875
F9E HFIXWFRYEF Majorana iEELD
9.7 1 EEAXFEKIFIIES Feynman FIN
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9.7 1 BEAXFEKIFIIERN Feynman FLNI
W 7.1.1 /\HiR3), BT Dirac IEEFAILUESEM U(1) &, HRERTFEENE
SRFR UQ) ARehiNAE, SHERERFECREINAE

iy B—75E, Majorana FEEHFREMHEM U(L) i, FEEFKFEARNAME,
BN BIFRF LN RN ZE &k

N MNBAEERSIZS R E Majorana 5ER1%5 Dirac HEBIHNIBE, HEL5FHE
ET kBB AK F BT TS REE

* MMMSE—FESHNERFE LGB EERNAR, XIMERTANELRF
BT (fermion-number violation)

¢

©-

-——- =
.
e
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2450 (FUXZ) E 9B HIUMFEM Majorana fEBH 975



HEKEBM C P Rk
©0000

9.7 1 BEAXFEKIFIIERN Feynman FLNI
W 7.1.1 /\T1RE, AT Dirac [EEFRILUEFEM U1) 7, HEREKTFLE EWNE
SRFR UQ) ARehiNAE, SHERERFECREINAE

iy B—75E, Majorana FEEHFREMHEM U(L) i, FEEFKFEARNAME,
BN BIFRF LN RN ZE &k

A MNRAEEERIIZS KD Majorana FER1%5 Dirac leBIFHES, HEt5R®
ET kBB AK F BT TS REE

* MMMSE—FESHNERFE LGB EERNAR, XIMERTANELRF
BT (fermion-number violation)

e BINEEARNERTFERFEEIFTIZN Feynman FI1)
M =FHHEHE NGB F, E—ROERTSEXE
@ A. Denner, H. Eck, O. Hahn, and J. Kublbeck, “Feynman rules for fermion

number violating interactions,” Nucl. Phys. B 387 (1992) 467-481
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9.7.1 /h HIEKEM CcP R4

W EEETEY o(x). Dirac BEELH () M Majorana HEE) \(x) WRHIKE
L= (8%})1»)0#@ - ’mi(;ﬁ"'(,ﬁ + @(iv”@u —my)Y + % X170 — my)X + Lint

B BEERRIKEA Lin = ko' {PrY + k"¢ PLx
K B—NERAEH, L BREBRH, EA Lin PRINEAERELE,

(ko"xPr)" = k" Y Pry’x = k"1 Puy = k"¢ PLy

& XENBEERSR—MIZ2HME N ER, BT Yukawa HE(EA
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#.LEEE#D C P ¥t

9.7.1 V5 hEEgiFu cp iﬁfrﬁ
W EREITE ¢(2). Dirac BEE ¢ (x) M Majorana HEEH x(r) MWRHIKE

L= (0"¢")0up —mio ¢+ ("0 — my)yp + ! X(i'yuau = My )X + Lint
B BEERRIKEA Lin = ko' {PrY + k"¢ PLx
Ak B—1MEBEEY, L RRRH, EA Line FRIMEAEKII,

(ko' xPr))" = k" ¢TPry’x = k™ ¥y Pux = k"¢ PLx

4 XHENEEERS R—MIESHNK N EES, BT Yukawa HE(ER
T 5 UQ) BEEH ¢ (1) = "o(x) F ¢/ (2) = 4%(z), MEIKE £ T
M AR, IMEICREFE— U(1) BEXWE, MERED ¢(r) M Dirac lEEH
Y(z) B U(L) &4EE, 37 ¢
T BBAEHOMNEEMES, ~ = rr +in, WEEEBIIKENKA

Line = rr(¢'XPrY + ¢PPLY) + ri(id' XPrtp — ¢ PLx)
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HEKEM C P
0000

C B P
W RR=TEFIN C. P THAN
CTo@)C =nee'(x),  CTl(@)C = (ECYT (@), O7'x(@)C = (ex(x)

P7'¢(@)P = npd(Pz), P'(x)P = (py v (Pz), P~ 'x(x)P = (57 x(Pa)
R WHERS o Py B9 C. P TR
C™1¢" (2)x(2) Prip(2)C = noltlod(x)d(x) Prx(x)
P71o" (@) x(x) Prio(x) P = np(plpe! (Px)X(Px) PLiy(Pa)
B ME®T ovPpy B C. P TR
“'o(@)P(a) Pux(a)C = n&elEs’ (v)x(x) Py ()
P o(a)(z) Pux ()P = npCpCpd(Px)d(Pr) Prx(Px)
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HEKEM C P
00@00

C WIFFl P R

W BRIE=NEFIIN . P TR
C™'p(z)C = nto' (x), W()C =(HCPt(z), O 'x(a)C = (Ex(a)

)
P*%(x)P:nw(Pm P~ l(x)
waWHER o' Pro B9 C. P Tt

C™ ¢! (2)x(x) Prip(2)C = ne¢Elod(@)d(x) Prx(z)
P71 ¢! (2)x(x) Prip(x) P = np¢plpo’ (Px)X(Px)PLy(Px)
B mEs @zZPLX M C. P &R
Lo(@)d(x) PLx(2)C = nc¢eled’ (v)x(x) PLi(x)
Pl o(x)y(z) Pux(z) P = npCpCpd(Px)y(Px) Prx(Px)

@ TittE C TRER P TR, WEERHRE L = k0 X Prt + 1 o0 PLx B
TRERIFIALE, FULECF AR BN =(8 R ST

SLEZ, XMEIRBER C BIF (C-violation) B9, X2 P BIF (P-violation) BY

P = (p7°%(Pz), P~ 'x(2)P = (7 x(Px)
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[e]e] o)
CP Wif?

s E—F, B ol Pro M o0Py B OP TN
(CP) 1! (2)x(2) Prep(x)CP = nepd(Px)d(Px) PLx(Px)
(CP) " ¢(x)¢(x) Pux(x)CP = népd' (Pz)x(Px) Paty(Px)
= Hbnep = nenplsCrlcls
< 911 /VEKIZE, EHMS T TIRIENETFHERERTER
/ SIBRIE LY o (x) R ¢(z) HOIETFHE, B8 nep = nip = +1
© MEH o' Pri + s PLy 1E CP T TARI

O TMHEEERRIKE Lin = rr(0' X rt + o0 PLY) + k110" Y PrY — igY PLy) B
kr MMHNIER CP WY, « MHEEHEIE CP &IF (CP-violation)

2450 (FUXZ) E 9B HIUMFEM Majorana fEBH 975



[e]e] o)
CP Wif?

s E—F, B ol Pro M o0Py B OP TN
(CP)'¢" (2)x(2) Paty(z)CP = nopd(Px)d(Px)PLx(Pz)
(CP) " ¢(x)¢(x) Pux(x)CP = népd' (Pz)x(Px) Paty(Px)
= Hbnep = nenplsCrlcls
< 911 /VEKIZE, EHMS T TIRIENETFHERERTER
/ SIBRIE LY o (x) R ¢(z) HOIETFHE, B8 nep = nip = +1
© WEH o' Puv + o Py T OP TR TARE

o MMEEERRIRE Line = kr (0" VPrt) + oY PLY) + k1(i0' X Prt) — ipY PLy) AR
kr MMHNIER CP WY, « MHEEHEIE CP &IF (CP-violation)

il SRABMEFABVERES nop = nép = —1

o MER o' Pr — g Py £ CP THTFARE

A M r MENTEE CP X, ~r MEMNFSIE CP BIF

17 Ak, Y rr #£0 B wi #0 B, BEFRAIKE L., BERSHEIF CP MR
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HEKEH C P 3
00000

CP ik
W R, Dirac BER o (z) & Hilbert TEPMIEEHITERN, ENBMLAEEE
# (y(2) |0) 5 e Py(z) |¥) ARERMNEFS), ATRTRI « = [k[e ' BRALGL
10 tNEI% Dirac FEBHEIENN o/ () = ¢ Py(x), W ' (2) = ¥P(z), FR
Line = |rle ' ¢TXPry) + |kle¥ ¢ PLyx = |r[(¢'XPri + ¢ Prx) ERE—ERIL
UL BIAHEEEH || BEH, FA3IE CP WIF
I Ak, XMELKFFERRE CP MR

1 Mmieh A SEA BRI TERSWEHRIKE, ARMT CP B )
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HEKEH C P 3
00000

CP 3%
W 32, Dirac HERH (v) R Hilbert FERMIEELMER, THRIEEES
Y () [0) 5 e %y (z) |0) WRIEEMNEFE), TRFRU ~ = |xle v BB
10 GNRIE Dirac FEBHEFENN o/ (2) = e Pe(z) , W ' (2) = P(z), F&
Lint = |kle % ¢TxPrep + |k|e'?pp PLx = |5|(¢TXPr + ¢ Prx) HRR—RiE
L BitEEE RS || 25X, FRIE OP WIF
! Fit, XMNELELIFEREE CP MR
1 Mmieh A SEA BRI TERSWEHRIKE, ARMT CP B )
W B—AHE, GETFEE. LEBIFH Majorana FERITX AT 70 F0% B B 10
%, XSREFAEHRUEEY
0 ETEMINET, FE—RYE, BESEH « VTN, HEFEBRIKEREN

(Lot = w(8' X010 + g020) |
O XBEINT T, =P M1, = P, FEFSLERLS T M I, WEGERATER
#9085 HIUMHMEM Majorana JEEH 9.7




1 Eufu P 3t Feynman mu
@®0000000!

9.7.2 /M {3 Feynman *L J

% ¥ Dirac fE2#. EiFEHM Majorana EEFHFEREBHARTRIEN

d —ip-x 1 ip-x
06 = [ s St e 00 0,
d3 1 —ip-x ip-x
¢(x) :/(27r)3 \/ﬁ((fpe v er;ep )
x(z) = Z u(p, \) fore P T +o(p, A f €77

P A

® rarz, %I)\M"F%#.L%w
Dirac EEXKF v BEHFS [p*,\) = V2E,d , |0)
Dirac REXF ¢ MBHFE [p . )) = V255, |0)
EFBRET o NERFS p') = 2B [0)
RIGERET o WERFS [p ) = /25,4 0)
Majorana BEKF \ KT [p,\) = 2B, ], [0)

& AE, Majorana Z8KF « B4, SIEICSHNELREEEAS
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iT B n=1/H
Y% Dirac IEEHMNETETSHASHNEHERNE 7 E
Majorana IEEH SHIARSHEHEX N

(ol <x>|p,> (01X (@) [, A) = u(p, e~
<0|>2($)|p7/\> O] X () Ip, A) = 5(p, A)e "
A X(@)10) = (0, A% () [0) = alp, e
(B A X(@) 0) = (p, Al X7 ()]0) = v(p, \)e””
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Feynman mu

O@0000000

1T§ﬁn_1|3u

Y Dirac IEEMMEFETSTRSHNEHERNE 7 =
Majorana IEEH SHIARSHEHEX N

Ol x(@) [, 3) = (01X (@) [, A) = ulp, e
01 x(2) [, 3) = (0] X (@) [, A) = 5(p, e~
A X(@)10) = (0, A% () [0) = alp, e
(B A X(@) 0) = (p, Al X7 ()]0) = v(p, \)e””

Tt EE:_F*EE{'FFH %‘m = 1:|- Hl = 1nt ’ iT Eﬁ)ﬁﬁ_tq] n=1 B’JIﬁjj

E
T = /d41’T /d 2z T[Line(

/ d*z T[¢! (@)% (2)T1e(z) + d(x) () ax(2)]

A BIE wick ®12, 7)) DESTERR,
T = ik / AN (@)@ Tp@)], 1 =i / 'z N[ () (x)Tax (@)
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Y = x¢ REDIE
OEE o B, RS [pTA) g N k), T R T ERTE

(a, N; kﬂ T ‘p+,/\> = ik / d'z (q,\s k+| N[o'(z)x(z)T19(z)] ’p+,)\>

m/dx<q,)\;k | N¢' (@)X(@)T10(e)] [p+, )

iff/d‘lccﬂ(q7 )\’)Flu(p’)\)e*i(pfq—k)-x
= ir (g, \)T1u(p, A) (27) 6@ (p — g — k)
@ XSHE T EETNE—FEE, 5 7.1 BNBENSE—H
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T F**fD P 3t Feynman fA,WJ

¥ — x¢o BLIIE
OER o BT, RS pt,A) A g N k), 17 R T EHTE

(a, N; kﬂ inl) ‘p+,/\> =ik / d'z (q,\s k+| N[o'(z)x(z)T19(z)] ’p+,)\>

in [ ' 0, X NG @)x(@) Do) [P )
_ m/d‘*m(q, M) ru(p, \)e =10
= iru(g, \)Tu(p, A) (2m) 6@ (p — g — k)
@ X2HE 1 EBMTNE—MAE, 5 7.1 TNENAE—#¥
& FIFBRGELIEER, AMGIHE—MitEAL
@ XBEEREM [y HITHE, 53
X = (xMy)' = =9 YT = —ylelerieTiex”
= yreerfeex” = °riy©
B EEEE 0Ty = X yC
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00080000
BMItRAE
. 38T Majorana 8 x = xC 8 T = oOTENC M oy = x°TS0° A
X1 =9 ITx, 9lax = XI5y

8 M i fiTY ®HER
1T( ) = m/d e N[@' (z) ()10 (x ]_m/d z N[p' (@) ()T x ()]
i1 = in [ d'eN[o(@)5 (o)l (0)] = ix [ d'aNlg(e)x(@) T 0 (@)

& EE, EERHEFHTINAFSERIER
AW, i) BB o o 12 T BT EIMERAR,
(g \; KT [pT, A)
— i [ ' (a, X5 K NG ()0 @) 0 avs(2)] 07, X)
= in [l (a X 1O @ @) ) [ )
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Feynman fA,WJ
00000000C

EBEHLET °(x) E’J:FE/&EFN?JJEE?&”{E#

#% Dirac iEE1% v (z) WERRITY «° (r) NEEREFRE
 C T d ip-x ip-x
P (x) = C :/ p \/ﬁZ[CU Yopre T 4 cu’ (p, Nal a, e ]

/dp \/ﬁZ[u P, Vbpae™ P +u(p, Aal o]
L8 () Eﬁ‘tﬂ’]ﬁﬁ,d":f o 5 b Eift, 185 Dirac HIEHRTFH
) (z) = / \/ﬁ > la(p, Ab) e+ 0(p, Nap e 7]
@ 1B, FEEIEY oC(2) R 0 (x) SMHRSIEHENR
(0] 9 () Ip A = (0[P (@) [p7,A) = ulp, N)e T
(00 (x) [p* A> = (0[P (z) [p*, A) = B(p, N)e P
(0™ A[5C@) 0) = (™, A6 () [0) = alp, A"
<mc<x> 0) = (", A" (@)[0) = v(p, e
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Feynman mu

00000 @00

%_ﬁﬂ‘:‘ ERITES

8 v o BT EETER

(a, s k" | iTl(l) pt, A\

eI (LK)

1 -
= —ix / dt (g, N3 K| NG (@)x0 (@) () and ()] [BF, A)

—ik / d*z vp(q, N ) (L) apa (p, A)e 1 P17F)=

—ik / d*z o(p, VT To(q, X )e P27k

~ik0(p, NI Tu(g, \) 2m)*6@ (p — ¢ — k)

.K/ { A [y \

d*z (q,\; kT [N[¢' ()0 (2)I'Tx(2)] |pT, A)

E 9B HIUMFEM Majorana fEBH 975



5= 5RO EE R

8 v o BT EETER

1 - ﬁ
(a, N5 kT[T Vpt, \) = —ix / d'z (a4, N; kT N[GT (2)x6(2)(TT)avidy (2)] [pF, A)

_m/d‘lva(q, NS avTa(p, A)e (@1 R
= —ilf/d‘lx'(_}(p’ )\)F?v(q, )\/)e_i(p_q—k)w

= —iko(p, VITv(q, \) 21)* 6@ (p — ¢ — k)

— I
-C

= if-c/d% <JL X; kY| N[o' (2) (m)F?;c(w)] ", A)
£ ANETREMEENITELR, B
—o(p, NI0(q, N) = —uT(p,A) CITCa" (q, ) = u"(p, ) cC'TTec "a"(q, \)
= [w"(p, ) TTa" (g N)]" = a(q, \)T1u(p, V)

W Eoms RS E M EER ina(q N, \) 20)46@ (p — ¢ — k) HBZ
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Feynman mu

[e]e]e]e]o]e] Jok

¢ — X¢ RTEE: %—*FFT:T ,f

B B—HE, EE G o RTIE, TEN p,0), KEN g N k)
A BB T = ix / d*2 N[¢(2) () Tax (z)] FRE—TI5 5 E

TT i7" =k T BT R

(g N; k75" [p7,A) = /‘(14 (a4, N; k™| N[p(2)¥(x)T2x(2)] [p~, A)

[ [a
/d z(q,\; k ‘N 1/J (x )(FQ)abXb ]p )
: T ENEET PN —
= —m/d z(q, Nk ‘N[qﬁ(w)Xb(m)(I‘g)abwa(x)} ’p )
= —im/d‘lycvb(q7 )\/)(Fg)abz_ja(p7)\)e_i(p—q—k)-m
= —ik0(p, \)I2v(q, \') (2@45(4)@ —q—k)
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Feynman fA,WJ
00000008

b s xd BT BoRSE

@ BE Y =ik / 'z N[g(@)X(2)TS0C (2)] IRE=F75EHE

8. TV HERE T BRETTH
(0. X5 [T 57, A) = i [ 4% (0 X5 K| NIO@)x(@)TS 67 @) o7, X)
/d4x<q,)\ k™ yN[qs x(z)DSyC( \p A)
= i / 2 (g, N )TSu(p, \)e =9k
= ir(q, \)I5u(p, \) (2m)*6™ (p — g — k)
ha:-Fa
(q, \)TSu(p,A) = v¥(q, ) CT5Co" (p, \) = —v™ (g, \) CCT'TECC 0" (p, )
—[" (@, X)T20" (p, )] = —0(p, MT'20(q, \)

i PR ERITEAERIEE
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E C P ¥R Feynman #1

P —

A UEHERE, XWHTEREERN, EXMTERTRBAEAR—MSE

L NEZEEARE —ESXFHSEFEEN Feynman FN, SEEARINEHR
A& TR R F IR T AR

Ul ALk, EEFRELERFANDERIN—FHEFRNRLL, RREXTFR
(fermion flow) BY75[H

ull BT RATR A RSB R TF BRI B &
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C P 3#

( © ®0000000000

BRF RIS

A UEHERE, XWHTEREERN, EXMTERTRBAEAR—MSE

L NEZEEARE —ESXFHSEFEEN Feynman FN, SEEARINEHR
A& TR R F IR T AR

Ul ALk, EEFRELERFANDERIN—FHEFRNRLL, RREXTFR
(fermion flow) BY75[H

ull BT RATR A RSB R TF BRI B &

il HFKFRAMS Dirac BKFE LF XA EERN, RAE—MIHERE
YHERFRFMAS Dirac BARFL LFLSRERE, RBSBAXMZEX
B =Mt EEE

EE—FK, BHERFRABRENDN, NEFELFRKFLRIRNEE—FA
E#ETIHE
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1_L§felﬁl9l~f£uw
o T2, METEFEKFHIMANINT, HEENANERTERXFRAR
o Dirac IEZERF ¢ N5T9ME:

P, A z = (0] ¢(z) \P* A) = u(p,N)e 77

x = (0] |pJr Ay =1(p,\)e P*

Y, A

@ Dirac REKTF o NG5
p
A —=e = (09(2) [p,A) = 0(p, e

2, — |
o = (0[65() [, ) = ulp, e

9 Dirac IEZERF ¢ HiFToME:
—
1/1>\—<p+)\}¢ )]0) = a(p, A)e™”

. -—3— 6n = (p+, A ¥C(2) [0) = v(p, \)e'”®

- ———— —_
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1 Eufu P 3t Fey man mu

)OO®O00000C

B == ElSh
Q Dirac REKT ) AN

ip-x
x-—<—w—<p A 9 () [0) = v(p, N)e”

P, —
 —— Y boA = (P, A|PC(2) |0) = a(p, e
© Majorana EHKF y N5T5h4: 9 Majorana BKF4 L
N Cipr &HETk, Feynman FN
A e = U@ e, ) =l Ae BT RAERAE
P — PR R
A —er = O X(@) DY) = o(p, e e DRSS
D ¥, NERESBKTL
QO Majorana KT  HETIME: U EHRIERY, M
2, ‘ Pt
z A = DA |0) = a(p, N BRRUARRIIKT
T g ,,.Lﬁmm"%T%k?-m
L, 7 _
Te——— A = (B, Alx(@) [0) = v(p, \)e'* R )
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Feynman FI1U
000800000

F—M 7% Feynman
ST ER ¢ 5 o b — o T2, E—MiHEFENNT

(q,\s kﬂ iTl(l) |p+,)\> =

|
<
>
|
./‘
7/
Py

X N
= ifg/d‘lxﬂ(q, M) yu(p, e ((Pra=k)=
¢

kx.,
Z
- '\q*

\.

!

(a. N5k [iTs) [p~,A)

Il
=
>

SN

—ifi/d4x17(p,)\)F2v(q, X)efi(pquk)‘z
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000080000
EZM75E Feynman

& FMIHESENNT ¢

(q,\; k+| inl) }p+,)\> =

XN
= fi/i/délx@(p, M v(q, N )e Pra=h)e

¢
) @ ~ p x/]Z/
(@ N5k [i7 [p7A) = g0 —=—a
BN
\.
N
XN

= im/d4xﬂ(q, NS u(p, A)e ' Pa=k)=

Ed A5 E7E Feynman B EMERRBEAFRABTE, BSHLETLARTE
B S s SRE/NEXFHEFHMR
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Feynman Mmu

O000@0000

(B TR A

W MBE Feynman EITRSIRBRIEAXNXER, FHHAMIE T EIRRTRSFN

® @
! |
i
' fim/délxll, Ym :i/@/d4mF2
w /‘/. \'\ X w k'/ .\'\ X
® o
i |
' in/d4m11, Ym :i/i/d4:v1"§
€T TN x 6 =T T

?1 XBIREMEL EREIARIEE U() @RsiNAmE, UL) EHARELREIR

FEI (LK)
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Fey man fA,WJ

)OO0O000®00C

Dlrac 21589 Feynman 1?1%?

B AR TP 8 T IEFETREIAEBEMER N (y)T1¢(y) 0 (2)Tax(z)] ERERNFRER

W WMBRAE M EH#ITIE, N Dirac BERBHM Feynman EEFEMES
BB Feynman M5 7.1.1 /NF5EIN—3, FRiEXA

P L\, dlp iPtme)
Pyeie) = y_x)_/(27r) p? —m3, Tie©
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Dlrac 21589 Feynman 1?1%?

B AR TP 8 T IEFETREIAEBEMER N (y)T1¢(y) 0 (2)Tax(z)] ERERNFRER

W WMBRAE M EH#ITIE, N Dirac BERBHM Feynman EEFEMES
BB Feynman M5 7.1.1 /NF5EIN—3, FRiEXA

P N _ d’p '(]ﬁ-l-mw) e ~iP(y—2)
=/
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