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摘 要

标准模型(SM)是现代粒子物理的基石，它可以通过希格斯机制解释质量的

产生。中间矢量玻色子∥‘及Zo的发现，以及它们的质量与标准模型预测的质量非

常一致。但是到目前为止，还没有实验证明希格斯自发对称破缺机制中的质量产

生机制，而且希格斯粒子一直未在实验上被发现。

目前及将来对撞机的一个最主要的任务之一就是研究弱电对称破缺机制以及

规范玻色子和费米子的质量起源，来检测标准模型。目前TEVATRON，NLC，GLC等

对撞机都在做这方面的努力，希望能够找到标准模型预言的物理信息及其他信息。

由于轻子对的产生截面可以达到非常高的精度，而且光子对撞机可以作为正

负电子对撞机的一个补充，∥斗e+e一过程被建议使用。∥斗e+e一过程也是一个可

能用于对撞机亮度监测的反应道。它可以对对撞机的亮度进行高精度测量。在高

能量对撞过程中其弱电单圈辐射修正的贡献可能应当考虑。本文的工作就是计算

了∥一e+e一过程在树图及其一圈弱电辐射修正后的反应截面。通过正规化和重整

化以及软光子轫致辐射处理，我们发现紫外发散和红外发散已经被消除了。在最

后的结果中，我们给出了它们的数值结果。我们在GLC亮度监测范围内计算了树

图的总截面，以及标准模型下一圈弱电辐射修正后的总截面，其中包括虚修正和

软光子辐射修正。我们还讨论了在GLC的亮度监测范围内树图及一圈修正后的总

截面随质心能量的变化关系。我们还获得了微分截面与出射电子角度O的关系曲

线。最后，我们得到了每秒钟亮度探测器接收的事例数随对撞能量的变化图以及

与出射角度的变化关系图。GLC的亮度监测范围是50mrad≤O≤150mrad和

(z一0．15)rad≤O≤仞一0．05)rad，其亮度上=10”cm。S～。我们的理论计算对实验上

检验标准模型具有一定的参考价值。

关键词：标准模型，弱电辐射修正，质心能量，总截面，微分截面



重庆大学硕士学位论文 ABSTRACT

ABSTRACT

The Standard Model is the basic theory of modem particle physics，which can

explain the generation of masses through Higgs Mechanism．The discovery of

intermediate vector bosons W2 and Zo and their masses are highly in accord with the

predictions of SM．But by far,there is 110 experimental phenomenon representing the

mass generation mechanism of symmetry breaking mechanism，and the Higgs boson is

not found in experiment till now．

One ofthe most important tasks ofcolliders is exploring the electroweak symmetry

breaking mechanism and the mass generation mechanism of gauge bosons and fermions，

which verlfying the SM．In the present，efforts are made by TEVATRON，NLC and

GLC to find the physical information ofthe predictions of SM and others．

The process∥呻e+e—has been suggested because the lepton-pair productions

cross—section should be known to very b5：gh precision and photon collider is a

supplement to electron—positron collider．The process 27"j e+e—is a possible channel

for luminosity detector of colliders，which Can precisely measure the luminosity of

colliders．The contribution of one—loop electroweak correction should probably be

considered at high—energy collision．In this paper,we calculated the tree—level and

one-loop electroweak radiative corrections．After regularization and renormalization and

soft—phototic bremsstrahlung radiation，we found that the UV divergence and IR

divergence have been removed，and we listed and discussed the numerical results of the

removal．We calculated the tree—level integral cross—section and calculated the

cross—section with one—loop electroweak corrections to the process∥---9．e+e—in the

Standard Model(SM)，including virtual corrections and soft photon radiative correction．

We discussed the relations between the cross—sections in tree level(and one—loop

corrected cross sections)and center-mass energy√s in the luminosity measuring

ranges of GLC．We also acquired the relation curves between differential cross section

and the outgoing electron angle 0．At last，the numbers of events at different

center-mass energy and angular ranges are acquired in the end of the numerical
calculations．The luminosity monitor ranges of GLC is 50mrad蔓0≤1 50mrad and

(石一O．15)rad蔓0茎(T／"一O．05)tad and the luminosity of GLC is L=1034cm’2s～．We

II
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hope 0121"theoretical calculations have somewhat value to test the Standard Model in

expenment·

Keywords：Standard Model，electroweak radiative correction，center-mass energy

integral cross—section，differential CROSS—section
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1 Preface

The SU(3)×SU(2)×u(1)standard theoryllll21[叫has passed many precision tests

during the last years．In particular，measurements of the muon decay constant G¨t11e

gauge boson masses Mw and Mz．and the decay widths and asymmetries of the Z

boson at LEP have provided stringent constraints which are successfully fulfilled by the

Standard Model(SM)evaluated at ode—loop level．The experimental data favor avalue

for the top-quark mass which is in accordance with the direct measurements[4】[5】of CDF．

mt：1
76+16GeV，and DO，mt=1 99_+30 GeV[61[71【81．Nevertheless，further precision

tests of the SM are required．Up to now，only weak direct experimental information

exists on the non．Abelian self-interaction of the gauge bosons[91．Moreover,no

experimental evidence on the mechanism of spontaneous symmetry breaking，which is
responsible for mass generation and postulates the existence of the scalar Higgs boson，

has been found yet．For such investigations，energies of several hundred GeV or even

few TeV are needed，since the sensitivity to deviations from the SM gauge-boson

self-interaction grows strongly with energy，and the existence of the Higgs particle Can

be proven only by direct production．To this end，a‘'Next Linear Collider’’(NLC)for

ee，ey，and∥collisions was proposed[1 o】which offers a unique environment for

such precision experiments owing to the comparably small background．

Since the suggestion of a photon linear collider(PLC[1 111121[13])in the 80’S㈣as an

additional oDtion for future e+e-linear colliders【1 5心1[17】【18J，many studies on the

feasibility(see Ref．[1明and references therein)and the physics potential【20Ⅱ211 of such a

machine have been performed．A PLC provides an excellent device complementary to

矿e—colliders．Photon—photon collisions allow for a search of Higgs bosons by

S-channel production and for high—precision tests of the properties of W bosons，which

are produced in pairs with an enormously large cross section．Moreover，the production

cross sections of charged particles，in many models for new physics，are even larger

than for comparable e+e—machines¨“．Last but not least．a PLC allows various QCD

studies，in particular the investigation ofthe structure ofthe photon itself．

According to the DESY／ECFA study[191 a total 77'luminosity of 1 0”cm‘2s～．or

even 1-2 orders of magnitude higher，Can be reached by Compton backscattering of

laser photons off the high—energetic e‘beams at a 500GeV collider．This production

mechanism renders the lnminosity spectrum non—trivial，since both photon beams are
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not monochromatic，and a luminosity monitor has to be sensitive to both photon

energies．For this task the processes∥斗e+e一，∥+∥一have been suggested(see

Ref．[1
91
and references therein)as reference reactions．Thus，the lepton—pair production

cross section should be known to very high precision．

The process 7"／--->e*e—is a possible channel for luminosity detector of colliders，

which Can precisely measure the luminosity of colliders．The contribution of one—loop

electroweak correction should probably be considered at a high energy collision．In this

paper,we will discuss the process∥斗e+e—in detail at the model of SM．We will

calculate the tree-·level integral cross section and the one-loop electroweak corrected

integral cross section and their differential cross sections．After regularization and

renormalization，we will find the UV divergence and IR divergence will be removed．In

order to connect with experiments，we choose the luminosity detector range

50mrad≤0≤150mrad and Or—O．15)rad≤0≤Or一0．05)tad ofGLCl201．The process

∥j e+e—has a little practical meaning for luminosity detection of colliders．We hope
Our calculations Can provide somewhat consult for experiments．

This paper is organized as follows：in Section 2 and Section 3 we introduce some

theoretical knowledge that our calculations need．In Section 4 we list all ofthe Feynman

rules of the process∥斗e+e—and its one—loop corrections．After that，we draw the

Feynman diagrams by using of FeynArts32．The Section 5 is Our main work：the

calculations of tree—·level integral cross—-section and one—·loop corrected integral

cross—section and the calculations of differential cross—sections．The conclusion is given
in Section 6．At last，we will give the references and acknowledgements．

2
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2 The Standard Model

2．1 Introduction

All known particle physics phenomena are extremely well described within the

Standard Model(SM)of elementary particles and their fundamental interactions．The

SM provides a very elegant theoretical framework and it has successfully passed very

precise tests that at present are at the 0．1％level【2“．The elementary particles in

Standard M0del are shown in Table2．】．

Table 2．1 the elementary particles in Standard Model

Elementary Particles

羚；。攀一≥溢爹怒+ji
乡j j。，『．～ 一一。

～o．，?西z≥～：s≯，i护，
“

’down，一．s廿an群 二bott蛳i

辫鬻鬻鞫鋈鬻藜鎏熬露￡篙i鳓粪蓬劫蠖篝鑫囊舞蠹萋；

鬻
鞠
豳
黧

3---) I II III ÷_Generadons

We understand by elementary particles the point—like constituents ofmatter with no

known substructure up to the present limits of 1 0一“一10一”m．These are of two types．

the basic building blocks of matter themselves known as matter particles and the

interirlediate interacti。n panicles．The firSt。nes are fermi。ns。f Spin J：三a11d are

classified into leptons and quarks．The known leptons are：the electron，e一，the muon，

∥一and the f～with electric charge Q=一1(all charges are given in units of the

3
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elementary charge P)；and the corresponding neutrinos屹，G and¨with Q=0

The known quarks are of six different favors：“，d，S，c，b and t and have

rracti。nal charge Q=；，Q=一；，Q=-；，O=；，O=一；ana 9=詈respectiVe·y．
The quarks have an additional quantum number，the color，which for them can be

of three types，generically denoted as吼，i=1，2，3．We know that color is not seen in

Nature and therefore the elementary quarks must be confined into the experimentally

observed matter particles，the hadrons．These colorless composite particles are classified

into baryons and mesons．The baryons are fermions made of three quarks，qqq，as for

instance the proton，P～uud，and the neutron，盯～ddu．The mesons are bosons made

ofone quark and one antiquark as for instance the pions，石+～ud and

刀一～豺．

The second kind of elementary particles is the intermediate interaction particle．By

leaving apart the gravitational interactions，all the relevant interactions in Particle

Physits are known to be mediated by the exchange of an elementary particle that is a

boson with spin S=1．The photon，y，is the exchanged particle in the electromagnetic

interactions，the eight gluons乳；d=1，⋯8 mediate the strong interactions among

quarks，and the three weak bosons，W+，Z are the corresponding intermediate bosons of

the weak interactions．

As for the theoretical aspects，the SM is a quantum feld theory that is based on the

gauge symmetry SU(3)c×SU(2)L×u(1)r．This gauge group includes the syrmnetry

group of the sgong interactions，SU(3)c，and the symmetry group of the electroweak

interactions，SU(2)L×uo)r．The group symmetry of the electromagnetic interactions，

U(1)。，appears in the SM as a subgroup of SU(2)L xU(1)r and it is in this sense that

the weak and electromagnetic interactions are said to be unified．

The gauge sector of the SM is composed of eight gluons which are the gauge

bosons of su(3)，and the y，∥+and Zparticles which are the four gauge bosons of

SU(2)L XU(1)y．The main physical properties of these intermediate gauge bosons are as

follows．The gluons are massless，electrically neutrN and carry color quantum number．

There are eight gluons since they come in eight different colors．The consequence ofthe

gluons being colorful is that they interact not just with the quarks but also with

themselves．The weak bosons，W。and Z are massive particles and also selfinteracting．

The W2 are charged with Q=±1 respectively and theZis electrically neutral．The

photon is massless，chargeless and non—selfinteracting．Concerning the range of the

4
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various interactions，it is well known the infinite range of the electromagnetic

interactions as it corresponds to all interaction mediated by a massless gauge boson，the

short range of the weak interactions of about 1 0一⋯cm correspondingly
to the exchange

of amassive gauge particle with a mass ofthe order of My～100 OeV and，finally，the

strong interactions whose range is not infinite，as it should correspond to the exchange

of a massless gluon，but finite due to the extra physical property of confinement．In fact，

the short range of the strong interactions of about 10—13cm corresponds to the typical

size of the lightest hadrons．

As for the strength of the three interactions，the electromagnetic interactions are

governed by the size of the electromagnetic coupling constant e or equivalently

口：—e—z which at low energies is given by the fine structure constant，

口(Q 2他)2而1·The
weak in‘eracti。n5 at。nergi。8 much 1。“。。‘han‘he。。challg。8

gauge boson mass，M，，have all effective(weak)strength given by the dimensionful

Fermi constant Gr=1．167x10。GeV～．The name of stronginteractionsis duetotheir

comparative stronger strength than the other interactions．This strength is governed by

me size。f the str。ng c。upling c。nstant船。r equivalently％=重4z
a11d is Varies

from large values to low energies，咏(Q=％“)～1 up to the vanishing asymptotic

limit口s(Q一∞)斗0．This last limit indicates that the quarks behave as free particles

when they are observed at infmitely large energies or,equivalently，infinitely short

distances and it is known as the property of asymptotic freedom．

The fermionic sector of quarks and leptons are organized in three families with

identical properties except for mass，The particle content in each family is：

-‰缈：吼制。地，畋 B，，

z“岫：潍圳。勘％ B2，

5
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s“r姗i-y：[：：]。，r；，[：]。，r。，。。 (2．3)

and their corresponding antiparticles．The left—handed and right—handed fields are

defined by meads ofthe chirality operator儿as usual

Pi=去(1一y5)8一；P；=÷(1+^)P一 (2．4)
三 二

and they transform as doublets and singlets of SU(2)L respectively．

The scalar sector of the SM is not experimentally confirmed yet．The fact that the

weak gauge bosons are massive particles，蛳，Mz≠0，indicates that su(2)L×u0)r
is NOT a symmetry of the vacuum．．In contrast，the photon being massless reflects that

U(1)。is a good symmetry of the vacuum．Therefore，the Spontaneous Symmetry

Breaking pattern in the SM must be：

SU(1)c×SU(2)￡×u(1)y专su(3)c×U(1)。 (2．5)

The above pattern is implemented in the SM by means of the SO—called Higgs

Mechanism which provides the proper masses to the M‘and Z gauge bosons and to

the fermions，and leaves as a consequence the prediction of a new particle：The Higgs

boson particle．This must be scalar and electrically neutral．This particle has not been

seen in the experiments SO farl281．

2．2 Classification of Internal Symmetries and Relevant Theorems

There are two distinct classes of internal symmetries：

A．g—lobal symmetries

The continous parameters of the transformation DO NOT DEPEND on the

space—time coordinates．Some examples are：su(2)Isospin symmetry，su(3)flavor

symmetry,U(1)口baryon symmetry，盯(I)L lepton symmetry，．．

B．10cal(gauge)symmetries

The continous parameters of the transformation DO DEPEND on the space—time

coordinates．Some examples are-u0)。electromagnetic symmetry，sv(2)L weak

isospin symmetry，U(1)r weak hypercharge symmetry，SU(3)c color symmetry，¨．

There are two relevant theorems／principles that apply to the two cases above

respectively and have important physical implications：

No．．．．e．．．．th．．．．．．．．．e．．．．r．．'s Theor．．em fo—r—G——lobal Symmetries

If the Hamiltonian(or the Lagrangian)of a physical system has a global symmetry，

6
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there must be a current and the associated charge that are conserved．

TheGauge Principle for Gauge Theories

Let甲be aphysical system in Particle Physics whose dynamics is described by a

Lagrangian L which is invariant under a global symmetry G．It turns out that，by

promoting this global symmetry G from global to local，the originally free theory

transforms into an interacting theory．The procedure in order to get the theory invariant

under local transformations is by introducing new vector boson fields，the SO—called

gauge fields，which interact谢tll the If，field in a gauge invariant manner．The number

of gauge fields and the particular form of these gauge invariant interactions depend on

the particularities of the symmetry group G．More specifically，the number of

associated gauge boson fields is equal to the number of generators of the symmetry

group G．

The above Gauge Principle is a very important aspect of Particle Physics and has

played acrutial role in the building ofthe Standard Model．

The quantum field theories that are based on the existence of some gauge

symmetry are called Gauge Theories．We have already mentioned the cases of U(1)Ⅲ，

su(2)￡，U(1)r and su(3)c gauge symmetries．The gauge theory based on uo)。is

Quantum Electrodynamics(QED)，the gauge theory based on su(3)f，is Quantum

Chromodynamics(QCD)and the corresponding one based on the composed group

SU(2)￡×U(1)y is the SO—called Electroweak Theory．The Standard Model is the gauge

theory based on the total gauge symmetry of the fundamental interactions in particle

physics，su(3)c×su(2)z×U(1)r．

2．3 Lagrangian of the Electroweak Theory

In order to get the total Lagrangian ofthe Electroweak Theory one must add to the

previous fermion terms containing the kinetic and fermion interaction terms，the gauge
boson kinetic terms and the gauge boson self-interaction terms．The SM total

Lagrangian Call be written as

Ls．=Lr+Lo+厶；矾+三朋 (2．6)

where the fermion Lagrangian is

0=∑MfiDf (2．7)

and the Lagrangian for_che gauge fields is

7
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k=～丢形，吖”一1B,,,vB／'v+k+上。 (2．8)

which is written in terms ofthe field s缸ength tensors

暇，=a，彤一a，睨+gs舭啄蟛 (2．9)

吼，=a。E—a，Bn (2．10)

Lee and Lee
are the gauge fixing and Faddeev Popov Lagrangians respectively

that are needed in any gauge theory．We omit to write them here for brevity．These have

also been omitted in the cases of QCO and QED．

Notice that this gauge Lagrangian contains the wanted self-interaction terms

among the three睨，i=1，2，3 gauge bosons，as it corresponds to a non—abelian

su(2)L group．

The last two terms，Lsss and Lrw are the Symmetry Breaking Sector Lagrangian

and the Yukawa Lagrangian respectively．These terms are needed in order to provide

the wanted M∥ and Mz gauge boson masses and mf fermion masses．

One carl show that Lsu is indeed invariant under the following su(2)￡×U(1)r

gauge transformations：

五专eiTO(x)fL (2．1 1)

厂一’秘’fe f (2．12)厂一2。 (2．12)

{；斗{R Q．13)

E-÷w；一lOnO'(x)．]．sIjkoJwk (2．14)

吼一色一寺。一口(z) (2·15)
6

The physical gauge bosgns w：，z B and Au are obtained from the electroweak

interaction eigenstates by the following expressions

嘭=万1”，1-T-i眩) (2．16)

8
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zu=Cww：一s。B u

Aj=s灌：七c．Bj

(2．17)

(2．18)

慨，乱defines the rotation in the neutral sector，The relations among the various
couplings are obtained by identifying the interactions terms with those of k．Thus

one gets

g=三，g’=一e (2．19)
占w Cw

Finally，note that mass terms as M扣uw9，三、M2。ZuZ9 and mf墨are

forbidden by su(2)L×U(1)r gauge invariance．This is a new situation that is not

found in QED or QCD．The needed gauge boson masses must be generated in a gauge

invariant way．The spontaneous breaking of the SU(2)￡×u(1)r symmetry and the

Higgs Mechanism provide indeed this mass generation．To this subject we come next．

2．4 The Concept of Spontaneous Symmetry Breaking and the

Higgs Mechanism

2．4．1 The Concept of Spontaneous Symmetry Breaking(SSB)

One of the key ingredients of the SM of electroweak interactions is the concept of

Spontaneous Symmetry Breaking(SSB)．giving rise to Goldstone excitations[291 which

in turn Can be related to gauge boson mass terms【281．When this SSB refers to a gauge

symmetry instead of a global symmetry，then the Higgs Mechanism operates[32】[321．This

procedure is needed in order to describe the short ranged weak interactions by a gauge

theory without spoiling gauge invariance．The discovery of the∥+and Z gauge

bosons at CERN in 1 983[37】[34】[35][36】【371 may be considered as the first exDerimental

evidence of the SSB phenomenon in electroweak interactions．In present and future

experiments one hopes tO get insight into the nature of this Symmetry Breaking Sector

(SBS)and this is one of the main motivations for constructing the next generation of

accelerators．In particular，it is the most exciting challenge for the LHC collider being

buiIt at CERN．

In the SM，the symmetry breaking is realized linearly by a scalar field which

acquires a non—zero vacuum expectation value．The resulting physical spectrum contains

9
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not only the massive intermediate vector bosons and fermionic matter fields but alSO the

Higgs particle，a neutral scalar field which has escaped experimental
detection until now．

The main advantage of the SM picture of symmetry breaking lies in the fact that arl

explicit and consistent formulation exists，and any observable Can be calculated

perturbatively in the Higgs self-coupling constant．However，the fact that one can

compute in a model doesn't mean at all that this is the right one．

The concept of spontaneous
electroweak symmetry breaking is more general than

the way it is usually implemented in the SM．Any alternative SSB has a chance to

replace the
standard Higgs sector，provided it meets the following basic requirements：1)

Electromagnetism remains unbroken；2)The full symmetry contains the electroweak

gauge symmetry；3)The symmetry breaking Occurs at about the energy scale

v=(√2GF)2=246 GeV with GF being the Fermi coupling constant．A simple

definition of the phenomenon of SSB is as follows：

A physical system has a symmetry that is spontaneously broken if the interactions

governing the dynamics of the system possess such a symmetry but the ground state of

this system does not．

In the language of Quantum Field Theory，a system is said to possess a symmetry

that is帮ontaneouSfy bmkeu ifthe LagrarLgian descrihiag the dyn鲫ics oftb．e system is

invariant under these symmetry transformations，but the vacuum of the theory is not．

Here the vacuunl 0>iS the state where the Hamiltonian expectation value

<0IHl 0>isminimum．

2．4．2 Goldstone Theorem

The general situation in Quantum Field Theory is described by the Goldstone
Theorem[39】

If a Theory has a global symmetry of the Lagrangian which is not a symmetry of

the vacuum then there must exist one massless beson，SCalar or pseudosealar，associated

to each generator which does not annihilate the vacuum and having its salne quantum

nttmbers．These modes are referred to as Nambu·Goldstone bosons or simply as

Goldstone bosons．

2．4．3 The Higgs Mechanism

The Goldstone Theorem is for theories with spontaneously broken global

symmetries，but does not hold for gauge theories．When a spontaneous symmetry

breaking takes place in agauge theory the SO—called Higgs Mechanism operates．

The would—be Goldstone bosons associated to the global symmetry breaking do not

10
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manifest explicitely
in the physical spectrum but instead they’combine’witll the

massless gauge bosons and as result，once the spectrum of the theory is built up on the

asymmetrical vacuum，there appear massive vector particles，The number of vector

bosons that acquire a mass is precisely equM to the number of these

would．be．Goldstone bosons．

There are three impogant properties of the Higgs Mechanism for 1mass generation。

that are worth mentioning：

1．一It respects the gauge symmetry ofthe Lagrangian．

2．一It preserves the total number ofpolarization degrees．

3．一It does not spoil the good high energy properties nor the renormalizability of the

massless gauge theories．

We now turn to the case ofthe SM of Electroweak Interactions．We will see in the

following how the Higgs Mechanism is implemented in the su(2)L×U(1)r Gauge

Theory in order to generate a mass for the weak gauge bosons，W。and Z．The

following facts must be considered：

I．一The Lagrangian of the SM is gauge su(2)￡×U(1)y symmetric．Therefore，

anything we wish to add must preserve this symmetry．

2．一We wish to generate masses for the three gauge bosons W2 and Z but not for the

photon，，．Therefore，we need three would—be—Goldstone bosons，妒+，庐一and z，

which will combine with the three massless gauge bosons of the SU(2)L×U(1)y

symmetry．

3．一Since U(1)。，is a symmetry ofthe physical spectrum，it most be a symmetry ofthe

vacuum ofthe Electroweak Theory．
From the above considerations we conclude that in order to implement the Higgs

Mechanism in the Electroweak Theory we need to introduce an’ad hoc’additional

system that interacts with the gauge sector in a su(2)L×U(1)y gauge invariant

manner and whose self-interactions．being also introduced’ad hoc’．must produce the

wanted breaking，su(2)￡×U(1)y—÷u(1)。， with the three associated

would—be—Goldstone bosons矽+，砂一and z．This system is the SO-called SSB of the

Electroweak Theory．
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3 Regularization and Renormalization Theory

3．1 Regularization

The goal of regularization is to explicitly calculate the divergent integral：

，=fd2kF(k) (3．1)

This can be done a number ofways．Furthermore，the end result should not depend

on which regularizafion scheme you chose．The idea will always be to reparametrize the

integral in terms of a parameter．After we have expressed the integral in this way，we

will take the physical limit where the result returns to the original integral．Terms that

vanish，we will ignore．Terms that blow up，we will need to get rid of．The end result

will be something finite．

In this section we will present four different regularization schemes．There are

many more，but these are probably the most commonly used．Notice that every term in

this section Can also depend on physical quantities such as mass，charge and external

momenta．We are suppressing this dependence，as it is not relevant to the regularization

scheme．

Momentum Cutoff．We are evaluating integrals that have the form of Equation

(3．1)．This integral diverges at the large limit．Then perhaps the most obvious choice for

a regularization scheme is not to integrate to infinity,but to a very large momentum，
parametrized by the Greek letter A：

]--)．IA
s d4七F(七) (3．2)

IA is certainly convergent，and becomes 1 in the limit A寸OO．We cart do this

integral to get the general result：

，A=A(A)+B+c(÷) (3．3)
』L

where in the physical limit A呻。o，A is divergent(either power．1aw or

logarithmically)，C vanishes，and B is independent of A and hence remains finite．

We Can immediately drop C，and we are left with a piece that diverges and a piece that

is finite．If we can only figure out a way to get rid of the divergent piece，we carl take

the limit and get a fmite answer．This is exactly what we will do in step 2．But before

getting there，we’d like to present a few more regularization schemes．

12
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Although momentum cutoff regularization is probably the most obvious choice fur

a regulator,it is rarely the best one．The reason is that the momentum cutoff dependence

almost always violates an important symmetry of the theory such as gauge invariance，

which is needed to make sure quantities cancel correctly．Therefore，unless we want a

qualitative understanding of the diagram，we almost never use momentum cutoff

regularization in practice．

Dimensional ReguIarization．DimReg，as opposed to momentum cutoif,is one of

the most useful and least intuitive regulators．The reason for its usefulness is that it

preserves gauge invariance and keeps a11 the synmaetries of the theory manifest．

In DimReg，we replace Our integrals with：

，斗％=fd。kF(k) (3．4)

where D iS the dimension of Our measure．This is NOT to be confused with extra

dimensions and string theory—the physical result corresponds to D=4，To that end we

can perform the integral in D spacetime dimensions，and replace D—}4-￡，80 that

the physicallimitis sj 0．We areleftwith：
1

t=A(e)+B+c(二) (3．5)
占

This time，however，it is A whichwe carl drop immediately in the physical limit．

Again，the goal of step 2 will be to find a way to remove the divergent piece，leaving the

finite piece over when we take the limit占一0．

Pauli—Villars Regularization．PV regularizafion involves the intriguing

philosophical assumption that there is more physics going on than we see．When writing

down the amplitude，assume that there is another diagram with a loop，this time with a

particle of mass M larger than anything else in the theory．However,this diagram

enters with the wrong sign!Hence you are subtracting a diagram from your theory．

Di89rams with massive 100p汕曲眦as索，SO in the limit M mthis m89ram does

not contribute．However,while keeping M finite it will help to cancel divergences．

The logic works exactly like momentum cutoff regularization，where we must remove

terms that diverge with M and drop terms that vanish in the physical limit，leaving a

finite result．

Lattice Regularization．Lattice regularization is a very different beast than the

regulators we have been talking about，but we feel obligated to talk about it here

because it is truly very beautiful．In lattice regularization，you assume that the universe

3
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is not a continuum，but rather a discrete lattice．Now all of the integrals are actually

sums，and you never integrate to infinity since there is a natural cutoif,namely the

lattice spacing d．After performing the finite 8Lffns，you take your theory off the lattice

by going to the physical limit a斗0．Again．you get terms that diverge with日that

you must remove by the renormalization step．

Lattice regularization is very different from any of the other schemes because it is

not perturbative．In other words，you use lattice regularizafion when you are trying to

solve a problem without using perturbation theory．This is very useful in theories with

the strong force described by quantum chromodynamics(QCD)，since the perturbative

regime of QCD is very limited．Lattice QCD has been very successful in predicting

many results of low-energy QCD，including confinement，hadrons masses and form

factors

3．2 Theory of Renormalization

You might still be bothered by many things in the previous section．When we

renormalize physical quantities such as charge and mass，you might be thinking that

these quantities are observable and are not infinite．So how carl you get away谢th

making them divergent and then ignoring it!The answer to that question is actually

deeper than it first seems．

First of all，there is a flaw to the skeptic’S argument that the electron is not

infinitely massive or carries infinite charge．In fact，according to QFT，it does!The

reason we don’t see it is subtle but beautiful．If the electron has infinite charge，then it

has an infinite amount of energy from the electromagnetic field．This energy manifests

itself by the uncertainty principle which says that the field is allowed to create and

destroy particles in very short time．s；such particles are called、、virtual particles”．With

this huge amount of energy，the field is able to produce many particles with charge all

around the electron．But because these virtual particles are charged，they line up with

the field and dampen the strength，analogously to dielectrics in classical

electrodynamics．Hence as you go further away from the electron，its effective charge

becomes weaker due to this dielectric effect，thus lowering the charge ofthe electron to

the Values we measure．

But in that case，shouldn‘t the electron’S charge get larger and larger as we get

closer and closer to it，cutting through this quantum dielectric?The answer is yes，and

perhaps even more amazingly，this is precisely what happens!In the everyday world，

14



重庆大学颂士学位论文 3 Regularization and Renormalization Theory

we measure a=去，but at high-energy accelerators such as the Tevatron at FermiIab，

we Ineasure a=—L this is areal e矗ect．
128

In the past，this effect has been calculated directly by deriving the、、Uehling

Potential”which is the quantum correction to the Coulomb potential．However，in the

past thirty years or so，physicists have developeda much more powerful technique for

describing these results in a beautifully elegant and intuitive way．This technique was

pioneered by physicists K．Wilson，M．Fisher，L Kadanoff and others．The technique is

called the Renormalization group．

The renormalization group is a very complicated object，but we will just say a few

things about it．In general，the idea is to do everything that we have
been doing，only

nowour RC will generally depend on the scale of our experiment；call it∥．This scale

is referred to as a subtraction point；its value depends on the scale of the experiment as

well as the subtraction scheme．Then we can ask：、、How do our physical parameters

depend on our subtraction point?”We carl write down a set of differential equations，

called the、’renormalization group equations”that try to answer how our couplings and

masses evolve with changing subtraction point．This gives US the results we said above．

It is this technique that has led to the discovery of asymptotic freedom，the key

qualRy of QCD，where the forces get weaker as the subtraction point increases．This

allows for a perturbative analysis of QCD at high energies，when perturbation theory

falls at low energies．In addition，the renormalization group has helped to solve a

number of questions in statistical mechanics，such as the behavior of magnets，liquid

crystals and general phase transitions，just to l'lfl／ne afew．

The technique of regularization gave US a way to、、parameterize the infinities”．

Now we must develop a way to get rid of these infinities．This is the step of

renormalization．For the sake of notation，we will call our regulator A；this does not

mean that we have used momentum cutoff regularization．

Up to this point，the integral we have been considering can be denoted the

following way：

I；I(m，口，A) (3．6)

This quantity blows up in the physical limit．However，it turns out that we can

capture this divergence ifwe make a clever shift ofthe physical parameters：

5
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m寸m(A)=m+8m(A)

a寸a(A)；口+5a(A)

I(m，口，A)—+，(m(A)，口(A))

(3．7)

(3．8)

(3．9)

There is nothing different about this result，except that we have absorbed all of the

divergent behavior into the physical parameters，SO that，is no longer explicitly

divergent，but merely dependent on divergent but physical quantities．

After all，we know that the electron is not infinitely massive or has infinite

charge!’’But what you are forgetting is that we have not yet specified our

renormalization conditions yet．In fact．ifwe chose for our RC：

m(A)斗mR a(A)斗％ (3．10)

in the physical limit(the⋯R’stands for“renormalized”)，then Our final result is simply
I(mR，口月)一a finite answer!mR and口Rare DOWjust the quantities we measure for the

electron mass and charge respectively．We have literally、、swept the infinities under the

rug”to extract the UV—finite solution．

Before you label this as ridiculous，realize that QED has used renormalization all

the time，and its results have been tested to as many as fourteen decimal places．That is

the best—known confirmation of any theory of physics，Surely we must be doing

something right!

As a final point，we wanted to mention that Our fmal(finite)results could not

depend on the regulator．However，you may be concerned about the process of

absorbing the regulator into the physical quantities．For example，do you absorb any of

the finite part of your regulated integral?Each regutarization scheme gives you a

different finite part，SO how areyou to know what to drop and what to keep?The answer

is that you must explicitly state these details when you give your final answer．This final

step is often called the subtraction scheme．So when you quote a final renormalized

answer，you must state what subtraction scheme you used to renormalize the observable

quantities．

3．3 The Schemes of Renormalization

All of the schemes of renormalization mark off the divergent and finite parts

through fixed counterterms．The most simple renormalization scheme is the minimal

subtration(MS)scheme，which is produced by the dimensional regularization naturally．

16
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The parameters in counterterms al'e iust the culmination terms in this scheme．In the

dimensional regularization scheme，there is ln4z—yE，where y i is the Euler-constant

in company with culmination terms．So ln4z—yF belongs to the divergent parts of

counterterms．This scheme is called corrected minimal subtraction(MS)scheme．It is

important to resolve the renormalization group equation because the upper two

subtraction schemes are independent of mass．There are two other schemes must be

introduced．They are momentum renormalization scheme and on—shell—mass

renormalization scheme．In these two schemes，counterterms are fixed on也e boundary

conditions of propagators and vertice．In the momentum renormalization scheme，the

boundary condition is confined by P2=一“2．In the on-shell—mass renormalization

scheme，the boundary condition is confined by P2=m2．Here we know the

on—shell—mass renormalization scheme is just the particular model of the momentum

renormalization scheme when“2=一m2．The on—shell—mass renormalization scheme iS

also called physical renormalization scheme．

3．4 Discussion

“Renormalization”is a word thm has been given the evil eye by mathemmicians，

philosophers and popular science writers ever since it was first used to control infinities

prevalent in quantum field theories．For a long time，many physicists have also looked
down on it as a necessary although unattractive procedure．However，as quantum field

theory becomes time tested again and again，it becomes harder to simply write off

renormalization as a bad idea．

When Wilson，et a1．published their derivation of the renorrnalization group，

physics underwent a spectacular shift in philosophy．No longer was renormalization a

necessary evil，but a requirement!It provided an entirely new way of interpreting

ultraviolet divergences．The general philosophy of quantum field theorists is now that

any given theory of physics has some energy scale where the theory breaks down．

Renormalization not only allows you to perform calculations below that scale，but

through the renormalization group equations，tells US where that scale is[This allows

people to predict where to find new physics．For example，this is how people predicted

the top quark mass，and currently motivates the search for supersymmetry，extra

dimensions and Other newtheories．

Renormalization has not only helped US to explore the perturbative regime of

quantum field theories，but has also given US great insight into the nature of how

7
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physical theories must scale with energy．It has given us a way to deeply probe the

nature of the theory itselE While mathematicians and philosophers continue to call it a

problem，physicists have learned that it truly is our deeply misunderstood friend．

18
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4 Feynman Diagrams and Feynman Rules of Process∥-+e+P一

4．1 Feynman Diagrams

4．1．1 Tree—level Diagrams of Process 27"j e+e—

The Feynman diagrams are drawn by Mathematica with FeynArts32[38]package in

this papen The tree—level diagrams in shown in Fig．4．1．
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4．1．2 One-loop Diagrams of Process∥斗e+e+

We will calculate the ode—loop electroweak radiative corrections of process

∥斗e+e—in this paper,and draw it’S ode—loop electroweak corrections diagrams in

this chapter．The one—loop diagrams include self-energy(Fig．4．2)，triangle(Fig．4．3)，box

diagrams(Fig．4．4)and their counterterms(Fig．4．5)，where self-energy diagrams
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4．2 Feynman Rules

We adopt’t Hooft-Feynman gauge in this paper,i．e．善=1．We write down the

Feynman rules ofthis process∥斗e+e—here．

External legs：
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5 The Calculation of Cross—sections

5．1 The Tools We Adopted for Calculating Cross—sections

FormCalc is a Mathematica package for the calculation of tree··level and one--loop

Feyrmaan diagrams．It reads diagrams generated with FeynArts and returns the results in

a way well suited for further numerical and analytical evaluation．FormCalc Can in fact

write out a complete Fortran subroutine to compute the squared matrix element for a

given process．

The following simplifications are performed by FormCalc：

· Indices are contracted as far as possible，

· Fermion traces are evaluated，

·

Open fermion chains are simplified using the Dirac equation，

· Colour structures are simplified using the SUfN)algebra,

·Thetensor reduction is done，

·Local terms(the remnants of divergent integrals)are added，

·Theresults are partially factored,

· Abbreviations are introduced．

The output is in general a linear combination of loop integrals with prefactors that

conmin model parameters，kinematic variables，and abbreviations introduced by
FormCalc．Such abbreviations are introduced for spinor chains，scalar products of

vectors，and epsilon tensors contracted with vectors，

FormCalc call treat ultraviolet divergences either with dimensional regularization

or Wl‘th constrained differential renormalization．At the one—loop 1evel．t11e latter

technique is equivalent to dimensional reduction．This means that FormCalc can process

also supersymmetric diagrams．

The most common way to proceed with the analytical output is to convert it to a

Fortran program．FormCalc has a sophisticated Fortran code generator built in which

Can produce a subroutine to calculate the squared matrix element fully automatically．

This subroutine has to be linked with driver programs which supply the necessary input

parameters．Included in the FormCalc package are driver programs for computing

cross．sections of 1->2．2一>2．and 2》3 processes．It is wriRen in a very modular way

SO that it is fairly easy to adapt parts of it for other purposes．

3
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Intemaliy，FormCalc performs most of the hard work(e．g．working out fermionic

traces)in FORM，by Jos Vermaseren．The concept is rather straightforward：the

symbolic expressions of the diagrams are prepared in
all
input file for FORM，then

FORM is run，and finally the results are read back into Mathematica．The interfacing is

completely shielded from the user and is handled intemally by the FormCalc functions．

The following diagram shows schematically howFormCalc interacts with FORM．

Witll the increasing accuracy of experimental data．one—loop calculations have in

many cases come to be regarded as the lowest approximation acceptable to publish the

results in a respected journal．FormCalc goes a big step towards automating these

calculations．

FormCalc is a Mathematica package which calculates and simplifies tree—level and

one—loop Feynman diagrams．It accepts diagrams generated、vim FeynArts[Ha00】and
returns the results in away well suited for further numerical(or analytical)evaluation．

A substantial part of the Mathematica code indeed acts as a driver that threads the

FeynArts amplitudes through FORM in an appropriate way．The following diagram

(Fig．5．11 shows schematically how FormCalc interacts with FORM．
FormCalc combines the speed of FORM with the powerful instmction set of

Mathematica and the latter greatly facilitates further processing ofthe results．Owing to

FORM’S speed，FormCale Can process，for example,-the 1 000一odd one—loop diagrams of
W—W scattering in the Standard Model in a few minutes on ordinary hardware．

One important aspect of FormCalc is that it automatically gathers spinor chains，

scalar products of vectors．and antisymmetric tensors contracted witll vectors．and

introduces abbreviations for them．In calculations witll non—scalar external particles

where such objects are ubiquitous，code produced from the FormCalc output(say，in

Fortran)Can be significantly shorter and faster than without the abbreviations．

FormCalc Can WOrk in D and 4 dimensions．In D dimensions it uses standard

dimensional regularization to treat ultraviolet divergences，in 4 dimensions it uses the

method of constrained differential renormalization，which at one—loop level is

equivalent to dimensional reduction．
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Fig．5．1 How FormCalc interacts with FORM

A one—loop calculation generally includes three steps(Fl’g．5．2)
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Fig．5．2 Three steps ofa one—loop calculation

The automation of the calculation is fairly complete in FormCalc，i．e．FormCalc

Call eventually produce a complete Fortran program to calculate the squared matrix
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element for a giveil process，The only thing the user has to supply is a driver program

which calls the generated subroutines．

It is nevertheless important to realize that the Fortran code is generated only at the

very end of the calculation(if at a11)，i．e．the calculation proceeds analytically as far as

possible．At all intermediate stages，the results are Mathematica expressions which are

considerably easier to modify than Fortran code．

In this paper,the editions of FeynArts、FormCalc、LoopTools we adopt are

FeynArts32、 FormCalc32 and LoopTools2 1． 0n the other hand．we adopt the

Mathematia4 for Linux system to calculate the tree．1evel and one．100p corrected

cross。sections．The gamma algebra and the one—loop integral functions are shown in

Appendix B and C，

5．2 Notation and Conventions

We consider the reaction

y(岛，2h)+y(k2，五)—}e-(pl，q)+P+(p2，oj) (5．1)

where南and k2 are the momentum of the incoming photons．The momentum of the

outgoing electron and positron are P】and段．‘，2=±1 and q．2=+1／2 denote the

helicities of the incoming photons and spin of outgoing electron(positron)，respectively．

If ignoring the masses of electron and positron，all the momentum follow the on-shell

conditions：k?=霹=0，P?=P；=0．We define the Mandelstam variables

S=(毛+也)2=(p1+p2)2

f=(皇一p1)2=(k2一P2)2

“=(与-p：)2=(岛一A)2

(5．2)

(5．3)

(5．4)

5．3 Lowest-order Cross．section

The two tree。level
diagrams for∥一e+e—are shown in Fig．4．1．The

corresponding amplitude is given by

‰一舻‰，仁赤"以赤以hM协c驯s匀
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leading to the differential Born cross—section

蛀=。荟，彘IM。Idr) 64z

2

(5s)
^，蠢，t 2s。

。。

where fl=扛硒is the velocity of electron in center-mass system．The
summation symbol denotes the spin summations ofincoming and outgoing particles．

5．4 Radiative Correetions

In t11e loop diagram calculation we adopt the definitions of one-loop integral

functions in reference[411．The one—loop electroweak radiative corrections diagrams and

their counterterms of process yv专e*e—are shown in Fig．4．2-Fig．4．5．The corrected

differential cross—section has the following form

基=。，荟，。卫6422s帆巾峨)+2{们二堋]=鲁(1+驰7)where
瓯B denotes the soft-photon bremsstrahlung factor，and 6M the one。loop corrections

to the transition amplitude．In this paper，6M including the contributions of

self-energy，vertex，box and counterterm．The factor J represents the complete

relative correction and its definition is 6=≮盯一der㈣e)／dO'tree．

Integrated cross—section盯is defined
the integral of differential cross—section in

the range of detector

盯=eacos目胁(矧 (5．8)

From Fig．4．2-Fig．4．4，we acquired that there is UV divergence in loop diagrams，
which can be regularized by extending the dimensions of spinor and spacetime

manifolds to D=4—2e【421．and divide the divergence integrals into divergent part and

finite part．In this paper,we adopt the complete on-mass-shell(COMS)renomaalization

scheme[4311441145 J【461147】to fix all the renormalization constants．After introducing the

counterterms，the divergent part and the counterterms counteract each other and we

acquire the finite part，The UV divergence is removed，while the IR divergence still

exists．So．we introduce the real photon emission(Fi94．6、．

Y(k1)+y(kz)—}P一(A)+P+(p2)+y(_j}) (5．9)
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By using the general phase。space—slicing aIgorithmⅢ91【50】，the contributions to

photon emission process∥斗矿P一，are divided
into a soft and a hard contribution，

O'rem=％R+吒“ (5．10)

where the“soft”and“hard”refer to the energy ofthe radiated photon弓．The energy

E ofthe radiated photon in
the center-mass flame is considered soft and hard if

E≤△五and Er>AE，respectively．Both O"mR
and q。ard depend on the arbi哟

s曲cutoff△酬毛，where磊=石／2 is the photon beam energy in the center-mass

frame，but the real cross section O'real is cutoff independent．In this paper，we adopt

AE：0．1占／2=o．05‘．In other words，the resolve ofmonitor for photon energy is

10％，which is appropriate in LC．

In the soft．photon approximation for the bremsstrahlung process∥一+矿P一(y)

only photons with energies
below the cat-off energy E<舡are included·The IR

divergence is regulated by an
infinitesimal photon mass my；it cancels against the IR

耻蔫嚣躺l-fl 2fl cs．Ⅲ

也i：[等Hh2 C等j+争zh【而Jl而jJ}
which caIl be obtained from the generN results of Refi呲The factor‰does not

depend on the polarizations of the produced fermions and of the incoming photons，and

its dependence
on virtual photon mass^can be

cancelled against the one in民Ⅲ．

1n this paper considering the luminosity detector
self has the energy distinguish

lower limit for measuring photon，we can regard this lower limit as
the divided value

AE of soft and hard photons and regard the hard photon emission process carl
be

distinguished from soft photon emission process∥--->P+e一(y)in experiment，SO
we

need not consider the hard photon emission process and we assume AE=0．054s．The

total cross．section of the process∥--+e+e一(y)call be written in the form
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o"tol=仃h托+盯。n。。】+a‰R=cry∞(1+正。t) (5．12)

where 4。t=氏。_+氏目
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6 Numerical Calculations and the Conclusions

6．1 Numerieal Calculations

For the numerical calculations we usethe following SM input parameters[52】

m。=0．510998902MeV m。=105．658357MeV Ⅲ，=1．77699MeV

m。=66MeV m。=I．2GeV

7嘞=66MeV m，=150MeV

m．=174．3GeV

mb=4．3GeV

mW=80．423GeV mz=91．1876GeV ％-I(O)=137．03599976

TaNe 6．1 The contributions of O'viM+m under differem 6 and UV

regularization parameter er，and the unit ofcross—section is pb

石[GeV] I(％=10—7) II(％=10—1)

500 ．0．79013460342046 —0．79013460342342

800 —0．34172120314175 -0．34172120314506

1000 —0．231317157038315 —0．231317157030110

1500 ．0．115060099483280 ．O．115060099483835

Table 6．2 The contributionsof％nmm under different√i and IR regularization

parameter rn，and the unit ofcross’section is pb

石s[GeV] I(％=10“GeV) 1I(棚，-=10—1GeV)

500 —0．79013460342046 —0．79013460343094

800 ．0．34172120314175 —0．34172120315876

1000 一O．231317157038315 -0．231317157049061

1500 ．0．115060099483280 ．0．115060099487346

In Table6．1，we present some numerical results of the cross section盯Ⅵr【IL_q。R for

∥斗e+e一(，)，where the soft cutoff AE and the IR regularization parameter％are
set to be AE=0．05石s andⅢ一=10—10 GeV,respectively．The second and third

columns are corresponding to the cases of C品=10。and cw=1 0～，respectively．We
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reserve the output numbers with 1 5 digits．By comparing the two columns of output

numbers，we find that the results are stable over 1 1 digits when varying the UV

regularization parameter ClJy from 10。to 10～，Therefore，we draw a conclusion

that the cross section％n【lalⅧR is independent of UV regularization parameter C『∥
within也e StatistiCal error．

In Table6．2，we also present some numerical results of the cross section D_md*。n

for∥哼e+e一(y)，where the soft cutoff AE and the UV regularization parameter

oP are set to be△E=O．05．Is and％=10～，respectively．The second and third
columns are corresponding to the cases of m／=1 0。10 GeV and m，=1 0—1 Ge v，

respectively．We reserve the output numbers with 15 digits also．By comparing the two

columns of output numbers，we find that the results are stable over 1 0 digits when

varying the IR regularization parameter mr from 1 0—10 to 1 0～GeV．Therefore，we

draw a conclusion that the cross section
O'virtual+sofI

is independent of IR regularization

parameter mr within the statistical error．

We have calculated the one·-loop virtual and soft—-photonic radiative corrections to

∥斗e+e—in the electroweak Standard Model．The tree-level and one—loop integrated

cross sections are shown in Fig．6．1．The upper solid line represent tree-level integrated

cross section and the lower dash line is the one-loop electroweak corrected integrated

cross section．The unit of integrated cross sections is pb．where lpb=1 0‘12×1 014 cm2

and the ranges of integral are 50mrad≤0≤150mrad and the relevant

(万一O．1 5)tad≤0≤(石一O．05)tad．On the other hand．the c．m．energy√s increases

from 300GeV to 1200GeV．Because of the small mass of two outgoing electron and

positron，the threshold value of the process of electron pair production through two

photons collision is very small，about O．01GeV．So we can’t find the peak value of

integrated cross sections increasing with c．m．energy√J．but two gradually decreasing

lines．From the Fig．6．1，we also find that the one—loop electroweak correction to

tree—-level integrated cross·-section is very large for the process
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,／s(GeV)

Fig．6．1 the curve mlationship between the tree—level and one-loop integrated cross-sections and

the energy ofcenter-mass．

∥专e+e一．The relative correction reaches at一1 8．5％for the c．m．energy 4s=500GeV

and at-21．1％for t11e c．m．energy 4s=1000GeV．

We draw the differential cross—sections with different angular cut．which the

angular cut 50mrad≤0≤1 50mrad is shown in Fig．6．2 and the angular cut

(万-0．1 5)rad≤0≤(丌一O．05)rad is shown in Fig．6．3．The upper two lines in Fig．6．2

and Fig．6．3 are the cross—sections at s=500GeV and the middle two lines are the

cross．sections at√j=800GeV and the lowest two 5nes are the cross—sections at

占=1200GeV．The solid lines represent the tree．1evel differential cross．sections and the

dash lines represent the one—-loop corrected differential cross·-sections in the upper two

figures．From Fig．6．2 and Fig．6．3，we can draw a conclusion that the outgoing particles

concentrate on a very little angle．The range of the luminosity detector at GLC is

50mrad≤0≤150mrad and(刀一0．15)rad≤0≤(，r一0．05)rad，which Can

(qd)∞co写∞∞-s∞oJ。口m—BJo∞芒一∞cJ_
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0(tad)

Fig．6．2 the tree—level and the one-loop corrected differential cross—sections at different c．m．

energy with fill angular cut 50mrad≤0≤150mrad．
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Fig．6．3 the tree-level and the one—loop corrected differential CROSS·sections at different c．m．

energywith all angular cut 0r—O．15)rod玉0兰f疗一O．05)rad．
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seize a majority of outgoing particles．We also find that the one—loop corrections are

relatively great．

一
o
d
×
一

C
n)
>
I．t．I

200 400 60G 800 1000

4SGeV)

Fig．6．4 The events in different center-mass energy

We alSO draw the relanon curve between the numbers of events and center-mass

energy,which was shown in Fig．6．4．The numbers of events is luminosity monitor

accept events per second and the definition ofthe numbers of events is
N=盯X上 (6．1)

where N is the numbers of events，盯is the cross—section and L is the luminosity
ofmonitor．The luminosity we choose in this paper is 10”cm‘s～at GLC．We Call see
from the Fig．6．4 that the events are in proportion with cross-sections．We draw the curve

between the numbers of events and angular distributions in Fig．6．5 and Fig．6．6 at the
end ofthis paper．
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Fig．6．5 the events in different angular distributions(50mrad≤0≤i50mrad)
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Fig．6．6 Same to Fig．6．5，except the angular distribution is

(口一O．15)rad≤0≤(石一0．05)rad
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6．2 Summary and Prospect

In this paper we calculate the electro weak corrections to∥一e*e—at GLC in

the SM，and obtain the cross—sections are independent of UV divergent parameter and

IR divergent parameter．We analyze the dependence of the tree--level cross--section and

the corrected cross—section including virtual corrections and soft photon correction on

the center—Illass energy．We find the corrections are very large at some energy,SO the

corrections should be considered in calculations and the cross—sections are relative large，

the process∥斗e+e—is a very prospective process in future colliders．The angular

distributions of the luminosity monitor at GLC are 50mrad≤0≤1 50mrad and

(石一O．1 5)rad≤0≤(石-0．05)rad．We also adopt these ranges to calculate the integral

cross—sections and differential cross—sections．The numbers of events at different

center-mass energy and angular ranges are acquired in the end of the numerical

calculations．The luminosity ofmonitor at GLC is 1034cm。s～．

The Standard Model answers many of the questions about the structure and

stability of matter with its six types of quarks，six types of k：ptons．and four forces．But

the Standard Model is not complete；there are still many unanswered questions：

Why do we observe matter and ahnost no antimatter if we believe there is a

symmetry between the two in the universe?

What is this”dark matter”that we call’t see that has visible gravitational effects in
the cosmos?

Why call’t the Standard Model predict aparticle’S mass?

Are quarks and leptons actually fundamental，or made up of even more

fundamental particles?

Why are there exactly three generations ofquarks and leptons?

HOWdoes gravity fit into all ofthis?

Today，one of the major goals of particle paysics is to unify the various

fimdamental forces in a Grand Unified Theory which could offer a more elegant

understanding of the organization of the universe．Such a simplification of the Standard

Model might well help to answer Our questions and point toward future areas ofstudy．

Paysicists hope that a Grand Unified Theory will uni母the strong，weak，and

electromagnetic interactions．There have been several proposed Unified Theories，but

we need data to pick which，ifany,ofthese theories describes nature．

If a Grand Unification of all the interactions iS possible．then alI the interactions we
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observe are all different aspects of the same，unified interaction，However,how can this

be the case if strong and weak and electromagnetic interactions are so different in

strength and effect?Strangely enough，current data and theory suggests that these varied

forces merge into one force when the particles being affected are at a high enough

energy[Fig．6．71．

Fig，6．7 Varied forces merge into one force when the particles being affected 81"

e at ahigh enough energy

Current work on GUT suggests the existence of another force·carrier particle that

causes the proton to decay．Such decays are extremely rare；a proton’S lifetime is more

也an 1032 vearS．
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Appendix B

SCALAR O—E-LooP l—IEGRALS

The one—point function

The one·point function is given by

爿(m2)_nq南”2(-A-l+lnm2)
where A=一—_=I_+y—In7c and 7=Eulers constant．

”一4。

(B．1)

The two-point function

The two—point integrals occurring are

玩；B；巴，(p，啊，卅2)=专p”。石丐历1甄；q丽”；了quq万．丽 ‘B．2)

The function
Bu
must be proportional to P“

吃(p，脚l，m2)=PⅣBI(p，mn，m2)

This defines the functions q．Similarly：

Bw=PjpvBn+6uvBn

(B．3)

(B．4)

Thethree-point function

The relevant integrals are：

Co；Cu；乞，；C。(Pl，P2，啊，m2，1773)=专胁再孤老滗筹‰ @5’

Wewrite P and k instead of PI and P2．．Here：

巳=P，C1。+吒q：

q，=P，P，C2。+kbC22+{p七)，，C23+吒，l五

5l

(B．6)

(B．7)
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巴。=以py戌c3-+吒k，吒c3z+{向窄)，。c3。

+{pkk}Ⅳ咄(134+{p万}F埘(j5+{七占)，衄cj6

{pk}。，=p k。+吒岛

tkpp}～=kupvp。÷PukvP。+p“p，k。

、p8}，。，=Pp。斗P。6。：七p≯。。

(B．8)

(B，9)

(B．10)

(B．11)

The four-point function

The relevant integrals are：

域‘’D“．’DoDoD删2紊

×p”。万孤而高鬻筹学焉赫而而葡
(B．12)

We use P，k and，instead of P1，P1 and P3，SOwehave：

q=P，Dl。+≈，Dl：+‘Dl，

Dl，=PvP，Bl+吒七，D12+，∥LD23+{．p七)Ⅳ，D24

+(pf)，，D2s+{奶。，D2s+屯，D2，

In the equations below we drop the indicesⅣ，V ete

Di。=PppD3l+kkkD32+，f，B3+{向甲}D34

+{tpp}D35+{p船)D36+{pll}D37+{Zkk}D38

+{kll}D39+{pkZ}D3．o+{p占)D3l。+{七J}D312+{f毋D313

Du。a=PPppD41十kkkkD％+{tHDB+tpppk}D44

+{pppl}D45+{☆pap}B6+{舭肼)D47+{lllp}D48

+{Hlk}D49+{ppkk}D4lo+{ppll}D4Il+{Aft}D412+{ppkl}D113

+{kkpt}D414+{Hpk}D415+{pp6}D416+{kka}D,17+{Ha}D418

+{pka}D419={pla}D420+{kla}D42l+{aa}D422

(B．13)

Ⅱj．14)

(B．15)

(B．16)
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，algebra

y matrices

Appendix C

y5=iyoyly2矿

肛(㈡待[三
where厅iS Pauli matrix

fundamental anticommutator

{，“，y。}_29”

，5 identities

Trace theorems

y，=(； ：]，{y，，r”}=。

司

I}l=4

乃儿=0

Yr(odd number oJ’y’J)=0

n(啦自)=4a·b

7’(稿$≠硝)=4[(口-6)(f-d)+(口·d)(6‘c)一(a‘c)(6·d)]

Tr[ysa]_0

Tr[r，#剀=0

Tr[y5ab≠]-0

Tr[ys礴b≠d]=4i锄8a。b4∥d6

where

53

(C．1)

(C．2)

(C-3)

(C．4)

(C．5)

(C．6)

(C．7)

(C．8)

(C．9)

fC．10)

(C．11)

(C．12)

(C．13)
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如，an口Ve开permutation of O，1，2，3

如，an odd permutation of 0，1，2，3

if two or more indices arethe same

，h

～

m、

=锄
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