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Neutrinos as a Unique Probe: 10723 — 10™%® cm

e Particle Physics

— vN, uNN, eN scattering: existence/properties of quarks, QCD

— Weak decays (n — pe ., p~ — e v,.): Fermi theory, parity
violation, quark mixing

— Neutral current, Z-pole, atomic parity: electroweak unification,
field theory, m.; severe constraint on physics to TeV scale

— Neutrino mass: constraint on TeV physics, grand unification,
superstrings, extra dimensions; seesaw: m, ~ mZ/MGUT
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e Astrophysics/Cosmology

— Core of Sun

— Supernova dynamics

— Atmospheric neutrinos (cosmic rays)

— Violent events (AGNs, GRBs, cosmic rays)

— Large scale structure (dark matter)

— Nucleosynthesis (big bang - small A; stars — iron; supernova - large N)
— Baryogenesis

— Simultaneous probes of v and astrophysics

e Interior of Earth
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‘ The Standard Model I

e Standard model: SU(2) X U(1) (extended to include v masses)
+ QCD + general relativity

e Mathematically consistent, renormalizable theory

e Correct to 10716 cm

— QCD: short distance, long distance symmetries
— QED, WCC, WNC, W, Z
— Gauge self-interactions

e Missing: Higgs (or alternative), dark matter, dark energy
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‘ The Gauge Group I

e Gauge group SU(3) x SU(2) x U(1); gauge couplings g, g, g’

(a), (a), (3), (&),

UR UR Ver(?)
dR dR 61_%
( L = left-handed, R = right-handed)

e SUB3): u <+ u<+>u, d<+ d<+> d(8gluons)
o SU(2): ug +>dp, ver <> ey (W¥); phases (W?)
e U(1): phases (B)

e Heavy families (¢,s,v,,n™), (t,b,vr, 77)
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‘ The Electroweak Theory I

e QED and weak charged current
unified

e Weak neutral current (Z) predicted }‘ % %

(vIN — v X, atomic parity violation)

—ieqp M

7 —i—I_~Ha —
ZCOSQW'Y (gV g ~® V2 ~° Vaij

e Stringent tests of WCC, CP-
violation, WNC, Z-pole, beyond

e Fermion gauge and gauge
self-interactions

—9 JH

W~ Wt W~ Wt W~

Ve
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0.25 g~ T

SM correct and unique to zeroth
approximation
(gauge principle, group, representations)

sin’8,, (1)
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SM correct at loop level
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0.23F

TeV physics severely constrained
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‘ Standard Model Lagrangian after symmetry breaking I

— ) mz-H
L = LQCD + Lgauge + EHiggs + Z wz 4 ﬂ — m; — > va’t
9 © oy — pivr+) o TR A g p
2v/2 (JWW” +Jw W”) eJoAu 2 cos HWJZZ“

Mass eigenstate bosons: W=, Z, and A (photon); H (Higgs)

Z — sin @w B + cos Oy WP
A = cosOwB + sin Oy W

Weak angle: tan Oy = g’ /g
Positron charge: e = g sin Ow

Electroweak scale: v = /2(¢°%) ~ 246 GeV
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‘ Free Dirac Fermion (four-component) I

L= P—m)y
= i YL + YR PYr — m (YrLYr + YRYL)

where
1 — 75 1 _I_ ,75

¢L=2¢ ¢R=2¢

are left (right) chiral projections (chirality = helicity up to O(m/E))

e Yr, and ¥R are (two-component) Weyl spinors er

e 1y annihilates L-particle or creates R-antiparticle
(opposite for P R) he pr=-=-=-- @ v

e m generated by interaction with Higgs in standard
model (bare mass forbidden by SU(2) x U (1)) CR
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‘ Particle Mixing I

e Consider F' fermions of the same charge and color
(e.g., F' = 3 flavors of charge-2/3 quark)

. 0 . 0 (=0 pnqu,,0 _0 A qut.. 0
L =11u; Ju; +r1uy Jug (uLM up + upM uL)
T
0 _ (,,0 .0 .0 .
o u) = (uf ud;ud; )" is 3-component column vector of
“weak eigenstate” fields (similarly for u%)

o M™ is 3 X 3 up-quark mass matrix (need not be Hermitian, diagonal,

symmetric; can generalize to non-square)
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e Diagonalize M™ by unitary A7 and A% (A} = A% for Hermitian M)

m, 0O 0
AYMEALY = 0 m. 0
0 0 n

e “Mass eigenstate” fields
T
ur, = AuT’UJ(I)-J = (uL CrL, tL)
UR = AuT’U,R = (’LLR CR tR)
e Similarly for d, e, v (will discuss Majorana later)

e Combinations of A observable in weak charged current
(AR not observable in standard model)

® (Unobservable) uy, phases arbitrary; ur phases = m; > 0
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‘ The Weak Charged Current |

Fermi Theory incorporated in SM and made renormalizable

W -fermion interaction:

wece _ Y B oYxs— wiyxs+
LWEC — zﬁ(JWWM—l—JWWM)

Charge-raising current:

3
JW = Y [t (1= %)ep, + an, v (1 —°)d), ]

m=1
e d
= () YA =)WV [ = | +@ecH)y*Q —~+°)V, | s
T b
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Pure V — A = maximal P and C violation; C' P conserved except
for phases in V; ,

U = VJ = A%TAZ is 3 X 3 unitary Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix from mismatch between weak and Yukawa
interactions (can ignore when m,, unimportant)

V, = AT A¢ is Cabibbo-Kobayashi-Maskawa (CKM) matrix

Third family almost decouples in V, = 2 X 2 Cabibbo matrix

cosf,. sinf. .
Vg = ( —sinf,. cos@. ) sin 6 =~ 0.22
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Full 3 X 3 CKM matrix involves 3 angles and 1 C' P-violating phase

(after removing unobservable gj, phases)

Vud Vus Vub
Vq = Vcd Vcs ‘/—cb
Via Vis Vib
1 0 0 C13 0 8136_7.'(S C12 S12 0
= 0 C23 S23 0 1 0 —S12 Ci12 0
0 —S923 Ca23 —8136,':(s 0 Ci13 0 0 1
C12C13 812C13 s13e %0
= | —S12C23 — 012823813€i6 C12C23 — e‘512323813€i‘s S23C13
S12823 — 61262381:4;8":(s —C12823 — 812(3233138":(S C23C13

( cij = cos 0,4, si; = sinB;;. J is the C P-violating phase)

0.9742 0.226 0.0036
Vij] ~ | 0.226 0.973  0.042
0.0087 0.041 0.9991
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Effective zero-range 4-fermi interaction (Fermi theory)

For |Q| < Mwy, neglect e u € u
Q? in W propagator .
144 i i
gJw o3 gdy,, — TZJW Jw
fF
© \/5 H Ve d Ve d
. G 2 1
Fermi constant: =E ~ -2 — =,
V2 8 M, 2v
2 5
1 _ Ggm

Muon lifetime: 7

= 995 = Gr =1.16637(5) X 107° GeV~*

Weak scale: v = v/2(0|¢°|0) ~ 246 GeV

Excellent description of 3, K, hyperon, heavy quark, p, and T
decays, vye — pu ve, vyn — p p, v,N — pu= X
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‘ Quantum Electrodynamics (QED) |

Incorporated into standard model: L% = —eJjA,, e =gsinfy

Electromagnetic current:

3
2 1

T = Y |G, - s, — el

m=1

ST2

= — YUY, — —dpy Y dy, — EpyYH e
P [3 Y 3 Y Y ]
Electric charge: Q = T2 4+ Y, where Y = weak hypercharge

Flavor diagonal: same form in weak and mass bases

Purely vector (parity conserving): L and R fields have same charge
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‘ The Weak Neutral Current I

Prediction of SU(2) x U(1): LWNC = —34—J}Z,
Jz = Z ["“_"?nL’Y“u?nL dmL7”d0 LT VmL'YMVSnL — éf(r)nLVMe?nL}
m
— 2sin? HWJS
= Z (@Y UL — Y dmL + VLY VL — Emry"emL]
m
—  2sin? HWJg

Flavor diagonal: same form in weak and mass bases (GIM)

LWNC GFJNJ

Effective 4-fermi interaction: 2
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Electroweak Interactions of Neutrinos

Vu e e Ve Ve e
Z \ %74 Z
v, o~ Ve e— Ve -
_Euae _ ﬁ — 1 — 5 —~— a a5 —
i = 5 [Pa¥u (L —7°) va] [€79" (9V —g37°) e
V2
I . 2 p 1
v,e: gVN—E—I—Zsm Ow , gAN_§
vee : gy =1+ gy, g4 ~ 1+ g4
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dO'Ve G2 meE,, MmMe
=L [(gv + QA)2 + (gv — QA)2(1 — y)2 — (9%/ — 9?4) —y]

dy 27 E,
ldo G:m.E, 1
Over~ | —dy ~—EL (gv +94)° + S (gv — gA)2]
In lab frame: y =T./FE, 0<y<@A+m./2E) "'~ 1)

do; GimE ) m
ve _ el‘y 1 — 2 . 2 2 2 €
Tre = SEE gy 4 ) (0= 0)* + ov — 94)° — (g} — 52) o v

G2 m.E, [1
Ope ~ —= [—(gv +ga)’+ (gv — ga)?
27 3
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‘ vq — vq (Mainly Deep Inelastic) |

e WCC
F _ —
L~ = VoL e VW X Y [ Yu(l — ¥°) Vijds]
e WNC ?
Gr _
— LNC = 2 D Y* (1 =)y

X Z [GL(i) @ Y (1 —7°)q; + €r(i) G vu(1 + ’75)‘171]
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‘ Neutrino Oscillations: a first look I

e \Weak versus mass eigenstates:

|Ve) = |v1) cos @ + |v2) sin 6, lv,) = —|v1) sin@ + |v2) cos 6
=~ — “
weak mass

ot =0: |v(0)) =|vy) (from #* — ptv,)

ot >0:

lv(t)) = —|v1) sin @e™*F1* L |1y) cos Be "2t

2 2
m3t ,m2t

~ [—|I/1> sin Qe 2F + |12) cos Qe 2E | e 4B

E; = \/|ﬁ|2 +m?2 ~ E + m;/2E where E ~ |p| for definite |p'| > m;
(same for definite E or wave packets)
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e Probability of oscillating to v, (observe by v.n — e p)

.m2t ,mzt 2

P,,v.(L) = |[{ve|v(t))|* = sin® 0 cos® 6 ‘—e_zﬁt 4 e taEt

— sin”“ 26 sin

4F
1.27Am?2(eV?)L(k
— sin? 20 sin? m”(eV") L(km)
E(GeV)

Amzzmg—mf, L ~t

e Oscillation length:

— __ 4wE
i(e Losc — Am2
—|- >
T G

« L - e Survival probability:
PVH,—H/M(L) =1-— PI/H—H/Q(L)
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‘ Neutrino Spectra I

v Oscillations > cHorys
o NOMAD
.2 . 2 (Am2L 100 = s =
® Pya—)yb — sin” 260 sin (T) 7 o N
N\ MINOS s
_3 oot y
3 v Patterns 10
e Solar: LMA =
(SNO, KamLAND, Borexino) °‘<§]10—6
° Amé ~ 8 X 107° eV?, mixing
large but nonmaximal ;
10~
e Atmospheric + K2K + MINOS: I i
|Amitm| ~Y 2.4: X 10_3 eV2, ‘:A;;i;i;sa.reat%%CL
unless otherwise noted
near-maximal mixin 12 .
& 10 1074 1072 , 10° 102
tan<0
. Reactor: U€3 Sma" (U E VéT) http://hitoshi.bggley.edu/neutrino
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e Mixings:

3 m

2 ERRRRRARARNRIN]

—

1

e Normal hierarchy

let v = % (v, £ vr):

~ coslOg v_ —sinlg v,

Y

2
AmZ,

@l\?

— Analogous to quarks,

charged leptons

— (33, rate very small

2 [TTTTTTITTTTTTT Ee—

]_ [T T | —

3 m

sinfg v_ + cos O v,

[ Am?D

Am?

atm

e Inverted hierarchy

— B3y, if Majorana

e Degenerate pattern for |m| > /|Am?|

SSI 2010

Paul Langacker (IAS)



