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ABSTRACT: In this paper, we investigate tree-level scattering amplitude relations in U(NV)
non-linear sigma model. We use Cayley parametrization. As was shown in the recent
works [23, 24], both on-shell amplitudes and off-shell currents with odd points have to
vanish under Cayley parametrization. We prove the off-shell U(1) identity and fundamental
BCJ relation for even-point currents. By taking the on-shell limits of the off-shell relations,
we show that the color-ordered tree amplitudes with even points satisfy U(1)-decoupling
identity and fundamental BCJ relation, which have the same formations within Yang-
Mills theory. We further state that all the on-shell general KK, BCJ relations as well
as the minimal-basis expansion are also satisfied by color-ordered tree amplitudes. As
a consequence of the relations among color-ordered amplitudes, the total 2m-point tree
amplitudes satisfy DDM form of color decomposition as well as KLT relation.
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1 Introduction

One of the most significant progresses of scattering amplitudes in recent years is the dis-
covery of new amplitude relations. The new relation (BCJ relation) was firstly proposed
in Yang-Mills theory by Bern, Carrasco and Johansson [1]. Using BCJ relation in addition
with KK relation which was earlier suggested by Kleiss and Kuijf [2], one can simplify the
calculations on color-ordered amplitudes at tree level. In particular, these relations provide
a reduction of the basis of n-point tree-level amplitudes to a minimal basis of (n — 3)! in-
dependent ones [2]. Tree-level amplitude relations in Yang-Mills theory have been studied
in both string theory and field theory. In string theory, both KK and BCJ relations can



be considered as so-called monodromy relations [3, 4]. In field theory, KK relation was
firstly proved via new color decompositions [5], while, both KK and BCJ relations have
been proved by BCFW recursion [6, 7|(the proof of KK relation and fundamental BCJ
relation can be found in [8],! the proof of general BCJ relation was given in [11]). The
minimal-basis expansion has been proved [11] via so-called general BCJ relation.

KK and BCJ relations in Yang-Mills theory can be regarded as results of color-
kinematic duality [1]. In [1], it was pointed that one could express the amplitudes by
Feynman-like diagrams with only cubic vertices and establish a duality between color fac-
tors and kinematic factors. Once the color factors satisfy some algebraic property (anti-
symmetry and Jacobi identity), so do the corresponding kinematic factors. In fact, KK
relation among color-ordered amplitudes can be considered as a result of antisymmetry of
kinematic factors, while, BCJ relation is a result of Jacobi identity. The kinematic fac-
tors in Yang-Mills theory can be constructed from pure spinor string theory [12]. They
can also be constructed by area-preserving diffeomorphism algebra [13, 14] or a more gen-
eral diffeomorphism algebra [15]. A further understanding of the kinematic algebra is the
construction of color-dual decomposition and trace-like objects [16-18].

It is interesting that KK and BCJ relations can be found not only in pure Yang-Mills
theory but also in other theories. For example, relations for amplitudes with gauge field
coupled with matter was investigated in [19]. In A/ = 4 super Yang-Mills theory, the
super-amplitudes are also proven to satisfy KK and BCJ relations [20]. In [21], the KK
and BCJ relations was proven to hold for color-scalar amplitudes. Though these amplitude
relations are found in different theories, they have similar forms with the relations in Yang-
Mills theory. This is because the color-kinematic duality implies that different theories
with color factors satisfying the same algebraic properties should have the similar form of
amplitude relations. When the algebraic properties are changed, the amplitude relations
should also be changed. This can be further supported by the amplitude relations in
three dimensional supper symmetric theory with 3-algebra [22]. In this case, the algebraic
properties of color factors are changed to the properties of 3-algebra, the form of amplitude
relations are also changed to agree with the algebraic structure.

Beyond the fundamental field theory, there are lots of interesting low energy effective
theories which are also widely used in the phenomenology of low energy physics. One of
them is the well-known SU(N) non-linear sigma model. This theory describes the low
energy dynamics of the Goldstone Bosons under the chiral symmetry breaking SU(N)y x
SU(N)g — SU(N). In this paper, we focus on the relations of tree-level amplitudes in
U(N) non-linear sigma model. For on-shell amplitudes, the result can apply to the SU(NNV)
model directly. In recent works [23, 24], U(1)-decoupling identity was discussed via the
decoupling of U(1) field from interaction, and color-order reversed relation was also pointed
in [24]. These results encourage us to study the full amplitude relations in non-linear sigma
model systematically. We expect that there should be KK and BCJ relations, which share
the same forms with the relations in Yang-Mills theory. This is because the color factors?

!Other approaches to fundamental BCJ relation can be found in [9, 10].

2Although, in non-linear sigma model, one may use flavor factor instead of color factor, as was done
in [24] for physical reason, we will use color through this paper for convenience. We hope this will not
make any confusion.



in these two cases satisfy the same algebraic properties. However, the kinematic factors
which share the same algebraic properties cannot easy to construct because of the infinity
of the number of vertices in non-linear sigma model. The general amplitude relations are
also not obvious along the decoupling argument in [23, 24]. In fact, the arguments on U(1)-
decoupling identity in [23, 24] are valid for only on-shell amplitudes. When we consider the
even-point off-shell currents constructed by Feynman rules, the U(1)-field under Cayley
parametrization [23, 24] do not decouple from interaction. This is quite different from in
case of Yang-Mills theory where both on-shell amplitudes and off-shell currents satisfy KK
relation (the KK relation in off-shell case in Yang-Mills theory was proven in the appendix
of [15]). Furthermore, the highly nontrivial relations-BCJ relations seem hard to obtained
from this argument. One may hope to prove the relations by using the nontrivial extension
of BCFW recursion in non-linear sigma model [23, 24] and follow the similar proof within
Yang-Mills case [8, 11], but it will be not easy to use the Even(odd)-shift form of the BCFW
recursion [23, 24] to prove even if the simple case-U(1) decoupling identity.

In this work, we will use Berends-Giele recursion® under Cayley parametrization to
study the relations. Since the odd-point amplitudes vanish [23, 24], we only need to study
the relations for even-point amplitudes. We conjecture and prove U(1) identity* and fun-
damental BCJ relation for even-point off-shell currents. We will find that, the left hand
side of the the U(1) identity and fundamental BCJ relation must equal to terms propor-
tional to (p?)°, where p; is the momentum of the off-shell leg. When we turn our attention
to on-shell amplitudes, we should multiply the current by p? and take the on-shell limit
p? — 0. Then we get the U(1)-decoupling identity and fundamental BCJ relations for
on-shell amplitudes. We will leave the proof of general off-shell relations in future work.

Though it will be hard to derive off-shell general BCJ relation from either Berends-Giele
recursion or BCFW recursion, [25] provides another method to prove the general KK and
BCJ relations. It was pointed out that all the on-shell general KK and general BCJ relations
can be generated by the fundamental BCJ relation as well as cyclic symmetry. In non-
linear sigma model, at on-shell case, both fundamental BCJ relation and cyclic symmetry
are satisfied, thus we also have general KK and general BCJ relations. Since the general
KK and BCJ relations are satisfied, consequent results such as minimal-basis expansion,
Del Duca-Dixon-Maltoni(DDM) color decomposition [5] and the (2n — 2)!-formula [28] of
Kawai-Lewellen-Tye(KLT) relation [29] for 2n-point amplitudes can be derived.

The structure of this paper is following. In section 2, we provide a short review of
Feynman rules and Berends-Giele recursion in non-linear sigma model. In section 3, we
will prove the off-shell U(1) identity. We first give some examples then the general proof.
In section 4, we will prove the off-shell BCJ relation. We also give examples before general
proof. After taking the on-shell limits of the off-shell KK and BCJ relations, we can
obtain the U(1)-decoupling identity and fundamental BCJ relation for on-shell amplitudes
immediately. In section 5, we use the conclusions of the work [25] to state that all the

3Berends-Giele recursion was firstly given in Yang-Mills theory in [26]. The Berends-Giele recursion in
non-linear sigma model was proposed in the recent work [23, 24].

“In off-shell case, we use ‘U(1) identity’ instead of ‘U(1)-decoupling identity’ because in the off-shell case,
the U(1) gauge field in general cannot decouple. Only in the on-shell case, the U(1) gauge field decouples.



on-shell general KK and BCJ relations can be generated by the on-shell fundamental BCJ
relation as well as cyclic symmetry. Thus the on-shell general KK and general BCJ relations
are naturally satisfied. We also point out that the minimal-basis expansion of color-ordered
amplitudes, DDM color decomposition and the (2m — 2)! formula of KLT relation for 2m-
point total amplitudes are also satisfied. In section 6, we summarize this work. Useful
diagrams and convention of notations are included in appendix.

2 Preparation: Feynman rules and Berends-Giele recursion

In this section, we review the Feynman rules and Berends-Giele recursion in non-linear
sigma model which are useful through this paper. Most of the notations follow the recent
works [23, 24].

2.1 Feynman rules

Lagrangian. The Lagrangian of U(/V) non-linear sigma model is given as

F2
L= Tr(9, U0 UT), (2.1)

where F' is a constant. As in [23, 24], we use Cayley parametrization. Under Cayley
parametrization U is defined as

U—1+2§:1<2;¢>n. (2.2)

Here ¢ = v/2¢%® and t* are generators of U(N) Lie algebra.

Trace form of color decomposition. The total tree amplitudes can be given in terms
of color-ordered amplitudes by trace form of color decomposition

M1, ety = Y TH(TUT L T A(L0). (2.3)

c€Sh—1

Since the traces have cyclic symmetry, the color-ordered amplitudes also satisfy cyclic
symmetry

A(L,2,...,n)=A(n,1,...,n—1). (2.4)

Feynman rules for color-ordered amplitudes. Vertices in color-ordered Feynman
rules under Cayley parametrization (2.2) are

2 2
1 n n 1 n n
Vont1 =0, Vopqo = (21,2) (Z;Pzwrl) = <—2FQ> (Z;pziH) ) (2.5)

where momentum conservation has been considered.



2.2 Berends-Giele recursion

In the Feynman rule given by the previous subsection, one can construct tree-level currents®
with one off-shell line through Berends-Giele recursion

J(2,....n) (2.6)
. n m—2
1 . . .
= > o > _ Vin(P1 = —Pzin, Pio+ 11+ Pjstrn) X [ TGk 415+ i),
M m=41=jo<j1<- - <Jm—_1=n k=0

where p; = =P, = —(p2 +p3 + -+ + pn). The starting point of this recursion is J(2) =
J3)=---=J(n) =1

There is at least one odd-point vertex for current with odd-point lines(including the
off-shell line) and the odd-point vertices are zero. As a result, we have

J(2,....2m+1) =0, (2.7)

for (2m + 1)-point amplitudes. The currents with even-points in general are nonzero and
are built up by only odd numbers of even-point sub-currents. Since odd-point currents have
to vanish, in all following sections of this paper, we just need to discuss on the relations
among even-point currents.

3 Off-shell and on-shell U(1) identity from Berends-Giele recursion

In this section, we prove the U(1) identity satisfied by even-point currents. The identity is
given as

1
S Meh=sm Y JUBHIBD. G
c€OP{ar} U{B1,--,B82m}) divisions{B}—{B1},{B2}

where, on the left hand side, we sum over all the possible permutations with keeping the
relative orders in {$} set and there is only one element «; in {a} set. On the right hand
side, we divide the ordered set {/31,. .., B2m} into two nonempty subsets. In each subset,
there are odd number of §’s. For example, if there are six (’s, there are three possible
divisions {B1} = {61}, {B2} = {B2,..-,B6}; {B1} = {51,582, B3}, {Ba} = {84, 85, 86} and
{Bi} ={B1,.... 85}, {B2} = {B6}-

When we want to get the on-shell relations between amplitudes from the identity (3.1),
we should multiply both sides of (3.1) by p? = (pay + g, + - + Dg,,,)? and take the limit
p? — 0. Since the right hand side are products of currents which are finite when p? goes
to zero, after multiplied by p?, the right hand side has to vanish under p? — 0. Then we
arrive at on-shell U(1)-decoupling identity immediately

3 A(1,{o}) = 0. (3-2)
O'EOP({OQ} U{Bl7"'7ﬁ2"l/})

It is worth comparing the U(1) identities in non-linear sigma model and in Yang-
Mills theory. In Yang-Mills theory, U(1)-decoupling identities in both on-shell and off-shell

5In this paper, an n-point current is mentioned as the current with n—1 on-shell legs and one off-shell leg.



cases have the same form. Thus, in both off-shell and on-shell cases, the identities can be
understood as the decoupling of U(1)-gauge field. However, in non-linear sigma model, the
U(1) field can only decouple in the on-shell case. In off-shell case, at least for the choice of
Cayley parametrization, we get sum of products of two sub-currents. In other words, only
when taking the on-shell limit, the U(1) field decouples.

Before proving the identity (3.1), let us have a look at two examples.

3.1 Four-point example
In four-point case, the U(1)-identity is

1 1

ﬁj(ﬁl)J(ﬁz) = (3.3)

J(a1, B, B2) + J(Br, a1, B2) + J(B1, P2, 1) = = 5pa

This is easy to prove by substituting the four-point vertex into the left hand side directly

J (a1, B, B2) Jr»J(/Bl,OélyﬁZ) + J(B1, B2, 1)
i [(p1+18.)* + (P1+ par)? + (p1 +15,)°]

i
2F? p%
_ L iy 2 2 2
- _2F2]7%Z [pl + Do, + P, +p52]
1
where 1 is the off-shell line and we have used the on-shell conditions pil = 0, p%l =0,

p%z =0.
3.2 Eight-point example

Now let us skip the proof of six-point U(1) identity and show how to use lower-point identity
to prove eight-point U(1) identity. The eight-point U(1) identity is given as

S e
o€OP({an} U{B1,-.86})

= i LB (B, o) + T (B, B 55) (Ba, s, B) + (B, 53)T (5o
= % [‘](627 s 766) + J(Bla ﬁZa 63)‘](/347 657 66) + J(Bh s 765)] . (35)

To prove this relation, we first show the explicit expression of figure 1 and figure 2.

e figure 1 can be expressed as

figure 1
- _%; 7% + P2, + Py + 0] JABLDI({B2})

= 5 UBDIUBY) + gy I JUBID] JUBD) + 5 I (B 5 b (B2))]
= S BT (B2))



Qa1

Figure 1. Sum of diagrams with a; connected with the off-shell leg directly via four-point vertex
in U(1) identity.

. {Bi}

> i

OeOP((Bi} J {a})

{0}

\ .{.Bzm-w} {Bi+}

Figure 2. A diagram with lower-point substructure of U(1) identity.

1 1 i+1
+? Z <_2F2) %i+2(_PBll’812i+17PBl17‘“PBli)
1 divisions{B1}—{B1; }...{Biy;,, }

X J({BZ})J({BM }) v J({Bl2i+1})
1 1 i+1
-l-? Z <_ﬁ) V2i+2(—PB21 Bag, 1 Pp, ... PB%)
1 divisions{B2}—{Ba }...{Bay, ,, }

x J({B1})J({B2,}) - .- J({ B2 g1 })s (3.6)

where we have used the on-shell condition p? = 0. pp, denotes the sum of momenta
of the on-shell lines in the set {B;}.

e figure 2 can be expressed explicitly by using lower-point U(1) identities

M
-1 1
ﬁgure? = 2F2) ?V(plapBu--'apBi_upBiapBH—la"'7szMfl)

divisions{Bi}%{qul}{Biz} ( P

x J{B1}) ... J{Bi-1})J({Bi, }) J({Biy }) J({ Bix1}) - .. J({Bam—1})- (3.7)

By Berends-Giele recursion, we can express the left hand side of eight-point U(1) iden-
tity (3.5) by sum of the diagrams in figure 7. We can always use (3.7) to reduce sum
of the terms with sub-currents containing both «; and elements in {8} into products of
currents with only 3 element. Thus the left hand side of (3.5) can be expressed in terms of
J{B1})...J({Banm}), where {B1}...{Ban} is an nontrivial division of {/}. Each subset
of this division must containing odd number of § elements because the odd-point current
must vanish. We can classify the products of sub-currents into three categories according
to different number of sub-currents



e six sub-currents: J(f1)...J(Bs)

[ ] fOllI‘ sub—currents: J(Bl)J(ﬁg)J(,B;;)J(BZL, ,35, 56)7 J(51>J(,32)J(63, ,34, 55)J(,@6),
J(B1)J (B2, B3, B1)J (B5)J (Bs) and J(B1, B2, 83)J (84)J(B5)J (Bs)

e two  sub-currents: J(B1)J (B2, - -, Bs), J(B1, B2, B3)J (Ba, B5, B6)  and
J(Bla cee 765)J(ﬁ6)

Now let us discuss these contributions one by one.

(i) Six sub-currents: J(51)J(B2)J(83)J (1) J(B5)J(Bs) = 1. There are three parts of
contributions A, B and C in this case.

A part is (A.1) in figure 7 and can be given as

i 1\?
As=ig (—ﬁ) [(Pay + Ppa +P5s +Ps6)” + (P51 + P2 +Pss +Ps6)” + (P51 + Pay + Pps +Pss)”
1
+(psy + Pss + Ppa + Pse)” + (P + Pps + Py +D86)” + (P81 + Dss + P85 + P86’
+(ps, + Pps + Pss + Par)’]- (3.8)

B part is sum of (B.5), (B.6), (B.7), (B.8) and (B.9) in figure 7. Using the prop-
erty (3.7), this part can be given as

B = 1 3 1 2 2 2
= 5m2 ZE[(pal +ppy +Psa + D8y T Ps) + (Psy + Doy +Dps)" + (Psy + Pay +Pss + Dps + Do)

+(psy + Pss + Pss)” + (P8 + Pps + Pay + P55 + P56)°]- (3.9)

C part gets contributions from the diagrams (C.1) and (C.3). Particularly,
we apply the property (3.6) to these two diagrams, then we find that the di-
vision {52, 83, 84,05, 06} — B2}, {03}, {Ba}, {85}, {Bs} of (C.1) and the division
{B1, B2, B3, Ba, Bs} — {B1},{B2}, {83}, {Ba}, {Bs} of (C.3) contribute to this case. C can be

expressed as

. 3 , 3
7 . 1 ) T . 1 2
C= ]7%2 (2F2> (Pg, + Dss +Ppe)” + El <2F2> (P + Dgs +pg;)"- (3.10)
Considering all three parts, we find that
1/ 1\,
where we have used the on-shell condition of «;.
(ii) Four sub-currents:  there are four different products of sub-currents

J(B1, B2, B3)J (Ba)J (B5)J (Bes), J(B1)J (B2, B3, Ba)J (B5)JI (Bs), J(B1)J(B2)J (B3, Ba, B5)J (Bs)
and J(B31)J(B2)J(B3)J (B4, B5, Bs). Now let us consider J(B1, B2, B3)J (B4)J(B5)J(Bs) as an
example. The contributions of this case can also be classified into three parts A, B, C.
A part is given by (B.1) in figure 7 and can be expressed explicitly
. 2
A= i}% (%) [(Pay +Pss +Pss)” + (P5y + Psa + Pss +Pas +ss)” + (Dp1 + sy + Doy + Pay +Psg)”
1

+(p51 + gy +Pss +DBs +p56)2 + (pﬁl + Pgy +Pps + Pss +p0¢1)2]' (3'12)



B part get contributions from (C.4), (C.11) and (C.12) in figure 7. Particularly, we
apply the property (3.7) to (C.4), (C.11) and (C.12). Then (C.11), (C.12) and the division

{1, B2, B3, Ba, Bs} — {B1}.{B2},{Ps}, {Pa}, {B5} of (C.4) contribute to B. Thus B can be

given as

1 2 . i 2 1 2 . i 2
B =- 9F2 Z}?(pal + P +Pp2 T Pss + Py +p56) “\ 22 Zpig(pﬁe +Dpy +DPpa +p53)
1 1
1\?
. 2
- 2 17(p51 +Ppy T Pp3 + Pay T Pss +p56) . (313)
2F P
1

C part gets contributions from (C.2) and (C.3). Particularly, when applying (3.6)
to (C.2) and (C.3). The divisions {f4,05,86} — {Ba},{Bs5},{Bs} of (C.2) and
{B1, B2, B3, Bas Bs} — {B1, Ba, B3}, { B4}, {Bs} of (C.3) contribute to this case. Thus C part

is given as

i1 \?
C= i (2F2> (P, + Pss)* + (D3, + Pas + Py +155)°] - (3.14)

Taking all three parts into account, we get
A+B+C=0, (3.15)

where we have used on-shell condition of «;. Following a similar way, we find that the
other products of four sub-currents also cancel out.

(iii) Two sub-currents: there are three non-vanishing products of sub-currents
J(B1)J (B2, ..., B6), J(B1,B2,83)J(Ba, Bs, Bs) and J(B1,...,B5)J(Bs). They can only get
contributions from the three diagrams (C.1), (C.2) and (C.3). Particularly, we apply the
property (3.6) to (C.1), (C.2) and (C.3). In this case, we need to keep the terms that of
(p?)° in these three diagrams. Then we get

1

SF? [J(B1)J (B2, - -, B6) + J(B1, B2, B3)J (Bas Bs, Bs) + J (B, -, B5)J(Bs)], (3.16)

which is just the right hand side of the U(1) identity for eight-point currents.
Therefore, after considering all the cases (i) (ii) and (iii), we get the U(1) identity (3.5)
for eight-point currents.

3.3 General proof

Having shown the proof of the eight-point example, let us extend the proof to the general
form of U(1) identity. In general, one can always express the left hand side of (3.1) by
lower-point sub-currents via Berends-Giele recursion (2.6). As in the eight-point examples,
we can collect the diagrams with same off-shell momenta of sub-currents together. Then
we can use the property (3.7) to reduce the diagrams containing a substructure of U(1)
identity (as shown in figure 2). After these reductions, the sub-currents containing both
ap and {8} elements are reduced to products of sub-currents with only elements in {3}
set. Furthermore, we can apply (3.6) to a four-point structure in figure 1. After these



2 2 2
Pay PBgit1 PBy; |®a1Bgiq1 |Sa1Ba; SBoit+1B2j+1 SBg;Ba; $Ba;t1Baj
M — ) (1= 2 (1 < ) — 1 (i3
Type-A|[(M +1)|  2(M — i) 20 | M—i i (29 (<) { i (<) {20 H-10<g)
0 (Otherwise) 0 (Otherwise) 0 (Otherwise)
oM — D 1= ECYSEERa ol D 1=
Type-B| —M |—2(M — ) +1|—2i +1| —M +4 i { ( J) + '(l<]) { i+ (lf]) { (G —1i)+ Fz<])
0 (Otherwise) 0 (Otherwise) 0 (Otherwise)
Type-C 0 -1 1 0 0 { =1 (i <j) { —1 (i < j) 0
0 (Otherwise) 0 (Otherwise)

Table 1. Coefficients of J({B1})...J({Ba2n}) in U(1) identity. Here so,p, denotes 2p,, -

( > pgp),sBqu denotes 2< > pﬂp> . < > p6q>7 u, v can be 2¢ or 2 + 1. For
Bpe{Bu} Bpe{Bu} Ba€{Bv}
Baiy1, ¢ runs from 0 to M — 1, while for By;, ¢ runs from 1 to M.

reductions, we should read out the coefficients of J({B1})...J({Ban}) for an arbitrary
nontrivial division {f1,...,Bom} — {B1}...{Banm}-

For M > 1, as shown in the eight-point case, there are always three types of
contributions Type-A, Type-B and Type-C in figure 8. The notations in these diagrams
are defined by figure 5.

For Type-A diagrams in figure 8, we can always use Feynman rules and momentum
conservation to avoid the appearance of the momentum of the off-shell leg 1 and express
the coefficient of J({B1})...J({Baan}) by the on-shell momenta.

For Type-B diagrams in figure 8, as have mentioned, we should substitute (3.7)
into these diagrams to reduce them and keep the right divisions that can produce
J({B1})...J({Bam}). For example, we should keep the division {Bi, Bo} — {B1},{B2}
in the first diagram and keep the division {Bg, B3} — {B2},{B3} in the second diagram,
and so on. For convenience, we also express the vertices in Type-B diagrams by the on-shell

momenta via momentum conservation.

For Type-C diagrams in figure 8, we should apply (3.6). For the first diagram of Type-
C, we should keep the division {Ba,...,Bay} — {B2}...{Ban} while, for the second
diagram we should keep the division {Bj,...,Bay—1} = {B1}... {Bay—1}-

Then we can collect all the coefficients in the three types in table 1. In
table 1, we have left a total factor p%z' (—ﬁ)M apart.  Thus, the total coef-
1
ficient of J({B1})J({B2})...J({Ban}) is pz—%z (—5#2)" P2, Since p?, = 0, the

J{B1})J({B2}) ... J({Ban}) must vanish.
For M = 1, there are only two sub-currents in the products. In this case, we only

need to consider the terms with (p?)? in the diagrams of the form in figure 1. We should
sum over all the possible {B;} and {Bs} and get

2

7. 1
g ( ) 3 TUBY) (B}, (3.17)

C2F2)
divisions{B8}—{B1},{B2}

which is just the right hand side of the off-shell U(1) identity (3.1).
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4 Off-shell and on-shell fundamental BCJ relation from Berends-Giele
recursion

Having proven the U(1) identity, let us consider a more nontrivial relation-fundamental
BCJ relation- in non-linear sigma model. Since the odd-point currents and amplitudes
must vanish, we only need to consider the relations for even-point currents and am-
plitudes. Being different from U(1) identity, fundamental BCJ relation has non-trivial
coeflicients accompanying with the currents or amplitudes. The general formula of off-shell
fundamental BCJ relation is given as

Z Z Salai‘]({a}aﬁ%n)

UEOP({al} U{/317~~~7B2m—1}) éo’i <£a1

= o 3 3 sasdUBNIABY| . (@)

divisions{B}—{B1},{B2} | Bi€{B2}

where we use &; to denote the position of the leg ¢ in permutation o, we define £, = 0, thus
we always have a s,,1 in the coefficients for each currents on the left hand side. On the
right hand side, we sum over all the possible divisions of the ordered set {5} into two sub-
ordered sets {B1} and {Ba}. Since J({B1}) or J({Bz}) must vanish when {B;} or { By}
have even number, the divisions that survive are those with both odd number of elements
in {B;1} and {Bs}. Since the right hand side is finite under p? — 0, after multiplying p?
and taking the on-shell limit p? — 0 we get the on-shell relation for amplitudes

Z Z SalaiA(lv {0}7 ﬁ?m) =0. (4.2)

c€OP({a1} U{B1,---,B2m-1}) &o; <Eay

The left hand side of fundamental BCJ relation can be understood as following. We
move one external leg oy from the position next to the leg 1 to the position in front of the leg
Baom. For each position, we can write down a corresponding current(or amplitude) accompa-

nied by a kinematic factor > Sq,0,. Then we sum over all the currents with coefficients.
fai <£a1
Before giving the general proof of the relation (4.1), let us have a look at two examples.

4.1 Four-point example

The simplest example is the four-point fundamental BCJ relation

St (0, B, B2) + (Sar1 + Saypy)J (B, a1, f2) = — ( ! ) Sai e (1) (B2).  (4.3)

2F2

To see this, we write the currents on the left hand side of BCJ relation (4.3) explicitly via
Feynman rules

sar1d (a1, B1, B2) + (a1 + Sai ) (B1, 0a, B2)

=~ (5 o [0t (o 02+ (st +50) 03, + 2] (50 (52)

— 11 —



(o {1

Sas X “{B1} +(Sas+Sas )X 1

Figure 3. Sum of diagrams with a; connected with the off-shell leg directly via four-point vertex
in BCJ relation.

2F2
1
= — ﬁ 3a152, (44)

where we have used momentum conservation and on-shell conditions of «q, $1 and [s.

:< ! )SQIBQJ</31>J<52>

Thus we have proved the fundamental BCJ relation (4.3) at four-point.

4.2 Eight-point example

The four-point example in above subsection just provides a starting point of an inductive
proof. In this subsection, we skip the proof of fundamental BCJ relation at six-point and
assume that the relation (4.1) is satisfied at both four- and six- points. We will show how
to prove the eight-point relation recursively.

Fundamental BCJ relation for eight-point currents is given as

Z Z SalUiJ({U}vﬂﬁ)

ocOP({a1} U{B1,B5}) &o; <€y

:—ﬁ Z Z Sal,BZJ({Bl})J({BQ}) ’ (45)

divisions{B1,...,86 }—{B1},{ B2} | Bi€{B2}

where, on the right hand side, we sum over three nonzero divisions {f1,...,0s} —

{B1}{B2, B3, B4, B5, 56}, {P1s----86} — {B1,B2,03}{Ba,P5, 06} and {B1,...,06} —
{B1, B2, B3, B4, B }{Bs }-

To prove this relation, we first show the explicit expressions of figure 3 and figure 4:

e We first consider the sum of the two diagrams in figure 3. If we divide the ordered
set {f1,..., Bam} into two ordered subsets {B;1} and {Ba}, then figure 3 is given as

figure 3
1 1
.. L [8a11(pa1 +p32)2 + (Say1 + Sy 3, ) (DB, +p32)2] J{B1})J({B2})
1
11
T 2F2p?
1 1 2
= _ﬁﬁsa132pl‘]({31})‘]({32})
1

(5041 1p?32 — Say sz%)J({Bl})J({BQ})

— 12 —



.'(31)

. {Bu)

‘{o}

Z (Sa1+Sas* - - -+ Su‘BM+ZSG‘°‘) 1

geOP((Bi} | fa) &< gu«

'(‘l.sm,'} (B}

‘.{B‘)

= z (Sa,p +ZS°‘°.)1

CEOP(B;, v 81U ) §o<8q.

Ty - 2 (Smakr+San) !

Bj; 0eOP((Bi} o)

{0}

'(.‘Bzm} {Bi} '{.Bzw} {Bi-i}

Figure 4. A diagram with lower-point substructure of BCJ relation.

11 1Yy
25 3 S > —72> Vaita(=PBy, Bay, PBay s PBay, )

+ o 2F
dzvzszons{Bz}ﬁ{B@l }"-{B22i+1 ¥

X J({Bl})J({B21}) “'J({B22i+l})' (4'6)

e Now let us consider figure 4. The left hand side of figure 4 can be reexpressed by
the right hand side of figure 4 by considering momentum conservation and on-shell
condition of aj. Since the first and second terms of the right hand side of figure 4
have substructures of fundamental BCJ relation and U(1) identity respectively, we
can further reduce them by lower-point relations. Then we have

-1
2F2

M-—-1
1
figure 4 = 2F2 ( ) P(SalBig + Sa1Bipa T SaiBan 1)
divisions{Bi}a{Bil}{Biz} !
X V(p1,0B;, - - - yPB;_1,PB;PBiy1)--- 7p321\l—1)

X J{B1}) ... J{Bi1})J({Bin }) J({Bi D) J({Bis1}) - .. J({B2nr-1}). (4.7)

A special case is ¢ = 2M — 1. In this case, a; cannot be moved to the position
next to the last element of {Baops—1}. This case can also be included in figure 4
by considering momentum conservation and on-shell condition of a;. Thus the
property (4.7) also holds.

With the above two properties, one can prove the eight-point fundamental BCJ rela-
tion (4.5). We can write the left hand side of eight-point fundamental BCJ relation by lower-
point currents via Berends-Giele recursion (2.6). The left hand side of (4.5) is given as sum
of the diagrams in figure 7. For the diagrams in figure 7, we can apply (4.7) to (B.5)-(B.9),
(C.4)-(C.12) and apply (4.6) to (C.1), (C.2), (C.3). It is easy to see that the left hand side of
eight-point fundamental BCJ relation can be expressed in terms of products of currents of
the form J({B1})J({B2}) ... JJ({Ban}) after considering the property (4.7) and J(aq) = 1,

,13,



where {B}...{Bay} are non-vanishing divisions of the ordered set {/31,..., 8s}. Then we
can read off the coefficients for each division and prove the relation.
The divisions can be classified in following cases

e six sub-currents: J(51)...J(5s)

e four sub-currents: J(B1)J(52)J(B3)J (B4, B, Bs), J(51)JI(B2) (B3, Ba, B5)JI (Be),
J(B1)J (B2, B3, B1)J (B5)J (Bs) and J(B1, B2, B3)J (B4)J (B5)J (Bs)

e two  sub-currents: J(B1)J (B2, .-, Be), J(B1, B2, B3)J (Ba, B5,Bs)  and
J(B1, .-, B5)J(Bs)-

We can calculate the coefficients for these divisions one by one:

(i) Six sub-currents: J(B1)J(B2)J(B3)J(B4)J(Bs)J(Bs) = 1. This case get contribu-
tions from three parts A, B and C.

A part is (A.1) in figure 7 and can be given as

. 3
1 1
A= Z? <_2Fg> |:80¢11(p041 + Py + Py +p56)2 + (Soql + Salﬂl)(pﬁl +Pgy, + Dgy +pﬁ6)2
1

+(3a11 T+ Saup T Salﬁz)(pﬁl + Pay +Pgy +p56)2

+(50¢11 + Sa18 T Saife T+ 504153)(]951 + Dg; + s, +p,36)2

+(SO<11 + Sai181 T Saife T Sai; T 80154)(1751 + Pgs + Pay +p56)2

+(San1 + Sa1B1 T Saife T Saifs T Saifa + 80155)(17,31 + Dps t Pss +pﬁﬁ)2 : (4.8)

B part is the sum of (B.5), (B.6), (B.7), (B.8) and (B.9) in figure 7. Using the
property (4.7), we get

1\% i
B = <2F12> 'LE |:_(8061/82 + Sa18s T Sa1fs T Saufs T Salﬁe)(pm T Pg + Do T P +p56)2
1

_(304153 + Sa1Bs T Saufs T 30&156)(10,31 + Pgy +p/36)2
_(5a154 Tt Sais + 30&156)(]751 + Pay +Pgs T Psy +p56)2

2 2
_(3041,35 + salﬁfs)(pﬁl + Dgs +pﬁe) — Sai1fs (pﬁl + Py + Par + Dgs +p/36) } (4'9)

C part is the division {52,ﬁ37ﬁ4,ﬁ5,,ﬁ6} — {ﬁg}, {53}, {54}, {ﬂg)}, {56} of (Cl) Particu-

larly, this part is given as

. 3
i, 1
C:_ﬁl < ) (501151_'_5&162 tSa18;3 T Sa18. 150185 +Sa1ﬁe)(p52 +Dg, +pﬁa)2~ (4-10)

pi \2F?
Considering momentum conservation and on-shell condition pil = 0, we can see
A+B+C=0.
(ii) Four sub-currents:  there are four different products of sub-currents

J (B, B2, B3)J (B4) I (B5) T (Bes), J(B1)J (B2, B3, Ba)J(B5)J (Be), J(B1)J(B2)J (B3, Ba, Bs)J (Bs)
and J(B1)J(B2)J (B3)J (Bs, Bs, Bs). Let us take J(B1, B2, B3)J (Ba)J (B5)J (Bs) as an exam-
ple. J(B1,B2,P3)J(B4)J(B5)J(Bs) gets contributions from three parts A, B and C.

— 14 —



A part is the contribution of (B.1) in figure 7 and given as

p7 \ 2F?
2
+(Sa11 + Sa1p1 T Sa18s + Sa183 T Sa184) (P81 + P> + P + Py + Dsg)

i 1Y ) )
A= o) [Sall(pal + P8y +P86)" + (Sar1 + Sai8y + Sa1ps t Sa18s)(Ps1 + Pas T Pas T Psa T Ps6)
1
2
+(Sa11 + Sa1p1 T Sa182 + Sa18s + Sa18s + Sa18s) (P81 + Pss + Pss + Pss + Do) ] (4.11)

B is the sum of the (C.11), (C.12) in figure 7 and the division {f1, 52,03, S1} —
{1, B2, B3}, {Ba} of (C.4) in figure 7. Particularly, we have

1\ i > 2
B=- 92 ZI? [_(Salb’s + Sa186)(Pss + P81 + P2 +P83)" — Saips (P81 + DBy + Pps + Pay + Pss + D)
1

—(Sarps + Saips 1 5a156)(p01 +Ppy +Psy +Pss + Dy +p,36)2]' (4.12)

C part gets contribution of division {f4, 85, B¢} — {Ba1},{Fs}, {Be} of (C.2). This part

is given as

, 2
C= _Z.p’% <21172> [_(Sa161 t Sai1fs T Saifs T Sa1fs T Saips + 30¢1ﬁ6)(p,34 +p,36)2 - (4.13)

After some calculations and considering momentum conservation and on-shell conditions
of the on-shell external lines, we get A +B + C = 0. Following similar calculations, we
find that coefficients for the other products of four-currents also vanish.

(iii) Two sub-currents

In this case, only the terms that of (p?)? in (C.1), (C.2) and (C.3) contribute and the
sum of these contributions is given as

1
ﬁ [_(304152 t Sa183 T Saifs + S s T Salﬁﬁ)'](ﬂg? s 56)

_(8011,34 + 8011,35 + 8011,36)J(B17 /827 53)‘](/347 557 BG)
S d (B, - - ,55)} . (4.14)

After considering all the cases (i), (ii) and (iii), we find that only the productions of two
sub-currents are left and this part is just the right hand side of eight-point fundamental
BCJ relation.

4.3 General proof

Now let us consider the general proof of fundamental BCJ relation (4.1). As shown in
the eight-point example, we can always express the left hand side of the relation (4.1) by
Berends-Giele recursion (2.6) and collect the diagrams with same off-shell momenta of sub-
currents(e.g., for eight point case the diagrams are given by figure 7). After applying (4.6)
and (4.7), the left hand side of (4.1) can be written in terms of J({B1})...J({Banm}),
where {B}...{Baas} are nontrivial divisions® of the ordered set {#}. To prove the rela-
tion (4.1), we should read off the coefficient for each division. Then we should show that

Since the odd-point current must vanish, the number of elements in each subset must be odd so that
the product is nonzero.
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Say Baisq X k1232j+1 Say Baiss X szQj Soy Bay X k%sz Sy Bo; X k232j
Type-A {—Q(i—j) (i >J) { =2j  (iz=]) {—(2@'—2j—1) (i >7) {—QJ (i >7)
0 (@<j) | —@i+1) (<)) 0 (i <)) —2i (i <))
Type-B {2(i—j)(i>j) {2j—1(i2j) {2i—2j—1(i>j) {23'—1(2'>j)
0 (<)) 20 (i<)) 0 (i <j) 2i—1 (i <))

Type-C 0 1 0 1

Table 2. Coefficients of J({B1})...J({Ban}) in fundamental BCJ relation: coefficients of the
form s,, B, X prj with arbitrary ¢ and j.

the coefficients must vanish for divisions with M > 1 and must give the right hand side
of (4.1) for divisions with M = 1.

For given M (M > 1), the diagrams contribute to J({B1}) ... J({Baar}) can be classi-
fied into three types (this is similar with the eight-point example) Type-A, Type-B and the
first diagram of Type-C in figure 8. The notations in these diagrams are defined by figure 6.

For Type-A diagram in figure 8 we can use momentum conservation and on-shell con-
dition of «a to rewrite the coefficient in each term into a form independent of momentum
of the off-shell line 1. For example, if we consider the diagram with «; between {B;} and
{Bi+1}, the coefficient is rewritten as

Sap1l +SayBy + S B; = _(SalBiJrl +oee 5011321\4)' (4‘15)

The vertex is also written in the form independent of the momentum of off-shell leg.

For Type-B diagrams in figure 8, we should write down the expression of each diagram
by (4.7) and pick out the appropriate division such that we can get {B1}...{Baa}. For
example, for the first diagram in Type-B in figure 8, we should keep the division { By, B2} —
{B1}{B3} , for the second diagram we should keep the division {Bg, B3} — {B2}{Bs} and
so on. We also write the coefficients and vertices as forms independent of the momentum
of the off-shell leg 1 via momentum conservation and on-shell condition of «;.

For Type-C diagrams in figure 8, we should write down the expression of each diagram
by (4.6) and keep the divisions such that we can get {B1}...{Baas}. Only the first diagram
of Type-C contributes. We should keep the division {Ba,...,Bay} — {Ba2}...{Ban}
of the first diagram of Type-C. We also use momentum conservation to rewrite s,,1 as
— (SayBy ++* + SayB,y,) and write the vertices in (4.6) by functions of momentums of
on-shell legs.

After these steps, we can read off the coefficient of J({B1})...J({Ban}) explicitly.
They are shown in tables 2, 3, 4. The columns of tables 2, 3, 4, except for the second
column of table 3 and the first column of table 4, are canceled out. The sum of the second
column of table 3 is given as

{ 0 @=7) (4.16)
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SayBojpy X SayBojiq|Soy Bojpg XSay By |SayBaj 1 XSBoj 1Bgjyq| SayBaigy XSBy; By SayBgj1 X5Boj1 1By
—2(i— g j<i<l
—(—3) (> 3) i G| 20—l G<i<i) | -@i+1) (<<l G- U )
Type-A| { Y . =21 2l IS TN —@—2i-) G<i<d)
0 (i< 3) —(i+1) (i<j) 0 Otherwise —2j G<lijg<i) 0 Oth i
erwise
. o ) ) ) ) o 200—3)  (G<i<li)
— 7 > 2(i—1 7 l 2 < l
rype-p {17 (> pza e et g 2 GSISD Y g <1<
0 (:<j) i (i< j) 0 Otherwise 2] —1 (j<1l,j<1) .
0 Otherwise
Type-C| 0 0 0 1 0

Table 3. Coefficients of J({B1})...J({Baa}) in fundamental BCJ relation: coefficients of the
form sq, By X oo -

SayBg; XSayBgjiy  [SayBgy XSayBgj| SayBg; X$Bgji1Bojqy Say By XSBy; By Say By X$Bgjiq By
. L S . . . S —(2i-2j—-1) (j<i<0)
Type»A{_(l_]_l) (i>7+1) {—j (i > j) {—(21—2l—1) (F<l<i) -2t (1 <j<l) -2 —1) (j<l<i)
therwise —1 (1< j therwise 27 U <lig<1 X
0 Oth 3 t (1< g 0 Oth ) 25 (g l, g 3
0 Otherwise
21 —25 —1 ] <1<l
i—j (> 3) jGi>3) 2%—2-1 (j<l<i) [[2i-1 G<j<) T G<ish
Type-B 20-25—-1 (7<1l<q)
0 (:<3) i (i <j) 0 Otherwise 2] —1 (<1,5<1) o Oth .
erwise
Type-C| 0 0 0 1 0

Table 4. Coefficients of J({B1})... J({Ban}) in fundamental BCJ relation: coeflicients of the
form s, By, X .. ..

while, the sum of the first column of table 4 is given as

1(i>y)

. 4.17
0 (i <j) ( )

Since Saypy:41 X Saify; aNd Saypy; X Saypy;4, can be related by i < j, we should interchange
7 and 7 in the first column of table 4. Then we can see these two nonzero contributions
cancel with each other. Therefore, all the contributions of divisions with M > 1 at last
must vanish.

For division with M = 1, the ordered set {(} is only divided into two ordered subsets.
In this case, we only need to consider the terms of (p?)? in diagrams shown in figure 4
(which is the first term of the second line of (4.6)) with all the possible nontrivial divisions
{B} — {B1}{B2}. The sum of these terms precisely gives the right hand side of the
fundamental BCJ relation (4.1).

5 General KK, BCJ relations, minimal-basis expansion and formulations
of total amplitudes

Having proven the U(1)-decoupling identity and fundamental BCJ relation in non-linear
sigma model, let us now extend these relations to more general cases. In this section, we
first state that the general KK and BCJ relations as well as minimal-basis expansion are all
satisfied by color-ordered tree amplitudes. Then we will show that tree-level total ampli-
tudes satisfy DDM form of color decomposition and KLT relation.” All these discussions
are parallel within Yang-Mills theory, thus we will only present the main points of the
statements. Details can be found in the works [5, 11, 25] and [21].

"We emphasize that the consequent relations that will be derived in this section are all for on-shell
amplitudes. General KK and BCJ relations for off-shell currents will be discussed in future work.
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5.1 General KK, BCJ relations and minimal-basis expansion

General KK and BCJ relations. KK relation and general BCJ relation can be consid-
ered as extensions of U(1)-decoupling identity and fundamental BCJ relation. In non-linear
sigma model, KK relation for 2m-point amplitudes is given as

Z A(lv{a}vzm) = (_1)TA(17{ﬁ}72m7 {a}T)v (51)

o€OP({at,....cr} U{B1,....8s})

where 7 + s = 2m — 2. General BCJ relation is given as

Z Z Z SazﬂiA(la {c},2m) = 0. (5.2)

O'GOP({OCL--QT}U{ﬁl»---yﬁs}) =1 gai <§O¢l

From (5.1) and (5.2), we can see, if there is only one element in {a}, the relations turns
back to the U(1)-decoupling identity (3.2) and the fundamental BCJ relation (4.2) with
2m — ﬁgm.

In principle, one can follow the similar steps in sections 3 and 4 to prove the general
KK , BCJ relations (5.1), (5.2) for off-shell currents and then take on-shell limits to get the
relations among color-ordered on-shell amplitudes. However, it is not easy to generalize the
off-shell KK and BCJ relations in this way. This is because there are nontrivial products of
sub-currents on the right hand side of the relations. When there are more elements in {o}
set, the forms of the right hand side may containing both divisions of {a} set and divisions
of {8} set. Thus the formulations may become highly complicated.

Fortunately, once we know the fundamental BCJ relation (4.2) in addition with
cyclic symmetry (2.4), we have another way to prove the on-shell general KK and BCJ
relations. This method was firstly proposed in [25] where general KK and BCJ relations
in Yang-Mills theory are generated by so-called primary relations. The main point is that
once the amplitudes satisfy a)cyclic symmetry as well as b)fundamental BCJ relation, all
the general KK and BCJ relations can be reexpressed as linear combinations of a set of
fundamental BCJ relations, and thus the general KK, BCJ relations must hold. Though
the discussions in [25] was firstly found by monodromy relations in string theory, as stated
in [25], all these arguments can be extended to field theory. Since the fundamental BCJ
relation (4.2) in non-linear sigma model has the same form within Yang-Mills theory, all
the steps in [25] are also valid in non-linear sigma model. Thus the KK and BCJ relations
must be satisfied by color-ordered tree amplitudes in non-linear sigma model. Details of
this proof can be found in [25].

Minimal-basis expansion. Since KK and general BCJ relations are both satisfied by
even-point color ordered tree amplitudes. We are ready now for reduce the number of inde-
pendent even-point color ordered tree amplitudes as in Yang-Mills theory. Apparently, one
can use KK relation in addition with cyclic symmetry to reduce the number of independent
2m-point amplitudes to (2m — 2)!. As in Yang-Mills theory, BCJ relations provide further
constraints. One can use general BCJ relations to express the amplitudes in KK basis by
only (2m — 3)! independent amplitudes. The explicit formation of minimal-basis expansion
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is eq. (4.22) in [1] with 2m external legs. One can follow the same recursive procedure
that given by section 4 of the paper [11] to prove the minimal-basis expansion, because we
have the general BCJ relation (5.2) of the same form within Yang-Mills theory.

5.2 Formulations of total amplitudes

In Yang-Mills theory, amplitude relations imply various formations of total amplitudes. As
we have discussed, in non-linear sigma model, event-point color ordered tree amplitudes
satisfy KK and BCJ relations, which have the same formations within Yang-Mills theory.
Thus we expect that the total amplitudes can have the same expressions within Yang-Mills
theory. Particularly, the total amplitudes should satisfy DDM color decomposition as well
as KLT relation.®

DDM form of color decomposition. An immediate result of KK relation is that the
total amplitudes satisfy Del Duca-Dixon-Maltoni(DDM) form of color decomposition which
was firstly proven in Yang-Mills theory [5]

M(1,...,2m) = ) fUonf  fln-stem-19mA(1, g, 2m). (5.3)

0€Sam—2

The main points to prove DDM form of color decomposition are a) KK relations(5.1) and
b) the following relations between trace factors and color factors in DDM form

foraeatin | famostoam_192m = Ty(THTO2 [, [T72=1, T . ])). (5.4)

We can express any color-ordered amplitude in (2.3) by KK relation, and collect the color
coefficients of each amplitude in KK basis. Using the above relation between traces and
the color factors in DDM form, we can prove the DDM form of color decomposition (5.3).
Details of the proof can be found in [5].

KLT relation. Another result is Kawai-Lewellen-Tye(KLT) relation [29]. In non-linear
sigma model, total amplitudes can be expressed in terms of products of two color-ordered
tree amplitudes A and j’ where A denote the color-ordered tree amplitudes in non-linear
sigma model and A denote the color-ordered tree amplitudes of scalar with cubic vertex
f%. As in Yang-Mills theory, the KLT relation has many formations [28, 30].

For example the formulation manifests (2m — 2)! symmetries is given as

A(2m,~,1)S[v|olA(1, ¢, 2m
T (2m,7,1)S[v[¢]A(1, ¢,2m)

S12...(2m—1)

M(1,2,...,2m) = . (5.5)

77¢652m72
This relation can be proved by following the same steps within the subsection 6.3 of the
paper [21]. This is because that the two critical points-the DDM color decomposition and
the generalized BCJ relation for color scalar theory-are all satisfied.
Another formulation which manifests (2m — 3)! symmetries is given as

M(,2,...2m)=(=1) Y A(L7,2m—1,2m)S[¢lyhA2m — 1,2m,$,1),  (5.6)
Y, PES2m—3

SKLT relation in Yang-Mills theory was suggested in [31] and the general proof can be found in [21].
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or equivalently

M(1,2,...,2m)=(-1) Z A(l,v,2m — 1,2m)S['y|¢]pn71f~l(1,2m —1,¢,2m). (5.7)
'\/74565277173

This formulation seems not easy to prove along the same line in Yang-Mills theory (See
section 6.1 of [21]), because the boundary behavior of the amplitudes of non-linear sigma
model is not good enough. However, we also expect that the (2m — 3)! formulation have
the same form within Yang-Mills theory. In this paper, we just take the four-point KLT
relation as an example

M(1,2,3,4) = —A(1,2,3,4)s91 A(4, 2,1, 3). (5.8)

To prove this relation, we express 2(4, 2,1,3) explicitly by Feynman rules in color scalar
theory. Thus the right hand side is expressed as

f13efe42 N f216f634
513 512

—A(1,2,3,4)821 (59)
Using antisymmetry of f%°¢ as well as four-point BCJ relation sj2A(1,2,3,4) + (s12 +
s23)A(1324) = 0 which have been proven in the previous sections, we reexpress the right
hand side as

FREFIAL2,3,4) + FPCFRUA(L 3,2,4). (5.10)

This is just the DDM form of color decomposition of four-point total tree amplitude.
Thus the four-point KLT relation manifest (4 — 3)! = 1 symmetry is proved. We leave the
general proof of this formula for future discussion.

Though KLT relation was suggested in gravity and then in Yang-Mills theory, it is
not surprising that the double-copy formula can also exist in a scalar theory such as
non-linear sigma model. An example for KLT relation of scalar amplitudes can be found
in bosonic string theory where the closed string tachyon amplitudes at tree level can be
expressed by double copy of open string tachyon amplitudes [29]. Actually, the non-linear
sigma model also have the similar double-copy structure when considering the color part
and the kinematic part as the two copies.

6 Conclusion

In this work, we have discussed the tree-level amplitude relations in non-linear sigma
model. We have proven the off-shell version of U(1) identity and fundamental BCJ relation
under Cayley parametrization. After taking on-shell limits, we got the U(1)-decoupling
identity and the fundamental BCJ relation for on-shell amplitudes. We stated that
the general KK and BCJ relations were also satisfied by even-point tree amplitudes in
non-linear sigma model. Two consequent results of KK and BCJ relations were given
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Figure 5. Convention in section 3.

as the minimal-basis expansion for color-ordered amplitudes and KLT relation for total
amplitudes. Though the procedure of proof in this work seems complicated, the relations
are quite consistent with the color algebra. We hope these results can be useful in
particle phenomenology. The algebraic interpretation of these relations and the dual
decompositions of amplitudes deserve further work.
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A Convention of notation

In this paper, we use a diagram containing a curved arrow line to denote sum of diagrams
for short. Since we encounter similar structures when considering U(1) identity and funda-
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Figure 6. Convention in section 4.

mental BCJ relation, we only use the same diagrams expressions but let the curved arrow
line have different meanings for convenience. The meaning of curved arrow line for section
3 and section 4 are given by figure 5 and figure 6 respectively.

B Eight-point diagrams

The left hand side of eight-point U(1) identity and eight-point fundamental BCJ relation
can be expressed by figure 7 with the convention of notation defined by figure 5 and figure 6.
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Figure 7. Diagrams for eight-point U(1) identity(with curved arrow line defined by figure 3) or
fundamental BCJ relation(with curved arrow line defined by figure 4).

C Diagrams contribute to J({B;})J({B2})...J({Ban})

The diagrams contribute to J({B1})J({B2}) ... J({Ban}) in U(1) identity and fundamen-
tal BCJ relation are given by figure 8.
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