An Introduction to
Quantum
Field
Theory

Michael E. Peskin

Stanford Linear Aceslerator Center

Daniel V. Schroeder
Weber Slate University



Proface | . ul
Motatlons aned '.hmr'l‘#.l_ ¥ 4 R
Filitor s Foreword e . aadl

Part I: Feynman Disgrims wod

Quantuwm Fleetrodynamics
Invitation: Pair Prodection in e~ Annlhilation = . . . .3
The Klein-Gordon Flebd - . . . . . . . . . . . . . .. 13
21 The Necessity of the Faeld Viewpoimt . & & . . & & . & 1E
22 Elomwirs of Classcal Fiehd Theury AT |

Lagranginn Fickd Thevey, Mhmm Fiukd ‘.I"nn-u
Nowther's Theueos
23 The Khln-Gondon Fell as Barmonie Oseilligos . . . . . 18
24 T WKainClondos Field i Spwo-Toos . . 2 2 0 00 . 0 o 15
Cansnlity; The Kiss Gendon ﬁ'qlq.pu!lr
FParticlk Cromion by a Clhesdend Sourve

Probme « « « + s w2 v v v v r v s g s 502> =~-= Ha ]
The Dirne Field . . . _ . el e e e e
Al Iannuialuvuinvm“h![‘qunﬂﬂm PR A ]
&2 The Direc Equation. . . . . - T T 4

Wik Spimoes
13 Free-Particle Selutions of the Dirae Equation . . . . . . . 15

Spin Runm
A4 Dirac Matrioss and Dirse Field Bilioears o o o 2 - - - - - 40
A6 Cruantieathon of the Dirae Fiebd . . . . . . . . . . . .. &2

Sl wind Stutimtion. The Dhae Propagator
A Discrote Symeastsis of the Disae Theary . o . . . ) ]

Parity, Tire el thp[muu‘uum

Probloms o« o 0 000 v v s T R T .



Contents

Inmmﬂuﬁddlmdhmm FE e )
4.1 Perturbation Theory—PE and Exasmples . - . . . £
4.2 Perturbstion Expumui{‘m:hhnhmhm -« s« B
43 Wik THeo#il . . o - o v b v v o s o v 2w ae s e &
44 Feynman Dingrame . . . - . o . - -0 s oo s s s s "l
&5 Cross Sections aned the S:-Matrix . . . . 2 2 20 2 2 u o]
A4 Computing 5-Matrlx Elements rom Fernmsan Diagraims . . 108
4.7 Feynman Rules for Fermions . . . . . . . - - . . . .. 115
Vukawa Theory
4.5 Feynman Rules for Quantum Electrodymamiess . . . . . i |
The Coulomiy Prdvemiial
Probbems , , , . . . . . B 1M
Elamlnt.u:r Processes of Quant um Electrody namics 13
.l F o= ST Intoduetion - - - L . - L o o L oL L 13
1'rm- 'h-‘lll-.-h.u Ulngoliirmd Cross Sewthan, « 7o~ — Moo
5 et — 7 Helicity Stroctoee . 0 L 0 L L =+ « Lill
il eTe™ — ™" Nonelativisibe Lokt . . . . _—r
Houind Sentes; Vertor Nlesan Progectiog aned Doy
b CrossingSymmetry . . . - 2 2 2 - 0 opooa oo 153
Ehwebran- M Seatporig, Madesdan Vanables
6 Comsplon Scalterisg . . . 158
Pty Polnrindion Swans; 'Ihlih.l.l "i'-l.:ll ﬁl‘
MHigh-Enwgy Befiavior, Fair Anwikilsion oo Pledons
Probloms - « & & + ¢ ¢ = 5 = = 8 & 8 & & @ & & = & = Lk
Radlntive Correctlons: Ineroduct lon . TS
.l Suft Bovmmstrahlong | 176
Flassicul Congnitatim, sz l"l-mpul-nl
6,2 The Flectron Vertex Funetion: Formal Sumeture " 184
B0 The Electron Yeroes Fanetion: Evsloathon ‘ s
Femmmn Parnnwtons, Proviion Teis of QED
0.4 The Elestron Yeitex Funetion: Infraiesl Divergeoee £ 1]
0,0 Swmmatkon wnd [mterpretation of Infraced Divergesees . . N2
Probless . . . . 0 . o 04
Madlallve Correctbons; Some Formal Developments n
7.1 Fiold-Strength Taowormallest oo i
T Elwbioa Swlf- Energy
T2 The LSE Reduction Feemula i d m
T4 The Optical Theorem . | 30
T Opticsd Thiurem for Feriman Eragrames: £ ustalde Paroio
T4 The Ward-Taknhaehi [dentity | -]
75 Nenormnlization of the Electric Charge i)
Al Ty b
Problems , . P Am - 1

Final Peoject: Radintlon of Gluon Jets ang



Conbenks Wil
Part 11: Renormalizntion

B lovitation: Ultraviolet Cutoffs and Critical Fluctuations 265

9 Functional Methods . . . v v v 000 0 0w e e v ETD
9.1 Paih Iistegrnls o Qonetum Mechamies . 0 0 0 0 C . KRR -1
492 Funetbonal Quantization of Sealar Flelds . . . 2§
Correfntion Flenctions; Feynman Hodes;  Fanctionsl I!'J-.nmhrv
anl £ (senerating Fumnctional
9.4 CQuontum Ficld Theory and Starstien] Michonks PR ! . |
4.4 Cuantization of the Electrommaenetic Field . . - - 0 0 0 2
45 Funetional Quantization of Splnor Fields | L

Anticommueing Nursbers  The D Propegeice Genemeiog
Firnetianal for the Dérse Field: QFLE Fanctioeal Defemairancs

o Bymmetries in the Fonetional Formndism . i
Fqlaunrﬁ of Matioe: Consersmeion Laws: The Ward:
Tekahashi Tdentiny
Probbems . . . . . . Aok R 32
10 Systematics of Renormalization . . . . . . . . o o Lo ih
100 Counting of Ullravielel Divergeness . . . . . . - . . o D15
102 Rerormnliznd Peeturbation 'Thoory 1% 4
Chive= Liwaje Striinturn of @& Fhearny
103 Rescrmulicatisn of Quastum Electrodyonmics . . . - . fisl
Che Laosap Strueture of CED
104 Hessrmoliaabion Boyvonad tlse ll1b|]|l:||.. Oier . . . . A4
ks A TwoLoop I:_.x-nuﬂu L e e
Probloms o o6 0 v oem ow e a0 8 PR L
11 HRevormalization and Symmetey . . . . . . . . . L . T
111 Spontensons Svonunetry Bresking . . - |
The djewwr Sigiras M, I'.urrh.l:mr'p r|'||'1H'I'II.r
*11.2 Remormalisation amt Symmetry: An Explicit Example . . . 3562
*“11.3 The Efective Action . . . . N
*11.4 Computation of the Efectie .-'|.r|.|-:|r.| - PR 71 ]
The Eifective Activi fo tho Linear Sigraa "ri'qldn'
“11.3 The Efective Action s o Carating Punetisnal . 070
*116 Rescrmalizaciom and Symmetry: Generad Analvsis - 0 0 . L J&D
Dot i Tlowimrvine Hiviside
Problind oo i e are re w
12 The Renormaligation Croup .. o
121 Wilon's Apperoach to Henonualization Theory . . . . . . 4
122 The Callan-Symaizik Equation | v d0G

Htw.lnmdlwhm Coraditiems;  The Cailan-Syanmmark Lqua.l-wu.
Cimgitation of 3 and 7;  The Mosniog of 1 asd 5



will [

123 Ewﬂhdw ......
Sodptim of the O Ecisathan; An Appdicatis
te QETY Alternatives B the Huanming uﬂ'lmﬂnnhnmil

124 Nemsmabaation of Local Operaton ¥

115 md L
Critiend Exponemts: A First Look
Protdoms

13 Critieal Expononts sied Scalar Fielkd Theory . . o
111 Themay of Critkenl Ex . R P W R
Frpossnts of the Spin Correlation Puncthon, Exponents of

*132 Criviral Fehavior in Four imonslons

*1aa mmm&m For
P - . - 7 4o bor e e EE EE R A

“Fiual Project: The Colemun-Weinberg Potential . .

Part 11 Non-Abelian Gauge Theories

14 lovihistbon: The Parton Modeal of Hadron Strocture

i5 N_lm&'lm. P T
160 The Gonmerory of Gauge Inmrianos i
152 The Veng-Milk Lagramgian )

153 rh.-l.-l-r-llunlu.wl-lml:.np o
154 Haser Farts About Lie Algolans ]
T issifrmiam off L Algrivas: Repprseniofios:
The Cssimnis { Ruvator
Probileys = e T PR L

16 Quantizstbon of Noo- Abelian Gauge Theorbes
161 l-ﬂl-ﬂmulﬁnn-ﬂhlhnﬂnm ........
Kb dor Fermbons aned €2augy Fosoos;

M‘ﬂlﬁm A Flaw ln-l:hiej.rmnnml.

162 The Fables-Pupnm Lagrangian

163 Choste apsd Unitmsity - - - - . - ¢ 4 v v 4 o= o = b«

*164 BRAT Symmetry . P,

‘165 ﬂtlwﬁmmd%ﬁmmmwﬂmu + and
The dasng= Hoeom Sl Enenysy; The 0 Finectiam;
Relalins miwmg 1 eher e

166 Asymgsotic Freedom: The Background Field Method . .

1.5 Asvmgpiotle Freedom: A Qualitetive Explanatkn . . . . .

hil

hl2
A15

. 41T

5zl



17 Queantum Chesmodynamics e ok e g L DT 548
17, FomQuela o Q0D -« 4 + & s v s nn s s n s s 0 4o 515
172 e'e” Anmisiation nto Hedross . . . . . . . . - . . M8
Tisad Cross Sevtion: Thl.ﬂl.:l.l.nd’u. Crluimy Envissaom

1701 Dowp Inelsstic Seattorlng . . - . . . . o o - o - . 585
T Fusbustir Nl Ihuin--‘. Tl Dhsiributies Pesotiang

174 Hand-Scattering Processes in Madson Collislons . . e R
Lopton Pav Prasiwrtion;,  Kinematees, J'Etl'u.:rFmd-:I:l-

175 Parton Bvolation. . . . . . . . .+ 0 0 0 0 022 574
The Egarvaient Plhoton Approcemstion;  Mulliple Spilteings.
Evulution Egpuniions fix QEDY The Alarsili-Fursi Fpeations

1760 MepsaremwemBE ol 0, « = = = = = + 44 ¢ + & & = = & & & S

18 Operator Products and Effecthe Varthas . . . . . . . L09
*18.1 RepormaBzation of the Qheark Mess Pornmeter .~ . . . 5
*158.2 QUD Hesrmalization of the Weak Intersctions . 05
*18,3 The Dperator Product Expsnsion . . . - . . . 1 b
“18.4 Operavor Amalysis of % ¢~ Anmibilntim ., . ' (114
LY Amalywin of Leslsstic Scatlerl ; wn

m: i mmwrm--m
Thm-uﬂhmal. Operator Bescallip; Cperabor Blising
Aetation cw the Altnrelli-Parisi Egastives

Probilemms - - : + f 3 ¢ s &5 8= e e PR |

19 Portorbation Theory Anomalies . . . . 0 . . . . . ., 651
S The Axisd Coarrenl bn Twas Thossanions o o v 5

Virvimon Prabsrlmmibin dingraoss The Dninroind Djmrster
FEayiathoe An Exnenple with Femse Nomalioe Mot m

"19.2 The Axial Current in Four [Heeemsions . . . . . . . . . . Bib
The Carress Operafor Equntion; T e 13
Chiral Tramsfsrmsstinn of e Fistamal lmgml‘

13 Goldssose Bosone winl Chissl Svmmetries in QCD . . . Lt

Spvutanemss Hrendling of Chivsl Sommsdry;
Apssiiiaidiess of € Reliad {uprviie

Sk Chibrsl Amsmslion sl Chiirsd Gaoge Tlisurss oo TG
106 Adnomaboss Deenking of Scale Tmmilancs . . + oo 082
PIOLREE & o5a' i b e o oo S bl e b [t

2 Gauge Theories with Spootaneous Symmoeiry Hreaking 680

0.1 The Higgs Mechonlsm . . . ., . . « 4+ 20D
An Abwlias Examydy Systematios of the Hige Mechasies,
Niome Mholias FEanmpies, Fromad Desoription

3.2 The Clnsbws-Welnberg-Sulam Theory of Woak Intersections | TiK
Gange Boson Masses;  Compling to Fermkuns;  Experimesial
Comsrquences of tlie il Wiindeeg-Salum Theory:
Frmdom Sass Termas; Thee Higes Basan: A Higgs St




1

2

Contonis

*M.E Svounetries of the Theory of Quarks and Leptons . . .
B A R L (R

Quantization of Spontancously Broken Gaoge Theories

21.1 The Ry Gauges . .
An Abstisn Fxample: £ £ Depesufane fn f'er'uriwhurl Tﬁ-ﬂ.lr_r
Nani-Alwdian Anahaic

21.2 The Goklstooe Hesem Equismlence Theorem . o L
Formad Aspects of Goldstone Bosan Egudvadenen;
Thp Quark Decoy; ete — WHIE

*21.8 Ome-Loop Corrections 1o Weak-lotersetion Gauge Theory

Thentedica! Urientation. and o Specafic Problem;
tuthivnoe off Hoavy Quack Corrections: Comgputation of
Vi Polaristion Amgpiitudes; The Efect of my
Proldems . . . . . . . L . oy Aph

Final Projoct: Diecays of the Higgs Bosonm - . 0 .

Epilogue

Quantum Field Theory at the Frontier . . . . . . |
231 Siroop Stromg lnbemctions . . . .o 00 L0 0w 0.
222 Grand Unification and its l"a:ado:-:a R
224 Eaart Solations in Quantem Figld Theery - - . . 0 . L .
Al SUPETANIRENPALY & o« 4w & 4.4 4 4 & b & s kd e 4 b s
225 Towned an Ultimate Thoory of Nature

Appendix: Roference Formulae

Al Feyuman Hueles . 0 L L N I ——
A2 Polarfeations of External Parl.-.]es s R
AL Mumersdor AlRelTE - © ¢ & &5 4 o v = s £ 4 E 4 b4
A4 Loop Integrals aud DE jomal Megularization . ., . . . .

A5 Cross Bections and Decay Rates Vo
A8 Physical Constants and Conversion Factors .~ - . . . . .
7010 e e e s IR R S S FU LY Y
B L i et e N et e e et

- TS

T

TiL
T

T4

TG

LI

. B0l
. B0

E0G
(1]
1]
EOR

g1l

- BIT

"These pecticns may be omitted in s ooe-year course emphpsizing the less foemaol

sk ool sleimtaty particle i,



	1
	2
	3
	4
	5
	6
	7

