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Convenhions aboul mixi'u:] mateix O
I'WCQS*.

Ye Yy e, Uez Uleg 2 ol = tavor
(%)Z U (Vz): (LJ/W ij, U/@)(VZ) [%(:udi vy J !‘=£v1ass

vt i Uzs Uzz Ut3 V3

o I—{: WMM@M% v shites in wokure , U s m\hzj o UU =1
o For omtineulawos: UJ- Bl (see vxt ?ﬁe)

e Povrkde Doln C\NMF couvomh e —%JV‘ L)

: : 10
1= O3 T5 O3 T5 O < with T5-diag (4,4, € )
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‘ &
Si2 S5~ (i Cag Si3 Q'S —Ciz Se3 =52 (23513 e' Czz Ci3
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o Tor =0 or &=T( - S=U*



Convenhions abeut” wixiugs U vs U™

e The PMNS malnix U achwally counech quomtum fells 1 Pu CC jau
WL = Zf Uxi Vi, - Buf; r%)rufﬁdd l{l, Hﬁ s "CF (or i’f) that creates L;Em /
20U \‘fo_kcr’.wwm, o> Wm{or\e, n terms o]C created, ome-parhicle shates (kels }v>>
be s Heak 1> = S UK [vey P0G couvembion i ferws of sheles.

e On Hu oHwr hawd, a SQA!)L;,'H'C |v > Shafe coun be O&WMFOM on
lv> = ;Zv"lvb-> = S vV > , where Hu Cowmbonents v' YX (= complax nwm\awrs)
_I_r‘aMS.S—orW\ nG ']/c(: Di%__ Uk, yl' . -SULVWVWQV‘[#M% i {OY‘ m@wl*-a;ws:
{ e = < D v <« Jields
IVi> = S UG 1> < shates Cwhere Uy = < | V>
v = li"LJD(‘- v <~ o povens
For aukineutrines , oue should chowdge U-> U evewwhere..
¢ Note Huat weutvino “wvwraoww’rx" (radper Hhou shates or ,-Fehols) are the.
nuwierical @bjacfs A/Vloww?vt(,a’re,ol in cow:leEr colenlohons . They are O]ﬁﬁem
ov*g)amM o o cobummmn Veckor, e.g. :

ye 4.
= ' t2 Y shale | oY bas),
(1/’;) ( o) i<t veckr o% Covmponemnts QJ} o pfuwa v > shafe iy -f-buv v basis.

o)



Conventions abeut wass shifes

o We cousider 4hree wnass shies Vi,V Vs WIL ammassts Mg, um, W3

2

0 S’quawed MO S S SFUMW&s: AWRU = Wi -wy

0 Exl:ervwwhx%g, ome VMasgstI/iH'fVVj s wwch swaller tham Hu oltua
defive ik as:  Sm* = Awg, = W -wg > O oy couvemtion.

o Then the Huizd omass com be eilbwr Ughke or heardier Huom My,

. _W\% “VIO“'W\A[” _ﬁ:—:’z "('M}f?.rl—e,d"
ey ) W‘emrc\mj (N H) f—VT Wercwcbbj (IH>
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* Iu m’%uﬂwv‘ﬁ’ we  shalf Ollg-ine, g " Large“ Mrass” sFMH—iw\ﬁ as
e aLvage 0{— A, aud AWz,
2 ,
Am® = L (awsg, + A3, ) Am®* >0 v NH

AME L0 v IH

e Other F@pPl@, refrer* to use as inolpomdiut SFUerwg A, , or AM3;
or Umesar cowmbipahnons 0+ thewr such as Amty (s laker).



Convenkions about {-'lowor inolices

° Fixing couvenhoms aboul Llavor indox ovolering s necemary smce,
M AMmomyy CLases (o(,P) 15 wol @ﬂwva\wh Fo ({a, ). Our couveuhom s ffo\bow.

o Evoluhou e@l\wHw (tax, Qea9x): Bv> =i 0y , &= ot o

@ DQwvm#Pwin I WAL 55 basis -
\:t = ZWJ‘><VJ'| [—j | v, ><w| = %—HJC ]VJ><V,;\

T
+ Decomposikon in flaver bosis: nofe (j,1) aned (§iu) ordening |
1'/'\1= ZWF)-(\/Pllﬁl]Vd >< x| = %Hﬁ&hﬁ><\&) A

x
° szaHjm ooy motix eloweuts :
H\]( = <\/J' | e > ; H@dr— <Vl vk > Hﬁoﬁ“? UPJ HJ( U:‘:‘-
Tn wabux (E’OTVV\'— H¥Wr = U Hppe L7
¢ Tormal solmhon (earobukont oj;{mior): |v(x)> = é\(fx, o) ) v(0)D

o Flavor oscillakion probabiliky - P(v=>V) = IS(QN B



Exercise : 3y oscillakons in Vacuum -—3en¢ml Case

0 C\ivw e howmilbomam T vacumw

E o 2,' o
HW\MS = ( E, ) = P&J N KZM'E S'J
Hoo k- =2
F]"O\m, :

'P(Vo(é\l(g) = SD(EB ~ 4% Re J‘XP sin? (AW‘ x)

~ 925 Im 3'0( siu Avmzllx)
14)

(A VMI\J = WI;' _WFJ’)

where, 3-0(1; = Uy, U; LJo{j' U(QJ (J&rlsle |'vww{w}~)



SOLUTION — |
° Any rm ?mporh‘owal o 4 i H com be dm]bpwl i oscillohon #L&M»om@/wa
(1+ Jugl“ swifts oll euergles lotg Ha some avmownt - uvobservable overall F]/mse)
o Since H= WL Sy = 4 ding (mlwd, w) s x-fuds peissleub, He orslubion
@ffz,m“ror‘ S simply ol hauimad \93 Q/xiaomea,h'w: &= %Pf_iﬁx)
o Tu Mmass basis: Sy = <y §I'Vg>—: gfj @_“'%ﬁ*

8z,

x

¢ Tu flovor basis: Sgu = <Vp| S > = = Uy 5j DF = S uiug €

e Tlavor osullahoun ?Y’O‘Q.Qb){[/\‘bj :
P(’Vo(—za VP) = ] g€m]2

_imy 2
= [ZUoﬁUFiQ 26 |
i

_‘.M.l' .ml.
= = U;?Upi U(,(J'L_l{;; o et
J

X X - -m’y

= ? Uai Ui Uaj Ugj (E’,' ~ze * - /1+/L>
X o f M-y *

= U =
— % Ly UF\ oZJ uFJ (e 2& ,1> 4 [ZJ, Uy, UFN UNJUQJ
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_ (%*%)U"“ Usi Usj Upj (€ 28 = 4) + = gy Upi 2 Uy 5
o - Sho: O
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l>J I>)
mb oyt )
= (Uoﬁupi Uan'Uéj + Uo((U(si UotJ Um) [005 --Jé—e—x) ’i]

I>J'

+Z (Uog, UP& UD(JU?J LJo(l'UPPT Uo(j‘ Uﬁj) ):L'Sl‘w(mé’)()] + SKP

1>J ) ) m?r
= OKP— . QRe(UmUFt Uo(J' UP;E)[CD{%")—/‘] % 2 Im (Ux. pi U«) Up; )S’”(—J-'—‘- )
>
J 2
- el
- 80(? 42 Re (Uo(lup1 UNJUPJ>§M ) Z%IW’(UMUBI UD(JUPJ)QVI(Y”‘JZEW;()
)
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Evercise : “"“’”3‘“5 unifs in vacuum

o Prove that s AW oy (Am’ﬁ-,-) (_?K_)(Ee_\/) (,,\267@_.3- x g_y_\/]
4€ eV? A E Nt km TE
?

natinol uwly

e Soluhian:  Fc = 497.327 MeV-fwi =4 in nehurl i x

> 4 MeN4dwm = 5. 0677 x 4072

)G )
:44_<'{e,\/ im)(AWlu)(__ﬁ L/Lw)
G ) (25)()(42)

o))
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Exercise CP(T) Pr'oPerHeg of ﬁ‘? 1IN vacuumwt

One O]L Ha curremt fgmvl\n'@m oV research ¢ o {vxves)—vga){, 9’2/
Try b orgue that Ha 3%&)@&( j&)r‘m of P(vg~» v/g) S MNMW} S{PUF
i & C‘P-'Coauw'u-{‘/tﬁ oond a CP-—HOLOHLA@ Fm‘l‘, P= P+ Per

p

(‘P('\/K > Y[j> = gD(P _ 4 Z QQ_ J-D('l:)' s}'l/'l’l (AW/\I," X')
l<)
- 95 ImJo(F S Ama ) < P

I<J

where  CP imvarione would  innply U=U¥ amd P(v)=pP{)
Prove also Huol CPT mviwiame Wglds , omd i plies
PCVO( —)VF) = P(ﬂg ‘9'-\70&)



Heurrskc argum Al

Achou o{. CP amd T ms]formmh‘ws en Yp@\?g waozgs jfuwm
source (s) r dekeckor (0) awmount o

—— —

Y Ve \ Vx4 Y Vo

e < »
<P T g

CP mvenomee = P(v —‘:'Y/e.) = P(% > Vp ) & (vev)

T imariome = ) B(veo V) = P(Vp =) - (dé_,ﬁ)

P(vy~> ?P) - P(VF_;{,;()
CPT mvanamee Py -»VF) = P(76> %) = (veV)o (4 eﬁ)

Tor 3v otallabions v ocuwm, v Hua Swmi ,Sfowm o{_ %19, it s ea y

fo duck Huwb eifwr (o(@(%) or (Ve v) mmg@, avneumt o (U@u*)/
O-Vlbﬂ OKH'QLHVVg Hae FiCP’ part. 'ﬂ/mm{om, CP nvoviome weﬁwfreg (= U¥
Aol 8—.—:0}1( v Hu PP(G convenh'ou va*L_J ) wlmle CPT (nvourome olds

W amy cose.  Exprrimenlal enidouy ,-Jﬁor A0 would prove Cp i ola hom
U H& vauFao  Sechor. See YW Dxerase .



Exercise : condivious fo observe ;A'-‘ in vacuum

Cousider %%uxm[ 3y osalalan fovwmla T = qu*@(.
Prowe Hiot, ln order b have f@(%O , m,jlobbowmj cowdliHomy nusk

he wh‘sﬁ}wi :

o 5#0,T <~ U sk be WMFUJ\( ((sin( 34 o)
° 0(*[3 <« Nowd oppeaveutce WFQﬂ"me/ulh Vi > V]g
° @"JféO « AL wuixing o\/wg(es ywwsk be #£0

— Nego somsibviby o Lol Sw? dind Awt

D>
S;AJ
=
B
o

(Need some WW‘PMLO\HW OJ, JU({JP- fo solve i)



Solubou-
eFor s=0,1 - [U=U*X — Pg=0
o For o= © Lw (Jx)=0 = Por=0

o For u;é{3 . TF turne enbt Huat ol T (Jo(;é) are 261%( fo each otHun, us bo a SJ'SI/L.

D&%IAJM :WEMJ(-.: l’;w (Jé&).(ﬁg;,: .Iu;(‘jog%) = £T o “tp s (4], whine

t * “’F = (e/u); MiT 7y (te < _F(,qvw c‘dcﬁ«'c | ‘

Tt 'F(W C"’J) = (12), (23), (31) < gemerahom eyclac (J: TMI;]C% m\/amml“)
- J oburwise.

Eg Tw (T0)= Tw (Uey UF Uek Uz )

= Im (UQl Ue:lfa (’Ue*th"U;:i U/ut)) ~— U WM‘H”&
= LAA(——LJQIL.];E, LJ;,U/A'L>: -—IW\,(JQ;‘;):-——J} efe.
Nok: T (J&) =+ 3= (~1)(-1) 7 sime bobu (ez) aud (21) are amheyclic .
Cychc rules com be emnbeddid m WMPa.d‘.for\m WO thgmvm#ut e sor €
T (30(‘(% = 7. % Cugy = €l
st'/uﬁ PPG com Vb ,’foﬂ U= 1_1(9{}', $) ks

J=Tw (3§5 Y= Tu (Ve U/Aif Ugf, U/m) = gl SIn201, SIM2O 5 s 20,5 CosBis Siud
Wl vouarday .J\;M Y @lJ'= O oumd for {Or 5=0, T (siud=0)



e Pes hos beom ?rwwshj oeriveol (m Ha Jorm of swm" ,F o&ulz(/alfvmc&] jfackwj
It cam also be recast i "product" forw

F,QP/CYM—"\/P)- + &I sin (AW”Z ") S1VL(A[MZ3X) sin éﬂﬂ_ﬂi‘)

wWich veughan im m\mmwm wudilvons wheow Ru otalakven ;FWM& of waj&cﬁm s d .
The 5,3\%0{* Malees wse 03( W—JEO/W)WM@ ‘hﬁwwﬁc Lo(wlrv}:j

Ig ’Z+5+2_--— O b St Qx-t-s».mZJ—g-QmZ% = -’4SIM'X9’VU:] AWK,

T our cse , Hae Tolukhy i OJ\OP[/J@OL b AME + Omsy + Al =0, Tude:

EGF(W'*\/P)= -2 3 Tiu J Siv (é‘__Jx)
= -9 [LM Jd(s Sm(é.”lzf.‘_ié{f()-f- Im Jo(g sIm (Ag‘f?x) + T J;; si'm (d_lﬂ?f%x)]
= -2 TwJis [S}im (é_‘/,"‘ik‘?-p Q'W(AWZHX)- U [AW%X)] R :
& € 2K e Thus 1s +S1M(‘4\M”;€"{)
= 48 Twm UD:F = (é_““_iix> = (é_vlﬁle) o m (A{M?al?j‘\‘/
4€ 4€ €

_ . eyclic
o +81w3;f3 71 S\ (AWL][X)
de

WMWWh basically Tnssusihve £ SW-fudineed osallalvon Pt : §zl”:{iﬂ’_;x“<‘<’_L.

—> CP wolakvou (s a SWMWQ 3V eﬁéci‘



Exercise P“F in vacuum +or (%)Nem o (é“lgg).«i

Q»(AQU’\VM%K o vvtmm‘ﬁ Sopsilive Fo At aud wﬁwé uswsihve fo dm?
vm;w\ebé Ai/{v\; ~AO(t)  whal SW X.<<4_ (whew Swt=Awg, ).

Prove Huak, in t hwur- st O | H/w_ oscillabron $robalilibes  becomnt.

Fae = A~ 4 0kl (4= 10k s (42 )

?oi(a 4 |Ugs | * |Ups)" siur (AAICM X) 4P (37 vacum, Sm%o)

where [Ueal ls/ ]U/A’Sl = C|3 Sz; ) IU‘fS' = C13C23

Nok Haok Huse trobalilikies do wob depevd om:
o ¥V dashuchom
o (Vy,v2) pMWzHAg (ow, ©12)
e (P olalven PW o
¢ lwrarchy = sigu (i@ml)



SOLUTION _ Noke Huak 7&;.4 mlts o

13 3 . 2 .
POUX =4 -4 RQ, (30(0( +JD<?;( ) S*W\Q (A_('_M_f.{) - 2, Twn (Jofz‘i‘ Jo(z;) Swn (A_VW'X
4E e

2]
AWMy, &Aw@z ~ Aunt

Jais+ 3ui = [Ueal W] 1 1) Uss| = 103 1 (4 10asl) | wilte ivnagmnsns pont= o
Pyg = L -4 |Uus|’ ('i“(Uola]l) st (A%U%)

= - 1B ) qut (A 13 -1y o [ A
R({s 4&(30(@*“3’&[3)91/\ (%X)_ QM(J“P+J°(]5)§M(“—;€_> 0(74/@

]

Uo?fs Upa (UmU; + Unxe U(ﬁ.) < uwhuly o{ U
U Ugs (-Ua3Up3)

i

- ll—lo(%\l' U@%[z ;o wik 1'A/V\aﬂ1'/wow3 Fch* =0

Rip = 4 (0ol lupl ‘s (48] “ip



The brevious 0 pp2oxi Ao SW> 0 11 Rovmelmes calud

Y oua - slowniviom b ammass - seale ap proxiamalvon wiplyimg ot

A’ 15 R only relorant mmass splibiug - T Hais approxivnalrou,
iF s uwe{wl fo work out sounn F%b\qbflﬂ’ﬁves v Hu PG couvembvon

rS:O’Y\ HAD. PHNS [/'l/\./a—mx:

' ' 2
P c = 005.4 9,3 S\nt2 ng Sl A‘;\A X
€
P = 4 - 46'[23 S% (/l - CEI S? s}\mz (&W‘l}(
/M/A 2 3 23) 'Zf?

P e = srz . S\1M129 N Amx
/M & 13 (‘a?)

PQQ, = /&—— S\\Ut‘-z 2913 gllu’l (Am?)()
4€

The amgle i s FQLQHVP—[@ swall ; m e Umnt O3 >0 owe gels o 2v ik
ch = S{lez'ﬁ sl é-\imj){) W /
At Ponlrecorvo /FOY‘YWMLM,

P/u/u AU 203 sin (%@gﬁ) ,geq 2v osalahous

(0\[90: 5“& =0 )
Yee ~ 0O .,



Exercise + foe i Vocuum for (2o 4 oud (S0 )~ E0)

Provicusly we have cousdered oxpoament; wikk Aunsikviby o Anl® i b Wk
g’ > 0. Ar b other oud O‘E‘ M\BG}QCW! Htun o a -Fex/\/ @YWWS wikt

MM& M‘A‘Hv{lﬂ o duh, ffo"r whach o com fFaler W Wi Aml— 0o or better:

M‘m@(ﬂ el AMK g
4€ 4€

Sivee ot 11 sl , Hha amengy € st also bt swall o e Smi /4E ~ 6 (1),
T ?mc,wc,e, , Huse MWQMﬁ work. ot En~ fow Mo, well below Rar Hhzenhold

,Sl;n/a o T JFMMLHW Wo dﬂwlﬂad”ww-twd‘ chm An MMF[L V5 Hae
R LAND  expumeid™ using Ye egwu reacors. T Hus cone , Bae madian

obseryable 1S \")W,{' Too, . Prove Huak:

((Pe& ~ o3t 03 [’L - SIK* 2B S’ (%)} +<siut6,

ad woke Ruek iF dlos mob dlapeud ou vV, S, sign (Fam?).



Soluhon —

For Pee (d/t'aaﬁ)pumuu) it s P,GP/:O
x ‘ ‘ 2
For Q%\C{ » 1, Ha 05 lalvma ,jle\c\ror becowmes om woég-. SM?’(A‘MB!’() ryii A St ’—(Amgwj

Fc
Thew:
POe>%) = 4 - 4&(%’%)9’\1’* @%_';x) — 2R (383 Je?)
=4 -4l 10el 9‘&1(@%{5& )" 2 |Uez)® (]UQIIZ-\" l Uezlz)
= -4 chshch s(8m) - 253,
= ch~sth -4 s, d, sfm”‘(%@fé)
= C?a Pe%_n SJ{B
where we Wowe M%\de e 2v ot Wa vou ]/i,m[h A fPeZlv: A - sintlh, s{w“(%m;&)
Nawiely | i 3 probawlity P 15 zelaked to B 2v ome (o1 ©5=0 liuik)
b5 Ha relabhoum:
oo, = 0546y Peg’ + 5in*6)3
Tt burne oul ok Hais relakon betwen  Poe” dmd Pt also Wuolds
r{oy\ Yo fjswdpwgahm i pudter o low emeagy (~ MV ), e.q., ,}ﬁof\
golor vuuFimns -



Exercise ¢ Ro in vacuum , general 3v case
Colowlat B M mcumm v Ha 2V Cope, M Termg 8{ 99' , om?, £ At
ol prove Hoot F 13 wob invariomt  umbler cluqu O'E \M‘emowj L+ AW = — Aml
(Tl/m's fvvtFL{u Hok- Pmu‘a‘w reackor M%w[mwh ey be seuyihve o B ]/M'%Md/\.g)
Sobthon Lot ug cousider twewwmal Wueraedny (+dw?) ffor O(QJ\IMA‘HV\M/)- Thom

.

daf
/sz—Wl?_i =éwm? ; VM%»W@ - Ami- SIWmY/2 ; Vl/l;',_Wl?i = Awt + CYWIL/Z- (A e %@m§l+ém}2>)
T )] )] 2 7 c0 o
T (34)=0; Re(Ted)= Ui’ |uegl'= J S0k =y
s Sfa Clg D' =23 ) '

Cla st s l‘j' =13

3 , . 2
%ev = 4~ 00t 03 Sur Wiy S’ (%
— st O S 913 st (A\ML &Iz“j?-
X
4€
. ? WAt ) 2, oW’
(030 S 203 Siw (/—'\W\ S )

X

L 4€

Note Hiat Mwe above Pl 15 wot uvovtiaumt wmdinr Mre}obacumw Al —Amt

T+ would be so ‘W”L’j ,JEM Op="1/4 (re. S Gp=4d- c,os"’@n) wiiich, hawveren,
s experamanially excbuded (s 01, 203 < 1/2 ).



Exarcise s P in vacuum - generl case i adfervakive (fomuwh'm

?‘(UU‘Q Hua b P{zv Com be recash m ,WNMﬁ fwvm;

W 3V 4 2v g : 2
e ~ Ctgpee“gfg-r 2§?3C:;3VPQ'§ wg(&"‘gzx iu{) +=NH)

—= |H
gl ) )
where Peo = 4 —S1ur26,, sint (&.21&)
€

1 2 ?
M’d AW!?C = C“f?AVMBI +§§1A'\M132 = AWtZi_'i(C?z 'sz)g‘ml

withy, Cod W = [ e COS(?S?Z By)) +S€11&03(ZC$242!)J/U Fee.
$ttl/l.\? =1 [ C?m $iwm (ZS?Q dll) "S?{z gqm, (ZC}Q CSZI)’J / U Pegv

Tha's ,Forwml/ah'w of Poa’ sz/vmbalws«'w e phwticel effect ol Hu mun hiciazely,

Momely , Ha ~ack Vit (1) imdiees dan advamcemenk ( refardabion ) of.

phare §  wille vespect Fo Ha dovninant “phant " indsced by e effecine
MAON) PMAAM’—% A, . TH IS fotZHuALaw,} uijw{ m Huw olrycusivou 0][_

Pgwﬁma Jadiumn b selyme. Teackor M}wavmw:f:c Coudllvve o szduy}
Se g e9.(2.0) of aaXiv A50%.05613



Solu khou _
Assume VH r-}Oer&MMAMW (%rr (H, ju/ﬁ“jﬁu]o e rela vve éfaw @¥ AW aund gml) .

STNELD A S
AVW?(’_ = cﬂz AW‘E’I +S%, éw{;z ; Ave = A\mi&x/&éa‘

Ay, = O + 8% Im? = Al om?/2
AWMy, = Al = Chp ot = At —dme/2
At = Al L (cf, -sh) Smt

Thow He Pe” obhuud i ?W@w\ oxentle O be e - writteu as:
2o’ = 4=l (4P ) ~ 5120y [sf{? S (AQ_Q_—~ Az ) + %, ot (Ager 5% dz,)]
= A =8yl Pee” +L ST 2013 [ STa 08 (2206 2%, )+ ¢y o8 (2Been 257 ) - 1
= LR+ 5E w255 [sh oy (2dee -2k Ba) + €y cos (28 ec+ 253 dar) |
bk us recost Rar Laak ke im [ i He Hollowing foum:
S2, eon (28¢0 ~2¢}, 80) 1 (G, Con (2o + 267, duy) = ,,Z cos (20¢e + )
wihh HAQMMFUM/7 amd ?T/uwacp bo be dihuumimed .

Tt oan werds, we are Sunwmning fwo YwWanen " witd wm*wah/wg }MMM
S%'g\ﬂﬂ/tj OUH-QMQA/LF 2000 , b a “.‘.x‘mstt wart " wikh & el which (s

also shahty olifferwnt fnown 2Aee -



IV\ oroler Fo jtwl.;{—«‘\/[ Hae fF’UZMOAM Qﬁ M (/17( L.m ‘F pwuash be .
532 oy (28¢e) Cos (2¢%, Az)+ Siz su (24¢e Yo (2¢h 84)
+ Yy 0y (280ee) cos (263, Ay) = Chp Sivi(24ee) Sin (25T 221)
= 47 eos (28¢e) Cod (.f) ~ /7 sivt ( 24¢e) Sincf)
O\/le H/\/MS:
CoA (Q&t) [Sh CQ&(ZC?z Au)* ¢, 0‘93(? s%, 421) - /1{ WX(P]
= S (2dee) [-52 sin (2 d2)+ ¢ sin(2sh, Au) - Y s LP’_[
whmida , Im 3%@«»(, ca bt solved @mlg i Hhe dorms im [---] a bor mwmlm‘w% 3
S 5?1’1 Co\ CZC?n Au) +CYy (2 3, Az) = ”Z COMIP
S QTVL[ 2%, Au)- Coe ( 2571‘;&2:) ='7 Sl'b(kf
1 we squae and sum , we W:
sl 4w+ 2shchy [wg (20, € ) cot (24,55, ) = stu(2sh Au) sin (2 )]
wWhie B team im [--] com be Q’Mjb\/ij-wd bté, \/uol'\-'u'/w} Heal -

Sint (82) = siv® (Aur (h+57) = 4 (4 - o3 2 (du(he+sh)))
= —‘?L'-— ‘?L’ ]:ws(?du ¢, ) eos (24w sty - s (284 ¢t ) sim (28 sy ]

- /L(? N S?’L -+ C?z + 4sf, ¢, [-{-— qumu)]

' v
=4 = 4¢h}, ut (b)) = Pee



Tlﬂzre][om ;s alsos

ws&{) =

(C*f?. O@ACZSsz Al‘) + S,” Co&(?C;?-L é\z:))
W

(/L(,,D (C“ Sin (‘ZS“ 632|>- st Sin (2C11 éz:))
wlu chh c,o,wFUJ”eg Pre Pmof-

For IH - Lf»%——‘f.



Skelchy rmo{— of Vz {2GeNg it matter

From . CC hanunlbowia of Pt J kundard Meded
Hee = e O %Yy, (1-5e < Tec®Tec

Fere — —
= % ey (1-y)e - e Y (4= Te) Ve << Je @ v
From B heufiame \H‘QMFO«‘M—, fo e 1T ~nom relalvwsive  amd mwto-obam#ed
(<§>=o) m orodimary mwotter. TF s Han u;—e]ﬁu[ o use Hu Dirac

WFNMHW jﬁor Hu olechon , wheaw O"’”Léj Hu wppe WW cof_
Ho fHeld e survive: e o [E] who g = Pauli (pivor

Theu. €yM(1-ys)e = (', g*é‘%) v Ne duo
oUbuLfFQ Ne. fobw%hw O

ool Hee /g% Ngﬁ}(o(wﬁ)\/e = w ;‘;LXOVEL
Ccupb'/wj

W[/M'C]/I aolds \EC{FNQ_ o Hu Ve Wﬂ} v Ry QNMW @7{,(,(,\}\/@(4_



Exercise chamsiuﬂ umits in matter

Tor A=22GeNeE (o= elichou number duntsiby )
Pzove Raotk

(fwzj Setesesios le/cw )( Mw) A )

Solueu —

A wold = 6. 022510 ?arlddx/;

4@32 6.022x108 M® _ ¢ o7 x10%° _4 YOE
. 076 m> M’ (m- on) ®

_ Gouxio® )
B : Msudg = 4. 622 x10 2 Mw fr{}'fm naturn | wwih HC=1

123
(50627 x10 ) = 197 327 MQV-jG/w

G = 416637 x 10750 7 = 446632 x 107 MW
2 GeNet _o5 (GA¢6ex107" M e
( " )(Wl/cw el )( M) (2 4w,? e%x)

AVWJ Y,
23299 x 107 MWV M pol (e (__*c: v’
e T am3 L wael/om? )(A_l—/i‘ﬂh )
3.299 x 10" M~ Mo o X
W TV el - 3299 x 107110 4 627 310 2w = 46265107



Exerdse : 2v owllabous n walfer wifle cou ot o(wn'lg.

ok Us Coudiolr o/w% e (v, 1) shaks with oded Uofven aaaa/wme/ﬁw (EW} 912)7-‘0
aand. 9}3’30 (QV ‘?/VI/WU/")
Prowve Haak, ' Ry bimur, HBuo %=>% ?wbalm'l/fi—y im amditer P ke, fu ((A)WH

Po = 4 - siw® 26, sa’ml(&fi’m) for Ne = cousfoust
€

e., 1t has Huw some vocuum- like shuckure , buk wide Ha re placemnout=:

$iuz6 gfv\[,ﬁ_; Smt Siuldn

SiIV\’&t’é\IfL

‘ Y
S\M(ZQIZ = )

ﬂwﬁb@,l -Sé;"m)z*s"“ﬁzﬂl .

where A = £ 2{ZGeNe E (+for v, = for¥)



T 4 2v b govervud L«G.} K 0g5ciUakvou Fam/w@,kw (Y, 0,2) }
A o Uroiam o% Y ?wFaﬁgaka m Maedter 18, im ,Fl,owar bagis -

f/: H + (vo) - «;&U(Wﬁl ml)uT«L(vo ) l U:U*:(-?;?-zz)
waler  vac. _ 4 [ (Cn Siz ) ((\m?io (cm, S . (A 0 I
2E =S12 Cu o m} ) Siz (i ) o ©

T (§ convemient bo extrack Ha paak P?,opozhoml o Hu fae ﬂ) and
ke [ Bacelon:
{i{\’: A [A~C0&29né\m’/ $In20, om* ]

Zt_-é SIn 201, oMY —A +Cot Oz dmt
“ A f=
whtch luaa @%wmw + owm’ , wike dmt = 5\M"’7/ (coalen-ﬁ)is;’m‘wn
4e Im?

The diaj%wh?{u% rohdveun 1d -

~ ~ A S/L?' . _ "%
H b, siubip -0 Loh O - Siuby e ~NT
= ~ -~ 4g A~y ~ - = U ( .) U
—sin 8, by o0 5.4_@ + 58, osdy,
<
-~ w29 Cos28y, - A/
where S\VLZ@,Q = ____&_u_,__i}__w—“ ) 603231(2 = :
Wo -A V29, f A\, s,020
’[f(fﬂ& b} Jm'l)+glu (3 (6053915 JTVJ‘) + Smt O

0 Rl - gv;fl = om” S0,y | Sim Z/é\ﬁ




L

The orolkoum OWM i aabker (y obhuivad [gg, WPWWHWWN%

A . ~ lng ~ ’ z ~ (08 A—- /ZéL
oo (R ) () (40) o ()2
e i vy 46 01 g4 € 9/[,42@1-?’ ('/03)?/9{‘?,

%ﬂ sﬂmn’mxg Hu d/ua,ﬂw Ao ok 01[ \S:V ot ?ﬁ Hu s vl waq)m'l/{l,a . naskler .

By o [yl -5l 2l s (8]
BY £quoring (o 0{} o/l/m@w{ lowet ome wonld g WPMW@ s ribvom fwf:mérl/,&a_

QUAL [TATIVE BEHAVIOR OF le ouol €

O, -

A

> o\l
swt '

4

Mylkheww- - Swiirnoy- WOlML’m«, (MSw) refquans -
For A/gvm't)ol Hae Q,H—(;C/{r\(\(\{’, WM ot & pe ot
belumror avend A/ Smt ~ cosLo

(OMUj rj?or\ Y0 e s (FM vV, dme A<o (]GM\V)

| L vy cases -

| At <cf  — (Owy 6) & (dm’6) <vacwmm- hike
i i ALSME & 0 > (G §) x (Jwtsimis, Tfg) < lesowanc_

| Alowm* >4 » (dny, )~ (A, /2) < wubler olowwinamee
i [

e | Qovenlly: opeck longe maker effects o A/dn 02



Exerase : 2V otaillafious i wmatter wike sLowL:j mvﬂfuﬂ dfwsn')j

I+ NQ N&(K) d/k/(l/bb%% =SLG/WDg OBW’V\’ x= 7CL WlI‘h 9 ) l‘O A= 7(11 (WIWL 9 f) WI/VI[Q
+he B\Vﬂ drivent o Scillohomy are fﬂﬂ}_ Hao CX,N*Q/YD\%@OL ?Qe, Pwlaab;(/.g J’UJCQJA K ,.f)vw\

R < odia bahic* & ppeaxinabon
Solbon- For a C\'vbOtSf —comsht hawu oo o cam solve He o lnhon

we\ml—»cm ‘one x " at o hne owwL Hram ?o\,l’chm c;omhwsjl?w/u % o Xp- NM‘W;;
givem Hu iwihal shure, |y > = (Los@ [YE> + §iu O, 1v. >, Hu -e(‘(echm AU eﬂgwm
l > oud vt > b % slowly Trausforw ko 1VA > and [VF > ab Xf ) respedy vely -

TThe mum’ egmshiie “hajechouits UcoffdlmmlA/b% A or Ne are Ham-

12

60&1&' cos"@,; t SM""Q,' 9‘»&94 {

W — |y ]= A= <o 1
S and | <TE v =0 (mwmssw%")
’Tmred:om
/ 7/\’44'; ?QEV_KVJIYQ ?[ {cmé:,warg SAE gi'l/lé:Sl:vl.év <\?{]§>f>]2
Al A\rﬁmgxw\} ok mT‘erGCMwUL terms o\{}w gwhlvwg
< decrescing Ne, e wsq“@rw*‘l@{ [<OF | "+ sinid; stwey [4"‘/{ Vs

A

= Caca?@L Coy® Gf + siu By s Qf‘



s APFL.'wHw b solar %

T+ Turns oub Hok, for e (), 6,) values choseu by nahwre | the adiabahc
oppwximmohion coun b applied o solar %+ Tu Hus coue, @nfﬂ‘ff) 8, (racmum
vlue ok B ot fnowm e Sum ) wihnle 872 () mamsk be ealwaTted ab Hu
«‘;ch/fvw point ;. umh'wﬁ oY)
o Yacuwm dowwmance | E—<_F¢Wl.w
Tu g case A/ < 4 amd B, (o) ~ B, )50 Haf
Fop, C4, + st = 4~ 4 sin* 26,
whach 1< Hu usuol aueraged vocuwm brobabli by (ocMrrsgch_ im O )
o Matter dowvinene , E%»few Mo/
Tut g cane A/ S 24 od O () ATz, S0 Mk
?Qe ~ s,
whindh 8 Hie vadter- diowuvnated. l/v"/wmnf-} OCFaA/L-f‘—afng{équ'c I @,L.

44 52, ) <« Govwrad be bt arnr (QP P{?e (g)
“MATTER
The Fraus froum "o ! Jo “W'qut” E
stut O, S A 5“3%0»%&% O]L /VV‘M@(Q)%LQOB im Hu Swua -

¢_ Thawmls lo wﬁwgﬂeoﬁ Wl cam ol znme
- ' Hae  ockank OJCM MMMWVg M/L/j/[/b 9 -

“Uvacyum®




3y osallabous m wmatter: Swe/ml reduchom ool

o 3y Houwwt lrowmam v F?ba\/or ba sis rJﬂ %QM@MQ Ve (<) OLQM%@ ?m}«
- " UL U+ V where
M= ohaﬁ(mi,mz,m;) aud
U =05 1505 G0, with s =diag (4,4, e/¥) amd OF = 0:}
V(%) = diog (12 Ge Ne (x), 0, 0)
® This eoasy J‘OFW-}-W:
(023 75)F V (0315 )=V
(5 Ok 0 15 = O 47O
o |ok (g 90 ,{_WA Hoa Jlavor basis fo & vew "primed Lovor basis ou’ﬁ‘weo? w:
[?5&’} = (003 T5)" FZ‘] < twmponents | wilh Op3 (5 = (/ol cz 52309 "d")

(wol@=
) @9=(v¢)
(.Vr,)f v -S$73 < eld—

@ H,QMMU‘OW(MA n Hu bumed basvs:
= (013 5)* A (013 T5) = O3 O 4L (013 o)+ YV

Sucln H' cloes wot depomd ou & (awd 5 Hws real §gmma+uc) nor ou G,
T+ 3 Hwus St/l/vlislﬁr o fﬁ/uw( Hua eaolubom O}M/m}m, S’ Hu ?MM bas.



° qMIQM S n e F’umn@d basis, Hae evoluheu OO;W('OY‘ < m.]CLo\\for basvs 15
(96;, 2 ) [023 F{) S (71’{,74)(023 f‘ﬁr)

o Tix Terwms o]t ot x ww})omw,h :

i 4 0 0 ~t[4 O 0]
S 5 S
| - ee, e et HA_QM S =
{' < ( S/f'/l:‘ ’Em) ! (0 Gis ste"r) s (0 (o3 -st,)

Ste. Sr/u. Sie O -513 (3! O sue’ a3 e"‘d

(N oy
See. = See
[ ~e *
.S/ue = S/me, Cy3 + S;’;ﬁgzg e“’r
Ste = -Shesss  + Ste cze®
o> o n ~{ o) >/ i& PN
Sum = Sum C23 + Sur @3Sz e+ Szu (s S13 e + Stz s33

~e ey _'g ~~ 9 N~
St/“ = '—S/L‘/‘ C23 S23 - S/At S?i’i e + 51’:/» C%?» elg + S{t C23 523
gt‘c: AS,/'w/A 5213 - g/!ut G213 523 - %’{/u Cary 523 e! + /Sbftr szg

UU\H/L ge/u, Sf}éz, g;u*r, Ob"'ﬂ/\‘lf\@d I’DB (S\Jp(ff <~ (S\’F;( M 5%’7“?

o Tu guwmeru, Sxfz% St A ) fjf Hx r}-\f’« (real sgwwwmc)
Tuwdeed , it us dawide ot gomenc Ne (x) Pw}de ;m!ro steps {OX 1.y, ..
wike cousbaut Ne v eaeln skep. Theu:

5 ~I HN AXy -1 Hw—r AXya e—nH DY, o~ M4 i 1 AXq |

!

S e



Them, q,[H/l,O\Aﬁbl (R)T= H{ MWJ}MR of <y wefb @qw( o S s
@rolbn)wﬁ o{.Nm StEFJ K naferSed .ngwu 4, /N b Ny---, 4 (“reverse,ol v ij»{u):
Cg[)T= e"'Hiﬂ’(i e“"HNd"N . Tw oltr wovds
A’g!p(lg [divect me«'le] = g/g,;( [ reverse froﬁ]e] + g/éd I direck Fm{llc].
Owly if the direck amnd rewerse );w]CJLe e sngwamoa{ (= coiucide Upou reflechion)
Haew if 03 fS\'o’(‘B [ s ynmmetinc wam] = ¢§/§,,z [Séj\/v\m{']:wc Fw]qu]-
Thws i e, im parkicular, for coushut ceusiky Ne :
Skg= Spu for M= cout
Tu Hus cose : évmp=gﬁd (§—>-8) awd P,XF:PPD((J_;,J)
Sivce Pol]B = [§Pd12= P(va(—evp) )

o TFurlur reduchous wmjﬁwm Sowme \gzm(/u‘mr %Wmﬁms o{‘ E&‘g wndlor
e subbshfubous Sey » £ Gy amd ¢y — 3 S22

g’te = £t %;Le

%\I/ﬂ«t =7 /S\—t/u
aY e
Spus E Stz

13 2 £ g
(1,2 T S13

S13> % (13
Q3 > ¥ 573

523 2 *£(3
Q3 2 5613

— - def /
=> Per Pe/w Sus = + Cu — Pe/u
Cy = F 523
. OLQ{— /
:> PC/’( = 8‘*{1( S13 = £l = P/M"C
C23 2 F 573
/
=> {;“[4 = Pz | syys 2 2 Pre
Q3> 7 513



The ?rew‘ws rela homs Jro%;g}wﬂ wiH Hw vm’lm/{la O]E Po(/g , aMow o Je/xf:resg
oM H\Lz})wbalo{h’h'es im Terws o%szl‘ two, €.9., Pem amd Put, amd
’JF’/O-MS'{OWM ?é/,( J S23 > * (13 d)UUO] rPf T

23 2 ¥ 522

z
Sz 2> £ (3
C1y = 3 513

]:l‘l- (5 Q,eiwivalwl— bo choose  Haw Upper 02 R Lower subshtubiou. ]
Exobl/fu'wg d

Teo = ’l—P-e/A —Per = 4 - Pe/u - Pé//l,

Per = P

Bue-'- A = Pup —Puz = 1- &J/A*Pe/uﬂ‘?e/u“‘laut = Pe/,t +Pru - Put = Pe/,«+P/2(t-8MT/
wa= /l-"Pe/u[—Pr/u, b i-PQ/u—'P/L(z;

P‘c/u: P/’MD
Pre = A- Peg —Puc = A= Pou~ Puz
We also have

P (=T = P(%=% | Vo=V, §>-F)
W,I'\/‘L 60M<SWM’OLQM8I‘1‘9: PO(F:PF"X ({——)—5)

Such relafons allow fo zeda Ha eoleu Llatvom O’lL Pug (v, V) o aC,feAM
(ol & peanolant

waalg{wﬁvu- Tu Ha Wl’uﬂ we dlhuall codewlale  ouL

01‘- Haaowm ‘Po(f; ,Eo« (oéﬁ)= (e/»)/ oF fwewd Broler ma Hu Jrell f;ammmﬂﬁ’/w
oMt ame O



Calculakion 0{7 P@u in couShamt Awsig ool Zud oroler i dwm?, B3

e The go-colled "‘3ol,o[w chawuel 7/Q_>\;(A Ry ?qrh’wlxm{ﬂ f/m};or}wi“ (m Hag chde/s(t*@]ﬁ
r}whua Lond ~hasehime  aecelurmbor wpenmendy (Ex 4 GeV) . Tu Hup Combext.

o Lot us show fral; for Coushur oemsitg Ne ) dund o 2nd ovdler im Hae Smald
?araw%’f%m om? auwd @13, Teu = POe—>va) Todee s F\‘Mform:

Pe/uv = Xsin®*20,3 + Y sin 263 Qm(g_ Ami ) f 7 whew

4e
X = sint @ ( Am® N2 e (A=A
- A'AIM?’) 4€
\ 2 ‘
N = Sin2s, S'n26q, (QV_”,) ( A’ ) sin (Ax ) g,m(A—Am;)
AT\ AT Aw 4€ g€
£ = CoxtOp3 sin* 28 (‘@2)1 sin ﬁf_)
A %€

(Note thal, soymekimes, a furbue cosOy fachor is iviserked im Y, T, however,
s irrelevonk ot e shuled 21d  otden ApproxAma Nou.)

o NOR W! %i\V&V\, PQ/LL = E(Ve_—ﬁ%) QAL COAL S-O/f'"
P(JQ’*V/M’): PCVQ—%\;MIA-)_.A/ g...)__g)
POp=>ve)= P(% ->vul8--5)

P(ve->vw)= P (v ‘”}M)] (23 = 7 S22
513> 2 (3

while clamgr'm«j Mass meua (s zﬂwmw o Am'— —Awml



o We shurk Ha calonlolven bj rmww Uvat
~ R APRT oo e = - Q- Hod-
P(’YQ_-—B \ﬁ}) = P‘e/u, = ] /uel Wi S/ue_ /M'E, C?,g + S<e S?.3 e ] §0
Pe/u =] :g;cfce, Caz + g%e S13 Q,“g]z-— Ae/,{ Codd + 8‘7( SIMo + Ce/u wt o
Aeu= 2Re [Sie* S0 ] i3 52
BQ/UL = "'2];”"‘[3;;&* g’tej G23 S13
Cou= 13he 1°¢3, + | 2 [25%,

* The next “frick " 15 fo reduce Hu ovslubion foowe 3v o approxiswately 2v ® 1y
‘93 QM?WHW% e QA(})O\MQI'OM ' To sweald FGYWQFE/M . Om® amd B3 (orbitrer Si3).
A fermt T will be called ™ of 1st ovoler™ \',]C ?wpo?/lzrwf bo Si3 or dm?:
T~ Oy |'7C T S35 or Tox dW', Aamwaw.rlﬁ :

Tr 0, f Totsh or Toc ()" or T ot 53 dm* ele.

° We sholl show tha She ~0) aud Sten ;- Thereforr, sime T is
ﬂwwdr“o.wc, W S/'Ae amd "L, ik T Pou ~ Oy 45 ole sired.

o lot's rewimd Hual | in Fwwue/ol basis o «—FOF o rmal W’Wobtd:
H'= Opoy M (on 011)74-\/
LE
M= whﬁ(.—&v_w} + o Awﬁ) 4 up b forms o 4.

DY

V= ding (ZGeNe, 0, 0)



o Tin fh PT‘WIA@O( basis, Hu evoluhomn ouw{gu,; or 3V <= 2v@dv i TTwo Lk
Sp=>0 = Og=1
SWE> 0 = 04 AMON = P
Tk s Ham eanveriont Ho dﬂ,-ﬁmg_ ,

Ht e dim 1
. S;3-=>0 < ({__ Ut pan WP refor lo “low" amd tkw(‘ﬁrh“
H =E?v1{ﬁwo H 2v subtares im Likrolure jargou.

juad to sy Haw wooluhon Opovafor cumpontah She aud Tze i Ftand A4
The foske 15 simpler Sime bolte HC amd A ave ‘ouly 4 wonfiivial 2x2 submatuy.

° gﬁ W Fﬂ'/vm@d basis (( Si3-0 E/'WW'/‘) :

Mt = o B A -ewY, T A
S13-0 2€ 042( Z'*EW"VZAWL> Qo # ( OO)E

A - CO)ZQIQ SVV\FL S 201, gW'il O ]

= A A
4€ 4+ 4€ { SIU 28, IM® o329, Smi-A O Ciivem Hus sTarcbure -

@) O 24m-A
E'Me N FHWMNEWW; ’j@f S320, Hu (e u') {mvm Qvolve @Pamﬂ’-% from Hu ' one
S'CQ, = g\;‘:‘f\'o Sre= @, (II-C.,V'UO 7/6"?}/?:’ Fi_MMfl.IYWS), 'H/\MS

Ste = OCsi) = O, ok host,
Tusheod, ?/,ﬁe s wouseno. Frow Hu 2v cane vn mattor (alru,ow Welced wk) wzaw“:

g . o ~ o\
Sue = 04X [-1s1m720, Sm'ﬂ(fg’%)] by QJ)(FOMWHG&HQM of HE, wik



SV 2912 = S\V‘\w!z/d(@oswn AJfw) s+ siv Z&,z ol Swt = St sauZQ,l/smwm ifmio]/:j W:j
.SM = O(6my)= 0O,

o [ in Fn‘wwl basvy (Bw'> 0 fawb):

R = i 8- (05 %, ] on ~ (4, ])

1 - A G | 1
- <-A_Wl + -é—) 4 + g‘é {A 00502913 k4 -A?m"-A smb%g A ] _ q;‘vw Hu's structure
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/ue -
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o One cow drop Hu overalt phase e 4e’< a,wijg,y
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Sge = o™ “a?x [ (s 28y, Si (47" X>]+oz
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OPMMAJ | B Teums im 'i’e/u ek be M@W%d )
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as desired
o Tu Hu Wkermbure ; oue e also 7um1 Mww;@ wey lo mécwﬁ}e oS -
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