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In the first part of this paper, we extend the d-dimensional unitarity cut method of Anastasiou et al. to
cases with massive propagators. We present formulas for integral reduction with which one can obtain
coefficients of all pentagon, box, triangle and massive bubble integrals. In the second part of this paper, we
present a detailed study of the phase space integration for unitarity cuts. We carry out spinor integration in
generality and give algebraic expressions for coefficients, intended for automated evaluation.
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I. INTRODUCTION

With the approach of the Large Hadron Collider experi-
ments, accurate descriptions of particle physics will re-
quire knowledge of one-loop cross sections. Compu-
tational complexity increases dramatically with the num-
ber of legs, even at the amplitude level. It is desirable to
find a simple and fast algorithm for these computations.
There has been notable progress in the last couple of years
[1-11].

The unitarity method introduced in Ref. [12] seeks to
compute amplitudes by applying a unitarity cut to an
amplitude on one hand, and its expansion in a basis of
master integrals on the other [13]. With knowledge of the
basis and the general structure of the coefficients in the
expansion, the coefficients can be constrained.

The holomorphic anomaly [14] reduces the problem of
phase space integration to one of algebraic manipulation,
namely, evaluating residues of a complex function. By
applying this operation within the unitarity method, coef-
ficients can be extracted systematically. In this manner, a
method was introduced to evaluate any finite four-
dimensional unitarity cut and systematically derive com-
pact expressions for the coefficients [6,7].

When working with four-dimensional cuts, one loses
information of possible rational terms that are cut-free in
four dimensions. However, unitarity methods can find
rational terms as well, if we carry out the integral in d =
(4 — 2¢€) dimensions to higher orders in € [15]. This pro-
gram was developed in Refs. [9,16—18].

Recently, a general d-dimensional unitarity cut method
was developed for one-loop amplitudes [19,20]. In this
method, coefficients are extracted by first separating and
performing a four-dimensional integral by a technique of
choice, and then identifying the integral over the remaining
d — 4 dimensions with a coefficient using recursive dimen-
sional shift identities. In principle one can work out the
coefficients to all orders in e. In fact, for cases with only
massless propagators, this method is a complete alternative
to Passarino-Veltman reduction.
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In the first part of this paper (Secs. II and III) we
generalize the work of [19,20] to cases where propagators
have nonzero, nonuniform masses. We present formulas
for integral reduction from which one can obtain coeffi-
cients of all scalar pentagon, box, triangle and massive
bubble integrals. Pentagons in arbitrary dimensions are
truly independent master integrals, though in four dimen-
sions they can be expressed in terms of boxes up to O(e).
Amplitudes allowing massive propagators will most gen-
erally have tadpole and massless-bubble master integrals as
well. Unitarity methods cannot access this information
directly, but other physical considerations pin it down.

In the second part (Secs. IV), we further simplify the
technique of spinor integration over phase space by carry-
ing out some intermediate steps in generality. These steps
include expressing the integrand as a total derivative and a
possible Feynman-parameter integral. We give algebraic
expressions for the coefficients of the cut-containing basis
integrals. Our formulas should be suitable for program-
ming. To this end we include some possibly helpful iden-
tities in the Appendix, as well as a discussion of the issue of
multiple poles.

We close with a discussion (Sec. V) of the tree-level
input and possible alternative approaches. We compare our
approach of spinor integration to the procedure of Ossola,
Papadopoulos and Pittau [2] of evaluating integrands at
particular values of loop momentum and solving a system
of linear equations. Both our method and theirs algebraic
substitution at the integrand level. We claim that the com-
plexity is equivalent.

II. UNITARITY CUTS WITH MASSIVE
PROPAGATORS

Here we develop the program of double-cut phase space
integration in (4 — 2¢€) dimensions [9,16—20] by general-
izing to the case of propagators with nonzero and different
masses.

One difference from the massless case is in the basis of
master integrals. If all propagators are massless, the basis
consists of scalar pentagons, boxes, triangles and bubbles.
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But if some propagators are massive, there are tadpoles and
massless bubbles (i.e., the case K? = 0 for bubbles). The
tadpoles are [16]

yo0 TT1 + €]

I, ~ _ 1
1 m ee—1) (D
m2
=+ m*(1 — y — 2log(m)) + O(e), )
while for massless bubbles we find
M?72¢ — M272€ T7[1 + €]
L(K = 0) ~— > 3
2 ) M2 —M>  e(l—e) ©)
L=y =2 (M2 log(M,) — M2 log(M))
== -7 - ogimMy) — oglM,
€ M} —m3 ! g
+ O(e)

1
or ——(y+2logM,)+ O(e) if M| = M,. (€))
€

|
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It is evident from the lack of all momentum dependence
that unitarity methods alone can never detect these two
functions.

However, as discussed in Ref. [16], it is possible in some
cases to address this difficulty by considering the known
divergent behavior of the amplitude. For massless gauge
theory amplitudes, the conditions are such that quadratic
divergences cancel and the remaining (logarithmic) diver-
gence matches the known value. With these conditions we
can fix coefficients at leading order in €. In more general
cases, we might need some additional information. This
could come, for example, from taking the heavy mass limit
of one propagator [21]. We shall not discuss the tadpoles
and massless bubbles further in this paper.

A. Cuts of scalar integrals

We define the n-point scalar function with nonuniform
masses as follows':

1

In(Ml’ Mz, my, ..., mn_z) = j

Qm)* 2 (P2 = M)(p — K> = M) 1= ((p — P> — md)

(&)

This definition is written with a view towards taking the unitarity cut. The masses of the cut propagators are M; and M,,
and the momentum flowing through the cut is K. The other momenta P; and masses m; are the ones necessary to complete

the scalar function, and not necessarily in cyclic order.

Our calculations are done in the ‘“four-dimensional helicity” (FDH) scheme, i.e. all external momenta K; are
4 dimensional and only the internal momentum p is (4 — 2€) dimensional. Thus it is useful to write p = € + (&, where

¢ is 4 dimensional and f is (—2€) dimensional.

d*"%p d [ dee, d*l  (4m)e S g
i2e 3 ) ) du(u*)~'7e
(2m)*e Qm)* ) Q2m)—= @2m)* I'(—e)
Then the scalar function as defined in Eq. (5) becomes
(47r)¢ . [ ad*
I,M, My, my,...,m,_,) = du*(u?)~1-¢
n( 1 2, My m 2) F(_é') M (M ) (277_)4
1
X = 2 2\((F 2 2 2\ TTn—2((f 2 2 2y (6)
(@ = M3 = u)((E = KP = M3 = ) [N = Py = m = p2)
[
Following the setup of Ref. [19], we decompose the 4 mo- A[K, My, M,] = (K?)* + (M?)? + (M3)* — 2K>M?
mentum into a null component and a component propor- . .
tional to the cut momentum K. — 2K°M; — 2MM5, (®)
7— 01k e —o and a dimensionless parameter u to be
~ (7) 4K2 2
= | d*C = [ dzd*€s*((¥)(2¢ - K). =_ =K 9
f ] (R ALK M, M ®
We define the “‘signature of the cut,” A[K, M;, M,], as Then
'Note that, for ease of presentation, we are omitting the 20,2y 1—€ _, A[K, M 1:M2] —e [l Zl-e
prefactor i(—1)"*1(47)P/2 (which was included, for example, du(p?) 4K2 0 duu :

in Ref. [16]).
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. € A _
Since (277()‘!‘?(—6) ( [KAAI?Z’Mﬂ) ‘
henceforth.

Thus, we have rewritten the integral as

1
I,,(Ml,Mz,ml,...,m,,_z):] duu‘l‘ffdzd4€6+(€2)(2€-K)

0

X
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is a universal factor on both sides (basis and amplitude) of the cut calculation, we neglect it

where u? is related to u through Eq. (9).

B. Kinematics and the domain of integration

1
_ - = , (10)
(% = M} = (€ = K = M3 = D) [T} ((€ = P))* = mj = p?)
{
which we rewrite as
el 0 St ;1—” , (16)

In this subsection we determine the integration domain.

Assuming>~ K? # 0, we choose the frame where K =
(K 5 0,0,0), £ = (x,¥,0,0). Then the second cut propagator
isf{ — K= (x — K, y,0,0). From the on-shell conditions

oy =M+t (K- y =M+
we solve for x and y to find

_K+Mi—M3

7K , y = Eafx? = M7 - p? (11)

The requirement that y has a real solution is the following
constraint:

X

, _ ALK M, My]
4K2

with the definition of A[K, M|, M,] given in Eq. (8). The
condition (12) also requires the right hand side to be
positive, which can be arranged by working in a region
with sufficiently large cut momentum, K > M| + M,.
Then the physical constraint (12) restricts u# to lie in a
unit interval:

, 12)

ue[o, 1] (13)

After using (7) to decompose the vector ¢ ={ + zK, the
lightlike condition €2 = 0 becomes (x — zK)> = y?, or

2K? — 2(K* + M? — M2) + (M? + p2) = 0.

Solving this equation, we find

(K> + M? — M3) = JA[K, M|, M,] — 4K* i
© 2K> '
(14)

In the kinematic region of this cut K >0. Then the
positive-light-cone condition §*(€?) is equivalent to x —
zK > 0. Consequently, exactly one of the two solutions
(14) for z is selected. Specifically,

(K> + M? — M3) — JA[K, M|, M,] — 4K> u?
2K?

7=

5

5)

where we have defined two useful parameters:

_ K+ M- M3 b:,/A[K,Ml,MQ] 7
S e D

In the massless limit a = b = 1.

C. First steps: Separating the four-dimensional integral

Now we are ready to discuss the cut integral. Consider
the two delta functions of the cut propagators

80 — M3 — u?)6((€ — K)* — M2 — u?).

Inside the integral, we perform the following manipula-
tions:

8(6* — M} — pH)8((f — K — MZ — u?)
= 8(02 — M} — u»S(K> — 20 - K + M3 — M3)
= 8(’K* + z(20 - K) — M? — u2)8((1 — 22)K?
—2¢-K+ M} — M)
= 8(z(1 = 2)K*> + z(M? — M3) — M3 — u?)
X 8((1 —22)K* — 20 - K + M3 — M3).

In the last step we used the second delta function to find
2¢ - K = (1 — 27)K?* + M? — M2. We will make this sub-
stitution in the measure (7). At this point the first delta
function is independent of €. The cut part of the integral
now takes the form

f a1 f d=((1 = 22)K? + M? — MD)3(z(1 — K>
0

+ 202 — M2) — M2 — u?) f 468 (2)5((1 — 22)K>
—20-K + M} — M2).

The second line is the four-dimensional phase space inte-
gration, which can be performed in various ways, as dis-
cussed in Ref. [19]. We can integrate out z using the delta
function in the first line. Here we need to account for the
factor
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0
a—z(z(l — 2)K? + z(M? — M3) — M3 — u?)
= (1 - 29K> + (M} — MD),

which serves to cancel the first factor of the first line of
Eq. (18). Finally, we arrive at the expression

1
f duu~1-¢ fd4€8+(€2)8((1 K2 —26-K
0
+ M} — M3), (18)

where z is related to u by Eq. (16).

ITII. RECURSION AND REDUCTION FORMULAS
WITH MASS

In this section we compute the massive analogs of the
recursion and reduction formulas for master integrals pre-
sented in Ref. [19] and derived in detail in Ref. [20]. It is
not hard to check that the results of this section reproduce
the massless results when we set all m; = 0 [and hence
a=>b=1inEq. (17)].

We refer to Ref. [20] rather than review all details of the
setup here. However, we do need to remind the reader that
the results for cuts of these basis integrals were derived
with spinor integration, in which the massless four-
dimensional vector € is rewritten as

€= 1AA, (19)
|
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and the measure transforms as

f A5 (02)(0) = ﬁ " dit fA (A dNLA dA)(e)
(20)

Here ¢ ranges over the positive real line, and A, A are
homogeneous spinors, also written, respectively, as |€),
|€] in many expressions involving spinor products. The
first step in spinor integration is to integrate over the
variable ¢ simply by solving the delta function of the
second cut propagator. In this section, we sketch the begin-
nings of certain derivations by writing the integrand before
and after this ¢ integration—which, we emphasize, is not
true integration.

Spinor integration proceeds by writing the integrand as a
total derivative plus delta functions using ‘‘holomorphic
anomaly” formulas, and finally identifying the contribu-
tions of delta functions as residues of a complex function.
For an exposition of this technique, we refer the reader to
Refs. [6,7].

A. Bubble

The cut bubble is exactly the integral described in the
previous section without any additional factors. We just
need to do the four-dimensional integral.

f dzd* 08+ (€*)(2€ - K)8(z(1 — 2)K* + z(M? — M3) — M3 — u?)8((1 — 22)K> — 20 - K + M3 — M3)

= jdzd4€8+(€2)((1 —22)K? + M3 — M3)8(z(1 — 2)K? + z(M? — M3) — M? — u?)

X 8((1 — 22)K* = 2€ - K + M3 — M3).

After phase space integration we are left with

— 2 2 _ 2
(1 2Z)KK*: M7 — M5 _ bm’ @1)

where we have put in z given by Eq. (16). So, the cut is

1
ClL (M, My, K)] = b[ duu " NT—u, (22
0

where b is given in Eq. (17). This factor of b is where this
expression differs from the massless case.

Recursion relation: Now we define a sequence of func-
tions indexed by nonnegative integers n:

1
Bub(")E/ duu """ €u"\J1 — u. (23)
0

Note that the physical cut is related to the zeroth function
by a factor of b:

C[I,(M,, M»; K)] = b Bub®. (24)

Because the definition (23) is identical to the massless
case, we derive exactly the same recursion formula as in
Refs. [19,20]:

Bub ™ = F" Bub©), (25)

where the form factor is

(—6)3/2

(n) _
F ="\
2 (n— 6)3/2

(26)

Here (x),, = I'(x + n)/I'(x) is the Pochhammer symbol.
Written in a form suitable for reading master integrands,
we have the result
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1
b[ duu "yl —u = ngzC[Iz(Ml,Mz;K)]. 27
0

B. Triangle
The integrand to start with is
8(8 — M} — p?)d((l — K,)* — M3 — p?)
(€ + K3)* = m} — u?) '

After ¢ integration we get

B P — M3 1
(=20 + K7 ) e raem

1
— VLT R e orer
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M2 — M?
2 K3
Kj
K3+ M} —m3+z(2K, - K
4+ 23 1 —my + 22K, 3)K
K2
1

Q=<(1—2z)+

(28)

The four-dimensional integral gives

- \/%<(1 —27) + M%I;M%>1n<_(2’(1 O+ \/Z§>
3 1 -

(2K, - Q) — A/
(29)
where
Ay = 4((K; - Q)* — K707). (30)

where The ingredients for Eq. (30) are
K} + M} — M3
K -Q =1K—;2(K1 - K3) + (K} + M3 — md),
1
Q2 _ (2K%(K% - M% - m%) + (K% + M2 M%)(ZK] K3))2 + (1 - M)A:),m OA[KI’ Ml’ Mz]
4(K2)%
{
where Recursion/reduction relation: We define the integrals
=0 = - K3)? — K*K? 1 Z+ 41—
A3,m—0 4((K1 K3) Kl K3)) (31) Trl (n)(Z) = ] dl/”/l 1—e€ nl < I/t>, (35)
0 Z—A~1—u

which we recognize as the signature of a triangle with
massless propagators.
We can now see that

(1 = w)As,,—0ALK,, My, M, ]
(K?)?

As = = b*(1 — u)As,—

(32)

It is interesting to see that Aj is built from the factors
A[K,, M|, M,], the signature of the cut, and Aj,,_, the
signature of the triangle.

Now we define
(2K, - Q)K?

VAsm—oALKy, My, M)

Z=- (33)

Then we have

ClI;(My, My, m; Ky, K3)]

= fl duu'"¢(=b1 — u)
0

L, Z+J1—u
JA—3H<Z—H>

1 Z+ 1 -
/ dun~ —6<— )m( ”). (34)
A3 -m=0 Z - \/1 —Uu
This is the same expression as in the massless case, but now
with a different Z.

where the parameter Z is defined as in Eq. (33). The
physical cut integral is
1
ClI; (M, My, my; Ky, K3)] = ——— Tri¥(2). (36)
3;m=0

In this case, our cut triangle functions (35) do depend on
the cut-propagator masses M; and M, via Z. Apart from
the generalized definition of Z, the formula is the same as
in the massless case. Therefore, we derive the same recur-
sion and reduction formulas as in Ref. [20], namely

Tri ™(Z) = F ,(2) Tii©(2) + F,(Z) Bub®, (37)
where the two form factors are given by

F(") 3 (Z)

2y, (38)

(—€)32 i 2Z(1 — Z2)nk
n—e & (k—é€p

These are functions of the variable Z, defined for a given
triangle by Eq. (33).

Equation (37) is not yet in the most applicable form. We
return to the language of physical cuts by including the
factor —1/,/A3,,—o from Eq. (36). The recursion/reduction
formula that we need is thus:

F (n) 2(z)

(39)
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1 . 1 Z+\1—u
f duu Eu"[— ln< )}
0 */A3;m=O Z — \/1 —Uu

+ FY,(Ky, K3)CLL(My, My K], (40)
where
() _ 1 )
F3_,2(K1y KS)) - F3_,2(Z)- (41)
3;m=0

C. Box

The integrand to start with is
82 — M3 — u?)8((€ — K)? — M3 — u?)
(@ Py = mi = (@ Pof =} — )

We define another useful mass-dependent parameter:

P} + M? — m?
a; = ?; (42)
After t integration we get
1
Nl — e ————
(€10,1€X€10,1€]
where
Pi * K
Q; = (=bVvl —uP; + (Cli - e (a — b1 — u))K
(43)

Now the procedure is the same as in the massless case, but
with this more general definition of Q;.
Define

PHYSICAL REVIEW D 75, 105006 (2007)

Cl4(My, My, my, my; K, Py, P,)

fld —1-€ b 1
= uu - -
0 2K? /B — Au
% ln<D — Cu + /1 —u~B — Au

, 4
D—Cu—\/l—u\/B—Au> (46)

where
b4 P% PI'PZ PI'K
A:_Pdet PI'PZ P% P2'K,
PI‘K P2'K K2

p* (P -P, Pi-K
C=—sdetf ' 2 "1 ")
K\ Pk K

R% R] 'R2
B = —det s
R] 'R2 R%

Here again, the form of Eq. (46) differs from the one in
massless case only by the factor of b.
Recursion/reduction relation: We define

(47)

ul’l

VB — Au
% ln<D — Cu + /1 — u~/B — Au)
D — Cu—1—uJB —Au)

The physical cut is related to the zeroth function in Eq. (48)
by

1
Box (A, B, C, D) Ef duu='"¢
0

C[1,(M,, My, my, my; K, Py, P,)]

b
= __ (0)
R = Qiluo (44) a2 Box (4 B.C.D) (48)
P.-K if A, B, C, D are defined as in Eq. (47).
= —bP; + (a,» - ’K—z(a - b))K. (45) In the table in Eq. (49) we have listed which kinds of
triangles a box with given cut would reduce to (the propa-
The physical cut is gator mass must also be correctly identified):
Bozx Cut K P P Triangle One's (K1,K3) Triangle Two's (K1, K3)

K, K12 —Ky (K1, K34) (K1, K4)
K> K3 -K; (K2, K41) (K2, K1) (49)

K3 K3y —Kg (K3, K12) (K3, K2)

Ky K —K3 (K4, K23) (K4, K3)

K12 K, —Ky (K34, K2) (K12, K4)

K3 K> —-K; (K41, K3) (K23, K1)
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Boxes are related to triangles and bubbles in the reduction
formulas. In these relations we make use of a quantity
combining variables of the box and the associated triangles
to the table in Eq. (49):

= (z2 - 1)C +D. (50)

Box (A, B, C, D) = F{".,(4, B)Box"(4, B, C, D)
+ F{" (A, B, C, D; Z,) Tii®(2,))
+ F\"5(A, B, C, D; Z,) Tri¥(Z,)

+ £ (A, B, C, D; Z,) Bub®,
(51

where the form factors are given by

. I'(n — 1 &
F{ A B CD;Z)= - (n =

PHYSICAL REVIEW D 75, 105006 (2007)

(n) (=€ (BY
F AB)=—"(—], 52
4_'4( ) (”_6)1/2 <A ©2)
(n C,
Fi—)>3(A’ B, C,D,Zl) = _m
1 1
X -
ij (k—=1/2 =€)
B\n—
(3 @, oy

I'n+1/2— 6)Zk:1(k

1/2—€)p\A

c
() (Gt ) o

Again Eq. (51) is not the final formula we are after. To get the proper physical result for identifying integrands, we need

to replace the kinematic factor b/2K?. The result is

1 eem b D — Cu++1—uvB—Au
Jo v = )
0

In
VB — Au

D —Cu—+1—uvB — Au

2
4(1’1—)>4(A’ B)C[I4(Ml) MZ: ny, My, K’ P]; P2)] + Z F‘(‘”_)):;(A, B; C; D’ Zi)C[I.’i(Ml» MZ) m(ll)a Kgl)) K:(;l))]
i=1

+ F\" (A, B, C, D; Z))C[1,(M,, My; K)),

where for the triangles, K(l[) and Kgi) are given by the table in Eq. (49), the mass m;

according to the same table, and the form factors are

bw/A(’
F" (A, B,C,D;Z;) = F\" (A, B,C,D; Z)),

(55)

(U must also be interpreted correctly

1
F" (A, B,C,D;Z;) = 7FE;ZZ(A, B,C,D;Z).  (56)

2K?
D. Pentagon
The integrand is
B(0* = M} — uH)S((f — K — M} — u?)
(€= P)? = m} = u)((£ = Py)? = m} — p?)(€ = Py)> —m} — u?)

The physical cut is

. o byT = w(CIK1€]
CUts (b3, My g s s K. P, P P3)) = [ ™ (a0 €} s 1o v
where
2 2 2 . P.
0, = —(T—wp, + LM ”1?2 2K P) (57)

The total integral (apart from the universal prefactor) is

b ]01 duu—l—f\/mfwd&[we]
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Apart from the factor of b and the modified definition of Q;, the analysis proceeds as in the massless case [20]. Thus we

can cite the result directly as

C[Is(M,, My, my, my, m3; K, Py, P,, P3)]

S[QS: QZ: Ql) K]

05 0> = /(03 02)* — 0303
In

1 1 —u
=—b | duu'"¢€ 1
J (K%? <4\/(Q3 0~ 0303 03+ 0405 02 — 303

+ In

S[0s, 01,0, K] 0301 —/(03- 0, — 0303

W30~ 030t 0301 +4/(05- 01 — 0303

S[05 01,05 K] . 02° 01 —/(02- 01 — Q303

+ In

W02 0~ Q30 0y 01 + /(02 01 ~ 0303

where S[05, O,, 0, K] is a rational function defined as
follows:

5102 01,05 K1 =, (60)
2
with
03K 0O,-K QK
T, = —8det<Q2-Q3 03 0,01 |
0,103 0,0 Q%
(61)
Q% Qz : Q3 Ql : Q3
T, = —4det| O, 0s 03 0, 0
0,03 00 Q%

Let us make a few comments on the behavior of penta-
gon cuts. There are three terms. Each term looks like a box
signature multiplied by the factor S[e]/(2K?). It is signifi-
cant that each function S[e] has the same denominator
T,[ @], which does not depend on the order of the first three
arguments. This can be considered as another signature of a
cut-pentagon integral. This feature makes the reduction
simple. Where we see a factor of u”, we just need to write
u"S = P(u) + AY 3 | S;[e] where P(u) is a polynomial in
u and A is constant in u.> The A term will be the pentagon
coefficient, while P(u) indicates reduction to boxes. In the
massless case, pentagons contribute to terms of O(e), so
they can be neglected. However, in cases where propaga-
tors are massive or we wish to compute to higher orders in
€, their contribution must be included.

IV. FORMULAS FOR COEFFICIENTS FROM
DOUBLE CUTS

Systematic extraction of coefficients of master integrals
from four-dimensional spinor integration techniques has

It is essential that because all three S ;[ ®] have same denomi-
nator T,, after reduction we have the same A multiplying all
three of the S;[e].

), (59)

{
been described in Refs. [6,7], building on earlier tech-
niques reviewed in Refs. [22,23]. When applied to a spe-
cific amplitude in practice, there are choices to make
regarding how to ““split”’ the integrand in partial fractions
as well as choosing arbitrary spinors on which the final
answer does not depend.

In this section we present canonical choices to further
simplify the method, aiming to automatize the heart of this
procedure to allow for easy implementation into a com-
puter program.

For brevity, we do not review the entire spinor integra-
tion technique here; instead we refer the reader to the
explanations given in Refs. [6,7]. The steps that concern
us here come after the coordinate change and ¢ integration
mentioned at the beginning of Sec. IIl. At this point we
have an integrand whose terms are rational functions of
spinor products and homogeneous in the spinor integration
variables. The following steps are to split the integrand into
partial fractions (using Schouten identities), followed by
identification of master integrals and integration over a
single Feynman parameter. Finally we apply the holomor-
phic anomaly to complete the spinor integration by extract-
ing residues.

Here we are able to give explicit algebraic functions for
coefficients. In the Appendix we give a more detailed
discussion of how to evaluate these functions in practice.

A summary of the results this section may be found in
Sec. IVD.

A. Canonical splitting

Recall that our starting point is the product of the two
(on-shell) tree-level amplitudes from each side of the
unitarity cut. In spinor notation, this integrand takes the
general form®

3In this section we deal specifically with the case of massless
propagators. The generalization to the massive case is straight-
forward, as in the previous sections.
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CITi (ailelb;]
Zl‘[’}il((f — P - )

Here C is some expression that does not depend on any
integration variable, and we have used the relation (7), =
€ + zK, to rewrite the numerator. As we emphasized in the
beginning of Sec. III, the ¢ integration is trivial because of
the second delta function, 8((1 — 2z7)K? — 2€ - K). Thus
we can write the result of this step immediately:

(1 — 22)K2>’l|

(1 —27)K? _
(C|K|€T? Z( (€IK1€]
(€IKI€]=CTT (@ 0)eh;]
[T (€10,1¢]

So we see that, after integrating over ¢, the integrand for
phase space integration is a sum of terms of the following
form:

_ GO a,¢]
term <€|K|€]" f‘:1<€|Q,|€]

Here G(A) is some monomial in the holomorphic spinor
only; hence it factorizes as [J(€c;) times a constant in €.
The functions a; may depend on A as well, for example, as
[a;| = (A|Q|. But g, is the quantity we will need in order to
split the term further and extract the residues from multiple
poles.

We aim to describe all coefficients in terms of the
quantities K, Q;, a;, and G(A).

The term (62) depends as well on n and k. The exponent
n is related to the type of master integral involved. Terms
with n = 0 contribute only to boxes and pentagons. Terms
with n = 1 contribute to triangles in addition, and terms
with n = 2 contribute to all of these plus bubbles. If n = 0
we can multiply both numerator and denominator by
(€|K|€], so we shall always assume n = 1.

The first step in our program is to isolate poles by
splitting /., using the following partial fraction spinor
identity:

(62)

] _ [alQil0)
€110, 1€]  (€10,0,1€X€10,1€]
[al 05€)

. 63
o oleeora ©
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ent but equivalent expressions. Here we choose a canonical
sequence:
(1) First we keep (€|K|€]* untouched and split the
factors (€|Q;|€] among themselves. At the end of
. G())
this step each term takes the form (GTAARGIATE

(2) Then we split ({|K|€] from (€|Q;|€] as often as

Gu(Y)

> gk and

necessary to get two types of terms
Fi(A)
ElkreKelo el
(3) Finally we will be left with
G(\) ny:f-Z[aje]
(EIKIE] TTi= cel il €]
]—[ i[b€]
=Y Gi(A
- 3,00 e
o
(EIK1exeloilel

+ Z Fi(A) (64)
i=1

Our task is to find expressions for G,(A), F;(A), and b; in
the most compact and simple form. The result is

(G Yalole
Fil) <<e|1<Q 0 T ]t¢l<€|Q,Qi|e>>’

(65)

G [T a0 T2 PLallK1€)
G,(1) = Z [T, €10, 0:1€) (LIQ:KIE"™ 17" (66)

p=2...,n

bj = Ajtn+k—p- (67)

While F;(A) finds its simplest and most compact form in
Eq. (65), G,(A) in Eq. (66) may not be the simplest. For
example, it can be shown that all terms with 1/{€|K|€]" can
be summed into a single term. In general there are several
terms with 1/{€|K|€]* with 2 = a < n. As we discuss in
Sec. VC, if we know that n =< 4, we can work them out
explicitly. However, in Sec. IV C we shall use a slightly
different method to deal with these rational terms.

The identities necessary for carrying out steps (1) and
(2) are the following, which may be proved by induction,
making use of the basic splitting identity (63).

[T=ila 0] _ i 1 [T ia;10:16)
i= <€|Q |€] l_[m 1m¢1<€|Qin|€>’

Because there are different factors in the denominator, n§:1<{f|Q[|€]
there are different sequences of splitting leading to differ- (68)
|
n— n—1 .
[T=ila;€]  _ ITj=ilas1016) 1 Z( yo=p =T lajl010a,- 1 IKIO TS La, f]' 69)

elklercelole] kol (EIKIEKelol€]

(EIKIEP2¢eloKLey P!
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One necessary condition for the form (68) is that all the Q;
are different, which is satisfied for generic momenta.

B. Box and triangle coefficients

In this subsection we derive a closed expression for box
coefficients and systematize the derivation of triangle
coefficients.

As we know from Sec. IIIC, box integrals and their
coefficients may be labeled by momenta P;, P; along
with the cut momentum K. From these momenta we have
defined Q;, Q; as in Eq. (43).

The terms we need to consider are of the following form:

- [ppy_ L
10 = [ FO) exaion
FAN ] )

_ j " f (€de)dt ]<l—
0 \CIRIEKCRI])
R=x0;+ (1 - xK.

As discussed in the previous subsection, there will be two
types of poles: those from (£|K Q|€) contribute to triangles,
and those from (€|Q;Q;|¢) contribute to boxes. Let us see
precisely how these arise.

‘We can construct two massless momenta from Q; and K:

Py =0+ K, (70)

where

_x(i) _ _2Ql * K * VAU)
1,2 ’

| 2K )
AD = (20; - K)* — 40K~

J
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We make the choice n = P(li) and find that

o[ _FOIPY
I /(; dxf<€d€>[d€a€]<<€l) )>[P(1)P(i)]

() — 3
- . 72
IR + 1) — 1)) 72

The poles in this expression come from F;(A) and <€P(2i)>.
Note as well that since we have chosen n = P(I’), the factor
[P(I’)€] appears in the numerator and therefore there is no

contribution from the pole at ((?P(li)}, which one might
naively expect from a factor of (¢|KQ;|€) in the denomi-
nator of F;(A).

Apply a partial fraction expansion to the x-dependent
factors in the denominator of the integral. The result is

10 = ﬁ dx f<€d€>[d€af]<%

" (_ o + 1) (t1Q: — Kle] ))
x(x(ll) +1)—1 x¢€Q; — K|€]+ (€|K|€]
(73)
where we have used the fact that
(O\[ p(d) p(i) (i)
(lg.kley = SLEDIPT P KEPS) g

() = x3)

First term of (73): Let us consider the two terms of
Eq. (73) separately. The first is equal to

= [ ar [caotatag( (-

x(x(]’) + 1)

n+k 2 )
= f <€d€>[dea€]<<€|KGQ(’|‘;>l;[ Las|Qi16)

In the last line we made the substitution (65).

i1,02i4€10,0,10)

)) f <g”l@[d“f](«flQ(1<)|€>(_ In(= x(l)))>

1n(—x<;'>)>.

To complete the calculation for / (i), we need to take residue of all poles except the one (€P(li)> from factor (€|KQ;|{).
This seems difficult to do directly. However, notice that the whole expression is holomorphic. Using the result that the sum
of residues of all poles of a holomorphic function is zero, we get

G(A) l_[”“‘ *Las 0i10)

(i) _ <
! CIKQ;l6)"

t 1, t¢l<€|QtQi|€>

(75)

ln(—x(li))>

residue of (EP(]i))

These residues contribute to triangle coefficients. In the Appendix we show how to evaluate the residue of a multiple pole.
It can be seen that the expression (75) defines the algebraic function for the coefficients with input a; and Q;.

Second term of (73): The second term of (73) is defined by

Fi(A)

(€19,

0= (" gy i
1= [Cax [eeaotaes)(gio e o,

— K|{] > 76)

— K|€] + (CIKI€])
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- L ' dx f <€d€>[d€ag]<

(EIKQ;l6)

= 1t¢t<€|QtQi|€> x<€|Qi

g, K] -

— K|€] + (CIK|€])

Again, we do not take the residue of (€P(1i)> from the factor (€|KQ;|¢).
There are two kinds of poles in Eq. (77): one is a simple pole from (¢|Q;Q;|€) and one is a possible multiple pole from

€ P(zi) )" within (€|K Q;|€)". The former contributes to boxes; the latter contributes to triangles. Let us consider the multiple

poles first.

When we replace |¢] — IP(zi)], the spinor dependence cancels out in the integrand, giving

€lQ; — K|{]

(xg) +1)

x<€|Qi

— K|€] + (€IK|(]

o+ -1

We integrate over the Feynman parameter and find that the residue is

G(A) ]'[”“‘ *[a,|Qil€)

(i)
I |<€P(’)) (

Like Eq. (75), it will contribute to triangles.

(EIKQ;|6)

[ 1, f¢l<€|QtQi|€>

(78)

ln(—x(zi))>

residue of <€P(2[))

Now we move to the simple poles in Eq. (77). For these simple poles we can evaluate the integral over the Feynman

parameter first and get

G121 *[a,]Qil6)

Igi)lsimple poles = f<€d€>[d€3€]<

Now we need to compute the residue from the poles in
(€1Q;0;1€). Assume without loss of generality that i < j,
and construct two massless momenta as

P =0, +y20, (<)) (80)

where

W _ 200 % VAU

yl,2 2Q12 ’ (81)
A = (20, - 0, — 4020

To simplify our expressions, we define the following func-
tion:

G(A) l'[?*k’z[aleiIO
LK Qi) TTizy 24 £€10,0i1€)

F;(6) = (82)

To sum the COIltI'lbuthHS from these two simple poles
<€P(”)> and <€P )}, notice that the P1 ) differ only by a
sign in front of the square root. Thus we can expand

F, () = FS) + P
ij

i)\ — (S) (A)
ij? Fi,j(le/)—Fi,j_Fi,j'

(83)
Putting this back into the expression (79) for the residue, it

is straightforward to derive that the contribution from these
two poles in 1% is

(CIKQAO" T 1 (€10,0:1€) ~(E1Q;1¢]

nfAKID) 9

{
_ 1 (F@ 1q<P§"")IKIP(;'”] (Py"10:1P"]

(A) - <P(lj) |K|P(U)] <P(1/) |K|P(lj)]>

VP11 PIT (P10 P

To proceed further, we notice that the same simple-pole
factor (€|Q;0;|€) shows up in the 1Y term [or F;(}) in
Eq. (64)]. We can do a similar calculation to get residues in

1 in terms the function F ;,i(A). One can easily check that

F; z(P(lljz)) =F; j(P(l”z) ), by noticing that
G(P(U)) l—[n+k Z[a P(’])]

( (lj)) —
w%mwwr (P10 P

t=1,t#j,i
Fi (P (84)

Therefore the sum of contributions from residues associ-
ated to (¢]Q;0;€) = —(€1Q;0,1€) in 1 and 1Y is

1<ﬂg<ﬁWQWWMWWQW?]

- — jj In——r T ¥ T
VAT P10, P (P57 10,1PY )
wﬁﬂWQW@HﬁmQW?S (85)
Y RIQIP] (PYY1QiI P
(i) 2
1 g;
— (8) 121 (A)
= ———|F; In== + F/ In— 86
VA(ij)< y(zlj) Q2> (86)
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L0 E PV + F(P) | 20,0, + JAT o __Kk* (F SR+ Fy (RS 58)
JAD) 2 —20,-0; — VAW boxiif (1 = 22) 2 '
n F (PY) = F (Y : 0;/K? &N where F, ; is given by Eq. (84).
D) an /K2) It is important to realize that in fact Eq. (88) will be a

rational function of u rather than a polynomial, because it
This is the result we are looking for. The first term is the  contains results for pentagons as well. To separate the box
box contribution. To fix sign conventions, recall that the coefficient, we need to write
double cut is given by*

(1 —2z) 1 Cbox;ij(”) = H(u) + ' Z AP, (39)
f<€d€>[€d€]— iEpentagons

K> €10, 1€XE1 0]
(1-27) 1 1 where H(u) is a polynomial in u, P; is the pentagon cut
T ﬁ dx R given by (59) and A; is constant in u. Thus H(u) will be the
true box coefficient, for which we can apply the recursion
_(1=27) —1 i —2Q;-Q; +V A and reduction formulas, while A; is the true pentagon

K2 VA n_zQ- -0 — JAGD coefficient.
b The second term in Eq. (87) is the final piece needed for
Therefore the box coefficient is given by triangles. When we rewrite it as

1.2 ( G Tt 2La,l0il6) )
2 K \{IK Qi1 0) TTizy,12(€10,0:1€)
N, ( GV T2 La,l0;10) )

(KO0 T2 4€10,0;10)

residue of (€/Q;0,1€)

2 K2 residue of (€|Qij|€>’

we see that the first term is minus half of the residue contribution of (£|Q;Q;|€) inside F;(A) (I) and the second term is
minus half of the residue contribution of (£|Q,Q;|€) inside F;(A) (I (). For the first term, when we sum up all simple-pole
contributions for F;(A), we will be left with the residue of the possible multiple pole (€|KQ;|€)". That is to say (using the
fact that Q%/K? = x\"x{")

(90)

1 D G G(A ’::k_z sl 1|€
5ln(x(l)x(z))< ()l_[ 1 [a,10;1€) )

CIKQ 0" [Tizy,+:(€10,0,16)

residue of (€|KQ;|€)

Summing the three triangle contributions (90) with Egs. (75) and (78) we finally reach

_1< G122t a,l0il0) m(—x(;‘)ﬁ)
2\KQ 16y T, 210, 0116) (V1Y)
_1< G [Ti2 " la,]0il0) ln(—xg>)z>

2\EKQ 16y T, 210, 0116) (V1))

residue of <€P(|[)>

residue of ((P(z")>'
Notice that ln(x(li) / x(zi) ) is the signature of triangles. To compare, we recall that for triangles we have

1 -1, =20, K+ VA®

- _=(1-2 In .
@it ' T a0 " k- Va0

(1 - 22) f (€deY[€de]
Therefore the triangle coefficient is given by

“In this part, we compare to the case where propagators are massless. For the massive case, we need to adjust the definition of Q; and
include a factors of b, as explained in Sec. III.
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A )[E2H a0l
Cuii = 51— 2z {<<€|KQ ey )

= 1t¢z<€|QtQ,'|€> <€P(li>>

o1

_< G T2 la 1016 ) } 92)
€IKQ;l€) nzzl,t¢i<€|QtQi|€> s .

It is important to observe that both box and triangle
coefficients are expressed as the difference of residues at
the two poles P(li) and P(zi). This is the origin of the
“signature” square roots of box and triangle integrals. As
we will see shortly, for bubble coefficients, we need to add
up the residues at the two poles Pgi) and P(zi). The addition
will get rid of the square root signature, but we are left with

(1 — 2z), which is related to bubbles.
|

G T a1k + 7s7l6)

PHYSICAL REVIEW D 75, 105006 (2007)
C. Rational part

Now we address bubble coefficients. They are given by
the first term of Eq. (64) with G(A) given by Eq. (66). As
we have mentioned, for general n and k these are not the
simplest and most compact expressions. If we constrain
n =4, it is possible to use them directly. Here we use a
more general approach.

Our starting point is Eq. (62). We write it here as

o GOV T2, 0]
70 ]—[2‘;(;<€|K + 7sn|{] ﬂf=1<€IQiI€]’

(93)

where > = 0 and 7 is a parameter which we eventually
take to zero.

Because no denominator factor appears more than once,
we can use Eq. (68) directly to reach

Z <€|K|€]<€|K + 1sml€] 1)

y G T a 10410
T2 K + QIO T, 2/ 100,16

e SOUE + 7' ) (K + 7sm) O T ((€1Qi(K + Tsm)l€)

Z<€|K|€]<~‘5IQ €]

(94)

When we take the 7 — 0 limit, the second line becomes the contribution to triangles and boxes that was discussed in the
previous subsection. The first line gives the bubble contribution. It appears that each term in the first line diverges in the

7 — 0 limit. To proceed, define

K(s) =

K+ 7sm.

Then we find that each term in the first line of Eq. (94) can be rewritten as

1

G T 2La,IK(9)10)

(C1K(s) = sl LK (€] 7~ ElmR ()| €)" 2 TTi} gy (8" — 9 T (EIQK (5)16)

Now we can expand this expression as a power series in 7, keeping those terms that will survive the limit 7 — O.

Specifically, we substitute

1
(CIK(s) — msnl€KCIK (s)I€]

~ & ARG

UL I

Apply the familiar spinor integration procedure to replace one integrand by a total derivative using the identity

The result is then the sum of residues of

[n€] 1 [ne]*!
1) crpiep) = 1490 Gy ey i) ©5)
G(\) l_[7+k_2[aj|k(s)|€> n-2 Thsh{€|nl€]r+! 6)
T UK T g, (8 = O T QK (9)10) <h—0(h + 1)<€|K(s)|€]l+h>‘

For the multiple pole, (¢|nK(s)|€) =
residue of (€7).
Finally, after defining the quantity

£n)[n]K(s)|€). Since the numerator contains a factor of [n€]" ™!, we do not take the
Enln n
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GO [, R (5)10)
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R[I%(S)’ {Qi}r T’] =

poles except n

we can write the bubble coefficients as

1

1—u

Chubble =

n—1
> RIK() A} ll—o (98)
s=1

]

The limit is taken by expanding and truncating the series.

D. Summary of results

Conventions:
We start from an integrand of the form

. GWIlay]
“ el T (il ]
and present here an expression to be integrated over the

final ( — 2€) dimensions as discussed in Sec. II C.
Box coefficients:

99)

Cbox;ij _ \/1—< ,]( 1 ) 5 ,]( 2 )>, (100)
—u
P =0, +y0, (<)), (101)
N AW
12 20? ’ (102)

Al = (20; - Qj)z - 4le ]2-,

e

GV T2 ?a,1K(9)1€)

n—2 Thsh<‘€|7’|‘€:|h+] >>

Rt Ty ARG IIOI0, (hzo (h + DRI

7
G T2 2a,l0,1€)
Fi;(€) = : . 103
= axgier < Loaoorn 1Y
Triangle coefficients:

c. VAU {( G [T (a1 0i16) )
T u \(IK Q1Y T, 2 4€10,0,10)) | er)
_< GV [T [, 0il6) ) }
(EIKQ;|6)" nle,z¢i<€|QzQi|€> (epy ’

(104)

P, = 0; + K, (105)
MO —2Q; - K £ VAU

L2 2K? ’ (106)

AD = (20; - K)* — 403K~
Bubble coefficients:

1

1—u

Chubble =

n—1
SRR nll—o.  (107)
s=1

]

The limit is taken by expanding and truncating the series.

R[K(s); {Qi}’ 77] = Z Res<7”2<€|1ﬂ€(s)|€)”l l—[n

poles except i

K(s) = K + 7sm. (109)

For a detailed description of evaluation, see the
Appendix.

V. DISCUSSION

In this section, we first comment on the input needed for
this integration program, and then discuss the alternative
approaches of generalized unitarity cuts and the program
of Ossola, Papadopoulos, and Pittau [2].

A. Tree-level input

The input needed for the unitary cut method is a collec-
tion of (on-shell) tree-level amplitudes, which can be cal-

n—2 Thsh<€|77|€:|h+l >>

s = T (10K (5)1€) (h_o (h + IXEIR (s)l€]' "

(108)

[

culated by recursion relations. However, results with
spurious poles (which generally arise in the most compact
expressions) can make it hard to apply our method. To
avoid this difficulty, we can apply spinor identities to
regroup the terms into an expression free of spurious
poles.

Let us demonstrate this in one example. The five point
function with two massive scalars are given by5

>The sign of the second term is different from the correspond-
ing formula in Ref. [24]. We have checked, using the method of
Ref. [24], that the sign in this earlier formula was a typo.
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w212

{12X23)((€, + k)2 = ) (€, + k3)2 — p)BIT + 2)¢4]1]
3l +2)¢, 1117

K3,5[231031(1 + 2)€,]1]
w?[12]

(12316 11IGIGBIBI + 2)6,1]

K35[23]31(1 + 2)¢, 1]

The spurious pole in the first term can be split from the others by the identity

(3le,(1 + 2)1€,11]

@3l6(1 +2)[1)

Bl (1 +2)(1 +2)]3]

(6 NTBI+ 2)[6, 1] [BI( + 2111, 1]

Then

Gl63 + 24111316,02]

(L + 2)131B31(1 +2)1€, 1]

Bl(1 +2)¢,|1][12] pA12]

AL 17,2737 6) = = TG BRI

Using

(12)23)[23](3I(1 + 2)¢,[1]

K3,;[23131(1 + 2)¢,]1]°

Gl(1 +2)€,11]1K3,; = (Bl4,(1 + 2)€,|1](K3, — (3l(1 + 2)I3])
= (316,(1 +2)€,[11K3, + GI(1 + 2)€6,131[31(1 + 2)€,[1] + K3,(3|¢,[113]¢,13],

we can add the last two terms together and see that the
spurious pole [3|(1 + 2)¢;|1] has been canceled (as it
must). Thus we finally get

o Gl63+ 26 11161612]
A1 203 ) = K 1 TGl 3]

[12131(1 + 2)6,13)
<12>K%3K%23

(110)

A similar calculation gives

(216, 11121¢,13]
(12)K3;(31€,13K11€,11]
[3112]€,[1)K2]¢,]3]
K3,K3,(31¢,|3]
_ Q6K 512)[13F
KLK5LK

As(€),17,27,37,47) =

(111)

where spurious poles have been canceled.

B. The quadruple cut

In four dimensions, the quadruple cut [5] is a powerful
tool for getting box coefficients because the integral is
completely localized. Quadruple cuts may be applied
here as well since we have separated the
(—2€)-dimensional and four-dimensional integrations.
We apply them to boxes and pentagons.

Again, we write in the language of spinor integration
(see the brief remarks at the beginning of Sec. III), but this
is absolutely not essential to the technique of quadruple
cuts.

Let us start with the quadruple cut (denoted here by C?)
of a box. It is given by

[
1
c;{=f duu-l—ffd4€5+(e2)5((1 — K2 20K
0
+ M} — M3)8((€ — Py)* — M3 — u?)
X 8((€ = Py — M3 — p?)
1
=[ duuflfffd%wﬂ)a((l —2)K2—20-K
0
+M? — M3)6(P? + M3 — M3 —z(2K - Py)
—20-P)S(P3+ M3} — M2 —z(2K - Py) —2{ - P,).

After 7 integration, which sets 1 = —((1 — 2z)K?> + M? —
M3)/{€|K|€], we have

cl = ﬁ) i1 f (€doyeac]

KON (KXl 0s1e]
<3~ erer )° (ki)

(1 — 22)K* + M? — M>
(K€

where

M2 _ M2
0= (01 -2+ )y

+P%+M%_M%+2_Z(2K‘P1)K

K? '

To solve the remaining two delta functions, we need to find
two momenta constructed from ¢; = Q, + x;0,,i = 1,2
such that g7 = 0. This is the same construction as in (81).

Then the two solutions for the two delta functions are given
by®

(112)

€ = |(11>|612], €, = |q2>|q1]. (113)

Notice that these solutions are complex, as usual for qua-

These are the €5, £, of Ref. [2].

105006-15



RUTH BRITTO AND BO FENG

druple cuts. There is a universal Jacobian factor, which in
general is a function of u. Putting it all together we have
1
Cl= f duu='"¢J(u), (114)
0
where J(u) is the Jacobian and should be symmetric in K,
Py, P,.
Next we consider the quadruple cut of pentagons. The
calculation is similar, so we shall be brief. After ¢ integra-

tion we have

1 L (1 —22)K?* + M? — M3
Cq=fduu1€f€d€€d€ I 2
=, G TUIAl

v 5<K2<€|Q1|€]>5(K2<€|Q2|€]>
(CIK|€] (CIKle] )
with the Q; defined in Eq. (112).
Now we need to sum up the contributions of the two
solutions. The Jacobian of the two solutions is the same.
We end up with’

1 1o J W) 1 74q11Kg,]
Cq=f duu='"¢€ —( +
> 0 K? 2\{q1105l92]

1 J
:ﬁ) duu_l_E%S[Qz, 01, 03, K],

where S[Q,, 0, 03, K] was defined in Eq. (67). We see
again that the relative factor between boxes and pentagons
is S[®]/(2K?), just as we learned from the double cut.

In general, we perform the f-integral first and then add
the two solutions. This gives a rational function R(u). Then
we need to split

<42|K|611]>
(9210514911

(115)

S[QZ) Ql) QS; K]

> . (116)

R(u) = P(u) + ZaQ3
03

where P(u) is a polynomial that gives the box contribution,
and ag, are constants in u that give corresponding coef-
ficients of pentagons. This decomposition is the same as
the one given by Eq. (89).

After getting box and pentagon coefficients from qua-
druple cuts, one might continue by applying triple cuts to
target specific triangle coefficients, and then finally use the
usual double cut for the bubble part only. Triple cuts have
been used to get particular one-loop coefficients in
Refs. [25-28], and recently a nice paper [11] has described
a general procedure to compute triple cuts in arbitrary
dimensions. One can try to systematically study the triple
cuts of Ref. [11] along the lines presented in this paper. It is
easy to see that the delta function there (plus possible
derivatives of delta function) corresponds to our multiple
pole.

"Here we have inserted the factor 1/2 since we need to sum the
contributions of two solutions. This is the same expression used
in original quadruple cut [5], where on one side, we sum up two
solutions and divide by two, while on the other side, we have just
the Jacobi factor for the basis of box.
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C. Comparison with OPP method

Recently, a computation by Ossola, Papadopoulos, and
Pittau (OPP) [2] has been attracting attention. It seems to
be a very simple reduction method, which can be per-
formed at the integrand level. The key point of the OPP
method is that knowing the general form of spurious terms,
one can solve algebraically for the coefficients of physical
and spurious terms from knowing the initial data. The work
we have presented here is in the same spirit. In our method,
it is through splitting into partial fractions that we are able
to identify contributions to the various basis integrals and
find the functions for these coefficients.

We remark that in Ref. [2], it is claimed that in the
renormalizable gauge, there is an upper bound on the
number of spurious terms. For example, there are six for
triangles, eight for bubbles. The upper bound in the OPP
method will correspond to the upper bound of n in our
factor (€|K|€]". Our experience suggests that we will al-
ways find n = 4. The reason is the following. Before the ¢
integration we have

l'[fi‘l[ailflbo
[172,(6 = P> = p?)’

where the power of ¢ in the numerator N, has an upper
bound, N; = N, + 2. The reason is that in renormalizable
gauge, the expression derived from Feynman rules has the
property that the degree of ¢ in numerator is less than or
equal to that in the denominator. After peeling off the two
cut propagators, we have Ny = N, + 2. Now we count the
powers of 1/(£|K|€] after ¢ integration. Numerators con-
tribute —N; while denominators contribute N,. From [ rdt
and the delta function, we get an additional —2. In all, we
have (1/{(¢|K|€])"M~2*N2 thus n = N, + 2 — N, = 4.
Assuming that indeed n < 4, the correspondence be-
tween our method and the OPP method becomes clearer.
It is easy to see that box and pentagon coefficients have the
same expressions. For triangle, we have multiple poles up
to order 4. From our discussion in the Appendix, it can be
seen that a pole of order n can be traded for a simple pole
with an (n — 1)-th derivative. In our case, with n < 4 we
have up to third derivatives. This is similarto j = 1,2, 3 in
Ref. . For bubble coefficients, we have up to three terms,
and each one has multiple poles up to order three, so we
would expect 3 X 2 = 6 contributions, compared to the
eight spurious terms of the OPP method. Our impression
is that the spurious terms of OPP are hidden as multiple
poles as well as simple poles in our language. The alge-
braic complexity of the two methods should be equivalent.
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APPENDIX A: EVALUATION OF RESIDUES

In this Appendix, we discuss how to evaluate the various
functions we defined in Sec. IV to get formulas for coef-
ficients of the basis integrals. Our aim is to make the
formulas programmable, so we go into some detail.

1. Box coefficients

The box (and pentagon) coefficients are given by
Eq. (88),

Fi (P +F, (P(’/))>

KZ
Coox:ii = Al
bOX,l] (1 _ 2Z)< 2 ( )
where
® (lj)) P(lllz))l—[n+k 2[(1 P(l/)]
Fij

<P(l/)|K|P(U)]n nz L) 1<P(”)|Q IP(U)]

Let us rewrite the coefficient as

Coox) = — A2
box;ij 2(1 — 2Z) D’ (A2)
where®
N N
5= Fi j(Pﬁ’f)) +F; (P(”))
s=1
: (i) (i) (i)
X l_[ <P2U |Q1|P1U ] + G(lej)
=Li#)i
n+k—2 k
X l_[ [Cl P(’/)]<P(U)|K|P(U)]n l_[ <P(U)|QI|P(U)]

t=1,t#j,i

k
D= <P(llj)|K|P(2U)]n l_[ <P(l])|Qth(U):KP(l])|K|P(]U)]n

PHYSICAL REVIEW D 75, 105006 (2007)

For D we use the following identity:

(mISImXmalSIm ] = @2ny - )2, - S) — S22y - 7o)
(A3)
Then,
K2AGD)

= (K- (Q; + yl”)Q DK - (Q; + 7)) +
= T[Qi’ Qj’ K]

0?

The function T[Q;, @}, K] in this formula is 7,/Q?, with
the definition of 7, given in (61). Using this definition we
have

k

D=T(0, 0, KI" [] T(Q:0; 0]

=1,1%j,i

(A4)

It is easy to see that each term in N may be written as a
product of the form

[a, P, KP,1QIP P by)
= [a,|P,QP,|bs) = [a,|(Q; + ¥20)0(Q; + y10))|by).

Thus we see that the evaluation of box coefficients (A2) is
straightforward.

2. The residue of multiple poles

For triangles and bubbles, we need to know how to get
residue of multiple poles. There are several ways to do this.
The first one is to use the splitting method discussed in
Ref. [7].

1=1t#j,i The second method is to shift momentum parametrically
k i i and then take the limit where the parameter goes to zero.
X l_[ (Py”10,1P”] We illustrate this method with the example of a double
1=Lt#)i pole. We denote the small parameter by 7.
1 1<€a]> 1 .];:1<€aj> _ 1 n§:1<770j> _ 1 .];:1«77 + 7a)aj>
(€n)? 1"[, (b))~ (n)e(n + ra)) [T—itby)  (n(n+ 7)) [T (nb;) (n(n + 7)) [T_((n + 7a)b))
k (aa;)
1 I 1<naj><1 =0 %—m)) 1[I 1<na]>< Z<oza ) Z )
~ mna) [Ti—i(nb)) [T, +rie >) (ma) [T5=i{nb;) 1{na;)

_ n§—1<7]‘1/’>< L {a;b)) )
l_[,;:1<77bj> j:1<77aj><77bj>‘

80ur functions IP(lij)>|P(2ij)] and IP(Zij)>|P(lij)] showing up in N and D are the €5, €4 of Ref. [2].
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We see that this is the correct result. Compared to the first method, we have more terms and one extra auxiliary spinor 7.
However, in this method, the symmetry among a;’s and b;’s is explicit.
Now we can use the above idea to get the general expression for multiple poles:

L [I&tay) 1 [Tta) _ " L [14(n + 7so@)a;)
(Eny" TTX€0) " TH=(En + 57a) TIAED) S TTigrs, (n + 7800)(m + s7@)) TT4(n + 7s0a)b))
_ nil 1 [1(n + 7soa)a;)
S ™ T M) T 120 55,5 = 50) TTK(n + Ts02)b))
B Zl i [Ti{mai(1 + rso {24
b= ™ Kpa)'! n?;&ﬁtso(s = o) [T{nb;)(1 + 750 EZZ’;)
— 1 [1{na;) (”_1 1 [1:(1 + 750 EZZ i)>
N na)y" ! [1{nb;) so:ol—l?;é,mo(s ) [T,(1 + 759 Eai ;)

We see that what we need to do is to expand the expression inside the parentheses as a series in 7, keep only the terms up to
order 7"~ !. Although this expression has one auxiliary spinor 7, the final result does not depend on it. Without writing out
intermediate steps, we reach the following result:

o B S, 5 (0N 5 i)

,mj=n— 1
The third method is very similar to the second method. Upon noticing that

d 1 (n = DiEsyn !

dm=1 (€n — 7s) N n — Ts)" (A6)

Wwe can rewrite

1 []i€ay) - 1 [Ti{€ai) _ d 1 1 [T<€a)
Cm)" [1¢€by)  (tm — 7s)" [T€by)  dr"™! <<€n = 7s) (n = DKEs)"™! 1'[j<€b,->>'

Now we take the simple residue of (€1 — 7s). That is, we set |{) = |n — 7s), take the derivative, and finally find that the
residue is

4 1 [14(n — 75)a;)
Residue a1 ((I’l — 1)!<ns>n*1 l_[j<(7) — Ts)bj>>7'_'0. (A7)

It should not be hard to check that Eq. (AS) is the same as Eq. (A7) if we identify & = 5. As a demonstration, let us check
the case of a double pole:

1 joillap a1 l"[jf_1<€a,->> _d 1 i — Tsa,>>
<€77 - TS>2 l_[] 1<€b > dr <<€S> <€7] - TS> n§€:]<€b]> residue AT <<7] - TSS> l_[§:1<77 - TSbj> 0
1 l_[, 1<77a> (Sbj> _ <saj>
~ (s [T 1<nb><,~ (nbj) §<naj>>'

This is exactly the same result given by the shifting technique.

Knowing how to evaluate the residue of multiple poles, we can discuss how to evaluate coefficients for triangles and
bubbles given by Eqs. (104) and (107). We use the third method. For example, for Eq. (104) we can shift K — K — 7s.
Then using Eq. (A6) we can transfer it to the residue of a simple pole. We can further simplify the sum of these two simple
poles using the same technique discussed in our previous subsection for box coefficients. After that we can take the
derivative and the 7 — 0 limit by truncating the power series.
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