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Standard Model of Particle Physics

Gauge Theory based on the group:
SU(3) x SU(2) x U(1)

SU(3) = Quantum Chromodynamics
Strong Force (Quarks and Gluons)

SUr(2) x U(1) = ElectroWeak Interactions broken to Ugar(1)

by HIGGS
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S[:::(Q) X [T}’(I) = [vEJI(I)

Force Carriers: W=E, Z% and ~ masses: 80, 91 and 0 GeV

) u c
quark, SU(2) doublets: ( d )L. ( < )L. ( ' )L

up-quark, SU(2) singlets: ug,cp.tp

T

down-quark, SU(2) singlets: dp,sp.bp

lepton, SU(2) doublets: ( Ve ) ( Vi ) ( Vr )
“ /L o)L T )L

neutrino, SU(2) singlets: — — —

charge lepton, SU(2) singlets: eg, pg, Tr

Electron mass

comes from a term of the form

L DER

Absence of vp
forbids such a mass term (dim 4)

for the Neutrino

Therefore in the SM neutrinos are massless

and hence travel at speed of light.
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Interactions:
Charge Current (CC) Neutral Current (NC)
’/r'l
Z(_)
la
W= S Va
Vs lo
W~ il 0
2
F@' - t+F)=KEM 2o +cf ] i
487 Z(l g /; i ]’J’r

=€, [, or T

Invisible width of Z plus other data from LEP:
72V = v
Implies N, = 2.99 £+ 0.01

ALEPH

o 3 %0

= =
Energy (GeV)

Th ree Active Neutrin05[ 1 Sterile Neutrinos don't couple to Z°
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Note That
b
W-—
Va
W P,
Ve \’3: 5 Eg
Implies
e , W, T
Observed
P -
W boson - o
v, T =] Detector
small L/E (<< 1/6m?)
}'
B 2
W / \v.u V}l
/T'
-
Wy K9
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Not Observed

P

$89%
g >
W Vu Vi m:g
small L/E (<< 1/6m?)
Observed
s ‘
w+/ \,F \:,

neutrino beam (not anti-neutrino beam)

Not Observed

_|_

+

W

A

large E (>> m,,)
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Standard Model

[, Vo

W- ZY
Uy _
couplings conserve the L.epton Number L.

defined by —
L(vy=L(/"))=-L(v)=-L{*")=1.

Actually L., L,, and L,

separately

Left Handed Nature of The Neutrino

I v
W Z0

7 _

(&

(8

Produce Left-Handed Neutrinos

and Right-Handed Anti-Neutrinos

spin
> V
— Y

momentum

What about the RH neutrinos and LH anti-neutrino 7777
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7 decay
Pion Rest Frame L.
¥ Spin
Uy = . = > ut
Tt '

Left Handed anti-fermion

Suppressed by powers of m ¢

Why 7t — utu,

>09% and 7t — et is 0.01%.

There exist three fundamental and
diserete transformations in nature:

e Parity P E > —&
e Time reversal T t— —t
e Charge conjugation c q — —q

P, T and C are conserved in the classical
theories of mechanics and electrodynamics!

CPT < Lorentz invariance @ unitarity: is an essential building block
of field theory

CPT : L particle <+ R antiparticle

Neutrinos in the MSM are massless and exist only in two states: particle
with negative helicity and antiparticle with positive one: Weyl fermion
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In T v P v T In
P D——D
{b) {c)

P: L particle > R particle

Parity violation is nowhere more obvious than in the neutrino sector: the
reflection of a left-handed neutrino in a mirror is nothing !

Summary of v's in SM:

Three flavors of massless neutrinos
W= =1+,
W+ — 1t + v,
=€, orT
Anti-neutrino, 7, has +ve helicity, Right Handed
Neutrino, v, has -ve helicity, Left Handed
vy and Ur are CPT conjugates

massless implies helicity = chirality
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Beyond the SM
What if Neutrino have a MASS?

speed is less than c therefore time can pass

and

Neutrinos can change character!!!

What are the stationary states?

How are they related to the interaction states?

NEUTRINO OSCILLATIONS:

Two Flavors

flavor eigenstates # mass eigenestates
Yy cosf  sinf 1
v )\ —sinf cosé Vs

W's produce v, and/or v;'s

but 1y and 15 are the states

that change by a phase over time, mass eigenstates.

) —ip;-T|,, . He . — a2
lvj) — e”PiT|yy) p; =m;
a, 3. .. flavor index i.J ... mass index
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Production:

1/',,' = COS Hlll; ) + sin H‘Vg:"

Propogation:

cos Be 'PUE |y ) 4 sin fe P2 |1y)

Detection:

lv1) = cos b|vy,) — sinB|vr)

|vg) = sinf|vy,) + cosb|v,)
(, % 7 :( —”.:‘i::}n :.I::’;

P(vy — vr) = |cosB(e= 1) (—sinf) + sin @(e P27 cos 4|

)(

1541

V9

)

P(v, — v;) = |cosB(e™"P17)(—sinf) + sin B(e"P2'") cos 4|2

2
- “ m
Same E, therefore p; = /E? — m3 =~ E — 54

. —im21 /2R
e—iPj T — r—(E!(—ap_,L ~ (—I(Ef—EL) e ““_J.Lf-[l

. | ; .2 ‘ ‘
P(V‘u — ) = Si“‘lH(_“Hz H|(_—nn.3]./2ﬁ _ (,—iml!./.?l?|2

e D
i — ai ot L2 dmEL
P(v, — v;) = sin” 20 sin” 2

dm? = m3j — m7 and 22-E = A kinematic phase:
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P(v, — v;) = |cosB(e™"P17)(—sinf) + sin B(e="P2") cos 4|2

Same E, therefore p; = \/E? — mi ~ E — 53

. o - o | —im2T. /OR
e T — 1E.'1‘( apJL o i(Et—FEL) e “HJ,L,..f;

.9 ¢ .2 By 5 a2 oOF
P(U'u — ) = Sl]l“H('()Hz H|('_”"‘3]‘/‘2E —e i-mlL/.?E|‘2

- 2 4
o2 s 28m L €
Py, — v;) = sin” 20 sin” 2=

Amplitude e—fi.me/QE

f %

> A
W Prop(v) Upi \\
Target

|
)

e cosf sinf
i —sinf cos#
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Appearance:

2 6m2L
1E

P(v, — v;) = sin? 20 sin

Disappearance:

! _ a2 -2 8miL
Py, — v,) = 1—sin” 20 sin” “ =~

- 2 22 §m2L
P(v, — v,) =1 —sin” 20 sin” 2=

_— )
Oscillation Length Lo = —lﬁE/()HI‘

Fixed £,

> v,)>

<P(v,

oob— Lol o bavid 0 L

0.01 003 0.10 030 100 3.00 10.00
Lo
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. e « By .2 m°L
(P(vy — vu)) =1—sin" 20 <.sm ‘jifr>

z’fﬁi e

Vas=( “gno cond )

Spread E,, o
1Ssa earance - .
i R aRPEALRCE g effectively incoherent
L0 = E mass eigenstates
A 08 \ f\ -
— I \ ;ﬂ ]
X ‘\ |'.: A ] 1 . 2')(-)(1) 4(_)+ . J.H
\ \ - & 5 ) = COS
Noos \ [ |V Sl i) = 1 i
1 [ X B
2 \ / v
& I \ 1+ + Tty coo?
£ o4 \ | W™ — u* 4 vq probability cos® 6
Amphm(fe im5L[2F ‘H"—‘,— . ,“—i— + Vo prcbablhty b‘il'lz 9

i
1o flavour fractions |v; ) and |v, ) during

i 10
U.T< propagation remain unchanged
Target

probability v1 contains v, is cos? ¢

probability 12 contains v, is sin? 0

+

i B i i rik
Using the unitarity of the mixing matrix: ( W .:-;1

p Am2 L
ik 518 k
Pva — vg) =bap —4 3 Re[WI] sin? (ﬁ)
/ P

= [VajVi;ViaeVael )

k>j
f Am? L
rik : ik
2 Z Im[V\“lH] sin ( 3E, )
k>j
. cosf sinf
For 2 families: Virng = i
—sinf cos#

P = sin2 20 sin? Am2 L
af = S1n sin iE, —r appearance

Pflll =

1 — P,; <1 — disappearance
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2 )
8=m4 Am=00B3eV L=T30km B, =206V 64 AmE000%V

E, (GeV) Lem)

Oscillation probabilities show the expected GIM suppression of any
flavour changing process: they vanish if the neutrinos are degenerate

7/4/2016
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Probability for Neutrino Oscillation
iIn Vacuum

P(va — vg) = |Amp(ra — :.{,-3}|2 =

2
20 2 Am® L
P,z = sin” 20 sin (T,,) — appearance

Poo =1 — Rxﬁ <1l— disappearance

Probability for Neutrino Oscillation
In Vacuum

P(va — vg) = [Amp(va — vg)|? =

FPu.p = sin 20 pearance

Poow =1 — Py nce

[ 27 Am? (eV?) L(km)

E(GeV)

L/E becomes crucial !!!

7/4/2016
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Evidence for Flavor Change:

* = % Atmospheric and Accelerator Neutrinos with L/E = 500 km /GeV

« » » Solar and Reactor Neutrinos with L/E = 15 km/MeV

Neutrinos from Stopped muons L/E= 2m/MeV (Unconfirmed)

Atmospheric neutrinos |

* Atmospheric neutrinos are produced by the interaction of cosmic rays (p, He, ...) with the
Earth's atmosphere:

|I| Aa+Ag— 1=K KD, ..
R — 0 +Vy,
uE— et vy,

e at the detector, some v
interacts and produces a
charged lepton, which is
observed.
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v are produced in the atmosphere when primary cosmic rays impinge on
it producing K, w which subsequently decay:

R £ B R S oS T T
= T E v E
> F 3
< [ e T 1
7, 2 o
5 10%g -
T = =
o - -
[ - -
w
¥ 10 =
£ 3
= 3
= 3
[ r 7
> 1 E =
wt E 3
had E ]
~ - o
2 107 — | | sl — d
10 1 10 10 10
E, (Gev)

A deficit was observed in the ratio u/e events: Soudan2, IMB,
Kamiokande

Atmospheric Neutrinos

Detector

Cosmic ray

Isotropy of the > 2 GeV cosmic rays + Gauss’ Law + No v, disappearance
¢v, (Up) -
¢y, (Down)
But Super-Kamiokande finds for E > 1.3 GeV
¢, (Up)

= el = 0.54 £0.04 .
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Zenith angle distributions

5 " Best fit
VoY ) sin?20=1.0, Am?=2.0x10- eV2
2-flavor oscillations

Null oscillation

2% ~L4
4“5 E "
faf =
HEp— fost |
H o + S :—_J_,_ ‘
H ¥ |
Z 15 E
AR S e
1 R e T u% i NiTas -ll‘.ﬁméll.l 237
E'” 3 :s; J
o ogy b - 3
= 0
4y ek +++_ 52 1
faub &+ %l.: e
L El.s
ok 1 | 0 TP T |
[ 4as 0 es A8 a5 a4 a2 0
13000km 500km 15km 13000km 500km

Half of the upward-going, long-distance-traveling v,

are disappearing.

Voluminous atmospheric neutrino data are well

described by —

with —

Am, 2 = 2.4 107 eV?

and —

sin? 20

atm—

7/4/2016
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w

Multi-GeV u-like + PC

‘»

(0]

Number of Events
=k
- 2 828282

# I]TIIlTI lllll l Tll]]ll]

1
Pt [TTTT]T

-0.5

0
cos0,

(Super-K)

L/E Analysis

++Oscillation, decay and
decoherence models tested

1. = 83.9/83
124, = 107.1/83, Ay? = 23.2(4.80)
2. = 112.5/83, Ay? = 27.6(5.30)

Data/Prediction (null oscillation)

-t b b b
- N B N

eepoe
N B o o

o

1 10

Oscillation
Decay
Decoherence

10°  10°
LE (km/GeV)

10

4
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Confirmation of the oscillation hypothesis in "man-made” v sources

5 E (1 — 10GeV)

Am ~
| AT tmos] L(102 — 103km)

v beams in this energy range can easily be produced at accelerators

p — Target -+ 7", KT — v, (% ve, vy, Ve)
Vi = Vg

Three such conventional beams KEK-Kamioka (235km),
Fermilab-Soudan (730km), CERN-Gran Sasso (730km) are looking for
the disappearance of v, or appearance of v;:

events/0.2GeV
o ®

-
n

K2K

ohe iy
“Gitu
{Pl}{j‘;lmu %)

F T T T T - 6 r T T T
E ] S f
: A
L 1 2 S5F 1
2 ¥f o e =
] :“—l 4 F ’4 e
; EL '
< o v
] ar B
3 2 :_ - 2
] [ cssmneens K2K 68% L -d
r K2K 90%
] 1 Eigmmens K2K 99% ]
+ [ - SK UE 90%
2 5 oL : ' :
GeV 0.2 04 0.6

7/4/2016

20



A The MINOS Experiment

Near Detector
1 kton
38x48x15m?
282 steel planes

153 scintillator
planes

Far Detector

5.4 kton
8x8x30m?
484 planes
Fermilab 10 km Soudan
735 km

. n1.5 B
MINOS Far Detector g N
300 —4— Far detector data | = X
% = Nao oscillations g [
(0] —— Best oscillation it 8 1
“‘5200 [ N background o
- o
c o
o 0.5 —
> Q. Far detector data
w 1 00 ‘6 ——— Bast oscillation fit
- = Stats. only decay fit
g t Stats. only uecohlerenoe fir
® 2 4 6 8 10 Y2 4 6 8 10

Reconstructed neutrino energy (GeV)  Reconstructed neutrino energy (GeV)

7.2x10° POT - fiducial events

w
]

=235 x107 eV’
sin2(2923) =1
in*(26,,) >0.91 (90% C L))

atm.

[,

®  MINOS best ft

— MINOS 90%

1Am?2l (10%eV?)
(4]

2.5 —— wmos oen
MINOS 2008 90%
——— MINOS 2006 90%

206 07 08 09 1
sin’26
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“Atmospheric’ Neutrino Summary

Vy — Vr

no evidence of 1, involvement:

om2,,, = 2.7703 x 10~3eV? L/E = 500 km/GeV
sin® 260,,;,, > 0.92 = 0.35 < sin?8,;,,, < 0.65

Solar dm?

7/4/2016
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Solar Engine:

—lp + 263_ _}4 H@ + 21/6’.‘3 —+ 267;\[(3‘//

E = mc?

1 v, for every 13.4 MeV (=2.1 x10712 J)

L., at earth’s surface 0.13 watts/cm?

. 013 10 2/
Oy = 57001z = 6 X 10 /em*=/sec

This corresponds to an average of 2 v's per cm®

since they are going at speed c.

|p+p ~2H+ et + 0y, ’ p+t e +p —H + g
M
H+p »3He +
g5 L 1P Hery e 15%

0.02% o
Be+ p 8B+y Bet+ e~ TLi+ve
B ~ Be* +et: Ve Li+p ~ “He +He
’Be* ~ “He +‘He

He+p — He+te™ + 1,

7/4/2016
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Solar Spectrum:

SuperK, SNO
. e
Galliu Chlorine
10 ﬁ
1o P/fpp i K Bahoall-Pinsonnesult 2004
109
]
3 e +12% 1
12%]
B e * 22%
=] "Be "He pep
E 107 r 1
o
=l 100 g 29%
T
4 100 F |
104 F - / 1
100 £18% 1
100 a.g
§ 3 i}
" o 03 1 3 10

Neutrino Energy (MeV)

Figure 1. The predicted solar neutrino energy spectrum. The figure shows the
energy spectrum of solar neunnos predicted by the BP04 solar model [22].
For continuum sources, the neutnino fluxes are given in number of nentrinos
em-25-! MeV~" at the Earth’s surface. For line sources, the units are number
of neutrinos cm™*s~*. Total theoretical uncertainties taken from column 2 of
table 1 are shown for each source. To avoid complication i the figure, we have
onutted the difficult-to-detect CNO neutrino fluxes (see table 1).

p+p—2 H et 4w,

Gpp = 5.94(1 £ 0.01) x 10%cm~2sec™1!

7 > = A’T )
Be + ¢ s Li+ v,
drp. = 4.86(1 +0.12) x 10%em2sec™!
7 Be +p—="B—="Be*+e" + 1,

dspg = 5.82(140.23)

€

3 - -
10%em—2sec

1

Ray Davis & John Bahcall

Theory

Tolal Rates: Standard Model vs. Experiment
Baheall-Serenelli 2005 [BS05(0P))]

-
//1251;

=
55

’}/7‘

AW

H,Q ramicuane

™ Be W P-P. p¢p Experiments m
‘5 mCNO Uncertainties

Theory v Exp.

Neutrino Flavor Transistions!!!

0.88:0.06

045 007 7 umZeg:s
0.41:0.01 6715
256£0.23 0.30:0.02
I | A Z.‘J.VLL(
Soverh = D .\n v
D,0
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Identical Solar Twins:

Ve
VeV .
. g flavor eigenstates
. .
7

. y mass eigenstates
/2
\ 1
Kinematical Phase: dm2 = 8.0 x 10~ 5eV?2
2 0 .
sin® 6, = 0.31
dm2 L 5 2 11
A = e a7 8x107° eV< . 1.5x10" m
~/ 1E 1.27 0.1—10 MeV

Effectively Incoherent !!!

7/4/2016
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Vacuum v, Survival Probability:
(Pee) = frcos®0c, + fosin® 6

where f1 and fs are the fraction of 11 and vy at productlon

In vacuum }‘1—(02 >\/ T % T /

Prop(x) UgiW

Source Target

. . v 0
(P..) = cos?8, + sin* 0y = 1 — 1sin® 20,

for pp and "Be this is approximately THE ANSWER.

f1 ~69% and fo ~ 31% and (P..) ~ 0.6

pp and "Be

"
» ~A0
/ ) vy .f]_ ~ 69%
I/l
e -
/1 . a1 0

fa= sin® B3 < 4%
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What about 8B ?
SNO's CC/NC

e iy 68% CL.

— ¥ 68%.95%.99% CL.

P (x 10°cm? s

CCvo+d—e +p+p

JE I e ss%cL
T O e sscL
[ e se% CL
o= ss%CL

NC:v,+d—v.+p+n

ES: v, +e — vy +e” 3

25 3
¢, (x 10°em? s1)

‘(\—( =) = I3 cos? 0o + fo sin? fe

fi= (% — sinZ0,. ) / cos 26,

— (0.35 - 0.31)/0.4 = 10

pp and "Be

L) = sin®@ + f; cos 26, ~ sin® 6, = 0.31

Wow!!! How did that happen?7??

energy dependence!!!
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