarporxayc I'.B., [lImuar A., "HeyckoputenpHas (pu3uka 3jeMEHTapPHBIX
yactull", [lep. ¢ Hem., Mocksa, Hayka, ®u3smarnur, 1997.
2. 2.Jxx.bakan "Heirpunnas acrpodusuka”, "Mup", Mocksa, 1993.
3. 3.M.Kommb6a. Poxxnenrie HeUTpUHHON acTpopu3uKH .Y criexu GUu3nYecKux Hayk, T.174 (2004)
c.418-426.
4. 4 K.Zuber. Neutrino physics, CRC Press, 2012.
5. 5.C.Giunti and C.W.Kim. Fundamentals of Neutrino Physics and Astrophysics, Oxford
University Press, 2007.
6. 6. I'epurteiin C.C., Ky3uenos E.I1L., Ps6oB B.A. [Ipupoaa maccbl HEHTPpUHO U HEUTPUHHBIE
ocUMJUIILMU. Ycnexu (pu3nyecKux Hayk, T.167 (1997) c.811.
7. 7.bunenbkuit C.M. Maccbl HEUTPUHO, CMEIIIMBAHUE U OCIUJUISIIUA HEUTPUHO. Y CIEXHU
¢usnveckux Hayk, T.173 (2003) c.1137.
8. 8.Kyzaenxko 10.I'. MccnenoBanne HEHTPUHHBIX OCIMJUIALIMN B SKCIIEPUMEHTAX C JNTMHHON 0a30ii.
VYcenexu ¢puzndeckux Hayk, T.181 (2011) ¢.569-594.
9.
B) [[IPOTPAMMHOE OBECIIEUEHUE N UHTEPHET-PECYPCBI:
http://www.library.mephi.ru/ 6mbmuorexka HUAY MUDUX
http://www.gpntb.ru/ rocyjapcTBeHHasi MyOJu4Has HayYHO-TeXHUUYecKas onbnuorexaX
http://elibrary.ru/ 6a3a JaHHBIX HAYYHBIX CTATEHX

8. MATEPHAJIbHO-TEXHUYECKOE OBECIIEYEHUE YYEBHOM JIUCIHUTIJIAHBI

B xoye nmpoBeaeHMS JEKIIUH UCTIONB3YETCS MyJIbTUMEIUMHOE 000PYI0BaHNE.

[Tporpamma coctasnieHa B cootBeTcTBUU ¢ TpeboBanusimu @I'OC BIIO 3+ no HanmpaBieHUsIM
IIOATOTOBKH:

14.03.02 SnepHas pu3rKa U TEXHOIOTHH.

ABTOp IpOrpPaMMEBL:



http://www.library.mephi.ru/
http://www.gpntb.ru/
http://elibrary.ru/

6.

POHJ OHEHOYHBIX CPEJACTB

2. TUITIOBBIE KOHTPOJIBHBIE 3AJIAHUSA
JUTst olieHku 3HaHui (3), ymenuii (Y) u HaBbikoB (B)

KonTpoJibHbIe BOIPOCHI (He MeHee MATH BONPOCOB/3aaHMN)

. OHpeI[eJ'II/ITe KHHCTUYCCKYIO SHCPI'UI0 PEINKTOBBIX HGI>'ITpI/IHO.

Bo3MOXHBI 1M OCUMIIISIUANA HEUTPUHO VUL—V U7

. Paccuuraiite BeposaTtHocTh (branching ratio) pacnaga m—ev. CpaBHUTE €€ C BEPOSTHOCTHIO

pacriaga T—pv.

. TlokaxuTe, BOBMOXKEH JIM pacraj HEUTPaJIbHOrO MUOHA HA HEUTPUHO U AHTUHEUTPUHO, €CIIU

Macca HEUTPUHO paBHA HYJIIO.

. Paccunraiite miuHY JeTeKTOpa HEUTPUHO W3 JKeJie3a, TAEC BEPOATHOCTh B3aUMOCHCTBUSA

HelitpuHo ¢ 3Heprued 1 BB paBHa 10—8. CeueHue B3aMMOJECHCTBUS HEUTPUHO PpaBHO
10—38cm2.

Omnpenenute MOPOTr YHEPTUM IS pEaKIuu ViI+e———+ve B JJabopaTOpHON CUCTEME.

IIpumepbl KOHTPOJIBbHBIX 33/1aHUI (He MeHee SATH BOIMPOCOB/3aIaHN)

1.
2.

BBIBG,Z[I/ITG BBIPAKCHUC IJId BEPOATHOCTU OCI_[I/IHHHL[I/II\/'I MCKAY ABYMS TUIIAMHA HGfITpPIHO.

B BOJIHBIX 4EpEHKOBCKUX JAETEKTOPAX MPHU PErMCTPalMyU AIEKTPOHHBIX HEUTPUHO C DHEPrUEH
okono 1 I'>B ogHMM U3 OCHOBHBIX HMCTOYHHUKOB (POHA SIBISIOTCS HEHUTpadbHBIE MHOHBI,
MIPOU3BOJUMBIE MIOOHHBIMHA HEHUTPUHO 4Ye€pe3 HEUTpabHbIE TOKH. BbIBeIUTE KHUHEMATHKY
pacnaza HEWTpaJlbHOTO MHUOHA Ha JiBa GoroHa. Mcnonb3ys 3TO, BBIUUCIUTE Maccy MHOHA U3
u3MepeHuil 1Byx gortonoB. [lokaxure, B Kakux ciaydasx pacnag n0—yy MOKET UMUTHPOBAThH
CUTHAJI OT OJJMHOYHOTO 3JIEKTPOHA.

. BeIBenuTe BhIpakeHue Ui OCUMIUIALUN HEUTPUHO B ClTydae TPEX TUIIOB HEUTPUHO B BaKyyMe.

BeiBenute BbIpaskeHHe A BeposATHOCTH pacnaga (branching ratio) m—ev. CpaBHute €€ c
BEPOSITHOCTBIO pacmajga T—Lv.

. UepeHKOBCKHMI BOAHBIN IETEKTOP HMCHOJIB3YETCS IS MOMCKa pacrajna nportoHa. OCHOBHOM

pexum p—e+n0. Kakue nponeccsl ¢ yyacTueM aTMOCQEPHBIX HEUTPUHO MOTYT UMUTHUPOBATh
3TOT pacnaj? Kakue MeToabl HCIIONB3YIOTCS IS TIOaBIeHUs oHa aTMOC(HEPHBIX HEUTPHHO?

IIpumepsl 3K3aMeHALMOHHBIX 0MJIETOB (ec1u GopMa KOHTPOJIsI — IK3aMeH)

Bbuaer 1:

1.
2.

N3Mepenne oCIMIISUOHHBIX TapaMeTPOB B yCKOpUTEIbHBIX 3kcniepumenTax K2K n MINOS.

BriBenute Boipakenue nist CP-Heu€THOM acuMMeTpun

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)



B BaKyyMe, MCIOJIb3Ys MOJIHbIE BBIPAKEHUSA IJIs OCHUJUISIIUA TpEX THIOB HEUTpHHO. Paccuuraiite
YHUCJICHHOE 3HAYEHUE aCUMMETpPUU JJIs SHEPruH MIOOHHBIX HeHTpuHo 600 M>3B u 6a3sr 300 kM.
Ocuwmnsauuonable  mapamerpbl:  012=340, 023=450, 013=90, Am212=7.5%x10—-5e¢V2, Am232
=2.4x10—-3eV2.

Buuer 2:
1. Dxcnepument Super-Kamiokande. OTkpbITHE OCHMIIIAINI aTMOC(HEPHBIX HEHTPUHO.

2. B cnydae pacnaja m— v BBIBEJUTE 3aBHCUMOCTb SHEPrUHM HEUTpUHO (B JabopaTOpHOM
cUCTeMe) OT yrjia O MexIy HampaBlieHHEM IHOHAa U HEUTpuHO. PaccmoTrpute ciyyail manoro
yraa 6. [loctpoiite rpaguku 3aBUCMMOCTH SHEPTUU HEUTPUHO OT SHEPTUU NMUOHA A yrioB 0,
1, 2, 3 rpanyca B quana3one sHepruii nuoHoB ot 0 1o 20 I'3B.

Buaner 3:
1. N3mepenue yraa 013 B sxcnepumentax T2K u peakTOpHBIX SKCIIEpUMEHTAX.
2. Ouenure Bkiaj Beuectsa B CP-HEUETHYI0 aCUMMETPHIO
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

s aByx ciydaeB: Ev=600MeV,L=300km u Ev=1800MeV,L=900km. Cuuraiite HOpMaJIbHYIO
uepapxuto macc. Mcronp3yiTe oclrIIsIMOHHbBIE TapaMeTpsl u3 Tadmnui PDG.

Bujer 4:

1. U3mepenue coiHEYHBIX HEUTPUHO B 3KcniepuMenTe SNO. OTKpBITHE OCHMIUISIIMNA COJIHEUHBIX

HEUTPHUHO.

2. MIOOHHOE HEUTPHUHO B3aUMOJICHCTBYET B BOJE U pOXKIAaeT MIOOH ¢ sHeprue 1 I1B.
Paccuuraiite pasmepbl UepeHKOBCKOro Kojblla (BHYTPEHHHUN W BHELIHMI JuWaMETpbl) Ha
CTCHKE, MEPIEHANKYJIIPHON HAIIPaBJICHUIO MIOOHA, PacCIOJIOKEHHOM Ha paccrostHuM 20 M OT
TOYKHM B3auMoOJeHCTBUsA. [IpennokuTe MeTon BOCCTAHOBIEHHUS BEPIIMHBI B3aWMOJACHCTBHUSA
HEUTPUHO U OLIEHUTE MOTPEIIHOCTh MPU BPEMEHHOM pa3pelieHnn (OTOyMHOXKHUTENEH 2 HC.

buaer S:
1. besneiiTpuHHbIA qBOIHOMN OeTa pacnan. MaiiopaHoBckue U J{upakoBckue HEUTPUHO.

2. OmpenenuTe ONTUMANTBbHBIE 0a3bl PEAKTOPHBIX IKCIIEPUMEHTOB JIJISI U3MEPCHHS «COJTHEUHBIX)
napameTpoB U yria 013. CuuTaiite CpeqHIOI0 YHEPTHI0 PEaKTOPHBIX aHTHUHEUTpUHO 4 M»1B.
Bo3moxxHO 1 M3MepeHue «arMoc(epHBIX MapaMeTpoB» B IKCIHEPUMEHTaX C PEAKTOPHBIMU
HerTpuHo? Ecnu na, To npu kakoit 6aze?

QUESTIONS

Control Questions (at least five questions/tasks)

1. Determine the kinetic energy of relic neutrinos.



2. Are neutrino oscillations possible for vp—v u?
3. Calculate the branching ratio for the decay n—ev. Compare it with the decay m—pv.

4. Show whether the decay of a neutral pion to neutrino and antineutrino is possible if the neutrino
mass is zero.

5. Calculate the length of a neutrino detector made of iron, where the probability of interaction of
a neutrino with an energy of 1 GeV is 10—8. The cross-section for neutrino interaction is
10—38cm?2.

6. Determine the threshold energy for the reaction vu+e——p—+ve in the laboratory system.

Examples of Control Tasks (at least five questions/tasks)

1. Derive the expression for the oscillation probability between two types of neutrinos.

2. In water Cherenkov detectors, the detection of electron neutrinos with an energy of about 1
GeV often faces background from neutral pions, produced by muon neutrinos via neutral
currents. Derive the kinematics for the decay of a neutral pion into two photons. Use this to
calculate the mass of the pion from the measurement of the two photons. Show in what cases
the decay n0—yy can mimic a signal from a single electron.

3. Derive the expression for neutrino oscillations in the case of three neutrino types in vacuum.

4. Derive the branching ratio for the decay m—ev. Compare it with the branching ratio for the
decay m—pv.

5. The Cherenkov water detector is used to search for proton decay. The main mode is p—e+n0.
What processes involving atmospheric neutrinos can mimic this decay? What methods are used
to suppress the background from atmospheric neutrinos?

Examples of Exam Tickets (if the form of assessment is an exam)

Ticket 1:
1. Measurement of oscillation parameters in the K2K and MINOS accelerator experiments.
2. Derive the expression for the CP-odd asymmetry

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—v'e)

in vacuum, using the full expressions for three-neutrino oscillations. Calculate the numerical value of
the asymmetry for the energy of muon neutrinos at 600 MeV and a baseline of 300 km. The oscillation
parameters are: 012=340, 023=450, 013=90, Am212=7.5%x10—5eV2, Am232=2.4x10—-3eV2.

Ticket 2:
1. Super-Kamiokande experiment. Discovery of atmospheric neutrino oscillations.

2. In the case of the decay m—pv, derive the dependence of neutrino energy (in the laboratory
frame) on the angle 0 between the direction of the pion and the neutrino. Specifically, examine
the case of small angle 8. Construct graphs showing the dependence of neutrino energy on pion
energy for angles of 0, 1, 2, 3 degrees in the pion energy range of 0 to 20 GeV.

Ticket 3:



1. Measurement of the mixing angle 613 in the T2K and reactor experiments.
2. Evaluate the contribution of matter to the CP-odd asymmetry
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

for two cases: Ev=600MeV,L=300km and Ev=1800MeV,L=900km. Assume normal mass hierarchy.
Use the oscillation parameters from PDG tables.

Ticket 4:

1. Measurement of solar neutrinos in the SNO experiment. Discovery of solar neutrino
oscillations.

2. A muon neutrino interacts in water and produces a muon with an energy of 1 GeV. Calculate
the size of the Cherenkov ring (inner and outer diameters) on the wall, perpendicular to the
muon direction, located 20 meters from the interaction point. Propose a method to reconstruct
the neutrino interaction vertex and estimate the error with a photo-multiplier time resolution of
2 ns.

Ticket S:
1. Neutrinoless double beta decay. Majorana and Dirac neutrinos.

2. Determine the optimal baseline lengths for reactor experiments aimed at measuring "solar"
parameters and the mixing angle 613. Assume an average reactor antineutrino energy of 4
MeV. Is it possible to measure "atmospheric parameters" in reactor neutrino experiments? If so,
at what baseline length?

CocraBuTenb

3am. 3aBeqyroIIero kageapoit I'paués B.M.

« » 20 T

Kputepumu 11 aTrecTaluu pasjieion:

Teopernyeckas 4YacTb Kypca COACPKHUT 25 BOMPOCOB, pa3dutbix Ha 4 pasgena. CTyaeHTY
BbicTaBisieTcss oT 0 g0 2 OawioB 3a KaKABIA BONPOC B 3aBUCHMOCTH OT TIOJHOTBI U
apryMEHTUPOBAHHOCTH OTBeTa. MaKCHUMallbHOE KOJIMYECTBO OaIOB, KOTOPOE MOXKET TOIYYUTh
CTYZICHT TI0 pe3yJIbTaTaM aTTeCTallMU TEOPETUIeCKOr yacTH, — 50 6ayuioB. MUHMMAIBHOE KOJIHYECTBO

0aJlJI0B, KOTOPOE HEOOXOIMMO MOJIYYUTh CTYJEHTY JIJIsl aTTecTauu, — 30 0amios.



Kaxnapiii u3 4 pa3nesioB coycKa 3a/1ad K MPaKTUYECKUM 3aHATUAM COACPKUT 1O 6 3a/1a4, KOTOpbIE
CTYIEHTY HEOOXOIUMO peHIuTh JUIsl AaTTecTallid COOTBETCTByomiero pasnena. CryaeHTy
BbICTaBIIsIeTCS OT 0 710 2 Oa/UTOB 332 KAKAYIO 33/1a4y B 3aBUCHMOCTH OT IPABHJIBHOCTH PEIICHUS, €TO0
MOJHOTHl W AprYMEHTHUPOBAHHOCTH, TMOATBEPXKAAMOIIEH 3HaHHE MaTepuana. MakcuMalbHOe
KOJIMYECTBO OAJJIOB, KOTOPOE MOJKET MOJYUYUTh CTYJEHT MO pe3yJibTaTaM aTTeCTaIlluu IMPAKTHIECKOM
yactu, — 48 6amioB. MUHUMAaIbHOE KOJTUYECTBO OAlJIOB, KOTOPOE HEOOXOAMUMO MONYYHTh CTYACHTY
it arrectanuu, — 30 6ayutoB (HO HE MeHee 6 0aJUTOB MO KaXKIOMY pa3ieny).

Jlnis nomycka K caye dK3aMeHa 1Mo Kypcey CTYACHT JOJDKEH MOTy4duTh He MeHee 30 GalsioB mo
pe3yabpTaTam aTTeCTalliu TEOPETUYECKON yacTu U He MeHee 30 0asuioB Mo pe3ysibTaTaM aTTeCTalluu
MPAKTHYECKOM yacTH (MpruuéM He MeHee 6 0aiioB 3a Ka)/blil U3 pa3iesioB).

OO0mas oreHka ompeneNsercs CyMMOM OaJlJioB, TOJMYYEHHBIX CTYJIEHTOM Ha 3JK3aMEHe
(MuHMManbHOE KonuuecTBO — 30 GamnoB, MakCUMalbHOE KOiMMuecTBO — 50 0aiioB) U MO UTOram

arrecrauuu pasaciioB. HTtorosas orieHKa OIpPCaACIACTCA O6IJ_II/IM KOJINYE€CTBOM OaJlJIOB.

Kpurepun o01ieii oneHKu:

KauecTBenHas oeHka
IIpoueHT pe3yibTATHBHOCTH N
HHAUBHAYAJBHBIX 00Pa30BaTeJbHbIX JOCTHKEHU
(MpaBUJIBLHBIX OTBETOB) =
0as11 (oTMeTKa) BepOAJIbHBIN AHAJIOT
90 + 100 5 OTJINYHO
70 + 89 4 XOPOILIO
60 + 69 3 YIOBJIETBOPUTEIHLHO
meHnee 60 2 HE yJIOBJIETBOPUTEIIHHO




OuneHka
3K3aMeHa, 3a49éTa

Onenka ’K3aMeHa, 3a4éTa

o TpeOoBaHus K 3HAHUSM HA
(TecToBBIE HOPMBI: %0 MPABUIBHBIX

YCTHOM 3a4éTe

(crarmapTHas) OTBETOB)
«OMIUYHOY, 90+ 100 % | OueHKa «OTIMYHO» BBICTABISETCS CTYACHTY, €CIIH OH IIyOOKO W MPOYHO
A YCBOWJI TPOTPaMMHBI MaTepHal, WCUYEepIBIBAIONIE, IIOCIIECA0BATEIHHO,
YeTKO W JIOTHYECKH CTPOWHO €ro W3JIaraeT, yMeeT TECHO YBS3BIBaTh
TEOPHIO C TPAKTHUKOH, MCIIOJIB3YeT B OTBETE MaTepHall MOHOTPadUIeCKOM
JIMTEPATYPBL.
«xopouoy, 70 + 89% OrieHKa «XOPOIIO» BBICTABISIETCS CTYACHTY, €CIM OH TBEPAO 3HAET
D C B Marepuang, TIpaMOTHO M IO CYILIECTBY M3JIaraeT €ro, He JOIlycKas
CYILLIECTBEHHBIX HETOYHOCTEM B OTBETE HA BOIIPOC.
«y00671emeo- 60+ 69% OlneHKa «yJIOBJIETBOPUTENLHO» BBICTABISICTCS CTYJCHTY, €CJIM OH HUMEET
PUMETLHOY 3HAHMS TOJIKO OCHOBHOTO MarepHaia, HO HE YCBOWJI €ro JeTaje,
E D JIOIyCKaeT HETOYHOCTH, HEJAOCTaTOYHO IPaBUIbHbIE (HOPMYJIUPOBKHY,
HapyUICHUs  JIOTMUYECKOHM  IOCJIENOBAaTEIbHOCTH B H3JI0KEHHU
MIPOTrPaMMHOI0 MaTepHala.
«Hey008nemeo- menee 60% | OnieHKa «HEYJIOBJIETBOPHUTEIBHO» BBICTABISIETCSI CTYAEHTY, KOTOPBIM He
PUMENbHOY, 3HAeT 3HAYUTEIBHOM 4YacTH NPOrpaMMHOTO Marepuana, MAOIyCKaeT
F CymiecTBeHHbIC OMMOKHN. Kak MmpaBwiIO, OIEHKA «HEYIOBICTBOPUTEIHHOY
CTaBUTCA CTYyJICHTAM, KOTOphIE HE MOTYT TPOJODKUTH OOy4eHue Oe3
JIOTIOJTHUTEIBHBIX 3aHATHH 110 COOTBETCTBYIOUICH AUCIUIIINHE.




4 Cemectp

3auer

AHHOTAIUA
Kypc nexmuit «du3nka HEUTPUHO» BKIIIOYAET B ¢e0s1 CIIETYIONTNE OCHOBHBIC Pa3/Ieibl.

[Ipenckazanme u  OoTKpbiTHEe HeWTpuHO. OOHapy>KEHHE MIOOHHOTO HEWTPHHO, H3MEpEHHE
CIMPAJIBHOCTH HEUTPUHO, OTKPHITME HAPYLIEHUS IPOCTPAHCTBEHHOM UYETHOCTHM B  cIalbIX
B3auMoJieiicTBUAX. byner paccmoTrpeHa ¢usuka cialblx  B3auMmojaeicTBui, V-A  Teopus,
¢ynnamenTansablie nuckpernsie cummerpun C, P, T, CP u CPT. Ob6cyxnaercst Teopusi BaitnGepra-
Canmama (0O0BEeIMHEHHE SJEKTPOMATHUTHBIX M CJIA0BIX B3aWMOJICHCTBUI) W CBOWCTBA HEUTPUHO B
pamkax CrannaptHoi Mogenu. PaccmaTpuBaeTcsi OTKpBITHE HEUTPAIBHBIX TOKOB U IPOMEKYTOYHBIX
0030HOB.

3HauUUTENbHOE BHUMAHUE YJIEIEHO OCUMILIAUMAM HeiTpuHo. M3noxena uaes b.M. IlontekopBo u
HKCHEPUMEHTAIBHOE  OTKPBITHE HEWUTPUHHBIX OCHWUIALUNA B DIKCIEPUMEHTaX C COJIHEYHBIMH U
aTMoc(epHbIMU  HEHTPHUHO. JleTanbHO  paccMOTpPEHBl ~ YCKOPUTENIbHbIE W PEaKTOPHbIE
OCHMJUTSIIIMOHHBIE YKCIIEPUMEHTHI, U3MepeHue yria cMemuBanue theta 13 u mouck CP HapymieHnus B
aentoHHOM cektope CranmaptHot Mogenu. IlpenctaBneHa ¢eHomeHonoruss HEWTPUHHBIX
OCLUMJUISILIMKM B BakyyMmMe U B BellecTBe. M3nararoTcsl JaibHEHIINE MEPCIEeKTHBBI OCHMIUISIIIMOHHBIX
SKCHEPUMEHTOB CIEAYIOIIETrO MOKOJIECHHUS.

PaccMoTpeHBl SKCIEPUMEHTHI 10 TPSIMOMY H3MEPEHHI0 MacChl HEWTPHHO B OeTa pacmajae TPUTHS.
[IpencraBieHsl OTpaHWYEHUS HA CYMMapHYK0 MacCcy HEHTPHHO M3 KOCMOJIOTHYECKUX JIaHHBIX.
OO6cyxnaercss mpupoia HelTpuHo: MailiopaHoBckue wunu JlupakoBckue 4YacTUIbl. PaccMOTpeHbI
HKCIIEPUMEHTHI IO TIOMCKY O€3HEHTPUHHOTO JBOMHOTO OeTa pacrajia u MpeACcTaBIeHbl pe3yIbTaThl 1O
HCCIIETOBAHUIO CBOMCTB HEUTPHUHO.

Takke pacCMOTpPEHBI HEUTPUHHBIE aHOMAJIMU: YKa3aHUs Ha CYIIECTBOBAHUS CTEPWIbHBIX HEUTPHUHO,
IIOJyYEHHbIE B YCKOPHUTENBHBIX, PEAKTOPHBIX PaJUOXUMHUYECKUX HKcIepuMmeHTax. OOcyxaaroTcs
MOCJIEIHUE DKCIIEPUMEHTAIbHBIE PE3YJIbTAThl 110 TIOUCKY JIETKUX M TSDKEJIBIX CTEPHIIBHBIX HEUTPHHO.
PaccmarpuBaercss HeWTpuHHash acTpo(u3MKa BBICOKMX OJHEPTUd, acTpOPU3UUYECKUE HCTOUYHUKU
HEUTPUHO, KOCMOTCHHbIE HEUTPUHO, AHHUTWISIMS TEMHOW MaTepuu. balkanbCKUN TOABOIHBIN
HenTpuHHBIN Teneckor, s3kcnepuMenTel [CECUBE 1 ANTARES.

ABSTRACT
The lecture course “Neutrino Physics” includes the following main sections:

Prediction and Discovery of the Neutrino.
The detection of the muon neutrino, measurement of neutrino helicity, and the discovery of parity
violation in weak interactions are discussed. The course covers the physics of weak interactions, the V-
A theory, and the fundamental discrete symmetries: C, P, T, CP, and CPT. The Weinberg—Salam
theory (unification of electromagnetic and weak interactions) and the properties of neutrinos within the
Standard Model are also examined, along with the discovery of neutral currents and intermediate
vector bosons.

Significant attention is devoted to neutrino oscillations.
The course presents B.M. Pontecorvo’s idea and the experimental discovery of neutrino oscillations in



solar and atmospheric neutrino experiments. Accelerator and reactor-based oscillation experiments are
examined in detail, including the measurement of the mixing angle 613 and the search for CP violation
in the lepton sector of the Standard Model. The phenomenology of neutrino oscillations in vacuum and
matter is presented, along with future prospects for next-generation oscillation experiments.

Experiments for direct measurement of neutrino mass in tritium beta decay are discussed. The
course also presents constraints on the sum of neutrino masses derived from cosmological data. The
nature of neutrinos—whether they are Majorana or Dirac particles—is explored. Experiments
searching for neutrinoless double beta decay are reviewed, along with their results on neutrino
properties.

Neutrino anomalies are also considered, including indications of sterile neutrinos observed in
accelerator, reactor, and radiochemical experiments. The latest experimental results in the search for
light and heavy sterile neutrinos are discussed. The course also covers high-energy neutrino
astrophysics, astrophysical sources of neutrinos, cosmogenic neutrinos, and dark matter annihilation.
Key experiments such as the Baikal underwater neutrino telescope, ICECUBE, and ANTARES are
included.

1. IIEJIM OCBOEHMS YYEBHOM JJUCIUITIINHBI
Kypc nexkmuit «Heltpunnas Qusukay 3HAKOMHUT CTYJEHTa C OCHOBHBIMU TEOPETHUYECKUMH

MOJIO)KEHUSMH, METOJAaMH, 3KCIEpUMEHTAIbHBIMH YCTAaHOBKAMHM W pe3ysibTaTaMd B o01acTu
HelTpuHHON ¢u3uku. OH co3maer HeoOXoauMylo 0a3y JUIsi NMOHMMaHHS W JaibHeimero Ooiee
rJ1yOOKOTr0 U3y4eHHs! 3TOro 001aCTH HayKH U BO3MOXKHOCTH HAyYHOH paboThl B HEUTPpUHHON (U3UKE.

1. PURPOSES OF THE EDUCATIONAL COURSE

The lecture course “Neutrino Physics” introduces students to the fundamental theoretical principles,
methods, experimental setups, and key results in the field of neutrino physics. It provides the essential
foundation for understanding and further, more in-depth study of this area of science, as well as for
pursuing research work in neutrino physics.

2. MECTO YYEBHOM JUCIHUAILJIMHBI B CTPYKTYPE OOII BIIO

JUis OCBOGHMS JAaHHOW AWCLUIUIMHBI OOydYaroluiics JOJKEeH oOsafaTh 3HAHUSAMM U YMEHHMSMU B
00BEME HECKOJIBKUX KYpPCOB BBICIIEH HIKOJIBI. B yacTHOCTH,

— HMMETh XOpOIIYI0 MOJrOTOBKY IO PSAy MaTeMaTH4YeCKHX AWCLUUIUIMH, TaKuX MaTeMaTHUYecKun
aHanu3, JUHEHHas anrebpa, nuddepeHIanbHble U UHTErpajbHble ypaBHEHUs, Teopus rpynn. B
YaCTHOCTH, OOydarolmuiics JO0JDKEeH OBbITh 3HAKOM C TaKMMM MOHATHUAMH Kak psa, (QyHKIus,
(byHKIIMOHA, 10J1e, AOJKEH 001a/1aTh 3HAHUAMHU JOCTaTOYHBIMU ISl pelieHus quddepeHIaabHbIX 1
UHTErpalIbHbIX YPAaBHEHHH, JOIDKEH ObITh 3HAKOM CO CHEIHAIbHBIMH M OOOOIIEHHBIMH (PYHKLUSAMH,
UMeTh 0a30BbI€ 3HAHUS 110 TEOPUU TPYIII;

— o0nmajaTh 3HAHUAMH B OO0BEME HE MEHBIIE CTAaHNAPTHBIX KypCOB KBAaHTOBON MEXaHUKHA U
KJIJACCHYECKON DIIEKTPOJAMHAMUKH, YMETh OIIEPUPOBATH C TAaKMMHM IOHATHAMU KaK KBaHTOBBIN
oreparop, KOMMYTAIlMOHHBIE COOTHOUICHHS, BOJHOBAas (DYHKIUS, KaHOHHYECKOE KBAHTOBAaHMUE,
BTOpPUYHOE KBaHTOBaHuUE, bo3ze u depMu cTaTUCTHKA, TOHUMATh KaYECTBEHHOE MMOBEACHUE BOJHOBBIX
(GyHKUMH B 3ajaye O CBSI3aHHOM COCTOSIHUM M B 3a/lau€ paccesHus, UMeThb IMpeACTaBIeHue 00
AQHAJTUTUYECKUX CBOMCTBAX BOJHOBOM (DYHKUHUH B KOMIIEKCHOM TJIOCKOCTH UMITYJIbCA U SHEPTUH;



— NOHMMATh CYIIHOCTb aJTOPUTMUYECKUX MPEANUCAHUN U IEMOHCTPUPOBATH YMEHHUE JEHCTBOBAThH B
COOTBETCTBUHU C MPEATI0KEHHBIM AITOPUTMOM;
— UMETh HaBBIKH YCTHBIX, TUChbMEHHBIX, HHCTPYMEHTAILHBIX BHIYHCICHUHN.

2. THE COURSE IN THE EDUCATIONAL PROGRAM

To successfully complete this course, student must possess comprehensive knowledge in a few
disciplinces of the high school. In particular,

— they should be well educated in mathematics (analysis, linear algebra, differential and integral
equations, theory of groups and representations). The student must be familiar with such notions as
series, function, functional, field and must be able to solve differential and integral equations, must be
familiar with spetial and generalised functions as well as with the basic principles of the theory of
groups;

— they must complete the standard courses in Quantum Mechanics and Classical Electrodynamics and
be able to master such notions as quantum operator, commutation relations, wave funtion, canonical
quantiation, second quantisation, Bose and Fermi statistics, then understand the qualitative behaviour
of the wave functions for a bound-state problem and a scattering problem, possess basic knowledge in
analytical properties of the wave functions in the complex momentum and energy planes;

— they must have the idea of algorithms and demonstrate the ability to follow the prescribed algorithm;

— they must possess basic abilities of various types of calculations.

4. CTPYKTYPA U COAEP)KAHUE YYEBHOM JUCIHUILINHBI
Kanennapnslii man

Camocr.
Tema 3agaTusa Jlexnun CemuHapsbl
paboTta

Beenenme. CialOnle B3aUMOJIEHCTBUSL.

1 [Tunore3a  HeWTpuHO.  DyHIaMEHTaJIbHBIC 1 1 0
cummerpun. Hapymenue P-uetHoct
OTKpbITHE HEUTPUHO B pPEaKkTOpHOM

2  PKCHEpUMEHTE. OTKpbITHE MIOOHHBIX| 1 1 0
HenTpuHO. CIMpaIbHOCTh HEUTPUHO.

3 V-A teopus. IlpoMexyTouHble OO30HBI. 1 1 0
HeiTpaibHbIE TOKH.
CrannmapTHas COJIHEUHAas MOJICTTb.

4 |lerekTMpoBaHME  COJHEYHBIX  HEUTPHUHO. 1 1 0
OTKpBITHE OCHUIUIALUNA COJTHEUHBIX HEUTPUHO
AT™MOC(hepHBIC HEUTPHUHO. HerexTop

5 |CynepKamuokanae. OTKpbITHE OCHMIUIAIUHN 1 1 0
aTMOC(hEpHBIX HEUTPUHO
DEHOMEHOJIOTUS HEUTPUHHBIX  OCHMJUISIINH.

6 |[Ocuwisauuii HEWTPUHO B BakyyMeé M B 1 1 0
BEIIECTBE

7 Y CKOpUTENbHBIE 3KCHEPUMEHTHI C JUIMHHOM 1 1 0
0a3oi

2 3mepenne OCHMJUTSIITUOHHBIX MMapaMeTPOB B 1 1 0
€aKTOPHBIX YKCIEPUMEHTAX

9 |[M3mepenue yria cmemmuBanus theta 13 1 1 0

10 [louck CP HapylieHMss B  HEUTPUHHBIX 1 1 0
OCIIMILTSLIMSIX

11 [[IpsMoe m3mepeHne Maccel HEUTpUHO. Moiens| | 1 0




Kaueseil.

12 [Tpupona wHeiitpuno. [louck OGe3HEUTPUHHOTO, 1 1 0
TBOMHOTO OeTa pacmana

13 Heiitpuno u  kocmosorus.  PenukToBble) 1 1 0
HelTpruHO. CTepHIIbHBIE HEUTPUHO

14 [HeiitpuHHas acTpodusnka. 1 1 0

15 [[maHrpyeMble HEWTPUHHBIE HKCIEPUMEHTBHI. 1 1 0
3aKiroueHue.

HToro yacos 30 30

ConeprxaHue TUCHUTLTAHBI (MOIYJIs), CTPYKTYPUPOBAHHOE 110 TeMaM (pa3zesiam)

1. Tema 1

Bgenenue B kypc HelTpuHHOM (puszuku. KpaTtkoe nsznoxenue Gpu3nKu ciadbbIX B3auMOJCHCTBUH.
Wznoxenne I'nnoressl B.[laynu o cymectBoBannu HeWTpuHO. 3n0xkenne GyHaaMeHTaIbHBIX
muckpetHbix C,P,T, CP, CPT cummerpunii. ['unoresa o HapylmeHn NpoOCTPAaHCTBEHHON YETHOCTH U
JKCHEpUMEHTaIbHOE 0OHApY)KEHUE B 3KcriepuMenTe By.

2. Tema 2

Perucrpanus nelitpuHo B peaktopHOoM 3KcniepumenTe Peiineca u Koyana. OTKpbITHE MIOOHHBIX
HEUTpUHO B ycKOpuTeabHOM dkcniepuMenTe B BHII. TlonsTTe ciupanbHOCTH HEUTPUHO U
AKCIIEPUMEHTATBHOE U3MEPEHHE CTUPATLHOCTHU B dKcIiepuMenTe I onbaxadep.

3. Tema 3

V-A teopus cnaboro B3auMoaeicTBUs. [ unore3a npoMexyTOUHbIX BEKTOPHBIX 0030HOB,
00bEIMHEHNE 3JICKTPOMAarHUTHOTO U c1a00ro B3aMMOIECHCTBHS. DKCIIEpUMEHTAIbHOE OOHApYKEHUE
HelTpaiabHbIX TOKOB. OTKpbITHE W M Z 6030HOB B 3KcniepumenTax B LIEPH.

4. Tema 4

Omnucanune Crannaptaoit ConneuHoii Mmozenu. [1oTok conHedHbIx HeUTpHHO Ha 3emiie. OOHapyKeHUe
IIG(I)I/IIII/ITa COJIHCYHBIX HefITpHHO B OKCIICPUMCHTC I[BBI/ICH,, B TaJINIUCBBIX SKCIICPUMCHTAX 1
skcniepumente Kamuokanne. ['unoreza b.M.ITorTekopBo 00 ocrinuisiiusax HeuTpuHo. OTKpbITHE
OCHWJUIALIMI COJTHEYHBIX HEUTPUHO B 3KcniepuMente SNO.

5. Tema 5

Perucrparus atMmocdepHbIii HEUTPUHO B TTOJI3EMHBIX IKCIIEPUMEHTaX. « ATMOC(hepHask aHOMaJTHS).
Bonansie uepenkoBckue aerekropsl Kamnokanae n CynepKamuokanne. OTKpbITHE OCHMILIALUN
aTMoc(epHbIX HeliTpuHO B 3kcriepumenTe CynepKamuunkanze.

6. Tema 6

DeHOMEHOJIOTHS HEUTPUHHBIX OCHWIIIALUN. PaccMOTpeHre OCHMIUISIUN ABYX TUIIOB HEUTPHUHO.
[Tonydenue BbIpa)kxeHUM 11 BEPOATHOCTH ocluisinuid. Matpuia cmemmBanus [lontekopBo-Maku-
HakaraBa-CakaTa 17151 Tpex TUIIOB HEUTpHUHO. [lapameTpsl HEUTPUHHBIX OCLMIUISILIUM.

7. Tema 7

HccnenoBanue ocUMLISIUI HEUTPUHO B YCKOPUTENIBHBIX SKCIIEPUMEHTaX C JJIMHHOM 0a30ii.
OxcnepumenTsl K2K, MINOS, OPERA. CMenieHHbIe OT OCH IIyYKH HEUTPUHO. DKCIEPUMEHTBI C
JumHHOU 6a30i BTOporo nokoneHus T2K u NOVA. OTKpbITHE OCHMIUIALINIO MIOOHHBIX HEUTPUHO B
AJIEKTPOHHBIE.



8. Tema &

H3MepeHne oCILISIIUOHHBIX TAPAMETPOB B PEAKTOPHBIX IKCIIEPUMEHTaX. MeToa NeTeKTUPOBaHUS
PEaKTOPHBIX AHTUHEHUTPUHO. DKCIEPUMEHT ¢ JuInHHON 0a3oit KamJlana. M3mepenue
OCIWJUTAIIMOHHBIX ITAPaMETPOB B peakTopHBIX dKkcriepuMerTax Daya Bay, RENO u Double Chooz.

9. Tema 9

Nsmepenue yria cmemuBanus theta 13 B yCKOPUTETBHBIX M PEAKTOPHBIX JKCIIEPUMEHTAX.
[lepciekTUBBI TSt ©3MEPEHUS UepapXUX MacC HEUTpUHO u moucka CP HapyIieHus B JISNTOHHOM
cektope CrannaptHoit Moaenu. Ctpykrypa PMNS MaTpuliibl cMelvuBaHusl.

10. Tema 10

[Touck Hapymenuss CP cummerpun B HEUTpUHHBIX ocuWuIAnUsIX. Mertoauka noucka CP HedeTHO
aCUMMETPHUH MPU U3MEPEHUH OCLMIJLUIALUN MIOOHHBIX HEUTPUHO U AaHTUHEHUTPUHO B DKCIIEPUMEHTE
T2K. Ucnonbp30BaHne pPEakTOPHBIX JAHHBIX JIJIS IIOBBIIEHHS YyBCTBUTEIbHOCTUH YKCIIEPUMEHTA.
[lepBoe yxazanue Ha CP Hapymenue B sxkcriepumente T2K. Pesynbrarsl sxciepumenta NOVA.

11.Temall.

[Ipsmoe n3MepeHne Macchl AIEKTPOHHOI0 HEUTPUHO B OeTa pacnaje TpUTHs. DKcrepuMeHTs! Tpouir
HIO-Macc 1 MaiH1. Meroa MarHuTHON amuabarndeckoi koyumMaruu. DkcriepumerT KATPUH.
Orpanunvenne Ha YPGEeKTUBHYIO MacCy JIEKTPOHHOTO HEUTPUHO.

12. Tema 12

Heiitpuno MaiiopanoBckas wim J{upakoBckas yactuiia. @usnka 6e3HEUTPHHHOTO IBOMHOTO OeTa
pacniaza. SlnepHble MaTpUUHBIE 3JIEMEHThI. DKCIIEPUMEHTAJIbHbBIE METObI TOMCKAa O€3HEUTPUHHOTO
JBOWHOTrO OeTa pacrajia B repMaHUEBBIX, KCCHOHOBBIX U KPUOTE€HHBIX JIETEKTOpax.
DKcrepuMeHTaIbHBIE OTpaHYeHHS Ha 3(p(PEeKTUBHYIO MacCy HEUTPUHO, TOTyYCHHBIE B
skcnepumenTax KamJlann-Zen, GERDA. bimxkaiinme nepcrnekTUBBIL.

13. Tema 13

Helitpuno u xocmonorus. OrpaHuyeHs Ha CyMMY Macc HEHTPUHO U3 KOCMOJIOTUYECKUX JaHHbIX.
PenukroBbie HEWTprHO. HEHTPHUHO OT B3pbIBOB CBEPXHOBBIX. CTEPUIIbHBIE HEUTPUHO. AHOMAIIHS
LSND, peakropHas u rajuiieBas anomanusi. OrpaHUuYeHus: Ha TapaMeTpbl JIETKUX CTEPUIIbHBIX
HEUTPUHO U3 PEaKTOPHBIX, YCKOPUTEIBHBIX U aCTPO(YU3NUECKUX IKCTIEPUMEHTOB.

14. Tema 14

HetitpunHbIa acTpodr3uKa BRICOKUX SHEPruid. balkaibckuii oABOIHBIN HEHTPHUHHBIA TEIECKOII,
skcniepumenTel ICECUBE, ANTARES. Actpodusnueckie HCTOYHUKH HEHTPUHO.

15.Tema 15

PaccmarpuBaroTcs HEHTpUHHBIE SKCIIEPUMEHTHI clieaytoliero nokonexus [ 'unepKamuoxanne u
DUNE. OcHOBHBIMU LIETIIMU 3THUX YKCIIEPUMEHTOB SIBIISIIOTCS orck CP HapyiieHus: B HEUTPUHHBIX
OCHWUIALIMSX, OIIPEICTICHUE HEPAPXUU MACC HEUTPUHO, TOMCK pacmaia MpoTOHa, PerucTpaIus
PENMKTOBBIX HEUTPUHO OT CBEPXHOBBIX. byieT paccMoTpeHa skcrepuMeHTaibHasi METOAUKA U
qyBCTBUTEIBHOCTH 3TUX IKCIIEPUMEHTOB K PA3IMYHbIM (PU3HYecKUM Iporieccam. B 3axiouenun
6YIIYT H3JI0KCHBI OCHOBHBIC UTOT'M KypCa U MPOAHAIIM3UPOBAHBI OCHOBHBIC (i)YHIlaMCHTaHBHBIG
pe3ynbTaThl, TOJIYYCHHBIC B HEUTPUHHON (PU3HKE.
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1 Introduction. Weak Interactions. The Neutrino 1 1 0

Chapters Lectures Seminars




Hypothesis. Fundamental Symmetries. Parity|
'Violation.
Discovery of the Neutrino in Reactor

2 Experiments. Discovery of Muon Neutrinos. 1 1 0
Neutrino Helicity.
V-A Theory. Intermediate Vector Bosons.

3 1 1 0
Neutral Currents.
Standard Solar Model. Detection of Solar

4 [Neutrinos. Discovery of Solar Neutrino 1 1 0
Oscillations.
Atmospheric ~ Neutrinos.  The  Super-

5 |Kamiokande  Detector.  Discovery  of] 1 1 0
Atmospheric Neutrino Oscillations.
Phenomenology of Neutrino Oscillations.

6 Neutrino Oscillations in Vacuum and in 1 1 0
Matter.

7  |Long-Baseline Accelerator Experiments. 1 1 0
Measurement of Oscillation Parameters in

8 ) 1 1 0
Reactor Experiments.

9  [Measurement of the Mixing Angle 01s. 1 1 0
Search for CP Violation in Neutrino

10 R 1 1 0
Oscillations.
Direct Measurement of Neutrino Mass. The

11 ) 1 1 0
See-Saw Mechanism.

12 Nature of Neutrinos. Search for Neutrinoless 1 1 0
Double Beta Decay.
Neutrinos and Cosmology. Relic Neutrinos.

13 ) ) 1 1 0
Sterile Neutrinos.

14 [Neutrino Astrophysics. 1 1 0

15 |Planned Neutrino Experiments. Conclusion. 1 1 0

Total 30 30

Contents

Topic 1

Introduction to the Neutrino Physics Course. A brief overview of the physics of weak interactions.
Presentation of V. Pauli's hypothesis on the existence of neutrinos. Explanation of fundamental
discrete symmetries: C, P, T, CP, and CPT. The hypothesis of spatial parity violation and its
experimental discovery in the Wu experiment.

Topic 2
Neutrino detection in the Reines and Cowan reactor experiment. Discovery of muon neutrinos in an
accelerator experiment at BNL. The concept of neutrino helicity and experimental measurement of
helicity in the Goldhaber experiment.

Topic 3
V-A theory of weak interaction. Hypothesis of intermediate vector bosons, unification of
electromagnetic and weak interactions. Experimental discovery of neutral currents. Discovery of W
and Z bosons in CERN experiments.



Topic 4
Description of the Standard Solar Model. Solar neutrino flux on Earth. Detection of the solar neutrino
deficit in the Davis experiment, gallium experiments, and the Kamiokande experiment. B.M.
Pontecorvo’s hypothesis of neutrino oscillations. Discovery of solar neutrino oscillations in the SNO
experiment.

Topic 5
Detection of atmospheric neutrinos in underground experiments. "Atmospheric anomaly." Water
Cherenkov detectors Kamiokande and Super-Kamiokande. Discovery of atmospheric neutrino
oscillations in the Super-Kamiokande experiment.

Topic 6
Phenomenology of neutrino oscillations. Consideration of oscillations between two types of neutrinos.
Derivation of oscillation probability expressions. The Pontecorvo-Maki-Nakagawa-Sakata mixing
matrix for three types of neutrinos. Neutrino oscillation parameters.

Topic 7
Study of neutrino oscillations in long-baseline accelerator experiments. K2K, MINOS, and OPERA
experiments. Off-axis neutrino beams. Second-generation long-baseline experiments: T2K and NOvVA.
Discovery of muon neutrino to electron neutrino oscillations.

Topic 8
Measurement of oscillation parameters in reactor experiments. Reactor antineutrino detection methods.
Long-baseline KamLAND experiment. Measurement of oscillation parameters in reactor experiments:
Daya Bay, RENO, and Double Chooz.

Topic 9
Measurement of the mixing angle 015 in accelerator and reactor experiments. Prospects for measuring
the neutrino mass hierarchy and searching for CP violation in the lepton sector of the Standard Model.
Structure of the PMNS mixing matrix.

Topic 10
Search for CP violation in neutrino oscillations. Methods to search for CP-odd asymmetry in muon
neutrino and antineutrino oscillation measurements in the T2K experiment. Use of reactor data to
improve experimental sensitivity. First hint of CP violation in the T2K experiment. Results from the
NOVA experiment.

Topic 11
Direct measurement of the electron neutrino mass in tritium beta decay. The Troitsk and Mainz
experiments. Magnetic adiabatic collimation method. The KATRIN experiment. Constraints on the
effective electron neutrino mass.

Topic 12
Are neutrinos Majorana or Dirac particles? Physics of neutrinoless double beta decay. Nuclear matrix
elements. Experimental methods for searching for neutrinoless double beta decay in germanium,
xenon, and cryogenic detectors. Experimental constraints on the effective neutrino mass from
KamLAND-Zen, GERDA experiments. Future prospects.



Topic 13
Neutrinos and cosmology. Constraints on the sum of neutrino masses from cosmological data. Relic
neutrinos. Neutrinos from supernova explosions. Sterile neutrinos. LSND anomaly, reactor and
gallium anomalies. Constraints on the parameters of light sterile neutrinos from reactor, accelerator,
and astrophysical experiments.

Topic 14
High-energy neutrino astrophysics. The Baikal underwater neutrino telescope, ICECUBE, and
ANTARES experiments. Astrophysical sources of neutrinos.

Topic 15
Next-generation neutrino experiments: Hyper-Kamiokande and DUNE. The main goals of these
experiments are to search for CP violation in neutrino oscillations, determine the neutrino mass
hierarchy, search for proton decay, and detect relic neutrinos from supernovae. The experimental
methods and sensitivities of these experiments to various physical processes will be discussed. In
conclusion, the main results of the course will be presented, and the fundamental outcomes in neutrino
physics will be analyzed.

5. OBPA3OBATEJIBHBIE TEXHOJIOTI'MU

Kypc coctout u3 Tpéx paszHbix Gpopm 0OyueHHs: JeKIIUH, CEMUHAPhI U CAaMOCTOsITeNIbHAast padoTa.
Jlexuuu npoBoOASTCS € UCIOJIb30BAHUEM COBPEMEHHBIX TEXHOJIOIUH, B T.4. MyJIbTUMEAUIHBIX. Ha
CEMUHAPCKUX 3aHATUAX CTYJEHTHI PEIIAOT TUIIMYHbIE 33]Ja4l 110 KBAHTOBON TEOPUH OIS,
IPOBOJUTCA Pa300p MpakTHUECKUX 3a1au. [IpeaycMOTpeHo HHANBUyalbHbIE U TPYIIIIOBbIE
KOHCYJIbTallM1. BO3MOXKHO AUCTAaHIIMOHHOE OOLICHHE CO CTYIEHTAMU.

6. OIEHOYHBIE CPEJACTBA JJIAA TEKYIIEI'O KOHTPOJIA YCIIEBAEMOCTHU,
MPOMEXYTOYHOM ATTECTAIIMHA IO UTOI'AM OCBOEHUSA JJUCHUTLIIAHBI 1
YUYEBHO-METOJUYECKOE OBECIIEUEHUE CAMOCTOSTEJIbHON PABOThHI
CTYJAEHTOB

Pa3zpaboTaHbl KOHTPOJBHO-U3MEPHUTEIbHBIE MaTepHalbl IS KOHTPOJII YCHEBAaeMOCTH U
OLIEHOYHBIE CPEJCTBA JUIsl ATTECTAllMU 0 UTOTaM OCBOCHMS JAUCLUILIMHBI (KOHTPOJIbHbBIE BONPOCHI 10

BCEM paszjiesiam Kypca).

7. YUYEBHO-METOANUYECKOE U UTH®OPMAIIMOHHOE OBECIIEYEHUE
YYEBHOM JUCHUIIJINHBI
a) OCHOBHAA JIUTEPATYPA:
l. 1.JI.b.Oxy#ns. "JlenTons! u kBapku". Hayka. ['n. pen. ¢uz.-mat. nut., 1990.
2.}0.Kommunc, b.bykcboaym. CnaOpie B3aMOIeHCTBHS JICMITOHOB U KBapKOB. Ilep. ¢ aHTII.
Mocksa, DHeprousaar, 1987.
3. 3. ®.boywm, I1. ®orenb. «du3nka MacCCUBHBIX HEUTPUHOY, «Mup» , Mocksa, 1990.
4. 4 K.Winter. Neutrino physics. Cambridge Monographs on Particle Physics, Nuclear
Physics and Cosmology. 2008.
3. 5.C.M.bunenbkuii. Jlekunu no ¢pusruke HEUTPUHHBIX U JIENTOH-HYKJIOHHBIX IPOLIECCOB,

Mockga, DHeprouzaart, 1981.
0) AOIIOJIHUTEJIbHA S JIMTEPATYPA:



[a—

. 1.Knmanmop-Kunaiiarporxayc I'.B., [lImuar A., "HeyckoputenpHas (pu3uka 3JeMEHTapHBIX
yactul", [lep. ¢ Hem., MockBa, Hayka, ®u3smarnur, 1997.
. 2.Jlx.bakan "He#trpunnas acrpodusuka”, "Mup", Mocksa, 1993.
. 3.M.Komub6a. Poxxienne HeWTpuHHON acTpodu3uky .Ycnexu pusnueckux Hayk, T.174 (2004)
c.418-426.
. 4.K.Zuber. Neutrino physics, CRC Press, 2012.
. 5.C.Giunti and C.W.Kim. Fundamentals of Neutrino Physics and Astrophysics, Oxford
University Press, 2007.
6. 6. I'epurteiin C.C., Ky3nenos E.I1., Ps6oB B.A. IIpupoaa maccbl HEHTpUHO U HEUTPUHHBIE
ocUMJUIILMU. Ycnexu (pu3nyecKux Hayk, T.167 (1997) c.811.
7. 7.bunenbkuit C.M. Maccbl HEUTPUHO, CMEIIMBAHUE M OCIUJUISIIIUA HEUTPUHO. Y CIEXHU
¢usnyeckux Hayk, T.173 (2003) c.1137.
8. 8.Kyzaenxko 10.I'. MccnenoBanne HEHTPUHHBIX OCIMJUTALMN B SKCIIEPUMEHTAX C JJIMHHON 0a30ii.
VYcenexu ¢puzndeckux Hayk, T.181 (2011) ¢.569-594.
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9.
B) [[IPOTPAMMHOE OBECIIEUEHUE N UHTEPHET-PECYPCBI:
http://www.library.mephi.ru/ 6mbmuorexka HUAY MUDUX
http://www.gpntb.ru/ rocyjapcTBeHHas MyOJu4Has HayYHO-TeXHUUYecKas onbnuoTexaX
http://elibrary.ru/ 6a3a JaHHBIX HAyYHBIX CTATEHX

8. MATEPUAJIBHO-TEXHUYECKOE OBECIHIEYEHUE YYESHOM JIUCIUTLIMHBI
B xoze npoBeneHus JEKINUA UCTIOIB3YETCS MYJIbTHMEANITHOE 000PYy/I0BaHHE.

[Tporpamma cocraBiena B coorBercTBuu ¢ TpedboBanusmu OI'OC BIIO 3+ no HanpaBneHusM
MOArOTOBKH:

14.03.02 AnepHas pusnka ¥ TEXHOJIOTHH.

ABTOp porpaMmel:



http://www.library.mephi.ru/
http://www.gpntb.ru/
http://elibrary.ru/

6.

®OH/JI OHNEHOYHBIX CPEJICTB

2. TUITOBBIE KOHTPOJIBHBIE 3AJAHUSA
JUTs1 olleHKH 3HaHwui (3), ymenuii (Y) u HaBbIKOB (B)

KonTpoJibHbIe Bonpockl (He MeHee NSITH BONPOCOB/3a1aHMil)

. Omnpenenute KHHETUYECKYIO SHEPTUIO PEIUKTOBBIX HEUTPUHO.

Bo03MOXHBI 1M OCHMIIISIIIAA HEUTPUHO VIL—V U7

. Paccumraiite BepostHOCTh (branching ratio) pacnaga m—ev. CpaBHUTE €€ C BEpPOSTHOCTHIO

pacmajga T—uv.

HOKa)KI/ITe, BO3MOJKCH JIM paclian HeﬁTpaanoro IIMOHa Ha HeﬁTpHHO n aHTHHeﬁTpHHO, CCJIn
Macca HeﬁTpHHO paBHA HYIIIO.

PaccuuraiiTe UIMHY JETEKTOpa HEUTPUHO M3 JKeJe3a, I/I€ BEPOSATHOCTh B3aMMOJIECUCTBUS
HeltpuHo ¢ sHeprued 1 @B paBna 10—8. Cedenue B3aMMOAEHCTBUSI HEUTPUHO PABHO
10—38cm2.

OmnpenenuTe OPOT SHEPTHH ISl PEaKIUH VII+e——[—+Vve B Ja00paTOPHO CHCTEME.

IIpuMepbl KOHTPOJILHBIX 32JaHUI (He MeHee NSITH BOIIPOCOB/3aiaHNI)

1.
2.

BBIBG)]I/IT@ BBIPAXKCHUC IJId BEPOATHOCTHU OCI.[I/I.]'I.]'ISH.[I/IIZ MCXKAY ABYMs TUIIaMHA HeI\/'ITpI/IHO.

B BOJHBIX YEPEHKOBCKUX AETEKTOPAxX IPU PETHCTPALUU DJICKTPOHHBIX HEUTPUHO C YHEPrUen
okoio 1 I'»B omHMM M3 OCHOBHBIX HCTOYHHMKOB (OHA SIBISIFOTCS HEHTpalbHBIE HHOHBI,
IIPOU3BOJUMBIE MIOOHHBIMU HEHUTPUHO 4Y€pe3 HEUTPAIbHbIE TOKHU. BbIBenUTe KUHEMATHKY
pacriazia HeHTpalbHOTO MUOHA Ha JBa (poToHA. Mcmonb3ys 3TO, BHIYMCIUTE Maccy MUOHA U3
u3MepeHuil 1Byx gortoHoB. [lokaxure, B Kakux ciaydasx pacnag n0—yy MOKET UMUTHPOBATh
CUTHAJI OT OJJMHOYHOTO JICKTPOHA.

BriBenuTe BhIpakeHHE 1T OCHWUISIMNA HEUTPUHO B CIIydae TPEX TUIIOB HEUTPUHO B BaKyyMe.

BriBenuTe BbIpakeHHe st BeposATHOCTH pacmana (branching ratio) m—ev. CpaBaute €€ c
BEPOSITHOCTBIO pacmaja T—Lv.

YepeHKOBCKUN BOJHBIA JETEKTOP HCIOJIb3YyeTCsA ISl MOMCKa pacrnajga nporoHa. OCHOBHOM
pexxum p—e+n0. Kakue nporeccsl ¢ ydactueM aTMOcepHbIX HEUTPUHO MOTYT UMUTHUPOBATH
9TOT pacman? Kakue MeTobl MICIIONB3YIOTCS IS MOoaBiaeHus (poHa aTMoChepHBIX HEUTPUHO?

IIpuMepsbl 3K3aMeHAUMOHHBIX 0MJIEeTOB (ecd (pOpMa KOHTPOJISI — IK3aMeH)

Buaer 1:

l.
2.

M3MepeHne oCLMILIAMOHHBIX TapaMeTPOB B YCKOpUTenbHBIX dkcniepumenTax K2K n MINOS.

BriBeute Boipaxenue st CP-Heu€THOM acuMMeTpuun

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)



B BaKyyMe, MCIOJIb3Ys MOJIHbIE BBIPAKEHUSA IJIs OCHUJUISIIUA TpEX THIOB HEUTpHHO. Paccuuraiite
YHUCJICHHOE 3HAYEHUE aCUMMETpPUU JJIs SHEPruH MIOOHHBIX HeHTpuHo 600 M>3B u 6a3sr 300 kM.
Ocuwmnsauuonable  mapamerpbl:  012=340, 023=450, 013=90, Am212=7.5%x10—-5e¢V2, Am232
=2.4x10—-3eV2.

Buuer 2:
1. Dxcnepument Super-Kamiokande. OTkpbITHE OCHMIIIAINI aTMOC(HEPHBIX HEHTPUHO.

2. B cnydae pacnaja m— v BBIBEJUTE 3aBHCUMOCTb SHEPrUHM HEUTpUHO (B JabopaTOpHOM
cUCTeMe) OT yrjia O MexIy HampaBlieHHEM IHOHAa U HEUTpuHO. PaccmoTrpute ciyyail manoro
yraa 6. [loctpoiite rpaguku 3aBUCMMOCTH SHEPTUU HEUTPUHO OT SHEPTUU NMUOHA A yrioB 0,
1, 2, 3 rpanyca B quana3one sHepruii nuoHoB ot 0 1o 20 I'3B.

Buaner 3:
1. N3mepenue yraa 013 B sxcnepumentax T2K u peakTOpHBIX SKCIIEpUMEHTAX.
2. Ouenure Bkiaj Beuectsa B CP-HEUETHYI0 aCUMMETPHIO
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

s aByx ciydaeB: Ev=600MeV,L=300km u Ev=1800MeV,L=900km. Cuuraiite HOpMaJIbHYIO
uepapxuto macc. Mcronp3yiTe oclrIIsIMOHHbBIE TapaMeTpsl u3 Tadmnui PDG.

Bujer 4:

1. U3mepenue coiHEYHBIX HEUTPUHO B 3KcniepuMenTe SNO. OTKpBITHE OCHMIUISIIMNA COJIHEUHBIX

HEUTPHUHO.

2. MIOOHHOE HEUTPHUHO B3aUMOJICHCTBYET B BOJE U pOXKIAaeT MIOOH ¢ sHeprue 1 I1B.
Paccuuraiite pasmepbl UepeHKOBCKOro Kojblla (BHYTPEHHHUN W BHELIHMI JuWaMETpbl) Ha
CTCHKE, MEPIEHANKYJIIPHON HAIIPaBJICHUIO MIOOHA, PacCIOJIOKEHHOM Ha paccrostHuM 20 M OT
TOYKHM B3auMoOJeHCTBUsA. [IpennokuTe MeTon BOCCTAHOBIEHHUS BEPIIMHBI B3aWMOJACHCTBHUSA
HEUTPUHO U OLIEHUTE MOTPEIIHOCTh MPU BPEMEHHOM pa3pelieHnn (OTOyMHOXKHUTENEH 2 HC.

buaer S:
1. besneiiTpuHHbIA qBOIHOMN OeTa pacnan. MaiiopaHoBckue U J{upakoBckue HEUTPUHO.

2. OmpenenuTe ONTUMANTBbHBIE 0a3bl PEAKTOPHBIX IKCIIEPUMEHTOB JIJISI U3MEPCHHS «COJTHEUHBIX)
napameTpoB U yria 013. CuuTaiite CpeqHIOI0 YHEPTHI0 PEaKTOPHBIX aHTHUHEUTpUHO 4 M»1B.
Bo3moxxHO 1 M3MepeHue «arMoc(epHBIX MapaMeTpoB» B IKCIHEPUMEHTaX C PEAKTOPHBIMU
HerTpuHo? Ecnu na, To npu kakoit 6aze?

QUESTIONS

Control Questions (at least five questions/tasks)

1. Determine the kinetic energy of relic neutrinos.



2. Are neutrino oscillations possible for vp—v u?
3. Calculate the branching ratio for the decay n—ev. Compare it with the decay m—pv.

4. Show whether the decay of a neutral pion to neutrino and antineutrino is possible if the neutrino
mass is zero.

5. Calculate the length of a neutrino detector made of iron, where the probability of interaction of
a neutrino with an energy of 1 GeV is 10—8. The cross-section for neutrino interaction is
10—38cm?2.

6. Determine the threshold energy for the reaction vu+e——p—+ve in the laboratory system.

Examples of Control Tasks (at least five questions/tasks)

1. Derive the expression for the oscillation probability between two types of neutrinos.

2. In water Cherenkov detectors, the detection of electron neutrinos with an energy of about 1
GeV often faces background from neutral pions, produced by muon neutrinos via neutral
currents. Derive the kinematics for the decay of a neutral pion into two photons. Use this to
calculate the mass of the pion from the measurement of the two photons. Show in what cases
the decay n0—yy can mimic a signal from a single electron.

3. Derive the expression for neutrino oscillations in the case of three neutrino types in vacuum.

4. Derive the branching ratio for the decay m—ev. Compare it with the branching ratio for the
decay m—pv.

5. The Cherenkov water detector is used to search for proton decay. The main mode is p—e+n0.
What processes involving atmospheric neutrinos can mimic this decay? What methods are used
to suppress the background from atmospheric neutrinos?

Examples of Exam Tickets (if the form of assessment is an exam)

Ticket 1:
1. Measurement of oscillation parameters in the K2K and MINOS accelerator experiments.
2. Derive the expression for the CP-odd asymmetry

ACP=P(vu—ve)+P(v u—ve)P(vu—ve)-P(v u—v'e)

in vacuum, using the full expressions for three-neutrino oscillations. Calculate the numerical value of
the asymmetry for the energy of muon neutrinos at 600 MeV and a baseline of 300 km. The oscillation
parameters are: 012=340, 023=450, 013=90, Am212=7.5%x10—5eV2, Am232=2.4x10—-3eV2.

Ticket 2:
1. Super-Kamiokande experiment. Discovery of atmospheric neutrino oscillations.

2. In the case of the decay m—pv, derive the dependence of neutrino energy (in the laboratory
frame) on the angle 0 between the direction of the pion and the neutrino. Specifically, examine
the case of small angle 8. Construct graphs showing the dependence of neutrino energy on pion
energy for angles of 0, 1, 2, 3 degrees in the pion energy range of 0 to 20 GeV.

Ticket 3:



1. Measurement of the mixing angle 613 in the T2K and reactor experiments.
2. Evaluate the contribution of matter to the CP-odd asymmetry
ACP=P(vp—ve)+P(v u—ve)P(vu—ve)-P(v u—ve)

for two cases: Ev=600MeV,L=300km and Ev=1800MeV,L=900km. Assume normal mass hierarchy.
Use the oscillation parameters from PDG tables.

Ticket 4:

1. Measurement of solar neutrinos in the SNO experiment. Discovery of solar neutrino
oscillations.

2. A muon neutrino interacts in water and produces a muon with an energy of 1 GeV. Calculate
the size of the Cherenkov ring (inner and outer diameters) on the wall, perpendicular to the
muon direction, located 20 meters from the interaction point. Propose a method to reconstruct
the neutrino interaction vertex and estimate the error with a photo-multiplier time resolution of
2 ns.

Ticket S:
1. Neutrinoless double beta decay. Majorana and Dirac neutrinos.

2. Determine the optimal baseline lengths for reactor experiments aimed at measuring "solar"
parameters and the mixing angle 613. Assume an average reactor antineutrino energy of 4
MeV. Is it possible to measure "atmospheric parameters" in reactor neutrino experiments? If so,
at what baseline length?

CocraBuTenb

3am. 3aBeqyroIIero kageapoit I'paués B.M.

« » 20 T

Kputepumu 11 aTrecTaluu pasjieion:

Teopernyeckas 4YacTb Kypca COACPKHUT 25 BOMPOCOB, pa3dutbix Ha 4 pasgena. CTyaeHTY
BbicTaBisieTcss oT 0 g0 2 OawioB 3a KaKABIA BONPOC B 3aBUCHMOCTH OT TIOJHOTBI U
apryMEHTUPOBAHHOCTH OTBeTa. MaKCHUMallbHOE KOJIMYECTBO OaIOB, KOTOPOE MOXKET TOIYYUTh
CTYZICHT TI0 pe3yJIbTaTaM aTTeCTallMU TEOPETUIeCKOr yacTH, — 50 6ayuioB. MUHMMAIBHOE KOJIHYECTBO

0aJlJI0B, KOTOPOE HEOOXOIMMO MOJIYYUTh CTYJEHTY JIJIsl aTTecTauu, — 30 0amios.



Kaxnapiii u3 4 pa3nesioB coycKa 3a/1ad K MPaKTUYECKUM 3aHATUAM COACPKUT 1O 6 3a/1a4, KOTOpbIE
CTYIEHTY HEOOXOIUMO peHIuTh JUIsl AaTTecTallid COOTBETCTByomiero pasnena. CryaeHTy
BbICTaBIIsIeTCS OT 0 710 2 Oa/UTOB 332 KAKAYIO 33/1a4y B 3aBUCHMOCTH OT IPABHJIBHOCTH PEIICHUS, €TO0
MOJHOTHl W AprYMEHTHUPOBAHHOCTH, TMOATBEPXKAAMOIIEH 3HaHHE MaTepuana. MakcuMalbHOe
KOJIMYECTBO OAJJIOB, KOTOPOE MOJKET MOJYUYUTh CTYJEHT MO pe3yJibTaTaM aTTeCTaIlluu IMPAKTHIECKOM
yactu, — 48 6amioB. MUHUMAaIbHOE KOJTUYECTBO OAlJIOB, KOTOPOE HEOOXOAMUMO MONYYHTh CTYACHTY
it arrectanuu, — 30 6ayutoB (HO HE MeHee 6 0aJUTOB MO KaXKIOMY pa3ieny).

Jlnis nomycka K caye dK3aMeHa 1Mo Kypcey CTYACHT JOJDKEH MOTy4duTh He MeHee 30 GalsioB mo
pe3yabpTaTam aTTeCTalliu TEOPETUYECKON yacTu U He MeHee 30 0asuioB Mo pe3ysibTaTaM aTTeCTalluu
MPAKTHYECKOM yacTH (MpruuéM He MeHee 6 0aiioB 3a Ka)/blil U3 pa3iesioB).

OO0mas oreHka ompeneNsercs CyMMOM OaJlJioB, TOJMYYEHHBIX CTYJIEHTOM Ha 3JK3aMEHe
(MuHMManbHOE KonuuecTBO — 30 GamnoB, MakCUMalbHOE KOiMMuecTBO — 50 0aiioB) U MO UTOram

arrecrauuu pasaciioB. HTtorosas orieHKa OIpPCaACIACTCA O6IJ_II/IM KOJINYE€CTBOM OaJlJIOB.

Kpurepun o01ieii oneHKu:

KauecTBenHas oeHka
IIpoueHT pe3yibTATHBHOCTH N
HHAUBHAYAJBHBIX 00Pa30BaTeJbHbIX JOCTHKEHU
(MpaBUJIBLHBIX OTBETOB) =
0as11 (oTMeTKa) BepOAJIbHBIN AHAJIOT
90 + 100 5 OTJINYHO
70 + 89 4 XOPOILIO
60 + 69 3 YIOBJIETBOPUTEIHLHO
meHnee 60 2 HE yJIOBJIETBOPUTEIIHHO




OuneHka
3K3aMeHa, 3a49éTa

Onenka ’K3aMeHa, 3a4éTa

o TpeOoBaHus K 3HAHUSM HA
(TecToBBIE HOPMBI: %0 MPABUIBHBIX

YCTHOM 3a4éTe

(crarmapTHas) OTBETOB)
«OMIUYHOY, 90+ 100 % | OueHKa «OTIMYHO» BBICTABISETCS CTYACHTY, €CIIH OH IIyOOKO W MPOYHO
A YCBOWJI TPOTPaMMHBI MaTepHal, WCUYEepIBIBAIONIE, IIOCIIECA0BATEIHHO,
YeTKO W JIOTHYECKH CTPOWHO €ro W3JIaraeT, yMeeT TECHO YBS3BIBaTh
TEOPHIO C TPAKTHUKOH, MCIIOJIB3YeT B OTBETE MaTepHall MOHOTPadUIeCKOM
JIMTEPATYPBL.
«xopouoy, 70 + 89% OrieHKa «XOPOIIO» BBICTABISIETCS CTYACHTY, €CIM OH TBEPAO 3HAET
D C B Marepuang, TIpaMOTHO M IO CYILIECTBY M3JIaraeT €ro, He JOIlycKas
CYILLIECTBEHHBIX HETOYHOCTEM B OTBETE HA BOIIPOC.
«y00671emeo- 60+ 69% OlneHKa «yJIOBJIETBOPUTENLHO» BBICTABISICTCS CTYJCHTY, €CJIM OH HUMEET
PUMETLHOY 3HAHMS TOJIKO OCHOBHOTO MarepHaia, HO HE YCBOWJI €ro JeTaje,
E D JIOIyCKaeT HETOYHOCTH, HEJAOCTaTOYHO IPaBUIbHbIE (HOPMYJIUPOBKHY,
HapyUICHUs  JIOTMUYECKOHM  IOCJIENOBAaTEIbHOCTH B H3JI0KEHHU
MIPOTrPaMMHOI0 MaTepHala.
«Hey008nemeo- menee 60% | OnieHKa «HEYJIOBJIETBOPHUTEIBHO» BBICTABISIETCSI CTYAEHTY, KOTOPBIM He
PUMENbHOY, 3HAeT 3HAYUTEIBHOM 4YacTH NPOrpaMMHOTO Marepuana, MAOIyCKaeT
F CymiecTBeHHbIC OMMOKHN. Kak MmpaBwiIO, OIEHKA «HEYIOBICTBOPUTEIHHOY
CTaBUTCA CTYyJICHTAM, KOTOphIE HE MOTYT TPOJODKUTH OOy4eHue Oe3
JIOTIOJTHUTEIBHBIX 3aHATHH 110 COOTBETCTBYIOUICH AUCIUIIINHE.
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