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P
hysics of  E

lem
entary P

articles

T
here are three

"fam
ilies" of them

:

Interactions
(F

orces)
C

arriers
(G

auge F
ields)

elem
entary

M
atter F

ields

E
lectrom

agnetism

w
eak Interactions

(R
adioactivity)

strong Interactions
(binds N

uclei)

P
hoton

W
,Z

-B
osons

G
luons

Leptons
(eg electrons)

Q
uarks

T
he "S

tandard-M
odel" of perticle physics describes subnuclear

phenom
ena w

ith partly stunning accuracy !
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D
e

ficie
n

cie
s o

f th
e

 S
ta

n
d

a
rd

 M
o

d
e

l

gauge couplings

ca 25 free param
eters:  determ

ined by w
hat ?

m
assess

H
iggs V

E
V

s

(R
enorm

alization:
large scale hierarchies problem

atic)

"S
upersym

m
etry"

S
ym

m
etry betw

een bosons and ferm
ions

(roughly: force carriers and m
atter fields)

im
proved divergence structure:

-
=

  0
F

B ("grand unification
" of all m

atter and forces)

Its structure is quite ad hoc: are there deeper principles ?

Instability of param
eters through self-interactions

G
auge hierarchy:

w
hy w

eak scale (100G
eV

) <
<

 U
nification scale scale (10^16G

eV
)
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P
roblem

s of Q
uantum

 G
ravity

T
here are conceptual difficulties w

ith quantum
 black holes...

A
pparent incom

patibility of Q
uantum

 M
echanics and

general R
elativity

N
ew

 concepts are necessary....like string theory

T
he S

tandard-M
odel of P

article P
hysics is not com

plete:
 gravity

 is not included !

G
raviton

T
he usual quantum

 field theoretical form
ulation of

gravity does not w
ork, due to incurable divergences

(is "not renorm
alizable"):

E
xpressions of a deeply-rooted problem

:

A
s a "by-product", it also provides the 

grand
unification

 of all particles and their interactions  !

66

S
tring-T

heory

sm
all (10 -34m

), one-dim
ensional objects:

M
ass

10 19G
eV

0 G
eV

P
hoton, G

raviton
Q

uarks ....
1G

eV

"Low
 energy physics:"

E
xcitation spectrum

:"elem
entary" P

articles of the S
tandard M

odel =
(alm

ost) m
assless zero m

odes

scale determ
ined by gravitational coupling:
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S
tring T

heory as 2d F
ield T

heory

V
ariety of field operators in 

B
uilding blocks: can be eg. free 2d bosons

S
im

ple com
binatorics of 2-d

 D
-dim

ensional space-tim
e

field operators 

gauge field

graviton

H
iggs boson

               Intrinsic unification of particles +
 interactions !

In particular, gravity is autom
atically built in.

P
erturbative string theory =

 2d field theory on R
iem

ann surfaces

S
trings trace out tw

o-dim
ensional "w

orld-sheets"      :

+
+

    ...

8

T
he S

tring "M
iracle"

P
erturbative

 effective action in D
-dim

ensional space-tim
e:

2d action (eg. free)

 general relativity,
 gauge theory etc

sm
all string corrections

‘‘Loop expansion’’ =
  sum

 over 2d topologies, w
eighted by

D
iscrete reparam

etriztions  of        have no analog in particle
theory;  im

portant to m
ake sense eg. of graviton scattering.

‘‘F
eynm

an rules’’ are substantially different from
 particle theory.

S
tring theory, even in perturbation theory, is 

m
ore than just having

infinitely m
any particles plus a cutoff !

+
                          +

                                      +
     ........

O
nly one (U

V
 finite) "diagram

" at any
given order in perturbation theory

infinitely m
any predictions
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C
onform

al invariance                 im
plies gauge and general

                                                            coordinate invariance in spacetim
e

2d properties                                  D
-dim

ensional properties

C
onsistency C

onditions

                      consistency requires  D
=

26

T
he 2d theory cannot be arbitrary but is highly constrained

M
odular invariance

                    strongly constrains spectrum

consistency allow
s only few

 possible spectra

absence of U
V

 divergences
and anom

alies

does not im
ply that D

-dim
ensional

space-tim
e theory is supersym

m
etric !

2d S
upersym

m
etry                           space-tim

e ferm
ions

("S
uperstrings")

                      consistency requires  D
=

10

10

C
onform

al F
ield T

heory

S
tress-E

nergy T
ensor  T

(z)  =
  generator of conform

al transform
ations

Is a tool set by w
hich one can relatively easily do

explicit com
putations, in term

s of sim
ple building blocks

... satisfies an operator product algebra:

"central charge c" is an anom
aly, an obstruction to

a good transform
ation behavior of T

(z)

F
or D

 free 2d scalars:

each contributes 1,    so

F
or theories w

ith m
ore sym

m
etries,

like supersym
m

etry or gauge sym
m

etries, one has
a corresponding generalization of this current algebra
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T
he B

osonic S
tring

P
olyakov-action:

reduces in conform
al gauge (2d m

etric  g->
1)

to a C
F

T
 of D

 free scalar fields

Q
uantization also im

plies a shift of vacuum
 energy:

G
auge-fixing of 2d reparam

etrization sym
m

etries:
F

addeev-P
opov ghosts b,c

G
host stress-tensor                                              has central charge

  C
onsistent quantization requires total central charge to vanish:

B
osonic string exists only in 26 dim

ensions !

m
2-1 0 1 2

T
achyon

m
assless G

raviton, D
ilaton, T

ensorfield

m
assive higher spin fields

N
o stable vacuum

 !

1212

P
articles:

S
trings:

(Q
F

T
 partition

function)

m
odular param

eter of torus  =
  com

plexified proper tim
e

C
onsistency at 1-loop level
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M
odular transform

ations 

T
orus is defined by identifying sides of parallelogram

:

1
0

T
he "m

odular" param
eter       determ

ines its shape

G
lobal reparam

etrizations:

... yield equivalent tori !

... generate the m
odular group,   P

S
L(2,Z

):

P
hysical am

plitudes m
ust be 

invariant under such
m

odular transform
ations !

14141414

M
odular Invariance of P

artition F
unction 

w
here

is the (inverse) oscillator partition function of a scalar field

It has w
ell-defined m

odular properties, eg:

T
he vacuum

 am
plitude is indeed m

odular invariant.

T
his "global consistency condition" has no analog in particle

Q
F

T
; and is responsible for m

any stringy features...

(D
edekind function)

F
or bosonic string:

zero m
odes

oscillator excitations
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T
o obtain vacuum

 am
plitude, still need to integrate; try:

projection on R
=

0               t =
 proper tim

e

s

t 

-1/2
1/2

0

S

IR
  lim

it

U
V

  lim
it:  divergence from

 

H
ow

ever, this is all-too-naive particle field theory thinking.....

in string theory,

has a definite geom
etrical m

eaning,
nam

ely it is the m
odular param

eter of a torus !

V
acuum

 am
plitude at 1-loop

161616

U
V

 and  IR
 D

ivergences

In string theory, w
e need to integrate precisely 

once over
all inequivalent shapes of the torus.
T

hese are described by the "fundam
ental region F

":

s

t 

-1/2
1/2

0

1

F

IR
  lim

it

U
V

  lim
it

E
very point outside F

 is equivalent (via a m
odular

sym
m

etry transform
ation) to a point inside F

;
integrating over it w

ould be overcounting

A
s t=

0 is not integrated over, there is no U
V

 divergence possible

H
ow

ever, there is an IR
 divergence for large t

P
ole is due to T

achyon state (vacuum
 instability)

(N
B

: is m
ore than a cutoff...)

S
uperstrings !
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S
uperstrings

2d supersym
m

etry                    -->
   

space-tim
e ferm

ions
typically, but not necessarily supersym

m
etric in space-tim

e !

T
ypically have no tachyons -- only know

n consistent theories...

T
w

o form
ulations:         "G

reen-S
chw

arz": covariant, but difficult
                                                                                                  to quantize

                                            "N
eveu-S

chw
arz-R

am
ond":

                                                                              easier to quantize, but
                                                                              not m

anifestly covariant

F
rom

 2d N
S

R
 perspective:    C

F
T

 ->
 S

uperC
F

T
                                            additional ghost fields w

ith c=
+

11

M
ain novel technical ingredient:

boundary conditions of the 2d ferm
ions

C
ritical dim

ension for superstrings is D
=

10

18

S
pin S

tructures

T
he R

-sector leads to space-tim
e 
ferm

ions, the N
S

-sector to bosons !

2d ferm
ions can have non-trivial boundary conditions:

E
ach cycle can be either periodic (P

) or anti-periodic (A
)

T
he partition function of a ferm

ion depends on the "spin structure":

T
hese "theta"-functions have w

ell-defined m
odular properties .

M
odular invariance of the partition function requires particular,

consistent choices for the boundary conditions,
and these determ

ine the physical spectrum

M
odular invariance strongly constrains the possible

physical spectra

....  chiral anom
alies alw

ays cancel
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M
odular Invariant P

artition F
unctions

S
ystem

atic procedure: m
ap this to certain lattice sum

s !
M

odular invariance
                 self-duality of lattice,

                                                       easy classification of all possibilities

H
ow

 to construct m
odular invariant sum

s over spin structures ?

1) H
olom

orphic and anti-holom
orphic sectors separately invariant

"T
ype IIA

"

T
he result is various possibilities in D

=
10 :

"T
ype IIB

"

"heterotic"
(tw

o kinds, related to
uniqueness of self-dual lattices:
E

8xE
8 or S

O
(32) gauge sym

m
.)

T
his gives various non-supersym

m
etric theories,

only one of w
hich is tachyon-free

2) N
on-trivial correlation of spin structures

In addition, there is one m
ore "open" supersym

m
etric string

20

B
y com

bining superstring (S
) and bosonic string (B

) building
blocks, one can construct five types of string theories in D

=
10:

C
om

bination                  N
am

e                     G
auge group

T
hese theories have one dim

ensionful param
eter,

 the string tension                                 ,  besides the coupling                   .

S
upersym

m
etric S

tring T
heories in D

=
10

T
hey have very different spectra (c.f., gauge groups) !


