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Chapter 2

The Klein-Gordon Field
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Chapter 3

The Dirac Field

Problems
Problem 3.4: The Quantized Majorana Field
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Problem 3.4: The Quantized Majorana Field
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Problem 3.4: The Quantized Majorana Field

43 d3 . ) .
_Zm/d3 / p \/WZ rTngezpm+la;£rT02e zpw)
X \/@\/qioa (afffse“” — za2aflfse*iqw)
j d*pdiq 1 ;
:%/ d%/ 7 mz (ap'€71e™) /(p0) v/ (a7)0® (agl ')

im [ [dpd’q 1 (azferte) /pa) /[ 28 g3 p—iqz
—|—2/dx/ \/WZ » S (po)+/(qo)o (waf )
e pd3 3 (e ) o) a1 (fere)

2 ,/2E2E P PoIVae)T g s €

m 3 dspdg TT 2 —zpr — 2 s¢s,_—iqr
+7/d:v/ mz%g ) V/00) v/ (g0)0 (—ioasese %)

m ri s s s
B /27r32E @yl x &1V o)V (po)oe

3 32]; gl G e
3 [ Zaw NN
et po)/(po)o
zm d®p 2
S Dty < €17 ) e
12 /(po)\/(p5) = m = EERALT,

B zm/ 32E Zarf st x € [(po)o?] €° [3.0.6]
zm/ d*p *ZEm arfas, x €77€° 3.0.7]
zm/ 27T32E arast x erfes [3.0.8]
zm/ 32}3 Z ara®, x €10 (po)es (3.0.9]
2135,
[3.0.1] D4 3,
_%m d*zx oy

zm d?’pd3
_ d3 / 7‘1’ —ipx rt TT 2 zpz
/ \/QE 2E, Z f ey’ )
/po_ \/(]T a é-b —iq — i asTé-s 1q1)

/ds /d3pd3 Z fTT —sz+zarT§rT 2 zpz)
\/2E 2E,
o/ (pa)\/(qo) (aqfse T o aéTfé “”)

15




Problem 3.4: The Quantized Majorana Field
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Problem 3.4: The Quantized Majorana Field
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Problem 3.4: The Quantized Majorana Field
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Chapter 4

Interacting Fields and Feynman

Problems

Problem 4.3: Linear sigma model
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Problem 4.3: Linear sigma model | (d)
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Problem 4.3: Linear sigma model | (d)
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Problem 4.3: Linear sigma model | (d)
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Problem 4.3: Linear sigma model | (d)
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Chapter 5

Elementary Processes of Quantum
Electrodynamics
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B 113 2 HIADK T spin 25 LIAIE 2 DT, spinor & np = T(0,1). p=(0,0,—1) DAZIHELDT, ki



5.5. COMPTON SCATTERING

T helicity 1372, p-o = —03 HDT,

5.5 Compton Scattering
(5.99)
AFE T —2z DI EITHER, helicity 13 & T 5. 2z HAID spin FHIE2DT
0

ﬁ<w,m€@)u@ﬂEg

1

(5.97) BIEFH L 75 2 DIFEFLET o (p) O 3, 4 YHIER, T74b b helicity BWEDEA. 51, BT
4z flicEELE 5 (Figure 5.6) DT, ¢F = (1,0) TH 3.
Problems

Problem 5.4: Positronium lifetime

[4] % il L 7z,

IMEROARERIE (0 R)
e"et = 2y DBBEEZ 5.

‘\kl ko ky ko

//1 Ton K

! P1 p1 — ko v\m
e~ et e— ot
FEB DA LIRIE 2 EE#E p D 0 XFEFTOMETRD 3,

pi = (E,0), vy = (E,0), kY = (E, k), ky = (E, k), k| = E.
HeT DftRIFRD L 512k < -

ey (k1) = ey = (0, 1), €1-k1 =0, ey (k) = €)1 = (0, e2), €-k=0.

A VIERD L) IalEns :
_ (Vo &\ § _{ Vo P2\ n
u(py) = <ﬁ5> ~v/m <£) v(p2) = (_\/0_7;277) ~/m <—n> . [5.5.1]

25



Problem 5.4: Positronium lifetime | RO AZIRIFE (0 X)

I 5,
p1 -k = E* =~ m?, p1 ko = E? mm?, (p1-k1)(p1 - ko) = m*.
Dirac FEBEA»6R%2E5 % :

(P, +m)fulpr) =2 0
(P, +m)fou(pr) = 2(p1 - €)ulp1) — ¢5(p, — m)u(pr) = 0.

fE> T, ALHRIEZ

L *m * *m lu
IM = —1ie "U(pg) [¢2 (pll_ k1)2 _m2¢1 +¢1 (pll_ k2)2 _m2¢2] (pl)

= —ie’D(ps) lﬁ;Wﬁ + 4

P [ ],

—p, Ty —m
12]?1 ko 4 ulpr) [5.5.2]

= —1

(p1)

€

= —i5—50(p2) (5T + fikads] ulpr)

2m

LRB, [ BHET 20, EPRORERLTEL

o2 D)2 1))

0 lolatoidlold
=aubuc, 0

loiatondtoid

- ((a.g)(b(.)a)(c~a) (a'g)(bba)(c'g)) '

[5.5.2] D [--] DI B 3DDH 2 fiFl% &I

[fakid] + £1kats] = (( . .E)(klo' et o) (e3 .a)(klo- 7)(e .U))

0 (GT'U)(kz'U)(6§'0)>
(€1 -0) (k2 - 0)(€5 - T) 0

PlED o

. et 0 —2m2?A+m?B, — (p-k)B_
M= i) <2m2A +m2B, — (p-k)B_ 0 ulpr) - [553]

ED, REDOERHIT
By = (€] -0)(ky-0)(e5-0) + (e5-0)(k1-0)(€] - o)

By = (e -0)(ky-7)(€ -0)+ (e -0)(ki-7)(€ o). [5.5.4]



Problem 5.4: Positronium lifetime | S A b & =7 A DREEL

(c-a)(oc-b)=a-b+io-(axb)»b

(e1-0)(k-o)(e;-0)=[e] - k+io- (€] xk)|(e;-0)
=io0 - (€] x k)(e5 - o)
=i(e] x k)-€5—o0-[(e] x k) x €]
=i(ey x €]) -k —o-[(€] - €3)k — (k- €)€]]
= —i(e] x &) -k — (0 - k)(€] - €3)

(e2-0)(k-o)(€1-0) =i(e] X &) -k — (0 -k)(€] - €)

€ -o)ki-(G—0))(el o) [5.5.5]

[5.5.3] 12 [5.5.1] #RAL T, [5.5.5] A2,

9 _
o e 0 B,
ZM(CS e, — 2’}/) - 712m21)(p2) <B+ 0 ) u(pl)

- —i% ('t —n'T) G (1)> <Bo+ %r) <§> [5.5.6]

2

=i~y (By — BL)E*
5 (B+ +)€

E75,
ZIT, KA/ IVE (3.135)(3.136) 225

Y S S v B

THEZoNn%, INVIEETET - BETOAE VY 2ERT,

SHRY MOAZI LD
FHERED K (5.43)

3 ~
B) = VAT [ )= ke )

ZAEBIRZ ZER L LIBICIRT 2. Tabb, AY Y S, s |, SR J, 2R
M DARFE |25+ ;s M) ZREELL X 9*L 24U, AV OSHED S, CHUEfEEI RO M — Sz = m

L2 RN TONENZEZDT, BTOAEY, BETOAEYZET. ZUCH Liul fEsa i3k 7 oMxshEShic K3 3
DT, BT LBETFICOVTHERINS 2 LifTbaw

27



Problem 5.4: Positronium lifetime | S A b & =7 A DREEL

DiRAE%Z Clebash-Gordan fREL (1S; mS,|1S; JM) 1T & > TREIFR W ¢

S
|2S+11J;

(1S;mS.|1S; M) i (p) |5, S-),, [5.5.8]
S,=-S

(7L, MO =012 S, |=11& PALLERDT2). A5, BPoMBRE p, BETOEHRE
_p LT3, BETERE m/2 HOT, HAEBRE p TH D,

1/2,s 1/2,r
! !
& 5

A

By roaat) ALYy S, WS, HEBE p OIRE [S,S,), &, AEVHE s TEBE p OFE
T, 7\1:/%]‘ ri=S5, — s CHlER p OETOMIEHEGTEE S ¢

S’Sz>pzzs:<; 22’ SS>’1 >,, g >,,

11 11 1 1
_ L. L. ast rt
ES <22,5r‘22,SSZ> o o pb_p\()).
$F, SRE(I=0) DXL PRV AICOVTERLS (m=0%5DTM=S5.). [1S0;0) & J =M =0,

S=5,=0%DTAE VI singlet :

|150, 2\/*/ 3 OO \/L \/L |p Tu —p ¢>\;§p \I/7 —P T> . [559]

351;0) 13 J=1, M =0,5=1,5,=0%DTAE VI triplet :

S1;0) *Qf/ 7/)00 )\/%\/% 7 )

PSul)iFJ=1,M=1,8=1,5,=1%DTAL I triplet :

3 ~
85,:1) = 2/m / (i;')'gwoo( L pt,—p1).

FW

BS1; -k J=1,M=-1,5=1,5, = -1 %D TAE I triplet :

7915 —1) = Q\F/ 3¢00 -

11
T o pl,—p
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Problem 5.4: Positronium lifetime | S A b0 =7 A D i

SRy b OZY LD
FASHRIG M D5E# (4.73) 1SHEE LT, [5.5.6)[5.5.7)[5.5.9] 25
Bp - 1 iM(e T_ — 2v) — i./\/l(el_e?' — 27)

iM(*So — 27) —Q\F/ E oop)% 7

e 2 Vet _ptteld
2\/>/ p3¢00 )2m ( 2;;) (€7 X €3) - kng\/;g
d3p - 1 < 2€2> . -2
=2 —— | (€ e) -k
\/>/ )3 Yoo (p om m > (€7 x €3) /2 5.5.10]

(A.26) 125

Z eV — —gtv

polarization

DT,

|(ef x €5) - k|* = Z Z Z €Tkl pkemn el e gn

pol 1 pol 2ijkimn

N Z z_]k Ilmn zl ]mkkkn

ijklmn

— Z 6l'mlcelrrmk:k' " [5511]

klmn

_ § 6lmnglﬂmknkn
Ilmn

= 2|k|* = 2E? ~ 2m?

2155,
n=10DEE2%2E%5,

1 2 r
Y100 = Fao(r)Yoo 0, 8) = =57 exp (‘2)

%DT,
m3a3
_ 5.5.12
() = "2 5512
[5.5.10[5.5.11][5.5.12] 75
4 3.3
S IM('S, = 2y = 8%27)12 mso‘ = 32rm2a’. [5.5.13]
Y5

polarization

2 VR R IE m/2 DT, Bohr 4% ag = 2/am
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Problem 5.4: Positronium lifetime | RO AZIRIFE (1 X)

(4.86) 125

11 dky dBPky 1

1 2 4 (4) o o
= 30m ) @ @n) 1B B, S = 2P RO k + ke = pr = p)

k1
32 2, — 2
snu/ (27m)2 4]k, |2 mim*a® 6(2F — 2m)

d|k:| 1
= 7rma547r/ (2|7T)2| B §(|ki| —m)
mo?
2
(HTL 2T RERTERCDT, 1/21572).

[5.5.10] & [FkkICE 24U,

nﬁgi + nugT 0
\/i )
BDT, MBS, = 2y)=0THoI 3005, Thbb, AV 1D 135 I 2HFICHEL LW,

UTTETZO, ni’rfizo

WHEOFERE (1R)
XS IR DO ARG 2 & B p D 1 XETORETRD %,

:(E,p), pg:(Ev_p)v kle(E,k), kg:(Ev_k)'
HF- DRI RD K HITE L
Gi(kl) = Elf:t = (0,61), €] - k)l = 0, Ei(k‘g) = Egzl: = (0,62), €9 - k)g =0.

A VIERD LS ITEME NG :

w(py) = (ﬂ§> s (%) v(m):(mn>%ﬁ (1 %)
) S (g ST (e,
[5.5.14]

351,

poki=E—p-krm’—p-k,
p1~k2:E2+p~k%m2+p~k,
(p1 - k1) (p1 - ko) =~ m™.

Dirac FEBEA»6R%2E5%

(P, +m)fru(pr) = 2(pr - ))ulpr) — ¢1(p, —m)u(pr) = 2(p1 - €))u(ps),
(P, + m)faulpr) = 2(p1 - &3)ulpr) — £5(p, —m)u(pr) = 2(p1 - &3)u(pr)-
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Problem 5.4: Positronium lifetime | RO AZIRIFE (1 X)

fE> T, AEIRIEIZ

. _ .2 * p17k1+m * * p17k2+m *
iM = —ie*T(py) [%m_kl)g_mzﬁ - ¢1Mw¢2] u(p1)
=—w%@aF?mgjﬁ:mﬁ+¢f¢gjﬁ;mglmm>
62 * 1 * _ 1 . GT * * 2 * _ 1 . 6; *
——iC(pa) ¢ok %2 _229. . )¢5 N ¢k %12 ff. . )¢1] w(p)
62
= —i5 50(p2) [(m? +p- k) (¢ ki ¢y —2(p1- €)f5) + (m* —p k) (¢ kot — 2(p1 - €5)¢7)] u(pr)
[5.5.15]
Lz, [ ] 2T 20, EPROREFLTES

0 ot 0 o” 0 of
#b¢ = aubuc, (0“ O) (a” O) (aﬁ 0)
—ab 0 lojatoidiodd
= WOl \ Gugvge 0

- ((a.o)(b(-)a)(c-o') (a-a)(bba)(c-o)> :

[5.5.15] D [---] DI B m? & 1 2DH v <f1Fl% & EIZ
—2m*(p1 - €7)¢5 — 2m*(p1 - €3) ¢}
o2 % 0 €0\ o 2. 0 €0
—an-) (05 %)t (0,

P P 0 €0\ , o2« 0 € -0
= —2m*(p - €}) (_63_0_ 0 2m*(p - €3) e o 0

g 0 (p-€)es o)+ (p-es)(ef o)
=2 (4pfn@;arwpfm@pa> 0 )

. 0 —2m2A
—\2m24 0 '

[5.5.15] D [---] DI B m? & 3 2DF V= {1hl% &L

m® [Ié;klﬁ + ﬁkﬂé;]

:mgQ%'@wfaxqwﬂ @?Gthﬂk?av

0 (e5-0)(ky-T)(e - 0)
+"ﬁ<&pax@~w@;a> T )

7 (5o oy )

) 0 (e1 - o) (ks T)(e5 - )
+”‘(@?aﬂ@~@&;a> 0 >

. 0 m*By
o sz+ 0 ’
[5.5.15| D[] DI L p-k &3 ODH v 2iihl% &L EHIE
p-k [!5;%17{1‘ - ﬁqkﬁ;]
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Problem 5.4: Positronium lifetime | RO AZIRIFE (1 X)

B (—(p -Ok:)B—

(
(

:”"“<<e;~a><k1-a><ef-a> 0
(

0 (€5 - o) (k- @) (€7 'U))

(€5-)(k1-0)(e] - 0) 0

0 (€1 - o) (k2 - T)(e3 'U))

(€1 -0)(k2 - 0)(e3 - 0) 0

0 (€3 - 0)(k1-7)(€] -0))

0 (€1 - o)(k2 -T)(e5 - U)>

(7 - o) (k2-0)(e5 - o) 0
—(p-k)B_
p ! )

[5.5.15] DILH DIHIZHB)ED 2 el D THHET 2 ¢

—2(p-k)(p1-€))dy +2(p-k)(p1 - €3)f)

*
0 €9

=—-2(p-k)(p1-€}) <€§.0' O

2o <)

*
—€5 -0
0

=—2(p-k) ((p.q)(e;-aw(p €3)(ei - o)

E b, BHOERIZ

A= (p-€7)(e
By = (€]

[ V)

(
Ei = (61( . O')(kg .

(-a)(oc-b)=a-b+io-(axb)»d

(e1-0)(k-o)(€;

(e2-0)(k-o)(e1

(e1-0)(e3-0) + (&3 - o)(e7 -

0 626J)+2pk1)62( 0

€i)(e (p €;)(el 'U))

o) = e}

o

U)+2(p k)(p1 - 62)<*00 “a U)

€] - a’)

. e 0 —2m?A+m*B; — (p-k)B_
M= —ig o) (2m2A +m?By — (p-k)B_ 0 ) u(pr)  [5:5.16]

o)+ (p-€)(er - o)

~o)(e3-0) (€ -0)(ki-0)(e1 - o)
o)(€3-0) + (&3 - ) (k1 -T) (e - o).

-k +io- (€] x k)](e5 o)

=io - (€] x k)(e3 - o)

i(e] x k) €5 —o-[(e] x k) x €]

(k- €)ei]

=i(ey x €1) -k —o-[(e]- )k —
= —i(e] X &) -k — (0 -k)(e] - €)

—i(e] x &)k — (- k)(ef - €})

~—

o) = 2€7 - €

32
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Problem 5.4: Positronium lifetime | RO AZIRIFE (1 X)

&b, fE-T,

~2m(e] - o)(es - o)+ 2m(e; - o)(€]
= 4mej - €

[5.5.16] 12 [5.5.14] Z2fAAL T, [5.5.18] Z{lZ (3,

iM(esel — 2)

i) g
T AW\ om2a 4 m2?B, — (p-k)B_

2

i (052 (0-52) (3 1)

% (2m2A +m?B, — (p-k)B

p— '7 TT
22771377
2

e
S
2m3n

0 f2m2A+mQB+f (p-k)B_ ) ( )

(1—07}5)[ 2m®A+m?B, — (p-k)B_]
a (1+02m ) m*A+m?B, — (p-k)B (

—2m?A+m?B, — (p-k)B

0 > u(p1)

a' p) ¢
2m

o- p) s
2m ¢

{—szA +m?B, — (p-k)B_ + %[§+7U P}} &

m
St {2m A mP By~ (p-k)B- — Z(By0pl e

rt {—4m2A +m?(By —By)+(p-k)(B_ —B_)+

%[34* +§+,U'P]}€S

1

[5.5.18]

— 2 | €D)(es o) + (- )€l o) (el x €5) Kt L (p Ko Ret <) ¢

. 2¢2 .
.M(l)] e r-‘- J* . J* * v
2 zmn € (€3-0) + e (€] ‘7)+m2
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m2

(o] ¢

[5.5.19]



Problem 5.4: Positronium lifetime | 3Py A b 7 =77 & DREHK

LB,
iM(egef = 2y) =iM® + 3 plim i [5.5.20]

J

&0 5,

3Py RY FO=9 LDOERK
3Py;0) 12 [5.5.8] ©S=1,1=1,J=0,M=0%DT

1

Pri0) = Va3t [ 22 3 (Tl 100) i 1
- (;if;g [u?u me 1/;10|N>\—/g|w> Ty )
E%%, 22T
g = ot @ = bt 5= i 5.521]
EBITIE,
22 0) = <= [l [ = 140) = 7+ 1) = 14+ 1)
&5,

23 Py IRY A=Y LD BRE
n=20D56%%52%.
1 1 r
1 _ "
Vi) = 427 a05/2xexp ( 200)

1 1 r
2 _ -
Vi) = 4N2r ao5/2yeXp< 2ao>
1 1 r
30,0 -
V() = N a05/2,zexp< 2a0)

) = s
023 427ag5/2?’

DT,

AP Fur=Y L OO EIRIEIZ

iM(25Py — 2v) =

/ (;l;f)’g [il(p) {iM(e;q 5 2y) —iM(e]ef = 27)}
— 2 (p) {iM(eT—q 5 2y) +iM(ej el = 27)}
— 3 (p) {z‘M(e;ej 5 2y) +iM(e] ef — 27)H

ThHZeN%, [5.5.20] Dk HiT, FEREE M =iMO 3 ip MDIT L £T 2 LB TELD,

3 ~ . .
/ (;lwf)jg MO = i (0)iM©@ =0
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Problem 5.4: Positronium lifetime | 23Py £ F @ =7 A 0 Hilf

ThHb. IHIT,
/ (;l P ~,Zj:iij(1)j _ i4\/2?1a05/2¢M(1>i
%DT .
/(d )31/) iM = 4\/27:@05/22-/\4(1)1'
E%, fEoT

1
\/ m 4/ 27Ta05/2
—1 {i/\/l(lp(e{e%r — 27) + i/\/l(l)Q(eI%+ — 27)}

iM(22Py — 2y) = me@e%M—W(@ﬂ%M”

- {iMU)?’(e;ej — 29) +iMD3 (e el — 27)}}
L%, [5.5.7 55
I SOME —i(T™T 4+ ¢ty = 02, —(E"M gy = o

b 3. [5.5.19] i

.262 r X/ % ENPRS kj * * S
e o dite o)+ o B a)| ¢

22 L - %
2 m ey &G0+ e o)+ o e 6]

EEEBDT,

1 1 262

Vo W/amagh2 m
<o |(€f a)(es o) + (650l 0) + (R R(el 65

iM(22Py — 2v) =

(o0-a)(o-b)=a-b+io-(axb)»b
—ZTr 2(ey - €5) + @(e* e*)]
4+/3rmmag5/? 2 m2 2
e? 2m? + |k|? .
= 5/2 2 (€] - €3).
2v/3mmmag®/ m

iIM(22Py — 27) =

Hof DR~ 7 bV D5ERME

e o KR
> e@%%@—éﬂ—ﬁﬁ

polarization

D5
2 - g LAY
* * _ ik _J _ix _J ? 1, —
S =3 S5 addd =35 (7 - ) (7 - ) =2
polarization pol 1 pol 2 i=1 j=1 i=1 j=1

BDT

4 2 2\ 2
Z 3 2 _ e 2m* + |k| Z 2
-y |M(2 Py — 2’7)| - 127rm3a05 < m2 -~ |6T : 6;|
polarization polarization
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Problem 5.4: Positronium lifetime | 23P, A b1 =7 4 D i

e 2m? + k|2
-~ 6rm3ag® m?2

= 2o 2m? + [k|*\
12 m2 '

11 Bk Pky 1
24m | (27)3 (27)3 4E\ B,

(4.86) 25

[(22Py = 29) = IM(28Py — 29)12(2m)* 6@ (ky + ko — p1 — po)

d k 1

_ 3 2
S / Akl 5K = m) [ 01O P, - 29)
1 v 2m? + |k|? ?
- - _ A —m2a7 [ 22 LI
2567r2m/d|k‘5(|k| m) x dmgmia ( m2
3 7

%ma

28p, IRY A=Y LDEREE
n=2085%2525%,
|22P;0) 13 S=1,l=1,J=2, M =0%DT

122 P53 0) =\/W/ o 21: (1, Ly, —[1, 120) 1 |1, =
; 2’]T 3 Pt 5 Ly ) 5 Ly 7771\/%\/% ?
IT4) + [41)

F/ [wuwmwo NG +1/?1,_1|TT>}

L) = ) — b (1) + [1) + 24 (11)) + )| -

Tr((o’ - a)(o - b)] = 2a'b* + 2a%b* — 4a°b3.

M = 0 DAZHRIE X

1 i
iIM(22Py;0 — 27) = iMD (eZet = 29) —iMD(eTel — 2
(P50 = 29) = o e [{IMU el = 29) (epef = 2)}

{M(l (ey el —>2'y)+z./\/l(1)2(e e —>2fy)}
+2 {i/\/l(l)‘?(e{eir — 27) + i/\/l(l)?’(eIeT+ — 27)}}

1 1 2¢2

2\/% 4\/2771'&05/2 ﬁ
<o |(6f )65 o) + (6 )€l )+ sl K)o R)eT )|

e2 e (€5€d) o1
_ 1] ix _J* 1 2 1] 1.% L 3
= o mmmag? [2’% ae + T ha KR, he = Tz diag(l, 1, =2).
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Problem 5.4: Positronium lifetime | 23P, A b1 =7 4 D i

128Py 1) 13 S=1,1=1,J=2 M=1%DT

123 Py 1) 0<1 1;m,1— m\1,1;21>1/?1mrr\1 1—m)
:\/ﬁ/(%’ {7/; |TT>+7/~111T¢>\J/F§NT>

I T o, L,
= 2\/%/ (2r)? { YT 4 1)) = a2 (1) + [41) + 2¢° 1) | -
o' = (0%,i0®,20") LU
Tr[(o’ - a)(o - b)] = 2a*b® + 2iab> + 2a>b* + 2ia®b?.
M =1 O Rl
i

1
iM(23Py: 1 — 27) = LD (et 9 DY (o=t 9
M P ) 2v2m 4v/27ma5/? [ {ZM (epey ) HAME e e = 7)}

-1 {iM(l)Q(e{ef — 27v) + i./\/l(l)Q(eIe%r — 27)}

+ 2{1'/\/1(1)3(6{6;r — 2’)/)”
L1 e
2v/2m 4v/2mao/2 m

<o (€ a) (65 o) + 6 el o)+ sl K)o R)el )|

1
2 (6* *) . 1

— Uz*]* v] 1.2 .J [ — ;

o e+ B ( | )

123Py;—1) 12 S=1,1=1,J=2 M=—-1%50DT

0

3p. 1) — \/ dp cm. —1 —mll.1:2. —1) 0 —1-
|2 P2a 1>_ QM/(QW)S mg_l(l’lv ) 1 |1a1527 1>1/’1m\/—\/—|1 1 >
0
:\/QM/(;ljf;Bmgl(l —m,1+ml1,1;2, 1>¢1m\1ﬁfll m)
_ Pp [ [OH+ED | -
= \/—/ E [1/)1,—1 7 + 10 [

L) + 141) — 2 (1) + ) + 20° [1)] -

o' = (-0 ic?, —207) L THUL
Tr{(o’ - a)(o -b)] = —2a'b* + 2ia?b® — 2a°b* + 2ia®b?.
M = —1 OAZHRIE I

IM(23Py;1 — 27) =

1 7 _
s T M el = 2) MO e ef - 29)]
0

—1 {i./\/l(l)g(e,;ej — 2v) + iM(l)Q(eIef{ — 27)}
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+2 {i/\/l(l)g’(ei_ej — 27)}]
1 1 2¢?

2\/% 4\/%@05/2 H
X Tr [(ei )& o) (6 a)(ei o) + (0 K)o k)(e - €)

- z [ ohd el 4+ LB py kk‘]] R _il
2/mmmag®/? m2 ! ) 1
|22Pp;2) 13 S=1,l=1,J=2,M=2%DT (m=S5,=1)
2P2) = Vol [ ok TP 111,101, 1522) s e 1,1)
FF
By -
- T / —”gwn 1)
- [ AL [0 i -]
o' = (-0, —icT,0) £ T X
Tr{(o’ - a)(o -b)] = —a'b? —ia'b? —ia®b' + a®b?.
M = 2 DAEIRIFIZ
iIM(22Py;2 — 2y) = ! [ {z/\/l Dl(ezet — 27)} i {z‘M(1>2(e—e+ N 27)}}
' V2m 4\/271'(105/2 1€ Tt
1 1 22

T Vam 4v2ragh 2 m
1
< Tr [(e’f 7)€ 0) + (650 )(ef o) (o’ R R(el 6
-1 —
5 (€6 pin] ]
Zj z*]* 1 2 17 1.9 1.9 1 _ = _q
|25Py; —2) 13 S=1,1=1,J =2, M =-2%DT (m=8, =—1)

d3p ~ 1 1
23 Py —2 :\/QM/i L1 -1, —1]1,1;2, -2y g ——e = [1, —1
2Py -2) o | i1 = = L)

3 ~
- \/QM/dip<1,1;1,1|1,1;22) - 1)

- [
P — i 1))

1 1
— 1,
V2m v2m |

-
o' =(—0",ic7,0) L FNIF
Tr[(o’ - a)(o - b)] = —a'b? +ia'b? + ia®b' + o>

M = —2 OARZHRIE X
1

iM(23Py; —2 — 2
M P —2 5 2) = Fwﬂaom

HiM(l)l(eIef — 27)} —1 {2‘./\/1(1)2(%7%+ — 2'y)H
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B 1 2
V2m 4V 2mag®/2 m

<Tr (60 @) 4 (65 0')(ef o) + (o’ K@ R)(el <)

_ e B i I (ET'Eﬁ)hij Lk B 1 7-1 !
BN e e R L L Tl W
PLEd s,
iAA(TU%'AI—+27)::444453444— onfyere + By g
’ 2\/Tmmag®/? ML T2 m2 M '
has V& B L =230 OXFHTHI
o1 1 ' Lol +1 A ;1. ?
0= = 1) +1 = 3 1 b +2 = 3 1
V6 ) 2\41 2
ThHEZon,
Tr (h]\/[h;rw,) - Z h%hﬁ\jf/ = 5]\11\/11 [5522]
ij
R R

JeF Ot & 4 EE R OGSOV THIZ - T,

> D IM2EPy M — 29) 2

polarization M

4 £ % 2
€ Z Z i v e (€1 €3) i
= — 2R el + h k'R
47Tm3a05 4 ' ‘ M*1 =2 m2 M
polarization M
4 * *
e Z Z ij iw g, (€1°€3) ij i Kie k1, (€17 €2) p ko
= 2R el + R KR | | 2R5 €Y e, + k5K
4rm3ag® [ M€1 €2 m2 M M €1€2 m2 M

polarization M
4
e B
4mm3ag® Ly "M
pol M ijkl

, ; 2kk k! g 2k kI EikikF K
ik _k _J¥ 1 ik J% * *\ _k 1 * %2
X |:4€1 €16y €5+ 2 (e1-€x)ef" )" + 2 (€] - €5)eves + —i €5 - €5

4 ..
- 47mi3a05 Z Z Z Pk

pol M ijkl

. e 2kF L . . 2k kI ErkIkR K
Xl4€§*6§€%62+ Zz*m] m mx _k_mx* |* *‘2 )

_— €1 €1 €5 €5 + €1 €1€5 €9+ —|€7 - €
m2 1 €1 €2 €2 m2 1 €162 €2 ma 1" €2
m m

et DFERMED S

|IM(23Py — 27)|2

1 ik 1.l
_ e« ij pklx [ sik k'k gl _ k’k
— 47rm3a054zthhM (5 |k|2> (5 T [5.5.23]
M ijkl
! . kF Rl , kik™ . kK k™
_c i 7 klx im jm _ 5.24
+ 47rm3a05 %:”zk:thhM m2 %: (5 |k2|2 ) (6 |k|2 ) [55 ]
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kK k™K k™ k!
- 9 17 1. klx mk __ ml 5.9
gt 2 T 3 (7 = ) (o7 - ) 552

M ijkl

et kU EI kR
— 2 R k= 5.5.26
47rm3a0 %% m4 [ )

(4.86) 25

11 [k &Pk 1
24m J (2m)3 (27)3 4E1 Es

[(2°P, — 2v) = IM(22Py — 29)]2(27)* 6 (ky + ko — p1 — p2)

Ehy 1
" &m / 72 aep M P2 = 201 6(2B1 = 2m)

_ B 3 2
— srarm [ Aklo0K| = m) [ QAP - 20) P

M2 oFIc BN 2B 235 5. £,

kikI
/ e

KkI -
O A,
/ Mg =4

i R0 %DT, §9 BT S

i=7=123Io2nTlZlIUL 4r =34 £ 2DT,

Ktk A
— 54,
/dQ *E =30

i 1.9 1.k L.l B o o
/koTk’rf = B(896M + 67" 4 5 67%)
B i=45=1,23cou Tz

/ g IIC;IIZZ = 4?”5“ = B(35" 4 ¢*' + o) = 5B6M

KT .
i]eJ o o
/dQ i Tk]r4 Fo_dm R ]
[5.5.22] 1233 LT [5.5.23] 2R UL

KEEN [ kK
) kilx ik l
WS wgatl [ awsk - m) [ao (- G5 ) (# - 455

M ijkl

ij 7 klx ik ¢j AT ik o AT ik o AT i ik 5j il 5j
=43 > hynk [4775 kit — 59 kit — 59 kit 4 R Jgkl 4 5ikgit 1§ l(sfk)]
M ijkl

_ 4zzh1j hkl* |: 5%]5]@[ + 5’Ll5jk}) ’/Té*ik(;jl]

M ijkl
=15 |ty |
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= 42 12771—5MM

7481
==
[5.5.24][5.5.25] & RS T UL

k‘kkl ) kzkm ) k‘jk'm
1 klx im m
23S nyhky /d|k|5|kz| /dQ (5 - Ikl2)<6j - |k|2>

M ijkl
k1.l i 1.J
=23 "> ny, h’”*/d|k:|5(|k:|fm)/d L <5” ’“2)
M ijkl |k:|
P EFED o KTRTERE
=2 > bk [ dk| (k| —m) [ dO |k|26]_ P
M ijkl

— 22 Z hzj hkl* |:;r5zj6kl _ %(6”5“ + 52]@5][ 4 5zl6]k):|

M ijkl

i « | 167 T, ik i il i
=2 > hi bk [ 55kt — 5(5’@5]%515]’“)}
M 5kl

4 ij 7 4j% 4w ij 7 jik
= 222 [—thhM — s hilrhar
1
- 67T ZdMM

_16J
=
[5.5.26] 2 /53U

P kI kR
2> > hi Gy /d\kz|5(\kz|fm)/d(27

M ijkl
_ QZth hkl* 51]5kl (;iké‘jl 4 6il6jk)
M ijkl
4 1% 1, 1%
:2221 (RS R+ B R
M ijkl
A ij 7 ij% ij 7 jix
:2ZZﬁ(thM + hihar)
M ijkl
167
= — 1)
15 % MM
_ ln
5
DE»S
1 et 48r 16w 16w 167 ma”
[(22Py — 27) = xom _Donm  om 10n) _mae
(2P > 2) 2567r2m47rm3a05< 5 5 5 5 ) 320
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Problem 5.6

Problem 5.6
i) XEFNELTE L. Fierz [EER :
ur (p1) v ur (p2)[v*]as = Ur(P2)7" ur(p1) = 2[ur(p2)ur(p1) + ur(p1)UrR(P2)]ab-
s, t DERENHE :

s(p1,p2) = Ur(p1)ur(p2), t(p1,p2) = ur(p1)ur(p2),
t(p1,p2) = (s(p2,p1))", s(p1,p2) = s(p2,p1), |s(p1,p2)|> = 2p1 - pa.

HEICBIT A 1HE
ur,(p)ur(p) + ur(p)ur(p) = p

aos

ururp = urug = 0.

epeh = vy DBEEEZ 5,

(a) TR L 72 b LR, AR

v pl_kl
(p1 — k1)

72‘62EL(pQ)'YuUL(kl)uR(pl)'YuuR(kQ)ﬁ (p2)
4 (p2 : /4;1)(]71 : ki2)

iM = fiezei#(h)ﬂy(kz)ﬂL(PQ) [’Y
[5.5.27]

Ll ne,

B EATORTWER O ARDT, AEIAE ) VIE LS ABEAE/ VI TESORS DA, u = uTL'yo TR D&
*4 e(k1) DEEIC p2, e(ke) DEEIC py 2flio7e
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Problem 5.6

[5.5.27] O 1 I,

ar (p2) v (k) ur(pr)wun (k) P
4/ (p2 - k1)(p1 - k2) (p2) |"7 t v ‘| L(p1)

= —EuL(pz) [ur,(p1)ur (k2) + ur(k2)ur(p1)]

" ( (
x [ur,(p1)ur(p1) +ur(p1)ir(p1)]
X [ug (k1)U (p2) + ur(p2)ur (k)] ur(p1)

<l

SIS

+ ) o ()2 (k2) + (k) ()
X [ur (ky)ur (k) + ur(k1)ur (k)]
|

x [ur, (k1)U (p2) + ur(p2)ur (k1) ur(p1)

= —%EL(pQ)UR(kQ)ﬂR(pl)uL(pl)ﬂL(pl)uR(pz)ﬂR(kl)uL(pl)
+ %HL (p2)ur(k2)ar (p1)ur (k1)ar (k1) ug (p2)ag (k1 )ug (p1)

2 2
= —%t(m, k2)s(p1,p1)t(p1, p2)s(ki, p1) + at(my k2)s(p1, k1)t(ki, p2)s(ki, p1)

2
= at(pzykz)s(pl,k1)t(k17p2)8(k17p1)~

FRkIC, [5.5.27) D 2 T,

HL(pz)%uL(kl)UR(pl)%“R(k?)—L( 2) [W#M'y”] ur(p1)

4/ (p2 - k1) (p1 - k2)

- _%UL(pz) [ur (k1)UL (p2) + ur(p2)ur(k)]

X [ur(p1)ar(p1) + ur(p1)ur(p1)
)

]
x [ur,(p1)ur (k) + ur(k2)ur(p1)] ur(p1)

+ %EL(Zh) [UL(kl)ﬂL(p2) + uR(p2)UR( 1 ]

)
x [ur (k2)ur (k) + ur(k2)ur(k2)]
x [ur(p1)ar (k2) +ur(k2)ur(p1)] uL(p1)
= _%UL(Zh)UR(pQ)ﬂR(kl)UL(pl)EL(pl)UR(kQ)UR(pI)uL(pl)
+ %EL(p2)uR(p2)ﬂR(kl)UL(k2)ﬂL(k2)uR(k2)aR(pl)uL(pl)

2 2
= —ﬁt(pz,pQ)S(/ﬁ’pl)t(phk2)8(p17p1) + Et(m,pz)s(kh ko)t(k2, k2)s(p1,p1)
=0.

[5.5.27][5.5.28][5.5.29] 75

) _ L9 2
zM(eLeE = Y_yy) = —zezat(pg, k2)s(p1, k1)t(k1,p2)s(k1,p1).

epeh = vy DMEEEZ 3,
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[5.5.28]

[5.5.29]

[5.5.30]



Problem 5.6

+
AZEIRNE X
1 K 1 K v
iM = —ie*e (k)€ (ko)L (p2) lw” (Z; — kll)ﬂ" +" (fl - k;)ﬂ ] ur(p1)
T (p1) vt (k1) ur (p2) Yo (ks) p—k P ks e
__Z-eQURpl pUR\R1)UL(P2)YvUL(R2) v 1 m w?1 v
- 4/ (p1 - k1) (p2 - ko) v 7 ¢ B ] v
&l B*5,
[5.5.31] D% 1 I,
Ur(p1)Yuur(k)ur (p2)vour (k) M-k "
(p1 - k1) (p2 - k2) wL(p2) [7 t 7] v(p1)
= 2 (02) [ ()L (p2) + ur(p2)iEn ()]
X [ur(p1)ar(p1) + ur(p1)ur(p1))
x [ur,(p1)ur (k1) +ur(k1)ur(p1)] ur(p1)
4 21 (o) s (b (p2) + ()i (o)
X [ur,(k1)ar (k1) + ur(k1)ur (k1)) [5-5-32]
X [ug(p1)@r (k1) + ur(k1)Tr(p1)] ur(p1)
= —t%uL(pz)uR(m)UR(kz)uL(Pl)ﬂL(p1)UR(/€1)ﬂR(p1)uL(P1)
+ t%UL(Pz)UR(Pz)UR(kz)UL(kl)uL(kl)UR(kl)UR(m)uL(pl)

2
—t(p2, p2)s(ka, k1)t(ki, k1)s(p1,p1)

2
= —tjt(m,pz)s(kmpl)t(pl, k1)s(p1,p1) + v

=0.

*5 e(ky) DEEI p1, e(ka) DEHEIC po 27
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Problem 5.6

FRkIC, [5.5.31] D 2 HIZ,

an(p)ypun(k)ur (p2) v (ko) k|
4/ (o1 - k1) (p2 - k2) (p2) [7 — 1 L(p1)

2

= ——ur(p2) [ur (p1)Tz (k1) + ur(k1)uR(py)]
)]

) ur(
+ %EL(pz) [ur(pr)ur (k1) + ur(k1)ur(p1)]

]
x [ur (k2)ur (k2) + ur(k2)ur(k2)]

(
p1)ur(p1) + ur(p1)ag(
ko)u ( D1
x [ur,(k2)ur (p2) + ur(p2)ur(k2)] ur(p1)

P1
2L (p2) + ur(p2)UR (k2

)

[5.5.33]
2
= —ar(p2)ur(ky)ur(p1)ur(p1)ur (pr)ur (p2)r(kz)uL (p1)
2
+ s us(p2)ur(k)ar(pr)ur (ke)a (k2)ur (p2)ar (k2)uL (p1)
2 2
= —ﬁt(m, k1)s(p1,p1)t(p1, p2)s(kz, p1) + at(]?% k1)s(p1, k2)t(ka, p2)s(ka, p1)
2
= at(pzykl)s(pl,kz)t(k27p2)8(k27p1)~
[5.5.31][5.5.32] 5.5.33] 5
2
iM(eZeE = Yey-) = —ieQEt(pg, k1)s(p1, k2)t(ka, p2)s(ka, p1). [5.5.34]
epel = Y-y DBEEEZ 3,
’y,
+
€Rr
2SR X
. o RN , Pk Pk,
iM = —ie*et  (k)ey, (k2)ur(p2) lv (pll_ k11>2 P+ (pll_ k;)ﬂ ur(p1) .

_ o2t () e (k) ur(p2)vur(ke) - N O S "
- WA (p2) [w = 7] r(p1)

L7570,

*6 e(k1) DEEIC p1, e(ke) DEEIC po Z2flio7e
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Problem 5.6

[5.5.35] D& 1 JEHIE,

UL (p1)ypur (ky)ur(p2)wur(ks) - Pk,
4/ (p1 - k1) (p2 - k2) (v2) [7 t 1 v

2

= *tjﬁR(pz)uL(pz)ﬂL(k2)UR(P1)ﬂR p1)ur (k1)L (p1)ur(pL)

+ %HR(pQ)uL(pQ)ﬂL(kQ)UR(kl)HR(kl)UL(kl)ﬁL(pl)UR(pl)

2 2
= —tjs(pz,pz)t(kz,m)s(ph ki)t(pi,p1) + (p2, p2)t(ka, k1)s(ki, k1)t(p1,p1)

—3s
ut
=0.

FkkIC, [5.5.35] O 2 THIZ,

ﬂL(m)%uL(k1)uR(p2)v,,uR(/g2)ﬂ ks, )
4/ (1 k) (pz - ko) (p2) lv - 7] r(p1)

- 7%51%(1)2) [ur(k1)ur(p1) + ur(pr)ur (k)]

X [ur(p1)ur(p1) + ur(p1)ar(p1)]
X [ug (p2)ur(k2) + ur(k2)ur(p2)] ur(p1)

4 Zin(pa) [ur ()L (p1) + wr(pain(ka)]
x [ur (k2)ur(k2) + ur(k2)ur(k2)]
]

)
x [ur(p2)ur (ko) + ur(k2)ur(p2)] ur(p1)
(

= —%ER(W)UL(kl)UL(P1)uR(p1)ﬂR(p1)uL p2)tr (k2)ug(p1)
+ %ER(pZ)UL(kl)ﬂL (p1)ug(k2)ir (ko)ur (p2)ar (k2 )ug(p1)
= 2 (o B0 )b, )51, P21k, 1)+ e 5(pa, B0, R2)s ko, p2) bz, 1)

2
= as(pmkl)t(pl,k‘z)S(kzapz)t(k%m)-

[5.5.35][5.5.36][5.5.37] %> &

. _ L5 2
zM(eRez = Y_yy) = —zezas(pg,k‘l)t(pl,kg)s(kg,pg)t(kg,pl).

epel = vy DMEEEZ 3,
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[5.5.36]

[5.5.37]

[5.5.38)]



Problem 5.6

(a) TEF L 2R B LB, R

v p 7}61 m I p 7}62 v
(p11—k1)2v + (pll_k2)2’Y ] ur(p1)

iM = fieQGj_”(k1)6tu(k2)ﬂR(p2) |"Y
[5.5.39]

. our(p2)yuur(k)ur (pr)vour (ko) _ bk u #u §
= e /(2 F1)(pr - Ka) r(p2) lV — 7 t7 a ] ] ur(p1)
LB,

[5.5.30] D& 1 I,

4/ (p2 - k1) (p1 - k2)

- _%ER(pz) [ur (k2)ur(p1) +ur(pr)ur(ks)]

ER<p2)’VMU/R(k1)uL(pl),YVuL(kQ)ﬂ (p2) ['7Vp1 ; kl ’7”1 ( )

(pl

X [ur(p1)ur(p1) +ur(p1)@r(p1)
X [ur(p2)ur (k1) +ur(ki)ur(p2)] ur(

ut
x [ur (k1)L (k1) + ur(k1)ur(ky

) [5.5.40]
X [ur(p2)ur (k1) +ur(k1)ur(p2)] ur(p1)

1
] Pl)
2 (p) [u (ko)L (p1) + ur(p2) TR (k)]
1
] pP1

= — 2 U (o) (ko) (o2 (1) TR (91 g (p2) L (Y (1)

ut
+ %ﬂR(p2)UL(k2)ﬂL (p1)ur(k1)ur(k1)ur (p2)ur (ki) ur(pr)

2 2
(P2, k2)t(p1,p1)s(p1,p2)t(k1,p1) + — (P2, k2)t(p1, k1)s(k1, p2)t(ki, p1)

s —s
ut ut

2
= &5(172’k2)t<p17kl)s(klap2)t(klapl)-

*7 e(k1) DEEIC p2, e(ke) DEEIC py 2flio7e
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Problem 5.6

kI, [5.5.39] O 2 THIZ,

ur(p2)vuur(ki)urn(p1)vourn(ke) _ WP ko "
4/ (p2 - k1) (p1 - k2) nlrz) [7 1 w ] nte)

= ) [ (p2)7in () + (b V(o)
X [ur(p1)ar(p1) + ur(p1)ur(p1))
X [ur,(k2)ur (p1) + ur(p1)ur(k2)] ur(p1)

+ %ER(pz) [ur, (p2)tr (k1) +ur(ki)ur(pe2)]

x [ug, (Ka)ur (k2) + ur (k)in (ko) [5-541]
x [ur, (k2)ur(p1) + ur(p1)ur(k2)] ur(p1)

= (s (p2 T (ks Y (kY (1)
+ %ER(Pz)UL(Pz)ﬂL(kl)UR(k‘z)ﬂR(kz)uL(kz)ﬂL(m)uR(m)
= —%S(Pz,]?z)t(khpl)s(ph k2)t(p1,p1) + %S(Pzapz)t(kl, k2)s(ka, ka2)t(p1,p1)
=0.
[5.5.39][5.5.40][5.5.41] %5

. _ .5 2
iM(eger = y47-) = —Z€2E3(P2, k2)t(p1, k1)s(k1, p2)t(ki,p1)- [5.5.42]

[5.5.30][5.5.34][5.5.38][5.5.42] 75,

_ _ 64
IM(epef; = v-74)I” = IM(egef = 147-)1* = 647%2 (p2 - k2)(p1 - k1) (k1 - p2) (k1 - p1)
= 4642,
u

_ _ 4
IMlepef = v47-) P = IM(egef — v-ys)* = €4W(p2 k1) (p1 - k2) (ko - p2)(ka - p1)

= 4649.
t

> T,

iz Z |IM|? = 2¢* (?wLi)

spin polarization

PR S BT 1UE, (4.85) 205

do |M|? o? (u t\  a*l+cos’
s sin?0

t U

A 64m2E.,2  2s

>,
do 2w 1+ cos? 6

dcos s sin? 0
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Chapter 6

Radiative Corrections: Introduction

6.3 The Electron Vertex Function: Evaluation
(6.44)
BroMEEp, p' =p+q X2V,
PP =p+q?=m’

DRSS B, EHBIT
2p-q+q° =0

BoabH. IHIT,
r+y+z=1.

£-7T,

= A= (k+yq—2p)+zyg® — (1 - 2)*m?

=k +y?¢® + 2%p* + 2yk - q — 2yzp - q — 22k - p+ 2yg® — (1 — 2)?m?

= k% 4+ 2k - (yq — 2p) + y2¢* + 2°p* — 2yzp - q + 2yq® — (1 — 2)*m?
=k +2k- (yq — 2p) + y(x +y)q° — 2yzp- ¢+ {2° — (1 — 2)°}m?
= k% 4+ 2k (yqg — 2p) + y(z + 9)¢* + yz¢® + (22 — 1)m?

=k +2k-(yg—2p) +y(x + y + 2)¢ + (z —x — y)m?

=k + 2k - (yq — 2p) + yq* + zm® — (z + y)m*

= k> +2k - (yg — 2p) + yq* + 2p° — (x + y)m®

=D —je.

p.191 HEEDI

(6.38) DREAZERk % | =k +yq— 2p ICEET 3, (6.38) I

aie ) [By ' +mAt = 2mk + )] u(p)

1
-2
2ie /0 d:cdydzd(:c+y+zl)/(2ﬂ)4 3

49
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p.192 D

L s, (BOEVIZED S R WHIPHT; — XKL T2) 72 RL BT 5.
ZZT
k=0—yqg+zp=f+a, K =k+q=:0+b

LB<
Byl = (£ + " (L +B) = 1L+ "B+ gL+ B

EBBH, B = L,y h DT, (6.45) 5 EROE 2, 3THORIZ 0 TH B, EoT,

— (L + gy P

= A+ (—yg + z2p)y" (1= y)d + 2p)

= 729" = A"y + (—ygd + 2p)y" (1 = y)d + zp)
= 200f — AL+ (—yd + 2p)v" (1 = y)d + zp)

= 200"y, — Y + (—yg + 2Py (1 — y)gd + 2p).

(6.46) 225
— 2%9’“’62% — A2+ (—yg + 2p)y" (1 = y)g + zp)
= %7“52 =V + (—yd + 2PV (1= y)d + 2p)
= 3O (g + 2 (- 9 + o).

Ak,

—2m(k + K" = =2m(20" + a" + b*) — —2m(a* + ") = —2m((1 — 2y)q" + 2zp").

p.192 FEDI
Dirac /=

pu(p) = mu(p), a(p")p’ =a(p)m, u(p’)gu(p)=0 [6.3.2]

s
a(p') —%52 + (—yd + 2PV (1L = y)g + zp) + m>+* — 2m((1 — 2y)g" + 2zp") | u(p)
ZREMET S (ZNDIBIEMED A 2 L2 EKT 2), 2HE 1L

(—yd + zp)7"[(1 — y)d + zp
=[~(y+2)d + 2 " [(1 — y)d + zp]
= [~y +2)¢ +z2m|vy"[(1 — y)¢ + zm]
= —(y+2)(1—ydr"d — z(y + 2)mgy* + 2(1 — y)my*¢ + 2>m>*4*
=—(y+2)(1 —y)(2¢" —"d)¢
— 2(y + 2)m(2¢" — ") + 2(1 — y)mytg + Zm>y*
==2(y +2)(1 —y)g"qg + (y + 2)(1 — y)v"dd
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p.192 D

—2z(y + z)mg" + 2(y + 2)myg + 2(1 — y)my"¢ + ZmyH
=20y +2)(1-y)g"d+ (y + 2)(1 — y)y"q
—22(y + 2)mg" + z(1 + 2)my"'¢ + 22m2yH,
a(p')gu(p) = 0 % DT,
= (y+2) (1 —y)"e® = 2z(y + 2)mg" + z(1 + z)mry"d + 2*m>4.
Vi =AY ) = AP - m) = (0 —mat) = (27— Pt = ma) = 2 = 2myt RO,
= (y+2)(1 —y)y"q* — 22(y + 2)mg" + z(1 + 2)m(2p™ — 2mA*) + 22m?y*
= (y+2) (1 = y)"e® = 2z(y + 2)mg" + 2z(1 + 2)mp'" — 22(1 + 2)ym*y* + 22m>#
= (1—2)(1 —y)"q* — 22(y + 2)mg" + 22(1 + 2)mp’™ + (=22 — 2*)m**.

fbDIH D ffE i

- %52 + (—yd + 2P (1 = y)d + 2p) + m*y* — 2m((1 — 2y)g" + 22p")

fﬂﬁ
2
+ (1= 2)(1 = y)"e® — 22(y + 2)mg" + 22(1 + z)mp™ + (=22 — 2°)m*y*

+mPy* = 2m((1 — 2y)q" + 2zp*)

m
= L+ (1= 2) (1 -y + (L - 22— 2)m?y
—2z(y + 2)mg" + 22(1 + z)mp™ — 2(1 — 2y)mqg" — 4zmp.
2fTHOE D Z5H$ 5 ¢
—22(y + 2)mg* + 2z(1 + z)mp™* — 2(1 — 2y)mg" — 4zmp*
= —4zmp" + 22(1 + 2)mp™ — 22(y + 2)mg" — 2(1 — 2y)mq*
= —dzmp" + 2z(1 4+ 2)m(p" + ¢") — 22(y + 2z)mqg" — 2(1 — 2y)mg"
=2z(z — I)mp" 4+ 2z(1 + 2)mq" — 2z(y + z)mg" — 2(1 — 2y)mg"
=2z(z — 1)mp" + 22(1 — y)mg" — 2(1 — 2y)mg"
=2z(z — )mp" + z(z — 1)mg" — z(z — 1)mg" + 22(1 — y)mg" — 2(1 — 2y)mg"
= z(z = 1)m(2p" + ¢") — 2(z — I)mg" + 22(1 — y)mg" — 2(1 — 2y)mg"
=" +p") -mz(z — 1)+ ¢ -m(—2* + 2+ 22 — 2yz — 2 + 4y)
= (" +p")-mz(z — 1)+ ¢* -m(—2* + 32 — 2yz — 2 + 4y).
REDI T2 HT 5 -

—22 4 32— 2z —2+44y=—2(1—x—y)+32—2yz — 2+ 4y
=zz—yz+4y+2z -2
=zz—yz+4y+21—x—y)—2
=xz—yz—2x+2y
=(z=2)(= —y)

[6.3.4][6.3.5][6.3.6] 75

m
—%52 + (1 —2) (1 =y + (1 =22 = 2)mP>y# + (P +p*) -mz(z = 1) + ¢ - m(z - 2)(z
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[6.3.4]

[6.3.5]

[6.3.6]
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Problem 6.1: Rosenbluth formula

Problems

Problem 6.1: Rosenbluth formula

BT LB TORELZEZ 5.
e ) " pt
e,
C
Y41
e p*
BETOHRIZ0, B roERIE M LT2%, A YOFHER S A ZRIE I

.JM»—*

Z [%Pl ’71/% ]

x Tr KW(E + ) — WF2> (p, + M) (’y”(Fl + ) — W&) (o + M)}

TH5. 120D L—RFRDLIHICEHHETES :
Trlyup, whi] = 4lp1ukr + k1upre — g (p1 - k1))
200D b L —RATIEFELDIFL Y < TVMERMEE N SHE
Trl---] = (F1 + F2)? Tr(v"p, 7" Ks) + Fo*(p2 + ka)" (pa2 + k2)”

F 2
+ M2(F1 + F2)2 TI‘(’Y“’YV) + A2 (p2 + kg) (p2 + kQ)V Tr(pzkz)

- %F2(F1 + F2)(p2 + k2)” Tr(v'p,) — §F2(F1 + F2)(p2 + k2)” Tr(y"k,)

— SBFL F)(pa + k) Tr(p,) — S Fa(Fy + Fo)(pa + o) Tr(y" k)

= 4(Fy + F)?[ph kY + kb ps — g™ (p2 - ka)] + F2® (pa + ka)" (p2 + k2)”
F 2
FAMP(F 4 BP0 3 k)02 + R (2 4 R
— AF5(Fy + Fy)(p2 + k2)" (p2 + k2)”
= 4(Fy + F)?[ph kY + kzpz — g™ (p2 - k2)]

+AM?(Fy + Fy)*g"

F:
+ | Bo 4 7 (pa - ka) — AFS(Fy + Fo) | (p2 + ko) (pa + ka)”.

INsofizRkDd 2, 1HHIZ

[p1pk1y + k1upie — guw(p1 - k1)][p LEY + khph — g" (p2 - k2)]
= [plp,klu + klp,plu} [png kzpz]
= 2(p1 - p2) (k1 - k2) + 2(p1 - k2) (k1 - p2).
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Problem 6.1: Rosenbluth formula

2EA X
D1k + k11 — 9w (D1 - k1)]g" = —2(p1 - k1).
3HEE X
[plﬂklu + kl/tplu - g/tv(pl . kl)](p2 + kz)“(}b + k2)y
= 2p1 - (p2 + k2)k1 - (P2 + k2) — (p1 - k1) (p2 + k2)?
=2p1 - (p2 + ka)k1 - (p2 + k2) — 2M?(p1 - k1) — 2(p1 - k1) (p2 - k2).
M Eds,
Z M| = F1 + F2)*[(p1 - p2) (k1 - k2) + (p1 - ko) (k1 - p2) — M2 (p1 - ka))]
splns
2 Fy? [6.3.7]
+ qi [Fz + W( g - ko) — AFy(Fy + F3)

X [p1 - (p2 + k2)k1 - (p2 + k) — M*(py - k1) — (p1 - k1) (p2 - k2)).
22T, DI L TV R ERRL S H B
= (E,0,0, ), k' = (E', E'sin6,0, E’ cos ), ph = (M,0,0,0).

p1+pe =k +k 25
ME
ky =(M+FE—FE',—FE'sin6,0,E — E' cosf), E=—
M + 2Esin“ /2
q=p1— kl 72;:0)?‘,
@ =pi°+ki®—2p1- k1= —2p1 k.
> T,
(p1 - p2)(k1 - k2) = ME(ME' + EE' — EE' cosf)
= MEE' (M + 2Esin®6/2)

_ M2E2
(p1 - k2)(ky-p2) = (ME — EE' + EE' cos) M E’
=ME'MEFE'
— MQE/Q
1
p1-kr = —§q2.
PLEA 6, [6.3.7) O 1 HIX
8et 9 9
— (F1 + F2)7[(p1 - p2) (k1 - k2) + (p1 - k2) (k1 - p2) — M= (p1 - k1)]
464M2

(F1 + F»)?[2E? + 2B + ¢%).

q=ko —ps DT,
e
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Problem 6.1: Rosenbluth formula

#->TC,
2 F22
Fy +W(P2-k2)—4F2(F1+F2)
F2 2
_ 2 2 2 g
- +W<M —2)—4F2(F1+F2)
F22q2
= -2 (2R F, + F,?
( 12 + o7 + e
KX
p1- (p2+ k2)k1 - (p2 + k2) — M?(p1 - k1) — (p1 - k1) (p2 - ko)
¢ 7\ ¢
=M(E+E)M(E+E')+ M25 + <M2 — 2) 5

4
— A2 \2 2 4
=M [(EJrE) +4q 4M2]

2135, ChHhs, [6.3.7) OF 2 HIZ

2¢et F,?
7 |:F22 + ﬁ(pz ko) — AF>(F1 + F2)]

X [p1+ (P2 + ka)k1 - (p2 + ko) — M?(p1 - k1) — (p1 - k1) (2 - k2)]

464M2 4 F2 2
det M? s o ¢ ) , B2
= {(EJFE’) +q —4M2} <(F1+F2) - F 4+ 4M2).
MED»G,
1 2 et M? 210 2 2 2
12|M| - (Fy + F»)*[2E? + 2E” + ¢?]
spins
4€4M2 r 9 ) q4 b 9 5 F22q2
_ q4 _(E'FE/) +q _74M2_ ((F1+F2) — F*+ 4M2>
4 4M2 4
= € — (F1+ F)? [2E2+2E'2—(E+E’)2+ 4?\42]
q
4€4M2 r q4 ] F22q2
_ E E/ 2 2 _F2
= _( +E)? 4¢ e R TE
4 4M2 4
= €q4 (F1+F2)2 [(E_E/)2+41§]\42:|
464M2 q4 F2q2
E+E2+P - 2| (FR2-22 .
t [( +E) +¢q 4M2]<1 e

2T, pyrke=M?>+M(E—-E')=M?—-¢/2%DT,

_4
2M’

p1 -k =—¢*/2=EE'(1 —cosf) = 2EE'sin? /2 %2 DT,

E—-F =

0
¢®> = —4EF'sin? 3

54



Problem 6.1: Rosenbluth formula

NGz,
1 5 detM? 5 q*
= F, + F.
1 2 MP = (R g
4e' M? [ 2 2 / /.2 0 q4 2 F22q2
p _E + E'“ +2FE" — 4FFE'sin 3~ 4M2} (Fl - 4M2)
4€4M2 q4
= Fi + F,)?
7 (Fi + F3) Y
464M2 r o , 9 9 q4 9 F22q2
+ " _(E—E) +4EE' cos 2_4M2} (F1 - 4M2)
4e* M2 7 4e* M2 2¢? 0
= Fi + F,)? F? - 4FE' cos® =
p (Fr+ 1) o + p ( 1 4M2> cos” 3
4e* M2 9 q> , . o0 4e* M2 9 F2q? , o0
= q4 (Fl +F2) m <—4EE Sin 2) +T (F1 — 4M2>4EE COS 5
16e*M? , 9 q° 9 5 0 q> 9 . 90
= q4 FE |:<F1 —4M2F2 )COS 5_2M2(F1 +F2) Sin 2:|
16e* M3 E? q? 0 q? 0
_ F2_ 2 2V Fr 4 F>)2sin? 2
(M 1 2Esin?6/2) K Lt )COS 5 oy 1) sty
e*M(M + 2Esin” 6/2) 9 @ 50 q? 5 . 90
= E2sin’ 02 KFl Ve Py )cos 2~ (Fy + F5)“ sin }
167202 M (M + 2E sin?0/2) P .0 5 . o0
= B2 sin' 92 KFl ~ P Fy ) cos” 5~ oo (Fy + F5)“sin ] .
(A.56) » 5
g = AEM (277)64E1E2 4 = m D1 P2 1 2
1 d3ky 1

= - 25(E4+M—-E —E
4EM (27)24E'E 4 Mo (E + 2)

spins
1 FE'dcosfdE’1 5
= — E+ M — E' — Es).

kQ :pl +p2 — kl &@T‘,
|ko|? = E? + B> — 2EE’ cosé.

3561,
By? = |ky|?> + M? = M? + E? + E'* — 2EF' cos¥.
£,
do 1 E'dE’ 1 )
= - E+M—-E —E
dcosf  AEM | (2m)aEs 4 S;JM' OB+ 2)
1 E' 1 ) E»
" 4EM (27)4E, 4 szi;sw' Ey+ E' — Ecosf
11 E'

_ 1 2
T 327EM 4 S;JM‘ Es +E' — Ecosf
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Problem 6.3: Exotic contributuons to g — 2

11 ) E'
- 327TEMZS§S|M‘ E+ M — Ecos0

11 E'
= MP——
327TEM4S;S| | M +2Esin®60/2

11 1
= - M|?
327 4 Z' | (M 4 2Esin? 0/2)2

spins
1 167202 M ¢ 0 e 0
= — FQ_ F2 ‘27_7F F2‘.27
32r E2sin?0/2(M + 2Esin0/2) [( Ut >cos 5 2M2( 1+ F»)”sin 2}
7Ta2M 9 q2 ) ) 0 q2 Y o 0
 2E?sin" 0/2(M + 2E sin® 0/2) KFI RPTYER )C% 3~ g 1+ F2) sin 2} :
Problem 6.3: Exotic contributuons to g — 2
(a)
MEERDO NIV =7 )
Hin == 7h7
t \/i W/J

%BOT, TNEREEER g = \/V2 D Yukawa i (p.118).

p.189 DAKE & MRRICTHRATIEZ KD 2. EIUSRIE S 2 R 13

a(p')or* (p,p")u(p) =

D2 dt 1) [FArE 4w - m(E )] u()
2 / (2m)4 [(k —p)%2 — mp?](k'? — m2)(k? —m?2)
Thzons (MmO A 2 v u(p') - u(p) 1FEWET 3).
£7, RERkD S,
L =k+yq— zp, D =102 —A+ie A = —2yg® + (1 — 2)®m? + 2my,?
EBIE, FFRHE

2

D3

56



Problem 6.3: Exotic contributuons to g — 2 | (a)

RT3 T ZRD S,

Kot Mk = g™ + (" 9 ) = 2K9 + gyt = 2K+ (p — p)y" = 26" + (m — p)y”
= 2k" + 4" (m + p) — 2p* [6.3.8]
= 2k* + 2m~* — 2pH

L30T, [6.3.3] LEMRDFHEZITZIE
FAr ke +mP ™ + m(E " ++"F)
1
= =" (1= y)d + 2ph" (—yd + 2p) +my" + 2mk" 4 2mPy — 2mp”
Lhp, 2 IR

(- )g + 2ply" (—yd + 2p)

1=y = 2)g + =PIy (—vd + =p)
— [(L=y— 2)g + 2m]y¥ (—yg + 2m)
= —y(l —y—2) g+ 2(1 —y — 2)mgy" — yzmtg + 22mPy
—y(1 =y —2)(2¢" —=v'§)g + 2(1 — y — 2)m(2¢" — ) — yzmy™¢ + 2*m>+*
“2y(1 —y—2)g"d +y(1 —y — 2)v"d¢ +22(1 —y — z)mg" — 2(1 —y — 2)my"'¢
—yzmytq + 22m2~H
y(1—y = 2)7"¢* +22(1 —y — 2)mg" — 2(1 = 2)mA"'¢ + 2°m*+*
y(1 —y — 2)v"¢* +22(1 —y — 2)mg" — 2(1 — 2)m(2p"" — 2mAy*) + 22m24#
=y(l —y— 2)9"¢* +22(1 —y — 2)mgH — 22(1 — 2)mp* + 2(2 — 2)m>y*

= yaw“(f + 2zamgt — 22(1 — 2)mp* + 2(2 — 2)m>yH.

DI & ffe T, oFiF

= ——'y“EZ +yzyg? + 2zamgt — 22(1 — 2)mp™ + 2(2 — 2)m>y*
+m2yt 4 2mkH + 2m2yH — 2mp*

= _752 + (3422 — 2H)m? + xyq2_ A+ 2zamg" — 22(1 — 2)m(p" + ¢*)

+ om0 — yg + zp") — 2mpt

e -
=|-3 + (3422 — 2H)m? + ayg® | v + 2(2% — V)mp* + 2(2x — 2 + 2% — y)mg"

e _

= |-5 + B+ 2= taye®| 4"+ (7 = Omp" +p") + (2 = y)(1 + 2)mg"
c 2 2

= -3 + (3422 — 2H)m? + ayg® | v + (22 — Dm(p" + p'™).

Gordon [HZX % > TEF 1L,

£2
= {— + (3422 —2H)m* + xqu} A+ (22 = D)m(2mAt —ioctq,)

2
ZQ . v y
= [—2 + (14 2)*m? +$yq2] 7+ ZO’qu 2m*(1 — 2%).
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Problem 6.3: Exotic contributuons to g —2 | (c)

(6.33)(6.49) &

Fy( 2)i)\z/d%/ld dydz§(x + +z—l)#ﬁ( 2m*(1 = 2*)u(p)
=75 [yt ), Aol e VTR ’
A2 2m? [t Lo
—EW/O Gy dedtety e o) e e
(6.37) 15
-2
A2 o2m? [t -2
_7W/o dxdydzé(ff+y+z_1)(1—z)2m2+zmh2
RS /ld (1—2%(1 - 2)
T @2 Jo Ca= 27+ 2(mam)
(c)
IOV b =7 V1 i\
i
Hin =5 °
¢ ﬁawv G

DT, ZHUF vertex factor 25 \y°/v/2 @ QED (p.123).

p.189 LARE & [AIBRICTERAIE Z KR 2, ERNTHIG Y 2 iRl &

a(p")or* (p,p")u(p) =

i a1 [%’7“% + Py m (A + 7“%3)} 7> u(p)
2 / (2m)* [(k = p)? = ma?|(k? — m?)(k? —m?)

i [ dig Tl) {%"y“k +myt = m(f "+ 7“%)} u(p)

9 / (2m)* [(k —p)% — ma2] (K2 — m2)(k2 — m2)

ThEzZons (UBEMGORAE 2 v a(p') - u(p) BT 3).
7, RERD S,
{=k+yq— zp, D =107 —A+ie, A = —zyg® + (1 — 2)’m? + 2my°
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Problem 6.3: Exotic contributuons to g —2 | (c)

PAAIES

1
= —57“82 + yay g + 2zamg” — 22(1 — 2)mp'™ 4 2(2 — 2)m>~*
+ m2y* — 2mk* — 2m2y* + 2mpt
2 |
=|-5 - (z —1)*m? 4+ zyg® | v + 2zamg” — 22(1 — 2)m(p" + ¢*)
—2m(¢" — yg* + zpt) + 2mp"
02 |
=5~ (z = 1)°m? 4+ zyg® | " + 2(2 — 1)2mp" 4 2(zz — 2 + 2% + y)mg"
L - .
= =5 — =M oy V" 4 (2 = )Pmp" +p") + (@ - y)(z = m
2 _
= |-5 — =" +ayg’ | " + (2 = )?m0" +p)
62
= |[-5 — =D’ +ay?| " + (2 = 1)*m2my" —io™gy)
2 ot q
N _122 2 yn V_22 _12.
5t (2= 1)"m +ayg” | M+ = (=2mT) (2 - 1)
(6.33)(6.49) %5
i\2 d*v 2
Fy(g?) = 2 D) a(p) (—2m?) (2 — 1
(@) =5 [ G /dxdydza(x+y+z ) ) -2m) - )
A2 2m ! (2 —1)2
=—— dxdyd -1 .
5 (4W)2A T ay 25($+y+2 )—xyq2+(1—z)2m2+zma2
(6.37) 225
g—2
5 = Fy(¢* =0)
A2 om? [t (z —12)
=——— dxdyd -1
5 (477)2/0 T ay Z(S(I+y+2 )(1—z)2m2—|—zma2
_ AQ /1 d (1 — Z)3
T Sy TP A mafm)

/ dedydzf(x+y+2z—1) 1

/ dedydzé(x +y+2z—1)

2
(¢
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Chapter 7

Radiative Corrections: Some Formal
Developments

7.2 The LSZ Reduction formula

(7.45)

EHIZH 5 4 KSAHBIEREIC D W TREH T 5. LSZ fifIAR (7.42) 526

( 2_m2> (Hkg Z > (P1po| S [k1k2)

<1:[/d4$ie ) (]:[/d yie ) (Q T{p(x1)p(x2)d(y1)(y2)} [2)

P11 P2

ki1 ko
b1 P2
kq ko

(7.44) £ ZDHORH S

P1 D2

B " iz iz iz iz
- P12 —mZpe? —m2 k12 — m2 ke? — m2’

ki ke




7.3. THE OPTICAL THEOREM

UEN»S,
D1 D2
(p1po| S |k1ks) = (VZ)* @
k1 ko

7.3 The Optical Theorem
(7.53)

(7.52) DRI

A2 d3q 1 1
oM =" [ —— [ d¢°
oM 2 /(271')4/ ¢ (g—k/2)2 —m2 +ie(q+k/2)2 — m? +ie

— /\2/ d3q /d 0 1 1
T2 ) nt ) M QO k)22 — B+ ie (0 + KO/2)2 — B2 + i
ZTHEAOFM ET P IO THEITT 2, ZOBRIC, ¢° = —k°/2+ By — ic DREDEE DRI,

)\2/ d3q 1 —2mi
2 | (@)t (“k0 + Bg)? — E,° 2E,

iOM =

2 3
-5 [ o [ e g7 (-2 8((K/2 4+ ) = )

L%, fitoT, MEIRET % #EIR

1

e~ 22+ 0 =)

ERBET T EITEL W,

(7.55)

%7, . . .
—2ie
- — — 9
r+ie x—ie a2 +e€? mi6(@)

ThD, EBE, a<0<bTHITIUL,

b b/e +o0
1 1 1 1 1 T
——dr = — ——dr~ — ——dx = —
/ax2+62 * e/a/E 2r1™ e/,oo 2117 e

L%, [a,b] 02 EGERFIUTRNIE0 LB,
(751) Db LTl L 2 X I, stie TO M ONERMEZFIF TS, e EMUNRDT, kO +ie THHL
Th &, LB osnskzA

2 4
iSM(K°) = %/ (3754 /2= q10)2 o (—2mi) §((k/2 + q)* — m?)

Az,
i Dise M = i6 M(K° + i€) — io M(K° — ie)
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(7.58)~(7.59)

S d*q 1 B 1 }
N ?/ (2m)* | (k°/2 — ¢® +i€e/2)2 — Eg?2 (k)2 — ¢0 —ie/2)? — E4?
x (=2mi) 5((k/2 + q)* —m?)

B A2 d*q 1 1
=5 | G lwn—r e WA E}
x (=2mi) 5((k/2 + q)* —m?)

S / d*q 1 B 1 ]
T2 ) @)t (K2 - )2 —Eg2+ie  (k9/2—¢0)2 — E,2 —ie/2
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Chapter 9

Functional Methods

9.5 Functional Quantization of Spinor Fields
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Chapter 10

Systematics of Renormalization

10.3 Renormalization of Quantum Electrodynamics
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Problem 10.1: One-loop structure of QED
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Chapter 11

Renormalization and Symmetry

11.4 Computation of Effective Action

(11.67)

BB 122w T, Euler-Lagrange /iR %28 ( BEOZE 7y L Rk LT

5L[p,. .

] _ Llp+66,..)-Llo...]

00

oo

1 [0L oL
S N o IV P
5 L‘M» , <6(8m>)+ ] ¢

_ac_a(a£>
ROy

(0,00)%/2 % 2 BENTIUE, —025 BEoh 5.

84



85

Chapter 12

The Renormalization Group

12.1 Wilson's Approach to Renormalization Theory
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12.2. THE CALLAN-SYMANZIK EQUATION
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12.2 The Callan-Symanzik Equation
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12.5. EVOLUTION OF MASS PARAMETERS
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Problem 12.2: Beta function of the Gross-Neveu model
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Problem 12.2: Beta function of the Gross-Neveu model
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Problem 12.2: Beta function of the Gross-Neveu model
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Problem 12.2: Beta function of the Gross-Neveu model
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Problem 12.2: Beta function of the Gross-Neveu model
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Chapter 13
Critical Exponents and Scalar Field Theory
13.3 The Nonlinear Sigma Model
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Final Project |I: The Coleman-Weinberg
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Chapter 15

Non-Abelian Gauge Invariance

15.3 The Gauge-Invariant Wilson Loop
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Chapter 16

Quantization of Non-Abelian Gauge Theories

16.3 Ghosts and Unitarity
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— g [(P—2q)* +2(P — 2q) - q]’
— (P —2q)?(2P + (1 — 22)q)*(2P + (1 — 22)q)”
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+( ) (P —=(z+1)g)(2P + (1 - 2z)9)" (P — 2q)”
+ (P —zq)- (P+(2—12)q)(—P+ (z+1)g)"(P —zq)”
+ ( ) (P+(2—2)q)(P—xq)" (2P + (1 - 2x)q)”
+

—(P*PY — xP"q" — 2¢"P" 4 2%¢"q") [P2 —2xz+1)P-q+ (z+ 1)2q2]
— g™ [P*=2(x—1)P q+az(z—2)q ]2
— (P* —22P - q+ 2*¢*)[AP"PY 4 2(1 — 2x)(P"q" + ¢"P") + (1 — 2x)%¢"q"]

¢

+(P? = (22 4+ 1)P - q+ z(x + 1)¢*)(2P*P¥ — 20P"¢" + (1 — 2z)¢" P” — x(1 — 2x)¢"q")
+ (P?+2(1 —2)P-q—2(2 — 2)¢*)(—=P"P" + 2P"¢" + (z + 1)¢"P" — z(x + 1)¢"¢")
+(P?+2(1—2)P-q—2(2—2)¢*)(2P"P” + (1 — 22)P"q" — 22¢" P" — x(1 — 22)¢"q")
+(nev)
— —P?PHPY — ( +1)°¢*PHP" — 2%¢'q" P?
2 (x +1)%°¢*q"q" — 2x(z + 1)q, P (P" " + ¢"P")
[(P2) +4(z — 1)2qpq, PP P7 + 2z(2x — 2)¢* P? + 2° (2 — 2)%¢"]
— 4P?PMPY — 42°¢* P*PY — (1 — 22)%¢"q" P?
—2%(1 - 22)%¢*¢"¢” + 4z(1 — 22)q, PP (P"q" + ¢"P")
+(P? = 2z +1)P-q+x(x +1)¢*)[4P*P¥ + (1 — 4x)(P"q" + ¢"P") — 2x(1 — 2x)q"q"]
+ (P?+2(1 —2)P-q—x(2 — 2)¢*)[-2P*P" + (22 + 1)(P"q" + ¢"P") — 2z(x + 1)¢"¢"]
+ (P?+2(1 —2)P-q—x(2 — 2)¢*)[AP*P" + (1 — 4x)(P"q" + ¢"P") — 2x(1 — 2x)q"q"]
= —P?P'PY — (z +1)*¢° P*P" — 2°¢"¢" P?
—a?(z +1)%¢°¢"q" — 2z(z +1)q, P*(P"q” + ¢"P")
— g™ [(P*)? + 4(z — 1)°qyqo P* P + 22(z — 2)¢° P? + 2°(z — 2)°¢"]
— 4P?PHFPY — 42%¢? PP PY — (1 — 2x)%¢"q" P?
—2%(1 - 22)%¢*¢"q” + 4z (1 — 22)q, PP (P"q" + ¢"P")
+ (2P% + (1 —42)P - q + 2(22 — 1)¢*)[4P*P” + (1 — 4x)(P"q" + ¢"P") — 2x(1 — 2x)q"q"]
+(P?+2(1—2)P-q—2(2 — 2)¢*)[-2P"P” + (22 + 1)(P"¢" + ¢"P") — 2z(x + 1)¢"q"]
— —P?prpv — ( +1)2¢*P*PY — 2% q" P?
o®(x +1)%¢*¢"q" — 2x(x +1)q, P*(P"q” + ¢"P")
[(PQ) +4(z — 1)°qyq, PP + 2z(z — 2)¢> P + 2% (z — 2)%¢"]
— 4P?PMPY — 42°¢* P*PY — (1 — 22)%¢"q" P?
—2%(1 - 22)*¢*¢"q" + 4x(1 — 22)q, P (P"q" + ¢"P")
+ 8P2PFPY + 4x(2x — 1)¢* P*P¥ — 4x(1 — 2x)q"q" P?
+22%(1 — 22)%¢*q"q” + (1 — 4x)?q, PP (P" " + ¢ P")
—2P?PMPY 4 22(2 — 2)¢* P*P¥ — 2x(z + 1)¢"q" P?
+22%(2 — z)(z + 1)¢°q"q” + 2(1 — x)(2x + 1)q, PP (P"q" + ¢"P")
= —g" [(P?)* + 4(z — 1)%qpqo P’ P° + 2z(z — 2)¢°P* + 2*(z — 2)°¢"]
— P?PrpY — (g: +1)2¢*PHPY — 2%t q" P?
o®(x +1)%¢*¢"q" — 2(x +1)q, P*(P"q" + ¢"P")
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—4P?P*PY — 42> P* P — (1 — 2z)%¢"¢" P*
—2*(1 - 22)%¢*q"¢" + 4z (1 — 22)q, PP (P"q" + ¢"P")
+ 8P2PFPY + 4x(2x — 1)¢* P*P¥ — 4x(1 — 2x)q"q" P?
+22%(1 - 22)°¢%¢"q” + (1 — 42)?q, P’ (P"¢" + ¢"P")
— 2P?PHPY + 2(2 — x)* P* P¥ — 2z(x + 1)¢"¢" P*
+22%(2 — x)(z + 1)¢°q"q” + 2(1 — x)(2x + 1)q, PP (P"q" + ¢"P")
= —g" [(P*)? + 4(x — 1)°qpqo PPP7 + 2(x — 2)¢* P* + 2* (2 — 2)°¢"]
+ P2PEPY 4 (22 — 20 — 1) P*PY + (2% — 22 — 1)¢"¢q" P?
+22(z — 2)%¢*¢"q” + (22* — 4z + 3)q, P (P"q” + ¢"P")

po
— —g" [(P2)2 +4(x — 1)2qpq097

P? 4 22(x — 2)¢*P% + 22(z — 2)2(]4]
+ P?PHPY + (2® — 22 — 1)(]2%1:’2 + (2% — 22 — 1)¢"¢" P?
+ 2% (z — 2)%¢*q"q” + (22° — 4z + 3)q, (q”%:pP2 + q“ilpPQ)
= —g" {(P2)2 + {3(95 - 1)+ 22(z — 2)} ¢P? + 2% (z — 2)2q4]
+ P2PrPY + (22 — 22 — 1)(]2%P2 + (2® — 22 — 1)¢"¢" P?
+ 2%z —2)°¢*¢"q" + 2(23&2 — 4dx + 3)q"q" P

= P?PrPY — g (P?)? — g {;(3302 — 62 +5) + 2x(z — 2)} q*P?

2
+ {d(2x2 — 4z +3) + (a® — 22 — 1)} ¢"q"P? — 2*(z — 2)°¢* (9" ¢* — ¢"¢").

BB DI IZRT T U HIRAE

dP —z%(x —2)%¢?

1
e R = s

2 BDT, ZNBEIZE LW,
DLED S (16.62) iChb 2 FaHI %

1 d
201 0@ [ dr(1—a) [ G

% |:P2Pupv_g;w(P2>2 _gpy{

ISHE

+ {3(2x2 — 4z +3)+ (x2 — 2z — 1)} q”q”Pz]
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(16.65) DIELE
(16.63) 1%

1 ddp —i DD
= o — 1 _ pPLrro 6CL‘l i 2
[fabEfcde(gungU _ guagup) + facefbde (guz/gpa _ guogl/p) + fadEfbce (g;ujgpa o gupgya)}

2 d
_ 974 d°p PpPo cca
= (16.65) + 201 g)/(%)d b

% [fabefcde (gupgua gp,ngup) + facefbde( /wgpa _ g,mr 1/[)) + fadefbce (g/wgprr _ g/L[)gVO')}

2
g dp ppU ace ce v _po Lo U v  po up Vo
:(16.65)+5(1—§)/(27r) POl g g7 — g7 g + g g — g g

dp 1

= (16.65) + g*(1 - 5)02(0)5ab/ nyipi 97 7]
d n .2 d v
= (16.65) + g*(1 — €)Ca(G)o** / él;))dgpf — g*(1 - 6)Cx(G)s / (igdppf :

‘2/01‘“ /(i?M

[P? —22P-q+2°¢°] [P*+2(1 —2)P - q+ (1 — 2)°¢°]

1 d
d*p 1
2 [ d e
- / o /(2 )7 [PT— AP
x [(P?)? 4 (22% — 22 4+ 1)¢°P? — 4x(1 — 2)q,q, P’ P° + 2*(1 — x)%¢"]

dp 1
— 2/0 dx (1 _x)/(27r)d[P2 BYNE
po
X {(Pz)2 + (222 — 22 4+ 1)¢*P? — 4x(1 — av)qpqgg—P2 +2%(1 — x)%¢*

d
—>2/ dx 1—x/(dd) [PQIA]S
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X {(PQ)2 + {(2x2 —2x+1)— %m(l - x)} P+ 22(1 — 2)%¢*| .
3 HORY X
d’p ptp”
/ (2m)d pt
_ / d'p p'p” (p+q)°
(

2m)d pt (p+q)?

e d'p pp”(p+ q)*
=2 [t [ G R R

1 d’p (P —2q)"(P —zq)"(P + (1 - z)q)*
/ dz (1 - x)/ (2m)d (P2 —AJ3

‘2/‘“’ /(?ﬁ

P”P” —(P"q" + ¢"P") + 2%¢Mq ] [P24+2(1 —2)q- P+ (1—2)%¢]

1 d’p 1
2 dx (1 — —— %
- / 200 | G
% I:P2P;LPD+(1_x)2q2P/LPV+x2q/LqVP2

+ x2(1 - x)Qq“q”q2 —2z(1 —x)q,P?(P"¢" + q”P”)}

! dp 1
—>2/0 clac(l—yc)/wi[PZiA]3

X |:P2P,U,Pl/+( )2 di P2+$ q qI/P2

2 2 uov 2 L 9" o “gyp 2
+2°(1-2)°¢"q"q" — 22(1 —2)q, ( ¢" =P~ +¢"=—P

) ) dd 1 d d
2/“l”“ x/( 2m) [P? — AP

4
X [PQP”P” +(1- x)qu%PQ + 22qHq" P? + 2°(1 — 2)%¢"¢" ¢* — &z(l — x)q"q”Pz}

! dp 1
%2/0 dx(lx)/(gﬂ)d[p2_A]3
1 4
« [PQPuPu+guud(1 —x)2q2P2 + {:L‘2 _ EI(I —l')}qquPQ—i—CEQ(l —x)Qq“q”qQ} )
P25 (16.65) Il 3 TE I

1 d
201~ Co@)0" [ do(1—a) [ ot

4
X [g”“(PQ)2 + g"” {(2x2 —2x+1)— ax(l - x)} 2P 4 g"a?(1 - x)2q4}
! dp 1
_ 201 ab o R
201 - Ca@)0" [ o (1—a) [ Bt
% |:P2P,upv _i_guué(l _ x)2q2P2 + {xQ _ gx(l _ x)} quqz/PQ +x2(1 _ x)2ququq2]
dp 1

=221 - C@" [ do(1—a) [ G
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1
X [—PZ'P#P" + g (P32 4 g {(2332 —2r+1)+ 5(3“32 —2x — 1)} ¢ P?
2 4 n v p2 2 2 20 2 v Tz
—qT —Ex(l—fc) q"q"P*+z°(1 - 2)°¢"(¢"g"" — ¢"4") | -

B DIA

d%p 22(1 — 2)%¢?
2 _ ab _

2g7(1 = §)Ca(G)6*( /da: /27T)d [Pz AJ3
FERZDT, ThDEZEZ R, DLE»S, (16.65) I2hhb 2 FEH0HIE

2 a [* d L
271~ CO [ ar1—a) [ AL L

1
« |:_P2Pppu_’_guu(P2)2+gNV{(2x2_2x+1)+d(3x2 — 2 — 1)}Q2P2

- {1’2 - %x(l - x)} q"q”Pz} .
[16.5.3] &£ [16.5.5) # R LT, =YX BEIE (09 LFHET 2H7) &

) o [ d'p 1
2521 - 905 [ ar(-a) [ LA
X {PQP“P” — g"(P?*)?* — ’“’{(11(3x2—6x—|—5)—|—2x(3:—2)}q2p2

2
+ {d(2x2 —4x 4 3) + (22 — 22 — 1)} q“q”PQ]

1 d
+29%(1 - é)Cz(G)é‘“’/o da (1 - w)/ (;lﬂ-l))d ﬁ

% |:P2P/,LPV + gp,l/(PQ)Q + gt {(29:2 —2x+1)+ é(i}xz — 2 — 1)} > P?
_ {3;2 — gx(l — a:)} q“q"lﬂ]
w1 d*'p 1
2P -gce [aa-a [ S8 L

X {g’“’ {(Qx +1) + %(2:5 - 3)} ¢*P? - {(2x +1) + %(Qx - 3)} q“q”Pz}

1
=2¢%(1 — €)C2(G)6* (¢* g™ — ququ)/o dz (1 — z) {(2:5 +1)+ %(Qx - 3)}
‘p  P?
< G
= 2¢%(1 — €)Cx(G)5°* (¢*g" — ququ)/o dz (1 —z) {(230 +1)+ %(2$ - 3)}

i dT(2-d/2) 2ar
“An)dZ2 T 1(3) <A>
2ig?

= (1 - OCCN e — ")

1 2 F(2_d/2)
X/o dx(l—x){(2x+1)+d(2x_3)}w
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2
. v v\ sa —g _1+£
~i(g*g" — q"q")5" ()2

(16.71) & thRT

ETNERWZ L3005,

(16.88)
(10.36) DRI TEREL 72 X I 12,
Yo = V2o, Al =/Zg A",
(16.86) D 2 HIZ
Po(id —mo)o = Zop (i) — mo)yp = (i) — m)p + P(i0ad — 6,0 )0
FADOH 1 EZ (16.34), 52 TE (16.87) Ic& s, fibd FEE,

16.6 Asymptotic Freedom: The Background Field Method

(16.99)
F7 7TV (16.98) AL Z LaEDD 5. BEERBL (1°) 4. = if20 25
A% = Af + A%, Dt = DI+ fUCAD = 0,0% + fAD,

L5, Al %

A — A%+ AL+ (DB)* — [BPAG
= AS + A%+ DiBe — fUBOAD
= Af 4+ AS 4 (9,87 + [fUCAL) B+ fUBA,
= Al AL+ (0,0 + fOAL + fUOAL)BC
= A% + (9,0% + f*°AL)p°
= A% + Doepe
= AZ + (D/tﬂ)a
= A% + 0,8 + foe AL .

fermion
VDI INADY X AES

wa N dja + iﬂb(tbw)a _ Q/Ja + iﬁb(tb)acwc — wa o fabcgbwc.
(15.30) EFIERIC7 2V S 4 v DIBWITIE7 2V S 4 v LM USR5, 2R,
(D) = Djycye
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_ (a#(sac + fabcAZ)wc
_ aﬂwa + fabcAZ,lpc
N 8u(¢a _ fabcﬂb¢c) + fabc(AZ +8/J,ﬁb + fbdeAZﬁe)(wc _ fcfgﬁfwg)
~ Mwa o fabc’(auﬂb)wc _ fabCﬂbaM,(/}c
+ fabc [AZZ/)C + (a}uﬂb)wc + fbdefi;itﬂewc . A‘chfgﬂfwg}
_ Hwa _ fachbaM¢c + fabc [Ach + fbdegzﬁewc _ AZfogﬁj¢9:|
_ ,u'l/)a + fabc/ill;q/}c o fabcl_}bauwc + fabCfbdeAﬁﬂed}c o fabc]ccngZﬂfwg
_ (Duw)a . fdbCﬂba#wc + fabCfbdeAiﬁewc o fddbfb&@ﬁiﬁewc
_ (Duw)a _ fachbaﬂwc + (fabc]cbde + febCfadb)AZBewc.

Jacobi fHZ (15.70) 225

_ (Duw)a _ fabCﬂbau,(/}c _ fdbCfeabAzﬂewc
_ (Duw)a _ fab(:ﬂbau,(/}c _ fcdefabcAZBb,(/}e
_ (f)uw)a _ fabcﬁb(auwc + fcde;lzwe)

= (Du¢)a - fabcﬂb(bu¢)c

_ (5ac o fabcﬁb)(D#"l/))c~

(13.98) D7 =)L 3 &~ DIAHIZ

DU+ AP () ae)§ = PO + i fre AL e
GO(IDEAP + i fore ALy

(D 4 fobe AL )yiape

awubzcwc

= @amu(ﬁuwa

5 d(ged — pabdgby(gac _ fabegbyinn (P ap),
~ &d(écd _ bede _ fdbC/Bb)i’Y#(Buw)c

= 6°tiy* (D).

= JJCZ"YH(DM/’)C

I R | |
< €y

D TARE,
ghost
T—A DA T 2V AV EFL
= o — fabcgbcc, (D#C)a — (DHC)Q _ fabcﬁb(DuC)c
RDT
(D2)accc + (Du)abfbchiCc
_ ab nbe ¢ ab pbde 4d ¢
= (DH)*D e + (D")* 7 A e
_ ab be bde qd\ ¢
= (D*)*(D, + f* AL
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_ (Du)abbzccc

= (0, §ab 4 fadbAd)(Duc)b
[ §ab fadb(Ad +aﬂﬁd fdefAZBf)] (§bg _ fbhgﬁh)(buc)g
) 6ab fadbAd fadb( uﬁd fdefAeﬁf)] (5bg _ fbhgﬁh)(ﬁp,c)g
Dab + fadb( Hﬁd) + fadbfdefAeﬁf] (5bg fbhgﬁh)([),uc)g

Dy# + f19(0,87) + foto f2d AT — fU9(D)B"] (DFe)?

D9+ f299(0uBY) + foU0 1T AL BT — 199,070 + 0P AL)B"] (D e)

(9u8%) +

fadg Hﬁd) fadgfdefAZﬁf _ fahg (aﬂﬁh) _ fahgﬁhaﬂ _ fbhgfachth] (Duc)g

D fabgfbefAer fathha _ fbfgfaebAZBf] (Euc)g
Dag fabgfbef + ffbgfaeb)Ap ﬁf fahgﬁhau] (f),uc)g

= [0
=
~ Dy
=
[ D% 4 fedo(p fadgfdefAZBf — foh9(9,)8" — fbhgfachzﬁh] (DFe)
= D}
=
= [Dyi
[ng febgffabAe/Bf fahgﬂhau] (DFe)s.

(16.98) D I'— A  DHIZ

& [(D2)ect + (Du)abfbchjiLcc}
(59¢ — fadegd) [ng _ febgffabAiﬁf _ fahgﬂha#] (D¥c)s
(ng f-ebgffchZﬁf — fehaghy, — fachdng) (D"e)9
— [Dﬁg febgffchZﬂf — fedapgdy, — podegd (g, gas fabgAZ)] (D"e)9
— e [Deo — febgffchZﬁf _ fadc]cabgAZﬁd] (D¥c)s
[

"
— ¢ Dﬁg fEbgfbeAZﬂf _ fbfcfbegAZBf] (D"c)g
= ECDEQ(D”C)Q

D THA,

boson

KXY o0&z —2 FEFELD
Al AG — fUBRAS (DPAL) — (DR AT — fo BN (DM A,

BOT, 7= PEREOE (DFA,)Y)? b RE,

FS, = 0,A% — 0,A% + fo* AL AL = Ff, + (DAL — (DyAu)® + foeAb AS

Fi, = 0,A% — 9,A% + fc AL A
= Ou(AL + 0,8 + [ ALB) — O, (A], + 0B + [T AL
+ fAL + 0B+ fALB) (A + 0,8+ [ ALB)
~ Ay — 0,47 + fBY (LAY — D, A)) + fU(ALD, — A,0,)5°
+ fUCALAD + fC AL (0,5 + FIOALBY) + fU AL (0,8° + [P ALBY)
= 0, AL — 9, A% + o AV A
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+ f@bCﬁc(auAl; . 81,/12) + fabcfcfgfiz/lgﬂg + fabCfbdeAZAlc/Be
_ Fﬁu + fabcgc(aﬂﬁg _ aVAZ) + fabcfcngZAIJjﬂg + facffcbgAZAleﬁg
— Fﬁy + fabCﬁc(aMAi)’ _ 8,,14.2) + (fabcfc‘fg + fgbCfafC)AZAlf/ﬁg
= Fj, — [*°B2(0, A5 — 0, Ay) — [ foec A Al g
= F, — [ (0, A5 — 0,Af, + [ ALAY)

ra abe gb e
= FHV - f B FHV

(13.98) DR v DI
ra \2 a abc b~c [V ade pd opv
(F;u/) _>(Fp,1/_f 6 )(F‘u _f 6Féu)
(FSV)Q _ fabCﬁbFlfyF,uV fadeﬁdﬁvgyﬁve/_w

_ (FSV)Z o fabcﬂbFﬁyFéw . febaﬂbﬁﬁyﬁv;,u

Q

= (F,)?
I DTAZE,
(16.122)

RV Y A OBOEELS, (16.109) TERLZ LI I
(Ag )Y = =(D?)acg" + 2F, (T*7)™ (") ac-

% (a,p;c,v) ZWFET 5 4d(r) x 4d(r) TTHI LB Z 5,
(Agq)ky OIEGEEEGHRE (p TIRVT ) %

(Aa,)he (@)9) () = Vg (2) 9P ()

EBITE,

detAGl—HdetA01 HHV(p

XoT
logdet Ag1 = Z Zlog Vipy(z ZTr log Agq(x) = /ddx Trlog Ag.1(x)

:/dd (log Ag 1 (2))h"
N/ddw [log{1+(—52)_1(A“) +A® +A<J>)HW
/dd LAM 4 A 4 AW 4 ]W.

Zo9b AL 02 T LI
~ 5 [t (o1 Aot 1A )

9" 9v - -
— g [t (o] (-0%) A0 (-07) AL o
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:—z/ddx/(;ljf))d (@ (-0*) 1A (~%) 1Al e Ip)
_ / dio / (‘;f)jd (2] (~0%) ALY (—02) 1 [24Li0” + (10" AL)] (") aee P |p)
=2 [ate [ 8 [ SR o) o AL -0 e 2+ AL ) (P
=2 [ate [ B [ ) on) A o) e 0 ) 24 R AL
=2 fate [ 22 [ ) c0r) Al e 0 ) 2 AL
—2 [ats [ (;il)’d / g:f)cl<a:| (=)0 [24%00% + (10 A%)] (*)cae™ P )
(fpj,ff;Ab(k)(tb)dc

=2 fate [ 2 [ [ ) (-00) e A e

< 2+ 2k + ) (( bt ,f)L AL E)ea e

dip [ dik [ d o (2P + 2k + )
=2 [ate [ 555 [ e | Gy W1

AL @A)t

dk [ dq ; (2p + 2k + g)"
=9 | d%% / / / —i(p+k+q)-x
/ G )¢ 0+ k+q)°

2p+ k)Y ,
PEWAE Aji(q )Ab(k)( t*)ca(t")ac

/dd / dip / dok / diq itkaye (2P 2k + )"
(2m)d (p+k+q)?

2p+k)Y .
PENAEREIY )Ab( )(t")ea (") de

o [ [ s ) G220
- 2/(2W)d/(2ﬂ)d/(2ﬂ)d(2 ) 5 (k+Q) (p+k+q)2

O A AL () ()i

_ o [ [ d% @p AR PR 0 b e
- 2/( /( A% (—k) AL () Tr(t%).

2m)d J (2m)d p? (p+k)?

A @ 2 Fx EGHIET, Lorentz IFICOWT FL— A2 & (JP7)M (T, = Tr[TP° TP %
%5,
7 2V I F VY OBAE, Lorentz BT u=0,...,3 Db D IZ Dirac A/ VOBHTF a=1,...4 %E2 5,
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Problem 16.3: Counterterm relations

Problems

Problem 16.3: Counterterm relations

(b)
SRV VIEE3IODYA TSI L%ELD,

SRR kY (k —p)? DT, k=L+axp T, (> DEDADBFKT 2. 511!

(Num) = 2k gM kP + Ak gM pP + 2k%gHP kY — 3k gMPpY

+ 2k%g Pk — 3k2g" Pt — 8(k - p)g" p” — 2(k - p)g"* kY
+3(k - p)g"p” — 2(k - p)g" k" + 3(k - p)g"’p" + 10p°g"" k?
— P2 gMPkY — pPgPPkM 4+ 18kH KV kP — 9kH kP
+ 3kFp¥p?f — 9KV EPp* + 3KV pHpP — 6kPptp”

~ 2k2gM kP 4 AKZ MY pP 4 2k gHP Y — 3K gHPpY
+ 2k2g"P kM — 3K% g Ppt — 2(k - p)gHP kY
_ Q(k . p)gl’Pkl—L
+ 18kHEV kP — 9k kPpY
— 9K kPP

~ 29" (€ 4 xp)? (€ + xp)” + 49" (€ + zp)*p” + 2g"° (L + p)* (€ + xp)” — 3g"? (L + zp)*p”
+ 29" (€ + xp)* (€ + ap)* — 3¢" (£ + ap)*p" — 29"°p - (£ + ap)(€ + zp)”
—29"Pp - (€4 zp)(L + zp)!
+ 18(L+ xzp)* (£ + xzp)” (€ + xp)” — 9(L + xp)* (£ + xp)’p”
= 9(0 + zp)” (€ + xp)’p*

~ QQMV [xpp£2 + Qx(p . g)gp] + 4g/wpp£2 + qup[xpu£2 + 2x(p . f)ﬁl’] _ 3guppu€2
+ 29" [ap" € + 2a(p - O)*] = 3g"PpHL* — 29" (p - £)0” — 29”7 (p - £)0*
+ 18z (pHe¥eP + p" P LH + pPLrLY) — 9p¥ LHeP — 9pHev P

~ 3xglpPl? + 49" pP L% + 3w ghPpYl? — 3Pt (2
+ 3gippug2 _ 3gVﬂpug2 _ %guppl/ﬁ _ lgwpuﬁ

2
18z —9 18z —9
+7 T

9
1 guppug2 + guppuﬁ + ixg’“’ppfz

*1_ /src/py/NonAbelian_1loop.ipynb
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Problem 16.3: Counterterm relations | (c)

1 -2
- 5x2+ 8glwpp£2 T 30964 3(guppu + "2,
(c)
ARY VIEBE2ODI AT T I L%EZ S,

ap bv
ap bv ap bv

e\ fr
cp do cp do

cp do

12HDYA T 77 LiF

[fabgfefg (_gungz/)\ + gu)\gun) + faegfbfg (g/i)\guu - gumguk) + fafgfbeg (g/i)\g;u/ - gu)\gwc)]
X [fcdhfefh (_gpmga)\ + gpkgam) + fechffdh (gﬁx\gpa - gpnga)\) + fedhffch (gn)\gpa - gp)\gam)}
— 2fabgfcdhfefgfefhg,upgua _ QbeQdehfefoefthUgVP
+ fabgfechfefgffdhg#pgyo _ fabgfechfefgffdhg,uagup
_ fabgfedhfefgffchg#pguo' + fabgfedhfefgffchg,ua'gup
+ faegfbfgfcdhfefhg#pguo' o faegfbfgfcdhfefhgp,a'gup
+ 2faegfbfgfechffdhgp,l/gpa + faegfbfgfechffdhgp,pgua'
+ 2faegfbfgfedhffchgp,l/gpa + faegfbfgfedhffchgp,agup
o fafgfbegfcdhfefhgp,pgua + fafgfbegfcdhfefhg,u,agup
+ 2fafgfbegfechffdhgp,l/gpa + fafgfbegfechffdhguagup
+ 2fafgfbegfedhffchg,u1/gpa + fafgfbegfedhffchgupgl/a
_ 2fab9f0dhfefgf€fh(gHPgVU _ guagup)
+ (fabgfechfefgffdh o fabgfedhfefgffch)(gupg o _ guagup)
+ (faegfbfgfcdhfefh _ f-afgfbegf-cdhfefh)(gupgva _ guagup)
4 (faegfbfgfechffdh =+ fafgfbegfedhffch)(29,ulfgpa + gupgua)
4 (faegfbfgfedhffch 4 fafgfbegfechffdh)(Qgp,vgpa + guogup)
_ Qfabgfcdhfefgfefh(gupgua _ guagup)
+ 2fabgfechfefgffdh (g,upgua _ g,uo'gup)
+ Qfaegfbfgfcdhfefh (g,upgya _ g,ua'gup)
+ Qfaegfbfgfechffdh (2g,uugp0 + g,upgua')
+ 2faegfbfgfedhffch (2g,uugpa + g,uogup)
1f7HIZ
2fabgfcdhfefgfefh — 2fabgfcdhc2(G)5gh — 2fabgfcdgc2(G).

(16.79) %5

. a C aae gfe C 1 aoc
ZTr(thlétG) = fade pebf plde — _if b Cy(G) [16.6.6]
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Problem 16.3: Counterterm relations | (c)

DT, 21THIZ

Zfabgfechfefgffdh _ _2fabgfcehfhdfffeg _ fa,bgfcdgcf2 (G)
FRkIC 3fTH X

zfaegfbfgfcdhfefh — _2fcdhfaegfgbfffeh _ fcdhfabhc2 (G)

MED5,

= ACH(G) [ F (g — )
+ 2f0c9 fo19 pech pral(agh g7 4 gite g7
L 9fae9 blg pedh pfeh gy opo | g gvp)
= 4Cy(G) f*9 [ (g"0 g7 — g"7 g"?)
+ 2 Tr(t4 1t EtE) (29" 977 + 97 9"7)
+ 2 Tr(t 1t GtE) (29 977 + 97 g™").
RePER B I
(tg)ac = (t8)ie = (ifeba) = —ifeba = i fabe = (t5)ac

DT t& 1% Hermite {15, & 512 t&tht&,td 3F B DT

Tr(tgtgtatd) = (18)i (te)im (t6) &) = (1&)5 (6 1 (t6) 1 (tE)i:
= (t&)5i (&) rs (tG ) (18 )a [16.6.7]
= Tr(t&tdtétl,).
[16.6.6] & T
Co(G) [ £ = =2 Ta(tstety) 17 = =2 Tr(tete G, 1)) 1668
= 2 Tr(t&thtgtd) + 2 Tr(tathtdts,). o
£-T,

A2 THE ) + 2 T L)) (99" — 97 g")
+ 2 Tr(ttetets) (29" 97 + g7 g")
+ 2 Tr(tEtetetd) (29" 97 + 9" g™")

= TR AL) (20" P — 467" + 5P )
+ 2 Te(tEtetEte) (29" g7 + 597977 — 49" g™7).

BODIAT 7750 (v cp), (v do)itkoTRHoNS, AR

= 2 Tr(ththtEtd ) (29 977 — 4gM°g"" + 5gH7 g"*)
+ 2 Tr(t&tsthtd) (29" g7 — 49" g*° + 5917 g*°)
+ 2 Tr(tLthtEtd) (2917 g7 — 49" g¥7 + 5gM g°7)
+ 2 Tr(tLthtdte) (29" g7 + 5g"0 9" — 4917 g*P)
+ 2 Tr(t&thtdts) (29" "7 + 59" g*” — 4gM7 g*°)
2 Ta(E ) (29779 + 595" — dggP?)
DTt Tg" g — 877" + T g
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Problem 16.3: Counterterm relations | (c)

+ 2 Tr(tgtltéts) 79" g°° + 79" g7 — 89" g*”)
+ 2 Tr(tLtEthtd)[—8g" g°7 + TgHPg"" + g7 g"*).

ARYVIEBR 1 DL 3RY VIEHR2ODIA T I 7 L%E7 5,

ap bv
k bv
ap by
k k cp
cp do
cp do do
ap bv ap

bv apl bv
do cp do

cp do cp

LOHDE A 775 bk foo9 f295 x (efed)x

(_QQATk,u + g,u)\kr + g,uTk)\) (_QQKTkU + gl/nk'r + gz/'rk/{)
= gukgunkQ + 4gmAkMkV - 2gMKZk)\kV - gu/\kmkz/ + gHVkKk)\ - gwck)\ku - QQUAkmku

1 1 1 1 1
~ g,u)\gz/nk2 + gn)\guuk2 - §gungv)\k2 - Zgu)\gunk2 + Zg;wg)\nkz - Zgung/_t)\kz - igVAgunkQ

) 1
= Zg,ul/g)\nkz + §gpAgVnk2 - gungu)\k2~

FoT, k2 OIREL faeo poaf ax

[fedh fefh (—gongoh 4 godgom) 4 pech pfdh (g gpo _ gprgoX) y pedh pfeh (gmXger oA gor)]
X (Bgh g™ + 2ghigrn — dgh g

— G fedh pefhgupgro _ G pedh pefhguo qup | 13 pech pfdh v gpo g pech gfdh ip gvo
_ g fech pfdh e vp |3 pedh pfch v po g pedh pfch gup v |y pedh gfch o pvp

= Gfetnfelh(ghrg e — g7 g¥P)
 fech T (13g1 gP7 4 AghPghT — 2617 g¥P)

+ felh fIEM(13gh gP7 — 2gMP gV + 4gH7 ).

[16.6.6][16.6.8] % fi 2 1%
3 ae c e vo o v
5 9 foal pedh pel(ghe gt — gho g)
1
+ ZJcaegJcbgfJcechffdh(:I_?)gw/gpa + 4gupgua o 2gMO'gl/p)
1
+ Zfaegfbgffedhffch (gguugpa o 2gupguo' + 4guogl/p)
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Problem 16.3: Counterterm relations | (c)

3
= Ca(G) [ M (g g — 9" g"")

- % Tr(tgtytdte) (139" g7 + 49" 6" — 297 g*")
- i Tr(tgtotets) (139" g7 — 2979”7 + 4g"7 g**)
= 2 [T(ratbitgtl) — Trligtotltc)] (99" — ¢'79")
- i Tr(t&tetdts,) (139" g7 + 4940 9" — 27 g*?)
— i Tr(t&t%t&td ) (13gH gP7 — 2gHPg¥7 + 4gH7 g*P)
= | Tt td) (~130" 977 + 890" — 1097 ¢"")
+ iTr(t‘ét%tété)(—lSy“”gp" —10g"*g"7 + 8g"7 g**).

BODYATTT0E (ap, by < cp,do)), (ap < do)), (bv < cp), (bv < do)), (ap < cp)) DEHLIZ
koTtEons, [16.6.7 ICHEELTaTREEIE (1, 2MHHKY 3, 4 HH KXV 5, 6 il H X224 Ufic

%5),
1
5 Tr(tétetets)(— 139" g7 + 8¢ 9" — 10g"7 ")
1
T3 Tr(tétGtats) (—13g7 " + 89”7 g™ — 10g"7g"")

1
+ 5 Trtgtetat) (—13¢"7 9" + 8¢"7g"" — 109" g"7)

1
9 Ir( (cl;tlg;tccl:tcc:)(_mgwgpg —10g"7g"% 4 89"7g"")
1
) Ir(ta(}tb(}tdcté)( -13¢"7¢"" — 109”7 g"" + 89" g**)

1
+ 5 Tr(tgtetets) (—13g"7 9" — 109" + 8¢ g"7)

= Tr(ttetets) (—23g" g7 + 16g"7 g7 — 23617 g*7)
Tt 15) (~230" g7 — 23" + 169" ")
+ Tr(tttatd) (169" gP7 — 23g1° "7 — 23947 g**).

SRV VIHR ADDIAT V7 L %2EZ 5,

k
ap — bv ap '*y by ap bv

o T do cp do cp do

1 "DEO)y\/f 77‘.7 YN faehfecffgfdfbhgx
(_2gz\nku + gunk/\ + guz\kn) (_ng\kp + g”"””k)‘ + gpkkﬁ)
% (_2gn£ko _’_gank{ +ga§kn) (gunk§ _’_guﬁkn _ 2g§nk1/)
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Problem 16.3: Counterterm relations | (c)

= k'g" 9P + K g g"7 + 3KP g R KT + 3K gMPRV KT + 3K2g kMRS + 3K g7 kM EY + BAKF KV P RS
L%, (AAT)(AAR) 2BEICTIUL
1
KPRV PR — ﬁ(g*”’g’w + ghPgT + g;wgw))
ELTROIEDTH D, £o7C, k' OREIE Tr(t&tltdts)x
3 3 3 3 17
979" + 9"+ 19" " + Zkzg“pg”" +3979" 4 1979 + 5097 + "9 + g7 9"
47

47 17
— 2w po  FUopp vo o 20 po vp
129 g™ + 129 g+ 129 g .

BODTAT 7550 (ap + b)), (bv <> do)) iZk>TRHENS,
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Chapter 17

Quantum Chromodynamics

17.4 Hard-Scattering Processes in Hadron Collisions
(17.58)

Jacobian Z{lH T % a—F,

127

import sympy

p = sympy.Symbol('p")

y_3 = sympy.Symbol('y_3")
y_4 = sympy.Symbol('y_4")
y = (y_3-y_4)/2

Y = (y 3+y_4)/2

x_1 = 2 % p * sympy.cosh(y) * sympy.exp(Y)
X_2 = 2 % p * sympy.cosh(y) * sympy.exp(—Y)
t = —2 % pxx2 % sympy.cosh(y) * sympy.exp(—y)

O = sympy.Matrix([x_1, x_2, t])
N = sympy.Matrix([y_3, y_4, p|)
J = sympy.det(O.jacobian(N))
print(sympy.simplify(J))

(17.67)

epef — epef DBBREEZ %,




Problem 17.4: The gluon splitting function

Section 5.2 & ARRIC, WEAHE T (1 +£4°)/2 2f2F

17'y5vl€ 1

iM = ie*u(k)y" 5

%DT

2_§7k_ wo
MP = Sty

x 0(p ) —5—ulp)u(p)y —5— ().

AHET - BEFICBELTERAE 207, BEET - BETICBEL TRy 2835 L T,

5 1— 5 1— 5 1— 5
I Z\Ml2 (W‘ Ly 27 )Tr (ﬂ’w 27 P 27 )
spms
_ 5 1—~5
(W‘hﬂ v )Tr (ﬂ'%IfWV 27 )
FEQ(I —cosf)?

et [t 2

ML —2ADEEIZ (5.23) DREIRZMM L7z, (4.85) 25

do M2 €2 t 2_7ra2 >
dcosf  32ws  128ws \s/)  8s \s/) ’

51T
t=—F*1 —cosf)? — E?sin” 0 = E*(2cosf — 2) = 2(0059—1)
DT
do _2 do__ma? (t\"
dt  sdcosf 452 \s)
Problems

Problem 17.4: The gluon splitting function

Py y(z,) OBLEM 2 k0 5. (17.39) & Rk

/o dz z |:Z {ff(z,Q) +ff(Z,Q)} +fg(Z7Q)] =1
f

(17.128) %%y L <

1
dlogQ/O drxfy(z,Q)
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Problem 17.4: The gluon splitting function

a 1 1 dz
:f/o d”/ — | Poa) D_{fr(@/2) + F(@/2)} + Py(2) fy (/)
* f

1 1
Qg
:—/ dss/ dz z
™ Jo 0

Es (s=ux/z & L), DXL FERIZL T

Pyq(2) Y {fs(s) + f7(s)} + ng(z)fg(S)}
f

dlogQ Jo T
d ! . [t 1
d1020 Jo drxfr(z,Q) = %/0 dss/o dzz[qu(z)ff(s)+qu(z)fg(5)}

MbEds,

f

1 1
:%/ dss/dzz
™ Jo 0

o 1

1
= dlode /0 e [Z {1, Q + f7(.Q)} + fg<x,Q)]

{Pgq(2) + Pyq(2 }Z{ff +ff(5)}+{2”qug(z)JFng(Z)}fg(S)}

+f/ ds sf,(s /dzz{an 2) + Pyy(2)}

Qs

= [asssy o) [ daPe) + P} + % [ dssifo) [ s P + P}

™ Jo

DT,

1 1
/ dzz{anqu(z) +ng(z)} = / dZZ{qu(Z) +qu(z)}
0 0

! z+z3

dz {1+(1—z)2+(lz)+]+2

|

-2
/dz {z _2Z+2+z+z }4—2
0
|

3

1—=2
1

3 de[2*—2242—(*+2+2)]+2

1
:74/ zdz + 2
0

=0.
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Chapter 18

Operator Products and Effective Vertices

18.5 Operator Analysis of Deep Inelastic Scattering
(18.136)

u(P)y"u(P) = Tru(P)y"u(P)] = Tr[y"u(P)a(P)].
AL TR RIS T

1
=3 Tr[y*P] = 2P*.

(18.208)

(18.207) 75

4o 9 /1dm”‘1Z(f + /@)
dlog@Q2" " dlogQ@? J, - FIpA

(17.128) %5

Pyl Z ff+ff )(@/2) + 2P g(2 )fg(x/z)] .
f

(17.17)(18.199) 25
2 1
- bo log(Q2/A2) 0

2 ! n—1 ! n—1
Fotog@aT Jy 427 2Resle) [ drr

2 1 1
=—— - \M+ [ dz2""'P Mn/ dzz""12p .
bo log(Q?/A?) { " /0 2z a-q(2) + My 0 Zz 1—9(2)

(17.129)(18.181)(18.203) %* &

1
dz 2" Py g (2) ; dyy" 'y (fr+ 7))
f

2

e ffar+ fg
bolog@?/m{ M+ M}



Problem 18.3: Anomalous dimensions of gluon twsit-2 operators (Rl &b % \»)

Problems

Problem 18.3: Anomalous dimensions of gluon twsit-2 operators (St&E&17ELY)

5] 251 L CEETE,

ape @ 1IL—THIE
Figure 18.15 (a) ¥ A 777 L %&GIHT 5,

(18.174) 205
Oty (§H1AY — G AR (i9#2) - - - (i9Fn=1) (9" A, — B, AP
DAY E Ay BEY A, b A, ZMERIL 2 BA,

O = (k™) (k> - R ) (=i
EDT,

. ddk a v ] a —i\?
—(19)2/ it pi%t o (kzl> ol ot
(6.42)(A.34)(A37) o b=k —ap £ LT

d 1
= 3i92 / (gﬂfd,yuvaryy/o dx2(1 — x)ﬁw — (1= 2)p]*(l+ xzp)Ht - (L + xzp)H

S (a0 an [ e (e
DI 5 (18.161) D Of DI AH1ph2 - phn Z2 FFDIHIZ

—>§(2—d)i 2n/ld (1—x) /ddé L et e
3 R R B L (ZE N E e

82—-d. , (! . die 72
— _ d 1-— n « QUL pH2 | yHn
3 d " n/o z( DT / (2m)® (02 — A)Sg P P

9_ g 1 ) _ 2—d/2
— g g ngn/ dx (1 - x)x"’l i dI(2-d/2) <1> At phz L phin
0

(4m)é/22  T(3) A
g 1 . 9
-39 do (1 — z)a™Lytiphe .. ophn 2
3(47T)2n/0 x(1—x)z" " y*p P
2
— g K12 |, Mng
(4m)2 n + TR P

—OVAM k. Ay BEO -0, Al b A, ERERIL A,

d'k ' —i\”
_ (ig)Q/ (2ﬂ.)dta’yulp i kta,yll«n (k;> kVEH2 ... fHn-1 ku
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Problem 18.3: Anomalous dimensions of gluon twsit-2 operators GHE&D %) | al, O 1)V —7HHIE

ddE 1
= 3ig” / dx/ @ —A)2 (6= (1= 2)p|*(+xp)" - (C 4 ap)" 9 yayhn

d
1
— 3ig” / dx/ . e @ aplt— A opt U ap) - (U ap)tn iyt el

d
- 3ig” / dx/ : g 1 50— (1= 2)p]* (£ +zp)*® - (L+ ap)n =t (65m" + 051 y")

(2= A)2
8 ddé 1
S o [ e (- e e ape
— 8. 5 n—2 die 1 Hon, 41 Hon—1
— 3zg /0 dx (1 — z)x /(27r)d(€2—A)2’y P P
8 g2 1

LN

= - M1 pHn—1Hn
3 (4m)2 n(n — 1)p P

AV & A, BEO -0, AP & A, ZHEI L 75613

dik i —i\?
- N2 t(L v tLL Hn _ klll - kﬂn—lky
10" | G gt (3

ik (1\? 1
= - 2 _— _— — P, LHn—1 v :U'n.

—OVAM L A, BXWO oA, & A, 2RI L T SE S,

, %, Y .
(Zg>2/ (271_)dt ’Vulpi t Tv (k2> LRy

K
Ak (1\* 1
= =3ig® | —— [ =) —————(k — p)¥kM .. kHn-1f v

U
3
oy

| —
—

klh - k/ﬁnflfy,ufn

k/"'l .. ,kﬂn—l,yﬂ‘nk -p

P2 0% LT,
- 3i92/ (;lj:.];d (,;)2 G _lp)2 (k= p) K - kP =ty (Y yay” + 4 a7)
—-2ig” | (;li’)“d (;)2 g = BT R (B 4 0 = )
50 o () gtk e
i [ (Si’jd (,3) Gk
[ (&) 0
3 () g
/
/
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Problem 18.3: Anomalous dimensions of gluon twsit-2 operators (FlHE&H %) [ ap) O 1)L — 7HHIE

8 o [ dk [(1\* 1
— R kﬂl - kunfl Hn
3% /(W (k) (k= p)? vk
8- 2 n—1 dd£ 1 1 Hn—1 A~ Hn
73" / o / eni@-apE’ T
_ ddf £2
- ;2 _ n—2 M1 o fn—1 A e
+ 5 g Y /dm(l x)x /(27r)d @ —A)3p pHn—1r

+ 00 [awa e [ L C i
3 d 27r)d ([2 _ A)3

(
8 92 n—1, /1 Hon—1 ,un2
3(477)2/‘1“ A

Q
o
—_

§ fy,u'lp}"Z .. .pﬂn 2 + E 92 1 pl‘fl .. .p/"n—l ,-y/lng
3(An)2n+1 3 (4m)2n(n—1) €
2 2
_8 9 n +n+27mpuz...pung
3(4m)2 n(n? —-1) €
8 ¢2 n>+n+2
~3

2
70(71);“"#” 2 loeM?4 ... ).
(47)2 n(n2 — 1) Vi <6 og +

ay, D 1I—THIE
Oy D7 =Y H DA

(Q A7OM AL ) = (0] AF exp (z’/d% c) ol Az |0)

= (0] A7O4™ A% |0) + (0] A7 <i/d4xﬁ> oM AL o) + - -
P OF—F—TEZLS,
(18.167) DB Dim & FkkIC, BEfEREZ 213
(iD"3)eq = 10y, 6cd — A (t&) cd = 10,1, 0ca + igALT fo4€
ThB., E512(16.2) 5
FY, = 0,A% — 0, A% + gf**° AL AS.
(18.174) 1%

O tn — — (9" AY — 0¥ AR ) (i0"2) - - - (i) (9" AS, — 9, Al

n—1

= D@L = AL (i0) - (ig AL o) - (19 ) (9 AL - 9, 45"

=2

(0 AL = AR (§0) - (10 g S Al A
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Problem 18.3: Anomalous dimensions of gluon twsit-2 operators (FlHE&H %) [ ap) O 1)L — 7HHIE

b, FLIHEF 2D —VHEMNTE, FE2HIZI 2O —VH Ll TE 35,
Oy DFE1HIZ " A= —%DT, X DEMDI L g2 DA —F—DbDEHEZ IR, 24 fermion
TEK 2D, 3-boson JEHA 22, b L <X 4-boson JHK 1 D TH 3. fermion [HE 2 DDEE I

AQW\QM,MAZ

L7573, T external leg correction 3 DT, dp ITIFED L\, 4-boson JHMIZ Oy DIEZ R 72w
DT, FREICEED R, §iH, do DFMEICED 2 DIF 3-boson JHA 2 D225 7% % Figure 18.15 (b) 1 2H
® diagram TH 5.

MO =D A5 AF L

Ot s (9 AY — i0” AR )(i012) - - - (i0Mn=1 ) (i0¥ AL, — i, Al

D=8 ORI ERIET 5.
oM ALAY, o AU AT DFS

Ak [(—i\?  —i
g2fadc]cbcd / . 5 5
(2m)4 \k* ) (k—p)
X [kagp" —2(k-p)g”” + 5ngp” + 10kPk° — 5kPp? — Bk pP — 2pPp°|kH - - kHn

1 d 2
. d' 2 0 10 1 o
i (a0t (e = Bar e [
1 .
2
= —32’926ab/ dx (1 —2)(92" — nx"_l)(ZLZT)Qngm .. .pung
0
2
g 9 8 2
— 3gab _ PO B, in 2
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Chapter 19

Perturbation Theory Anomalies
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Chapter 20

Gauge Theories with Spontaneous Symmetry
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20.2. THE GLASHOW-WEINBERG-SALAM THEORY OF WEAK INTERACTIONS
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Problem 20.4: Neutral-current deep inelastic scattering
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21.2. THE GOLDSTONE BOSON EQUIVALENCE THEOREM
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Fig 21.8: Feynman rules of Goldstone bosons
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Fig 21.8: Feynman rules of Goldstone bosons
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Lhiggs = |Duo> + 12676 — Mo 9)?

2 2 . 2 [21.2.3]
= (D01 (D )] + (D,0)a(D9)} + 5616 — L2 (619)?
w

ThHZL6N%,
AW

D § p
R e
i ¢~ ¢* i
THHD ¢~ II3EEE p D5A D (e7PT) DT, Mo~ — —ipho~. £oT o T A THR
iLHiggs = i(—i0" ¢~ )(—eA,dT) +i(i0"pT)(—eAd) +
= i(=p")(—e) +i(—=p")(—e)
= ie(p+p')".

[21.2.4]

=
I
a2V
I
Y=
I
l
S

To-»
¢ .

S D ¢~ IIREB R p A (e77PT) DT, I — —ipho~. koT ¢~ ¢t 20 HAK

(1 —sin? 6 ) ngﬁ + i(i&“(fr);g (1 —sin? 0 ) quﬁ* + e

iLiggs = i(—i0" ¢ )c059

— 1 — 1

cos 6,

cos 0,
iglp+p)" (1
== -7 (= - Ou |-
cos Oy, (2 S
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(21.108)

(21.108)
./src/py/problem_21_2_LL.ipynb 256

ie? (—2E2 — mWQ) VE? —mpy2siné
E (4E2 cos? 0, — mw?)
2iEe*V/E? — mw? (2E% + mw?) sin 6

mw? (2E2 cos 20, + 2E2 — my2) tan? 6,

iEe? (2E3 cosf — 2E%/E?Z —my 2 — mWQM) sin 6
* mw? (2E2 — 2EVE? — my? cos § — mw?) sin® 0,
B iBe? (—2E2 — mWQ) sin 6 2iBE?e? (2E2 + mWQ) sin 6
T 4F2cos20, — my2 myw2 (4E2 cos? 0, — my2) tan® 0,
iE?e? (2E2 cosf — 2BE? — mWZB) sin 6
mw?2 (2E2 — 2B8E2 cos § — myy2) sin” 6,

iM(egef, > WiW, ) =

(20.73) 25

iBe? (2E? + mw?) mz?sing  2iBE%* (2E? + my?) sin 6
- mw2(4E2 —mz2) mw?2 (4E2 — myz2)sin? 0,

iE2e? (2E2 cosf — 2B8E? — mW2ﬁ) sin 6

mw?2 (2E2 — 2B8E2 cos 0 — my2) sin” 6,
myz? 2E? + my 2
mw? 452 —my?
ie? (2E2 cosf — 2BE? — mwzﬂ) sin 6

mw?2 (14 B2 — 26 cos 0) sin? 6,

mz? 2E% + my?
mw? 452 — my?

ie? (2E2 cosf — 2BE? — mwzﬂ) sin 6

mw?2 (14 2 — 26 cos 0) sin? 0,
2 o2 2 2 2
= —ife? sin@ZZVZVQ iﬂztz‘; + i€’ sin92si;2 0. 4E24fm22 (1 + ;:i;)
B sinf ; E22 ie? (2E? cos 0 — 28E? — mW'252) sin
sin® 0, mw mw? (1+ 52 — 28 cos ) sin® 0y,
2 2 2
= —ifBe? SinHZVZVQ Sfjn’j‘;g +ife? sine2sile 0 7‘;22 (1 + 27:;2)
E? 1  2FE2%cosf —2BE? — my2p

sin?6,, | mw? + Bmy2 14+ 2 —28cost ]

AF?  my? 4+ 2E?

n 2 .
= —ife“sinf -
sin? 6, 4E2 —mz?2  my?

+ iBe?sin b 5

= —ife?sinf

4E2 2 4E2 _ 2
+ iBe?sin b (1—|— nz nz )

2sin? 0, 4E2? — mz>2

+iBe?sind 5

% 3IHEIZ

(o] = E? n 1 2E%cosf — 28E? — my 28
mw?2  SBmy? 1+ 82 —2Bcosf
_ BE2(1+ B2 —2Bcosb) + (2E? cos§ — 2BE? — By ?)
B Bmw?2(1+ %2 —28cos )
_ BE?+ BPE? —2B°E? cos + 2E? cos § — 26E° — Sy
- Bmw2(1+ 82 — 2B cosb)
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21.3. ONE-LOOP CORRECTIONS TO THE WEAK-INTERACTION GAUGE THEORY

_ BPE?— BE? +2(1 — B*)E? cosf — Bmy?
B Bmw?2(1+ %2 — 28 cos )
B3E? — BE? + 2my? cos ) — Bmy?
Bmw2(1+ 5% — 2B cos )
—B(1 - B?)E? + mw?/B — (1 + B2 —2BcosO)mw?/8
Bmw2(1+ 52 — 28 cos )

_ —BmwP4mw?/B 1
Bmw?2(1+ %2 —28cosh) 2
1-p2 1
T B2(1+ B2 —2Bcosh) B
myy > 1
T E2B2(1+ B2 —2Bcosh) B2
4mW2 1

- sB2(1+ 82 —2Bcosh) (2
Il
ie*or (b, — }L)uLé = —ifBe?sinb

2R, FlZERE5.

21.3 One-Loop Corrections to the Weak-Interaction Gauge Theory
(21.153)

Myw = ¢°Tl &
tr,
e
br

THA5NS, (20.79)(20.80)(21.150) 75
3 4 [(qu _om® 4 my?

M) =557 (s~ 1

I,z = (eg/ cos 0,,)[[3q — sin® 0, Igq] 1

4 4 b b
Zw@mv ZM@V ZV@V ZM@’Y
t t b b

THEZ515, (20.79)(20.80) 2° 5 (t,t, L) @ diagram (3

2 2
)E_qxsz(th)+ m2by (bt X) + my bl(th)} .

2

3\2 3
L7 %, (21.149)(21.150)(21.151) 6, 2T diagram DFalE

2/1 2
- ( — Zgin? 9w> X (HLL +HLR)

2/1 2 2
I3q — sin? 9wHQQ = 3 ( — Zsin? O, — 3 sin? 9w> S[HLL(ttX) + HLR(ttX)]



(21.153)

3

1/ 1 1 1
-3 (—2 + =~ sin? 6, + 3 sin? 9w> 3L (bbX) + 1 r(60X)]

i (5

a (41:)2 <é 9

6
(4m)?

H3Q(QX2) - - (47_(_)2

6 [QX2

8
§ 2911}) [QX
2

2
sin? 0. > {‘”gqu%z(be)}

2

2 9 1
[q)gE — Sax?ba(ttX) - 3qx2b2(be)] — sin? 0, To0.

2 1
E — §QX2b2(ttX) — 3qX2b2(be):| .

Mzz = (g9/ cosby)?[Mz3 — 2sin? 0, 1130 + sin? 0, 11og] I3

35 — 2sin? 0,130 + sin? 0,150

2 2
1 2 2
+2 (2 -3 sin? 9w> (—3 sin® 9w> 3L e(ttX)

11 21 2
(—2 —+ g Sin2 Hw) —+ (3 Sin2 Hw)

1 1
+2 (—2 + = sin? Gw) ( sin? 0, | 3Lz (bbX)

+

3

12 1 2

12 (1 .. 4.,
7@ (38111 9w+981n Hw

(4r)2 \4 3

- (4n)? 9

6 ax?  m? +my? 9

— 2gin? Owllzg + sin® 0,11g0.

_ 8 . 4
=) (4 3sm 20, + 9sm Gw)

12 1 1 2
< sin? 6, +9sm49w>

30,1, (tX)

310, 1, (bbX)

3

[( _ ) E — qx?bay(ttX) +my bl(ttX)}
[m2E — 2m,%by (1t X))

K _ > E — qxby(bbX) + mbzbl(be)}

by (ttX) + ba (bbX)

12 1 1
( 6s,m 0 + = sin Gw) [mp? E — 2my?by (bbX)]

N my2by (ttX) + mp?b1 (bbX)

5 ba(HX) + by (bDX)

2 2
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Problem 21.1: Weak interaction contribution to the muon g — 2

Problems
Problem 21.1: Weak interaction contribution to the muon g — 2

WW diagram

TES O 1 loop HIE I3

u(p+ q)(—iedT" — iedTE Yu(p)
d%k i dig 1—17° —1 —1
-/ oo (p”)f””p Fva 2 P G g
x ie[g"? (2k + Q) + g"" (=k + q¢)” + ¢"?(—k — 29)"]

_ _@/ dk 1
2 ) @) (k—p)?(k2 —mw?)((k+q)? — mw?)
xa(p+q) [ (P — B2k + )" + (k= §)(k— py" + "k — p) (F+ 2¢)] ! _27
NP BEF I WIHIZ

w0 [ A% 1
o= / (2m)e (k — p)2(k? — mw?)((k + ¢)* — mw?)

< [ = B2t 0 (= ) = P+ (k= Pk +24)]

5

u(p).

SRR (AL39) 25

/dx/ dy/ dz6(1—xz—y —z)/(;lg i 1A)3'

k=0+(zp—yq), A=-y(l—y)¢®—2(1-2)p*—2yzp-q+ (1 —2)my>.

2-q=@p+q?-pP - =m*-—m’ - ¢ =—-¢ [21.3.5]
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Problem 21.1: Weak interaction contribution to the muon g — 2 | WW diagram

DT
A=—y(1-1y)¢* —2(1 - 2)m* +yz¢* + (1 — 2)my?
= —y(1—y—2)¢*> —2(1 — 2)m? + (1 — 2)my>
= —zyq® — 2(1 — 2)m* 4+ (1 — 2)my 2.
Dirac FEHD 5

pu(p) = mu(p), ulp+q)(p+4q)=1ulp+qm.
3T (AB5) 6

Aww =" — E)n 2k + )" + (F — @)k — p)rv™ + " (K — p) (K + 2¢)
= (d=2)(F —p) 2k + )" + (k= )k — )" + 4"k — p)(F + 2¢).

k=0+(zp—yq) ZRAT 2L, (A44)(A45) X DT D 2 DEIFFEHL, © OEEIH AY DIUHT 3,
1 HEOERIEIZ

= 2[(1 = 2)p+ yg] 220" + (1 - 2y)¢"]
~ —=2(1 — z)m [2zp" + (1 — 2y)g"]
==2(1—z)m[2(p" +p™") + (1 -2y — 2)¢"].

B2 HDOERIEIZ

— [ = U+ o] [(1—2)p+vg] v
~ = [z(m =) — (L +y)g] [(1 - 2)p7r" + yg"]
~ = [am = (L+y+2)g] [(1—2)(2p" —7"p) + ydr"]
~ = [zm = (L 4y +2)d] [2(1 = 2)p" = (1 = 2)my" + ygr"]
= —22(1 — 2)mp" + 2(1 — 2)m2y* — yzmgy"
+2(1=2)A+y+2)p'¢g— (1 —2)A+y+2)mgy" +y(1+y + 2)g? "
~ly(L+y+2)g” + 2(1 = 2)m?]y* = 22(1 — 2)mp" — [(1 = 2)(1 +y + 2) + yz]mgr”
= [y(1 +y+2)¢* + 2(1 — 2)m*|y" — 22(1 — 2)mp! — (1 +y — 2*)mgr*.

zZT
gt~ (m =gyt =myt — pyt = mat — (2p = AFp) ~myt — (2p" = Am) = 2mt — 2p
BT

~ Yy +y+2)¢ + 2(1 — 2)mP ]y — 22(1 — 2)mp* — (1 + y — 2*)m(2mAy* — 2p*)
[y(1 +y+2)¢* — (24 2y — z — 22 )m? ]y +2(1 +y — 2)mp*
=A+y+2)¢® —2+2y—2z-2 )M’y + (L +y — 2)m(p" +p*) — (L+y — 2)mg".

5 3O ERUA X

=" [A—2)p+ud] [2p+ (2 - v)g]
= " [2(1 = 2)p + y(2 — )i +yzdp + (1 - 2)(2 — y)pd]
~ = (21 = 2)m® + y(2 — y)q® + yzdp + (2 — y — 22 + y2)pd]
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Problem 21.1: Weak interaction contribution to the muon g — 2 | Feynman rules of Goldstone bosons

=" [2(1 = 2)m® + y(2 — v)¢* + yz(dp + dp) + (2 — y — 22)pd]
=21 = 2)m* +y(2 - y)¢" +y2(2p- @) + (2 — y — 22)pq]
=[-2(1 = 2)m® = y(2 — )] ¥ — yz(2p- )V — (2 — y — 22)"'p¢.

21.3.5] BX O

Yipd = 2" — ") g ~ —prtd ~ (¢ —m)V'g = (¢ — m)(2¢" — ")

= 2¢"¢ — 2mg" — ggr* + mgy" ~ —2mg" — ¢*y* + m(2my* — 2p*)

= (2m? — )" — 2mp'H

"o
~ [2(1 = 2)m? —y(2 = 9)@P] V" + yz®y" — (2 -y — 22)[(2m® — @)y — 2mp't)
=[(—4+2y+324+2")m* + (2 -3y — 2z + > + y2)¢*| " + 22 — y — 2z)mp™*
= [(—4 +2y+3z+20m? 4+ (2 -3y —22+9y> + yz)qg] ~H
+ (2 =y —22)m(p" +p™) + (2 — y — 22)mg".
PDEx2TRLT,

AYyy ~ —2(1 — 2)m [2(p" + p'*) + (1 — 2y — 2)¢"]

+y(l+y+2) — 242y — 2 = 22)m° |y + (L+y — 2)m(p" + p'*) — (1 +y — 2)mg"

+ [(—4+2y+32+2)m? + (2 — 3y — 22 + y° + y2)g*] ¥
+(2—y—22)m" +p") + (2 -y — 22)mg"

= [—2(3 — 22+ 2m? +y(2 -2y — 22+ 2% + 2yz)q2] ~H
+ (1= 2)@3 = 22)m@" +p") — (22 — 1)(1 — 2y — 2)mg"

= [—2(3 — 224+ 22)m? +y(2 -2y — 22+ 2% + 2yz)q2] ~H
+(1=2)(3 = 22)m(p" +p") — (22 — 1)(z — y)mg".

BB DO T EHE 2 < y 12OV THIRZ DT,

A?/VW — [72(3 — 22+ 22)m2 +y(2—-2y—2z+ 2y + 2yz)q2] Y+ (1= 2)(3 = 22)m(p* + p'*).

Feynman rules of Goldstone bosons
(20.98) %> 5 lepton, neutrino & SU(2) scalar DM ANEF X

AL, = _)\eE_‘L¢6R + (hC)
(21.38)(21.79)(20.75) ZRALT

—AcErder = —Ae (VL éL)(&%%Aji;%/vﬁ>eR

€

=i\ VLeRp  — ﬁéLeR(’U—Fh"‘ri(bg).

(20.63)(20.100) * &
g me

T Vamw
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Problem 21.1: Weak interaction contribution to the muon g — 2 | Feynman rules of Goldstone bosons

£oT
. g Me _ — g Me _ . .3
AL, =i——"Dre —~——¢rer(v+h+1i¢°) + (h.c). 21.3.7
\/imWLR(b 2mWLR( ¢°) + (h.c) [ ]
eve~ DIERIZ
¢+
‘\ o 5 __imel—l—’f
/ L ﬂmw 2 '
€Rr
evet DIERIX
o
»
WO 9 me 1o
/ ) ﬂmw 2 '
vy

21.2.3] 75
. gu . gu Crrr—
LHiges = ze%A‘%jﬁWJ — ze%A“gb W, .

(20.63) ZfRALT
iLHiggs = —emw AP T W + emy Ao~ W .

ApTWT DIESIZ

W,
+
) er A, = —emwgh”. [21.3.8]
»
o
AP~ W~ DIERIZ
W
E;WWM Ay = emwgh”. 21.3.9]
«
o+
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Problem 21.1: Weak interaction contribution to the muon g — 2 | W + W¢ diagrams

oW + W ¢ diagrams
Br KR

ptq

1222

TER D 1 loop FHIEIX

a(p + q)(—iedTH — iedTH Yu(p)

_ [ d% i —g m 14+79° —i i Com
G e 0 5 1) z(—emw)

Ak g m 14++° i g u
+/Wu( Vw2 p—kva! KL rorapm s p—
_ eg my / ddk 1
- 2R —mw?)((k+ 02 — mw?)
5
Xﬂ@+@)b%k—w127 S )
NP BEE I WIHIZ
wo_ ig® d?k 1 p .
T / @) P02 —mw ) (kT aff ) =P+ (E=p]
= @ a7 1 m [k — ph
1 /(27r>d = P — ) ((h + F — ) o P
T DERIE X
A%y =2m [—(1 — 2)p" — yg"]
= —2(1 — z)mp" — 2ymg"
—(1 = z)m(p" +p™*) + (1 = 2y — 2)mg"
—(1 = 2)m@" +p") + (2 — y)g"
= —(1 = 2)m(p" +p'*).
21.3.6] & P <

Al + AgW = [-2(3 — 2z + 2%)m® + y(2 — 2y — 22 + 2¢° + 2y2)q°] V¥
+(1=2)B = 22)m(p" +p™) = (1 = 2)m(p" +p™")
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Problem 21.1: Weak interaction contribution to the muon g — 2 | general R¢ gauge (Kit%)

= [-2(3 — 2z + 2H)m® + y(2 — 2y — 22 + 2y° + 2y2)q*] V¥
+2(1 = 2)(2 = z)m" +p'").

Gordon H%53K (6.32) 2 A2 13

o
— [ =41 —2)(2 - z)mQ%
(6.33) 55
2,1 1 1 4 2
o ig o d* 4(1—2)(2—2)m
Pd) = e [ [ dsst-a—v-a) [ TR T
L9 a1 1 1 ; 2
i B B L R
R /o dx/o dy/o LI A TTSE A
Lo a1 1 1 i 2
g o -, 41 —-2)(2—2)m
= /O da:/o dy/O dz6(l—z—y Z)2(47T)2 —zyq? — z(1 — 2)m2 + (1 — 2)mpy 2’
£-oT
2 2 1 1—2z
) g m 2—z
=0) = d
Bl =0) (4 )2mw2/0 Z/o T 2(m/m3y)
2 2 1 1—2z
P m
~ d dy (2 —
(4ﬁ)2mw2/0 Z/O y(2—2)
_ 9 m5
o (471’)2mw 6
(20.91) 25
Gr_ g
\@7877114/2
BDT, (6.37) 25
GFTTL2 10

general R gauge (REHH)
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Problem 21.1: Weak interaction contribution to the muon g — 2 | ZZ diagram

JES D 1 loop #HiIEIZ

u(p+ q)(—iedT" — iedTE )u(p)

_ ﬂ 7 ﬂ i ﬂ « 1- 75
= / (QW)dU(pﬂL q)ﬁvﬁp 55 u(p)
—i  kaky - —i sk,
B 0 Tt g T 9 G o g
x ielg”? (2k + )" + ¢"" (=k +q)" + ¢"7(=k — 2)"]
_eg? [ d% 1 . -
=5 | G T T a0 A
_eg? [ d% 1—-¢
2 ) @m)d(k—p)2(k2 — mw?)((k+q)? — mw?)((k +q)* — Emw?)
1—+°

x a(p + q) A2 u(p)

2

- ef/ ik 1-¢
2 ) @2m)? (k= p)*(k? — mw?)(k* — Emw?)((k + q)* — mw?)
1— 5

X i(p + g) Az ——u(p)
- 692/ 'k (1-¢)?
2 ) @0 (k= p)P(k2 — mw) (2 — Emw?) (& + 0)° —mw?)(k +9)* — &mw?)

1 _
X @(p + q) Ay ——u(p).

7277 L

A =—(F+ @)k —p) [+ D=2k — @) +9"(k+q) - (k—q) + (k+24) (k + 9)"]
Agy = —R(F — PIR-2K — q) + (K — ) — PIRR 7 ( — p)Rk - (k + 20)
Ay = —(F+ )k —p)k[k- (k+q)(=2k — )" + k' (k +q) - (k= q) + (k+ ¢)'k - (k +2q)] .

Z 7 diagram
upZ® OIERIE (20.80) 2> 6
j 1 1—75 1447
Y9 A1 == +sin? 6, 7 4 sin? O e
cos Oy, 2 2

__ Y "
" 4cosBy, v

(4sin? 0, — 1 +~°)
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Problem 21.1: Weak interaction contribution to the muon g — 2 | ZZ diagram

KL

p+q

KL

EA o 1 loop HHIF X

u(p + q)(6T" 4 0T )u(p)

dk ig 9 5 i i
- T V(4sin? 6, — 1 m
/<2W)dU(p+q)4cosew7 (4sin + )%M_mv m

—1
(p— k) —mz?

7
g v (4sin® 0, — 1 + 75)u(p)

X
4 cos 0y,

_ b g 2 d?k 1
T (cost%) | e G
X u(p +q)y" (4sin® Oy — 14+ ) (k + ¢ + m)y" (k + m)y, (4sin® 0, — 1+ 7%)u(p).

VP EREE RV

p_ 0 g 2 dk 1
=1 (COS 9w> / (2m)d (k2 —m?2)((k + q)> —m?)((p — k)2 —mz?)
x [(4sin® 0, — 1297 (k + ¢ +m)v" (k + m)y + 7" (F+ ¢ — m)y" (k —m)v] .

. 2 1 1 1 d
i g a1
3 (cos@w> /0 df”‘/o dy/o dzs(l-z—y 2)/ O ACENER

k =10+ (zp—yq),
A=—z(1-2)p" —y(1—y)¢* + (x +y)m* + zmz” —2yzp - ¢
= —z2(1—2)m?® —y(1 —y)¢® + (1 — 2)m? + z2mz> + yzq*

2L

= —2yq® + (1 — 2)*m? + 2mz>.
5 1 HOEROHIZ

=7"[zp+ (1 —y)d + m]y" [zp — yd + m]v,
=7"[zp+ (1 = y)d" [zp — vdl
+my [zp + (1= »)dIy v + my’ v lzp — ydlv + m*y
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Problem 21.1: Weak interaction contribution to the muon g — 2 | ZZ diagram

= —2[zp — ydv"'[zp + (1L — y)d]
+4mlzp + (1 = y)g" + 4m[zp — yg)" — 2m>*
~ =2[(y + 2)p — ymly"[zm + (1 — y)g) + 4m[2zp" + (1 — 2y)¢"] — 2m>*
= =2(y + 2)zmpy" — 2(1 — y)(y + 2)py" ¢ + 2yzmy" + 2y(1 — y)ymry™¢
+ 8zmpt + 4(1 — 2y)mg" — 2m2fy”
= 2(yz — 1)m*y* + 8zmp* + 4(1 — 2y)mg"
= 2(y + 2)zmpy" —2(1 —y)(y + 2)py"d + 2y(1 — y)m~y'g.

T
Py =2t =t~ 2p — mA,
g~ (m— @y g = (m — ¢)(2¢" — ¢v") = —24¢" ¢ + 2mg" + ggy" — mgy"
~ 2mg" + " — m(2mA* — 2p*)
= (¢* — 2m* )" + 2mp*,
= 24" — g ~ 2" — (m —p*
= 2¢" — my" + pryll = 2¢" — my" + 2p* — 7#? = 2¢" — my" + 2p* — mAH
= 2p'* — 2mA*
ZRALT

~ 2(yz — V)m?*y* + 8zmp* + 4(1 — 2y)mg"

= 2(y + 2)zm(2p" —my") = 2(1 = y)(y + 2)[(¢* — 2m* )" + 2mp'] + 2y(1 — y)m(2p™ — 2mA*)
[+ 42—y — 2)empt — 4(L = y)zmp™ + 4(1 - 2y)mg"
]
]

[y 201 = 2)zm(p* 4 p'™) 4+ 2(2 — 4y — 32 + 2yz + 2*)mg"
[ y" +2(1 — 2)zm(p" + p'*) + 2(x — y)(z + y + 1)mg*
[ ]9 4+ 2(1 = 2)em(p" + p™).

1

I35 2 THO EBUE I

=7"[ep+ (1 —y)g — mpy*[zp — yg — m]y
=9"[ep + (L = y)dlv"[2p — vdlve
—my"[zp + (1= y)dv" v — m” " [2p — ydlv + m*y" vy
= —2[zp — yd|v"'[zp + (1 — y)d]
—dmlzp+ (1 - y)g" — 4m[zp — yg)" — 2m>4"
~ =2[(y + 2)p — ymly [zm + (1 = y)) — 4m[22p" + (1 — 2y)¢"] — 2m>*
= =2(y + 2)zmpy" — 2(1 — y)(y + 2)py"d + 2yzm*y" + 2y(1 — y)mr*'g
— 8zmp” — 4(1 — 2y)mg" — 2m>~*
=2(yz — 1)m2'y“ — 8zmpt — 4(1 — 2y)mg"*
= 2(y + 2)zmpy* = 2(1 — y)(y + 2)py"d + 2y(1 — y)my*g¢
~2(yz — l)mey“ — 8zmpt — 4(1 — 2y)mqg"*
—2(y + 2)zm(2p" — mA") = 2(1 —y)(y + 2)[(¢* — 2m* )y + 2mp'*] + 2y(1 — y)m(2p'" — 2mAy*)
=[]y =42+ y + 2)emp” —4(1 - y)zmp™ — 4(1 - 2y)mg”
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Problem 21.4

[ = 4B + 2)zmpt — A1 = 2y + 2 — yz)mg"

[ ]y =23 4+ 2)zm(p* 4 p'*) — 2(2 — 4y — 2 — 2yz — 2*)mg*
[ =28+ 2)em(p" + p™) + 2(z — y)(z + y — 3)mg"

[+ ]y =203 + 2)zm(p" + p™).

DLk & 531 D EBOHIZ

A%y =1 ]9" + (4sin? 0, — 1)%2(1 — 2)zm(p" + ™) — 2(3 + 2)zm(p* + p'*)
=[] +2[(4sin®0, — 1)*(1 — 2)z — (3+ 2)2] m(p" + p'*)

1

= [y — 4 [(sin? 0, — 121 2)z — (3 + )2 m2 2

Lo T
Fz(qz):i( 9 )2/01dz/ol‘zdy/(dd£ 4[(4sin? 0, — 1)2(1 — 2)z — (3+ 2)2] m?

o) (ZUNE

myz > mEDT

ap,(Z) = FQ(O)
il g N =i 4[(@sin?0, — 1)1 - 2)z — (34 2)2] m?
~i(m) [ =] vy

i
8 \ cos b, T z2mz?

1 m2 g 2 1 1—2z ) )
~ d dy [(4sin“ 0, — 1)(1 — z) —
4(4m)2 mz? <cos 9w) /0 Z/O Y [( S JA-2)-06+ Z)]

1 m? g \’[1 5
= —(4sin®6, — 1) — =|.
A(47)2 my2 <cos€w) [3( - ) 3]

(20.73)(20.91) %5

_ Gpm? {16
8m2/2

4
3 sin* 6, — gsin2 0w — 3] .

Problem 21.4: Dependence of radiative corrections on the Higgs boson mass

Feynman rules of Higgs bosons

[21.2.3] 25
2
1L iggs = i%W:W_V(U +h+i¢®)(v+h —id3)gh” + -
WHW~—h OIEAZ
W,
EHVWVW 2
.g°v )
W7 7 W; = Zigp‘u = ngng,V. [21310]
// W+ 2
h
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Problem 21.4 | Feynman rules of Higgs bosons

WHW~hh OIERIE h DHEFID238EH H 5 2 LITHERLT,

h h
o 2 2
AN / _ _g 'g
T T e e
W, wr

[21.2.3] 25
zcﬂlggb—z (0.0 YW, h — (0, R)W,f ¢F + (8,07 )W, h — (9, W)W, ¢~ ] g*

W=¢~h DITHKIZ

.
\\ p
»
W _ .9 g
¢+/\'\/\/vv\/ Wll« = 5( Zpu—kzk) §(p—k)ﬂ. [21311]
e
h
Wteth OIEEIZ
¢+
\\\p
Cw- g g
¢~ s Wi =i§(—ipu+iku) = i(p—k)u. [21.3.12]

21.2.3] %5
ZOZO(U +h+ip?)(v+h —ig3gh 4 - - .

. 1
Lniggs = i 8 0529

Z0Z°h DIERIZ Z° DHffIAI 238 5 T LI LT,

Z°Zhh DIERIE Z° OfiFIHS 238D, h Offifn3 23 &5 2 IR LT,



Problem 21.4 | Feynman rules of Higgs bosons

[21.2.3] 725
iLitigs = T [u(h+i6") (v + h—i6%) = u(h — i) (v + h+i6™)] Z0g" + -
_ g 31 3 0 uv o .
= Seosde [0,0°h — ¢°0,h] Z)g" +

Z0¢3h DTS

¢3
\\ \f)
\\'\/\/\/\/\/ 0 = g ( —k)
/) w 2 cos 0, p "
/s
h
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Final Project Ill: Dicays of the Higgs Boson

(a)
21.3.7) 75
AL, = i%%hew— - g%éLeg(v +h +i¢%) + (h.c.)
hee DIARIZ

gme (145 1—4° g Me
77777 = Y < g v)g

2 2 2mw

(20.101) 5 quark & SU(2) scalar DA X
ALy = -NQrodr — A€ Qradiur + (h.c.)
AL, D1 (21.38)(21.79)(20.75) ZfRA LT

~A\aQroédr = —Aq (i dp) ((U + h_jf;?’)/\/?) I

A -
= i\glipdRro™ — 7%de3(1) + h+i¢?).

(20.63)(20.103) %5

)\d:iﬂ
V2 mw
£oT g m gm
“MOQrddp = i—=—Lt1drd — 2 —2drdr(v+ h +i¢®) + (h.c.
dQrédr 3 mw RO - Rr( #°) + (h.c.)
hdd DOTE I
d
,,,,, __;9md
h szW.
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ALy D 2IHIZ

—Au€?Q ¢Tu ==\ (ﬂ J) 1 ig” )u
u LaPpUR u \WL L -1 (U—Fh—i(b?’)/ﬁ R

7 Au ,
= i\ydpupd™ — S=trur(v+ h —i¢?)

V2
g My 7 + _ gmu uf . .3
=i1——=——-dru arur(v+h —1
ﬂmWLR¢ ZmW\[LR( ¢°)
hau DOTEMIE

u

_ 9 My
> h = ZQ?TLW
u

Pl ED> 5, lepton, quark WINDHED

f
(b)
[21.2.3] & (20.63) 5
2 2 2 3\272
g~ mp (U+h) +(¢)
'CHiggs _gm B} ¢+¢ +f +o
2 2
- _%:; 2067 ¢~ h + 20(¢*)2h] +
W
o g mp + - g mh 3
= LI g - LI oy
hod DIER X
¢t ¢*
\‘ — 2 \\\ 2
\%‘?;,,, po= i N ho= i [I1L.13]
C P mw )/ mw
¢~ ¢*
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EFRICOWT

p' = (mp,0,0,0), ki = %(1,sin970,0059)7 Ky = %(1, —sin 6,0, — cos ),

2

k2 = ks2 =0, kl-k2=m7", 1 ki =e1 ki =0.
ALt
) g Mg d%q [ R 1 i ]
My = —is — —1)Tr |igef t* ———igsé,t
' 2 mw (27T)d( ) i ¢ —myq f> ﬂ_kz_mqg‘f'kl_mq
2 d
99s~ Mg ab/dq [ L, 1 1 ]
=== —= Tr(t% Tr .
2 mw ( ) (27.[.)d ¢lg_mq¢2g_k2_mqg+kl_mq

/ dq 1 1 1
(2m)4 g% —mg? (¢ + k1)? —mg? (q — k2)? — mg?
1 1—x 2
= | dz/o dyi(gz_A)s'
7272 L
q="0— (xk1 — yk2),
A=—2(l —2)ki® —y(1 — y)ka® — 22yk; - ko +m,® = my* — zymy*.

Ak

N = Tr [¢](d +mq)¢5(d — Kz +mq) (g + Ky +myg)
DI B2 R BEIE (A27)(AA4]) 25

Ny = mq Tr [f1¢50f] +mq Tr [¢1£¢54] +mq Tr [¢(1£¢5/]

=mgl® Tr [f1¢5] + 2mgde; €5, [0 — g" 07 + 0407]

= 4mqeh6§y€2g“” + 8mger 65, (20407 — g

= dmge; €5, [4007 — g ]

4

— dmge,, €5, [d - 1] g

= 4(€] - €5)myq {3 - 1} 2,
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(f)

TEBUHIES

No = 2(€} - €5)my(2zymp? — mp? + 2m,?).

)T |iguf e ig. gt : :
( 1)T [stéﬁf d—mq gs 2t¢+%2—mqg—%1—mq]

2 m, u d4 .1 1 1
9 (e tb)/(zﬁgder {¢1g—mq¢2g+k2—mqg—%1—mq]'

7272 L

q =L+ (k1 — yk2),
A=—2(1—2)ki® —y(1 — y)ka® — 2xyk; - ko +m,* = my* — zymy*.

i
N =Tr [ﬁ(g +mg)¢o(d + ko +mg)(d — Ky + mq)]

DL 2 ERLEIFGEMERCHAL, EEHO R T T 5,

(f)
Feynman rules of Higgs boson and photon
[21.3.10] 22 &
Wil
V:i:%/vw WV_ = ingg’ul/-
/ W+
h

*3 . /src/py/fp3_c.ipynb
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(f) | Feynman rules of Higgs boson and photon

[21.3.11][21.3.12] %5

(b:I:
S
\\ + g
i
h
[[I1.13] 225
¢+
‘\;?i,,, g’
’ (b-‘r 2 mw
Qj)_
[21.2.4] 725
Ar
/ — ,L'e p+p/ "
¢>+>§p> - ( )
o7 ¢F
21.3.8][21.3.9] 25
Wi
:F
¢i/
[21.2.3] 225
L _ .ge + An + .geé —Ap — 2 w4 =
Higes = 15 Wil AMhT —iZ W, AMhg™ + A A" 97 4
DT

£gauge _ _ng(EeabAZAl;\)(EechncA)\d) 4.

(abed) = (1133) L2 5 DIF

e a=1b=3,¢c=1,d=3
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(f) | Feynman rules of ghosts

DY, (abed) = (2233) b ABEICEFET 4L
2
g K K U+
-5 (ALATTAS AN + AZ A2 ATAN — AL AP ALAN — AZ AP AZ AN

(20.63)(20.64)(20.72) 725

BDT,
=g° (A"WFA W, — WIW "A\AY).
ARAYWEW,, EORRIZEZ B, 1 IHI

e K=, A=V, A=p,K=0
e K=V, A=, A=p, k=0

DIFFIDIHET, ZhZ oLo, B ohoy Lmsb. 92X AN DRERIHI 238D B B DT 29" 0.
Bl s
A, AV
W+ - = je? (5555 + 050, — 20" 9por) -

wr W=

Feynman rules of ghosts
[21.2.2] DFIE 2T 5.
Lohost = —Z’(fEJ“(f9“/1HCJr +iec 0" AucT + -

— ie(0"ch) A, ct —ie(8"e ) AT + -

»5

Lohost = —%mwé+c+h — gmwé_c_h + -

*4  /src/py.ghost.ipynb
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(f) | 3-boson vertex diagrams

»5

3-boson vertex diagrams

RIS (A.41)(A.44)(A45) 25

ddf (N
2igmyy (ie)?e L (k1)e, / dx dy/ um)3
0

die ( —4xy + x4y — 5k - kagh” + (4d — 6) 1LY + 202 g

_ 4 2 * *
gmwe Eu(kl)fu(k2)/0 dxdy/ (2r) (2= A)3
1 d 2

d*l 1

= gmwe?e (k) - € (ko / dx dy/ 4 {(4:@ +r+y— 5)m7h + (6 — 2) 62} (YN[

. 1
? 2 % *

= ——gmwe’e] - € dx d

(477)2g 1 QA Yy

*5 _ /src/py/NonAbelian_1loop.ipynb
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(f) | 3-boson vertex diagrams

‘ b+ dd£ 1
2igmwemy (—emw )g"" €, (k1)e,, )2i2 dw dy
dd€ 1
= —dgmy>e’e - 62/ dx dy/ [(CENE
) 2mW
= (471')2ng6 € - 62/0 dz dy A

3

d
N
Qiegemwe (k1)e; 12/ dz dy / d E um) 3
ddZ 2wy—2x—|—2y—2)k1-kgg*”’—i—f’%”—@g“”
_ 2 x *
= 2gmye“e (kl)e,,(kg)/ dxdy/ (KQ—A)3
= gmye’e’( (ko) /dzd/ (2zy — 2x 4+ 2 2)——!— l—1 72 L
_g w 2 0 y y y 2 d (E _A)g
S m 626*-6*/ dxd
- (471')29 w 1 2 0 Y
2 1
X l—(xy—x+y—1)m£+2(d—1) gl“

3

dd€ N
2ie%emwe (k1)e, 12/ dzx dy / um)

die ( 2xy + 2x - 2y — D)k - kagh” + 00V

_ gquv

= dgmueley (kr)e; (ko) / dwdy [ 5 E
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(f) | 3-boson vertex diagrams

= gmwe?e* (ky) - e (k )/1 dxd / at 2| (2zy +2x — 2 2)mh2 +
= € ‘€ - — — —
g 1 2 ) Y (2r)d ) Y 9

. 1
g 2 _x /
= SgmweT€ - € dx dy
(4m)? v 0

2
X l(xwa:cyl)mAthQ(Clll) ZF(

2

! die v
:4ng6262(]€1)€;(k2)/ dxdy/iﬁ

(62 —

ddé 4
2
= gmwye“e’ “(k2) / dx dy/ PR
i d\ [4n\>"?
= --I(2—=)(—+— .
r )zgmwe € - 62/ dgcdyd4 ( 2) <A)
A, A,
+
0 HQ\% ,,,,,
k1 k1 IR
q+k gtk

A)3

1 d — — M _ v
QZegemW€ (k1)e (k2)i2(—i)2/0 d:(;dy/(ijd (g — ki — 2kp)"(—2q — k2)

2)*(2q + k1)”

1 d
2e? —17)2
zeQemwéu(kl)Gu(lﬁ)l () /0 d:cdy/ (2m)d G
1 d v
d*l oy
:4gmweze;ﬁ(k1)€3(k2)/ dxdy/iﬁ

d 4 2
= gmwee* (k “(k2) / dxdy/ dé INE
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(f) | 3-boson vertex diagrams

. 1 2—d/2
__d 20+ 4d d\ (4=
= (47T)ngwe € / dxdyd4f< 2) <A .

A, A,
q
M 1t
ky \ )/ 2
q+ki q—ko
oY o
h

2<_Z~9m”2> emy (—emw )€y, (k1)ep (k2) g™ i ( / d;vdy/ - %

dd£ 1
= —2gmwmh e2e* *(k2) / dxdy/

i 2
= Sgmweel - € dazdy A

(4 ) 0

A, A,
+ -
q ¢
lk\jﬁ\ ***** »----- /
kl N /’ k2
q + kl \ // q— k?
oV
h
gm dde 2q+k1) (2q — ka)”
2 (—22 )( ) *(k1)es(ka)i 2/ dxdy/ Ay
d wpv
= Sg *(k2) d:v dy d E g ¢
)3
ddg mh 8 62
= gmwe? e (k1)€) (ko) / dx dy Y 2 p (Z—Ay
i mp2 8d d 4\ 242
= —— 2— = — .
(47r)2gmwee (ko) / dzx dy 2d4 < 2><A>
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(f) | 3-boson vertex diagrams

) . ddé Mg —k
4<—z%mw) (ie)%e (k1)e, / dx dy / q q 2)2
de 123004
= —4ng€2€* (k‘l kg / dxdy/iw
d 2
:—gmwe e (k1)€; (k2) / dxdy/ dé 4 INE

Ny e T
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(f) | 3 + 4-boson vertex diagrams

PEZETRELTA =mpy? — oym,? Z2ZRATHUL

. 1 11—z
? 2 * L *
7(471')2‘qu6 € (k1) - € (kg)/o dz/o dy
2mw? + 22y —x —y + 8)mh 2my,2 d 4\ 22
d—4 I'i2—-- —
X A b=+ 2 )\ A
i ) 1 1—x
= ngwe € (k1) - € (kg)/o d:z:/o dy
I 2 o 2 A\ 27472
" 2mw? + (2zy —x — y + 8)my, 10 2_£l r 2_@ 4m
mw? — zymp? 2 2 A
2mp? d\ [4m\> "2
+ (16-1— mW2> r (2— 2) (A)
Z' 11—z
= 7(4 )ngWeQG *(ko) / dx /

y {QmWQ—&—(ny—x—y—i—S
mw*® — xymp

—10

2 2
+ <16 4 20 > ( — v+ log4m — log(mw? — xym;f))}
W 3

. 1 1—x
i
= ngWeQE*(kl) ~e*(k2)/0 dac/ dy

" {(4xy —z—y+8)my? 2my,?

2
) (5 — v+ log4m — log(mwy? — xym;f))}

—8+ (16 +
[i11.14]

mw?2 — zymp?

W

3 + 4-boson vertex diagrams

ddﬁ 1
— (2d — 2)gmwe?e* (k *(ka) / dx/ (CEYNE

=—@gmwe2e< D) [ e (20— 2)1 (2—") (‘X’) "

7: 1

2 % *
= —ngwe € (k1) - € (k) ; dx

Lol E) ()]
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(f) | 4 + 3-boson vertex diagrams

. 1
_ _L 2 % Lk
= (47r)29mwe e (k1) - € (kzg)/o dx

d A 2—d/2
e (2 8) ()]

q+p

mp, dd€ 1
7‘9%6 E kQ / dx/ A/)
. 2 2—d/2
= — (4;)2gmwe € (k1) € (kg)/ dx 77:}1 51 <2 — d> (g) .
0 w
DLEDS A =mp? —z(1 — 2)my? ZRATIUL
mp? d 4\ 242
(e
. 1
= 7(4;)2 gmwee(ky) - € (kg)/o dx [IIL.15]
X [ (6 + m;:/2> E — v+ log4m — log(mw? — (1 — x)m;f)” .

Mgy =

. 1
! 2gmwe € (k1) - € (kz)/ dx
0

4 4 3-boson vertex diagrams

A, A, Ay A,
k k k k
1] q—|—]€2 ] 2 1] q—l—kjg W 2
_— _—
" W ’ i
SN 9 P/ @
/ q
/ q //
h h

1 d
g 2 x * d K 1
— 27w .
g mwe e (k) -e (k2)/o da / (2m)d (€2 — A")2

_(4;)29mwe € (k1) - € (kz)/o1 deT (2 B d) (27;>2d/2
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(f) | 4 + 3-boson vertex diagrams

A, A, A, A,
k k

- -

- +

Eo s R e
AN s \ AN s \ p

\ q \
q \\ \\
h h

ddz 1
—ngwe2e “(k2) / dm/ Z A

- —@gmwe & (k) - € () /0 deT (2 . d) (j;)”m

. 1
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(47) 0 €
P bEd> 5

iMys = ! )2gmwe € (k1) - €"(k2)2 [i — v+ log4m — log(mW2)] . [I11.16]

(4m
[I11.14][IIL.15][IIL.16] %5

. 1 1—x 2
. _ ¢ 2 % Lok (433y—x—y—|—8)mh _
M= a2 gmwe e (ki) € (kz)/o dx / dy O B— 8

. 1 1—x 2
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. 1 1—x 2
) 9 x N 2myp, 9 9
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+ <47T)ngwe € (k1) - €*( 2)/0 x/o y< 6+ - 2) (—log(1 — mymy?/mw?))

1
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. 1 2 2
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- (4n)? gmwe € (k1) - €"(k2) ( p— ) (E — v+ logdm — logmw2)

179



(f) | 4 + 3-boson vertex diagrams

- e ()¢ ) | i (

2
~ lr )ngWe € (k1) - € (k2)2 (5 —7 +logdm — 10ng2>

. 1 l1-z 4 _ _ 2
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