RECURSIVE RELATIONS OF SCATTERING
AMPLITUDES IN GAUGE AND GRAVITY
THEORIES

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy

by
Yang Zhang
August 2011



(© 2011 Yang Zhang
ALL RIGHTS RESERVED



RECURSIVE RELATIONS OF SCATTERING AMPLITUDES IN GAUGE AND
GRAVITY THEORIES
Yang Zhang, Ph.D.
Cornell University 2011

In this dissertation, we discussed the new development of scattering amplitudes
in gauge and gravities theories. The LHC era requires the new development of
scattering amplitude beyond the traditional Feynman diagram approach. We
reviewed the new scattering amplitude methods, inspired by string theory, ana-
lyticity and supersymmetry. With these new methods, we [37][54] proved (1) the
color/kinematics equivalence in Bern-Carrasco-Johansson (BCJ) recursive iden-
tity from the viewpoint of heterotic string theory and (2) the quadratic identities
for Yang-Mills theory via the Kawai-Lewellen-Tye (KLT) relation. Both identi-
ties simplify the Yang-Mills amplitude calculation and illustrate deep structures

in gauge and gravity theories.
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CHAPTER 1
INTRODUCTION

1.1 Background

Currently, gauge theories and the Einstein gravity theory describe our universe.
The standard model (SM), as a SU(3)c x SU(2). x U(1)y gauge theory, accurately
predicted the electromagnetic, strong and weak interactions below the TeV scale
[29]. On the other hand, Einstein’s general relativity (GR) was verified in exper-
iments of the solar system scale to the cosmic microwave background observa-

tion [55].

However, there are still many open problems in gauge theories and the Ein-
stein gravity. The SM prediction has not been fully tested at the TeV scale, espe-
cially the Higgs boson in the SM, has not been discovered experimentally. And
the hierarchy problems in the standard model imply that the SM is only an effec-
tive field theory for the low-energy physics. On the other hand, experimentally
the Einstein gravity has not been tested in short distance or strong fields cases
like the black holes. Furthermore, there is no consistent quantization method
for the Einstein gravity. To answer these questions, we need to study the deeper
aspects of gauge theories and the Einstein gravity themselves and to formulate

theories of the new physics.

Scattering amplitudes play the central role in the study of gauge and gravity
theories. Scattering amplitude, is the quantum transition amplitude between
certain asymptotically free incoming states and outgoing states via interaction.

Schematically, if the o and g are the initial state and final states, the scattering



amplitude A can be expressed as,
au{Bl@din = (BIS|a) = 8p, +1(27)°5°(p, — Ps)A (1.1)

where D is the dimension of the spacetime.

Scattering amplitudes in gauge theories are the links between theories and
particle physics experiments: in particle physics experiments, scattering ampli-
tudes are directly related to the cross section measurement. In gauge theories,
scattering amplitudes are often precisely predicted by the perturbative calcula-
tion. So it is crucial to verify a gauge theory by calculating its scattering ampli-
tudes and comparing them with the experiments. For example, quantum elec-
trodynamics (QED) in the SM was verified to the greatest accuracy in the history
of physics. The QED four-loop scattering amplitude calculation agrees with the
electron anomalous magnetic moment experiment to more than 10 significant

tigures [1].

Furthermore, the study of scattering amplitudes leads to the discovery of
deeper structures in gauge theories. Sometimes, the scattering amplitude calcu-
lation showed unexpected properties or symmetries, and required theorists to
reformulate gauge theories. A famous example is that, the quantum chromo-
dynamics (QCD) n-gluon tree amplitude vanishes when all the gluons except
one have the same helicity. This property is unexpected and it is hard to see
this feature from the original Yang-Mills action. The reason is actually deep: the
QCD tree amplitude coincides with the corresponding super-Yang-Mills ampli-
tude, and the latter’s symmetry forces the amplitude to vanish. So this is a hint
that the tree-level QCD amplitude can be reformulated as a super-Yang-Mills

amplitude.

In practice, as the Large Hadron Collider (LHC) started up in 2010, there are



urgent demands for the development of gauge theory scattering amplitudes cal-
culation. Usually, the QCD scattering dominates LHC processes. To extract new
physics signals from the background QCD amplitudes, we have to calculate the

QCD amplitudes to great accuracy with new methods.

The scattering amplitude is as important in Einstein gravity but more subtly.
The Einstein gravity is a nonrenormalizable theory, which means to cancel the
divergence in gravity loop amplitudes, we have to introduce an infinite number
of coupling constants. So although the tree amplitude in the Einstein theory is
well-defined, the loop amplitude is a big problem. However, in the view point
of effective field theories, most coupling constants are highly suppressed by the
Planck scale, and it is meaningful to discuss the gravity amplitude in the low
energy limit. Also, the famous Kawai-Lewellen-Tye (KLT) relation implied that
the gravity and gauge tree amplitudes are closely related. Hence the study of
Einstein gravity amplitude provides the new insight for gauge theory ampli-

tudes.

There are many candidate theories beyond the SM and the Einstein grav-
ity theory, for example, supersymmetry, supergravity, extra-dimension theories
and string theories. It is very important to study scattering amplitudes in the
new physics, because their scattering amplitudes not only give predictions for
future experiments but also provide new techniques for the calculation of scat-

tering amplitudes in QCD.

This thesis discusses the new development of scattering amplitudes calcula-
tion in gauge and gravity theories, not limited to the SM or the Einstein grav-
ity. We will focus on the recursive relations of scattering amplitudes, which not

only greatly simplify the scattering amplitudes calculation, but also illustrate



the deep structure in gauge and gravity theories.

1.2 Scattering amplitudes, traditional approaches

Recall that in quantum field theories, Feynman diagram is the standard way to
calculate scattering amplitudes [48]: First, write down the Feynman rules for
tields propagation and interaction according to the action. Then, draw all the
possible Feynman diagrams up to some perturbative order and calculate each

diagram by Feynman rules. Finally, the scattering amplitude is determined by,

1A= Z (Feynman diagrams). (1.2)

The problem of the Feynman diagram approach in gauge theory is that, there
are too many diagrams and each diagram is not gauge invariant. For example,
the 2 gluon — 4 gluon process has 220tree-level Feynman diagrams. There is no
clear physical meaning for each diagram, since it depends on the gauge choice.

Only when the diagrams are summed, the physical result is obtained.

Since the invention of Feynman diagrams, a lot of new techniques were de-
veloped to simplify the scattering amplitude calculation. An important tool for
gauge and gravity amplitudes is the spinor helicity formalism: The momentum
and polarization vectors can be written as the products of Weyl spinors. In this
way, the little group transformation is manifest, and we can make most of the
gauge Ward-Takahashi identity. Furthermore, in spinor helicity formalism, the
Maximal-Helicity-Violated (MHV) amplitudes, has a particular simple expression,
the Parke-Taylor formula [47],

(12"

tialtree —
AT = ~(12)..4n =1, n¥nl)

+, .. t) (1.3)



For gauge theories, the traditional Feynman diagrams contain color factors
which made the amplitudes complicated. There is an efficient way to strip
the color factors by introducing the partial amplitudes or color-stripped ampli-
tudes. These amplitudes are important, since they contain no color factor and

are gauge-invariant.

The calculation of the Einstein gravity tree amplitude is particularly compli-
cated. Since the Einstein theory is a nonrenormalizable theory, there are infinity
types of vertices in its Feynman rules. There is another way to calculate these
amplitudes without referring to Feynman rules. Kawai, Lewellen and Tye [39]
discovered that the closed string tree amplitude is the square of the correspond-
ing open string amplitudes. Take the low energy limit, this relation ensures
that the gravity amplitude is the square of Yang-Mills amplitudes so the gravity

Feynman rules are not needs. This is the KLT relation.

1.3 New recursive relations in scattering amplitudes

After the invention of the spinor helicity formalism and partial amplitudes, sev-
eral recursive relations were discovered to simplify the scattering amplitudes.
They are inspired by the unitarity, analytic properties, twistor space and string the-
ory techniques. These relations dramatically extend our ability in amplitude

calculation.

Cachazo, Svrcek and Witten [20] found that the Yang-Mills tree amplitude
is built out of diagrams whose vertices are MHV amplitudes. Britto, Cachazo,
Feng and Witten (BCFW) [17][18] proved a recursive relation, which can rewrite

a tree amplitude as the product of on-shell subamplitudes.



The extremely powerful Grassmannian formalism in twistor space was dis-
covered, [4] [3] [46] [2] for N = 4 super Yang-Mills theory. It gives a simple and

unified formalism for the N = 4 Yang-Mills tree amplitude,

B 1 dk><nCaa
~ Vol(GL(K)) f(lz---k) (23 (k+1))---(nl--- (k- 1))

k
[ ]6"(CoaWs)
o (1.4)

ﬂn;k

for N2MHYV tree amplitude. Its analytic structure also provides the loop am-
plitude information. All planer loop amplitudes in N = 4 Yang-Mills theory can
be generated recursively. Furthermore, by the Grassmannian formalism, dual

superconformal symmetry for N = 4 tree amplitude, is discovered.

Because the N = 4 Yang-Mills tree amplitude is the same as the non-
supersymmetric Yang-Mills tree amplitude, the Grassmannian formalism is
very important for the QCD tree amplitude calculation. However, the gener-
alization of the Grassmannian formalism for non-supersymmetric loop ampli-

tudes has not been proposed.

We focus on a new set of recursive relations, which reduce the number of
terms in scattering amplitude by a large factor. Recently, a new set of recursive
relations in Yang-Mills theory was conjectured by Bern, Carrasco and Johansson
(BCJ) [9]. The Yang-Mills tree scattering amplitude can be written as the channel

sum,
Gn

AYM —
P;

(1.5)

where ¢ is the color factor, n; is the kinematic factor and P; is the pole for each
channel. If three channels satisfy the Jacobi identity,

C+Cj+C= 0 (16)

BCJ [9] conjectured that the corresponding kinematics factors satisfy the dual



identity,

M +Nj+Ng= 0. (17)

For example, for the four-gluon scattering amplitudes, there are three channels,
S, tand u. The Jacobi identity reads Cs + C; + ¢, = O while it can be checked

explicitly that ng+ n; + n, = 0.

If BCJ conjecture is correct, then the number of independent terms in Yang-
Mills amplitudes drops dramatically. For example, in the 29 — 5g process, the

number of kinematics factors drops from 945to 12Q

Furthermore, the BCJ conjecture is related to the gravity tree amplitude. [9]

proposed that the graviton amplitude is related to the QCD kinematics factors,

nin;

AdaV _ o
Pi

(1.8)

i
The gauge-invariant form of (1.7) was proven by the open string monodromy
relations in the low energy limit [15]. However, it is not easy to understand the

duality between (1.6) and (1.7) and the duality between (1.5) and (1.8).

We used heterotic string theory techniques to prove the two dualities [37].
Inspired by the (KLT) relation [39], we can treat the color factors and kinematic
factors equivalently by heterotic string theory techniques, and show the duality
between (1.6) and (1.7). Furthermore, with the KLT relation, we proved the
duality between (1.5) and (1.8). This work also provides an elegant way to study

N = 4 supergravity scattering amplitude.

The BC]J relation has also been explicitly verified in several examples up to
two-loop Yang amplitudes [9] [8]. The loop BC]J relation, if proved to be correct

in general, would be a very powerful tool in QCD loop amplitude calculation.



Beyond the linear relations, surprising quadratic identities for QCD scatter-
ing amplitude were discovered by the BCFW methods [12][13]: products of two
QCD tree amplitudes with particular helicities sum to zero. These identities are
interesting, because they provide strong restrictions on the complicated NMHV
tree amplitudes in terms of the known simple MHV amplitudes. However, their

physical meaning is not transparent.

S12S3AM (1727374751 A™(271747375%)

+51354A™(1737 2745 A™M(3717427°57) = 0, (1.9)

We [54] proved that these quadratic identities are the result of the global sym-
metries in gravity-scalar theory, via the KLT relation. Following this viewpoint,
generalized quadratic identities, which can include fermionic amplitudes, were

discovered [30] inspired by the R-symmetry in supergravity.

It is also promising that these quadratic identities would be used to study
the gluon inferred (IR) limit in QCD scattering amplitude. We find that by the
soft pion theorem in supergravity, the quadratic identities imply a new set of

identities for QCD scattering amplitudes in the IR limit.

It is interesting to see how the KK and BC]J relation and KLT relation look
like in the Grassmannian formalism. Because the Grassmanian formalism has
larger explicit symmetry, these relations should manifest themselves in a more
subtle way than the usual spacetime form. Furthermore, if the KLT relation
can be embedded in the Grassmanian formalism, it would be straightforward
to calculate N = 8 supergravity amplitudes and helpful for solving the long-

lasting problem on the finiteness of N = 8 supergravity.



1.4 Outline

In this thesis, first the Yang-Mills theory and Einstein gravity theory is reviewed
in the appendix. Then beyond standard model theories, especially string theo-
ries are introduced to create the new methods for scattering amplitude calcu-
lation in gauge and gravity theories. After that, we present a review of new
scattering amplitude approaches beyond Feynman diagrams, like the color de-

composition, the spin-helicity formalism, the BCFW recursive relations and etc.

Then we would focus on our results of recursive relations,

e The BC]J identities in the viewpoint of heterotic string theory,

e The proof of quadratic identities by the KLT relation and the generalized

quadratic identities.

Finally, we conclude with an overview of the future directions of the devel-

opment of scattering amplitude calculation.



CHAPTER 2
YANG-MILLS THEORY AND EINSTEIN GRAVITY THEORIES
EMBEDDED IN STRING THEORY

To solve fundamental problems in standard model and quantum gravity, string
theory was proposed in 1970’s. Instead of considering fundamental particles,
the fundamental object in string theory is one-dimensionally extended object,

string. Basic gradients in string theory are [50][51],

e Consistent quantum gravity. The spin-2 graviton appears in string theory
naturally and their interaction in string theory would reduce to Einstein’s
general relativity in the low energy limit. Furthermore, the quantum grav-

ity in string theory is free of UV divergence and therefore, consistent.

e Fixed gauge group. String theory also has gauge interaction and in the
low energy limit, it reduces to Yang-Mills theory. However, unlike the
field theory, the gauge group in string theory is fixed by the anomaly-free

condition.

e Critical Dimension. Strings can only be quantized without anomaly in crit-
ical dimension. This provides hints to the mysterious question, Why is our
spacetime four-dimensional?. However, in general, the string theory’s critical

dimension is not four, and we need to compactify the extra dimensions.

e No free parameter. Unlike the standard model, there is no free continuous

parameter in string theory.

e Supersymmetry.  String theory requires supersymmetry to include

fermions and remove the unphysical tachyon modes.

10



Until now (2011), there is no direct experimental proof of string theory. How-
ever, in practice, string theory provides new methods for perturbative scattering
amplitude calculation, other than Feynman diagrams. Since the string interac-
tion would reduce to Yang-Mills theory and Einstein gravity in the low energy
limit, string amplitude techniques are very important for Yang-Mills theory and
Einstein gravity amplitude calculation. String theory also illustrates the fun-
damental relation between gluon and graviton amplitude, by the famous KLT

relation.

And string theory has rich non-perturbative physics, for example, the
AdS/CFT duality. The (d + 1)-dimensional superstring theory in curved space
is dual to the d-dimensional super-Yang-Mills theory. This is a strong-weak
duality. So take the weak coupling limit in string theory side, we get the super-
gravity. The latter is due to the strongly coupled Yang-Mills theory. Since the
supergravity weakly coupled supergravity can be studied by the perturbative
method, the same calculation provides the answer for the long-lasting problem,

strongly-coupled Yang-Mills theory.

2.1 Quantization of string theories and string states

Basically, string theory, after quantization, has an infinite tower of quantum
states. The lightest string states are just the photon, gluon, graviton and their
supersymmetry partners. The other states are massive and have higher spins.

They satisfy the Regge behavior,

S=a/n? + const. (2.1)

11



where ' is the Regge slope. In the low energy limit, we can neglect the higher-

spin states, and study the effective theory of the lightest states.

2.1.1 Bosonic string theory

The simplest string theory is the bosonic string theory. The 2d world-sheet

Polyakov action is,
1
dra’

S=- f Ao (—y)P0aX X, (2.2)
M

where a,b = 1,2 are the world-sheet coordinates. X* is the embedding coordi-
nators of the bosonic string and ya, is the world sheet metric. Besides the space-
time Poincare symmetry for X¥, the world-sheet covariance, this action further
symmetry,

XE(X) > XE(X), Gan(X) = €%gan(X) (2.3)

which is called Weyl symmetry. Weyl symmetry is equivalent to a conformal

transformation, specially, the dilatation. Hence (2.2) is a conformal field theory.

In a quantum theory, conformal symmetry is usually broken by the anomaly.
For bosonic string theory, the anomaly cancels out only if the spacetime dimen-

sion is 26, which is the critical dimension for bosonic string theory.

A well-defined bosonic string theory should satisfy certain boundary condi-

tion in its extension, i.e. the o direction. If the string world-sheet is periodical,
XH(1,0) = X¥(t, 2n), (2.4)

then it is a closed string. Instead, if either the Neumann (2.5) or the Dirichlet

12



boundary condition (2.6) is satisfied,

0, X (1,0) = 0, XK(1,nr) =0 (2.5)

XH(7,0) = XM, Xi(r,7m) = X* (2.6)

then it is an open string state.

The lowest open string state with Neumann boundary condition can be con-

structed from the mode expansion. In the conformal coordinators (z 2),

W2 (1l 1
Xi(z.2) = X' - ia’p' In|2 +1( 5 S+ ) 2.7
@2 =x i +ilz) 2 Wl F 27)
where zis in the upper half plane. Open string states are constructed from the

vacuum state by the raising operator a4, (n < 0). The physical condition is,
(Ln +6noAlY) =0, n>0 (2.8)

where L, is the Virasoro generator and A is the sum of zero point energy of
the transverse modes. In this case, A = —1. (2.8) determines the mass and the
physical modes of string states. For the massless vector boson, the physical

condition is the same as that in gauge theory.

The d = 2 CFT has a state/operator duality, so we can also use CFT operator
to describe a string state. The lowest closed string states are summarized in

Table 2.1. Note that the tachyon would be removed in superstring theory.

state n? | operator | physical condition spacetime interpretation
0.ky [-2] € tachyon
€ 10,k | 0 |goXe*™ | ke =06 ~¢€+Kk, gauge vector boson

Table 2.1: Lowest open bosonic string states

To extend the U(1) gauge symmetry to Non-Abelian gauge symmetry, we

may introduce the Chan-Paton factor to the open string state. For the left end of
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the open string, we associate an integer index i. Similar we associate the index
J to the right end.
IN,K) — IN, K1, J) (2.9)

The string action and the physical condition is the same as before. Let 1 < i, j <

N and (4%);; be the Lie algebra matrices of U(N). If (1%);; is normalized as,
tr(221°) = 6%, (2.10)

then

Nk @)y = > (4%;jIN, k., j) (2.11)
ij

is the U(N)-gluon with the color index a. Furthermore, we can introduce the
gauge group SO(n) or Sp(k) in the unoriented open string theory. However,

there is no way to introduce the exceptional Lie group by Chan-Paton factors.

The closed string have independent left and right-moving modes while the
open string modes are always the combination of left and right-moving modes.
Hence a close string mode with the momentum k* can be regarded as the tensor
product of two open string modes, each of which has the momentum k*/2. The

factor 1/2 comes from the normalization.

Similarly, the lowest closed string states are also constructed from the mode
expansion,
@ N\ 1 ah
Xi(22) = ¥ - 150 I +i( %) ~(2m+ 22 212
(22 S PNz +i( 5 rr;mmszrzm (212)
All the string states can be constructed from the vacuum by two sets of raising

operators ap, @, (N < 0). And there are also two sets of physical conditions,

(Lo + 6noAN) =0, (Lo +00A)) =0, n>0 (2.13)
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where L,, and I:n are the Virasoro generators. The lowest closed string states are
summarized in Table. 2.2. The massless states contains both graviton, antisym-
metric field and dilaton. For the graviton, the physical condition is the same as

that in Einstein’s gravity.

state me operator physical condition spacetime inter-
pretation
|0, k) - ghx tachyon

e, @10, k) 5 eﬂvaxw_xvek-x k“e,, = K'e,, =0, €, ~ | graviton, anti-
€y +a,k +k,b, k-a= | symmetric field
k-b=0 and dilaton

Table 2.2: Lowest closed bosonic string states

2.1.2 TypeII and Type I string theories

Although the bosonic string theories contain gauge symmetry and gravity, they
have some disadvantages: (1) lacks fermions (2) contains tachyons. Supersym-
metry will solve these problems. The (1, 1) world-sheet-supersymmetric action
is,
1 2 (2 auus — oo

5= |[d z(;ax X, + Wy, + i alpﬂ) (2.14)
where the fermionic y# and y* are the supersymmetric partners of X*. The addi-
tion fermionic fields change the total central charge, so the critical dimension for

superstring theory is 10.

For closed superstring theory, although X* is periodical in o, y# and ¥* could
be either periodical or anti-periodical. For the periodical case, we call it Ramond
boundary condition (R) while Neveu-Schwartz boundary condition (NS) for the anti-

periodical. Again, the mode expansion and physical condition determine the
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physical spectrum, and both left and right-moving sectors are open string sec-

tors with one half of the momentum.

For the left-moving sectors (X[ and ¢*), in the light-cone gauge, the lowest

states are listed in (2.3), where 8, is the spacetime vector while 8 and 8" are Weyl

sector | spacetime spin | nf
NS+ 8, 0
NS- 1 —5
R+ 8 0
R- 8 0

Table 2.3: massless open superstring states

spinors with opposite helicities.

The left and right-moving sectors for closed strings could be in the same
or different sectors. Furthermore, not all the tensor products of left and right-
moving sectors have the consistent operator product expansion. The physical
closed string states can be chosen by the Gliozzi-Scherk-Olive (GSO) projection.

We have two types of closed superstring theories,

o Type IIA. (NS+,NS+), (R+, NS+), (NS+,R-), (R+,R-)

o TypeIIB. (NS+,NS+), (R+, NS+), (NS+,R+), (R+,R+)

while the tensor product’s spacetime spin can be determined by group theory.
We have the following closed string states (2.4), Here Cy, C;, C;, C5 and C, are
Ramond-Ramond fields. The (1,1) world-sheet supersymmetry generates d =
10, N = 2 spacetime supersymmetry. The type IIB closed string theory is a chiral

theory while IIA closed string theory is non-chiral.
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sector spacetime spin | irreducible representation | interpretation
(NS+,NS+) 8, x 8, 1+28+35 dilaton + anti-
symmetry ten-
sor+graviton
(R+,R+) 8x8 1+ 28+ 35, Co, Gy, Cy
(R+,R-) 8x 8 8, + 56 Cy, Cs
(NS+,R+) 8,x8 8 + 56 dilatino + grav-
itino
(NS+,R-) 8, x 8 8 + 56 dilatino + grav-
itino

Table 2.4: massless closed superstring states

The open superstring theory can also be constructed from the mode expan-

sion. The GSO projection will select the following sectors in the massless level,

e Type I. NS+, R+

Again, the tachyon mode is removed by the GSO projection. The NS+ sector is
a spacetime vector and the R+ sector is a Weyl spinor. We can also introduce the
Chan-Paton factors, so the NS+ sector becomes the gluon while the R+ sector
becomes the gaugino. The open string boundary condition removes one of the
spacetime supercharge, so now the symmetry is d = 10,N = 1. In addition, we

need to include the unoriented closed string states.

To get the four dimensional effective theory, we have to compactify the extra
six dimensions. Different geometry for the extra dimension would constraint
the number of supercharges. In particular, if the extra dimension is a Calabi-Yau
manifold, then 3/4 supercharges are removed. So we get d = 4 N = 1 super-

Yang-Mills theory from the Type I string theory in this case.
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2.1.3 Heterotic string theory

There is another way to introduce the gauge symmetry, other than the Chan-
Paton factors in open string theory: heterotic string theory [34][35]. It is a closed
string theory and called heterotic, because the left-moving sector is a bosonic
string and the right-moving sector is superstring. Some of the bosonic modes
become the Lie algebra generators of the gauge symmetry. Heterotic string the-
ory compactified on Calabi-Yau manifold is a promising phenomenology model
for realizing the standard model physics in string theory. In our research, het-
erotic string theory plays a crucial role in our analysis of gauge theory scattering

amplitude structure.

Instead of considering the (1,1) world-sheet supersymmetry, (0, 1) super-
symmetry is used: The left-moving sector is non-supersymmetric while the
right-moving part is the same as before, with NS and R sectors. The same
analysis implies that the spacetime dimension should be 10. However, if the
left-moving sector only contains X‘lf, u =0,..,9, then the central charge cis not
zero and the Weyl anomaly is not canceled. Hence we have to add more matter

tields to the left-moving sector.

There are two ways to achieve that, which are called bosonic construction and
fermion construction. The Lie algebra’s Cartan structure is manifest in the former
one, so throughout this thesis, we are using the bosonic construction: 16 extra
field,

X, 1=1..,16 (2.15)

are added to the left-moving sector, so the total central charge is zero. To get

the deserved spacetime dimension, X! are compactified on the torus. Hence the
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non-compact momenta,

K = K (2.16)

are continuous, while kl'_’s are discrete and take values in a lattice. Mathemati-

cally, it is convenient to use the dimensionless momenta,

Il = \/%k'L (2.17)

and | takes value in I'. The OPE locality condition and the modular invariance

requires that I' is even self-dual.

l-1e2z, lel (2.18)

r=r (2.19)

where the inner product is Euclidean. There are only two types of even self-dual

lattices in 16-dimensional space:

e I'15, which is defined as follows. We will see that this lattice corresponds

to the gauge group SO(32).

1 1
(nl, e, nls), (nl + E, e, Me+ E) (220)
16
Y ne2z, nez (2.21)

i-1
o ['gxI's, where I'5 is defined as follows. This lattice corresponds to the gauge

group Eg x Eg.
) (2.22)

dne2z, nez (2.23)

The massless left-moving states are shown in (2.5), where C(l) is the cocycle
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vertex operator spacetime spin interpretation
oxrdk X @ 8, vector sector
oX! ghX@ 1 color sector, Cartan subalgebra
CyehX@HE X |2 = 2 1 color sector, roots

Table 2.5: left-moving heterotic string states

operator for the normalization of the Lie algebra structure constant [39]. It is
defined as follows: first, choose a basis {e,' L, 1 =1,...,16 for the lattice I. (This
basis may not be orthonormal.) For two normalized momental,vinT, | = }}; nie,

v =), me. We define,

lxv=> nme-e) (2.24)
i>]

Note that the even lattice condition implies that,
I*v+v*|—|-v:2nimefezz (2.25)
i
Then the operator C(l) is defined as,
C(l) = (-1 (2.26)

where p is the compact momentum operator. p'|l) = I'|l). Now we can confirm
the physical interpretation in (2.5). p' serves as the Cartan subalgebra genera-

tors. The roots are defined by,
dz - i@ \1/2), %!
E(l) = f 27r_izzc(|)é(7) 21X, (2.27)

The commutators can be obtained by the OPE calculation and contour integral.

Then the Lie algebra is explicitly,

[, E(] = I"E() (2.28)
0 ifl-v>0
[ED).EM] =9 (-D)*E(+Vv) ifl-v=-1 (2.29)
="', p' ifl+v=0,ie., | -v=-2
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Now we determine the g, in the {p', Ex} basis. First, we define,
Tr(p'p’) = 615, Tr(p'Ex) = 0 (2.30)

Second, Plug in T, = Ex, Tp = E.x and T¢ = p' into the invariant relation fa° =

fo it is easy to see that by Eq.(2.29)
Tr(EkE_x) = (-1)*". (2.31)

Third, if Ky + K, # 0,
Tr(Ex,Ex,) = O. (2.32)

Eq.(2.30), (2.31) and (2.32) completely fixed the g?. The Jacobi identity is

fab fode . fea_fbde . fbe fade — (2.33)

The string tree amplitude can be viewed as the OPE’s expectation value, say,
OV (Xa; ke, KV (Xa; Ko, K2)...V (Xq; Kn, Kn)IO) (2.34)
where we suppressed the integral over X. The co-cycle part gives,
co(12...n) = (=1)KKarZacicjan KixKi (2.35)
It is easy to check that when the discrete momentum is conserved, i.e., ShKi =
0, the notation co(12...n) has the following properties:
e Cyclic permutation.

co(12..n) = co(n12..n—1) (2.36)
e Adjacent transpositions.
co(12...ij...n) - (1) = co(12..ji...n), (2.37)
when i and j is a pair of adjacent indices.
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The left-moving sectors, combined with the right-moving sectors, form
physical states (2.6). Again, the tachyon mode is removed by the level-matching

condition. Note that the heterotic string theory has gauge symmetry Eg x Eg or

sector | spacetime spin | irreducible representation | interpretation
(v,NS+) 8, x 8, 1+28+35 dilaton + anti-
symmetry ten-
sor+graviton
(c,NS+) 1x8, 8, gluon
(v,R+) 8,%x8 8 + 56 dilatino + grav-
itino
(c,R+) 1x8 8 gaugino

Table 2.6: heterotic string massless states

SO(32) and spacetime supersymmetry d = 10,N = 1.

2.2 String theory scattering amplitudes

String theory scattering amplitudes have many interesting new features, which
are different from Feynman diagrams in field theory. In particular, the holomor-
phic and anti-holomorphic structures in string theory induce many amazing
relations between scattering amplitudes [50] [51]. These relations are interest-
ing not only theoretically but also practically, because the low energy limit of
the string amplitude is Yang-Mills or Einstein gravity amplitude. Hence the
study of string theory amplitudes provides lots of new relations for field theory

amplitudes, especially for QCD calculation and graviton scattering.

The perturbative string interaction process is represented by the combined
world-sheet of several incoming and outgoing strings. For example, the 2 open

strings — 2 open string scattering amplitude could be represented by the dia-
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grams in Fig.2.7 and more complicated diagrams. The long stripes represent the
incoming and outgoing open string states and the “central part” is the interac-
tion region. In this diagram, the interaction region is (a) a disk (b) an annulus.
They have different topology: a disk’s Euler characteristic yp = 1 while an annu-
lus” Euler characteristic yo = 0. To make a perturbative series, we add weights

to world-sheet action with different topology,
S =S, + Ay =Sy + 2 [ drdog? 2.38
p=op A =St tdog” R, (2.38)

where the Gauss-Bonnet theorem is used. Here,
A= (2.39)

is the v.e.v of the dilaton value. When A1 is large, the contribution from diagrams
with high y (more holes) is suppressed, and we get a well-defined perturba-
tive series. Fig.2.7(a) is an analogy to the gauge theory tree amplitude while

Fig.2.7(a) is an analogy of the one-loop vacuum polarization gauge theory dia-

gram.
4 3 4 3
1 @ 2 1 (b) 2

Table 2.7: 2 open strings — 2 open string scattering processes: (a) Disk
diagram (b) Annulus diagram



Note that unlike Feynman diagrams, there is no particular interacting point
in spacetime. It implies that the string theory interaction is “smoother” than

tield theory interaction, and has better UV behavior.

Closed strings scattering is represented by the world-sheet without bound-
ary. Again, the 2 open strings — 2 open string scattering amplitude could be rep-
resented by the diagrams in Fig.2.8 and more complicated diagrams. The long
tubes represent the incoming and outgoing open string states. (a) is a spheric
diagram and the Euler characteristic ys = -2, while (b) is a torus and the y+ = 0.
Similarly, the diagrams with genus> 1 have larger Euler characteristic and are

suppressed. Again (a) is a tree level diagram while (b) is a one-loop diagram.

(]

Table 2.8: 2 closed strings — 2 open string scattering processes: (a) Sphere
diagram (b) torus diagram

The scattering amplitude can be calculated by path integral. For closed open
string theory, the long tubes are replaced of vertex operator insertions. Schemat-
ically, if the scattering process is represented by a compact world-sheet M with-

out boundary, the amplitude is,

[dX]idgl

Ak, ...,
(la o) = VlefoeyI

exp(-Sy AXM)]_[ [ doge) Vi) 240
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where V, is the vertex operator for the i-th incoming (outgoing) state. We in-
tegrate the position of a vertex operator over the whole compact manifold M.
Therefore, there is no order for these incoming (outgoing) states. We also need
to add coupling constants to the vertex operators. For example, the bosonic

closed tachyon state, after integral, is now,

O f d?z X, (2.41)

where Q. is the closed string coupling constant. We would see that it is deter-
mined by the Newton gravitational constant. The vertex insertion should be

(Diffx Weyl) invariant: under the conformal transformation,
227, z-7 (2.42)

We have d’z — (0,Z)(0:Z)d?z. To compensate this change, the vertex operator
should transfer as,

V'(2.2) = (0:2) "(02) V(2.9 (2.43)
where the weight (h, h) = (1, 1). This is guaranteed by the on-shell condition.
The bosonic closed massless state is represented as,
29c 2 v kX
— | dze, XX €, (2.44)
a
where the normalization is fixed by the unitarity condition. Again, the weight

condition is satisfied by the massless on-shell condition.

Similarly, open string (without Chan-Paton factor) amplitude on a compact
world-sheet M with boundary is,

[dX][dgl

Ak = [ =

exp(-Sx m)]‘[ [ dsviks) @)
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where we integrate over the boundary of M and s is the parameter of the vertex
operator’s position. It is not allowed to put the open string vertex operator

inside M. The lowest bosonic states are now represented as,

Tachyon: (22)*?g f ds ek (2.46)
oM
. dX#
Massless vector state: — ig dse,——¢€ (2.47)
oM ds

where g is the open string coupling constant. We will see that g would serve as

the gauge theory coupling.

Since for compact M, its boundary dM is isomorphic to S! so it is possible
to define the cyclic order of the vertex operators. We can separate the integral
in (2.45) with n insertions into the sum of (n — 1)! integrals, each of which cor-
responds to a particular cyclic order. Although this separation seems trivial, it

becomes crucial in open string theory with Chan-Paton factors.

The scattering amplitude for open strings with Chan-Paton factors is treated
almost in the same way. The new feature is that the two adjacent Chan-Paton
factors should be the same. For example, the four-point open string gauge in-
teraction on a disk, for the ordering (1234)is, where the integral is the same
as before. There are other 5 orderings and the sum gives the tree level string
gauge interaction. We will see that this is a new way to organize the terms in
gauge amplitude. Note that each cyclic-order term is gauge invariant. The gauge

transformation €' — €' + K, the vertex operator transfers as,

dx* yx . d 'k-X)
6o 6, e Ids(el , (2.48)

where the extra piece is a descent operator.

The above formalism is only formally defined, because the path integral has

(Diffx Weyl) redundancy and is divergent in general. The usual Faddeev-Popov
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2 o (2 (%) (A ()i = tr(A% A% 2% 2%)

Table 2.9: Open string scattering with Chan-Paton factor

quantization can be used here, and we need to add the ghost determinant to the
scattering amplitude. However, even if the metric is fixed to be flat by Faddeev-
Popov procedure, there are still some residual global symmetries, which are
inside the conformal Killing group (CKG). For example, let M = S%. The Mobius

transformation,
az+b
ﬁ 2
cz+d

ab,cdeC, ad-bc#0 (2.49)

is a diffeomorphism of S? This transformation is conformal, so an additional
Weyl transformation would rescale the metric to the flat case. Hence this sym-
metry is not fixed by the Faddeev-Popov procedure. However, for the scattering
amplitude with an enough number of incoming states, we can use CKG to fix
the position of vertex insertions, so all the symmetries are fixed. For example,
the Mobius group is complex 3-dimensional, so this symmetry is fixed when we

fix three vertex operators on S2.

Furthermore, for a world-sheet M, there may not exist a global (Diffx Weyl)
symmetry which can transform M’s metric to be flat. In the other, there are

topologically equivalent M’s with different complex structures. This happens in
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string theory loop amplitude. For example, the tori,
z~2z+1, z~Z+7 (2.50)

have different complex structures if two 7’s are not related by a Mobius trans-
formation. Such 7 parameterizes the inequivalent world-sheet with the same
topology, and is called the moduli. So in the string scattering amplitude, we

have to integrate over the fundamental region of the moduli.

2.21 Gauge and gravitational string amplitude

In this subsection, we present several tree-level string amplitude examples.

There is a trick for the OPE calculation of the vector boson string state. We
can rewrite (2.47) as,

Ho . A
eﬂ%ékx > —jgkXHieX (2.51)

and compute the OPE with this new operator. Now every operator is exponen-
tial and the OPE’s have a concise form. Since the gauge scattering amplitude is
always liner in the polarization, we just need to keep the linear term for every ¢
and the physical result is obtained. The same trick works for the graviton string

state.

The gauge-vector-boson disk scattering amplitude can therefore be calcu-
lated as follows: for a particular cyclic ordering (12...n), we put the open string

vertex operators along the real axis with oo, X; < X, < ... %,. The disk OPE calcu-
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lation reads,

n-2 dxtdx?. .. dx"
A(12...n) = ga,z f ~aeddae e ™ X (% = %) (e — Xa)
X1<X2<... Xn

X( [T o= )Mk')exra( (2; - ijz Zzzlj X?)

i<i<j<n

(2.52)

linear

where the denominator dx?dx’dx® (1 < a < b < ¢ < n) means that the CKG of
the disk fixes the position of three vertex operators. X, < X, < X, and (X, —
Xa)(Xe — Xo)(Xc — Xa) is the ghost determinant. It is convenient to use X, = 0,
Xp = 1 and X, = co. However, other choices are also useful in some calculation.
The scattering amplitude is the sum of color-ordered amplitudes with the Chan-

Paton factors,

A= Yttt ) A0 N) (2.53)

oesSn-1

where o € S™ is a permutation of the first (n — 1)! vertices. A(o10...n) is also

called string partial amplitudes.
For this integral expression, the partial amplitude has the reverse symmetry,
A(12...n) = (-1)"A(n...21) (2.54)

This should be understood as the charge conjugation symmetry of the gauge

theory. Instead of (A.21), we consider the transformation on the generators,

T -7, AT AR (2.55)

For the closed string amplitude with incoming gravitons, anti-symmetric

tensors or dilatons. We use the trick,

€, OXHIXIERX 5 6,6, OXHOXIERX — —gkXHiadXHigax: (2.56)
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and the integral reads,

A(12...n) =g 247r(j )m dz;gj;—z'ba;znlzb — 2P|z — 2P|z — zaf
ki -
X(.L[m(z _z)%k kj)exp(z 2(z. — 2)2 Z ZOEZ — 2 )
i |<|
x( .<l.<—,[<n(z _Z)zk kJ)exp( Z 2‘(’;_ =7 Z ZCEZ A 2 )bﬂinear (2.57)

where the subscript “bilinear” means that only the € €, terms are kept in the
final result and recombined as € 46, — € ,,. Note that there is no ordering of the

closed string vertices.

Three-gluon string scattering

This is the simplest case, however, the string effect is already inside. By 2.52, for
the ordering (123), we have

’

. o
A(123)= '9(61 Kozer - €3+ €2 Kai€3 - €1 + €3 - Kioer - €3 + 561 - Kaz€r - Kaa€s - klz),
(2.58)

Furthermore, by the reflective symmetry, A(132) = —A(123) So the scattering

amplitude for three gluons is,

= ig- tr(t®[t®, t%]) (61 Kazer - €3+ €2 - Kai€3 - €1 + €3 - Kioer - €3

a/

+EE]_ : k2362 : k3163 : klZ)- (259)
The (e - K)(k - k) terms already appear in Yang-Mills tree amplitude. The last
term, (e - K)(e - K)(e - K) is the string theory correction. Note that in the lower
energy limit a’k? — 0, this term is negligible and the amplitude is reduced to

Yang-Mills theory.
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Four-gluon string scattering

Here we need to carry on one integral. We can fix Xx; = 0, X, = 1 and X4 = o0, and
integrate over X;. The evaluation of (2.52) is tedious but straightforward. It is

explicitly calculated in [39]: the ordering (1234)is

A(1234)= % F(;‘()‘C;,Szrflc)y’t) K(1234) (2.60)

Where K(1234)is the kinematic factors containing the polarization vectors.

Again, we used the Mandastem variables,

s=—(k+ko)’, t=—(ki+k)?’ U=—(k+ks) (2.61)
Ss+t+u=0. (2.62)

And,
K(1234)= KWPe1(1234)+ KPosonic(1234) (2.63)

where KVPe! s the same kinetic term as that in Type I open string theory.

KDPel(1234) = o'%(ste; - €36 - €4+ SUE - €361 - €4 + tUEL - €263 - €)
—2&’23(61 . k4€3 . k2€2 €4t € k3€4 . k1€1 €3t €1 k3€4 . k2€2 * €3
+6 - kiez - ki€ - €)
—2a/'2t(62 . k1€4 . k3€3 €1t €3¢ k4€1 . k2€2 €4+ 6 k4€1 . k3€3 © €4
+é€3 - k1€4 . k2€2 : 61)
—ZQ’ZU(El . k2€4 . k3€3 €+ €3¢ k4€2 . k1€1 €4+ € k4€2 . k3€3 © €4

+€3 - k2€4 . k1€1 . 62) (264)
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Supersymmetry puts strong constraints on the possible interactions, so the non-
supersymmetric theory have much more terms,
K Bosonic(1234) = 4&’35[61 Ks€r - Ka(es - kieg - Ky + €3 - koey - ko) +
%(51 ko€r - ksez - ki — €1 - Kaer - Kiez - ko) (€ - Ky — € - kz)]
+4a'3t[62 Kyes - Ka(e - Kaen - s + 1 - Kot - Ko)+
%(61 Kaer - ki€z - Kk — €1 - Koer - Kaez - Ky) (&4 - Kz — €4 - kz)]
+a2Ufer - koes - Ko(& - Ku€s - Ko + € - kgeg - Ka)+

1
5(61 - Ko€r - Kzez - K1 — € - Kaer - Kiez - Kp)(€a - kg — € - Kq)]

s 1
+(2a’)22 Tra (e1- €3 — (22 )€1 - ksez - ki)(e2 - €4 — (20') €2 - Kyeq - ko)
+ a’u
tu 1
+(2a)’— (e1- € — (22 )1 - koer - Ke)(€3 - €4 — (20') €3 - Kyeg - Ka)
41+ a’s
su 1
+(26Y')ZZ Tro (e1- & — (2)er - kaes - Ki)(&2 - €3 — (20') €2 - kses - ko)
+ a't
—'?(Stey - €36 - €4 — SUE - €361 - €4 — tUer - 263 - €) (2.65)

It is interesting to look at this amplitude in detail. First, from the Gamma func-
tion expansion, the only massless poles are s and t while the u pole is absent.
This is consistent with the color-ordered Yang-Mills Feynman diagram analy-

sis.

Second, KT¥Pel o @2, while KBoonic o o3, So in the low energy limit, the

leading order of the scattering amplitude is,

A(1234)> 1 éKTYPeI = A(1234) (2.66)

@
This term is the same as the Yang-Mills theory scattering amplitude.

Third, A(1234)and A(1234)is cyclically symmetric, as it should be. How-
ever, A(1234)and A(1234)have a stronger symmetry. Note that, explicitly, both
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the kinematic factors K™¥Pe! and KBosonic and totally symmetric in the incoming

states, for example, under 1 & 2.
KTYPe1(1234)= K¥Pe1(2134)  KPooMe(1234)= KPooM¢(2134) (2.67)
This permutation exchanges uand t. Hence,

A(1234) singa’'t) = A(2134) singa’u) (2.68)

tA(1234)= UA(2134) (2.69)

where the second equality is the Bern, Carrasco and Johansson (BCJ) [9] iden-
tity for four-gluon scattering amplitude. The first equality is understood as the
string version of the BCJ identity. There is no simple Feynman-diagram-like
proof for these identities. We will later present the systematic string theory

proof.

Three-graviton amplitude

There is no integral of the vertex operator. The result is,
A(123;a) = n0e/PA123;a/4)A(123;0/4) (2.70)

where A(123;a/4) is the open string three-gluon with the polarization vectors
&, while the Regge slope o’ is replaced by o’/4. Similarly, A(123;a/4) is the
open string three-gluon with the polarization vectors ¢ and the renormalized
«'. Finally, we use the trick € ,6, — ¢,. The normalization of @’ comes from
the fact that, both the left and right-moving sectors only carry a half of the total

momentum. Note that o/ has the dimension LZ2.

This explicit relation between open and closed string theory seems surpris-

ing. One may simply think that it is coming from the left-right moving sectors
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decomposition, and the closed string theory amplitude is always a simple prod-
uct of two open string amplitudes. However, the statement is not accurate. For
example, if,

A(1234:0) o« A(1234;a/4)A(1234:2/4) (?) (2.71)

then A;(1234)would contain the 1/s° pole. However, this is a contradiction to
the effective theory analysis. The correct relation, Kawai-Lewellen-Tye relation,

which involves delicate contour analysis, will be reviewed in the next section.

Effective action

From the previous examples, we see that in the low energy limit, the tree-level
interaction of massless string state is the same as the Yang-Mills theory and
Einstein gravity. The high order terms in string tree amplitude correspond to

the high-derivate terms, which vanishes in the low energy limit.

For example, the bosonic string theory’s gauge effective theory is,

1 2ia’
_ d v VE W
S= fd x(— 27" FuF") = S (R FFS) +) 2.72)

where the first term is the Yang-Mills action. All the other terms are high-

derivatives. The low energy limit is equivalent to,
o — 0, (2.73)

so all high-derivatives are vanishing in low energy. Type I open string theory
also contains the Yang-Mills action term. However, as the four-gluon example,
the high-derivative terms in Type I theory are different from that in the bosonic

string theory.
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In the low energy limit, Type IIA and IIB super string theory would reduce

to d = 10, Type IIA and IIB supergravity theory respectively.

2.3 Kawai-Lewellen-Tye relation

The tree level relation between open and closed string amplitude is discovered
by Kawai, Lewellen and Tye (KLT) [39]. KLT relation illustrates the fundamen-
tal connection between gauge and gravity theory. It is crucial to the scattering

amplitude calculation in this thesis.

The three point KLT relation is (2.70). Since there is no integral in the three
point case, the closed string amplitude is just the product of two open string

amplitudes.

The first nontrivial KLT relation is the four point scattering amplitudes. The
real and imaginary part of the integral in closed string amplitude, can be treated
as two independent real integrals. However, we have to take care of the con-

tours. Letzy =0,z =27 z3=1and z; — o, and (2.57) reads,
A(1234)= 47rgc f dzzzhke(1 - )Tlelef(z) Z29ke(1 - DRk f(D)  (2.74)

where f(2) is a holomorphic function which contains the polarization vectors.
Similar f_(i) is the conjugation of f(2).

f(2) = lim zzexp(z 2? EI_ z,)z Z 2ozz,k|— 2 )

i<j

a’e - a'’ki - €
f(_)_ I|m eXp(ZZ( _2)2 Zz@-zi)

i<j

linear

(2.75)

linear

The integral is over the whole complex plane, and both zand Zare complex. Let
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Z=X+1y,

d’z— 2 [ dx | dy (2.76)
Jdzmafa]

and the integrand is analytic both in xand y. We would like to consider y on the

whole complex plane. Note the possible poles of y are
y=1ixi(1-Xx),i(x—1),-ix (2.77)

which are all on the imaginary axis. Hence we can use the Wick rotation, as
Fig.(2.1). Now yis imaginary (up to the infinitesimal prescription), so both x+iy

and X — iy are real. Define ¢ = X+ iy and n = X — iy, and the integral (2.57) reads,

} Jay

Jay

Figure 2.1: Analytical continuation of y.
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- 2 5 © © o o o o c
A23a)=ang( =) [ de [ angtiri- gt - n e )
oo . a
x exp(lzr?kl Ho(=¢n) + in ke - ket(~(1 — )(1 - n))) (2.78)

where the phase term comes from the prescription of the contour. 6(...) is the

Heaviside step function. (2.78) looks like a product of open string amplitudes.

However, there are 3 different orderings in the ¢ integral while 3 orderings
in the 7 integral. So it seems that (2.57) would be the sum of 3 x 3 = 9 pairs of
open string amplitudes. However, we can represent the phase as the contour of
n integral. Only when 0 < ¢ < 1, the contour of 75 is nontrivial. It is shown in

(2.2). If we use the contour Cy, (2.78) becomes,

0 1 Cl

= 9_@ -—

C2

Figure 2.2: Contour integral for n when 0 < ¢ < 1. The original contour
can be deformed to either C; or C,.

5
A(1234)= 87rg§(3,) sin(M
a

f délg) 7 ate|1 — g7kt £ (g)
§ f il Z4%9[1 - 5| £ )
1

=4 sin
gt

o2 a'miky - Ks @ a
( : )ﬂ(1234, DAL324:5) (2.79)

and similarly if we use the C,, the result is,
5
A(1234)= 8r( 2 ) sin( T 1) f deléZHlL - g7 f ()
a

0
% f dnly| 74tel1 — p TR £ ()

g . a/’7rk1 . k2
a ;4 Sm( 2

_dn )ﬂ(1234;z)ﬂ(2134;z) (2.80)
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These two results are equivalent. There are also other contour choices, which

are summarized in table. 2.10. The permutation symmetry of the closed string

A(1234) [ A(1324) | A(2134)
A(1234) t s
A(L324)|  t u
AR s u

Table 2.10: Different expressions for four-point KLT relation. The kine-
matic factors in this table appear in the argument of the sine

function, sin (% )

amplitude is not manifest in (2.79) or (2.80). However, we can average out the
six equivalent expressions in table. 2.10, and then the permutation symmetry is

restored.

The equivalence of (2.79) and (2.80) implies that,

kg - (a'nky ko) —
sin(m)ﬂ(mm;g) - sm(w)ﬂ(2134;g) (2.81)
2 4 2 4
or if o is renormalized,
sin(@/t)A(1324) = sin(@'7s)A(2134) (2.82)

This is the explicit identity in (2.69). Hence the contour argument in KLT relation

proved the BCJ identity in four-point case.

It is also interesting to study the low energy limit of (2.79). Take o’ — 0, we

get,

A(1234)

2 —
—n%tA(1234)A(1324)

K2

t —
—4—g4A(1234)A(1324)

(2.83)

This identity has no o’ dependence, because in the low energy limit, string the-

ory is reduced to Yang-Mills theory and Einstein gravity. Here we used the
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normalization x = 27Q.. Since A(1234)and A(1324)can be calculated by field
theory, this identity provides a effective way for graviton tree amplitude calcu-

lation. Note that the graviton amplitude is suppressed by a small factor x?t, as

it should be.

Similarly, n-point (n > 4) tree level closed string amplitude can be decom-
posed as the sum of open string amplitude products. For example, the five-point

KLT relation is,

g§’ .n(a’ﬂkl . kz)sin(a’ﬂkg <Ky

o : . )ﬂ(12345)?{(21435)

A(12345)= ;

N g?; . (a’ﬂkl-kg

a7 ) sin( T M) usoasyi(31425) (280

Note that unlike the four point case, this identities are the sum of two pairs. [39]

counted the minimum number of pairs for general KLT relations,

(n— 3)!(”%3)!(”;;’)!, nis odd

(n- 3)!(%‘)!(”;22)!, nis even (2.85)

The other KLT expressions have more terms. They are systematically studied in

[14].
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CHAPTER 3
SCATTERING AMPLITUDES TECHNIQUES BEYOND FEYNMAN
DIAGRAMS

In the previous chapter, we reviewed the string theory techniques in scattering
amplitudes computation. To use the full power of string techniques, we also
need recent new scattering amplitude techniques beyond Feynman diagrams.
In this chapter, we review the color decomposition, spinor helicity formalism,
BRST recursive relation and coherent symmetric space. We will also illustrate

how these methods can be combined with the string techniques.

3.1 Color decomposition

In open string theory with Chan-Paton factors, the gauge tree amplitude is,

A= Yttt ) A0, ..N). (3.1)

oeSn-1

where A(c 107, . .. n) is the partial amplitude with cyclic ordering (o102 ..n). t*
is the generator associated with the i-th gluon. A(o10,...n) is gauge invariant.

Taking the limit o’ — O, the amplitudes reduce to Yang-Mills amplitudes,
A — Avw, ﬂ(O']_O'z...n)—>A(O'10'2...n). (32)
So we have the Yang-Mills color decomposition.

A= > (Bt Ao, .. n), (3.3)

oeSn-1

The gauge-invariant, cyclic and reflective properties of string partial amplitude
A(12...n) hold in each order of a’. Therefore, the Yang-Mills partial amplitudes

satisfy,
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e Gauge invariance. The longitudinal mode’s change €, — ¢, + ck, or the

change of ¢ in the propagator does not change A(12...n).
e Cyclic symmetry. A(12...n)=A2...n1)=...=A(nl...n-1).

e Reflective symmetry. A(12...n) = (-1)"A(n...21).

Since the Yang-Mills partial amplitude A(12...n) = A has these good prop-
erties and is independent of the color factors, it would be the main focus in our

study of Yang-Mills theory.

Alternatively, we derive the Yang-Mills partial amplitude directly from
Feynman diagrams [27]. The partial amplitude Feynman rules are summered in

(3.1). To calculate the Yang-Mills partial amplitude A(12...n), we need to align

k
M v . ,
00000000 - (nuv_(l_é: k“k)

_ i
T K+ie k2

N, .k u
a9/

= i (k= pY + 77 (p - Q) +7(d - K)']
= —ig2lPen = S = S
e o

Figure 3.1: Feynman rules for gluons in partial amplitude. (a) gluon prop-
agator (b) three-point gluon vertex (c) four-point gluon vertex.

the incoming gluon states 1,2...n clockwise on a circle. The partial amplitude

is the sum of Feynman diagrams with the new rules (3.1). Note that unlike usual
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Feynman diagrams, it is not allowed to swap two legs of a vertex or to cross a propaga-
tor with another propagator. For example, the partial amplitude A(1234)has only s
and t poles, while u-pole the absent. The result is that the u-pole diagram would

have propagator-crossing when 1, 2, 3, 4 are aligned in cyclic ordering.

For n-gluon tree amplitude, there are (n — 1)!/2 partial amplitudes by the
cyclic and reflective symmetry. Each channel corresponds to a way to cut a
convex polygon with nsides into triangles by connecting vertices with straight
lines: Put the incoming gluons on the edges of the polygon in clockwise order.
Then each triangle represents a three-gluon vertex and each straight line repre-

sents a propagator. Hence the number of Channels in one partial amplitude is

Cpz — (2”). (3.4)

" n+1\ln

C,, the Catalan number.

3.2 Spinor helicity formalism

The photon or gluon state is associated with the polarization vector ¢,. The scat-
tering amplitude is proportional to the polarization. However, €, has d compo-
nents while the photon or gluon just has d — 2 degrees of freedom. The spinor
helicity formalism manifestly gets rid of the redundancy of the unphysical de-

grees of freedom and organizes the amplitude in a compact form.

Spinor helicity formalism works only for the four-dimensional spacetime.
This formalism rewrites all the momentum, polarization vector and vertices as

the product of Weyl spinors. Instead of consider the amplitude,

A(12...1) = e, 6. . €, A(L2. . Yr2tn, (3.5)
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we directly consider the amplitudes with particular helicities A(1*; 2*...; n*), where
+ means the helicity of the incoming photon or gluons. Similarly, spinor helicity

formalism can also be used in gravity amplitude.

First, for light-like momentum p, we decompose it as the product of Weyl
spinors.

P.(0")aa = Aada (3.6)

where o# = (lo2, 0%, 0y, 07), da is a Weyl spinor with —1/2 helicity while /Nla is
a Weyl spinor with +1/2 helicity. Note that the components of 1, and 1, are
complex numbers, not Grassmannian. The definition of the two spinors has a

rescale ambiguity,

A-tl, 1-t1 (3.7)

For real momentum p in (+, —, —, —) Minkowski space, we can further require
that,

X =+, (3.8)

In Dirac spinor notations, 4 and A can be written as,

0 (0")aa B Aa N 0
Y= . Y= W= (3.9)
()0 0 A2
Note that for the y* case, we have to use the upper-indice A%. The usual spin

sum rule ) su(p)u(p) = y*p, reads,

Aa

1y,
0 (;lb* O) 0 (P.0*)aa
0

= (3.10)

( 0 /ﬁa )+ (pﬂgy)bb 0.

A Lorentzian transformation parameterized by w,, acts on the spinors 1, and
;la as,

Ada — (e%WW"W)ZAb, L (e%w‘”(;w)ﬁib (3.11)
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where
yvb_l nv v —u\b _yv'a_l_/tv —v__una 312)
()= 3T ~ TR, (TN = 5 - T, 3.
and (c#”)" = —*. It is easy to check that by a ¢-rotation along the momentum

direction,

da—> €920, Ay — e2),. (3.13)
The inner products for 1, is defined to be,
(A, = AP (3.14)
where €, = 1 and A2 = €®,,. It is Lorentzian-invariant because,

el — (e ) (e B0

= €ud®l® (3.15)

Similarly, The inner products for A, is,
[, ] = ey 120° (3.16)
where €, = 1. Both (, ) and [, ] are anti-symmetric. Since,
(P = € (p,o)g5, (3.17)
the inner product of two momentum pg; = /la;la and p, = /l’axi’a is,

1 —aa 1 nry 3y
p.p* = E(pﬂa")aa(p;av) = 5(4, A, '] (3.18)

For a gluon with the light-like momentum p‘p, = 0 and pa = Aada, the polariza-

tion vector can be chosen as,

e = ,Lta:l'a €. = /la/]a
R /70 DA V7]

(3.19)

It is easy to check that €* - p = 0 because of the antisymmetric products (, ) and

[.]. The choice of 1 and ji is arbitrary as long as the products are nonzero.
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Particular choices of u and ji would simplify the amplitude calculation. One

practical choice is that:

e For the amplitude A(1Mm2"™...n"™), choose a negative-helicity incoming

gluon, say i. Then for all gluons k with hy = +, we choose i = 4.

e Choose a positive-helicity incoming gluon, say j. for all gluons | with

h = +, we choose i = 4;.

Then the product of polarization vectors with the same helicity vanishes, €/ -¢; =
§ - g, = 0. Furthermore, p;- ¢ = pj- g = 0. So many terms in Feynman diagram
calculation vanish automatically. For the calculation of scattering amplitude,

we may drop the letter A and the spinor indices.

The tree-level partial amplitude with all gluons of the same helicity vanishes.
Al*2".n)=A1"2..n") =0 (3.20)

Furthermore, the tree-level partial amplitude with all gluons of the same helicity but
one also vanish.

Al 2°..n") = A(1*27..n") =0, n>4 (3.21)

These identities are hard to prove by Feynman diagrams. We will see that the
simplest proof is based on supersymmetry. Since the tree-level all-gluon ampli-
tude is the same as that in super-Yang-Mills theory, the supersymmetry identity

holds in the tree-level non-supersymmetric case.

The first non-vanishing tree-level amplitude is the partial amplitude with all
gluons of the same helicity but two. The amplitude with n — 2 negative-helicity
gluons and 2 positive-helicity gluon is called Maximum-helicity-violating ampli-

tude, or MHV amplitude. Similarly, The amplitude with n — 2 positive-helicity
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gluons and 2 negative-helicity gluon is called MHV amplitude. The amplitude
with n— 2 — knegative-helicity gluons and 2 + k positive-helicity gluon is called

NKMHV amplitude.

3.3 BCFW recursive relation

BCFW relation is an extremely important recursive relation [17][18]. It relates
the high point tree level scattering amplitude with the lower point scattering
amplitudes. So it is possible to build all the scattering amplitude systematically
from the lowest amplitude. The advantage is that all the scattering amplitudes

involved are on-shell.

BCFW relation holds for (super/non-super)-Yang-Mills theory, (super/non-
super)-gravity, but not for spin-0 field theories like ¢*. We illustrate the BCFW

recursive relation by the Yang-Mills amplitude.

We consider a color-ordered tree level amplitude A(p, hy;...; pm, hw). Here
hi = +1 is the helicity. Because the color-ordered amplitude is gauge indepen-
dent, the reference spinor u is dropped out so we just need to specify the helici-

ties. BCFW method complexifies two momenta, say, p; and p;,

o p@=p1+z0 p—-p@=p—-2q (3.22)

And the complexified scattering amplitude is A(2). The key is: A(Z) vanishes at the

infinity Z — oo.

f A@dz _, (3.23)
[Z=c0

z

Note that (3.23) is highly nontrivial. For “simpler” quantum field theories,
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like A¢* theory, this identity is not valid. For example, the four-point 1¢* tree-
level scattering amplitude is approaching a constant, in the limit z — . In
general, for a quantum field theory with the highest spin s, the asymptotic be-
havior of A(2) is,

A(2) ~ Zl 7 - . (3.24)

So BCFW recursive relation works for Yang-Mills theory, Super-Yang-Mills the-

ory, Einstein gravity and supergravity.

Pick up the residue, we get,

A(O) = - Z Z A(ptrla h0'1; p0'2’ ho-z; ey p|(0')a hl(o‘); _P(Z), _h)|z:—P2/2p-q
o h=+1
i
= -A(P(2), h; pry, Ney; Prys Dyl ol Py Ni)l=—p2/2p (3.25)

where we separate the original color-ordered diagram into two subdiagrams. o
is the indices such that (o1, 0, ..., 0() is the indices of the subdiagram which
contains 1 and I(¢) is the number of indices in this subdiagram. P is the uncom-
plexified total momentum in the subdiagram. Similarly, 7 is the indices for the

other subdiagram.

BCFW relation implies that the tree level amplitude of arbitrary gluons can
be generated by three-point amplitude, which we would calculate explicitly be-

fore considering any example of BCFW relation.

Simple examples

The three-gluon partial amplitude A(pi, hi; P2, ho; Ps, hs) vanishes if all the mo-
menta are real and on-shell, so we need to consider the complex momenta. Be-

cause of p; - (P2 + ps) = 0 and the similar identities, p; - p; = O for arbitrary i and
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P
(A1, )[4, 1] = 0
(A2, A3)[ A2, A3] = 0
(A3, )13, A1] = 0

If (11, A2) vanishes, then 1; and A, are linear dependent. If two of the , ) products

vanish, then the rest (, ) also vanish. Therefore there are just two cases,

o (A1, A2)=(12, A3)=(13, A1)=0

o [A1, A]=[1s, A3]=[13, 11]=0

So the amplitude does not contain the cross term, ()[]. On the other hand, by

dimension analysis, each term in the amplitude shoule have the form.

()m+l
o (3.26)

where () should be either () or [], but not both.

Now we consider the different helicities,

e (++ +). In this case, even () is [], the amplitude just has +1 helicity, which

is a contradiction to the (+++) helicity. So A(+ + +) = 0.

o (++-). Weneed () = []. The result is

[23)°

A(P1, —; P2, +; P3, +) = i \/2[12][13]’

(3.27)

which is antisymmetric under 2 < 3, where [12] is short for [/Nll, /le]. This

result can also be explicitly, calculated,

i\/éeg-el_pg-eg

[ _ ‘
—e& -6(P3—p1)- &

ﬁ ~ ~ ~ ~
V2 (uA)[A3, 2] (A3, [ A3, A7]

— 3.28
Wl iy O
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where we choose €] = lidy/[A1, 2], € = pdo/{u, A2y and € = uds/{u, A3).

Because /11;11 + /12;12 + /13;13 =0,

w, A1) _ [y, 23]
<,U, /12> [;’11, ;'13] ’

therefore
s 123
A(pl’ ’ p2’ +, p3’ +) =1 \/2[12][13]’
o (+——). Similarly,
5 (290
A(pl’ +; P2, —; Ps, ) =1 \/§<12><13>’

e (— —-). Similarly, A(- --) =0.

(3.29)

Now we can consider the four point amplitude for the helicity (+ — +-). p1

and p, are complexified by,

;11:/114-2/14

34:;14—2;11

(3.30)

Soq= A A,. There is only one way to separate the indices, o1 = 1,0, = 2 and

71 =3,72 = 4. P(2) = p1 + p2 + Z0. Zcan be determined as,

_ _d12
pl'p2+2p2'Q—0=>Z—<24>
Therefore,
A w P o @~
P=-11-21-21-= 2(2+<24>1)

)

oT) 1. Similarly,

We define P = ppwhere p=2and p=2+

i = (%2)1
2 ~ 12) ~
44 = 4(4— %1)
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BCFW relation gives,
[1P]3 1 4Py 12 1 42° (24

[P2][21](12)[12](3P)(34)  $2[21][21]¢12)[12](32)(34) ~ (12)(23)(34)(41)

which is the MHYV scattering amplitude for four point.

3.4 Coherent super space and super KLT relation

Supersymmetry can be used in scattering amplitude calculation. The tree-level
gluon scattering amplitudes are the same in super or non-super Yang-Mills the-
ory. (See the appendix for details.) In the other word, the tree-level Yang-Mills

amplitude “knows it is supersymmetric.”

There are many super-Yang-Mills theories. The simplest one is thed = 4,N =
4 super-Yang-Mills theory, which contains the maximum supersymmetry with-
out graviton in 4D. (See the appendix for the review of d = 4, N = 4 super-Yang-
Mills theory.) Different scattering amplitudes are related by supersymmetry
transformations. To manifest the supersymmetry, we can use the coherent rep-

resentation of the states . This method also works for d = 4, N = 8 supergravity.

Again, let sbe the highest spin in the theory, s = 1 for N = 4 super-Yang-Mills
theory while s = 2 for N = 8 supergravity. All the on-shell physical states can be

combined in a coherent state,
7,4, ) = €27 £ 8 4,0, g, A, 4) = €2 — 5 4, 0) (3.34)

where Q,, and @"’ are supercharges. | = 1,...,4s. 1and 1 are the spinors for
the massless particles in spinor helicity formalism. 1 and 7 are the Grassmann

coordinate for superspace. W and w are spinors for the normalization,

W) =1 [WA=1 (3.35)
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Note that since n and 7 are fermonic, the formal exponential series will truncate
at the 4s-th order. This is consistent with the helicities of one supermultiplet.
Instead of using |h, 4, I} to label the incoming states, we would use [, 4, Z} or
17, A, A). Each physical state can be read off from the 7 or 7 expansion.
Then the supersymmetric transformation is manifest,
la — ot I\ —
gl Iy = ghilad >|)7>,

ey = I + (LAY, (3.36)

where ( is the parameter for the supersymmetric transformation. The above

notations are summarized in Table. (3.1). The anti-holomorphic part is just the

conjugate.
Notation | Abbreviation | Number Statistics Comment
of compo-
nents
Ao A 2 complex num- | momentum
ber spinor
n' n N Grassmann coherent coor-
number dinate
Qe Q 2N Fermionic oper- | supercharge
ator
e { 2N Grassmann superspace co-
number ordinates

Table 3.1: Notation for Coherent States

The Grassmann variable  and n are Fourier conjugates of each other.

For each incoming particle, we can use either n or ;7 representation, but not both.

7 = f e, ) = f de)

Careful choice in 7 and 1 may simplify computation.

(3.37)

We would consider the superamplitude. M({ni, Ai, i}, {5 A7 Iﬁ). The super-

51




symmetry transformations apply on the superamplitude as,
M(mi, 77) = eZilialn, M@ + {40, 15), Q transformation (3.38)

M (i, 771) = €X' M@, 7+ [42]),  Q transformation (3.39)

Note that Q and Q do not commute, so the order of the two transformations is
important. Because 1, has 2N components, so the Q transformation can translate

2 i to zero. Similarly, the Q_ transformation translates 2 rj; to zero.

Here can show that the amplitude A(1*,2%,...,n") vanishes. By the Fourier

transformation, and set 17; = 0, we have,
A(1*,2%,...,n") = fd“m e dY M1, 12, - 1) (3.40)
By (3.39), M(171. 172, . . ., 11n) = M(0, 772, . . ., 17n). Hence,
AT, 2%, ...,n") = denl...dNnnM(O, No,...,mn) =0 (3.41)
Similarly,
Al 2%,...,m) = f dVpdNago . AV M (g1, 172, - - L ). (3.42)

Using (3.39), and the detailed Grassmann calculation, this integral is also zero.

3.4.1 Super KLT relation

In coherent state representation, the KLT relation also has a compact form. We
can think that both the left and right-moving sectors have N = k spacetime su-
persymmetry, so the closed string has N = 2k spacetime supersymmetry. By
the super KLT relation, a N = 2k-supersymmetric closed string superampli-
tude would be decomposed as the products of two N = k-supersymmetric open

string superamplitudes.
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Again, string KLT relation can be reduced to field theory KLT relations. The
most interesting case is the d = 4, N = 8 supergravity, reduced to two copied of
d = 4, N = 4 super-Yang-Mills theories. We use the indices | = 1,2, 3,4 to label
the left-handed N = 4 supercharges and I’ = 5, 6, 7, 8 for the right-handed N = 4
supercharges. Furthermore, we use M = 1,2,...8 as the common label for all

the 8 supercharges of the N = 8 supergravity.

Recall that, in the original KLT relation, the formalism is the same for ampli-
tudes with different helicities. This fact implies that the super KLT relation has
the same form of the original KLT relation. If for n-point amplitude, the KLT
relation reads,

Aclks, e ko, &; .. . Kn, €) = Z f(o, )AKy, €513 Koy, €y - - Koy €7)

o0’

XAKs ., € Koo € - Koo Eoy), (3.43)

where o and ¢’ are the permutations of the gluon color orderings. f(o,0”) is a
kinematic factor for the permutation pair (o, o). Then the super KLT relation in

n representation is,

Aclke, 153 Ko, 155 - Ko ) = D £ (0 VAR T Ko Mo -+ Ko )

o,0’

XAKrys 75 Ko Tl Koo T, ), (3.44)

where 77 is a 8-component Grassmann vector, while both n and 7/ are 4-

component Grassmann vectors. There is a simple relation,

n = (g, ), Vi (3.45)

Similar, there is an equivalent super KLT relation for n representation or

mixed representation.
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CHAPTER 4
BCJ RECURSIVE RELATIONS FROM THE VIEWPOINT OF HETEROTIC
STRING THEORY

In this chapter, we use [37] the new techniques mentioned above, to study the
an interesting class of scattering amplitude identities, Bern-Carrasco-Johansson

identity [9].

4.1 Introduction

Some years ago, Zhu showed that the terms in the 4-gluon tree amplitude obey
an identity [57]. Recently, Bern, Carrasco and Johansson conjectured the pres-
ence of such identities in higher-order amplitude as well as loop amplitudes [9].
If these identities are true, the evaluation of the tree-level M-gluon amplitudes
can simplify considerably. Furthermore, given the M-gluon tree amplitudes,
M-graviton tree scattering amplitudes can be written down immediately. Loop
amplitudes can be obtained from the tree amplitudes using the unitarity method
[10] [11] and these identities can be carried over [9]. In this paper, we use the
properties of the heterotic string and open string scattering amplitudes to refine
and prove parts of the BCJ conjecture and to extend the identities to include

scatterings of massless gluinos and gravitinos.

Consider the M-gluon tree scattering amplitude, which is a function of the
external gluon momenta K' where k? = 0 (and }}; K' = 0), polarizations £ where
li-ki=0and colora,i=12 .M,

cj(@)n;j(k, &)

Ak 6a) = "7 ) ==

i

(4.1)
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where the sum is over all allowed channels (or terms) with different pole struc-
tures. There are (2M — 5)!! channels in AM. Each denominator is a product
of (M - 3) pole factors : Pj = ITM=3p; n(k), where each pole factor pjm(k) corre-
sponds to the kinematic invariant of an internal gluon propagator. For example,
a 2-particle channel pole p;, takes the form s, = —(k + kn)?. The kinematic factor
nj(ki, &) is a function of k' and ¢'. Although the choice of the set of n;’s is far from
unique, AM itself is independent of the specific choice of n;’s. In this paper, we
shall discuss the choices of the n;’s in some detail. The color factor cj(&), a func-
tion of the colors &;, is a product of the (M — 2) group structure constants fabe
corresponding to the respective pole structure, where, for a given Lie algebra,
Tr(TaTb) = 6%, [T2, TP = i V2faeT¢ = faTc Ag an illustration, we see that the
5-point diagram in Figure 1 has denominator S;3Ss4 and Csayz13) = fasaub fbaxd fdaras
Note that AM is unchanged if we flip the signs of both ¢; and n; (¢; — —c; and

nj — —n;) in any term in Eq.(4.1). At times, we shall set the coupling g = 1.

The dual identities are best illustrated by the 4-gluon tree level scattering

amplitude,
CsMs | Culu , Gy

ﬂIM(kl’ éla al’ k4’ §4a a4) = S u t )

(4.2)

where s, t, uare Mandelstam variables, S = S5 = —(ki+ko)?, t = S14 = —(Ky+ks)%, U =

Si13 = —(K1 + k3)? and s+t + u = 0. Here the color factors,

C; = fadbfbasa
c, = faodebfbaa
c, = [faaubfbaa (4.3)

depend on the color indices. By the Jacobi identity,

Cs+C,+¢ =0. (4.4)

55



4 3
1 2 2 1
@ = 1234 @ = 2135
P = —(ky + ky)? P = (ki + ka)* (ks + ks)?
Cap = f~a1a2b f~ba3a4 Cap = 1?alagb 1?azbc f~ca5a4
5 5
6 4 6 2
1 3 3 1
2 4
a = 12345¢ a = 341 25¢
P = —(ky + ka)? (K3 + ka)? (ks + ke)? P = — (ki + ka)® (K3 + ka)? (ks + )
Cop = f~a1a2b f~a3a4¢ f~a5a6d f~bcd Cap = f~a3a4b f~alazC f~a5aﬁd f~de

Figure 4.1: Several examples of the poles P = II;s, and the color factors.
The structure constants are labeled in the counter-clockwise di-
rection. The field theory tree amplitudes A" are related to the
zero-slope limit of the open string amplitudes A°"™, which are
given by the disc diagrams in open string theory. The (yellow)
disc for each graph is shown to emphasize this feature.

It was shown [57] that the nj(k;, £i)’s satisfy the dual identity,

Ns+ny+n=0. 4.5)
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Note that ng(k;, ¢;) is determined up to a term proportional to s:
Ns — Ng = Ns + s(K;, &) (4.6)

and similarly for n, and n;, where 7 is an arbitrary function of the kinematic

variables. Following Ref.[9], we shall refer to this as a gauge transformation.

We shall consider only the r’s that have no pole term, so this “gauge free-
dom” changes only the “contact” part but not the “residue” or “non-contact”
part of ns. A redistribution of the contact (4-point coupling) term among the
3 terms inside A;M (4.2) will lead to such a change in the n;’s. However, the

identity (4.5) is gauge-independent,
Ng+n,+n = Ns+ sy + (Ny+un) + (N +t) =(s+t+uyny=0.
Note that AM is gauge-invariant, as it should be.

Let us now consider the general AM(k;, &, &) (4.1). Here the n;’s are “gauge”-
dependent, even though ﬂ?\{AM itself is invariant. Unless specified otherwise,
the nj’s are chosen to have no poles, that is, they are local. A convenient sym-
metrized way of expressing them may be found in Ref.[21]. There are many

triplets of ¢j in AM (4.1) that satisfy,
Ci+C +0C= 0. (47)

Each color identity (4.7) is nothing but the Jacobi identity multiplied by an over-
all factor of a product of structure constants. One can take any 4 (internal and /or
external) gluons in a diagram that are connected by a single internal gluon prop-
agator. The 3 ¢;’s in a color identity (4.7) simply correspond to the 3 ways (i.e.,
the “s,t, u” channels) of connecting those 4 gluons. BCJ conjectured that when-

ever a set of 3 ¢; in AXM (4.1) satisfy the color identity (4.7), the corresponding 3
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n;’s in the same AYM (4.1) satisfy the kinematic identity
np+m+ng= 0. (48)

In general, there are many such dual pairs of identities for the M-point ampli-
tude, not all of them are independent. One can explicitly check this for the 5-
gluon tree amplitude with its 9 independent kinematic identities [9, 42], which
we shall also discuss in some detail. BCJ also conjectured that these identities

can be carried over to loop amplitudes using the unitarity method [10] [11].

There are 2 key properties in the BC]J relation :
(1) There is a set of kinematic identities (4.8) in AM (4.1) for an appropriate set
of nj’s;
(2) There is a duality between a color identity (4.7) and the corresponding kine-
matic identity (4.8).
In this paper, we shall use the properties of the heterotic string model [34][35] to
prove the duality property between a color identity (4.7) and the corresponding

kinematic identity for the n;’s,

(nj + N+ nk) =0. (49)

residue

where the “residue” refers to the residue of the product of the (M — 4) poles that

are common among the n;, n; and n, channels.

To illustrate the difference between the M = 4 case and the M > 4 cases, let
us look at a M = 5 open string amplitude identity which yields the following

gauge-independent identity,

N3)2)5 — N2(13)(45) T N13)4(52) N N1(32)(45) — N21)3(45) + N13)45)2
S13 45
N(51)32)4 — M2(51)(34) + N(51)3(42) N N(34)2(51) — N21)(34)5 + M(34)(52)
Si5 Sz4

0 (4.10)
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where N(13)42)5is the numerator factor of the double pole S35, in ﬂgM (4.1). The
details of the M = 5 case will be explained in Section 5. Here it suffices to note
that the 3 nj’s in any one of the 4 triplets has a common pole which appears in
the respective denominator in the constraint (4.10). Actually, the corresponding
color factors obey identical relations to the n;’s in Eq.(4.10). Since the c¢;’s have

discrete values, (Cj +C + Ck)| = 0 implies the color identities (4.7). This

residue
is not the case for the nj(k, ¢)’s because the momenta k; are continuous and
because of the gauge freedom. Eq.(4.10) only implies that the residue of each
pole term must vanish. For example, the residue of (N(13)42)5 — N2(13)(45) + N13)a(52)
must vanish, but its regular component that is proportional to S;3 need not. On
the other hand, the 4 regular pieces in Eq.(4.10) must sum to zero. This property
generalizes to arbitrary M. There are (M — 3)!(M — 3) independent open string
identities each of which involves 2"-3(M — 3)(2M - 7)1 /(M — 2)! triplets, where
each triplet of n;’s is the numerator of a product of (M —4) poles that are common

to the n; channels in that triplet. This yields the set of kinematic identities (4.9),

in one-to-one correspondence to the color identities (4.7).

As conjectured in Ref.[9], the kinematic identities (4.8) for M > 4 hold only
in specific gauge choices. In proving this for M = 5, we reveal the underlying
gauge choice issue. For larger M, we support (but do not prove) this part of
the BCJ conjecture, that there always exist gauge choices such that (4.8) holds
for the complete set of the kinematic identities. If true, the space of such gauge
choices will have dimension (M — 3)!/(M — 3). On the other hand, the kinematic
identity (4.9) refers to the “gauge”-invariant part of the n;’s and so may be more
relevant. Since the string identities are among gauge-independent partial am-

plitudes, one should treat them as the defining identities.
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Heterotic string model contains gauge fields, and their interactions agree

with that of the Yang-Mills theory in the zero slope limit (as can be shown in the

het

background field analysis). So their scattering yields tree amplitudes Ai-ghuon

that obey, in the zero Regge slope limit o’ — O,

ﬂhet

Vi gluon (@ = 0) = Ay (4.11)

The amplitudes ﬂﬁfgluom are functions of open string amplitudes via the KLT
relation [39]; these open string amplitudes obey identities that yield both the
color identities and the kinematic identities on equal footings. As we shall see,
the duality between the c; and the n; also corresponds precisely to the duality
between M-gluon and M-graviton scattering amplitudes, proving yet another
BC]J conjecture. The implications of this gauge-gravity duality remain to be fur-
ther explored. In short, we see that there are 2 versions of duality, i.e, a double

duality.

Let us briefly review Type I open string theory and explain first why het-
erotic string theory helps. We then summarize its key properties relevant for
showing the duality property. If we treat the gluon field as a matrix, A, = ATT®
in perturbation expansion, we obtain the M-gluon tree scattering amplitude as
a sum of gauge invariant sub-amplitudes [5, 45, 43]

At =g Y TH(TATa T T2 ) A" (0105075....07w) (4.12)

oeSMzy
where SM is the set of all permutations of M lines, and Zy is the subset of cyclic
permutations that preserve the color trace. The sum over the set SM/Zy is over
all distinct cyclic orderings in the trace. The color-ordered sub-amplitudes A"
are the partial amplitudes that receive contributions from diagrams with a par-

ticular cyclic ordering of the M external gluons, so the poles occur only in a
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limited set of momentum channels made out of sums of cyclically adjacent mo-

menta. They also satisfy the cyclic and the reflection properties,

A"%(1,2,3,..,M) = A"%(2,3,..,M, 1), A™(1,2,.., M) = (-1)MAT=(M, ..., 2,1)

(4.13)
so there are (M—1)!/2 different A"*s in Ay. Each A"* is gauge-invariant and has
2M=2(2M - 5)I'/(M — 1)! channels, i.e., terms of the form n;/P; given in Eq.(4.1). It
is straightforward to show that Ay (4.12) is equal to AYM (4.1) by decomposing
each partial amplitude into the channels and calculate the commutators of the
matrices. For example, in the 4-gluon case, the terms in (4.12) which are related

to the ng/sis,

Tr(TATRTHRT) - Tr(T2TATST™)

_THTATRTHT®) 4 Tr(TRTATT) = ¢, (4.14)

Next, we consider Type I open string M-gluon tree amplitudes,
AR =g N Tr(TAaTa2 T T3 ) A% (010505....07w) (4.15)
TesM/zy

where the color properties are contained in the Chan-Paton factor (the trace)
while A’ is a function of the kinematic variables only. Again, the cyclic and
the reflection properties reduce the number of A°*'s from M! to (M-1)!/2. Now,
relations among the A°®®s follow from the analyticity properties of the open
string amplitudes, so, among the (M —1)!/2 A°**s in ﬂ&pen, there are only (M -3)!
number of independent ones [39]. For a convenient set of the (M — 3)! basis
amplitudes, we may choose A°P"(1, o2073....0m-2, M — 1, M), where the first and
the last 2 gluon positions are fixed, and the permutations involve the remaining

(M =3) gluons sandwiched between the first and the (M —1)th gluon. In the zero
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Regge slope limit,

lim AOpen(O'10'20'3....0'M) - Atree(0'10'20'3....0'|\/|), (416)

a’—0

so Ay reduces to the M-gluon amplitude Ay. So it follows that there are only

(M = 3)! number of independent A"*s [15].

Consider the 4-gluon tree scattering amplitude in the open string case. In

the zero slope limit,

Are(1234) = 4+
s 1
Aree134) = s o
S u
ATe(1324) = —%+%. (4.17)

which are invariant under the transformation (4.6). Their analyticity properties
yield the identities among A;"'s. In the zero slope limit, they take the forms
[15],

A"%(1234)+ A"*(2134)+ A"*(1324)= 0 (4.18)

SA'®2(2134)= tA"2(1324) &> Ng+ Ny +n =0 (4.19)

The first one is obvious; it is the photon decoupling identity [44], or the Kleiss-
Kuijf relation for M = 4 [41]. The second identity yields the kinematic identity
(4.5). Note that the relations among A°**" leads to relations among the gauge-
invariant partial amplitudes A"®. Using only the relation (4.18) and taking the
zero-slope limit, we can express the 4-gluon amplitude from open string theory

in terms of A"* (4.17),
AM = c AT(1234)— ¢, AT(1324) (4.20)

Using the color identity (4.4), we see that this reproduces A;M (4.2), as expected.

For general M-gluon amplitudes, the open string amplitudes identities that lead
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to only (M — 3)! independent partial amplitudes [39, 15, 53] among the A"*s
should also produce all the kinematic identities (4.9) given above. However, in
open string theory, the color properties are in the Chan-Paton factors, so the du-
ality between the color identities and the kinematic identities is not transparent

at all.

In the heterotic string theory, on the other hand, there are both compacti-
tied dimensions and spacetime dimensions. Discrete momenta in the compact-
ified directions correspond to color, so that the color properties are encoded in
the string partial amplitudes. Now the string amplitude identities produce the
color identities when we take the momenta in the compactified directions and
produce the kinematic identities when we take the momenta in the spacetime
directions. So the 2 sets of identities are now on equal footing. The emergence of
one assures the emergence of the other. This duality property allows us to write
down the kinematic identity (4.9) corresponding to each color identity (4.7). As
we shall see, in general, the kinematic identities apply only to the residue part,
which is gauge-invariant, but not to the “contact” part. However, we do be-
lieve the BCJ conjecture that there always exists a gauge choice such that the

kinematic identities (4.8) are true.

A couple of comments are in order. Since we are not concerned with the
tiniteness of the string loop amplitudes, we do not have to restrict ourselves
to 10 spacetime dimensions for superstrings (the right-movers of the heterotic
string) or to 26 for bosonic strings (the left-movers of the heterotic string). We
shall consider gauge groups other than those with even self-dual lattices. To
simplify the discussion, we shall restrict our discussion to simply-laced Lie

groups, in particular U(N). A key fact we shall use is that the M-gluon heterotic
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het

tree scattering amplitude Atgluon

equals the Yang-Mills M-gluon tree scattering

amplitude in the zero slope limit.

Note that the spectrum in the Type I open string model is very different
from that in the heterotic string model. However, both reproduce the M-gluon
amplitude AM in the zero slope limit. So these 2 sets of stringy properties

provide different relations for and insights into A}

To get a flavor of the properties of A (a’ = 0) from the heterotic string per-
spective, let us consider the 4-point tree amplitude. The heterotic string theory
is a closed string model [34][35]. The KLT relation allows us to write the closed
string amplitudes in terms of a sum of products of open string amplitudes [39].
Since there is only one ((M — 3)! = 1) independent open string partial amplitude
for M = 4, the 4-point amplitude AL is simply a product of a 4-point open
string amplitude A" for the left-movers (the bosonic string) and an appropriate
4-point open string amplitude AR for the right-movers (the superstring) multi-
plied by an appropriate sine factor. In the zero-slope limit (that is, keeping the
lowest order in the o’ expansion), the sine factor reduces to a Mandelstam vari-
able that removes the double poles present in the product, leaving only single

pole terms. More explicitly, we have the 3 left-moving partial amplitudes,

L —
A1234 -
L —
A2134 -

A, = ——2+—. (4.21)
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and the 3 right-moving partial amplitudes,

AR = n_E - ER
1234 — S t
AR — _n_s + n_5
2134 — S u
nR ntR

Alps = —7 + 4 (4.22)

Fori = s t,u, A*(0) becomes

(1) the 4-gluon scattering amplitude A;" if n; = c; are the color factors and
nJR = nj(ki, &) are the kinematic factors in (4.1). In this case, the A's are simply
the partial amplitudes in the scattering of 4 colored (in adjoint representation)
massless scalar particles with only cubic couplings;

(2) the 4-graviton scattering amplitude, if n}; = nj(k;, &) and nf = n;(k;, &) so the

graviton polarization g, is the traceless symmetric part of the product &,¢,.
The open string amplitude identity (4.19) then yields
ns+n+n; =0, nf+nf+nf=0 (4.23)

The KLT relation tells us that there are 6 equivalent ways to write the full 4-point

tree scattering amplitude, using S+ t+u =0,

nin?  nt(nR + nf} nt + nH)NR
.ﬂiet(O) — SA&234A§134( _ nt( st u) _ ( s - t) u)
nLnR (nL +nb)nk nL(nR +nk)
L R S u/™t u t
- _ A _
SA2134 1234( t )
— —tAL AR nL(nt + nR) ntht (nL + nt )nR
12341324 t
N nL)nR ninf nL(nR +nf)
1324 123 t

nL(nt + nR) (nt + nL)n n
= UAI2'134A$32 ( :
. (nt + nL)nR (nR +nf) nb ni
= uA1324 2134
AR ntR n
— SSS + UuU ttnt (4.24)
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where the identities (4.23) are used. This is the 4-gluon amplitude A}M (4.1) for
nr = ¢jand N = nj(k, &), j = s t,u. Note that the way Ay (4.1) is reproduced in
the heterotic string approach (4.24) is very different from that in the open string

approach (4.20).

Here, the specific functions nj(ki, {;) can be extracted from the string theory
amplitudes. Alternatively, we can start without knowing the identities (4.23).
Demanding that the 6 ways to express ﬂiet(O) (4.24) be equal now yields both
the identities (4.23) and the diagonal form (4.2). The parallel (or dual) property

between the left and the right movers is also clear.

More generally, open string amplitude identities provide relations among
the (M-1)!/2 A, so there are only (M—3)! independent Al s (similarly for ARs). It
is the freedom in choosing the set of independent partial amplitudes that allow
us to express the heterotic M-point scattering amplitudes A" in different but
equivalent ways. In general, we may obtain the identities (4.7) and (4.8) if we
use the relation (4.11) and compare (the many equivalent ways of expressing)

ﬂhet

Vi gluon(0) tO FAM (4.1) directly. Notice that the identities are separate for left-

movers and right-movers, that is, the left identity follows from the (left-moving)
open string amplitude identities and the right identity follows from the (right-

moving) open string amplitude identities.

It is important to note that the open string amplitude identities do not de-
pend on the explicit forms of njL and nJR. Choosing spacetime momenta instead
of internal discrete momenta, the left (bosonic) amplitudes describe the scat-
tering of massless vector particles, so the same set of (left-moving) open string
identities yields the corresponding kinematic identity (4.8). Since the right (su-

perstring) amplitudes also describe the scattering of massless vector particles,
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we have, in the zero slope limit, the same functional forms for nJR and njL,
R_ AL _
ny =nj =n; (4.25)

Now, the open string amplitude identities do not care about the explicit form
of the kinematic factor njL or nJR, so we can generalize the corresponding set of

relations (4.9) or (4.7,4.8) to
R+nf+ni=0, nt+n+n =0 (4.26)

where at least the residue parts must hold. In general, each set of these identities
are not necessarily independent, so we are free to select a subset of them as an

independent set.

Although the open string identities are among the gauge-invariant partial
amplitudes, these kinematic identities (4.26) (for M > 4) are gauge-dependent
(that is, they are true only in specific gauges). This suggests that the open
string amplitude identities among the gauge-invariant partial amplitudes may
be more useful in general. In some applications, the knowledge of the existence
of the kinematic identities is already sufficient. Although we are not able to
prove this part of the BCJ conjecture, we do believe that there always exists a

gauge choice where the complete set of kinematic identities (4.26) are exact.

In summary, the open string amplitude identities hold for general n* and
separately for nJR. Using Eq.(4.11), we see that, in the zero slope limit, A" has

the diagonal form for nf- = ¢; and n% = n;,
nn
het _ J
ANH0) = Z —P (4.27)

So, given the M-gluon amplitude AM (4.1), the M-graviton amplitude AJ*

can be written down immediately by replacing c; by nj(k, &) (more accurately,
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c; — a'nj(k, &) and keeping the lowest order in «’), where &' are a new set of

polarizations (& - ki = 0),

ﬂg'\;av(ki’ €|) _ Z nj(ki,fi)nj(ki, évl) (428)

] P
where the graviton tensor polarizations € is given by the uv-symmetrized
product &'¢. This form of A},” is also conjectured by BCJ. We can also incorpo-
rate massless fermions f; into the right movers, so that njR = nj(ki, ¥, §) describes
the fermion-vector particle scatterings f + g — f + g+ ... and its cross channels.
With njL = ¢j, A in the zero slope limit now becomes

(1) the gluon scattering (% = n;(k;, ¥, &) with gluinos;

(2) the graviton-gravitino scattering amplitude when nt = nj(k, &) and nf =

nj(ki’ v, gl)

Further generalization to identities in tree scattering amplitudes involving

both gluon and gravitons as well as fermions and gravitinos is straightforward.

The rest of the chapter is organized as follows. Section 2 discusses properties
of the heterotic string amplitudes in the zero slope limit that are relevant for
understanding the identities and the duality property. The gauge choice issue
and open string amplitude properties are also reviewed. In Section 3, we focus
on the 4-gluon amplitude. In Section 4, we discuss general M-gluon amplitude,
and we illustrate the issues with the 5-gluon amplitude in Section 5. Since some
of the subtle issues appear only for M > 4, the reader may prefer to read parts of
the discussion on the M = 5 case before the general M case in Section 4. Section
6 contains the discussion on the relation between BC]J identity and Schouten

identiy.
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4.2 Yang-Mills, Heterotic and Open String Scattering Tree Am-

plitudes

The heterotic string theory [34][35] is a closed string model that contains the
bosonic string in the spacetime R*P~* x I'N as the left-moving part, and the su-

perstring in the spacetime R'P~!

as the right-moving part. Here the internal
discrete momenta span the N-dimensional torus I'N to form a lattice AN. Loop
finiteness (modular invariance) requires D = 10and N = 16 with an even self-

dual lattice. Since we are not concerned with this important stringy property,

we can choose other values of D, say D = 4 here, and AN for U(N) or SO(2N).

On the massless level, the left-movers contain the vector modes and the color
modes, where the color modes contain either the discrete momenta K'’s, which
correspond to the roots of the Lie algebra, or the polarizations ¢' in the lattice
AN, which correspond to vectors in the Cartan subalgebra. The right-movers
contain the vector modes and the spinor modes. We shall use the superscript

(v), (c), (s) to denote the vector, color and spinor sectors.

The gluons in the heterotic string are the product of a left-moving color mode
and a right-moving vector mode, i.e., (color)x(vector). We shall use the fact that,
in the zero slope limit, the M-gluon tree heterotic scattering amplitudes A

M-gluon

equals the M-gluon amplitude in Yang-Mills theory: lim, o A, ., = Ay

Recall that AM is gauge-invariant. Let us take a closer look at this issue.
Consider the terms inside the M-gluon amplitude (1.1) that have (M—4) common

channels (poles), with P as their product. It is easy to convince oneself that there
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are 3 and only 3 such terms for each choice of I3, SO

Pj = If)Sj,

Py = f)SK, P = f)S

(4.29)

where sj, ¢ and § label the the remaining pole in the cj, the ¢, and the ¢ term

respectively. As will be shown later, the corresponding color factors satisfy the

color identity ¢; + ¢+ ¢ = 0.

Now, under the gauge transformation

,— . .
nj — nj=nj+ns

N — N =N+nS

n

— N =n+ns

where 7 is a local function of ki and ¢j, we have

YM
Awm

Gny | Gk
Pj Py
n
"YM _ Clnj
M - ~
PSJ'

cn Cjni Ci Nk
= +

rest =

P Ps, Ps

ch,  on
= K + = ' + rest
Psc Ps

ﬂR{,IM+%(Cj + 0+ 0) = A

(4.30)
cn
+ =— +rest
Ps
(4.31)

So we see that A\M is invariant under this transformation. A general gauge

transformation of interest here can be decomposed into (M — 3)(2M - 5)!!/3 (not

all independent) transformations, each involving a triplet of terms inside A}

as in the case just discussed. For the same product P of (M — 4) poles, either

2 or 0 terms with P in the denominator appear in each partial amplitude A",

For the partial amplitudes with 2 such terms appearing, these 2 terms always

appear with opposite signs (in the sign convention where ¢; + ¢ + ¢, = 0) so that

the gauge terms o 1 cancel. So A"® is also gauge-invariant, as it should be.
gaug n gaug

An M-point L-loop heterotic string amplitude has only one closed string dia-

gram. The KLT relation [39] shows that the heterotic string tree scattering ampli-
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tude can be written as a sum of terms, each of which is a product of a left-moving
tree scattering amplitude, a right-moving tree scattering amplitude and a factor
involving only momentum invariants. These left and right tree amplitudes can

be expressed as open string amplitudes.

A typical M-point open string tree ordered amplitude is an integral with M
Koba-Nielsen variables X. Mobius invariance allows us to fix any 3 of them, say
X1 =0, Xy-1 = Lland Xy = co. So the ordered A(1...M) takes the form (up to an

X-independent factor in front)
1
A(1..M) = f T 2d%0(Xis1 — X)TTys jsis1 (X — %) 9 H/24mi (4.32)
0

where m;; are integers. Extending any one of the variables from —co to +c0 and
closing the the contour leads to a vanishing integral. For example, extending
the integration of X, to (-0, +o0) and closing its contour, we have [49]
[ e [ ntsax006e: - XM - x)E =0 @y
Now we can break this X, integral into ordered pieces: —co — 0,0 — X3, X3 = Xa,
. ,and 1 — oco. Up to a phase, each equals a different ordered open string
amplitude. This way, we obtain a relation among the set of A°**"s. Extend-
ing the other X from —co to +co on other ordered amplitudes yields additional
identities, not all of them are independent. As a result of these identities, there
are only (M — 3)! number of independent ordered open string partial ampli-
tudes A°®"s. For a convenient set of the basis amplitudes, we may choose
AL, 02,03, ....,0m—2, M = 1, M), where the first and the last 2 particle positions
are fixed, and the permutations involve the remaining (M — 3) particles sand-

wiched between the first and the (M — 1)th ones [39].

In the zero slope limit, the phases drop out in the real part of the integral

mentioned above so it yields a relation among the (M — 1) ordered amplitudes
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[15],

A(213..(M=1)M)+A(123..(M-1)M)+A(132..(M=1)M) +...+ A(13..(M-1)2M) = 0
(4.34)
This and similar relations (real-sid, or the real parts of the open string identities)
are known as the Kleiss-Kuijf relations [41]. These real-SID can be used to re-
duce the number of amplitudes to a smaller set with (M — 2)! A"*s. This allows

one to simplify the sum (4.35) into (M — 2)! terms [23],
Ay =gM"? o s furne st AR(g 00, o) (4.35)

oeSM-2

where SM~2 is the permutation group for (2,...M — 1). Using the Jacobi identity

repeatedly, one can show that it is equivalent to (4.1).

The imaginary part of the above integral yields another identity (im-SID)
among all of them except A(123..(M — 1)M) which is real to start with. This
yields [15],

[y

(ko - K)AQ13..(M — M) - > (2 o - k,-)A(13...i, 2,(i+1)...(M=1)M) = 0 (436)

i=3  j=3

Extending the other X from —co to +co on other ordered amplitudes yields addi-
tional identities, not all them independent. These identities are among gauge-
invariant A"®s and so are gauge invariant themselves. As a result of these iden-
tities, there are now only (M — 3)! number of independent A"*s. They form a set

of basis amplitudes.

The open string identities from the contour integral of analytic expressions
hold for both the left- and the right-moving parts. The residues of the left-
moving string identities for the discrete momenta (color factor) will yield the

color identities (4.7). The right-moving string identities for the partial ampli-
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tudes have exactly the same form as the left-movers. If we decompose the right-
moving partial amplitudes into channels, with numerators n;’s, then the right-
moving open string identities just give the identities for n; (even when the ny’s
are not gauge invariant). In particular, this leads to a set of kinematic identities

(4.9). This is summarized in Table 1.

Momenta String identity | Comment
Left: ¢(K', ") | discrete momenta | ¢ +¢j+ ¢ =0 | color id.
Right: ni(k, {) | spacetime mo- | N +N; + N = 0 | kinematic id.
menta

Table 4.1: Identities inside the M-gluon tree scattering amplitudes

The open string amplitude identities do not depend on the details of the nu-
merator factors in the channel decomposition of the partial amplitudes. They
can be the color factors ¢; or the kinematic factors n;. When applied to the left-
movers, the open string amplitude identities yield the color identities when ap-
plied to the internal dimensions, A" and yields the kinematic identities when
applied to the spacetime dimensions. This one-to-one identity enables us to
use the Jacobi identity to locate the color identity and hence the corresponding
kinematic identities. Heterotic string also contains the graviton sector, which
has both the left-moving and right-moving momenta non-compact and in the
spacetime R*P~1. The graviton scattering amplitude can also be calculated by
the KLT relation for the heterotic string, and the scheme is summarized as fol-

lowing;:

Here ni(k, ¢) is simply ni(k, {) with the polarizations ¢ replaced by a new set
of polarizations &;. Note that there are 2 sets of dual pairs here:
(1) the ¢;’s and the n;’s in Table 1, which is present within YM amplitudes and

(2) the ¢;’s in Table 1 and the nj’s in the left-moving sector in Table 2.
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Momenta String identity | Comment

Left: ni(k, &) | spacetime mo- | N +Nnj + N =0 | kinematic id.
menta
Right: ni(k, ) | spacetime mo- | N +Nnj + N =0 | kinematic id.
menta

Table 4.2: Identities inside the M-graviton scattering amplitudes

So, if we replace the left-moving amplitude with discrete momenta and polar-
izations inside the lattice A™ for the Lie algebra (say SU(N)) by the left-moving
amplitude with spacetime momenta and polarizations, we convert the M-gluon
scattering amplitude into the M-graviton scattering amplitude (up to a factor of
o),

YM _ Gny grav _ ni(k, )ni(k, ¢)
ﬂM N Z ?I — ﬂM—graviton - Z TI (437)

Now there are (M — 3)! independent left-moving partial amplitudes and
(M - 3)!lindependent right-moving partial amplitudes. Since a heterotic string
amplitude is a sum over the product of a left- and a right-moving amplitude, we
can express it as a sum over [(M — 3)!]2 terms of a left-moving basis amplitude
times a right-moving basis amplitude. However, a judicious choice of basis am-
plitudes can reduce the number of terms in the sum, especially when M is large.
The resulting smallest number of terms known is given in Table 3, which also
gives a summary of the counting of n;’s and other relevant quantities as well.
The counting of ¢;’s is exactly the same as that for the n;’s. Taking the (M — 3)!
independent AR = A"® ag the set of basis amplitudes, we can interpret the KLT
formula for AYY(0) = ANV as expressing AM as the linear combination of the

(M — 3)! basis amplitudes A"*s.
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# external gluons M 4 5 6 7
# channels in A" =# | (2M - 5)!! 3 15 105 945
n;
# partial amplitudes | (M —1)!/2 3 12 60 360
Atree
# channels in each | 2¥-2(2M - 5)!I1/(M - 1)! 2 5 14 42
Atree
# independent im- | (M - 3)I(M - 3) 1 4 18 96
SID
#A"* in a real-SID M-1 3 4 5 6
#A"* in an im-SID M-2 2 3 4 5
# triplets in each im- | 2Y3(M -3)2M -7)l/(M-2)! [1 4 15 56
SID
# identities among n; | (M - 3)(2M - 5)!1/3 1 10 105 1260
# indep. kin. identi- | (2M — 5)Il — (M — 2)! 1 9 81 825
ties
# independent n; (M -2)! 2 6 24 120
# basis A"®s (M - 3)! 1 2 6 24
#of terms in the KLT [ (M - 3)![3(M MM -1 2 12 96
3)]', M odd
relation M - M - DM -
2)]', M even

Table 4.3: Summary of the counting of the kinematic factors n; or equiv-
alently the color factors cj. Note that the number of identities
among the n;’s are not all independent. Here, real-SID refers to
the real part of an open string amplitude identities (equivalent
to the Kleiss-Kuijf relations) and im-SID refers to the imaginary
part of an open string amplitude identities [15]. The number of
A"*’s refers to the number before the real-SID and the im-SID.
Some entries are already given in Ref.[9, 39, 15].

4.3 The 4-Gluon Tree Amplitude from the Heterotic String

Model

As an illustration, we consider the 4-gluon tree scattering amplitudes in het-
erotic string model. This is a long path in obtaining the color identity as well

as the kinematic identity. However, its generalization to M-point is straightfor-
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ward once we see the underlying properties.

Here, we shall take the following steps to prove the BCJ conjecture for A} M:

e We show that the color factor ¢j’s emerge as the residue of the different
channels in the left-moving amplitude in the color sector. Using the con-
tour integral for these left-moving open string amplitudes, we prove the

color identity (4.4) for the C’s.

e When applied to the right-moving open string amplitudes for the vector
sector, the same contour integral argument yields the kinematic identity
(4.5). In this manner, the kinematic identity (4.5) is dual to the color iden-

tity (4.4).

e Finally, the KLT relation is used to construct the complete 4-gluon ampli-
tude and show its decomposition (4.2). Here, the duality between c; and

n; are manifest.

Another way to see the duality property is to replace the ¢;’s in the left-movers
by the nj when we go from the compactified space to spacetime. This yields the

4-graviton scattering amplitude.

4.3.1 Left-moving amplitudes

The left-moving amplitude can be thought as open-string amplitudes with four
vertex operator with either compact momentum K' or the Cartan sub-Lie alge-

bra vector ¢' instead of the polarization £*. It is straightforward to write out the
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amplitudes for different orderings of the vertex operators,

AL, = i2-co(2134)-(—%)
f "t (o B a0 (4,38
AL, = i2-co(1234)-(—%,)
f g PR ek KK () (439)
0
AL, = i2-co(1324)-(—%,)

f dx, X;Tkl'kZ"'Z(/Kl'KZ(XZ _ 1)"—2'k2~K3+2a’ KoK f (%)) (4.40)
1

The factor i? comes from the vertex normalization, while for general M-point

scattering amplitude, it would be ™2

. The normalization factor (—%’) is in-
cluded to obtain the correct normalization for the color factors, which are di-
mensionless, cancel the undeserved overall factors of the ¢’s. The coefficients

co(2134)etc. are cocycles for the root lattice,

00(2134): (_1)K2*K2+K3*K1+K4*K3+K4*K1 (4.41)
00(1234): (_1)K1*K1+K3*K2+K4*K3+K4*K2 (4.42)
C0(1324): (_1)K1*K1+K2*K3+K4*K3+K4*Kz (443)

The function f(x;) contains £', the “polarization” in the Cartan subalgebra in

the color lattice,

ggl i’ K'
f(x2) = exp(Z (% — X Z (% —x)

where only the multi-linear terms in £'’s are kept. We have already shifted o’ to

)’ (4.44)
multiple- -linear’

@' /4 in order to use the KLT relation later. However, the discrete momentum K'
just appears on the left-moving amplitude, so the exponent like 2¢'K; - K; is not
changed by this shift and we can just set o’ = 1/2 for this product in calculations

here.
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The 3 amplitudes (3.1)-(4.40) are related since we can consider the contour
integral,

co+ie ’ , o ,
0= f dx, X27k1'k2+20 Kl'Kz(l . X2)7k2-k3+2(z K2-Ks f (X2)- (445)

co+ie

In terms of the string amplitudes, this reads,

0 = (~1)frKegnFhid) . o213, + co(1234AL9,

+ (-1 kegintrhkco(1324A9, (4.46)
However, it is easy to check that,
(—1)<r¥2c0(2134) = co(1234)= (-1)***2co(1324) (4.47)
Therefore we get the string identity,

i7(% ki-ko) A L L —im(Z ko-ka) a L
FEIAL, - AL, e TEROALY, 0 (449

In the low energy limit, we have All_(2c324l(,f_>o = A'l‘§24 etc. Only the massless poles

survive in this limit, so we have

g _ G G
= —— 4 =
134 S
Cs &
AQ _ s
1234 S t
Lo _ Cu G
A1324 = —U + T (4:4:9)

The lowest order of (4.48)’s real part (real-SID) yields
piaa+ Arsa+ At = 0 (4.50)

which simplifies to the relations of the ¢; coefficients,

Cs=Cs, Cu=¢Ci, G=¢. (4.51)

'Here the real (imaginary) part means that we choose the real (imaginary) part of the phases

@r(zkk) | Because the left-moving partial amplitudes A-© are either pure real or pure imaginary
for fixed M, this separation of the phases is valid.
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Furthermore, the lowest order of the imaginary part (im-SID) of (4.48)’s gives,
I_(10324 = tAll_gC2)4 (4.52)
which reduces to the Jacobi identity, s + ¢ + ¢, = 0 (4.4).

In Appendix B, we explicitly see that cg = fabfbxa ¢ = faabfbea and
¢ = frabfbad So these ¢'s defined in (4.49) are the same as that in [9]. Hence
we see that the left-moving amplitude gives the color factors ¢’s and the Jacobi
identity (4.4) they satisfy. We readily admit that this is a complicated way to
obtain a very simple result. The payoff is in the parallel derivations of the color

identity and the kinematic identity, to which we now turn.

4.3.2 Explicit determination of the color factors for the 4-point

amplitude

Because Eq.(4.24) gives the correct Yang-Mills 4-gluon scattering amplitude, we
know that the factor cs must contain the color index like faaPfbaa In this
appendix, we explicit calculate the ¢’s and hence check Eq.(4.3). The pattern

for general M should be clear.

The emergence of the Lie group G in the heterotic string bosonic construc-
tion is interesting. To take advantage of the discrete momenta, we have to dis-
tinguish the generators in the Cartan-sub Lie algebra and those corresponding
to vectors in the root lattice. The calculation of the color factors C’s in the 2 cases
are different. However, as expected, the end result puts all the color indices on

an equal footing as claimed by Eq.(4.3).
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e Four color indices as root vectors. In this case, all the vertex operators

contain K' but no ¢'. As usual, the Mandelstam variables are defined
S = —(Ki+ K% U = —(Ky + Kg)°, T = —(Ky + Ky)?, (4.53)

and S+ T + U = -4/a’. For simplicity, we set @’ = 1/2 when it is com-
bined with the discrete momenta but still keep ¢’ when it is multiplying

the spacetime momentum.

We can write the amplitude in terms of the Beta functions, in the zero slope

limit,
a a's 1 at 1
Aﬁﬁiz-ZmﬂZM)m—4—§S—L~I—§T—D
1
~ C0(1234) —g(5s’_2 + Ky - K35S,0)
1
+aX1234)(—1f”2Y@%}24-K1-Kg%p) (4.54)
Here “~” means the lowest order in energy, i.e., in @’ setc. Comparing with
Eq.(4.49), we have,
Cs = —C0(1234) (55,_2 + Ky - K355’0) (455)
G = —C0(1324) (51"_2 + Ky - Kz(ST,o). (456)
Similarly, we have,
a's 1 du 1
A e = c0(2134) B(-—= - 5S - 1.-—- - 35U - 1)

1
~ ©0(2134)- ~— (652 — Ki - Ksdiso)

1
+CO(2134) a(du’_z + Ky - K35U’0). (457)
Comparing with Eq.(4.49) again,

Cs

CO(2134) (65’_2 - K- Kgég,o) (458)

Cu

—CO(2134) (6U,_2 + Ks - Kgéu’o). (459)
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Again, we get the factor ¢cs. Note that since co(2134)- (-1)? = co(1234)

the two results are identical. This is a consequence of the contour integral

argument. Now we can compare them with the commutators. From the

normalization convention in Eq.(2.29), (2.30) and (2.31),

fambfeedg, = _c0(1234)- (0s_2 + Ki - Kadso)
fasab oty - = _co(1324)- (612 + Ky - Kadr.0)
faash fomag - = _co(2134)- (6u_» + Ko - Ksdyo).

Hence in this case, Eq.(4.3) is checked explicitly.

(4.60)
(4.61)

(4.62)

Three color indices as root vectors. Without loss of generality, we set the

tirst vertex operator has to have its color index in the Cartan subalgebra,

i.e.,, Ky = 0. The string amplitude calculation is straightforward; here we

just keep the lowest order in a’s etc,

1 1
(C]).34 — (_1)K4*K2+K4*K3+K3*K2(5K2 . é«l _ a|<3 . é«l)
1 1
A(1C2)34 = (—1)K4*K2+K4*K3+K3*K2( - ng L1 - Y(K3 +Ky) - 51)
1 1
A5224 — (_1)K4*K2+K4*K3+K3*K2(Y(K2 + K3) . é/l _ a|‘<3 . é,l

Hence we can read the value of C’s,
KaxKo+KgxK3+KzxK:
Cs = _(_1) 4xKo+KaxK3+Ks 2Ky - &1
Kk Ko+ Kak Ka+Kgx K
Cy = _(_1) 4% Ko+ RKax K3+K3 2K3-§1

Cs = _(_1)K4*K2+K4*K3+K3*K2 K4 . gl

(4.63)
(4.64)

(4.65)

(4.66)
(4.67)

(4.68)

It is clear that Cs+C,+C; = 0. We can compare the ¢’s with the commutators,

falazbfca3a49bc — _(_1)K4*K2+K4*K3+K3*K2 K2 . é(l
fa3albfcaza49bc — _(_1)K4*K2+K4*K3+K3*K2 K4 . é(l
fayagh f£ca _ KgxKo+KygxK3+KzxK

f 828D f 1a49bc — _(_1)4 2+K4xK3+Ks ZKS‘éVl
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Again, Eq.(4.3) is checked explicitly.
Two generators in Cartan subalgebra

For this case, we can set the first and third generator in the Cartan subal-

gebra, K; = K3 = 0. The same calculation gives

C, 1 *
pi3a = —g(—l)K2 “2(Kz - 21)(Kz - £3)
1 1
Ay = (U LK )(Ke - 1)+ T(Ke - )(Ke - 2]
1
A = —Y(—l)KZ*KZ(KZ'Q)(Kz'§3) (4.72)

SO,

Cs = (1) Ky 2)(Kz - &)

Cs = —(-1)**" Kz - &1)(Kz - &)
¢, = 0 (4.73)
It is easy to get
faudeb foasangy = (_1)KexKeo(K, . £)(K; - C3) (4.74)
faab fopag = _(_1)2*Ke(K, . £1)(Ks - £3) (4.75)
facash fomaag (4.76)

so Eq.(4.3) is again checked explicitly.

All the other cases are also straightforward. This completes the check of
the color properties for 4-point scattering amplitude, that the ¢j’s are the

correct color factors satisfying the Jacobi identity.
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4.3.3 Right-moving amplitudes

The right-moving superstring amplitudes are obtained in the same way as the

left-movers. Here we introduce the gluon polarizations ¢ and continuous mo-

menta ki,
RY) 8I 1 ’ ’ d %kl‘kz a_z’kZ'st_ 477
Ajizg = a,z(ﬁ) i X2 (=X2) (1-x) (%2) 4.77)
81\ e -
AL, = a,lz(ﬁ) fo dxz X7 (1 %) 7K £ (xp) (4.78)
81\ ™ . S —
AS, = a,lz(ﬁ) fl dxe %70 = 1) 74 (x,) (4.79)

where the f_(Xz) contains the polarizations,

o a -4 a4k
foe) = exp( 2 Z (6 =x)? 2 4% =X

i>]

)' o (4.80)
multiple-linear

and we set x; = 0, X3 = 1 and X4 = o. The overall factor 8i/a’? comes from
the sphere amplitude normalization which is the same for arbitrary M-point
scattering amplitude. As the left-moving amplitude, we already replaced the o’
in open string amplitude, by o’/4, to match the close string decomposition. The
factor (1/ V2)? comes from the commutator convention [T, T?] = i V2f®°T¢, and

exponent “2” in (1/ V2)? really means M — 2 in the general case.

By the same argument for the left-moving part, we have the identity,

e R R _in(Y k- R
ALY+ A A <0 8
The right hand amplitude like A(lvz)3 ,etc. is just the open string amplitude AJhy)

with o’ replaced by a’/4. However, in the zero slope limit @’ — O, the open
string amplitudes reduce to the Yang-Mills color-ordered partial amplitudes,

which have no dependence on . Therefore, in the same limit,

lim AT, = AT = Alree(1234) (4.82)

2’0 1234 =
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etc., because the right moving amplitudes have the same forms as the open
string amplitudes whose zero slope limit are the Yang-Mills color-ordered par-

tial amplitudes. The lowest order in o’ of (4.81) will determine the identities of

the partial amplitude.
R R R(v)
ot A+ Ao, = 0 (4.83)
R R
0= tA%), (4.84)

which was obtained in [15]. Note that these identities involve only the gauge
invariant partial amplitudes. We can decompose the partial amplitudes A’s into

different channels to obtain

R _  Ns Ny
= ——4 —
134 s U
N
ARW st
1234 s t
Rv) _ Mu M
A1324 = —U + T (485)

so Eq.(4.84) yields the kinematic identity ns + n; + n, = 0 (4.5). which is dual to
the Jacobi identity Cs + ¢; + ¢, = 0. Although the partial amplitudes are gauge
invariant, the n; are not. However, the kinematic identity (4.5) is also gauge-

invariant.

4.3.4 The Yang-Mills amplitude

Finally, we can use the KLT relation to find the 4-gluon string amplitude and its

field theory limit. For 4-gluon amplitude, the KLT relation [39] reads,

2
A on = (2 sin(r ke ko) - - )A;;chA;*gg. (4.86)
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The low energy limit can be obtained by keeping the lowest order in o’ in each
term,

ﬂhet

4-gluon

2
©) = -7(2) A e, (487)

Note that all o’ cancel as they should. Using Eq.(4.49) and Eq.(4.85) we obtain

2
) = 29V Gy e,
ﬂ4—glu0n(o) - % (ﬂ_) t(S t)( U + t) (4-88)
2(CsNs  Culy Ctnt)
= - 4.
g( s " u "t/ (489)

where the identities (4.4), (4.5) and s+t + u = 0 are used. This is the 4-gluon

amplitude AM (4.2) or (4.24).

44 M-gluon Tree Scattering Amplitudes

The above analysis generalizes to the M-gluon amplitudes. However, for M > 4,
the subtle issue of gauge dependence emerges, complicating the analysis. In this
section, we consider the M-gluon heterotic string tree amplitude that yields the

corresponding Yang-Mills scattering amplitude,

e The heterotic string left-moving amplitudes for the color sector introduces
the ¢’s, which are the color factors. By the contour integral argument, ¢;’s
satisfy linear identities, which are shown to be the color (Jacobi) identities
(4.7). The discreteness of the internal momenta makes the generalization

to general M straightforward.

e The heterotic string right-moving amplitudes for the vector sector intro-
duces the kinematic factors n;’s. The same contour integral arguments
yield the identities among the A"®s, and can be expressed into identities

among the n;’s. Due to the continuous nature of the spacetime momenta,
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the gauge dependence issue needs a more careful treatment. In particular,
we obtain a refined version of the BCJ conjecture [9], namely the kinematic

identities (4.9).

e By the KLT relations, the complete amplitude is a product of left and right
moving-amplitudes, which reproduces the M-gluon amplitude via the re-

lation (4.11).

4.4.1 Left-moving amplitudes

Asbefore, the left-moving amplitude is the scattering amplitude of holomorphic
vertex operators with spacetime momenta k' and color parts (discrete momen-

tum K! or discrete polarization ¢'), but without the spacetime polarization.

For M-point scattering amplitude, up to cyclic symmetry, there are (M — 1)!
vertex orderings, say, A" where o is a permutation of the first M — 1

0102...0M-1 M’

vertices. Again, its zero slope limit is A:;(lc(lz.nm_lw which will be used for the

Yang-Mills scatting amplitude. For the sake of simplicity, we shall use the Greek

letters a, B etc. to represent the vertex order like “o107...o0m-1M”.
Each A5 contains 2Y-2(2M — 5)!1 /(M — 1)! channels [9],

C
AL© = 7 P .
: Z = (4.90)
where P is a product of (M - 3) poles, going through these different 22(2M —
5)II/(M — 1)! channels. (Note that the number of channels is C(M — 2), where

C(n) is simply the nth Catalan number.) For example, there are two channels for

Ai(2°§4, i.e, Pissort.
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For M points, the generalization of Eq.(4.3) is,
C,p = Contraction of the f s. (4.91)

where the r.h.s. is determined by the rules in the channel decomposition sub-

section,

e Draw a color-ordered diagram according to the ordering « and the pole P
by using the 3-point vertices only.

e For each 3-point vertex, read fabe if (abc) is CCW. For each propagator, read

5,

Eq.(4.91) can be proven for general M by the unitarity relation of the tree ampli-
tude and the induction on M. As in the M = 4 case, C, p, which corresponds to
the lowest order in a’ in string amplitude, does not have spacetime momentum
dependence. So there is no contact terms in the left-moving amplitude, and the

expansion (4.90) is well-defined.

It is obvious that two different vertex-operator orderings, @ and 8, may con-
tain a common channel and so there exist two factors ¢, p and g p with the same
P. An example is the two 6-point diagrams in Fig.4.1 (disc diagrams in open
string theory), where A'l‘(zcg 1seand A'a‘ffl)zse;contain the common channel which cor-
responds the same pole P = —(k; + kp)?(ks + Ks)?(ks + ks)?, which are related by

ALO L(©

123456 = —P3a1256p- In cases like this, we have,

Co.p = £Csp, (492)

cases where a minus sign will appear each time when we flip the two legs of
an internal vertex. The color factors satisfy the color identities which always

involve 3 ¢’s. This can be verified either by the explicit formula Eq.(4.91) and
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the Jacobi identity or the contour integral argument similar to the 4-point case,

as we shall explain now.

4.4.2 Contour integral method and the color (Jacobi) identities

As in the M = 4 case, we can use the contour integral argument on the left-
moving open string tree amplitudes to prove Eq.(4.92) and also all the identities

for the color factors.

The M-point open string tree amplitude involves M — 3 integrals over the
Koba-Nielsen variables (vertex operators’ positions along the real axis), so there
are many ways to use the contour integral argument. Here we just show a par-

ticular way which gives all the color (Jacobi) identities.

A general color identity for the color factors, which appears in the tree level
amplitude, corresponds to the “s”,”t”,”u” channels of four sub-diagrams con-
nected by an internal line. See the diagrams in Fig. 4.2, where A,B,C,D are four
sub-diagrams. [A],[B],[C],[D] are the color factors of the correspondent sub-

diagrams, while a, b, c,d are the “output” color indices of each diagram. The

sum of the three diagram’s color factors vanishes,
[Al[B][C][D]( f®= e 4 fPoefead | feaefedy _ g (4.93)
because of the Jacobi identity.

Without loss of generality, we use the following notations for the vertex la-

bels, orderings and poles,
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~cae ~ebd bce ead

[AI[BICID] F2°¢ % 4+  [AIBICID] ***F*" + [AIBIICIDI f =0

Figure 4.2: General color (Jacobi) identity for the color factors in tree dia-
grams. The discs A, B, C and D represent the sub-diagrams.

Sub-diagram | Vertex ordering Pole Color factor
A a=1..,p P(A) [A]
B L=p+1..,p+q P(B) [B]
C y=p+QqQ+1,..,p+q+r P(C) [C]
D =p+q+r+1..,p+q+r+s PD) [D]

Here p+q+r+s=M.

The string amplitude for the vertex ordering 1....M is,

o M-3 1
A =iM—2(—Z) co(L...M) - dxq...dXp 1 fo dXps1

X1<...<Xp-1<0

1 1
f pr+2... f pr+q+r f pr+q+r+2...dXM S(X) f (X), (4.94)
Xp+1 Xp+g+r-1 1<Xpiqir+2<...Xm

where we fixed Xy = 0, Xpiqir+1 = 1 and Xy = oo. As before,

09 = xulaa = 1) [ ] (x5 = x)Zhke2en, (4.95)

I<i<j<M

and

(4.96)

w=ee( 3 5 5m 2

1<i<]<M 1<i7]1<M (X| = Xj) )‘multiple-linear

again the !’s are the discrete polarizations in the Cartan Lie sub-algebra in the

internal compactified space.
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)fp Xp+q+r+1 Xp+l XM

Figure 4.3: The contour integral over Xp.1.

Consider the contour-integral of the analytic function s(x)f(x) in Xp.1 over

the straight line just above the real axis (see Fig. (4.3)),

[ : dXp1 { Moz 4)M 3co(1..M) f dx s(x)f(x)} (4.97)

where f dx stands for all the other integrals appearing in (4.94). This equation

is similar to the M = 4 case but with more pieces:

e 0 < Xpi1 < 1. Here, there is only one term which is the original vertex
ordering,

ALQ =AM (4.98)

afyd

® Xp1 < 0. Here, the variables X2, ..., Xp.qur are still larger than Xp,q. Al-
though the orderings inside Sy and @ remain unchanged, the relative or-
dering between By and @ may change. If all the vertex operators in B and

C are to the left of A, we have

CO(lM) L(c) |7TCY/ P Zp+q+rzp K:-K
ST AL exp( K - k)( 12 2B B K (4.99)
co(Byas) Pr 2 |;1 ;

where the ratio between the two co-cycles appears because the two order-
ings afyd and Byad have different cocycles. The exponential term and the
power of the (—1) factor comes from the changes of the vertex-operator or-

derings. By repeating the reduction of Eq.(2.37), it is clear that the power
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of the (-1) factor, which records every adjacent permutation of the ver-
tices, would at the end cancel the ratio of the co-cycles. This cancellation is

general for any contour integral. So this term simplifies to

ira’
AL, exp( (ke + k) - ) (4.100)
where we define
p+q p+q+r
ZK Kas Z ki = Ka, Z ki =ke. (4.101)
i=p+1 i=p+g+1

Similarly, when all the vertex operators in B are on the left of that in Aand
all the vertex operators in C are still on the right of A, we have,

T

ALO exp(—kB kA) (4.102)

Bays

For the rest of the terms, the orderings «, 8 and y are mixed, for example,

and some operators in j are inserted into a. For these terms, we get,

, pP+g+r
R i lelc(' J o)k -k ) (4.103)
i=p+1 ]

where o is a permutation of the vertices a8y = 1...(p + q + r) which keeps
intact the relative orderings inside «, 8 and v, respectively. So c(i, j; o) = 1
if oy <ojand c(i, j;0) = 0if oy > 0.

Xp+1 > L. In this case, because the integrals over all the other variables in 8
and y have the original upper bound 1, we have to reverse their integrals,

and obtain

(_1)q+r—lAL(C) exp(_iga/

@,0pi1...0M

3 el i o)k - k,-) (4.104)

i<j
where o is a permutation of the vertices p+1,...M. Note that the orderings
inside 8 and y are reversed, i.e., for any two indices i < j in By, o > 0.
Since we have fixed Xy = oo, these terms have mixed indices, with the

vertices in 8 are inserted into 6.
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In summary, the contour integral identity (4.97) takes the form
Eq.(4.98) + Eq.(4.100) + Eq.(4.102) + Eq.(4.103) + Eq.(4.104) =0 (4.105)

which is the generalization of Eq.(4.48). Again, as in Eq.(4.48), the co-cycles do

not appear explicitly in the identity.

In the zero slope limit, the real part of Eq.(4.105) just gives Eq.(4.92).

For example, Eq.(4.105) have two terms, which contain the pole P =
~P(A)P(B)P(C)P(D)(Ka + ka)?,

Capys,p = —Cpays,p (4106)

where the first terms comes from the amplitude ACLXE;)(S while the second one

comes from A'ﬁ‘écy)é in the zero slope limit.

The imaginary part of Eq.(4.105) gives the color identities in the zero slope
limit. The calculation is similar to the 4-point case, although we need to be
more careful since the internal momenta may be off shell, i.e., ki # 0. For the
zero slope limit, each one has the form, k?’A®. So we are not looking at the poles
—P(A)P(B)P(C)P(D)(ka + kg)? of the order k*™-3) but that of the order k*™-%), say,
P" = p(A)p(B)p(C)p(D). The mixing terms (4.103) and (4.104) cannot give this
pole when multiplied by a k? term. So the relevant terms are just from (4.100)

and (4.102), A5 (Ka - kg + K - ko), A-9 Ky - kg which gives the six possible terms,

Byas Bays
Cyas,— (kg +kc)2P’ %, CByas,—(ka+kc 2P’ ﬁ (4.107)
Coyas,—(kn+ke)2P’ % s Cayas—(kn+ke)2P” % (4.108)
Charys,—(kn+ke)2pr %, Coarys,—(katke)2p' % (4.109)
where the third term cancels the last term, i.e, Cgy5—(ka+k)?y = —Cays —(ka+ke)2pr - FOT
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the first two terms, we can rewrite the momentum invariants as,

1
2

K3 + lkg -~ %(kB + ke)? (4.110)

kA'kB+kA'kC:— >

The last term will cancel the (kg +Kkc)? in the denominator, so we get the expected
pole P’. The k3 term is not involved in this numerator of the pole term because if
ka is on shell, then this term vanishes. If the ka is off shell, then the ki appearing
in P(A) and also P’ would be cancelled by this new ki factor and hence the
P’ pole structure would be changed. In this manner, we further simplify the
identity to,

~Chyas—(ke +ke)?P + Coyas—(ka+kc)2P' + Cpays—(ka+kg)2P = 0 (4.111)

which is the color (Jacobi) identity (4.93) by Eq.(4.91). Since the sub-diagrams A,
B, C, D are completely general, we obtain all the possible color identities in the
tree level by this analysis. There are (2M — 5)!! channels and each channel con-
tains (M — 3) internal lines, so there are (2M — 5)!/(M — 3) choices of (A)(B)(C)(D).
Each color identity involves 3 terms, so there are (2M — 5)!!(M — 3)/3 color iden-

tities.

We now have the counting given in Table 4.2 (n;’s replaced by c;’s), where
the number of ¢, means the ¢; identified by Eq.(4.92) but before the consideration
of the color identities. The number of ¢; is calculated from choosing one internal

line of a tree diagram. An independent set may be chosen as [23]

fa180,X1 fX18Xe  f XM-380yy_1ay (4.112)

where ¢’s are the (M — 2)! permutations of (2,3,...M — 1). So there are (M — 2)!

linearly independent ¢;’s.
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4.4.3 Right-moving amplitudes

Here we choose the right-moving vertex-operators from the vector sector, so for

example, the string amplitude for the vertex ordering 1....M is,

AR _ 8 ( 1 )M_Z f dxq..d fld
= —|— . X1...0XH_ X
L.M a’2 \/é X1<...<Xp-1<0 ! P 0 Pt

1 1 .
dXps2... f AXpqer f AXprger+2.--dXm S(X) F(X), (4.113)

Xp+1 Xp+q+r-1 1<Xprger+2<.--Xm

where again we fixed X, = 0, Xy qir+1 = 1 and Xy = co. As before the function
S(X) is,
T = xulu—1) [ 0 -x)7 (4.114)

1<i<j<M

and the function f_(x) is,

ﬂx)=exp(%, Z LI ENCY Z G-k

_ , 4.115
1<i<j<m (X —x)? 2 1<i77EM X — Xj )‘multiple-linear ( )

where the ¢’s are the gluon polarizations.

The right-moving amplitudes ARY(k;, &) in the general M case satisfy the
same open string identities as the AX9’s. More specifically, the contour inte-
gral method for the right-moving part will yield similar equations like Eq.(4.97),

with all the AY9’s replaced by ARY. In the zero slope limit,

A?{E\:)’a(rz an - A«’EEV),a«rz an — Atree(ao_l, aO'z’ e an) (4'116)

..........

which are the Yang-Mills partial amplitudes. Therefore, the real (real-SID) and
imaginary (im-SID) part of the string identities will generate the set of relations
for the partial amplitudes. The key difference between color and kinematic

identities become clear for M > 4.

Let us take a closer look at the general im-SID formula. We begin with the

partial amplitude Ajp3 m-1m and consider the contour integral in X, while the
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relative order of (13...M — 1, M) are fixed. This yields the relation (4.35),

-1 i
(Z ko - k,-)A(lS...i, 2.(+1)..(M=1)M) = 0 (4.117)
i—3 =3

(ko - k1)A(213..(M - 1)M) —
Note that this contour is the same as (4.97) if we set 8 = 2. However, unlike the
discussion following (4.97), here we cannot simply pick up the residues but have
to work out all the terms inside this open string identity and find the relative
signs. Besides 3, the remaining 3 vertex orderings «, y and 6§, which correspond
to the sub-diagram A, B and C, would combine into afyé = 12.M — 1, M, up

to cyclic permutations. By the cyclic permutation, we can always put the index

“1” inside @, soa = ...1, 3, ...I.

These identities contain only the gauge independent amplitudes AR so are
very convenient for the KLT relation based on the left-moving AY® and right-
moving ARY. If we want to show that the dual kinematic identities have the
same form as the color identities, we need to decompose the ARV into different

channels,

N,
A = ?’P (4.118)
[5)

where P goes through all the 2Y-?(2M - 5)!1 /(M - 1)! channels within the order-
ing . However, the choice of explicit expressions for the n,p’s is not unique.
(We may start with a particular choice, like the symmetric way according to
the color factors [21].) In general, each n; contains both a “residue” (or “non-
contact’) piece and a “contact” piece, and only the “residue” piece will obey the

kinematic identities.
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The terms inside (4.117) and related to the decomposition A, B, C and D are,

na —P’ (ko+ 2
Ko (ks + o+ K+ ko) — ko - (Kg + o 4 k) 2l

P (ke + Ko)?
{k2 (k3 + ...+ k| + kc + kD) k2 (k3 + ...+ k|)} —P/(kz T kA)Z
{ko- (ks + ...+ Kk + ke + kp) — ko - (ks + ... + ki + kc)} P (K + ko)? (4.119)

where P’ = P(A)P(C)P(D). The related terms inside can be simplified into,

Nay25 P (kp+ke)2 ~ Moays.—P'(kp+ka)? T M2ays P (ko+ko)?

P(A)P(C)P(D) (4.120)

Repeat this process, the open string identity (4.117) is reduced to the ‘coupled”

dual identity,

Z n(1725,—P'(k2+kc)2 - n2(l7§,—P’(k2+kA)2 + nz(lyé’_P’(k2+kD)2 =0 (4121)

A P(A)P(C)P(D) i

where the sum is over all the possible decomposition (A, C, D) such that a2ys =
123..M - 1, M up to cyclic permutation. Each (A, C, D) gives three terms, which
have the same form of the color (Jacobi) identities. Because the three sub-
diagrams A, C and D, can be interpreted as a (M — 1)-point channel with one

vertex removed, the number of (A, C, D) is

2Y-32M — 7)1I(M - 3)
(M= 2)! ’

(4.122)

so each open string identity contains 2“=3(2M — 7)!I(M — 3)/(M — 2)! triplets,
each of which has the form of the color (Jacobi) identities. Eq.(4.121) is gauge
invariant and holds in arbitrary choice of the n’s. When we pick up the residues

of (4.121), we get,

{Nay25 P (lo+ke)2 = M2arys—P (ko +ka)2 + n2<1y6,—P’(k2+kD)2}| =0 (4.123)

residue

However, when M > 4, the dual identities themselves with the non-residue

terms do not hold for an arbitrary choice of the n’s.
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Let us give an example to illustrate the difference between the M = 4 case
and the M > 4 cases. Let us consider the M = 5 case. Using Eq.(4.121),
we can first draw the disc diagram with only (1345)in CCW direction, so
there are two 4-point channels. For each channel, we can remove one of the
2 vertices to get the (A,C,D), so there are four choices of (A,C,D): ((13)4,5),
(1,3,(45)),((51),3,4),(1,(34),5). Eq.(4.121) yields the gauge-independent identity
(4.10),

0= N13)42)5 — N2(13)45) T N(13)4(52) + N1(32)(45) — N21)3(45) T N(13)(45)2

S13 45
n -nNn +nNn n -nNn +Nn
(51)(32)4 2(;)(34) (51)3(42) + (34)2(51) (21%)(34)5 1(34)(52) (4.124)
5 4

where ;3 = —(ki +k3)? etc and N3)42)sis the numerator factor in the S;354 channel
in the partial amplitude Ajzs5in ALY (4.118) or equivalently in AM (4.1). The
details of the M = 5 case will be explained in Section 5. Here it suffices to
note that the 3 n;’s in any of the 4 triplets has a common pole which appears
in the respective denominator. If we replace the kinematic factors by the color
factors, then each triplet of color factors must sum to zero. That is how the
color identities appear. However, since the spacetime momenta are continuous,
this im-SID only implies that the residue of each pole term must vanish. For
general M, each im-SID involves a set of triplets, where each triplet of n;’s is the
numerator of a product of (M—4) poles that are common to the n;’s in that triplet.
This yields the set of kinematic identities (4.9), in one-to-one correspondence to
the color identities (4.7). For M = 5, we can prove that there always exists a
gauge choice so that each triplet sums exactly to zero. We have not been able to
extend the proof to general M. It is clear that even if such a gauge choice exists,
it is hard to find and so the exact identity (4.8) may not be that useful. On the
other hand, the im-SID in terms of the n;’s is gauge-independent and so may be

more useful. However, the existence of the exact identity (4.8) (but without the
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explicit construction of the n;’s ) can sometimes be useful.

To get a feeling of what to expect as M increases, we give an explicit example
for (4.121) for the M = 6 case. Now we need to draw a 5-point disc diagram with
(13456)in CCW direction, which contains 5 channels. For each channel, we can

remove one of the 3 vertices to get a choice (A,C,D), so there are 15 choices,

yielding
0 = N1((34)2)(56) — N21)(34)(56) T+ N1(34)((56)2) N N34)(52)6 — N2(1(34))56 T N(1(34))5(62)

$34S56 $345134

N(56)1)(32)4— N2((56)1))34 1 N((56)1)3(42) N N61)(32)(45)— N(2(61))3(45) T N(61)3((45)2)
S56S156 $45516

N(61)3)(42)5— N2((61)3))45 1 N(6(13))4(52) N N1(3(45))2)6 — N21)(3(45))6 T N1(3(45))(62)
S$16S163 $458345

N3)@42)6)— NE23))as6) T N(13)4((56)2) N N(13)4)(52)6 — N2((13)4))56 T N(2((13)4))56
S13556 $13S134

N1(32)4(s6)) — N21)3(4(56)) T N13((4(56))2) N N61)((34)2)5— N2(61))(34)5 T N61)(34)(52)
S56456 $61S34

N561))32)4~ N2((56)1))34 + N(5(61))3(42) N N1 (((34)5)2)6 — N21)((34)5)6 + N1((34)5)(62)
S16S165 $34S345

N13)(45)2)6 — N2(13))45)6 + N(13)(45)(62) N N6(13))42)5— Ni2(6(13)))45 1 N(6(13))4(52)
S13$45 S135136

N1(32)(45)6) — N21)3((45)6) T N13(((45)6)2) (4.125)
455456

where Sis6 = —(k; + ks + kg)? etc.. Here, Mi(34)2)s6) 1 the numerator factor in the
S345234556 channel in the partial amplitude Ajzazsein AS(V) (4.118). For M = 6, there

are 18 independent im-SID’s and each im-SID contains 15 triplets.

4.4.4 Yang-Mills amplitudes

In this subsection, we determine the Yang-Mills amplitude for M gluons,
_ Cpn
AM = gM-2 % (4.126)
P
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where P goes through all the (2M —5)!! channels, i.e., all the different pole struc-
tures. The product cenp means ¢, pn, p, which actually has no dependence of
the vertex ordering a. A different ordering choice 8 will introduce + signs by
Eq.(4.92) c,p = £Csp, Nup = Ny p, however, they always take the same sign so

CapMNa,p = Cp,pMs,p-
We can use the KLT relation [39] to derive Eq.(4.126),

i \M-3 M-2 M-3
het _ (! g9 4 L(c) o RY)
A= (3) ) (-37) ZAAMFep) (4.127)

where a, B are the 3(M—1)! vertex orderings since three vertices are fixed. F(a, )
is the phase factor,
: a
F(a,B) = exp(m > Gk ke ,3)) (4.128)
i>]
where (i > )

o’ %lﬂkl if(ai—aj)(ﬁi—,b’j)<0
f(Gk -k o) = (4.129)

0 if(a/i—a/j)(,Bi—,Bj)>O
so F(a, ) is symmetric in a and 8. Contour integral will simplify the expression
(4.127) into a sum of the products of left-moving partial amplitudes and right-

moving partial amplitude, where the number of terms is given in [39],

(M - 3)! [%(M - 3)]![%(M ~3)]!, if Mis odd (4.130)

(M = 3)! [%(M - 4)]![%(|v| — 2!, if M is even. (4.131)

There is a large number of the channels involved in this sum: since each partial
amplitude contains 2"~2(2M — 5)!! /(M — 1)! channels a naive counting suggests

that there are
22M—4

(M- 1)I(M - 1)(M - 2)

(%(M ~ 3))I(2M - 5)!! 2 (4.132)
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cinj terms in the Yang-Mills amplitude if M is odd and a similarly large number
if M is even. However, the zero slope limit for the gluon sector is the same as

Yang-Mills theory, so only the “diagonal” terms survive,
Ca, na,
R om0 = AT = %. (4.133)
P

As in the 4-point case, we conjecture that this simplification uses all the color
identities for ¢j’s and all the independent kinematic identities for n;’s. This is

explicitly checked for M = 5, to which we now turn.

4.5 The 5-gluon Tree Amplitude Example

Let us now illustrate the above discussion with the 5-point example. The prop-
erties of the 5-point open string amplitudes and their zero slope limit are dis-
cussed in Ref.[15, 42], while the Yang-Mills amplitudes are discussed in Ref.[9].
So here we shall emphasize the heterotic string properties. We shall also discuss

the gauge choice issue to get a sense of the underlying structure.

4.5.1 Left-moving amplitudes and color identities

We fix the three points X; = 0, X4 = 1 and X5 = 0, so the amplitude Ajz345has the

1 1
f dXo f d X3 (4 134)
0 X2

As in Eq.(4.105), the contour integral in X, over the line above the real axis gives

integration region

_ ALO L© 4% (kiko+ki-ks) L© % (ki-ko) L(©) % (k-ks)
0= Alsaus+ Angral 20T 4 Ag g 71 — A, g 7T (4.135)
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where in this case, « = 1, = 2, y = 3and ¢ = 34 The correspond poles are

pA:l/ pB:]-/pC:]-and pD:_(k4+k5)2.

Here we follow the conventions in Ref.[9] in labeling the color factors within

the left-moving amplitudes, in the limit o’ — 0,

C C C
A9(1,2,3,4,5) = “f 2 [ B % 5 ,
S12$45  $3S51 S34S12 4553 S51S34
Ce Cs Cr Cs C
+ + + + ,
S14S5  S43Ss1 S32S14 S5%43 S51Sa2

A9(1,4,3,2,5) =

AO@L3 425 2 - 2, 0 0, AL
31(:3525 5361551 54(2:513 52(?534 55(1:542
A|5_(C)(1’ 2’ 4’ 3’ 5) = 12 11 _ 3 + 13 _ 5 ,
3102%5 3261351 343312 %05324 S5(1:343
A|5_(C)(1’ 4’ 2’ 3’ 5) = 14 _ 11 _ 7 _ 13 _ 2 ,
3161%5 34(2:351 3203314 %8342 3501323
A9(1,3,2,45)s — - 2 1 7 _ 0 (4136)
$13945 S32S51 24813 45832 S51S4
where s = sji = —(k +kj)% The rest left-moving partial amplitudes are not linear
independent, so they do not contain new C’s, for example,
- -~ -~ —C
AP E——" - R— T — T — (4.137)
5834 S1345  S12S45 5513 S12S34
The leading real part of the open string identity (4.135) yields
_ AL L L(c) L(c)
0= A1(2C3245+ g?45+ 1C345_ A14C325 (4.138)

which determines the relative sign for the C’s appearing in different sub-

amplitudes. Eq.(4.136) has already taken advantage of this identity.
The leading order of the imaginary part of the identity (4.135) is,
0= ALd(Siz2 + S13) + ApueSio + ArlpeSis (4.139)

This identity contains 20 terms, each of which may contain a “single pole”, like

C15/Sa5 or a “double pole”, like —S15C4/S3%s. The basic strategy to simplify the
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identity is to combine the terms with the same ¢; together and use the kinetic
identities like,

Si2+ S13+ S23 = S5 (4.140)
to eliminate the double poles. Now each ¢; is just the residue of a single pole.
We are left with 3 single-pole terms for each of the 4 different single poles: Sss,
Sp3, Sps and Sga.

—C6+C3+Cg+—C3+C5—C3 Ci —C4—Cy5 —C> +C4 + Cy
S5 Sz4 Su5 23

=0.  (4.141)

Since the coefficient of each pole term must vanish, we get four color identities,

Cs+Cs—C = 0
Cs+C;—C = 0
Cg+C—C = 0
C3+C—C = 0 (4.142)

which correspond to residue of the four single poles Sus, Sy3, Sp5 and Sga, respec-
tively. Note that the first identity is the special case of the general identity (4.111)
witha=1,8=2,v=3and 6 = 34

We can repeat the above contour integral argument to get the rest of the color
. o o . . 1 1
identities. Similarly, for the configuration X5 = 0, X3 = 1, X4 = oo and fo ax, fx ) dxo,

the contour integral in X; gives,

Cc—C—Cyq = 0
—C+C+C; = O
—-C3+C—-C = 0
C3+Co—C = 0 (4.143)
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For the configuration X, = 0, X4 = 1, X5 = coand fol dxy fx j dxs, the contour integral

in X; gives,

—Cg+Cpo+Cs = 0

Ci—C—Cs = 0

—-CG+C—-Ccg = 0

C—-C—-cyp = 0. (4.144)

while the configuration X3 = 0, X4 = 1, X5 = oo and fol dxq fx i dx,, the contour

integral in X; gives,

—Cpo+C1—Cs3 = 0
C,—C+c¢Ccy = O
C3+Cpo—¢C = 0
Ci—C—C55 = 0. (4.145)

So we get all the 10 color identities from four contour integrals. Other con-
tour integrals do not yield additional identities. Since the sum of any 9 of the 10

identities yields the remaining one, there are 9 independent color identities.

Note that these color identities can be read off directly by looking at the
diagrams. Consider any 4 (internal and/or external) lines that are connected
by another internal line. These 4 lines can be connected 3 different ways, the
equivalent of ”s,t,u” channels. The corresponding 3 color factors obey a color
identity, which is simply the Jacobi identity multiplied by a common factor of
the structure constant. Actually, this is a more efficient way to find the color

identities.
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4.5.2 Right-moving amplitude and the gauge choices

Now turn to the right-moving part for the gluon momenta and polarizations.
The analysis is the same as that for the color factors except for the crucial issue
of the contact contributions or the gauge choice. Let us define the n;’s to be local,
so that,

Ny ny N3 Ny Ng

+ + + + ,
S1295  $3S51 S34S12 453 S51534

n n n n n
Al%(1,4,3,2,5) = e = 47T 48 4 2
$1455  43S51 S32S14 S5:M3 S51S32

Al®(1,2,3,4,5) =

A'(1,3,4,2,5) = Ng — Ns Mo Mg Mia
T Slr?325 %ﬁl%l S4r21313 32r$334 S5r11542 '
Agee(l, 2.4,3,5)= 2 M N Ms s ’
$12S35  S4S51 943512 S35Sp4 S51$43

Agee(l 4,2,3,5)= Mg Ma M7 Ty 1
T S14S35  Su2S51 S23S14 S35S12 51523

N Nio Ny Ni1

AT(1,3,2,4,5) = 1

- - - - , (4.146)
S$13945 S32S51 $14S13 45832 S5154

The contour integral argument is exactly the same after we replace, in the
partial amplitudes (4.136),
L—-R (c) = (v), ¢c; = n (4.147)

For example, now the contour integral in X, for A?Sgw analogous to the relation

(4.135), reads
_ AR(V) RY) % (k-ko+kyk RV) 4% (ki-ko) RV) 4% (Ki-ks)
0= As+ Aggree 70e¥ere’d) 4 AZH @7 0eto) — AT, g late (4.148)

and its imaginary part in the zero slope limit yields,

—n6+n8+n9+—n3+n5—n8 N—MNg—Nis —Np+MNy+ Ny
S25 S34 S45 S23

=0. (4149

The residue of each pole term must vanish. However, each of the 4 terms do

not have to vanish by itself. That is, the non-pole terms (the contact terms) can

104



cancel among the 4 terms. In particular, nz + ng — Ns = A(k;, £i)Ssa. Consider the
gauge transformation

N3 — N3 = N3 + 3S1» (4.150)
where the kinematic function B(k;, ) is local. Then invariance of

R _ M Ns n ny N3
A123 45 = + + + +
S35  S34S15 S12S45 $3S15 S12S34

implies that

Ns — N; = Ns — S5 (4.151)

and invariance of all the remaining partial amplitudes means
Ng — Ng = Ng + BSys (4.152)

It follows that A{M is invariant under this triplet of simultaneous transforma-

tions. Under this gauge transformation, we can choose g such that
N3+ Ng — N5 = ASzq + B(S12+ S15+ S5) = (A +8)S34 = 0 (4.153)
Now we can repeat this process for n, + ms — Ny and ns + N7 — N, to obtain
n, +njis—n; =0, n+n,—-n,=0 (4.154)

It then follows that ng + ng — ng = 0. That is, we need to make 3 simultaneous
gauge transformations to obtain the above 4 kinematic identities from the string
identity (4.149). The key is that the gauge transformation always involves 3 n; at

a time. It is precisely such a triplet of n; that appears in each kinematic identity.

With this preliminary discussion, we are now ready to consider the full set.
Since there are (M —3)! = 2basis amplitudes out of (M—2)! = 6 amplitudes A"*s,

there are 4 independent relations among them. We already obtained one in
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(4.155). Similarly, as we did for the left-moving amplitude, for the configuration

X5 =0,%3=1, X4 = c0o and fol dx, fx i dx,, the contour integral in x; gives,

Ne—N7—Ny —-No+MNy+N7 —N3+Ns—Ng Nz3+Npx—MNy
° + - - =0 (4.155)
S14 S23 Sz4 S12
. . 1 1 .
For the configuration X, = 0, X4 = 1, X5 = coand fo dxy fx ) dxs, the contour integral
in X; gives the second equation in (4.166),
—n9+n10+n15+ M —Ng—Ms —Ng+Ns—Ng TMp—MNs—MNyg _

0. (4.156)
S13 $45 S34 S15

. . . 1 1
while the configuration X3 = 0, X4 = 1, Xs = oo and fo (0)'¢} fx ) dx,, the contour

integral in X; gives the last equation in (4.166).

—Mio+ N1 — Ny3 + M—Ns+My Ng+Mo—M N—Ng—Mys
S24 S15 S12 $45

0. (4157

Relations from other contour integral identities are redundant. Note that rela-
tions (4.149, 4.155, 4.156, 4.157) are gauge invariant. To avoid the gauge depen-
dence issues, one may choose to consider relations among the gauge-invariant

partial amplitudes only, which are equivalent to these relations.

It is clear that the residue of each pole term in these relations (4.149, 4.155,
4.156, 4.157) must vanish. This yields 10 relations, which are the 10 kinematic
identities for the residues of the n;’s. Now we like to show that there exists

a gauge choice such that every triplet vanishes completely, so we have the 10
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kinematic identities,

N3 — N5+ Mg =0,
A3 — My + N2 =0,
Ay — Ny + M5 =0,
iy, — N, +0;, =0,
fis — My + M1 = 0,
fi7 — g + Ny =0,
g — Mg + Mg =0,
Mo — Ag + Mys = 0,
Mo — My + N3 =0,

ﬁ13 - ﬁlz + ﬁ14 =0 (4158)
Note that one of these 10 identities is redundant.

Because there are 15n;’s inside the 6 defining amplitudes (4.146) above, there
are 9 degrees of freedom to redefine n;’s without affecting the A"®’s, which can

be realized as,

~ ~

N1 =Ny + Q12545 — A5S12, N2 = Ny + 23515 — A1553
A3 = N3+ @34S12 — 1oSa, Mg = Ny + usSp3 — A3
s = N5 + A15S34 — A34S15, s = Ng + Q25514 — 1425
A7 = N7 + Q1453 — B23S14, g = Ng + 83425 — A5Sa4
Mg = Ng + Q1385 — A25S13, Mo = Nio + A13Sp4 — A24S13
M1 = My + Q1554 — A24Sss, M2 = Mo + A35S12 — A12Sss
M13 = M3 + A35S12 — A12Sss, M14 = Mg+ Q14535 — A35S14

N5 = Ni5 + Q45513 — A13545. (4.159)

107



where a4, @12, aus, 823, 15, A4, As, 13, Apa, 835 are arbitrary local functions of kj and
;. The signs are carefully chosen such that the partial amplitude is invariant.

Although the number of &;j is 10, a particular choice,

(834, @12, Bus, 23, A5, A14, Aps, 13, 24, Ags)

= (S34, S12, Su5, 23, S15, S14> S255 S13, S24, S35) (4.160)

does not change any n;, so it is a trivial redefinition. Therefore we can simply
set any one of them to zero. Let us say ags = 0, so we end up with 9 degrees of
gauge freedom. We already see that the non-contact terms inside n; satisfy the
dual identity (0 + Nj + NYlresidque = O, if the color factors with the same indices
satisfy G + C; + ¢ = 0. We like to show that by using a proper redefinition of the

ni’s, the dual identities (4.158) hold exactly.

Since the redefinition of the n;’s are realized by the a’s in Eq.(4.159), and we
like to see whether a choice of the &’s exists for the set of kinematic identities
(4.158) to hold, these equations can be understood as the equations for the a's.

For example, i3 — s + fig = O reads,

—Nz+Ns —nN
Aza — A2 — Qg5 — A5 = % (4.161)
4

where we used S5+ S5+ S12 = Sza. Similarly, we can write all the 9 equations in
the matrix form,

Ka

Il
o

(4.162)
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where

1 -1 0 0 -1 0 -1 0 O Az
-1 1 -1 0 0 0O O O O ago
0 -1 1 -1 0 0 0 -1 0 a4s
0 0 -1 1 -1-10 0 0 a3
K=l -1 0 0 -1 1 0 0 0 -1[ a=]|as (4.163)
0O 0 0-10 1-10 O a4
-1 0 0 0 0 -1 1 -1 0 azs
0O 0 -1 0 0 0 -1 1 -1 a3
0O 0 0 0-1 0 0 -1 1 a4

and

b _(—n3+n5—n8 N3+ MNio2—N1 N —Ng—Ms N +Ng+ N7 N — N5 — N1

9 ’ > B 9

S34 S12 45 523 e
Ng—Ny—Nyy —Ng+Ng+Ng —Ng + Nyg+ N5 —N1o+ N11 — l'113)T (4.164)
S14 ’ S5 ’ S13 , 24

Here we are trying to find a solution to the &’s so that Eq.(4.158) holds. Given
an arbitrary b, a solution is always guaranteed if the rank of K equals its size
(which is 9). However, here K is a degenerate matrix, with rank K = 5, that is,
rank K < 9. So a solution of the &’s exists only if 4 (=9-5) constraints among the
components of the column vector b are satisfied. That is, only 5 equations are

independent and they generate the remaining 4 equations. For example,

o
|

(Ao5 — @14 — Q34 — A13) + (Azs — Q12 — A5 — Azs)

—(84s — @12 — A13 — @p3) — (B3 — Au5 — A5 — A14)
—n6+n8+n9+—n3+n5—n8 N—Ng—Nis —MNp+Ng+N7
S5 S34 S45 $23

(4.165)
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which is a constraint on the original n;’s. Similarly,

ne—n7—n14+—n2+n4+n7 —N3 + N5 — Ng n3+n12—n1_

0,
S14 3 S34 S12
—n9+n10+n15+ M —Ng—Ms  —N3+N5—Ng N2~ Ns— My -0
S13 S45 Sz4 S15 ’
—Mio+ N1y — Ny3 N M—Ns+MNup Ng+Ma—M M—Ng—Ms 0
S4 Si15 S12 S45

(4.166)

These 4 constraints (4.165,4.166) form the necessary and sufficient condition for

the existence of a solution to Eq.(4.162). Naively, just from the Feynman diagram

viewpoint, it is not clear why these conditions hold. However, we see that the

open string amplitude identities (4.149, 4.155, 4.156, 4.157) yield precisely these

4 relations. Hence open string identities ensure that (4.162) has solutions. That

is, there exists a gauge choice such that Eq.(4.158) is realized.

Since the column vector b has no pole (i.e., local), because —nz + Ns — Ng o Sg4

etc., the solution yields a set of local &’s. Because the solution for (4.162) exists,

there are 9 — rank K = 4 remaining transformations which keep the kinematic

identities invariant. They take the forms

agy 0 -1 1 -1
ago -1 0 0 -1
s -1 1 -1 0
an3 0 0 -1 1
as [=f] 1 |, -2 |, sl 0| fa] O
Ay 0 0 0 1
azs 0 0 1 0
a3 0 1 0 0
aps 1 0 0 0

(4.167)

where f; are arbitrary local functions of the kinematic variables. This concludes

our proof that, for the (M = 5)-point case, the open string identities ensure that
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there exists choices of n;’s such that all the dual identities n; + n; + n, = 0 (4.158)

hold.

This pattern generalizes to the general M-point amplitudes. There are (2M —
5)! ni’s which appeared in (M—-2)! partial amplitudes so there are (2M-5)!! -(M—

2)! degrees of freedom to redefine the n;’s. We can use w

parameters ay
modulo some trivial ones to realization the redefinitions. The number of the
effective a’s should be (2M — 5)!! — (M — 2)!, which are constraint by a linear
equation like (4.162) if we want to get the kinematic identities. Again the matrix
in the linear equation is degenerate with rank (2M —5)!! — (2M —5)((M —3)!). The
open string identities would ensure this linear equation has solutions. So the n

choice for which the kinematic identities hold exist, and the “choice space” has

the dimension (M - 2)! — (M - 3)! = (M - 3)!{(M - 3).

4.5.3 KLT relation and the 5-point amplitudes

We can now use the KLT relation in the zero slope limit to get the 5-point Yang-
Mills tree amplitude. Since the heterotic amplitude is a sum over the product
of a left-mover and a right mover, and since there are 2 independent partial
amplitudes for A~ and 2 for AR, we can express the full amplitude as a sum over
2x 2 = 4 terms. As shown in Ref.[39], a judicious choice of basis amplitudes

allows us to reduce the sum to only 2 terms. There are many equivalent ways
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to express the 5-point amplitude. For example,

het _ o3 L(©) ARM) 3 L(c) ARM
‘ﬂS—egluon(O) = 0 S12830A 31435+ 9 $13%24A 554551425

3( Cy Cs C1 C2 C3 )
= + + + +
S35  S34S15 S12S545 $3S15 S12S34
—N12 —Ng N3 —N14 —Ng )
X + + + +
512534( S1255  S14Ss  S12S4  S14Sss  S3aSes
3( Cis —C —C10 —Cy —011)
+ + + + +
S13%5 3515 S13S4 453 S1554
—Ng —Ny4 —Nyo —Ng Ni3 )
X + + + + 4.168
513824( S13S5  S14S35 S13S4 S14S5 S4Ss5 ( )

First we go to the gauge choice where all the 9 independent kinematic identi-
ties hold. Then using all 18 of the 9 independent color identities (4.142, 4.143,
4.144,4.145) and the 9 independent kinematic identities (4.158), it is straightfor-
ward (but tedious) to show that the 5-point Yang-Mills tree amplitude is repro-
duced,

15

het _ g _ 3\ CiN
ﬂS—gluon(o) - ﬂS - g ; ?J

3( Cihi  CMp  CgNg )
+ + + ...
S12S45  $3S15 S12S34

(4.169)

If we want, we can now transform back to the original set of n; we started with.

In the choice of the particular way (4.168) to express ﬂ?f’gtluon(O), the presence of

the diagonal term c3nz/(S12S34) is obvious, but the other diagonal terms are not.

het

Choosing a different basis to express AL 1won

(0), a different diagonal term will
be obvious, but not the rest. It is the presence of the 9 + 9 identities that allows
us write ﬂ?_egtluon(O) in the diagonal form that is given in AM (4.1). On the other
hand, knowing that ﬂg_egtluon(O) = AM, we can obtain the 9 + 9identities as well,

by exploiting the many different but equivalent ways to express ﬂ?_egtluon(O).

On the other hand, instead of using the dual-Jacobi identities (4.158), one can

show Eq.(4.168) is equivalent to the diagonal form (4.1) using only the gauge-
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invariant im-SID’s (4.149, 4.155, 4.156, 4.157). First, we rewrite all the color fac-
tors ¢’s in (4.168) in terms of (M — 2)! = 6 of them, say, ¢, Cg, Cy, C12, C14 and

C1s,

ﬂhet

5-gluon

_ R(v) S34 \ RW) R(v) S13 ARW)
0) = CALs+ C12( - gA12345_ Alpaast £A13245)

12534 RWY) S12 R(v) S13S34 R()
CG( B 314325A12V345_ §5A12\;45_ %Algvz% +... (4.170)

Using all the im-SID’s,
- 834ATSg45 - 835AT£245 + &3A$é245 = S35AT9235? o (4.171)

to simply the expression so each coefficient contains only one AR,

het _ R(v) R(v) R(v)
ﬂ;gluon(o) = C1Appas5+ C15A 5045 Cr2Ppus5
R(V) R(v) R(v)
+CoA 3405+ CLaA 4235+ C6A1345
Cin;
= —_—, 4.172
5 (4172)

i
where the last equality is proven in [23] by using the color Jacobi identities only.
So the diagonal form (4.1) is obtained, if only one set of the numerators (c; here)
satisfy the Jacobi identities while the ARYs satisfy the im-SID. This property
should extend to all M. The KLT relation simply expresses A\M (4.1) in terms of
the (M — 3)! basis amplitudes ARVs. Furthermore, for the 5-graviton tree ampli-
tude, in the same manner, we have two sets of numerators, n; and fi. As long as
the n’s satisfy the dual Jacobi identities, the tree amplitude is simplified to the
diagonal form,

nif;

ﬂgrav — ,
5 Pi

(4.173)

where the other set fi need not to satisfy the dual Jacobi identities.
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4.6 BC(]J relation and Schouten identity

The Kleiss-Kuijf (KK) [41] and BCJ relations [9] for YM helicity amplitudes can

be proven by using Schouten identity repeatedly,
(Ckl) = <k + <k (4.174)

Here we use the notation of [27, 19]: for lightlike momentum p,, Paa = POy =
Aads. The spinor products are defined to be (1, 1) = eA®A’® and [1, 1] = €xp AP
Here sj = (pi + p;)? = 2pi - pj; = (i j)[ij]. Note the similarity between Schouten

identity and Jacobi identity of Lie algebra.

To simplify the discussion, let us consider only the maximal helicity-
violating (MHV) amplitudes here. Checking the 4- and 5-point cases is straight-
forward. For example, the KK relation for 4-point, the photon decoupling iden-
tity

A2 134)+A1234)+A1324)=0 (4.175)
which reads [47] [6],

(12%((23)(41) + (13)(24) - (12)(34))
(12)(23)(34)(41)(13)(24) B

(4.176)

because of Schouten identity. The 4-point BC] relation, s;,A(2"17374%) =
S3A(173v274") is self-evident from the MHV amplitude expression. The 5-point

case is similar: the KK relation is,

A(27173"4"5") + A(1727°3°4"5") +

Al32745)+ A(l1°3425)=0 (4.177)
which reads,
(127 (235124 + (13)
(12)(23)(34)(45)(51)(13)(24)(25)
(24)(25) — (12)(34)(25) — (12)(23)(45)) = 0 (4.178)
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where the Schouten identity is used twice. The BCJ relation is,

s1A(2717374°5%) — 53A(173727475%)

—(S3+ $4)A(173°4°2°5") =0 (4.179)
whose left hand side is proportional to,

(32)(24)(51)(21)[21] — (21)(34)(52)(23)[23]

(21)(45)(32)(32)[32] - (21(45)(32)(24)[24]

(322124 ((5D[21] + (53)[23] + (B5H[24])

=0 (4.180)

where the first step uses the Schouten identity and the last step follows from
momentum conservation : Z?il pff =0 — X kp[jl] = 0and (ii) = 0and [ii] = 0.
This feature can be generalized to the M-point MHV amplitudes. For example,
consider a BCJ identity for M-points [9] [15] [37],

i ( > SQj)A(13...i, 2.(i+1)..M)=0 (4.181)

i=3  j=3
where the helicities are (17273*....M*) and the label | = M+1 should be identified
with j = 1. The left hand side of (4.181) reads,

M M
> 32,-( > A@13.. 2. + 1)...|v|))

=i
(12)*

N ( (i,i+1) )
(13)(38). (MD) Z4 N\ Lu (22,1 + 1)

(4.182)

The sum over i can be calculated by using Schouten identity in (M — j) steps, say,

Gi+Dh . (G+Li+2 i+
G2+ (+L2%2]+2) (L2X2]+2)

(4.183)

115



and etc. The final result is,

i+ (1D
i)+ 1) (). 22D (4.184)
Therefore, the left hand side of (4.181) reads,
(12)* i S2i> 1)
(13)(34)..(M1) & (], 2)(21)
(., D2, ]] _
Z o5 " 0, (4.185)

where we have used momentum conservation.
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CHAPTER 5
QUADRATIC RECURSIVE RELATIONS FROM THE VIEWPOINT OF
SUPERGRAVITY

Recently, Bjerrum-Bohr, Damgaard, Feng and Sondergaard derived a set of new
interesting quadratic identities of the Yang-Mills tree scattering amplitudes, be-
sides Bern-Carrasco-Johansson (BCJ) identities. We claim that these quadratic
identities of YM amplitudes actually follow directly from the KLT relation for
graviton-dilaton-axion scattering amplitudes (in 4 dimensional spacetime). This
clarifies their physical origin and also provides a simpler version of the new

identities.

In deriving the field theory version of the KLT relation, Bjerrum-Bohr,
Damgaard, Feng and Sondergaard (BDFS) derived a new set of quadratic identi-
ties of YM amplitudes [12]. [31] gives its supersymmetric generalization. These
identities are non-trivial, in the sense that they do not follow from the linear
identities and very interesting, since they are unexpected, at least from the Yang-

Mills theory point of view.

We like to point out that these quadratic identities actually follow directly
from the KLT relation for the (massless) graviton-dilaton-axion scattering am-
plitudes. Recall that the KLT relation expresses the closed string tree scatter-
ing amplitudes in terms of the open string tree scattering amplitudes [39]. At
the zero-slope limit, the massless open string modes can include the YM fields
while the closed string modes can include the graviton, the dilaton and the anti-
symmetric tensor field, which is equivalent to an axion in 4 dimensional space-
time. The symmetry of the extended gravity theory, mysteriously constraint the

Yang-Mills amplitude in the form of quadratic identities.
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5.1 The action of graviton-axion-dilaton system

The massless sector of a closed string theory contains the graviton, the dilaton
and the antisymmetric tensor field B,,. In 4-dimensional spacetime, B, has only

one degree of freedom, and one may identify it as an axion a: 9"a = €770, B,,,.

To discuss the 4-dimensional polarization tensor structure for the graviton,
the dilaton and the axion, we use the light cone gauge: consider a massless parti-
cle and the polarization vector or tensor which has only transverse components.

In 4D, a polarization tensor can be decomposed as,

_ejtei—dijex &j-6i i«
Q= 2 T T3

where i = 1,2 labels the two transverse directions. The three terms corre-
spond to the graviton, the axion (the antisymmetric tensor field) and the dilaton
modes. We may choose the positive polarization vector €' = (1, i) while the neg-
ative polarization €~ = (1, —i). The addition of two spin 1 (with polarizations e
and €) is straightforward. It is easy to see that a graviton has polarization mode
€'€" or e €, an axion has polarization e"é” — e €" and the dilaton has polariza-
tion e'€” + e €.
The 4D graviton-axion-dilaton gravity action in Einstein frame,
1 4 1 y
S=55 f d*x V=G(R - 23,08 ¢ — o “H,,,,H"P) (5.1)

where ¢ is the dilaton and H,,, is the strength of the antisymmetric field. We
just keep the two-derivative term and neglect the higher-derivative terms from
string theory correction. (So it is the low energy effective action for the gravity

sector of any string theory.) The Poincare dual of H,,, is an axion,

1
a,b = G e €, H"" (5.2)
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where €123 = (— detG)Y/? and €% = —(-detG)Y2. So the action can be rewritten

as
=53 f d*x V=G(R - 20,08 ¢ — —e4¢a Ms%do) (5.3)
Combining the axion and the dilaton, we have S, = b+ ie"? and,
1 4 110,S.?
22 fd XV-G(R- E(ImS )2) (5.4)

Note that the axion b is characterized by the shift symmetry
b—b+c (5.5)

where cis a dimensionful constant. Furthermore S, has SL(2, R) global symme-

try. The group SL(2, R)

ab
, ad-bc=1 (5.6)
cd
actson S, as,
aS +b
7S, d ®7)

S, takes value in the upper complex plane, which is the moduli space of this

theory. We may choose (S, ) = i. Then the unbroken symmetry is SO(2),

¥

We will see that this unbroken symmetry lead to the quadratic identities of

(5.8)
—sind cosd

cosd sine]

Yang-Mills theory.

To study the perturbative theory of the axion-dilaton, we may define S, =

V2kr +iand T = 71 + ito. Now (r) = 0 and 7 has the canonical kinetic terms,

8,7
S = Zfd“\/R fd“ T
2« (1+ V2krp)2
= 55 f ol“xx/—c;R—é f d*x V=G, t¢"7(1 — 2 V2«1, + 6k%13

—8V233 + ) (5.9)
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all the interaction terms contain positive powers of «, as it should be. To the

leading order, the symmetry 5.8 acts on 7 as,
T T+ 20T, (5.10)

So 7 has an infinitesimal U(1) symmetry. We may think that 7 is positively
charged and corresponds to the polarization €"€~, while 7 is negatively charged

and corresponds to the polarization e"€".

It is possible to derive the Feynman rules for axion-dilaton system from (5.9).
However, as the gravity case, there is an infinite number of vertices. So in the
next section, we would use KLT relation to study its scattering amplitude and

manifest the quadratic identities.

5.2 Quadratic identity in the viewpoint of KLT relation

Now we see that the dilaton and the axion combine to form a massless complex
scalar field 7, which has a global conserved U(1) charge associated with it. All

scattering (tree or loop) amplitudes must obey this charge conservation.

Within helicity amplitudes, graviton j has helicity ej*EJ? = j*J* and an incom-
ing positively charged scalar field j may be identified with helicity j*]~ while
an incoming negatively charged scalar field may be identified with helicity j~]*.
Any charge conservation-violating amplitude A must vanish. That is, any am-
plitude with unequal numbers of positively and negatively charged scalar fields
will vanish. Let us start with a non-vanishing M-graviton scattering amplitude.
Following the BDFS notation, let n, (n_) be the number of " +” (" —”) helicities in

YM amplitude A that have been flipped in YM amplitude A. Then the resulting
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amplitude vanishes whenever n, # n_.

Let us consider the 4-point case to establish some notation: the graviton-

dilaton-axion scattering amplitude takes the form
Ay = —S51,A(1234A(2134) (5.11)

where both A and A are YM amplitudes. For 4-graviton amplitudes, helicity
conservation requires 2 with helicity (++) and 2 with helicity (—=). So the only

non-vanishing amplitude has the form
Ay = —SpA(17273747)A(27173%4") (5.12)

Note that both Aand A are maximal helicity-violating amplitudes. For (n,,n_) =
(1, 1), say

Ay = —sA172737°49)A(21737°4Y) (5.13)
the amplitude describes the graviton-¢ scattering. For (n.,n.) = (2,2), A4 de-
scribes the ¢-¢ scattering. For n, — n_ # 0, A, = 0 because the charge conser-
vation is violated. Mathematically, we see that it vanishes because A = 0. This
case does not yield a quadratic identity. Rather it yields the well known results
A(1*273*4*) = 0 and A(1*2*3*4") = 0 without having to look into the detailed

structure of these amplitudes.

Next consider the 5-graviton scattering case,
As = S1,54A(1727374757)A(2"174"375%)
+ S135A(173727°4"5") A3 1747 275Y) (5.14)
For n, — n_ # 0, the resulting As = 0. For example, for (n,,n_) = (1, 0), we have
0 = s1,5A(1727374"5")A(2°17°4375%) +
S1354A(173"2745)A(37174*2°5%) (5.15)

121



It is easy to verify this quadratic identity by using the explicit formulae for the
MHYV amplitudes. For M > 6, non-MHV amplitudes appear in the quadratic

identities.

Following from the KLT relation, each identity contains (M — 3)![3(M -
3)'N[2(M - 3)]! (Modd) or (M - 3)![3(M - 4)]'[3(M - 2)]' (Meven) terms quadratic
in the M-point YM amplitudes. So the number of terms in each identity is sub-
stantially less than [(M — 3)!1%: 2 vs 4 for M = 5, 12 vs 36 for M = 6, 96 vs 576 for
M = 7 etc.. Of course, one may use the BC] identity (repeatedly) to reduce the

number of terms in the quadratic identities to that in the KLT relations.

5.2.1 Additional Quadratic Identities

Although ordering is important in YM amplitudes Ay and Aw, Ay is invariant.
For example, besides Eq.(5.11), one can express the same A, in other forms, A, =
—513A(2134)A(1324) = ... Comparing this expression to Eq.(5.11), one obtains a

quadratic identity,
S1,A(1234)A(2134)- 513A(2134)A(1324)= 0

These identities are valid for any choice of helicities. Since the same Ay can be
expressed in terms of Ay and Ay in many different ways, we obtain a large set of
new quadratic identities by equating any 2 different expressions. This result is
known but not emphasized in earlier work. Presumably, these identities can be
proven by using the BCJ identity (repeatedly); still their usefulness may follow

from the relative ease in writing them down.

For example, expressing the same Ag in 2 different ways [39], we end up
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with a quadratic identity

A(123456)k35A(215346)+ S3(45/A(215436)]

—A(123456)p15A(231546 1+ S312)A(321546)]+ permutations of (234)=0 (5.16)

where Sy45) = Sz4+ Szs. Here, in each case where Ag = 0, we get a set of quadratic

identities instead of only one. For example, besides

[S35A(2 175347 6%) + S3uA(2 175"47376%)]
(

XA(1"2°3747576") + permutations of (234)= 0 (5.17)
we also get

[515A(27371757476%) + S3u2A(3 2 1757476Y)]
(

xA(1"273"4"5%6") + permutations of (234)= 0

5.3 Super quadratic relations

We see that the global symmetry of gravity induced the quadratic identities for
Yang-Mills theory. Furthermore, the global symmetry of supergravity induced

a larger set of quadratic identities for super-Yang-Mills theory.

We may consider d = 4,N = 8 supergravity, which has the global E7z) sym-
metry. This symmetry is reduced to SU(8) symmetry by the v.e.v. of the moduli
tield. The elements in SU(8) are R-symmetries which transform the 8 super-
charges. A N = 8 supergravity amplitude would vanish if the SU(8)r symmetry
is broken. However, by the super KLT relation, the supergravity amplitude can

be decomposed as the product of super-Yang-Mills amplitudes. The latter may
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not vanish, so we obtain nontrivial identities of the super-Yang-Mills ampli-

tudes.

For example, we may the scattering process which involves one positive-
helicity graviton (++), two negative-helicity gravitons (——) and two gravipho-

ton with the R index 12, 34, respectively. These particles form the representation
of SU(8)r, E, which is not a singlet. Hence the amplitude vanishes,
AL 27,3747 57) =0, (5.18)

Then we rewrite it by the super KLT relation. For the graviphoton state 29", we
decompose it as the left-handed scalar ¢*? and the righ-handed negative-helicity
photon. Similar decomposition works for 3", Then we get the identity,

0 = S12S A1 29374 5" A(2 17437 5%)

+S1354A(17 37 27 475N A(3 17427 5) (5.19)
This is a quadratic identity for N = 4 super-Yang-Mills theory.

Note that the global symmetry in supergravity would be reduced to discrete
symmetry in superstring theory. So the open string theory amplitudes are not

constricted by this argument.

5.4 Pion theorem and its implication on Yang-Mills amplitudes
The above KLT treatment also implies that the pion theorem for supergravity put

constraints on Yang-Mills amplitude. We consider N = 8 supergravity, which con-

tains 70massless scaler fields. These scaler fields can be understood as the Gold-
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stone bosons (pion) from the symmetry breaking

In effective action, Goldstone bosons only have derivative couplings. Pion the-
orem states that the scattering amplitude with pions vanishes, if the pion’s mo-
mentum is zero. By the KLT relation, the vanishing of N = 8 supergravity am-

plitude in the soft pion limit.
Recall that the KLT formula gives

(graviton-scalar amplitude ) = Z(kinematic factors)

(Yang-Mills amplitude) x (Yang-Mills amplitude) (5.21)

where a pair of scalars may be labeled as n*~, which are simply scalars with

helicity +— and —+ respectively.

It is interesting to see how, as the momentum of one of the scalars is becom-
ing soft, the gluon amplitudes are blowing up but the particular combination
of their products in KLT vanishes in this IR limit. For the soft momentum ~ €,
usually both the left and right Yang-Mills amplitudes diverges as €2 and the
kinematic factors may vanish as €2. So naively, it seems that an individual term
in KLT diverges. It is interesting to see how such leading and as well as next to
leading divergent terms in the product of the gluon amplitudes cancel out. This

way, we shall find new constraints of the Yang-Mills amplitudes.

Assume that the particle 1 is soft, so we can find a reference frame such that,

in spinor helicity formalism,

l=el, 1l=el (5.22)
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where € is the small parameter. Note that all the other momenta has e depen-

dence because of the momentum conservation,

2=2+4€2+€2+.., 2=2+€2+e2,+ ..,
3=3+6’3+6e*3+.., 3=3+63H+e*3+..,

(5.23)

Here we use the bold font to emphasize the momenta dependent on € while the
regular font for each order in the € expansion. The momentum-conservation

constraints are,
M
Ylii=0 (5.24)
i=2

M
A+ Z(izi~ +1ip) = 0, (5.25)
i=2

Since all the momenta p; and the polarization vectors ¢ (i = 1,...M) contain only

the even order of ¢, the odd orders of € in the amplitude are absent.

We consider the particle 1 to be the the pion (+-), in N = 8 supergravity , i.e.
+1 helicity from left-moving sector and -1 helicity from right-moving section.
(Because of the E7(7) global symmetry, it is without generality to consider one of

the pion (+-).) In the soft pion limit,
IEi_rg A(123.M) =0. (5.26)
Take 5-point amplitude as an example, expand the supergravity amplitude
A(12345 in the KLT form, we have
A(12345 = 51,534A (172345AR(217435) + $1354A5(173245AR(317425).  (5.27)
where A" and AR are left and right super Yang-Mills amplitudes. It is clear that

S19Sa ~ €2, A-(172345 ~ €2, AR(217435 ~ €72, (5.28)
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so each term diverges as e 2. However, from (5.26), A(12345 should vanish so it

seems to be a contradiction. We need to look at (5.27) in detail.

5.4.1 Leading order

First, we show that the divergence terms in (5.27) cancel out. The super Yang-

Mills amplitudes in the soft-pion limit read,

A"(1°2345 = 6—12 <5§’32>(AL(2345)+ €?B-(172345))+ ...
AR(21°435 = E—];[4%[4;12](AR(2435)+ €’BR(21°435))+ ... (5.29)

where both A“(2345)and B-(1*2345)are indepedent of . Here we just need the

leading order.

In the soft gluon limit, the divergent terms of (5.27) are reduced to,

(52) [24]
(5A)(12) [44][12]

(53 [34]
(54)(13) [41][ 3]
(52) [24]

_ L R
= B oy A (234NT2435)+

S12S34 A-(2345AR(2435)

A-(3245)A%(3425)

(53 [34]
(52 [41]

+S513S4
S4A-(3245)A7(3425)=0

(5.30)

It is easy to show that this requirement holds because of the 4-point KLT and
BC]J relations:

SaaA-(2345)AR(2435)= —A(2345)  s,A"(3245)A%(3425)= —A(3245)  (5.31)

Because there is no order in the gravity amplitude, the divergent term is,

_ ((52) [24] N (53) [34]

(51)[44] ~ (51)[44] )A(2345): 0 (5.32)
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where we used momentum conservation (52)[24] + (53)[34] = 0.

It is also straightforward to show that the 5-point KLT and BCJ relations
ensure that in the soft pion limit, the 6-point sugergravity amplitude is not di-

vergent.

5.4.2 The next to leading order

The above result still have a non-vanishing finite term. The condition for the
vanishing €° order in the graviton amplitude gives the constraint for the next-

to-leading terms B" and BF,

(52)[24] . .
A(2345). K Eo@l [— 334(BL(1 2345AR(2435)+ A-(23458R(21 435))
+sz4(BL(1+3245)AR(3425)+ AL(3245)3R(31‘425))] (5.33)

where K is a kinematic factor indepedent of ¢,

(1o 2R 0% oo
GO S S

(5.34)

where 6(34) = (3;4) + (34;) and so on. Furthermore, we may use 4-point BCJ

relation to simplify this above condition,

(52)[24] 24 as .
A2345) K = i s [(QB'—(l 3245)- BY(1 2345))AR(2435)
; AL(2345(BR(31—425)— BR(21‘435))] (5.35)

e Example 1. (1*727*3"*4**577). In this case, A(2345 = 0O because of the
global symmetry violation. On the other hand, A?(2435) = 0 and explicit

computation showes that
BY(3'174'2'57) =0, BF(2'1°4'3'5)=0
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Therefore (5.35) trivially holds.

e Example 2. (17727"3"*47757"). The explcit computation gives,

B-(1v372"475") = AL(3+2+4‘5‘)[35<45> S 6<53>]

45 @32 (24 (53
o(45 632 (34 (52
45 B2 (@4 (52

BL(172'374°5) = AL(2+3+4—5—)[3 ] (5.36)

and also BR(2*17473'5") = BR(3*17472*5"). So most terms in (5.35) van-
ished, and by using 4-point BCJ, (5.35) reads,

_ (52[24][624) (53 534 (52
T GoEles T B3 T (ks B2

(5.37)

which holds because of the kinematic identities like §Sz4/S34 = 6(34)/(34) +

0[34]/[34] and the momentum conservation.

Note that the example 2 is actually trivial since the supergravity amplitude
(1*~2*3"*47757") is zero to all the orders of ¢, because of the R-symmetry viola-
tion. The similar but non-trivial example would be (1*"27*37747"5""6"*), which

involves more calculation.
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CHAPTER 6
SUMMARY

6.1 Discussion and Remarks

In this dissertation, we discussed the new development of scattering amplitude
in gauge and gravities theories. We have shown that the study of LHC physics
requires the improvement of scattering amplitude computation, while the tra-
ditional Feynman diagram approach becomes inefficient for scattering process
with many particles. The string theory scattering amplitude calculation is re-
viewed, and we illustrated how to apply them for Yang-Mills and Einstein grav-
ity amplitude. To make the most of string theory techniques, we also introduced
other new techniques like spinor helicity formalism, BCFW recursive relations

and coherent superspace.

With these new methods, we studied two classes of recursive relations,

e BCJ identities, which is a linear relation of Yang-Mills amplitudes.

e Quadratic identities.

In our work[37], BC] identity is studied by heterotic string theory. The het-
erotic string contains the gauge sector, as (color) ® (vector). Both sectors satisfy
the same identity by the string monodromy relation. So the equivalence of the

kinematic and color identities in BCJ conjecture is proven.

The heterotic string also contains the graviton sector, as (vector)®(vector). So

we can calculate the graviton scattering amplitudes in the heterotic string theory
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and then take the limit o’ — 0 to get the graviton scattering amplitude in Ein-
stein gravity. The graviton sector has both left and right-moving non-compact
momenta, and the closed string amplitude can be separated into the product
of left and right-moving open string amplitude, both of which are calculated in
the Yang-Mill amplitude. As explained already, the M-graviton tree scattering
amplitude is

fjn;

AM-graViton = P.
f J

6.1)

where nj(ki, i) contains the polarizations ¢ while fi; contains the polarization
&'. Otherwise, they have identical functional forms, i.e., fi;(ki, &) = nj(k, &). The

graviton polarization g,, is the symmetrized traceless product in &,¢,.

We can easily incorporate the scattering of fermions since spinors are present
in the right-moving superstring part of the heterotic string. This has been dis-
cussed in Ref.[28][16]. Keeping only the leading order in o/, we have where the
n; and separately the n? obey the same set of identities as the color factors. Here
n'j- can include both colors and/or vectors while n'f can include both vectors
and fermions. These include scattering amplitudes involving gravitons, gluons,
gravitinos and gluinos. The resulting identities should be very helpful in the

evaluation of scattering amplitudes.

We can consider special polarizations to simplify the computation, for exam-
ple, by using the spinor helicity formalism [7][22] [40] [32][56] [36]. where @ is
the reference momentum. In this convention, by careful choices of the g;, many
terms in the Yang-Mills amplitude vanish. For example, within the four-point
partial amplitude A(17,27,3%,4%), n; = 0. In this case, the kinematic identity

Ns + Ny + N, = Oimplies ng = —n, and we just need to consider one channel.

Spinor helicity formalism is used for the graviton polarization [52],
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For example, since the Yang-Mills amplitude with only one gluon with
opposite helicity vanishes: AM(17,2%,3%,..,M*) = 0, the corresponding

AV (177,24, 3, ..., M**) also vanishes.

The heterotic string involves modes in higher representations of the Lie

group. Keeping them will introduce generalized “structure constants” {3, fa8¢

and fABC

, where capital letters A, B, C signify modes in higher representations
(than the adjoint representation). Then the string amplitude identities (similar

to (4.48)) will yield the corresponding generalized Jacobi identities among them.

As shown in Ref.[57], the kinematic identities can be extended to in-
clude the scattering of massive particles. Since the open string amplitudes
are multivariable-integrals involving the Koba-Nielsen variables, such Koba-
Nielsen integrals can be generalized to include massive particles with higher
spins and to obtain the kinematic identities in the scattering of massive parti-

cles.

One can also start with D = 10 dimensions and compactify (toroidally) 6 of
them. The resulting theory in the zero slope limit is a low energy effective N = 4
supergravity theory. This allows us to study scattering amplitudes in N' = 4
supersymmetric Yang-Mills theory as well as in N = 4 supergravity theory. The
identities in the tree amplitudes will be carried over to the loop diagrams using
the unitarity method. This should provide a better understanding of the loop

amplitudes in the N = 4 theory.

In this dissertation, we have restricted our discussions to the scattering of
massless particles only. However, the analysis of Ref.[57, 33] strongly suggests

that the kinematic identities can be generalized to massive particles as well.
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We also used KLT relation to study the quadratic identities for Yang-Mills
theory. The quadratic identities can be easily associated with the global sym-
metry in gravity theory. Furthermore, the symmetry in supergravity provides
generalized quadratic identities for super-Yang-Mills amplitudes. It is possible
to explore further properties of Yang-Mills theory amplitude by the global sym-
metry of gravity. In particular, the pion theorem in d = 4,N = 8 supergravity

may put important constraint for d = 4, N = 4 super-Yang-Mills amplitudes.

There are many interesting future directions:

e N = 8supergravity amplitudes. Is there a neat formalism for N = 8 super-

gravity like N = 4 Grassmannian formalism?

e Massive recursive identities. We would like to find a systematic set of

recursive relations for amplitudes with massive fermion.

e Loop-level recursive identities. Although there are examples the BCJ iden-

tities hold in loop level, the systematic proof is not available right now.

The answer to these topics would lead a revolution in the understanding of

Yang-Mills and gravity theories.
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APPENDIX A
REVIEW OF YANG-MILLS THEORY AND EINSTEIN GRAVITY THEORY

In this chapter, we briefly review the Yang-Mills theory, Einstein gravity and

their possible extends. We will use the natural units,

h=1 c¢=1 k=1 (A1)
Throughout this paper, we would use (+, —, . .., —) metric signature for field the-
ory calculation, while (-, +, ..., +) signature for string and gauge theories.

A1 Yang-Mills theory

Yang-Mills theory was invented to describe the gauge interactions.

A.1.1 Abelian gauge theory

In 1940s, quantum electrodynamics (QED), the quantum theory of the electro-
magnetic field and the electron was discovered by H. Bethe, S. Tomonaga, J.
Schwinger, R. Feynman, F. Dyson and etc. QED precisely predicted the Lamb
shift in hydrogen atoms and the anomalous magnetic dipole of electrons. The

action of QED is,
Loep = fd“x( - %FWF‘” + 1/7(i<? -m- eA)l//) (A.2)

where F,, = 9,A, — 0,A, is the electromagnetic field strength and y is the Dirac

field for electrons. QED has the U(1) gauge symmetry,

Avto A= 205,80, () o ey (x) (A3)
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for a local function a(X). €'“®§,6*™ is called the Maurer-Cartan form of U(L).
We keep this form in the transformation of A, to emphasize that it is the group
element €°™, not a(X) itself, that should satisfy certain boundary conditions if

we study topological defects.

The interaction term in QED action is —eyAy, where e is the charge of the
fermion. The leading order QED interaction is proportional to the fine structure
constant «,

a=—. (A.4)

In the energy scale of the electron mass ~ 511keV, a(me) ~ 1/137, while in the
energy scale of the Zboson mass ~ 90GeV, a(mg) ~ 1/128 These values are small
enough to allow the perturbative calculation, which can be effectively organized
as the QED Feynman diagrams series. The QED Feynman rules are shown in

Fig.A.1, where we used the Lorentz-like gauge condition d,A*(X) = w(X) and the

= g (G — (1% = ~ iey"

Figure A.1: QED Feynman rules. (a) photon propagator (b) fermion prop-
agator (c) Electromagnetic vertex.

parameter ¢ is the weight for w. The choice ¢ = 1is the Feynman gauge, while
& = 0is the Landau gauge. The equivalence of all the choices of ¢ is proven by the

following Ward-Takahashi identity.

The U(1) gauge symmetry manifests itself in QED amplitude as the Ward-
Takahashi identity. In general, for the off-shell Green function G with mphotons,

n incoming electrons and n outgoing electrons, if the one photon’s polarization
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is taken to be longitudinal, i.e., &, = k;, this Green function is related to green

functions with one-fewer photons,

G(ky, €1 = ky; ...; Km; €m, P1; .. Pn, Ga, ---Cn)

=€) G(ke, & ..; K, €m; P - P, A, (G = K), ..01)
i=1

—eZ G(ko, € -..; Ky €mi P oo (D1 + K1), vy Prs G ---Cfn) (A.5)
i=1

In particular, the corresponding scattering amplitude is the residue of the pole
1/(ITi(p, — M) [Ti(@ — m)). However, because the right-hand-side of (A.5) has no

such pole, the corresponding scattering amplitude is zero.

A(k]_, € = k]_, ey k;n, €m,> P15 -+« Pn> 1, qn) =0. (A6)

This identity would play an important role for the study of gauge theory ampli-

tudes.

QED also satisfies the discrete symmetries, C, P and T. The charge conju-
gation symmetry C implies an important relation, the Furry theorem: since the

photon has negative C parity,

CyC=-i(y)"y". CA.XC=-A¥ (A7)

the scattering amplitudes with an odd number of photons and without electron

vanishes to all orders,

Ak, €1; ...; kmi €r) = 0, mis odd. (A.8)

Perturbatively, the beta function for ein QED is positive,

de e

So the value of eincreases as the energy scale increases.
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A.1.2 Non-Abelian gauge theory

After the success of QED, great effort was spent on the gauge theory description
of the hadron interactions. M. Gell-Mann and K. Nishijima proposed the quark
model for hadrons. In this model, the meson is made of quark and anti-quark
pairs while the baryon is made of three quarks. It leads to the discovery of
colors. For example, the A*™* baryon consists three u quarks and their spacetime
and spin wavefunctions are totally symmetric. It seems that the Pauli exclusive
princlple for fermions is violated. To resolve this puzzle, we need to add the
three color degrees of freedom to quarks and assume the three quarks are in

color totally antisymmetric state.

The three color degrees of freedom have a SU(3) symmetry, which can be
gauged as a local symmetry in Yang-Mills theory, i.e. non-Abelian gauge theory.
The gauge vector boson is gluon. Different from photons, gluons are not neutral
under the gauge symmetry. The action for Yang-Mills theory with the gauge
group Gis,

Ly = —%tr(FWF‘”) + y(id — m+ gh)y (A.10)
where the Lie-algebra valued one-form A, = ATT?, are the gluon fields. T%s are
the generators of G. The trace, tr, actually means the Killing-form for G and the

normalization is,

tr(TeTP) = %5% (A.11)

The field strength F,, is related with the field potential A, as,

Fyv = ayAv - aVAﬂ - Ig[A;“ Av]’ (A12)

or equivalently,

F2, = 0,A2 - ,A; + gF P ADAS, (A.13)
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where [T?, TP] =i f&T¢and ¥ is the structure constant for G. i are the spinors
in a specific representation of G. For example, in the SM, quarks are in the
fundamental representation of G = SU(3). g is the coupling constant of Yang-
Mills theory. In general, if G is not a simple Lie group, i.e., G’s Lie algebra g can
be decomposed as,

=019 ... 0 an, (A.14)

then we can decompose (A.10) into n Yang-Mills terms, and we can give differ-

ent coupling constants g;’s for each sub Lie algebra.
The gauge transformation of (A.10) is,
A(X) = UAXU(x) + igU(X)_lauU(X), y(¥) = U 9(X), (A.15)
where U(X) € G. Again U(X)9,U(X) is the Maurer-Cartan form of G.
The interaction terms in (A.10) are,
—gf a9, AAPAT + P FRCFACADAC NI AT 1 igu ARty (A.16)

where t? = (t%);; which is the representation matrix of T2 So unlike photons
in QED, gluons in Yang-Mills theory are self-interacting. The corresponding

Feynman rules for gluons are shown in Fig. (A.2).

Note that each vertex contains a color factor and a kinematic factor. Because
gluons are bosonic, the vertices are totally symmetric in the legs. In particular,
for three-gluon vertices, both the color and kinematic factor are antisymmetric

so the product is symmetric.

The fermion propagator and vertex in shown in Fig.(A.3). Furthermore, in

QED, the Faddeev-Popov ghost is decoupled from the theory, so there is no
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— _i92[ fabCdee(n/tpan _ n/w'nvp) + facef bde(n/tpnp(r _ T];l(rnvp)
+ fadef bce(nyvnpo- _ nypnvo-)]
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Figure A.2: Feynman rules for gluons. (a) gluon propagator (b) three-
point gluon vertex (c) four-point gluon vertex.

j

i P au
— i(p_+m)6!j . L(tay. .
PP—mP+ie _ = gy (t%);;

Figure A.3: Feynman rules for fermions in Yang-Mills theory. (a) fermion
propagator (b) QCD vertex.

ghost Feynman rule in QED. However, in Yang-Mills theory, the Faddeev-Popov

ghost is in the adjoint representation of G,

Lgrost = 0,870 — g 20+ (AN, (A.17)

where the ghost ¢? is a spin-zero but fermonic field. Ghosts cancel the unphysical
degrees of freedom of gluons. The Feynman rules for ghosts are shown in Fig.
(A.4). Since ghosts do not appear in the incoming or outgoing physical states,

ghost propagators will form loops in any Yang-Mills Feynman diagram. Hence

in tree level Yang-Mills amplitudes, we do not include the ghosts.
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Figure A.4: Feynman rules for ghosts in Yang-Mills theory. (a) ghost prop-
agator (b) ghost vertex.

Yang-Mills theory with G = SU(3) and quarks in the fundamental represen-
tation is used to describe QCD. However in the energy scale of hadrons” mass
(~ 100MeV), the SU(3) coupling constant as = g%/(4r) is not a small parameter.
So the Feynman diagram expansion does not work for the low energy QCD, for
instance, the nuclear physics. In this energy scale, the degrees of freedom of
QCD are not gluon or quarks, but the color-neutral particles like the pions and
baryons. We can define the Yang-Mills theory on a lattice and calculate the QCD

processes in lattice by numerical methods.

On the other hand, Yang-Mills theory with certain number of matter fields
is asymptotically free, i.e., the coupling constant decreases as the energy scale

increases. Perturbatively, to the one-loop order,

d g 4
HGE = Tl 3 C20) - 3nCO) (A18)

where C,(G) is the quadratic Casimir operator for the adjoint representation, and
C(r) is the representation constant for the matter field. n¢ is the number of matter
tields. For example, if G = SU(3) with n; fundamental quarks, C,(G) = 3, C(r) =
1/2, so as long as n; < 17, the beta function is negative in the leading order and
the theory is asymptotically free. Experimentally, we know that at the Z mass
(~ 90GeV),

as(mz) = 0.1 (A.19)
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So in that energy scale or above, the Feynman diagram expansion is available.

Like the QED, the local non-Abelian gauge symmetry induces a set of iden-
tities, the Slavnov-Taylor identities. They are similar to QED’s Ward-Takahashi

identities but more complicated.

Again, if the fermions are Dirac spinors, the Yang-Mills theory has charge
conjugation symmetry. Note that the naive flip A7 — —A] is not a symmetry, be-
cause the Yang-Mills action contains cubic terms in A and also under the charge

conjugation of y (A.7), the representation becomes the conjugate representation,
Uity vy o —Uitiy ). (A.20)

So in the analog of the QED case, we may pick up the Cartan sub-Lie algebra
h of G so we have r U(1) gauge bosons A;, s = 1,..r and r = dimh. All the
other gluons are paired and charged by these U(1)'s. We denote them as B},

I =1,..(dimG —r)/2. Then the correct charge conjugation symmetry is
A -A B -BY, yo -y (A.21)

For example, consider G = SU(2) and the scattering amplitude with five incom-
ing gluons with the color indices, &y = 1, a, = a3 = 2and a4 = a5 = 3. Choose
o3 as the generator for SU(2)’s Cartan Lie-algebra. o is antisymmetric while o1

and o3 are symmetric, so the charge conjugation reads

Ao -AL Ne A A A (A.22)

Y

Hence the configuration is odd under the charge conjugation so the amplitude

vanishes to all orders,

A(kla €1, = 1! k2’ €, = 2, k3a €3,03 = 2! k4’ €4, = 3, k5’ €5, a5 = 3) =0 (A23)
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Yang-Mills gauge bosons can also coupled to chiral fermions. For example,
in the SM, the weak isospin gauge group SU(2). coupled to left-handed quarks
and leptons. In this case, both C and P parities are broken, but the CP parity is
conserved up to the generation mixing effect (CKM matrix). The chiral fermions
one-loop diagram will induce anomalies which may break the gauge symmetry.
However, in the SM, all the gauge anomalies cancel out, and the gauge theory

is consistent.

It is possible to add the Yang-Mills angle term in the Yang-Mills action,

0 =y
@FWF“ (A.24)
where F* = 1e71F , is the dual of Yang-Mills field strength. This comes from
the nontrivial vacua structure of Yang-Mills theory, i.e., 6-vacua. This term is
topological, i.e., a closed form but may not be exact globally. So it does not

change the Yang-Mills Feynman rules. The Yang-Mills angle explicitly breaks
CP parity.

A.2 Einstein gravity theory

Currently, gravity is described by Einstein’s general relativity. General relativity
is based on the equivalence principle: at any point in spacetime, we can locally
choose a reference frame in which the matter satisfies the physical laws in spe-
cial relativity. So we can first write down the special-relativistic equations of
motion in the local frame, and then transfer them back to the original frame.

The transition law of the two frames determines the metric in the original frame,
ds? = g, (X)dx“dx". (A.25)
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where dsis the proper time. The metric tensor g, contains all the information
of gravity. We may treat general relativity in the analogy of Riemann geometry

and regard (A.25) as the metric for spacetime manifold.

Free particles travel in the geodesic curves of spacetime,

d?x dx” dx*
Ho =
dr2 T dr dr

(A.26)

Note that the mass does not appear in this equation, since by the equivalence
principle, the inertial mass equals the gravity mass. Furthermore, gravity couples

to matters via the minimal coupling,

3, D,, 17" g”, f dx - f dx+/=g. (A.27)
So gravity couples to all the SM particles.

The action of Einstein gravity is,

| - f X =G L + f A% V=G Lt (A.28)

Len = —ﬁR is the Einstein-Hilbert action and G is the Newton gravitational
constant. The fundamental energy scale of gravity m,, the reduced Planck mass,

isrelated toGas, (h =c=1),

[1
My = \go~ 2.43x 10'%GeV (A.29)

The variance of this action gives the Einstein equation,
1
Ry — EgﬂvR = -81GT,, (A.30)

where R” and R are the Ricci tensor and scalar curvature, respectively. T,, is the

energy-momentum tensor defined as,

iy = 2L Ol
T (X)_Z\/—_gégw(x)'

(A.31)
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Note the energy-momentum tensor is symmetric by this definition.

As the electrodynamics, we want to find the plane-wave-like solution in the
vacuum. We defined the flat background as the Minkowski space eta,, and
perturb it,

Our = Mw + 2k, (A.32)

where k = V871G = m;'. We will see that the factor 2« provides the correct nor-
malization for the canonical kinetic term and « serves as the coupling constant
for Einstein gravity. Note that as the electrodynamics, h,, also has the gauge

symmetry: as we apply a infinitesimal transformation, X - X + €“(X),

hy = h,, — 0,6, — 0,€,. (A.33)

So we can choose the de Donder gauge d,h", = 4,(I¥,), and the equation of mo-
tion is
&h,, =0 (A.34)

As the electrodynamics, the plane-wave solution is h,,(X) = €,,€“* + €, . The

gauge and on-shell condition read,
2 1
k=0 e,=¢, k€ = Ekve“,l. (A.35)

Furthermore, a gauge transformation will remove the trace mode in g,,, so the

gauge condition for g,, is simply,

ey=6, €,=0, ke,=Ke,=0, e,~e,+ke+Kke, (A.36)

where k- € = 0. Therefore, the number of physical modes in h,, is d(d2+ Y_d-

1-(d-1) = d(d - 3)/2. By a Lorentz transformation on h,,, it is clear that the
helicity of the gravitational wave is +2. The unphysical helicity-zero mode is
removed by the traceless condition, and the helicity-one modes are removed by

the gauge transformation e,, ~ €,, + k6, + K€,
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Since Einstein, people spent great effort on the quantization of the gravity.
We may expand the Einstein-Hilbert action, and treat h,, as the particle graviton.

It is tedious but straightforward to expand the action in h,,. [24][25][26][38]
g = — 2h" + 4P — 83 h L (A.37)

and,

2 3
VC@:1+Kh+%ﬂﬁ—zwwhg+l%m3—amwmv+aﬁmmb+”. (A.38)

Hence the action would be,

1
LEH = ﬁ\/—gR (A39)
! h19,h ! ho,h 1h“ ha,h 1ha hoPh — heo,h’ oo
= E o (9# M—Ea“ Bﬂ + 2« Eﬂﬁ” aaﬂ —E ﬁaa ” e ﬂaﬂ a@” ¥
1 « v « v 1
+fwmmm+m@%wm—§mw@@+”w (A.40)

From the quadratic terms, we can read the graviton propagator, However, the

p
VAV A

2
= p2+ie(77/11u277v1v2 = Mavallvape — D_zanlnquz)

Figure A.5: propagator for gravitons in de Donder gauge.

three-graviton vertex is very complicated. Furthermore, unlike the Yang-Mills
theory, the action expansion in h,, does not truncate at finite order. Therefore,

the quantized Einstein gravity contains infinite types of vertices.

Note that the three-graviton vertex is proportional to «, which has the dimen-
sion 1 —d/2. So for d > 2, this interaction term is non-renormalizable. Similarly,

all the other vertices in Einstein gravity are non-renormalizable. So to cancel
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the loop divergences in scattering amplitude, we have to introduce an infinite
number of counter terms and also renormalization conditions. So even to the
one-loop order, it is impossible to determine all the counter terms at once. In

this sense, the quantum Einstein gravity is not well-defined.

However, we may treat the quantum Einstein gravity as an effective theory,
i.e. quantum Einstein gravity is well-defined in the energy scale far below the
Planck mass. Since the high-order vertices are suppressed by powers of (E/m),
for the cases if E << m,, we may neglect their contribution. Then in practice, we
can use quantum Einstein gravity to calculate low-energy scattering processes.
For example, it is possible, to get the one-loop order correction for the classical
Newton gravity equation. But the effective theory will break down near the

Planck scale, and the new quantum gravity theory is needed.

Even the quantum Einstein gravity can be treated as an effective theory, the
scattering amplitude calculation is still extremely complicated. For example,
although the tree-level amplitude in quantum gravity is well defined, there are
too many Feynman diagramsn and each diagram contains complicated vertices.
However, there is a surprising relation between the gravity tree amplitude and

the Yang-Mills gluon amplitude, KLT relation. [39].

(graviton tree amplitude) = Z (kinematic factors)x (A.41)

(gluon tree amplitude) x (gluon tree amplitude) (A.42)

So the quantum gravity amplitude calculation is greatly simplified and readily
calculable. This relation is inspired from the open/closed string theories and

difficult to find from the field theory viewpoint.

The KLT relation may imply a fundamental relation between the gravity and
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the gauge theories: “gravity is gauge theory squared”. However, until now
(2011), the loop-level extension of the KLT relation was not found yet. However,
the KLT relation inspires the discover of AdS/CFT duality, which is the duality

between the gauge theory and the gravity theory in different dimensions.

A.3 Supersymmetric extension of the Yang-Mill and gravity

theories

We know that symmetries, global or local, play the central role in Yang-Mill and
gravity theories. It is a natural question to ask: is there a symmetry beyond
the known Lorentz, CPT, conformal, chiral and gauge symmetries? The famous
Coleman-Mandula theorem claimed that there is no mixing between an inter-
nal symmetries T’s and Poincare symmetries P’s, for a theory with mass gap.
Schematically,

[T,T]~T, [RPI~P, [T,P]=0 (A.43)

So the T’s are decoupled from the Poincare symmetry and just the usual global
or local bosonic symmetries. However, this theorem does not constrain the

fermionic symmetries. It is possible construct fermionic generators Q’s such that,

{Q.Q~P (A.44)

In particular, in d = 4, we can construct a Weyl spinor operators Q such that,
(Qu. Qb = 2P,0", [P, Q] =0 (A.45)

where Q; = (Q,)" and P, is the momentum operator. Q is called the supercharge.

Since in 4D the Weyl spinor is the minimal spinor representation, (A.45) is the
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minimal possible representation in 4D. Equivalently, we can represent the su-

percharges as Majorana spinor in 4D.

(QQ =2Py", [P.,Ql=0 (A.46)

where Q is a Dirac spinor satisfying the Majorana condition, Q = —iy?Q*. That

is the same supersymmetric algebra.

The supercharge would change the helicity of a particle by +3, so it is a sym-
metry between a boson and a fermion. This pair of particles is called the super-
symmetry multiplet. Because the supercharge commutes with momentum and
gauge transformation,

[PQ=0, [T%Q]=0, (A.47)

particles in the same multiplet have the same mass and in the same gauge rep-
resentation. So it is clear that the standard model itself does not have supersym-
metry, i.e. the partners of SM particles are outside the SM. And supersymmetry,
if exists, must be broken at some energy scalar higher than T€eV so the partner

particles are heavy enough to avoid current experimental detection.

Exact supersymmetry forces the scalar one-loop quadratic divergence to
vanish. So the SM hierarchy problem can be solved by supersymmetry. In real
life, supersymmetry must be broken. However, in this manner, the hierarchy
problem between the Planck scale and the electroweak scale is greatly reduced
to the small hierarchy between the supersymmetry breaking scale and the EW

scale.
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A.3.1 d=4N = 1super-Yang Mills theory

The N = 1 supersymmetric gauge theory action can be constructed from the
original Yang-Mills action. The chiral quarks are extended to the chiral supermul-
tiplets, Yo — (Yo, ¢). We may call ¢ squark. y is a Weyl spinor and ¢ is a complex
scalar. And the gluons are extended to vector supermultiplets, A — (A5, A%). A% is

the gaugino, which is a Weyl spinor in the adjoint representation.

It seems that the action, including (., ¢) and (A7, 4°) would be very compli-
cated. However, the supersymmetry put strong constraints on the action. To
manifest the supersymmetry, we can introduce the superspace and superfields.
Let the Grassmann 6, and 5(-, = (6,)" be the coordinates for the superspace. The
supercharge can be realized as,

0o . = 0 ~ J . 0

Q. = (% - mf;ﬂfﬁ), Q. = (— - IH”O'Z(IW) (A.48)

. A superfield F(x,6,6) is a field in both spacetime and superspace. The ex-

pansion in the Grassmann variables 6, § would give the component fields in one

supermultiplet. The supersymmetry transformation is explicitly on a superfield
is,

SF(x.0,6) = (£Q + £EQ)F(x. 6. 6). (A.49)

Again, the expansion in 6, 6 gives the supersymmetric transformation of each

component.
The chiral supermultiplet (¥,, ¢), is embedded in the chiral supermultiplet,

D(x, 6,6) = $(X) + i60+60,H(X) + %eze_ZF(x) + V20u(X) - Lv_zezaywaﬂé + 6PF(X)

(A.50)
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where F(X) is the auxiliary field to compensate the off-shell degrees of freedom.

The superfield @ satisfies the chiral condition,

D, ®(x, 6, 5) = O. (A51)
where the differential operator D, = - — o, D, commutes with Q

and Q, so this constraint is supersymmetric. The product of chiral fields and
furthermore the analytic function of @’s are still chiral superfield. However ¢

is not a superfield.

The kinetic term for the chiral superfield is
f d*x doPde20! @, = f d*x (iwj O + B0 + F;‘Fi) (A.52)
Here i is the index for the copies of chiral supermultiplets. Note that the Grass-
mann integral only picks up the 6?6? term. This term, under the (A.49), is
changed by a total derivative term. Hence the action is supersymmetric. In

general, if we allow the non-renormalizable terms, the kinetic term can be cho-

sen as,
f d*x dePde*K (@7, @) (A.53)

where K is a real function which is called Kihler potential. The interaction is

generated by the superpotential,
f d*x de?W(®) + h.c. = Wi(¢)F; — %V\/i (@) +he. (A.54)

where W(®) is an analytic function. Since the product of chiral superfields are
still chiral superfields, W(®) is a chiral superfield. Again, under the (A.49), W(®)

is changed by a total derivative term so this term is supersymmetric.

Integrate out the auxiliary field F;, i.e., F; = W, finally we get the action for

the chiral supermultiplets,

e 1
L =iy "o + 090,41 — E(ij(fﬁ)lﬁjlﬁk +h.c.) — Wi(p)W(¢) (A.55)
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where the potential Wi(¢)W:(¢) = FiF; is called the F-term.

The vector superfield is a superfield V which satisfies the condition V = V'.

In Wess Zumino gauge, the vector superfield is,

pa . 22ata gz Loz
VA= 007 AL + 107671 — 1606°4° + S6°0°D", (A.56)

where a is the Lie-algebra index. Again, D? is the auxiliary field. The field

strength, which is a chiral superfield, is,

TaWR = _%ﬁ, D (e TV'D,e" v, (A.57)
where,
WS = —i25(Y) + 0,D*(Y) — (#6)oF3,(y) — 6°0*D,A™(y). (A.58)

So the gauge field action is,
L f d*xd® oW W2 + h.c (A.59)
i °+hc, .
and the kinetic term for the chiral matter is promoted to,
f d*o ofe”™V 0. (A.60)

and the superpotential is constrained to be gauge invariant. Again, integrate

out the auxiliary field D% we get the D-term potential,
1 wTa )2
S6'T) (A61)
The Feynman rules for super-Yang-Mills theory contains all the Yang-Mills
vertices and many new vertices. The new gluon interaction vertices are,

Furthermore, by the supersymmetric transformation, the gluon vertices gen-

erate other gauge vertices. Note that when the auxiliary field D? is integrated
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Figure A.6: Super-Yang-Mills gluon interaction. (a) two-scaler-one-gluon
vertex (b) two-scalar-two-gluon vertex (c) two-gaugino-one-
gluon vetex.

Figure A.7: Other gauge vertices in Super-Yang-Mills theory (a) gaugino-
scalar-fermion vertex (b) D-term vertex

out, the D-term vertex becomes the D-term potential interaction. And the su-
perpotential W(®) for chiral supermultiplets would generate the squark and

squark-quark vertices.

The one-loop beta function for super-Yang-Mills” gauge coupling can be cal-
culated identically as the Yang-Mills case (A.18). The new ingredient is the

gaugino and squark gauge interaction, so the beta function is

dg
Moy = (4)4

2[3C2(G) 2n;C(r)] (A.62)

"Co(G) -~ SMC(r) - 2Co(G) ~ 2 C(r)]

~(4n)
where in the first line, the last two term comes from the gaugino and squark
loops, respectively. Again, n¢ is the number of quarks, as Dirac spinors. For

G = SU(N), this result is B4 = )2 (3N —ny).

(47r

However, unlike Yang-Mills theory, the beta function in super-Yang-Mills
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can be determined to all loops. The exact beta function, or NSVZ beta function

is,
dg ¢ 3CxG)- X 2C(r)(L-y)
Hau = "@n?~ 1-CO)@/82

(A.63)

This result can be proven by the holomorphic method, which treats the coupling
constant g as a superfield. The difference between (A.62) and (A.63) is from the

wavefunction renormalization. (A.62) is also called the holomorphic beta function.

A.3.2 d=4 N = 4super-Yang-Mills theory

It is possible to have several supercharges,

(Q.Q% = 25°°P,0,, (A.64)
Q. Q) = 2Z"%,, (A.65)
{Qs’ QﬁB} = ZZ*ABE(tﬂ’ (A66)

where Z*B is an antisymmetric matrix which is called the central charge. We can
diagonalize Z*® and just consider the eigenvalues Zj,...Z. In one supermulti-
plet, |Z] < M, Vi, otherwise there would be negative-mode states. If one |Z| = M,
we get a short supermultiplet, which is called the Bogomol ny-Prasad-Sommerfield

state, or simply the BPS state.

In d = 4, the maximum supersymmetry without gravitons is N = 4 super-
symmetry. N = 2 super-Yang-Mills theory has rich moduli structure and leads
to the famous Seiberg-Witten theory. N = 3 supersymmetry can be decomposed
to N = 1and N = 2 supersymmetry. In the subsection, we focus on the d = 4,

N = 1 super-Yang-Mills theory.
The vector supermultiplet in N = 4 super-Yang-Mills theory contains parti-
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cles with the following helicities,
14 14
13,005, -1") A67
(15,005, (A.67)
so there are four gauginos and six scalars. Because of the strong constraint of
the N = 4 supersymmetry, the gauge action is very simple. d = 4, N = 4 super-
Yang-Mills has the same number of supercharges as the d = 10, N = 1 super-

Yang-Mills theory. The latter’s action is

1 MN I M
—4—gztr(FMNF ) — 2—gztr(/1F DM/l) (A68)

where M = 0,...,9. By dimension reduction, 4 = 0,...,3, m=4,...,9, and the
six gluons in extra dimension Ay, becomes the scalars ¢n,. The ten-dimensional
Weyl-Majorana spinor becomes four four-dimensional Weyl spinors. So the ac-
tion is

[

1 — =
_4_92”(':;11/':“y + 2Dy¢mDﬂ¢m - [¢m, ¢n]2) - Z_gztr(/b’ﬂ D#/l + |/lrm[¢m’ /l]) (A~69)

The potential for scalars is minimal when,
[¢m. #n] = 0,Ym,n (A.70)

so the v.e.v of ¢, can be taken simultaneously diagonal and confined in Cartan
sub-Lie algebra. Hence the moduli space is 6 x rank(G)-dimensional. Outside

the moduli space, the gauge symmetry is spontaneously broken.

N = 4 super-Yang-Mills theory can be treated as N = 1 super-Yang-Mills
theory. Since there are 4 adjoint chiral fermions (gaugino) and 6 adjoint scalars,
the holomorphic beta function vanishes.

@(x(ll

2 1
g, = (3C0) - 30(Ad) x 4 - £C(Ad) x 6) 0. (A71)
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Note here we have real scalars instead of complex scalars. Furthermore, the
beta function not just vanishes perturbatively but also exactly, by the moduli

argument.
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