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Massless angle and square spinors are described together using an index corresponding to their helicity sign. This can
be applied to massive spinors as well. Relations between spinors can be written more compactly and some derivations
are simplified. Massless polarisation vectors of different helicities can be treated together with this index. Three point

and some higher point amplitudes are investigated within this ansatz and recursion with massless spinors is considered.

1. Introduction

The spinor helicity formalism, see for example the reviews in [1-4], is widely used for the calculation of amplitudes in
particle physics. Massless states have only two helicities, positive and negative and exactly they are employed for
amplitudes avoiding a lot of redundancy. Originally only massless states (or massive states in the high energy limit)

could be described. Later massive spinor helicity variables were introduced in [5], [6] and [7]. For massless particles the
little group is U(1), while for massive particles the little group is SU(2) . Massive particles are described as A ,/E

where a,& denote the SL(2,C) indices and [7,J the SU(2) spin indices. Several authors have investigated

amplitudes within this new formalism see for example [8-14].
Amplitudes are usually investigated in a certain helicity configuration and other helicity configurations are obtained by

parity, cyclicity or other symmetries. Here we describe negative and positive helicity spinors together as
| i )G = {| i>, | i ]} where o is an index, which is connected to the helicity sign of the spinors. This can also be done for

massive spinors | iI) in a similar manner, where the index denotes the helicity category of the spinors. One advantage

of this notation is that it allows one to write relations between spinors in more compact form. Polarisations with various
helicity signs can be described together and their contraction with spinors is investigated. We also investigate massless
and massive three point and some higher point amplitudes within this description and find that the index plays an

important role there. Finally we consider recursion relations using the index notation.

2. Massless Spinor Helicity

We first discuss massless spinors and introduce the following notation describing angle and square spinors together

DI D SRR ik 0

The little group scaling is | i )6 —>t° | i )G (writing 6 =%1 in terms) in agreement with | i> —>t, | i) and | i ] -t | i ] .

Since angle (square) spinors have negative (positive) helicity, the index ¢ (memo o=sign) is identical to the helicity

sign of the spinor. Clearly one has to distinguish the index o of spinors from the helicity sign of a particle

c, =sign(h,) in amplitudes, but because both are signs there always exists a relation 6=1c, . As an example

consider the three point amplitude for gluons <1 2)3 / <2 3><3 1>, where all spinors have negative helicity sign

o, =—1 while the helicity signs of the particles are o, =c,, =—c,; =-1. In general particles in amplitudes are
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represented by spinors with both values of 6. The contraction between two spinors only makes sense if the spinors have

the same sign ¢ corresponding to the contraction of undotted or dotted indices.
Co gy Jlii)e=-
(i3), =(il,13), =17 )

Note that (i j) =—(j i), and (i i)_ =0.The momentum ofa particle is p, =| i)c ( i |7G or equivalently

. . |i>[i|:pud7cz+
= = _ 3
P~ (il {|i]<i|:5w,cz_ ®
One does not need to distinguish between p=p_, and p=p** anymore because both cases are included. Momentum

conservation (all outgoing particles) and the two Schouten identities now can be written in the compact form:
>opi=20]i) (1], =0 [i) (i k), +[3),(ki),+[k) (i j),=0 @)

The product of two momenta for ¢ =+ is sij:2pi~pj:Tr{|i)G(i|ic-|j) ( |} 1_]) (_] i)G:<i _]>[_] i].

Contraction of a momentum with two other spinors of opposite signs evaluates as

) ik|(kj)o=+
(el 1) =G =), () =l o=
The massless Weyl equations are pi|i)6=|i)76(i|6-|i)c=0,(i|6pi=(i|c~|i)c(i|76=0,

A massless polarisation vector, where ¢ denotes both helicity signs, with reference spinor r is given by

. =8 =2t o | (5)
(5 i )
The little group scaling of the polarisation is g, —>t,*°¢, . Distinguishing between e¢=¢,, and &=g" is not
necessary any more, but one has to be careful in contracting only spinors with the same sign. We calculate the products
€, &, for 6'==*c and the products with momenta ¢, -p, , comprising all cases with angle and square spinors after

puttingc =+

G - T{ Ll LAG }50;<_>5 _(fj?)mm

r i) (i) (6)

e DO

Note the contraction of g, with two spinors, which must have opposite signs 6 for possible contractions

YR CX IR Y MR TN
J)ic_( | oL ( )73' J)ic_ V2 e (rk k)fc s (rk k)c

For massless three point amplitudes one can multiply the first term by( j i)c / ( j i)c, use momentum conservation

( 1 |G £

( L j )76 ( ji )6 = —( r, k )76 ( k i)G and similarly for the second term, to obtain an expression for all helicity signs

(i|G € o

j)fG:G\/E Scr,c(l.(%)i-i-ﬁr’ (kJ)ZG] (7)
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The three point amplitude A, (f “f°y') is obtained by multiplying (7) with a coupling e and putting i, j, k = 1, 2, 3.

Momentum conservation for a massless three point amplitude with complex momenta and the three legs i, j, k reads
1), (i, +13), (5L, +%), (k[ =0 ®

Multiplying from left with ( i |G and from right with | k )70 one obtains (i j)_(j k)__=0.By this one concludes that

-G

either the first or the second factor must vanish. If we take for example ( jk ) =0 then the bare three point amplitude

-G

f_l3 (without couplings or color factors) must be given by a product of spinor contractions with the same . Then we get

for the bare amplitude A, =(i j)*(j k). (k i)”. The little group scaling of a spinor is |i)6 —>t;°|i)6 and

therefore the amplitude scales for particle i as f_l3 -t beé_l};ti’“‘f_ly From this one obtains the equation
X, +X;=06-2h; plus two cyclic permutations. Adding two of these equations and subtracting the third one gives
X, =o(h—2h,) and similar equations for x; and x;, where h=h;+h;+h,. Substituting this into A, gives a
compact formula for the bare three point amplitude where 1‘{ denotes the product over cyclic permutations of i, j, k.

(ijk)

A =TI (i) ©)

c

From locality one knows [4] that the mass dimension of the three point amplitude must greater or equal than zero, i.e.
[ A ]=o(3h—2(h,+h;+h,))=c-h>0. Therefore if h>0 then o=+, if h<0 then 5=—,if h=0 then o=+

is possible. One can easily check that formula (9) comprises all possible massless three point amplitudes of any helicity
sign. One first calculates the total helicity h of the particles and from there the sign o, determining whether one has to
use angle or square brackets. This is of course the same formula as described in literature [1-4], but here given as one
compact expression valid for all possible helicities. The amplitude given above must be multiplied by a coupling
constant (and eventually appropriate color or symmetry factors not discussed here). Since the mass dimension of the

three-particle amplitude must be 1, one obtains for the coupling constant

m, ifh=0,[m]=1
g if |h|=1,[g]=0
. (10)
M, if [h| =2, [M,,]=1,grav.
Al ,if |h| > 2, [A]=1,nongrav.

“43:@'“13’ g=

We discuss here some simple examples showing how to obtain amplitudes for different helicities at once. Consider first
the three gluon color ordered amplitude without coupling or color factors in Gervais-Neveu gauge as in [1]
A (1°2°37°) = —\/E[(s‘jsg)(s"gpl ) + (8‘2’8;" )(a‘ipz ) + (8’38{’)(8§p3 )] . With €7 given by (5) one obtains after using

three point kinematics, momentum conservation and Schouten identities in agreement with [2]:

A,(1°2° 3*“):0& (11)

(23),(31),

As another example take the process ff — vy [1] with momenta labelled as 1,2,3,4. Writing the amplitude the

Feynman way one obtains with & given by (5)

A, (F 2 oy y™) = —¢? {( 2 |G g5 ma? | 1) +(2 |G gy pl+—p484“4 1 )G}
Si3 Si4

where we have left open the helicity signs of the photons. First observe, that we are forced to choose opposite helicity
signs for the spinors 1,2 because there is an odd number of polarisations and propagators of the form |a )G, ( b|7c,

between them. Furthermore, if €, and €, had the same helicity sign, then there is always one | r) to be contracted with
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( 2 |G or | 1 )76 and the amplitude can be made to vanish by proper choice of | r) . Starting from the left with the first
summand in the above amplitude, one could contract the spinor (2|G with |4 )54 or (r4 |704 giving two possibilities
6, =c and therefore 6, =—c or 6, =—c and o, = c. For the first option the second summand of the amplitude with
|r4) pointing outwards can be made to vanish and similarly the first summand for the second option. Now we can
choose | n)= | r,)= | 1) leaving us after simplifying with the following amplitude:
A=45%6524L03u+%6<2w4106}

C(an),(31), T (3),(41),

After multiplying with (3 2) /(3 2)_ or 3 <> 4 and using momentum conservation one obtains finally

(24), (23);
U3L@3L+%”U4L@4L} (12

The calculation is analogous to the standard one, but gives one compact expression valid for all helicities.

A, (F° oy y%) = —2¢? {6

3. Massive Spinor Helicity

We now discuss massive spinors introduced in [7] and adopt the notation of [12], [14]. Massive spinors are described by

a pair of massless spinors A} =| i > and A% = ‘ iIJ (I=1,2) and we denote them together as | iI)G.
1 __ wr|
=|it)= ) (il =1 = (i (] o

: - (13)
Since helicity is not a well defined quantum number for massive spinors one should better speak of helicity category

-6l

1 :|G=+

-1 _
[1d o=+

[13]. The sign o corresponds here to the helicity sign of the massless spinor remaining in the high energy limit.

Contractions are only possible between spinors with the same sign

(i 1), = Ell jg:: (14)

The momentum of a massive particle with momentum p; is now given as

TAT-
+|1 >[1I|=piw,c=+

_ (15)
—‘i'](il |=p*, o=—

-1 .
p=oli')_(il, =
Of course on can always switch ¢ - —c and write p, = —c5| il) (iI |7 equivalent to (15). Relations between massive

spinors given in [12] can now be written in this compact form. In Appendix A we provide an explicit representation of
massive spinors using the two vector notation of [15]. Another interesting representation given in [16] is also displayed
there. So one can show that massive spinors fulfil the following relations: (where a,b = a,B or ,¢& depending on &)

] K _ JK .. _ 2J . _ J . .K _ K
(1 i )G—cm.e . (i) iy ), =—om €, (1 i ), =—om; &, (i, i )G—cmiSJ
.J . _ . .J _ .J . __. .J _ b
(i), =—(i, i )G— o2m,, |1 )G(1J| = |1J)G(1 L—cmiSa

¥ (3,1 =oli,), (7 (16)

p,=-©0

-G

The spinors | iI) are tailor made for Dirac spinors which are defined as (compare with [12]):



') I )
=—o|l) = 17
() R A "
ﬁil,c ( | ( <11 | [ |) iI,c = ( i |(7 =(< i | [iI |)
Orthogonality relations and spin sums can easily be checked with (16), (17) and usingc® =1, 20'2 =2, ZO' =0 as

the following examples show:

Zullc Lo —Zc(ilui ) Zc m,8] =2m,3;, ZVHG o :Z:(il|6~|iJ )G:miSf-Zc:O

c

m; p,
B - _ -1 . -1 . _ i i

ul Ui o = |1 )Gc (1l |G, —60,,Gc|1 )5(11 |G+60,’7G -—G|1 )0(11 |7G —[_ ]
1

p; m;

In summary we obtain:

Zullc i,o _2m61’ ZVIIG i,o _zmi8J Zullo' i,o _O ZVIIG i,o =

TURTI Lo B L (R I A m, (18)
i,o "il,o" T ﬁi mi _Jj i* YVio Vil,e' T I_)i _m ,]X

Massive polarisations are defined as follows, where the round upper bracket means symmetrisation in I, J.

3 2 i) (i], =e" =%|i<')6(i”

1 1

) (19)
In the high energy limit one obtains for I=]=1 &' =¢&" =+/2 | )] i|/<i g) . forI=J=2 &7 =¢; :x/§| i) C|/[i ¢] and

finally for I=1 J=2 or vice versa & =¢2' =& =p, /+/2m, i.c. a pure gauge.

One can obtain massive three point amplitudes by bolding the massless amplitude in (9). The first question arising
immediately is: what should we do with the term o(h—2h, ) in the exponent. A massive particle of spin s has (2s+1)
states with s, = {-s..s} in integer steps. In the limit m — 0 only the two extreme values {-s, s} remain corresponding to
the two helicity values. The connection between spin and helicity is therefore s=c-h and for every single particle
s, =6, -h, , but for three point amplitudes with only massless particles one has 6, =G .

But there is another difference compared to the massless three point amplitude. Massive amplitudes can have brackets
with both signs ¢ and the coupling constant may depend on the sign o of the brackets. This leads to the following
expression for the amplitude also given in [13], where a sum over various structures is implied.

H ( . J )(5*251() (20)

(ijk) Oij

A gl_]k

Clearly the exponents must be positive, for further constraints see [13]. Consider an amplitude with two massive
particles (of equal masses m, =m, =m and spins s, =s, =1/2) and one massive particle (of mass m; and spin
=1) yielding s=s, +s, +s, =2 . For renormalisable interactions one has ¢ =o,, =—c,,. We factor out m, for the

correct mass dimension and absorb a factor ~/2 in the coupling to obtain from (20) and (19) the amplitude

A =g(12), 7 (23)0 2">(31)§’252>:£(23)6 (31), =8(2] &|1) ———g(2] &[1) . This form
31 m 23 31 (o} (e} —C

m; —0
3

was shown in [12] to be equivalent to the standard form A, =gx° ( 12 )76 given in [7]. To see this we write the

Schouten identities as |i ) ( ] k +| _]) k 1 +| k ) 1] ) =0 and focus on the case with minimal coupling.
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Together with | i ) :‘ 1 ), | J ) :‘ 2! ), | k :| ¢) one obtains after multiplying by ( 3 |G p, , using momentum conservation

P, =P, -, and equations of motion pl‘ ') —m‘ll , 21)7 :m‘ZJ) , the relation

Ly (eo13) (32) (e 1) +(31) (52 ) :
(1 2") = 3 \/_Z(l £,,2%,). (1)

“m(g3),

The second equality is obtained using the massless polarisation vector ¢, , = V2 ( | 3 )G ( G |7G)/ ( 3¢ )75 [12], [14] and

the sum runs over ¢’ = —oc,+c . With the x-factor introduced in [7]
13
oo (6o13) NPy (22)

the 3-pt amplitude for the minimal coupling interaction of fermion, antifermion, massless spin 1 boson now can be

written in the compact form valid for all helicity signs:
1
A(1,2,37)=g(1 2') x"= gEZ(IL, &,2%.) . (23)

By dividing (23) by ( 12 )7 for fixed I, J one obtains for the x-factor the expression

Z(llc' 83,0 230')
= (24)
Gy
The x-factor can be understood as arising from the contraction of two spinors (opposite helicities) with massless boson

polarisation and therefore contains an auxiliary spinor as the boson polarisation does.

What about gravitons? The graviton polarisation is given as a product by &}’ =g} ¢, [1] or in bispinor notation as
€3,, = &5, &5, - The contraction of two massless spin 1 polarisations with same helicity sign would yield zero according

to (6) by choosing 1, =1;. To obtain the amplitude one should contract each of those spin 1 polarisations with the
spinors 1, 2 with opposite but arbitrary helicity signs. The arising possibilities are (16, 852 4 )(16~ €55 27(,") -
(1,8,2,)(1,8,2,). (1,8,2,)(1,8,2,).(1,6,2,)(1,8,2,).(1,6,2,)(1,6,2,) and their sum

2
equals (Z( 1, | €50 | 2 )j . The amplitude for minimal coupling of two equal mass fermions to a massless graviton,

G

where g, =1/M ,, can be written as using (24)

pl>

S(tfeal2, )]
T

Ay (1,243 )=gem(1 2) X =g;m (25)

Thus we also understand the graviton fermion amplitude as arising from the contraction of two massless spin 1
polarisations (building the graviton polarisation) with spinors of opposite helicities, in accordance with gravity = YM*.

Finally we note that the Parke-Taylor formula [18] for both n-pt MHV and anti-MHV amplitudes forn > 4 gluons can

be written as

A (1°2°3°.n) = % (26)

For n>5 with [An] <0 the index of the spinors equals minus the total helicity sign of the amplitude (which is —c ).



4. Recursion relations

We consider massless BCFW see [2], [3], [16] and adopt the notation of [2]. One can write the spinor shifts in a
compact form, assuming for the first that the adjacent particles 1 and n have helicity signs ¢ and —c (in order to avoid
many indices). Since there are always adjacent particles of different helicity signs in nontrivial amplitudes, this is

possible in every case. The helicity sign of spinors is denoted as o', which in general may be different from o . The

spinor shifts are given as: ‘i) ’ :|1) 1 °G|n |ﬁ)cr :|H)G,+ZI+GIG|1)G,. For o' =+c one gets the
following shifts using ¢° =1:

i)G:|1)G, i)ic:|1)7G—z|n)76,|ﬁ)c:|n)6+z|1)6,|ﬁ)76:|n)76 @27)
The momenta are then p, —| 1| —z| l| P, —| n n| +Z| (1| and the shift fulfils the relations

(T8),=(1n), (1K) =(1 k)(,,(k n),c=(k n)..p +13n P +P,. P-d=P,-a=0q" =0, q=[n) (1] .
For o=+ one obtains the valid (+-) shiftin [2] | 1 ]=[1],1)=[1)=2|n),|a]=[n]+2[1].|3)=|n)

with momenta p, =|1)[1|-z| n)[1], p, =| n)[n|+z| n)[1].

For o=~ one gets the valid (~+) shiftin 3] (case ) | 1) =[ 1), | T]=[1]-2|n].|2)=|n)+2|1), [4]=|n]
with momenta p, =|1)[1|-z|1)[n], p, =| n)[n|+z|1)[n].

Finally in the case of equal helicity signs of particle 1 and n the shift can be used as well, since this gives always a valid

shift with good asymptotic for z — 0.

1
The recursion relation gives the n-point amplitude as A, = ZA Pz

— A (z) with z =P} /(n__P 1) [2].
During BCFW recursion with gluons one encounters the 3-point subamplitudes .A; (i,Z,—f’) and AJ (ﬁ,n—l,ﬁ)
where P denotes the internal gluon. The minus sign convention reads as | -P )G = —0'| P )6 . The left subamplitude A}
is given by (using that the amplitude vanishes for three equal helicity signs):

AL (10, 2%, - P ) =8,.,8, . 0+8, .8, . ._m

. o

8, o0 o A(lz)f S ST pp— (2 12);5

(2B, (B 1) T (B ) (T2),
i

The on-shell condition for the internal gluon is P} =(2 1 )76( 2). = (( 21)_-z(2n )70)( 12) =0 from which

one sees immediately that z = ( 12 )76 / ( n 2 )76 . Equation (27) together with Schouten gives

(1) =0, [1) =[2), (a1 /(0 2) Bi=[2) (1], (n 1) /(n2),
Ba-f2), (2] (o=l <] ), (8]

. Thereby we get

(28,) =0'(P, 1) =0,(12) =0 (28)



Now A} is obtained as

. R 2 21 2 21
A;(l“,Z"Z,PEP)zﬁ 5 0+8. 8 .w+5 S .erg ) (29)

G,,6 Op,C G,,—G Gp,C G,,6 Op,—C G,,—~G ~Gp,~—C
nl nl
-G -G

12 >

The right subamplitude of A (10,2"2,—133") is A~ (P 3%, ., (=1, ﬁ"’). Using from (27) |ﬁ)7c =|n)76,

|ﬁ)G:|n)G+((r1122 |1 ) —|2 ‘f’lz )G:|2)G+((n 2) |1 one derives for the adjacent particles
(B 3).=(23),. (B 3), =P ) () —(n2) (4 By) =P
12 - —c° 12 o (n 2)76 4 12 5 ¢’ 12 s (1’1 2)

((1’1—1)6 Pln 2—0)

(n=tf) =(n=tom), (n=1,4), =T e

(30)

These relations are helpful in evaluating the right subamplitude AL .

Similarly one obtains for the right 3-point subamplitude

AR (1376" (n—1) ﬁfc)—ﬁ 8, ,-0+5, 8 (ﬁ ntn )
3 nein > > ~ Yop,0-0,,,-0 6p,0 "0, 13(/\“71’“’ n_l)ic(n_l’ ﬁ)ic
+0, .05 o (n—l,Aﬁ )1’ +8, 8. . (An—l,n’ n—lA)Z
PO (n,Pnln)fc(Pn,l,“,n—l)ﬂ " " (n-1,a) (A P, )

The on-shell condition is f’im:(n—l,ﬁ)fc(ﬁ,n—l)a:(n—l,n)fc((n,n—1)6+z(1,n—1)6):O and gives
z=(n,n-1) /(n-1,1)_ . From (27) and Schouten one derives |ﬁ)6=|n—l)c(nl)c/(n—l,l)c,

1 A A
|ﬁ)7G:|n)7G, nln—(|n 1) cs+(I(lnf)l|n J(n—IL: Pnfl’n)ic(PHJ1

and from this

c

(P, n=1),=0", (n=1,4) =0, (4 B, ) =0. 31)

By inserting them A} is evaluated as

R Cp G, A-C
"4 (Pn ln’(n_l) 1 ) 801,(7 [CAN G.O+80'p,0'60n,|,0. (n 1)6 32
(n=1,n) (n-1,1)_ (32)
+86 -6V, - = +60‘ -GG, 6.0
P> n-1> (1’1 1)5 P> n-l>

The left subamplitude of A% (B,,.(n -4 ) is AL, (i°.2%...(a-2)" B2, ). With‘i) =),

1)~ ). Aka)

(n1.1),

A

Pl )G :|n_1)c ’

f)fm )7 :|n—1)76+

n

| n one easily derives
-G



((n-1),P, 2 )
(n—l,l)cs

(P, i)c=(n—1,1)6, (., i)cz(l)“z#’l), (12),=(12).(12),= :

n—-1,1 .
((1’1—2)76 Pn—l,n lc )

(n-2,B,,) =(n-2,n-1), (n-2,B,,) = (33)

which can be useful for evaluating A" .

In summary one sees that the nonzero left and right three point subamplitudes are

A?(i“,zG,ﬁg):A;(ic,zc,g;):%

(n_l)fc’ﬁfc): (n_l’ n)—c(n_l’l)o—

(n 1),

(n-1)°, ﬁ"’) =0 together with amplitudes with the same helicity sign.

AS (B,

(n=1),A7") = A} (P

n-1,n?

n-1,n?

while A (17,277, B7) = A% (P

For subamplitudes with more than three particles both sides one can use the following equations for simplification.

From P, =p, +..+p,, P, =P —z| n) ( 1, P, =P, +z| n) (1 |,

i) :|l)0, |ﬁ)76:|n)7cs one derives

A

( n lsi,n )75 ( lsi,n k )(, = ( n_g lsi,n K, ) = ( n_, Pk, ) ’ ( k lsl,i—l )73 ( lsl,i—l 1 )(, = ( kPl ) = ( kPl ) (34)

which can be employed in many helicity configurations. With the helicity sign index and the equations above one can

easily derive amplitudes in various helicity configurations.
Consider as an example the 6 point amplitudes with split helicities. From (29) we know that if 6, =c then o, =—c

and from (32) that if 6, =—c then 6, =0.

[e2 c c -G -G —C AG [e2 a -G 1 D G [e2 -G —C z -G AO' [e2 (o2 -G D —C 1 D [e2 —C 7 -G
A (17,2°,37,47,57,67) =AY (1",27,P )EAﬁ(P 37,47,57,67 )+ Ay (17,27,3°,47,P )P—;Af(P 57,67)
For the left and right three point subamplitudes one can use (29) and (32) as well as (30) and (33) for the other
subamplitudes to obtain the result of [2] with (i j)— (i j) _.[i j]—(i j), valid for both signs .

A similar thing can be done for the alternating helicity configuration, where (34) should be used in addition to equations
(28)-(33). If 5, =—0c from (29), then 6, = o else the amplitude vanishes, the same is valid for 6, = then ¢, =c in

equation (32).
As an example for 6, =c one can take &(1“,2’“,3"’,4"’,5’“,6“) =AL (i°,2"’,3’°,4’°,—13°)PL2A§ (f”“,S’“,é“),

56

where the left three point amplitude with the configuration A% (16,2’“,151’2") vanishes due to (29). With equations (33)

plus equations above one obtains the Parke-Taylor formula for n=6.

As last example consider the amplitude involving quarks and gluons A4, (1;,2;",32,4’;) . There are several restrictions

for possible shifts see [6] and we use the shift in (27) where n=4. The left subamplitude is a quark, anti-quark, gluon
amplitude given by (7). Since it arises from the contraction of a polarisation with two fermions we know that they must
have opposite helicity signs. The right subamplitude is the three gluon amplitude see (11) and also would vanish if the

gluons had the same helicity sign. The left subamplitude vanishes for ¢, = —c according (28) and therefore one obtains

together with (28) and (30) the result
A a2 .

(P 1) 1 (4B
3

A7) -

2 42
(12), (12),(21), (B,3) (34)  (12),(23),(34),(41),

c
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We shortly comment on how soft and collinear limits for gluon tree amplitudes see [1-3] or [19] could be written more

s—>0
compactly. With A (...a,s",b...) - Soft(a,s",b)xAml (...a,b...) itis easy to write the soft function in a compact form

as Soft(a,s",b)zc (a b)"’

(as),(sb),
For the collinear limit of two adjacent particles a, b with | a )G = \/;| P )G R | b )G =4/1 —z| P )G ,P=k, +k, and

A](...a"ﬂ,b“"...)ﬂ: Z:Splitﬂ,P (z,a““,b"")-.,éLH (...P""...) one can write the non vanishing split functions in the

Zlfcbcp (l _ Z)lfcncp

1/2(1—2)(a b )76,

’

following compact form: (where ¢’=0c,6,6,) Split (z,a"ﬂ ,b% ) =c . One can check that this

agrees with the split functions given in [2], [19].

5. Summary

In summary we have described angle and square spinors together using an index connected to their helicity sign. An
advantage of this description is that it allows writing many relations between the spinors in a more compact form and
simplifies some derivations. Polarisations of different helicity signs and their contraction with spinors can be treated
together. Three particle amplitudes can be written compactly and some higher point amplitudes were considered. It is
possible to extend this description to massive spinors as well. For the important case of three point amplitudes
containing two equal mass fermions and a massless boson of spin one or two we eventually gained an additional
understanding of the x-factor, used to write them down. We also considered recursion with massless particles and

showed that the helicity sign index may be useful in the calculation of some amplitudes.

Of course there exist a couple of problems not discussed here, which might be interesting: investigate other higher point
amplitudes with the helicity sign index, especially amplitudes with loops, amplitudes with massive particles or perhaps

in connection with twistors.
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Appendix A: Spinor representations

Here we provide an explicit representation for massive spinors used in [12][14] based on momentum

=(E Psin(@)cos(¢) Psin(@)sin(g) Pcos(6)) (Al)

Using the Pauli matrices, the momentum can be written in bispinor form p=p,, = p,c* and p= p“=p 0", with
c=cos(0/2), s=sin(0/2)exp(i-¢), s =sin(0/2)exp(-i-@).

E—P(cc—ss") —2Pcs’ — e [E+P(cc—ss") 2Pcs’
P=Po; = | P=EPT = . (A2)
—2Pcs E+P(cc—ss) 2Pcs E—P(cc—ss)

We note the massive spinors in the 2-vector notation used in [15], which is better readable than enumerating all eight
2x2 matrices. Note that lowercase index spinors are obtained by | i1> =€, | iJ> and mirrored spinors by | >—>( |,

similarly for square brackets. Gluing together for example | ni> and | i) leads to the 2x2 matrix notation.

([i] =[m1), [ = (3] ~[n]) (A3)
=[i) [n))s (ul=(=CG (), [id=(n [i0)s Ti]=(In] L)

DR b AP RN e M R RN (A RN ) (ad
- e S -

=
~ ~—
—
~—
~—
—
[
-

|

=
—~
—
~—
=
1

Il

m

The momentum is p; :| i1>[iI | :| i)[i |+|ni>[ni| or p, :—‘il]<il| :|i]<i |+|ni ]<ni | and one can check that the

following relations as well as the relations in (16) are satisfied.

<ini>:mi ,[in]=-m, (A5)

Another interesting representation was given in [16], see also [5], [6]. Writing momenta in bispinor form
P =Du: =P,0" one can decompose a massive momentum obeying p> =m’ in terms of two null momenta k , g:

m
=k+ A6
p g (A6)

The massive spinors then can be written as (raising and lowering SU(2) indices 1,J goes with €% =—¢,, = [ 01 (l)] ).
1 m 1 m
= — kY|, =| |k
|p') [<kq>|f1> | )J 7] [| ] [kq]lq]]

)= -0 sl o) 1= ~glgdal 141 a7

"| are obtained with | k> - < k |, | q > - < q | and similarly for square brackets and lower indices.

The spinors< ",

It is easy to show equations (16) with this representation and the connection with the representation above is given by:

|n)=—"—]q), |n]=-—"—=]q] (A8)

Then one obtains as in (AS5) ( k n) =m, [ k n]: -
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