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7T he Starndard Mode/
(Cin a nedshell)
961 — Glashoew proposes SU 251 as the local

Sy rmelry group for weak interactions

1944~ Salar and Ward wse S 25 local o
Construct a model/ for electrons and riuons

1962/ — A)e/néerg and Salarm, independent/ly, propose
Zi Sponianeoaé/y Aroéen S 2>L>(é/( I>Y mode/ For

/ eplons. Qaar(/ S inc/wded in earh v 20 s £l oa)/ng

G/ashoeo ) Z/ /opoa/ os and Maican
|9 F1— ( z %/oof Z pProves renorsial. /ZQA// /‘Z‘y of S8 3&4(33

Zheories /’1@\/1‘/7\9 interactions a)/ opera’é orS of d< 3
1923~ (FrossS, wWilczek and Politzer Shocwed that S 3>c

of S Z‘ronﬂ inleraclion 15 as yﬂ’/ﬁfoZ‘/‘CQ/ /) y £ree
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SU3, x S22 x Ly

£/ ecfrowedé Symmefry 6/"04(/9

- SU(Z)L: wea,é /505p/n éroa/? Generdalors: Z (a = l,2,3>
with CZ, 71 518 4 2o

eqg. in 2D repreéenfaf 1on Ia * T a/ 4

- U(l)Y : hyperC/’ldrge Groap Generator: Y

777@ dcf/.on of’ Y on Fe ermfon £/ e/ ds 15 cons Z‘rd/hea/ 5}/

(7e// -—-Mann-—-/\//‘é/}(‘//ma ( e/cdion
&§=ZI,+Y




7T hHe Standard Mode/

A epres entalions of the Ferruwon fields Cwhich lead
lo Che correct p/?enomeno/ 03}/> 1S

Jef Y —~tanded (L) chiral Components: coeak 1S =N dowb/ets




7T hHe Standard Mode/

A epres entalions of the Ferruwon fields Cwhich lead
lo Che correct p/?enomeno/ 03}/> 1S

r{g/ﬂ‘ ~handed () e hiral Components: coeak 1sos 2147 5/'/73/@2‘5

UR,CR, tR
€R,,UR,TR UO( — (1,4/6)
Eo( = (1,—1) o = wuc,d

dR7SR7bR

WTR DO( = (11-2/6)

A = d,s,6
not pre\SenZ‘ in Che SM
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Since L and X COmponenZ‘\S of the Fernrion fie/ds
Zranstors in different LAy ZA e PresSencCe of a Aare

MaSS et

Lmass X f.f — foR = fRfL

in Che SM Z.agranﬁian IS Fordidden Ay Sl 2) , x L '>Y

Sy mmelry/ LV Fersnon masSses 3eneraf ed Ay ¢ e
HITGGS MECHANISM

S é/ ( 2> L x é/ ( |>Y = é[( |> g afler SP O”’ZZZM; ;yMMeZ‘ry Ared,é/‘ng




7T hHe Standard Mode/

fernrnon masSSesS ariSe From Yukawoa interactions

— Ly =y%5Q,®Ds +y25Q, ® Ug +yisLa ®Eg + h.c.

P (x) = ( ((II);((;)) ) =(2,1/2) <i>(x) = i ®(x)" = (2,—-1/2)

v @)= () e— - (,h)

%ﬁgé CZC?L(//‘eS a vev

A n/‘Z‘dry Gddﬁe

Since we do not V g Aave no rass @lree—/eve/

ALZZ( C.ah 2(/78}/ QC?L(/‘I‘e MaAS S Ay / oop correclions 7




Can we have »i v Z0 10 Che

SM ?

A / oop COrrecf/on COL(/ d /nG/LZCe a ef /’ ecf/\/e MRS S

Zerr //‘,ée LZﬁ(I)(I)L Lﬁ

vV

But the SM has an accidental global
SyMMeZ‘ry
GSM — U(].)B X U(]-)Le X U<1)Lu X U(]-)LT

No ' Newdrinos Aave no »ass in Zhe SM/!




Can we Aave », 0 1n Che

SM ?

a/l ocop correction cowld induce an efFfective »asSsS

Zerm //‘,ée ygﬁ dPI, L@

v
/S Lerm violales 65,\//

But the SM has an accidental/ 3/ obal
SyMMe,Z‘ry
GSM — U(].)B X U(]-)Le X U(]')Lu X U(]-)LT

No ' Newdrinos hAave no »ass in Zhe SM/!




Necdrino »ass 1S Zeyona/

SM p/’)yé 1S

( /\/ eXx? LeC’/Z‘are>

Iﬁnore /s For noeo ...
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Newtrino Oscil// al1ons
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First Tdeas

1952 — B. Pontecorvo Saﬁge5z‘ed V—>V

osc// / adl1ons 11 dnd/ osy Zo KO — .EO onesS

19262 — ﬁa\/or ransitions V., >V o

considered by Maki, Sakata and Nakagaecoa

M. Nakagaroa




N el i no Maé Ses & M/‘X/nﬁé

Vo, Vyu, Ve = V,, V,, V,

(Flavor or we@é e@enéﬁdf&f > (MQSS ezﬁenéﬁdﬁeé >

Note: 1£ /;) UK — Sflper/po\s/z‘,on of » //3/7Z< 7MaSS
e/ﬂ&héZ‘dZ‘eS

— d°p i (t— ip(Z—7
V(@) = S Ui [ G ) e 0 E )

1=1 obs: indices Ll orutted !

nelrinos are produced Ay CC weak interactions as wave
pacléefé localized arowund a source poézflon Xo = ( fo, X0 >

See £. Akhmedov and A. Srirnov, arXiv :0905.1903

A)e eorll derive the os cilladion /aroéaé// /Z‘y US /hﬁ /9/ arne waes - ConCepZ‘ wal/ y wron3
bett gives the rig/t result »much fa/c(er




N el i no MQS Ses & M/‘X/nﬁé

Vo, Vyu, Ve = V,, V,, V,

( flavor or we@é e@enéﬁdf&f > (MQSS ezgenéfdfeé >
M/X/ng PG 1 X
Vo) = E U’. |p) a=e,U,T

Stcle 2 roduced Ay CC interaction atler propagaffng for a Cime ¢

superposition of n light mass

8,58 nstales afler Cravel /‘hﬁ a distance L ~ ot

n n

Pos(t) = [Aas(t)]? = [(slva(®)* =1 D UniUpsir;(0)[ui(t))[?

- L4
i=1 j=1

proédéz‘/ /‘Z‘y of a’eZ‘eCﬁZ‘/nﬁ 7 as VY &



/\/ el i no 05 c// / dZ‘ 1ONS 11 \/acaam

ap(t) = [Aas(t)]* = [(vs|va(t) —|> >1 21U (13(0)[vi(t))]°

i=1 j=1

all eonith Zhe Sare riorentin

Cput back c and h £for noew

\/e/‘y rel/ AAVisStic neudrinos

2.3 2.4
m:c m:c
Ei:\/zc2 m?Zct ~ pcA — E 4+ 1

P T m P 2p 2 E

Am2 c3

1]

Z ULiUsiUajUp; e 2mr

o very 3000/ qppﬁoxfmaffon




777@ M/X/nﬁ M rix A

Cxen) wunlary malrix W n° real parameters

nn-1/2 M/X/nﬁ an3/35 »n a1/ 2 rhases

D/rac V 5 + ( n—-l> = 2n1-1 p/’zdSeS C.an Ae aééoréea/

in redefinmtions of / epZ‘on F£le/ds

n (/2 = (on-D) = (h=1Xn-2)/2 Dirac physical phases

Majorana V. only n phases can be absorbed in

redefinmtions of C/’[drﬁea/ /. epZ‘on £lel/ds
Dirac physical phases @ —'l> Majorana physical phases

more on TS rnext wee,é ...



For 7Two Fla/ors

U = ( cos 6 sin ¢ > l anﬁ/e + O D/rac p/%iéeé

—sin® cos@

3 / é A// /‘f
naderal wunts (c =Hh = 1) SUVIVAL prooa 4

OSC/‘/ / aliron pl‘OAQAI‘/ /fy P S 1 - P
ee eyl

Pe,u(L) — Sin226 Siﬂz ﬁhaée difference

e?aa/ MASSeS "> pno oscilladion
Am3; L MeV
eVZ m E L = Adée//ne

— sin?260 sin? (1.27




For 7Two Fla/ors

Am? =0.003eV?,  sin’20=0.8, E,=1GeV
1

oscilladion
/ enai A

47 E
Am3,

E (GeV)

" t Losc —

~ 2.5 km

800 W 900 1000 Amgl(eVZ)

— — sin
Weraﬁe re\gl‘Me

a)/?en Can orne 055 erve oscil/ alions?




For 777ree F/ avors

C12C13 512C13
U = —S12C23 — 12823 C12C23 — 812523
S12823 — C12C23 —C12823 — $12C2 @ C23C13

standard parametrization - PMNS radrix 3 d/'?ﬂ/ eSS + | ‘DI‘/‘ adC p/lﬁje

Cij = COS Hij Sij = Sin (91j (91j - [0,7'('/2] 0 € [0,27'(']

A/’7312 = AM322 -+ AM212

i DAt KL APy and S5 = 0 12 and 23 swub-Systems decouple




7 e Standard Framecoork

AM212 7 Amzéo/ 7 O AM212 << /AM232/ ~ /AM231/

Neutrino Mass Squared

Normal Yfierarc Ay Iverted Y/ierarc Ay
Bl A vz cosO =1
T N
cosd = -1
: - A e
g4
= <]
NE Ve V|J VT ¥ y cosd = -1
<] E '
o
(QV
V2 : E
el e >
Y,
oV} cosd = -1
A e
4| B v_
V1 V3

Fraction Flavor Content coe coill See why soon



CP7 in Newdrino Oscil/ alrons

CP s yMMeZ‘ ry
LY/ /paI‘Z‘/‘C/ esS ( Y/ 4 /?Z(/‘paI‘Z‘/‘C/ eSS

( %/ Particles < Z.%/ 4 nZ‘f/parZ‘/C/ ecS

Al Lorentz invariant, local Quantur Field Theories can be Shown to be invariant

wunder CP7 ( c/mrge COIC)/L(ﬁaf ion + par/fy + Zime reversal)

G. Liders (1954, W. Pauli (1958), J.S.Bel/ (1954

No reason o Chink CPT Is not conserved ...
So £ CP /s conserved (violated) 7T i1s conserved (violated)

CP Vg, SVage = WL og© Uy ; 0 = -0

%and/aééeni for 2 flavors . IZs 15 a = 3 flavor effect !



CP7 in Neewdrino Oscil/ al1ons

- P(Eﬁ — 504)

APCP APEY = AP

AP = —4 519C12513C3523Co3 sind ~ Max /o 0=m/20r 5 1/2

- . [ Amsg - (Am3z O\
><_ > <2E L)+sm( QEL_

\/e/‘y Difficuw/? o MeasSLUre ...




Newtrino Oscil// al1ons

1/ M QZ( Zer
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19725 — Wolfenstern 5&(3\9352‘5 maller Ccan

dras z‘/ca/ A y /‘MPQCZ‘ neldlrino oS CL// /. alrons

1955 — M/‘,é/veye\/ & Srurrnov obServe Zhe
po\f S /‘A// /Z‘y of reSonance 1n fla/or CornverSion

S. M/,é/[eye\/ 4 . YL( SruFnov

L. Wolfenstein



oo Can Maller df’ Ffec?

nedlrinos 7

1nc.oherent pProcCessS ( cqu‘are ) Finte dng/ e

SCQZ‘Z‘eI‘/‘h3> 0 « 6 fQ

cohierent foreoard scattering

effects « GF a /ot /arger.’

/ecd Yo effective po’é‘ entials For V \5 1

mallers « (7 »



Coherent Forward Scad Z‘er/‘ng

Ve Vouy, Ve




Coherent Forward Scad Z‘er/‘ng

a\/eragea/ Vel e— 5/9//7 and Swurmed over all e— in Lthe redicr

HS. = V2Gr [ d®pef(Ee, T)
< (<€ Py P ()7l Prel “
— V2Gr7u(x) 7 Prre(x) [ d*pef (o, T)(< els. pe) (x)1" Pre(x)e(s. pe)

£ (e, 7) homo3eneoa5 y 1Sotropic and normalized

colerence =>sarre &S, pe> @ star? and end




Coherent Forward Scad Z‘er/‘ng

< e(s, pe)|€(x)7"Pre(x)]e(s, pe) >) =

% (S Pe)‘us(pe) l(pe)V'UJPLas(pe)uS(pe)|e(Svpe) >

< A>/ e(pe)% Z — ne(pe)p_g y, = electron

S Ee # dens /Z‘}/

s e [ g (B T) = 0
H'®) = v/2 GF ne To(X)Y0PLVe (X)

= el [ @xHE ) =VEGrne  pnecve

poZ‘enZ‘/d/




Coherent Forward Scad Z‘er/‘ng

Ve)vﬂ)vf Ve)v[l)vf

1
N e",/\/

(NC)

\/(8>A/c = \/(P> Ne \/A/c = \/(n> Ne

Ve = \/c -+ \/A/c \/u-‘- \/1— = \/A/c
\ /

C.OPMPION p/?dé e

atinecttrinos Vo — =V




V Osci//ladions in Madder

d Schred 'nger pi 1clere

ia‘Va(P,t» — H\Va(P,t» |Voz(p70)> |Voz( )>

Aaﬁ(pat) — <Vﬁ(p)|ya(p7t)> Aaﬁ(py O) — 6045

flavor Zransition QMP/ 1l etde

d

i A (P, t) = (13(p) Hlve(p, ) = (vs(p) Holva(p, t)) + (v3(p

P 560V6




V Oscillations in Maler
ia af —Z (ZU Up; E; +5prﬁ) Aop(P; t)

wltra—reladivistic Vv éi/- = £ + Mf/ /(25

Ve = \/c -+ \/A/c \/pc: \/T = \/A/c

d .
I&Aaﬁ — (E + VNC)AQB P, T Z (Z UBJ 2]:‘—]_) Upj -+ 5pe5ﬁevc) Aozp(par)

A/aﬁ(P, I‘) _ Aaﬁ(P, I‘) eiE r+i fg Ve (x')dx' 3/OAQ/ Pha\se



V Osci//ladions in Madder

m2

op Uni t 6pe65evc) Aap(P; 1)

2K

Paﬁ — |-Aozﬁ|2 — |"4/Oéﬁ|2




T e Standard Framecoork

d AO(B 1 AO&G
ar | e (ZE UM A> s
"\ Aas Aar
evolwtion of newdrino amp/ 1Zetdes
0 0 0 Ve 0 O
M = 0 Am%l 0 A = O 0 O
0 0 Am% 000

= V2Gpne ~ 7.6 Yo sorelyez €V

p~ 10 g/cm3 V. ~ 10713 eV Earth's core
p~100g/cm3 Ve ~10712eV  Suns core



7T wo Flavors in Madder

2 2
) ( A$12Cosze+ve %Sin%’ ) ( Ae >

A : A
=21 gin 20 2721 cos 26 Aau

4F 4F

constant »aller dens /Z‘y

(A—Am?3, cos 26)

sin? 0y, = %[1 |

Am?2 = /(Am2, cos20 — A)2 + (Am2, sin 26)2

2
1041
will only happen For neitrinos it A = 2V2E Gy ne
A 17 2 7 o,

2 MSUW resonance

V2 Ggne = AM3; cos 20

2E conditions




7T wo Flavors in Madder

(A—Am?3, cos 260)

sin® Oy, = £[1 -

MS A) reSonarcC.e

- ‘1' 5 - i mal M/X/ng
conditions

- res
2 No = Lo

V2 Gg ne = Azr%ﬂ cos 26

variable maller densit %

Ve) = €OS O |V1m) + Sin Om |Vom ) e 27 0

\ interaction \/‘n\s Zantaneous /
/ exgenéfafeé / elgenéz‘afeé 7 Ner

|V,u> — —sIn em‘ylm> —+ COS 9m|V2m> . L <L nefeé




7T wo Flavors in Madder

\/a/‘/‘aé/ e MaZ‘ Z‘er de,nj /fy instant aneocts
ezgenSZaieS 1n malter

Vim | 1 —Am? —4iE dfy, (r)/dr U1m
Vom | 4E \ 4iEdf,(r)/dr Am? Vom

ad /.QAQZ(/‘C’/ ZransSitions:

A Am2 >> 4E df, (r)/dr
inStantaneouds »asSS e{gen\s Cales 5@/}&\/6 /. /,ée, enerﬁy
e{gen\s lales — f/?ey do not »ux on evolwlion

— cos? 0., cos? @ + sin? 0., sin? 0 + > sin 260, sin 26 co

/ A, Sun : 0(p) >> & 797
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e mospheric Newtrinos

Sub-GeV e-like 7 Sub-GeV p-like

2450§
24005
= 350 E
S 300

—

2 250

0.5 0
cos®

Multi-GeV e-like

dowon 30//73



He mospheric Newtrinos
/\33g / C082(9;Lg 5 COS 2023
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MINOS Far Detector
—4— Fardetectordata  _
No oscillations |
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NC background -
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pPse — sin* 613 + cos® 013 P28 (Am%m 012)

Ve — Ve Ve — Ve
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Solar Newlrinos

1
P2g (Am%z, (912) ~ 1 — 5 SiIl2 2(912

l/e_>l/e

vacuum oscillations MS) ELAfeot

_+_ * matter dominated

e pp - All solar

'Be - Borexino

o qp - Borexino
- SNO LETA + Borexino

eI Prediction Bady e (Am%2, (912) ~ SiIl2 012
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Fi ¢ of Paramelers

+0.61
—0.69

@ 2.6%

Am3, =7.59+0.20 ( ) x 10 °eV*

sin“%,5=0 sin“¥,;=0.03

o

AGSS09
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21
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CM.C. Gonzalez—Garcia, M. Maltoni, J. Salade, THEP 04 (2010) 0561




Jetne 20
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| | | (( |

l l I >> I

= MINOS Far Detector Data
- | ] SS 0.6 <LEM <0.7
% iﬁ:* I_| — ) Off-axis angle (2.5 ° ) —=—Data
p target 't ) = — Background
u monitor
& horns _ Near detectors Far detector ] signal

—+— Data
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v, +Vv, CC
. v,CC
B NC
(MC w/ sin°28,,=0.1)

T2K

6 events obs.
1.5 expected bc

0.7<LEM<0.8

Best Fit: sin®(20,,) = 0.041

2 T
Am32> 0, ch - 0, 923 =Z
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Bins Merged for Fit

[P. Adamson et al., Phys. Rev. Lett. 107, 181802 (2011)]
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Y. Abe et al., arXiv:1112.6353
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Fi ¢ of Paramelers

3 D, . 2 .
Dfﬁﬂe — S c‘ll3 sin® 26019 sin? NAo1 — 3%2 sin? 2013 sin? AGD
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( eaclofr EXper/MenZ‘S



Fi ¢ of Paramelers

3 i . ; :
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