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1NASA Hubble Photo
 Neutrino Physics
 Boris KayserPASI
 March 14-15, 2012Part 2
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 QuestionsQuestions
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3
 Does Does νν = = νν??
 Do Neutrinos HaveDo Neutrinos HaveMajoranaMajorana Masses? Masses?
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4
 What Are We Asking?For each mass eigenstate νi , and given helicty h,does —
 • νi(h) = νi(h) (Majorana neutrinos)or
 • νi(h) ≠ νi(h) (Dirac neutrinos) ?
 Equivalently, do neutrinos have Majoranamasses? If they do, then the mass eigenstates are
 Majorana neutrinos.
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5
 Dirac Masses
 To build a Dirac mass for the neutrino ν, we requirenot only the left-handed field νL in the StandardModel, but also a right-handed neutrino field νR.
 The Dirac neutrino mass term is —
 mDνL νR XmD
 νLνR( ) ( )
 Dirac neutrino masses do not mixneutrinos and antineutrinos.
 Dirac neutrino masses are the neutrino analoguesof the SM quark and charged lepton masses.
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6
 Majorana Masses
 mLνL νLc
 Out of, say, a left-handed neutrino field, νL,and its charge-conjugate, νL
 c, we can build aLeft-Handed Majorana mass term —
 XmL
 νL(ν)R
 Majorana masses do mix ν and ν, so they do notconserve the Lepton Number L defined by —
 L(ν) = L(–) = –L(ν) = –L(+) = 1.
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7
 A Majorana mass for any fermion f causes f f.
 Quark and charged-lepton Majorana massesare forbidden by electric charge conservation.
 Neutrino Majorana masses would makethe neutrinos very distinctive.
 Majorana ν masses cannot come from , theprogenitor of the Dirac mass term, and the ν analogueof the Higgs coupling that leads to the q and masses.
 !
 HSM" L"R
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8
 Possible progenitors of Majorana mass terms:
 Majorana neutrino masses must have a different originthan the masses of quarks and charged leptons.
 !
 HSMHSM "Lc"L , HIW =1"L
 c"L , mR"Rc"R
 Not renormalizable This Higgsnot in SM
 No Higgs
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9
 The objects νL and νLc in mLνL νL
 c are not the
 mass eigenstates, but just the neutrinos in termsof which the model is constructed.
 mLνL νLc induces νL νL
 c mixing.
 As a result of K0 K0 mixing, the neutral Kmass eigenstates are —
 KS,L ≅ (K0 ± K0)/√2 . KS,L = KS,L .
 As a result of νL νLc mixing, the neutrino
 mass eigenstate is —
 νi = νL + νLc = “ ν + ν ”. νi = νi .
 Why Majorana Masses Majorana Neutrinos
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 SM Interactions OfA Dirac Neutrino
 ν
 ν
 ν
 νThe weak interaction
 is Left Handed.( (
 These states, when UltraRel., do not interact.
 makes –
 makes +
 Conserved L+1
 –1
 We have 4 mass-degenerate states:
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 SM Interactions OfA Majorana Neutrino
 ν
 ν
 We have only 2 mass-degenerate states:
 makes –
 makes +
 An incoming left-handed neutral lepton makes –.
 An incoming right-handed neutral lepton makes +.
 The weak interactions violate parity.(They can tell Left from Right.)
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 Why Most TheoristsExpect Majorana Masses
 The Standard Model (SM) is defined by the fields itcontains, its symmetries (notably weak isospin invariance),
 and its renormalizability.
 Leaving neutrino masses aside, anything allowed by theSM symmetries occurs in nature.
 Right-Handed Majorana mass termsare allowed by the SM symmetries.
 Then quite likely Majorana massesoccur in nature too.
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 To DetermineTo DetermineWhetherWhether
 Majorana MassesMajorana MassesOccur in NatureOccur in Nature
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14
 The Promising Approach — SeekNeutrinoless Double Beta Decay [0νββ]
 We are looking for a small Majorana neutrino mass. Thus,we will need a lot of parent nuclei (say, one ton of them).
 e– e–
 Nucl Nucl’
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15
 0νββe– e–
 u d d u
 (ν)R νL
 W W
 Whatever diagrams cause 0νββ, its observationwould imply the existence of a Majorana mass term:
 (Schechter and Valle)
 (ν)R → νL : A (tiny) Majorana mass term∴ 0νββ νi = νi
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 νiνi
 W– W–
 e– e–
 Nuclear ProcessNucl Nucl’
 Uei Uei
 SM vertex
 ∑i
 Mixing matrix
 We anticipate that 0νββ is dominated bya diagram with Standard Model vertices:
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 But there could be other contributions to 0νββ,which at the quark level is the process
 dd → uuee.
 An example from Supersymmetry:
 d d
 u u
 e e
 eeγ∼ ∼∼
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 νiνi
 W– W–
 e– e–
 Nuclear ProcessNucl Nucl’
 Uei Uei
 SM vertex
 ∑i
 Mixing matrix
 Assume the dominant mechanism is —
 The νi is emitted [RH + O{mi/E}LH].
 Thus, Amp [νi contribution] ∝ mi
 Amp[0νββ] ∝ ⏐∑ miUei2⏐≡ mββ
 Mass (νi)
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 How Large is mββ?
 How sensitive need an experiment be?
 Suppose there are only 3 neutrino masseigenstates. (More might help.)
 Then the spectrum looks like —
 sol < ν2ν1
 ν3atm
 ν3
 sol < ν1ν2
 atmor
 Normal hierarchy Inverted hierarchy
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20
 With —
 !
 U =
 1 0 00 c23 s230 "s23 c23
 #
 $
 % % %
 &
 '
 ( ( ( )
 c13 0 s13e"i*
 0 1 0"s13e
 i* 0 c13
 #
 $
 % % %
 &
 '
 ( ( ( )
 c12 s12 0"s12 c12 00 0 1
 #
 $
 % % %
 &
 '
 ( ( (
 )
 ei+1 /2 0 00 ei+2 /2 00 0 1
 #
 $
 % % %
 &
 '
 ( ( (
 Majorana CPphases
 !
 m"" # miUei2
 i$
 = m1cos2%12 cos
 2%13ei&1 +m2 sin
 2%12 cos2%13e
 i&2 +m3 sin2%13e
 '2i(
 If the spectrum is inverted, ν3 contributes little bothbecause it is light and because sin2θ13 ≈ 0.02.
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21
 Then —
 !
 m"" # m1cos2$12e
 i%1 +m2 sin2$12e
 i%2
 #m 1& sin2 2$12 sin2 %2 &%1
 2'
 ( )
 *
 + ,
 Average of m1 and m2
 Note sensitivity toMajorana phases
 There is a lower bound on mββ.!
 "mcos2#12 " $m312 cos2#12 " 0.01eV
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 mββ
 Smallest
 95% CLTakes 1 ton
 Takes100 tons mββ For Each Hierarchy
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 There is no clear theoretical preferencefor either hierarchy.
 If the hierarchy is inverted—
 then 0νββ searches with sensitivityto mββ = 0.01 eV have
 a very good chance to see a signal.
 Sensitivity in this range is the targetfor the next generation of experiments.
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 What Is theWhat Is theMass OrderingMass Ordering??
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 Generically, grand unified models (GUTS) favor —
 GUTS relate the Leptons to the Quarks.
 However, Majorana masses, with no quark analogues,could turn into .
 The Mass Spectrum: or ?
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 Recall that the matter effect raises the effective mass of νe,but lowers that of νe. Thus, it affects ν and ν oscillationdifferently, leading to:
 How To Determine If TheSpectrum Is Normal Or Inverted
 P(νµ → νe)
 P(νµ → νe)
 > 1 ;
 < 1 ;
 Exploit the matter effect on accelerator neutrinos.
 Note fake CP
 Note dependence on the mass ordering

Page 27
                        
                        

27
 νe [|Uei|2] νµ[|Uµi|2] ντ [|Uτi|2]
 Normal Inverted
 Δm2atm
 ν1
 ν2
 ν3
 (Mass)2
 Δm2sol} ν3
 Δm2atm
 ν1
 ν2
 Δm2sol}
 or
 The matter effect depends on whetherthe spectrum is Normal or Inverted.
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 Q : Does matter still affect ν and νdifferently when ν = ν?
 A : Yes!
 “ν” e+ νW+
 e– νW–
 “ν”
 Spin
 Spin
 The weak interactions violate parity. Neutrino – matterinteractions depend on the neutrino polarization.
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 W
 e
 eνe
 νe
 νe
 νe e
 e
 Wbut
 The effective mass of “νe” is raised,while that of “νe ” is lowered .
 Recall that in matter —
 Oppositely polarized
 The polarization alone is sufficientto determine which diagram will act.
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 Are weAre wedescended fromdescended from
 heavy neutrinos?heavy neutrinos?
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 The Challenge —A Cosmic Broken Symmetry
 Today: B ≡ #(Baryons) – #(Antibaryons) ≠ 0.
 Standard cosmology: Right after the Big Bang, B = 0.
 How did B = 0 B ≠ 0 ?
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 The CP in the quark mixing matrix,seen in B and K decays, leads to
 much too small a Baryon Number B.
 (Fukugita, Yanagida)
 Sakharov: B = 0 B ≠ 0 requires CP.
 LeptogenesisLeptogenesis can explain the observed BaryonNumber through CP-violating heavy neutrino decays.
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 The See-Saw Mechanism
 Leptogenesis is an outgrowth of the most populartheory of why neutrinos are so light —
 Yanagida;Gell-Mann, Ramond, Slansky;
 Mohapatra, Senjanovic;Minkowski
 Leptogenesis A Two-Step Process
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 !
 Lnew = y"i #L"H0 $ !L"H
 $% & '
 ( ) * NRi"=e,µ,+
 i = 1,2,3
 , + h.c.
 Yukawa couplingmatrix
 SM Higgsdoublet
 The straightforward (type-I) see-saw model adds to theStandard Model (SM) just 3 heavy neutrinos Ni,
 to match the 3 light lepton families (να, α).
 The heavy neutrinos are coupled to the rest of theworld only through the “Yukawa” interaction —
 This “new” interaction simply gives leptons the sameYukawa interaction as the quarks have in the SM.
 RH component
 The heavy neutrinos Ni are given large Majorana masses.
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 One consequence of the See-Saw picture is —
 !
 UM"UT = #v2 y MN
 #1yT( )Light ν masseigenvalues
 Leptonicmixing matrix
 Heavy N masseigenvalues
 The Higgs vev, 174 GeV
 The See-Saw RelationThe See-Saw Relation
 ν
 N!
 M" #1 MN Yanagida;Gell-Mann, Ramond, Slansky;
 Mohapatra, Senjanovic;Minkowski
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 LeptogenesisLeptogenesis is another, very natural is another, very naturalconsequence of the See-Saw picture.consequence of the See-Saw picture.
 Here is how Here is how LeptogenesisLeptogenesis works.works.
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 The Yukawa interaction —
 !
 N " !" + H±
 !
 N "# + H0( )( )
 andSM Higgs particle
 CP phases in the matrix y will lead to —
 !
 " N #!$ +H+( ) % " N #!+ +H$( )
 !
 " N #$ +H0( ) % " N #$ +H0& ' ( )
 * +
 and
 !
 Lnew = y"i #L"H0 $ !L"H
 $% & '
 ( ) * NRi"=e,µ,+
 i = 1,2,3
 , + h.c.
 causes the decays —
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 How Do Such CP InequalitiesCome About?
 CP always comes from phases.
 Phases never matter except in interferencesbetween coherent amplitudes.
 These decays must involve interfering amplitudes.∴
 In addition, CP in any decay always involves amplitudesbeyond those of lowest order in the Hamiltonian.
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 An example:
 N1
 H+
 ye1
 e
 yµ1* yµ2
 N1 N2
 H+
 ye2+
 H
 +µe
 !
 From ye1!LeH"NR1
 !
 From yµ1* NR1H
 +!Lµ
 Tree Loop
 !
 " N1#e$ +H+( ) = ye1KTree + yµ1* yµ2ye2KLoop
 2
 Kinematical factors
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 !
 " N1#e$ +H+( ) = ye1KTree + yµ1* yµ2ye2KLoop
 2
 When we go to the CP-mirror-image decay, ,all the coupling constants get complex conjugated, but thekinematical factors do not change.
 !
 N1"e+ +H#
 !
 " N1#e+ +H$( ) = ye1* KTree + yµ1yµ2
 * ye2* KLoop
 2
 Then —
 !
 " N1#e$ +H+( ) $" N1#e+ +H$( )= 4 Im ye1
 * yµ1* ye2yµ2( )Im KTreeKLoop
 *( )
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 The CP inequalities —
 !
 " N #!$ +H+( ) % " N #!+ +H$( )
 !
 " N #$ +H0( ) % " N #$ +H0& ' ( )
 * +
 and
 will produce a universe with unequal numbersof leptons (– and ν) and antileptons (+ and ν).
 In this universe the lepton number L, defined by
 !
 L !"( ) = L #( ) = "L !+( ) = "L # ( ) =1, is not zero.
 This is Leptogenesis — Step 1
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 There is now a nonzero Baryon Number.
 Leptogenesis — Step 2The Standard-Model Sphaleron process,
 which does not conserve Baryon Number B,or Lepton Number L, but does conserve B – L, acts.
 !
 Bi = 0Li " 0
 !
 Bf " #13Li
 L f "23Li " #2Bf
 SphaleronProcess
 Initial statefrom N decays
 Final state
 There are baryons, but ∼ no antibaryons.Reasonable parameters give the observed value of B.
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 e– e–
 Nucl Nucl’
 0νββ
 Clearly does not conserve L: ΔL = 2.
 Non-perturbative Sphaleron processes in theStandard Model (SM) do not conserve L.
 But Sphaleron processes can onlychange L by a multiple of 3.
 2 is not a multiple of 3.
 The ΔL = 2 of 0νββ is outside the SM.
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 What N masses are required?
 !
 UM"UT = #v2 y MN
 #1yT( )
 !
 M"v2y2
 MN∼
 The light neutrino masses Mν ∼ 0.1 eV.
 y2 is constrained by the observed Baryon Number.
 v = 174 GeV.
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 The CP-violating asymmetry between the N decay rates,
 !
 "CP #$ N %LH( ) &$ N %L H ( )$ N %LH( ) +$ N %L H ( )
 ν or – H0 or H+
 ,
 will be ∝ (y4/y2) = y2.
 Getting the observed Baryon Number requires y2 ∼ 10–5.
 which produces the nonzero Lepton Number,
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 Then the see-saw relation —
 This places the heavy neutrinos Nfar out of reach of the LHC.
 !
 M"v2y2
 MN∼
 MN ∼ 10(9 – 10) GeV.
 The possibility of Leptogenesis must be exploredwithout producing the heavy neutrinos.
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 Number of leptonic parameters in the See-Saw picture: 21
 Number of these parameters that can be measured without producing the heavy neutrinos N: 12
 Since 21 > 12, laboratory measurements todaycannot pin down what happened in the early universe.
 Can there be CP in ν oscillation but no leptogenesis? Yes.
 Can there be leptogenesis but no CP in ν oscillation? Yes.
 Is either of these possibilities likely? NO!NO!
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 An Argument(BK, arXiv:1012.4469)
 !
 UM"UT = #v2 y MN
 #1yT( )Light ν masseigenvalues
 Leptonicmixing matrix
 Heavy N masseigenvalues
 The Higgs vev, a real number
 The See-Saw Relation
 !
 UM"UT = #v2 y MN
 #1yT( )Inputs, in LOutputs( (
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 Through U, the phases in y lead toCP in light neutrino oscillation.
 e, µ, or τDistance
 EnergyNeutrino (Mass)2 splitting
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 Generically, leptogenesis andlight-neutrino CP imply each other.
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 A Special Situation
 If all Ni masses > 1012 GeV, the lepton number Lproduced by the Ni decays depends only on Im(y�y).
 !
 y =1ivUM"
 1 2RMN1 2y can be written as , where R is
 an unknown complex matrix satisfying RRT = 1.(Casas, Ibarra)
 !
 y y =1v2
 MN1 2R M"RMN
 1 2��Thus , which does not involve U.
 In this situation, the phases that driveleptogenesis are independent of those in U.
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 By placing an upper bound on the reheatingtemperature of the universe, supersymmetry suggests
 that the lightest Ni must have mass ∼ 109 GeV.(Kohri, Moroi, Yotsuyanagi)
 Then CP phases in U, which produce CP in ν oscillation,and influence the rate for neutrinoless double beta decay,
 lead also to a baryon-antibaryon asymmetry.Abada, Davidson, Ibarra, Josse-Michaux,Losada, Nardi, Nir, Racker, Riotto, Roulet;
 Pascoli, Petcov, Riotto, Rodejohann( (However —
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 Generically, leptogenesis andlight-neutrino CP do imply each other.
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 Seeking CP violation in neutrinoSeeking CP violation in neutrinooscillation is now a worldwide goal.oscillation is now a worldwide goal.
 Motivated partly by the connection toMotivated partly by the connection toLeptogenesis Leptogenesis ——
 The search will use long-baselineThe search will use long-baselineaccelerator neutrino beams to studyaccelerator neutrino beams to study
 ννµµ →→ ννee and and ννµµ →→ ννee , or their inverses., or their inverses.
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 Q : Can CP violation still lead toP(νµ → νe) ≠P(νµ → νe) when ν = ν?
 Detector
 e+“ νµ → νe ”
 ν
 π–
 Detector
 e–µ+νµ → νe
 π+
 ν
 µ–
 Compare
 with
 A : Certainly!
 Uµi*
 Uµi Uei*
 Uei
 !
 i"
 !
 i"
 i
 i
 !
 exp "imi2 L 2E( )
 !
 exp "imi2 L 2E( )
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 Accelerator ν Oscillation Probabilities( )
 !
 P " µ #" e[ ] $ sin 2 2%13 T1 &' sin 2%13 T2 +' sin 2%13 T3 +' 2 T4!
 " # $m212 $m31
 2
 !
 " #"m31
 2 L4E
 !
 x "2 2GF NeE
 #m312
 !
 T4 = cos2 "23 sin2 2"12
 sin2 x#( )x2!
 T1 = sin2 "23sin2 1# x( )$[ ]
 1# x( )2
 !
 T2 = sin" sin 2#12 sin 2#23 sin$sin x$( )
 xsin 1% x( )$[ ]
 1% x( )
 !
 T3 = cos" sin 2#12 sin 2#23 cos$sin x$( )
 xsin 1% x( )$[ ]
 1% x( )
 With , , and —
 ,
 ,
 ,
 ;
 !
 P " µ #" e[ ]
 !
 P "µ #"e[ ]= with δ → – δ and x → – x.
 (Cervera et al., Freund, Akhmedov et al.)
 Atmospheric
 Solar
 CP-odd interference
 CP-even interference
 m2( ) – m2( )
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 What Facility Is Needed?
 A conventional accelerator neutrino beam from π and Kdecay is mostly νµ, but has a ∼1% νe contamination.
 Studying νµ → νe with a conventional beam would havebeen difficult if sin22θ13 had been less than 0.01.
 We are very lucky that sin22θ13 ≈ 0.1(Known, thanks to Daya Bay, since 7 March, 2012.)
 !
 P "µ # "e( ) sin2 2$13∼–( ) –( )
 A conventional beam will suffice for the early studies.
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 More Powerful Facilities For Precision Studies
 β Beam:β+ emitting nuclei in a storage ring produce a
 flavor-pure νe beam. Look for νe → νµ.
 ν Factory:
 The decays µ+ → e+νeνµ of muons in a storagering, plus a magnetized detector with µ+/µ–
 discrimination, yields an effectivelyflavor-pure νe beam. Look for νe → νµ.
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 What Are theWhat Are theNeutrinoNeutrino
 Dipole Moments?Dipole Moments?
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 In the Standard Model, loop diagrams like —
 ν
 ν
 γ
 –W+
 produce, for a Dirac neutrino of mass mν,a magnetic dipole moment —
 µν = 3 x 10–19 (mν/1eV) µB
 (Marciano, Sanda; Lee, Shrock; Fujikawa, Shrock)
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 A Majorana neutrino cannot have a magnetic orelectric dipole moment:
 [ ] [ ]e+ e–µ µ= –
 But for a Majorana neutrino,
 νi νi=
 Therefore,
 [νi]=[νi] µµ = 0
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 Both Dirac and Majorana neutrinos can havetransition dipole moments, leading to —
 One can look for the dipole moments this way.
 To be visible, they would have to vastly exceedStandard Model predictions.
 e
 eν1
 ν2
 γ
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 Present Bounds On Dipole Moments
 1.3 x 10–11 µB ; Wong et al. (Reactor)
 5.4 x 10–11 µB ; Borexino (Solar)
 3 x 10–12 µB ; Raffelt (Stellar E loss)
 Upper bound =
 New Physics can produce larger dipolemoments than the ∼10–20µB SM ones.
 But the dipole moments cannotbe arbitrarily large.
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 The Dipole Moment – Mass Connection
 γ
 ν
 ν
 ν
 ν
 Dipole Moment Mass Term
 !
 µ" ~eX#
 !
 m" ~ X#Scale ofNew Physics
 !
 m" ~#2
 2meµ"µB
 ~ µ"10$18µB
 %
 & ' '
 (
 ) * *
 #1TeV%
 & '
 (
 ) *
 2eV (Bell et al.)
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 Any dipole moment leads to a contribution to theneutrino mass that grows with the scale Λ
 of the new physics behind the dipole moment.
 !
 m" ~#2
 2meµ"µB
 ~ µ"10$18µB
 %
 & ' '
 (
 ) * *
 #1TeV%
 & '
 (
 ) *
 2eV
 The constraint —
 can be evaded by some new physics.
 But the evasion can only go so far.
 The dipole moment must not be so large as to lead to aviolation of the upper bound on neutrino masses.
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 In the Majorana case, a symmetry suppresses thecontribution of the dipole moment to the neutrino mass.So a bigger dipole moment is permissible. One finds —
 For Dirac neutrinos, µ < 10–15 µB for Λ > 1 TeV
 Bell, Cirigliano, Davidson, Gorbahn, Gorchtein,Ramsey-Musolf, Santamaria, Vogel, Wise, Wang( )
 For Majorana neutrinos, µ < Present Bound
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6767
 An observed µ below the present boundbut well above 10–15 µB would imply
 that neutrinos are Majorana particles.
 A dipole moment that large requiresL-violating new physics < 1000 TeV.
 Neutrinoless double beta decay at the planned levelof sensitivity only requires this new physics
 at ∼ 1015 GeV, near the Grand Unification scale.
 Searching for 0νββ is the more conservative wayto probe whether ν = ν.
 ~
 But there may be surprises!
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 Good luck!Good luck!
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