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Mass, Mixing, and Intrinsic Properties

e Weyl fermion
— Minimal (two-component) fermionic degree of freedom
= YL <> g by CP (vf ~ 9})

e Active Neutrino (a.k.a. ordinary, doublet)

—in SU(2) doublet with charged lepton — normal weak
interactions

— vy < v by CP
e Sterile Neutrino (a.k.a. singlet, right-handed)

— SU (2) singlet; no interactions except by mixing, Higgs, or BSM
— vr <> vy by CP
— Almost always present: Are they light? Do they mix?
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e Fermion Mass

— Transition between right and left Weyl spinors:

myrLYr + m*Pryr — m (Yrr + YrYL)

( m > 0 by ¥ r phase changes)

e Dirac Mass

— Connects two distinct Weyl spinors
(usually active to sterile): h,

mp (VLVr + VrVL) = MpUpVp
— Dirac field: vp = vy + v @
— 4 components, AL =0 (d°)
- At3 = +2 — Higgs doublet

mp = h,v = \/ih,, 0
— Why small? (Large dimensions? Higher- b (@)

dimensional operators? String instantons?)
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e Majorana Mass

— Connects Weyl spinor with itself: - or

% (DLI/IC{ -+ DIC%I/L) = %17]\/11/]\/[ (active) 1
X mT ™mT

% (DIC;VR + DRVIC;) — %DMSVMS (sterile) it

— Majorana fields: t
VMEVL_I_V]C{:V]C\/_[ VL — th - VL
VMSEVE+VR:V]C\4S @

— 2 components, AL = £2, self-conjugate (D7)

- . 3 _ .

— Active: At; = *1 (triplet or VL — <@ VL
higher-dimensional operator) SN

— Sterile: At} = 0 (singlet or bare mass) (°) ? @ (")

— Phase of vy, or v} fixed by mr g > 0
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‘ Neutrinoless Double Beta Decay (300..) |

e AL = 2: Majorana mass only (mgg ~ mr)

e Other mechanisms, e.g., Rp violation in supersymmetry
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‘ Mixed Models I

e Can have simultaneous Majorana and Dirac mass terms
1 mr m 19
—ﬁ:—( D(I), 172/6> T D Ig + h.c.
2\ - .\ mp mg Vg
weak eigenstates
mr: |AL| =2, AL | =1 (Majorana)
1
mp: |AL| =0, |ALS | = 5 (Dirac)
mg: |AL| =2, At | = 0 (Majorana)
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e Mass eigenvalues:

Avt( Mr MDD v _ (M1 O
L'\ mp mg R 0 mo

\ . 7

M=MT

e (Majorana) mass eigenstates: v;pr = v +Vig = Vi t=1,2
0 0
il ) _ p2vt (VL Vi |\ _ AvT Vp
- L Oc 9 c - R 0 ’
V2L vy, Vsr Vr

— M = M7 (unlike Dirac mass matrix) = AY = AR
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‘ Special Cases I

Oc
(5 1720)<mT mD)(V{?)Jrh.c.

mp mgs

[ =

N | =

e Majorana (mp = 0):

—_ —,,0 c __ .,0c
_ — ,,0c c __.,0
Mo = Mg : VoL = UV, Vsp = Up
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e Dirac (mr = mgs = 0):

my; = +mp : Vi = i(1/0 + 99) ve, = i(I/OC + Y

J2 L L/ LR~ /5\'R R

1 0 Oc c 1 Oc 0

mz = —mMmp : V2L = E(VL — Vi), Var = E(VR — Vg

— Dirac v (4 components) equivalent to two degenerate (|m;| = |m2|)
Majorana v’s with m; = —mys and 45° mixing (cancel in 38,)

— Useful description for Dirac limit of general case

— Recover usual Dirac expression

mp
_ _ _0..0 _0..0
—L = T(VlL’ﬁcR — UorVsp) + h.c. = mp(V vy + Upry)

— No v} — v)¢ or v}f — v} mixing = L conserved
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® Seesaw (a.k.a. minimal or Type | seesaw) (ms > mp.1) :

2

m mp
mlme——D: VlLNV1O; Vgc"”/?;’
mg mgs
mD Oc
Mo ~ Mg : VZLN—VL+VLNVL
mg
- Eg, mr =0, mp = O(mu,e,d)v (Ps)
ms = O(Mx ~ 10 GeV): %
. I
|mq| ~ mp/msg K mp VL Th  Cn | VL
vim ~ vy + vy (active) @ @

— Lower mg possible (even TeV)
— Heavy (~sterile) o), decouples at low energy

— vops decays = leptogenesis
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Active-sterile (¢ — %) mixing (LSND)

e No active-sterile mixing for Majorana, Dirac, or seesaw

® mp and mgs (and/or m7) both small and comparable:

— Mechanism?

e Pseudo-Dirac ( mr, ms < mp):

— Small mass splitting, small L violation, e.g.,

mr =€, mg=0 = |mis =mpEe/2

e Reactor and accelerator disappearance limits?

e Cosmological implications?
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‘ Extension to Three Families I

- . _ =0 0 —0 T.,0
e Dirac mass: —Lp = v; Mpv, + vpbMpv;

0 0

| 4 | 4

0 0" 0 o'
—_ ) 4 —_— 1 %4
Vst Vsr

— Mp = arbitrary 3 X 3 Dirac mass matrix

m, 0 0
AYMpAYL, = 0 my O
0 0 s
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— Leptonic weak charge lowering current

4!
Ji — 2éL'y“VJVL =(ep7)Y*(1 — 75)‘/—; Vs
V3
-U = VEJr = A‘ZTAE is Pontecorvo-Maki-Nakagawa-Sakata

(PMNS) matrix (leptonic analog of CKM)

— Choose vy, er, phases: remove 5 unobservable phases from VJ
(choose vgr, er phases for real non-negative masses)

1 0 0 Ci13 0 8136_7:5 C12 S12 0
U = 0 C23 Sa23 0 1 0 —S12 Ci12 0
R 0 —S23 C23 R —81367:6 0 C13 R 0 0 1 )
atmo;f)heric react;rrlimits Salrar

— Cijj = COS Hij, Sij = sin Hij, 0 = C P-violating phase (if s;3 # 0)
(sij, 0 7# CKM angles/phase)
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e More on unobservable phases:

— Most general unitary 3 x 3 PMNS matrix U: 3 angles, 6 phases

e 0
U = 0 e P2
0 0 e~ Ps

— B, a; not determined by diagonalization (U'U = UU' = I)

— Only depends on a; — 3; = can choose a3 = 0

— Redefine v;;, — e_iajujL, e;; — e Pie;; = U — U

— (Independent) e;r, V;r phases chosen so that m.;,m,; > 0
J J
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e Majorana mass: —Lr = ; (E%MTV + g M O)
— Diagonalize: Mr = A} MpAY, by 19 = AYvr, 1% = A%vS,
— But Yo L¥5n = YeryC g, where 9§ = CpT
— Therefore M+ = Mg: = Al =AY

— Phases determined by m; > 0 => two unremovable Majorana
phases in U (observable in 330,7)

1 0 0 C13 0 8136_7’(s C12 si12 O et 0
U= 1o Cc23 S23 0 1 0 —s812 ¢c12 O 0 et™2
R 0 —s23 c23 J —sy3e’ 0 0 c13 0 0 1 0 0
atmospheric, s§3~% 3%3 035, =7 Solar, 3%2N0.3 Majorana only

— Same results for active sector in seesaw model
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General case (3 active and 3 sterile):

1 My M ¢
. _ = —0 —0Oc T D R
£_2(1/L uL)(Mg Ms)(l/%>+h.c.

—MD,MTzMIT,MszMgareSXS
— 6 Majorana mass eigenstates
— Majorana, Dirac, seesaw, active-sterile mixing (LSND) limits

— Can also have > 3 or < 3 sterile
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