curious 7
BSModel o:-:g'b\ul Parts.

| cabriela Barenboim, TAE: *ptember 15
J

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 (Tevatron, LHC)
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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
01/10/2015 Gabriela Barenboim -- TAE

Electron mass
comes from a term of the form

i(')f‘f{

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:

Neutral Current (NC)

Charge Current (CC)

]/'(l
Z(']
lo
YXv_ ZU"‘ Vﬂc+ﬁﬁ ﬁ(l
]/(] l(}
W= =17+, 70
2
r@Z° > £+ =K IMzorp 4ic! P I
4872’ ZO . /: + ,r(-]i-
Gabriet Bagepboin( TAE
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Invisible width of Z plus other data from LEP:
ZV — vp
Implies N, = 2.99 4+ 0.01

ALEPH

— — =
Energy (GeV)

0171072615

i 1 111 Sterile Neutrinos don’t couple to Z°
Three Active Ne%r_lnos.., Lo p
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Note That
la
W-—
Va
W= =15 + v,
Ve
Implies
C
01/10/2015 Gabriela Barenboim -- TAE

Observed

b
W boson B

/e
RRE

€

v \’I T Ve

small L/E

53] Detector

(<< 1/57112)
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Not Observed

}'
>

Wy T

small L/E (<< 1/6m?)

01/10/2015 Gabriela Barenboim -- TAE

Observed

4+ .
‘ll
+ /; N
W / v \'r

neutrino beam (not anti-neutrino beam)

Not Observed ut

1) 1)
» . B £

+ 2 P il
W / LY, vV ':":m‘

large E (>> m,,)
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Standard Model
[, Vey
W- z°
Ve _
couplings conserve the L.epton Number L.

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

Actually L., L,, and L

separately

01/10/2015 Gabriela Barenboim -- TAE

Left Handed Nature of The Neutrino

™ Va

W= VAL

1% =
QO v,

Produce Left-Handed Neutrinos
and Right-Handed Anti-Neutrinos

spin
Y
=) . v

momentum

01/10/2015 Gabriel boim -- TAE i i A
abre a%ﬁgtoalglout t/%e RH neutrinos and LH anti-neutrino 7777
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7 decay
Pion Rest Frame )
¥ Spin
Uy = . = > ut
Tt '

Left Handed anti-fermion

Suppressed by powers of m ¢

Why 77 — pTr,  >99% and 7+ — etr, is 0.01%.

01/10/2015 Gabriela Barenboim -- TAE

Summary of v's in SM:

Three flavors of massless neutrinos
W= =1 + 7,
W+ — 1t +u,
=€, 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

01/10/2015 Gabriela Barenboim -- TAE
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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?

01/10/2015 Gabriela Barenboim -- TAE

NEUTRINO OSCILLATIONS:

Two Flavors

flavor eigenstates # mass eigenestates
" cosf  sinf 1
ve J \ —sinf cosé Vo

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

but 17y and 15 are the states

that change by a phase over time, mass eigenstates.

) —ipi-x|,,. 2 D
vj) — e P w;) pj =m;
ovtonors @7 ... flavor dnglgxsarenboim - tag/ - - - Mass index
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Production:

v,) = cos f|vq) + sin 0|vs)

Propogation:

cos Be ™ P1E |y ) + sin fe ™ "P2E |1y

Detection:
|v1) = cos Olvy,) — sinf|vr)
|g) = sin H|Uﬂ_ ) + cosB|v.)
v, - cosf)  sinf "
( Vy ) - —sinfl  cosd ( va )
P(vy — vr) = |cos@(ePrT)(—sinb) + sin f(e =27 cos 4|2

01/10/2015 Gabriela Barenboim -- TAE

P(v, — v,) = |cosB(ePr*)(—sinf) + sin (e~ "72*) cos f|?

ke

- ; m
Same E, therefore p; = \/E? —m3 = E — 5

&

e—Pi® — o—iBt —ip;L o, —i(Et—EL) (:,_—m{;’L/'QE

.9 ‘ i 2T /e i 2T e ;
P(ll‘” — ) = ﬁlll'ﬁ(‘()h‘z 9'!’ imyL /2E __ e zm]L/EElZ

290 win2 0m3L
P(v, — v;) = sin” 20 sin” “7=

sm?L : 2 q
15~ = A kinematic phase:

N 2 2 9
om® = 1ms — my and
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P(v, — v,) = |cosB(e™Pr*)(—sinf) + sin (e~ "P2*) cos 6

2
_ 2 2 .
Same E, therefore p; = | /E? —mi = E — 5%

E—:Et(__—:p_,L ~ ¢—HEt—EL) t_—unJL/ZE‘

—ipi-x
e Pi% = €

. 9 ‘ i 2T /e i 2T e c
Py, — vr) = sin” @ cos? e imaL/2E _ o ”"IL/“)EP

4
w200 a2 dmPL €
Py, — v7) = sin™ 20 sin” 2=

01/10/2015 Gabriela Barenboim -- TAE
- 2

Amplitude o~ im;L/2E

g f

> |
W - 4} »
W
Uai* Prop(vi) U[3|
Source Target

e cos sin @
car —sinf# cos@
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Appearance:

2 6m2L

o Q .
P(vy — v7) = sin” 20 sin” *J5

Disappearance:

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

01/10/2015 Gabriela Barenboim -- TAE

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

" . C 2
Oscillation Length Lo = 47.’5/(’).'7:."

Fixed E, s

0.8}

<Py, —> v,)>

04f

J

02k

0.0 ' RN IWT L ey |
0.01 003 0.10 030 1.00 3.00 10.00

Lo
01/10/2015 Gabriela Barenboim -- TAE

Amplitude of Oscillation

)
sin” 26

01/10/2015
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(P(V,u = l’p

\ - A 2 6m2L
)) =1 —sin” 26 <:~111 %’&—)

Amplitude

> )

os i
[

o= “ans e
01/10/2015

j- G

m‘ Prop(\‘l '.W
Source % / Target

Spread E,
P Y Dissappearance : !
F T AR B AR effectively incoherent
A= ] mass eigenstates
\ P‘I ]
A 08 \ [
S \ [ Aed 1-eim?20c2 19 4 sin'o
- \ | [} ] — sin” 260(5) = cos sin
/I\ 06 \ | | o (3) SR
2 r \ ‘f 'IU,‘ .
= - \ - -
& oa \ | W+ — ut 4+ vy probability cos? 6
W+ — ut + vy probability sin®#

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

10
propagation remain unchanged

probability v1 contains v, is cos? ¢

probability 12 contains v, is sin? 0
GabrielaBarenboim -- TAE

Using the unitarity of the mixing matrix: ( H'(:ﬂ = [VaiVa;VarVarl )

: Am? L
- 5 k
Plva — vg) =dap — 4 E Re[\\’ffﬁ] sin® (ﬁ')
. v

k>j

; Am% L
ik . k
+ 2 E I:‘n[\"\'Ju'U,] sin (T)
k>3 %

For 2 families: Vyns = ( .
—sin @

cosf sinf
cos 6

.2 go-:33
P,z = sin“ 28 sin (T

2
i L) — appearance

Py« =1 — P, < 1 — disappearance

01/10/2015 Gabriela Barenboim -- TAE
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) 2
0=m4 Am=0003eV L=T30km E =206V 6utd AmE0003eV

s 0 0 1

E, (GeV) Likm)

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

01/10/2015 Gabriela Barenboim -- TAE
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Project Poltergeist - 1951
Y-

_ Firebal |. Explode bomb

T [I.At same time let
m stk tulisl detector fall in
Fal 40 m —o]| l

vacuum tank

hig1 | 1)

o — ll. Detect neutrinos
—LJ_ P IV. Collect Nobel
Suspended =— |

detector Vacuum p r I Z e
line
Vacuum
tank ~———Feathers and

foam rubber

OK - but repeatability is a bit of a problem

01/10/2015 Gabriela Barenboim -- TAE

Probability for Neutrino Oscillation

In Vacuum
P(va — vg) = |Amp(rq — r.{,-_a‘)|2 =
FPu.p = sin 20 pearance
Pf.ur =1- P(x" nce

Am? (eV?) L(km)
E(GeV)

01/10/2015 L/E becomescruaial !!!

1.27

01/10/2015
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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)

01/10/2015 Gabriela Barenboim -- TAE

Atmospheric neutrinos I

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

|I| Ag+ Ay, — 5, K5 K, ...
T i v,
= e VetV

e at the detector, some v Nv+_\r_
interacts and produces a /:—_i—\{-_"-z
charged lepton, which is I\wt, :\Ve
observed.

01/10/2015 Gabriela Barenboim -- TAE
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v are produced in the atmosphere when primary cosmic rays impinge on
it producing K, w which subsequently decay:

-
o
[

5 10%E =
T E 3
o - -
L] - -
w
¥_ 10 =
£ E
[ 1
> 1T EF =
ot E E
S :
S 10 L | Ll .\
107" 1 10 107 10°
E, (GeV)

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

01/10/2015 Gabriela Barenboim -- TAE

Atmospheric Neutrinos

Detector

Cosmic ray

Isotropy of the > 2 GeV cosmic rays + Gauss” Law + No v, disappearance
Py, (Ul:\)

But Super-Kamiokande finds for E > 1.3 GeV
¢y, (Up)

S Ol i e S 5 )
ooy = 0542004

01/10/2015 Gabriela Barenboim -- TAE
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Zenith angle distributions

) ) Best fit
Vi€ Ve sin?20=1.0, Am?=2,0x103 eV?
2-flavor oscillations Null oscillation
450 50 ~14
i E’*Aij*_,ﬁm : L i
5380  S———— T fw
t;Jln f Fe gt ?a‘“ 3 P oy :ﬁ 3 ”a !
B 2 B0 by e Ext + h0e
Bu o - EI NI
Z150 £ z Z 15 s Z 04 ——
S 5 ————
:; 5 Sub-Ge lik Toe - ];  + 0z =
L v v B e v B mx ey S v S Y g g v
cos) cos <o cos)
e s o
&120 + I = gk f= 3
S100 + %5250 :__,_,_IT;\‘.H* E] + Eas ++
™ (et jot My
2 S + £ 4+ 2 ]
E Sis0 £ +E I =
2 L 2 -+ X + TS _‘.ﬁ
“F 100 gt w HF £
E Multi-GeVedike | % - e
05 u:'.w D B x> m?-‘e s oA “ﬁs W 05-as .«';m-h 239
T =« 11 & 311 & 11 =
13000km 500km 15km 13000km ~500km
01/10/2015 Gabriela Barenboim -- TAE

Half of the upward-going, long-distance-traveling v,
are disappearing.

Voluminous atmospheric neutrino data are well
described by —

u T
with —
2 ~ -3 2
Am, 2 = 24103 eV
and —
sin 20, =
01/10/2015 Gabriela Barenboim -- TAE
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Multi-GeV u-like + PC

wn3IS0 F
— E
Sa00 |
- -
=250
= g
'_ 200
2150 E
§ 100 g
z. Fo=—%-

50 B

0 : 1 1 Ll I L L L L L L I Ll 1 L
-1 -0.5 0 0.5 1
z cos0,
(Super-K) !
01/10/2015 Gabriela Barenboim -- TAE
L/E Analysis
2 1 1 1 ]
18F —— oOscillation ]
1.6} Decay r

Decohegrence

+“Oscillation, decay and

decoherence models tested 1.2}

(Posc = 83.9/83 0.8

Y24, = 107.1/83, Ay = 23.2(4.80) © (6

uec = 112.5/83, Ay = 27.6(5.30) § o ,
0.2

Data/Prediction (null oscillation)

01/10/2015

10 102 1()3 10
L/E (km/GeV)

Gabriela Barenboim -- TAE
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Confirmation of the oscillation hypothesis in "man-made” v sources

E (1 — 10GeV)

Am? ~
|Am | L(102 — 103km)

atmos

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

p — Target -+ 7", KT — v, (% ve, vy, Ve)
Vy = 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;:

01/10/2015 Gabriela Barenboim -- TAE

|- i Y , 4 =
A 1 Z 2
i T f
g TR s Prefecturefssy
K2K - : i

18 - T > -
3 - 6r T T T
G516 [ ] <
o~
y >
S1a | - 9 5[ 3
€ E L arn eI ~ee
%12 5 ] E aF ; e
10 1 < E - =
] 3r k
] 2f i
E [ oewermmens K2K 68% TS mmme
C K2K 90% ]
k 1F —me- K2K 99% b
P - SK UE 80% 1
1

5 T S
01/10/2015 ES° Ggdbriela Barenboim -- ?A% 0.4 0.6 0

¥ 1
sin2(26)
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The MINOS Experiment

Near Detector
1 kton
38x48x15m?
282 steel planes

153 scintillator
planes

Far Detector

5.4 kton
8 x 8 x 30 m?
484 planes
Fermilab 10 km Soudan
Ol/102015 735 km Gabricla Barenboim - TAE

! w 1.5 — —_— e -
MINOS Far Detector g
> 300 —4— Far detector data ﬁ
(o] —— No oscillations -
0] —— Best oscillation fit g 1
;200 [ v backgrouna o
< <}
5 c
5100 205 4+ Far detecor data
W o —— Best oscillation fit
= Stats. only decay fit
E Slays‘ only anﬁrenne fit

2 4 6 8 10 Y72 % & 8§ 10

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

Iam?l (10%eV?)

01/10/2015

4 T T -
7.2x10% POT - fiducial events
3.5 1
{[|am2,|=235'00 x 107 ev?
al sin(26,,) =1
* w—oStemn sin’(26,,) > 0.91 (%0% C L)
MINOS 90%
2»5 = MINOS 68%
= MINOS 2008 80%
—— MINOS 2006 90%

Ll 1 ]
0.6 0.7 0.8 0.9 1
Sil"229Gab1’iela Barenboim -- TAE
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“Atmospheric’ Neutrino Summary

V,u — Vs

no evidence of v, involvement:

R q ~+0.4 10—1 r9 IEn e =
om2,,. = 2.7105 x 10~3eV? L/E = 500 km/Gel
FRL - e . 0 -
sin® 2044, > 0.92 = 0.35 < sin? 0,4, < 0.65
01/10/2015 Gabriela Barenboim -- TAE

Solar dm?

01/10/2015 Gabriela Barenboim -- TAE
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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?

O, = 2.12‘33_-. =6 x 10'%/cm?/sec

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

since they are going at speed c.

01/10/2015 Gabriela BarenBoim -- TAE

p+p .-+2H+e++1;e ’ p+ e +p =H+ g
H + ~ SHe +
g5y LERRETEN) —a 15%
0.02 % L

7 T
Bet p - B4y Be+ & & TLitv,
B - $Be*+e*+ y, | |'Litp ~ He+iHe

®Be* - “He +*He

*Het+p ~ ‘Hete™ + vy
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Solar Spectrum:

Galliumy |Chlorine | Superkt SO
Lo 7 l
o T 1% K Beheall- Pinsonnesult 2004 !
10 ‘
3 10 £12% }
f 00 z12% . i
ro: "He Be pep !
g ow ]
‘5 100 . ‘ ]
2 e / 1
10 ‘
e s1e% i
- P \N i
L3

8 [E]

(8} 03 1

Neutrino Energy (MeV)

Figure 1. The predicted solar neutrino energy spectrum. The figure shows the
energy spectrum of solar neutrinos predicted by the BP04 solar model [22].
For continuum sources, the neutnno fluxes are given m number of neutrnos
em-25~ MeV-" at the Earth's surface. For line sources, the units are number
of neutrinos cm™*5*. Total theoretical uncertainties taken from columm 2 of
table 1 are shown for each source. To aveld complication in the figure, we have

omutted the difficult-to-detect CNO reutrino fluxes (see table 1).

01/10/2015

p+p—=2H+et 4+,

pp = 5.94(1 £ 0.01) x 10"%em ™ *sec™!

‘Be+e” —'Li+ v,

$r1pe = 4.86(1 +0.12) % 10%em2see™!

"B +p —~8 B =8 Be*+ e~ + 1,

Psp = 5.82(1 +£0.23) > 10%cm—2sec™!

Gabriela Barenboim -- TAE

Ray Davis & John Bahcall

2 7
_ -
0.1:1% ﬁjl-ﬂ'g:g % |Q:H§
] ' CTEN
i i
% %  970.80:0.06
0.482
Z]
0.4140.01
2008 0.3040.02
ey 80 580
. Ve All v
cl H,0 rasioran B v
.’ ~p. pep Experi _
Theory B "Be mP-p. pep  Experiments m

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

"} mCNO Uncerlaintics B

Theory v Exp.

Meutrino Flaver-Fransistions!!!
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Identical Solar Twins:

Ve
vy UV .
. g flavor eigenstates
_— Ve
7

/2

01/10/2015 Gabriela Barenboim -- TAE
Kinematical Phase: om2. = 8.0 x 10~5%eV2
« D N -
sin“ @ = 0.31
A — dSma L _ 1.97 8x107° eV?2 . 1.5x10'" m
©— 48 T 0.1—10 MeV

Effectively Incoherent !!!

01/10/2015 Gabriela Barenboim -- TAE
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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—((12 > T Y T /

Prop(x) UgiW

Source Target
(P..) = cos*8 +sin* 0, = 1 — Lsin® 26,
for pp and "Be this is approximately THE ANSWER.

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

01/10/2015 Gabriela Barenboim -- TAE

pp and "Be

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

(P.e) = 0.6

fa= sin® B3 < 4%

01/10/2015 Gabriela Barenboim -- TAE
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What about 8B ?
SNO'’s CC/NC

----- oy 68T CL.

— 4 68%,95%, 99% CL.

(¢ 10°cm? s

CCrv+d—e +p+p

L [ ec 68%CL
I 2 ss%CL.

NC:ve+d—ve+p+n

¢

ES: Vpat+€ —Usg+e lqs._(xm em? £

% = <P<'c':> = h cos? be + fa sin® o)

fi = (§5 — sin®8c) / cos 20

— (0.35 - 0.31)/0.4 = 10

01/10/2015 Gabriela Barenboim -- TAE

pp and "Be

¥2 f1 ~ 10%
(Pee) = sin®6 + f; cos 26, = sin® A = 0.31

Wow!!! How did that happen???

01/10/2015 Gabriela Barenboim -- TAE energy dependence!!!
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These are 175 Neutrinos !l

enboim --
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