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Abstract

We derive expressions for three-body phase space that are explicitly
symmetrical in the masses of the three particles. We study geometrical
properties of the variables involved in elliptic integrals and demonstrate that it
is convenient to use the Jacobian zeta function to express the results in four and
six dimensions.

PACS numbers: 11.80.Cr, 11.10.Kk, 12.30.Gp

1. Introduction

The subject of three-body (and, in general, N-body) relativistic phase space is as old as the
hills and one might well think that all that there is to know is already known. In numerical and
experimental terms this is indeed true: for a long time Dalitz plots [1, 2] have been routinely
used in picturing data and they prove extremely helpful for picking out resonant intermediate
states of particular spin by their preferential population of the plots. In the absence of any
amplitude modulation by resonances or otherwise, the plots are at their blandest as they just
represent three-body phase space.

In any multibody production such as A+ B — 1+ 2+ ---+ N, the probability of the
process is largely governed by the total momentum p = p4 + pp, the masses of the final
particles my, mo, ..., my relative to \/? and an overall coupling constant. Surely there is
also the dynamics of production which modulates the coupling magnitude by intermediate
state contributions, but the overall rate is mainly influenced by the unmodulated phase-space
integral as written below. The case of N = 3 phase-space integrals and the manifest symmetry
of the result upon the three masses of the product particles is the subject of this paper.
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One of the first comprehensive references on this subject is the paper by Almgren [3]. In
his normalization, the integral over the N-particle phase space is defined as

N N
I&D%p,ml,...,mm:fmf{Hd"pia(p?—m?)e(p?)}8<Zpi—p) (1.1)
i=1 i=1

where p is the total momentum. From now on, we will frequently use the notation p = P,
since usually it is easy to distinguish it from the cases when the four-dimensional vector p is
meant. As a rule, we will also omit the arguments of ,(VD). In four dimensions (D = 4), we
will denote Iy = 1 ](\;1 ) (this is the original Almgren’s notation). More details about integrals in
other dimensions can be found in [4] and in the rest of this paper. It is worth mentioning that
1 1{,1)) is easy to work out for odd values of D, whereas considering even values of D brings in
elliptic functions and is more difficult.

For kinematical reasons, it is clear that the results for the integrals (1.1) have no
physical meaning if the absolute value of the momentum p is less than the sum of the
masses. Therefore, in what follows we will imply that all results for / ZE,D) are accompanied
by 6{ p2 — (my + -+ +my)?}, without writing this theta function explicitly. In [5, 3], integral
recurrence relations for Iy (at D = 4) were discussed. For an arbitrary dimension D, the
generating relation can be presented as

D D D
IIE; )(P, my,...,my) = /dSII(H%(P, VS, my Rty -, mN)I,E,JR(«/E, My, ..., MN_R).
(1.2)
Taking into account the theta functions associated with / 1(\/D—)R and / Igl_ii, one can see that

o . . . . . - 2
the actual limits of the integration variable s in equation (1.2) extend from (vale m,-) to

(p— ZlN: NeR+1 mi)z. Once we fix the subsets of masses in the arguments of the integrals on
the r.h.s. of (1.2), the explicit symmetry gets lost. It is clear, however, that equation (1.2) still
contains that symmetry, since one can split the masses my, ..., my into these two subsets in
any possible way. Another type of integral recurrence relations for / ;VD), with respect to the
value of D, was considered in [6].

The simplest example is the two-particle phase space, N = 2. In this case, the phase-space
integral (1.1) in four dimensions can be easily evaluated as

g

L =—
2 22

k(pz,m%,mg) (1.3)

where
Ax,y,2) =x2+y + 27— 2xy — 2yz — 22x (1.4)

is nothing but the well-known Killen function [7].
Using equations (1.2) and (1.3) (for the case D = 4, R = 1), one can obtain the following
integral representation [3, 8] for the three-particle (N = 3) phase space:

72 3 ds
L=~ — /(s = s1)(s — 52) (53 — 5) (54 — 5) (1.5)
P Js, S
with
51 = (my —my)? s2 = (my +m)? 53 = (p —m3)? sa=(p+m3)’  (1.6)

so that 51 < 55 < 53 < 54. The result of the calculation of the integral (1.5) can be expressed
in terms of the elliptic integrals [3, 8] (for convenience, we collect the definitions and relevant
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properties of elliptic integrals in the appendix),

72 1
L= ——+—-1{- m?+mi+m2+ p2)Ek
3 4p? Q+{2Q+( 1 2 3 P) (k)

+dmima[(p — m3)* — (my — m2)*1[(p +m3)* — m3p +mim2]K (k)
+8mim, [(m% + m%) (p2 + m%) —2m?m3 — 2m§p2] M(af, k)
2
—8mymy(p* — m3) n(ag,k)} (1.7)
where we use the following notations:

Q.= (p+mi+my+m3)(p+my —my —m3)(p —my +my —m3)(p —m; —my +m3)

O_=(p—mi—my—m3)(p—my+mo+m3)(p+m; —my+m3)(p+my+my—m3)
(1.8)
_ 0- > (p— m3)* — (my +my)? ,  (my— my)? ,
“= Q4 LT (p—m3)? — (my — m)? = (mq +my)? *r (1.9)

We note that in [8] the notation g1+ = (p & m3)> — (m, £ m»)* was used. In particular, we
have 0, = g+1q——, O— = q+—q—+, K = q+—q—+/(qsrq—-), a12 = g-+/q——. Note that O
differ by the sign of p only.

Itis clear from definition (1.1) that /3 should be a symmetrical function of the three masses
my, my, m3. The representation (1.7) in terms of elliptic integrals is however not explicitly
symmetrical in the masses, although it must be implicitly so. One may, of course, generate a
symmetrical form by averaging the unsymmetrical-looking expressions over the three possible
permutations of m;, but this would be ‘cheating’ since each of them should be symmetrical by
itself, although this is hardly transparent.

Note that the quantities O, and Q _ (and, therefore, the argument k) are totally symmetric
in my, my, ms. (In fact, they are symmetric in all four arguments p, m;, my, ms.) Therefore,
the term containing E (k) in equation (1.7) is also symmetric. The function K (k) itself is also
symmetric, but its coefficient is not symmetric. We also note that the product of Q. and Q_
produces the quantity

Dy = 0,0_ =[p> — (my +my +m3)*1[p* — (—my + my +m3)*]

X [p* = (my —my+m3)’1[p* — (my +my — m3)*] (1.10)
that occurs in recurrence relations for the sunset diagram (see, e.g., in [9, 10]). It should
be noted that the imaginary part of the sunset diagram is proportional to the three-particle
phase-space integral. For instance, in the notation of [8], Im(T}23) = —4m ~'I3. We also note
that pf) considered in [4, 6] are related to Ili,D) as pt = (27T)N+D’NDII§,D).

For equal masses, m; = m, = m3 = m, equation (1.7) yields
2
4p?
with

1
(p—m)(p+ 3m){5<p —m)(p* +3m*) E (keq) — 4m2p1<(keq)} (1.11)

. _\/(p+m>3<p—3m> 1)

TV (2 = m)p +3m)”
Some other special cases of equation (1.7) are described in [8, 11].
This paper is devoted to a new way of exhibiting the results in an explicitly symmetrical
manner. To do this, we will employ another integral representation for /3, in terms of
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Mandelstam variables s, ¢, u [12] and the Kibble cubic ® (s, ¢, u) [13]. In particular, we will
show that it is convenient to present the result (1.7) in terms of Jacobi Z function whose
definition is given in the appendix.

2. Phase-space integrals

As an illustration, let us demonstrate how the connection with the Dalitz figure can be derived
directly from definition (1.1). The D-dimensional vector p can be presented as (p°, p), where p
is the (D — 1)-dimensional Euclidean vector of space components. Without loss of generality,
we can work in the centre-of-mass frame, p = (p°, 0). Using the integral representation

N 1 N
s (Z pi = p) = Go)P / d”x exp :ime) - i(px)} @0
i=1

i=1

with (px) = p°x°, we get

1 50,0 N )
(D) —1p" X ix
e (sz/ e {11[ d°pid(p} —m3)o(p7) e )}- 22)

(Similar method was used in [14].) Integrating over (D — 1)-dimensional angles of p; we get

(D-1)/2 (D D24
/deié(p, —m?)o(p?) er) = 27 / NG

26032 \/7 J(D 32(pi€) €
2.3)

with p; = |p;] and & = |x|. In the four-dimensional case the Bessel function reduces
to an elementary function, Ji,2(0;§) = [2/(wpi§ )]1/ 2 sin(p;&). We note an analogy with
the calculation of Feynman integrals in the coordinate space [15, 22], when each massive
propagator yields a (modified) Bessel function.

Let us consider, for example, the two-particle phase space. Then, the integration over &
gives us

/0 §d8 J(p16)u(p2€) = 25(p — p3)

with v = (D — 3)/2, so that we can put p1 = p, = p, whereas the integration over x
yields another delta function, 6( —/p? P+ m1 Vp? P+ m2) in the centre-of-mass frame. The
resulting integral

0

(D-1)/2 oo D24
12<D):27T o / P p 8<p—\/p2+m%—\/p2+m%) (2.4)
I (%54) Jo \/p2+m%\/p2+m%
can be easily evaluated, yielding (see, e.g., in [6])
) Z(D-D/2

-3)2
2T @2ppPrr (251) [A(pz’m%’mg)](l’ : 2.5
2

where A is defined in equation (1.4). For D = 4, equation (2.5) reduces to the well-known
answer (1.3).
For the three- particle phase-space integral we get

D-7)/2_.D-2
I(D) — 2( )/ de efipnx0
3 o g(D 5)/2

(D 1)/2

3
H / J(D—S)/Z(,Oi‘i:) el piami (2.6)
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Here we can integrate over &, using (see [16])
v—1/2

© dg 9{—)»(,012,Pg,l’%)}[_)‘(plzvp%’pg)]
d 7 7, 2.7
| S n e 10 - B (o2 1) Gprnp ol

(with v = (D — 3)/2), where A is the Killen function (1.4). In fact, in our case, when all
pi =0,

0{=2(p7, 03, 03)} = 601 + 2 — )8 (2 + p3 — PO (o3 + p1 = p2),  (28)

i.e. it equals 1 when one can compose a triangle with sides p;, p2, p3, and gives 0 otherwise
(cf equation (11) of [17]).

Introducing notation o; = _/ ,ol.2 + m? and integrating over x° (getting a § function) we
arrive at

(D) _
I F(D ) /W“ Alz/r; doy dop dos§(p — o1 — 0p — 03)

X [ A( o, m1,02 mz, 032 — m%)](D%)/z@ {—)»(crl2 — m%, 022 — m%, 032 — mg)} .
2.9)

In four dimensions the factor [—1]P~%/2 disappears and, geometrically, we need to calculate
a closed area on the plane oy + 0, + 03 = p° = p, with the boundary of the figure described
by

A(alz—m%,azz—m%,of—mg) =0 o1 +0y+03 =p. (2.10)
Furthermore, introducing Mandelstam-type variables
s =p’ +m3 2pos t=p2+m%—2p61 u=p2+m%—2p02 (2.11)
satisfying
2.2 2 2
s+t+u=miy+m5;+m5+p° =wy (2.12)

one arrives at another integral representation (the limits of integration are discussed below),

13(D) m /// dsdrdu (s +1+u — wo) [P(s, 1, )] P20 (D (s, 1, u)}
(2.13)
where
1
O(s, t,u) = — I6p2 {A(s,m%, pz), A(t, m% pz), k(u, m% pz)} (2.14)

can also be written in a more familiar Kibble cubic form [13],

D(s, t,u) = stu — s(mzmé + pzmg) - t(m%m% + pzml) - u(m%m% + pzm%)

+2(m2m%m% + pzmzm% + pzmgmg + pzmgm%) (2.15)

provided that the condition (2.12) is satisfied. In particular, in four dimensions we have

2
I; = T dsdrdud(s +1t+u — wy)0 {D(s,t,u)}. (2.16)
4p?

According to definition (2.11) in terms of o;, one can see that the maximal values of
s,t and u (corresponding to the upper limits of integration in equations (2.13) and (2.16))
are Smax = (p — m3)%, tmax = (p — m1)? and upe = (p — m»)%. To define the minimal
values of s, and u, the familiar Dalitz—Kibble plot given in figure 1 is useful. Due to
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Smin ) s

Figure 1. The Dalitz—Kibble integration area.

the condition (2.12), the region of integration is restricted by a triangle, with s > sy, =
(my +my)%, t > tyin = (ma +m3)? and u > umin = (m, + m3)%. Moreover, due to the theta
function 6 {® (s, ¢, u)} the region of integration is in fact restricted by the interior of the cubic
curve @ (s, ¢, u) = 0, see figure 1. Within that area, the Mandelstam variables s, ¢ and u take
their minimal values in points Oy, O, and O,, respectively, whereas their maximal values
correspond to the points P, P, and P,. (The dashed triangles will be discussed in section 4.)

The function ®(s, f, u) has a maximum within the region of integration. For equal
masses, the maximal value @, = %pz(p2 —9m?*)? occurs at s =t = u = %(p2 +3m?).
For the general unequal masses, one needs to solve a fourth-order algebraic equation to find
the position of the maximum.

We note that the representation (2.14) can be extracted from equation (5.39) of [18],
using symmetry properties. Our ®(s, ¢, u) corresponds to —G(s, t, p* m%, m% m%), in the
notations of [18]. The G-function is symmetric with respect to the permutations of three
pairs of arguments, (s, 1), ( pz, m%) and (m%, m%) Although the authors presume from their
equation (5.39) that ‘from a practical point of view this identity is not very useful’, we
found that its symmetric form is certainly helpful in understanding the structural properties of
phase-space integrals.

3. Geometrical interpretation

Let us introduce

s—m%—m% t—m%—m% u—m%—m%
Cp=—7"—" 3= ——7"—= 3= ——. 3.1
21’)111’)12 2m2m3 21’)111’)13

Then, the function ® (s, 7, ) can be presented as a Gram determinant,

I cnn cn3
(s, t,u) = dmimsmi | 1 o (3.2)
ci3 e 1

whereas the § function becomes
2 2 2 2
8(s+t+u—m1 —m5—ms5 —p )

=4 (m% + m% + m% + 2m1m2c12 + 2m2m3023 + 2m1m3cl3 — pZ) . (33)
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Figure 2. The parallelepiped interpretation.

In this way, we get

2 I cin e
_ 2 2 2
I = 7mlm2n'13 /// dejpdeizdesf | jciz 1 3

ci3 e 1
2 2 2 2
X 8 (m1 +my +m3 +2mimyciy + 2momscrs + 2mymsciz — p ) 3.4)

where the integration extends over c;; > 1.

If one were to interpret cj; as the cosines of the angles between the m; and m; sides
of a vertex of a parallelepiped (formed by m, m, and ms3, see figure 2), then all these
quantities would have a straightforward geometrical interpretation. Namely, ® (s, ¢, u) would
be 4{volume of parallelepiped}?, whereas the § function would tell us that the ‘principal’
diagonal of this parallelepiped should be equal to p. In this case, the quantities /s, v/7
and +/u could be identified as the diagonals of the faces of the parallelepiped, see figure 2.
Moreover,

2 2 2 2 2 2
p-+mp—t p-t+m; —u p-t+m3—s

and
2pm; 2pns 2pms3

(3.5)

could be understood as cosines of the angles between the diagonal p and the m; sides of the
parallelepiped. In other words, these are the angles between p and m; in triangles with sides
(p,my, /1), (p, my, Ju) and (p, ms, \/s), respectively.

Using this geometrical figure, we can mention a rather interesting geometrical meaning
of equation (2.14). Namely, it tells us that the volume of the parallelepiped is (8/p) times
the area of triangle whose sides are given by the areas of triangles formed out of the principal
diagonal p, one of the face diagonals (/s, «/7 or /), and the appropriate m3, m or m; side.

However, when we are above the threshold, p2 > (m+may+m3)?, the quantities c¢j; exceed
one and therefore the expressions should be understood in the sense of analytic continuation,
i.e. as hyperbolic cosines. The same is valid for the triangles (p, m3, 4/s), etc: they should
also be understood in the sense of analytic continuation, since p > m3 + 4/s, etc. Therefore,
the quantities o; /m; should also be understood as hyperbolic cosines, whereas v oiz — m,2 / m;
are hyperbolic sines.

Nevertheless, in the region below the threshold (which we need, for instance, to describe
the real part of the sunset diagram), this geometrical figure can have direct meaning,
generalizing the figure we had for the one-loop two-point function [19].
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4. Kibble cubic characteristics

Suppose
(80, f0, wo — So — lo) (80, wo — S0 — uo, Uop) (wo — to — uo, to, o) 4.1)
all are the roots of the equation ® (s, ¢, u) = 0. Then, we can present O (s, ¢, u) as

O(s, t,u) = stu — stoug — Sotug — Sotou + 2sotoug. “4.2)
Furthermore, if we shift the Mandelstam variables as

s=s0+s t=ty+t u=uy+u 4.3)
subject to the condition

st +u = wo — s — to — up = wy;) 4.4)
then

D(s, t,u) = s't'u +sot’u’ +s'tou’ + 5t uy. 4.5)

Using equation (4.2) and defining

[tollg [ Soto Solto
Cru = - Cst = - Cou = - (46)
tu st su

we arrive at another Gram determinant representation for @ (s, ¢, u) (cf equation (3.2)),

1 Cru  Cst
O(s, t,u) =stu|c,, 1 coul. “4.7)
Cst Gy 1

There are (at least) two sets of solutions (4.1) that can be described as

AlA; Ay Az Al A;
= n = = - 48
50 e 0 A, uo A (4.8)
so that equation (4.2) yields
(s, 1, u) = stu — A2t — Adu — Als +2A,ArA;. (4.9)
The first set of solutions corresponds to
Ay = pmy +moms Ay = pmy + mam Az = pms +mym;. (4.10)
For this set, we have
/ mymomszp Q-
= Wo — Sn — In — Up = — = PR 4.11
Wy = wo — So — fg — Ug AL ALAs (4.11)
+ + +
o = pms +mimy o = pmy +myms _ pmyp+rmyms3 4.12)

Cou =
Atu Vst ’ Jsu
Note that if we change p — — p in equation (4.10), this would also be a solution, which would

correspond to a ‘non-physical’ branch of the Kibble cubic.
The second set of solutions corresponds to

AIE%(p2+m%—m§—m§) AQE%(pz—m%+m%—m§) “13)
Ay = %(pz—m%—m§+m§).
For this set, we get
_ D
wh = wo — o — fo — Uy = Q.0 123 (4.14)

T16A1A24;  16AA24;
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p? —m} —m3+m3 p?—mi+ml—m3 pr+mi —mi —m3
C fred C = C = .
" 2/t . 2J/st o 2/su
(4.15)
It should be noted that the value of sy corresponding to the second set satisfies
k(so, m%, m%) = A(so, pz, m%) (4.16)

i.e. the areas (or their analytical continuations) of triangles with sides (,/so, m1, m>) and
(\/S0, p, m3) are equal. Analogously,

)L(to, m%, m%) = k(to, p2, m%) A(uo, m%, m%) = k(uo, pz, m%) “4.17)

Moreover, one can get the direct geometrical interpretation of the quantities (4.15) through the
familiar parallelepiped shown in figure 2. Namely, ¢;, is nothing but the cosine between the
face diagonals /7 and \/u. Accordingly, cy, is the cosine of the angle between /s and /u
diagonals, whilst ¢y, is the cosine of the angle between /s and /7 diagonals. If we construct
a tetrahedron using the /s, 4/t and J/u diagonals then, according to equation (4.7), ® (s, ¢, u)
would represent 36 times its volume squared.

In the Dalitz—Kibble plot shown in figure 1 we connect the points (4.1) for each of the
two sets by dashed lines, introducing subscripts [1] and [2] for the first and the second set,
respectively. The two resulting ‘dashed’ triangles indicate that the two sets of solutions are
complementary to each other. Namely, the boundary of the Dalitz plot confines the products
tu, st and su as follows:

2
(pms+mimy)* < tu < %(p2 —m? —m3 +m§)
2
(pm2+m1m3)2 <st < %(pz—m%+m%—m§) (4.18)
2
(pmy +mam3)? < su < %(Pz +mi —mj —m3)
or, equivalently,
(touo)y < tu < (touo)p2 (soto)r1) < st < (Soto)p2)
(4.19)
(Souo)) < su < (SoUo)p2]-

In other words, the first and the second sets yield, respectively, the minimal and the maximal
values of tu, st and su.

Let us consider the corresponding values of the ‘cosines’ c;,, ¢y; and ¢;,,. For the first set,
Csu» Csr and ¢y, would vary between 1 and cos ¢; (i = 1, 2, 3), respectively, where

cos g = 2(pmy — mams3) cos gy = 2(pmy — m3my)
! p2+m%—m%—m§ ? pz—m%+m§—m§
(4.20)
2(pm3 — mms)
COos 3 = 3

p?—m3 —m3+m}
For the second set, c,, ¢;; and ¢;, would vary between 1 and 1/ cos ¢;. This means that we
need to understand them in the sense of analytic continuation.

The angles ¢; will be very important below. Their sines can be presented as

VO VO«

sin ©r =

Sil’l(pl =

2 2 2 2 2 2
pr+my —m5 —m; p* —my+m; —m; @21)
. O+
S @3 =

2 2 2 2"
p? —mi —m5+m3



4880 A I Davydychev and R Delbourgo

It is interesting that the corresponding Gram determinant can be factorized as

1 —COS@Q3 —COS
—COS @3 1 —Cos @1| = 2 sin’ @ sin’ @, sin” 3. (4.22)
—COS(@y —COS 1

Equation (4.22) can be used to express k in terms of ¢;. We also note that

3 \/(P —m3)? — (my — my)?
tan — =

2 (p +m3)? — (my +my)?

(4.23)

and similarly for ¢; and ¢,. In particular, one can see that at the threshold, p = m |+ my+ ms3,
the angles ¢; are related to the angles 6; from equation (20) of [20] (see also [10]) as
¢; = — 26;, and
(o1 + o + <p3)|p:,m+mz+,,l3 =7. 4.24)
We can also consider associated angles v;, such that

siny; = k sing; cosy; =+/1 — k?sin? ¢;. (4.25)

Explicitly, we get

JO- 2 +
sings = YL cosyy = o PIBEII) _ o)
p7 —my —my+m; p® —my —my +im3
etc. For these angles, we get
1 cos 3  Ccos
cos Y3 1 cosy| = 2 sin ¥, sin® ¥, sin® ¥3. 4.27)

cos i, oS 1

5. A naturally symmetric representation

Using the representation (4.2) for ®(s, ¢, u), in terms of sg, fp and u, the three-body phase-
space integral can be written as

2
I; = Z? /// dsdrdud(s +t+u — wo)O(stu — stoug — Sotug — Sotou + 2sotouo) 5.1

with wg = p? +m? + m3 + m3. Integrating over u yields

2
13 = I? // ds dte{(s[ — Soto)(wo -5 — l) — stouo — S(][Lt() + 2S()f()u0}- (52)

Then, integrating over ¢, we basically obtain the difference between the roots of the quadratic
argument of the 6 function, which is
1

—\/s4 —2wps3 + (w(z, + 2s0to + 250Uy — 4t0u0)s2 — 2(woto + woug — duoto)sos + s3 (to — o).
s

It is easy to check that for both sets of (s, o, 1) the square root takes the familiar form (1.5),
which yields the non-symmetric result (1.7) in terms of elliptic integrals.

Starting from the representation (2.13), one can easily generalize the result (1.5) to the
D-dimensional case as

D 7.[D—1

3 (4p)P-212

53 d
=y f - L — 55— $2)(53 = 9) (54 — )] P72 (5.3)
2 52
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with s; given in equation (1.6). Another way to derive the representation (5.3) is to use the
recurrence relation (1.2),

53
1 = [ 1 o) 1 (5 (5.4)
52

and substitute the result (2.5) for IZ(D). The result (5.3) corresponds to equation (9) of [4]. (We
note that the overall factor on the r.h.s. of equation (9) of [4] should be corrected: (327)%2¢
should be changed into %(167‘[)2‘2‘, with £ = D/2).

Using representation (5.3), it is easy to see (just substituting s = x2) that all odd-
dimensional phase-space integrals can be expressed in terms of polynomial functions (see,
e.g., in [21-23]),

2

G_*7-

L7 = —(p—m —my—m3) (5.5)
2p

4
IS
3T 6003

60p

1
(p—my —my — m3)3|:§(P —my —my —m3)* + (my +my +m3)p’

—2(m} +m3 +m3)p* + (m] +m3 +m3)p + 12mymomsp

— (my +my +m3)(my +my)(my + m3)(m3 +my)
+4mmoms(m, +m2+m3):| (5.6)

etc, which are explicitly symmetric in the masses m;. However, the results in even dimensions
appear to be less trivial.

It is instructive to consider the two-dimensional case, D = 2. Then, the integral (5.3)
yields just the elliptic integral K (k),

/ ds 2
n VG —sDG =503 — )5 —s5) /O

This is of course explicitly symmetric in the masses without further ado. On the other hand,
using the § function in equation (5.1), we can insert 1 = (s + ¢ + ©)/wy in the integrand, and
then consider the three resulting terms (with s, ¢ and u) separately. In this way, we arrive at an
alternative expression,

P = K (k). (5.7)

1O _ e sds . s tde
’ wo [Js, V(s =5 —852)(53 =) —5) Ji, JE—1) —10)(t13—1)(t4 — 1)
U3 udu
5.8
). x/(u—ul)(u—uz)(us—u)(u4—u)} e

where the roots #; and u; can be obtained from s; given in equation (1.6) by proper permutation
of the masses m;. Each of the integrals involved in equation (5.8) can be expressed in terms
of Jacobian Z function (see the appendix). For example,

3 s ds _ sings
s A5 —51)(s —52)(s3 —5)(s4 —s)  sing;sing,
where ¢; are nothing but the three angles defined in equations (4.20) and (4.21). Comparing

the resulting expression with the original result (5.7), we obtain a very useful relation between
the three Z(¢;, k) functions,

Z(p1, k) + Z (@2, k) + Z (3, k) = k* sin ¢; sin ¢, sin @;. (5.10)

K (k) — K (k) Z(¢3, k) (5.9)
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Let us now consider the four-dimensional integral 13(4) = I3, namely, its representation
(1.5). A useful observation is that the result would be simpler if we managed to get rid of s in
the denominator. In particular, it would contain just one elliptic integral IT, rather than two.
How are we to eliminate s in the denominator? Again, using the § function in equation (5.1),
we can insert 1 = (s +¢ + u)/wy in the integrand, and then consider the three resulting terms
(with s, 7 and u) separately. For the term with s, we perform the ¢ and u integrations and
arrive at the same integral as in equation (1.5), but without s in the denominator. In two other
integrals, we just integrate in a different order, leaving as the last one the 7 or u integration,
respectively. In this way, we obtain for the integral (5.1)

2

—_— //f dsdrdu(s +t+u)d(s+1t+u — wy)0(stu — stoug — Sotug — Sotou + 2sotoig)
4p*wo

2 53
- 47T2 {/ ds/(s = $1)(s — $2)(s3 — ) (54 — 5)
pwo Js,

+f3dr¢<t—m(t ) =D =1)

5]

us
+/ du\/(u—ul)(u—uz)(u3—u)(u4—u)} (5.11)
us
where, as before, the roots #; and u; can be obtained from s; given in equation (1.6) by
permutation of the masses.

Using the formulae given in [24] along with equations (A.8) and (A.11), the s-integral in
equation (5.11) can be calculated in terms of a Jacobian Z function (see the appendix),

/ dsv/(s — 51)(s — $2) (53 — 5) (54 — 5)

52

Z(p3, k) 1
_ Q+{2(p2m§ - m%m%)K(k)sii% + 20 KK
¥ é[(p2 —m} —m3+m3)” +8(p’m} + mimd) JIE (k) - K(k)]} (5.12)

where @3 is one of the three angles defined in equations (4.20) and (4.21).
Collecting the results for all three integrals and using the relation (5.10), we arrive at the
symmetric result

2
. 8”—pz{¢5<p2+m%+m§+m§> (E®) - K(0)

+ Q4K (k) [ (5.13)

Z(gp1, k) N Z(p2, k) . Z(gp3, k)
sin2 ¢ sin? ¢, sin? @3 '

This symmetric result can also be presented in terms of the elliptic integrals IT, using (see in
[24])

K (k)Z(¢:, k) = cot;+/1 — k2 sin2 ¢; [T1(k* sin® ¢;, k) — K (k). (5.14)

In principle, one can also derive the result (5.13) directly from the non-symmetric
representation (1.7) (see [25]), in a tedious way relying on the use of several relations collected
in the appendix, including the addition formula (A.9) for Jacobi Z functions.
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It is worth noting that in a similar way one can obtain results for higher even dimensions
D. For instance, in six dimensions we get

4 172
(6) T 2
L = 4y {2—5 [E (k) — K (k)] [192(178 +m? +m§ +m§) — 112(p4 +m‘1‘ +mg +m§)

— 6([)2 +m% +m% +m%)4 — 156(1)6 +m? +mg +mg)(p2 +m% +m% +m§)
+83(p4 +m‘11 +m‘2‘ +m‘3‘)(p2 +m% +m§ +m§)2]
+ %Q_ Q}r/zK(k)[:%(p2 +m% +m§ +m§)2 — 16(p4 +m‘1t +m§ +m§)]

L3 O0TKM  [Zen k) Zge k) Zigs k)
4 sin@; sin @, sings | sin? ¢ sin? ¢, sin? @3

- %Qi(p2+m%+m§+m§)1<(k> [Z(wl,k) L Z b | Z(<p3,k)} }

sin* ¢ sin* ¢, sin* @3
(5.15)
As an alternative way to obtain results for higher values of D, the approach of the paper [9]

may be used.
In the equal-mass case,

(p —m)(p +3m) 2m

= - = Qe i eq — eq — ————. 5.16

Q1= Q2 = Y3 = QPeq SIN Peq b tm COS Peq bm ( )
Here, using equation (5.10) we get

Z(‘peq’ keq) = %kgq SiI’l3 Peq (517)

with keq defined in equation (1.12). In this way, we reproduce equation (1.11), whereas for
D = 6 equation (5.15) yields

7T4

2880p*

V(p =m)(p+3m){(p* = 9m*)(p* — 42p*m* +9m*)[E (keq) — K (keq)]
+(p+m)(p —3m)(p* — 36p°m* + 2Tm™) K (keq) }. (5.18)
We note that equation (5.17) yields a reduction formula of Z (¢, k), for a special case when
_ T Zosp
singp(l —cos )

Another interesting limit corresponds to the case when one of the masses vanishes (for
example, m3 — 0). This corresponds to the case k — 1, when E (k) is finite (E(1) = 1)
whereas K (k) develops logarithmic singularity. At ms = 0, cos ¢3 < 0 and ¢3 > 7/2, so that
we need to use equation (A.7). Using equations listed in [24], we get

) ) 1 <1+sin<p>
Iim{K (k)[£Z (¢, k) —singp]} = —=In| ———— (5.19)
k—1 2 1 —sing

where plus or minus should be used for ¢ < /2 or ¢ > /2, respectively. Let us consider
equation (5.13). Using equations (5.19) and (4.21) we see that singular terms containing K (k)



4884 A I Davydychev and R Delbourgo

cancel, and we arrive at the following result:

2 s ) ,
i T 1 2 p-—my—m5+ /0.
lim I3 = o1V Z4mt+m3)+ = (p* —m? —m3)"1 )
m3H—I>10 3 8]72 Q+(p ml m2) 2(P ml mz) n p2 % 5
(i iy (D
>y +m7 —m5) In
2(p 1 2) p2+m%_m%_@

1, ., ) N2 (pz—m%+m%+ Q+)
— = —m5+m5) In 5.20
2(p ! 2) p2—m?+mi— /0, (520)

where O, = A( P2 m%, m%) in this limit. It is easy to check that this expression is equivalent
to known results (see, e.g., [3, 8]). The advantage of our approach is that the symmetry with
respect to any of the remaining masses is always explicit, whereas non-symmetric expressions
such as equation (1.7) lead to the answers which are not explicitly symmetric (cf equation (57)
of [8]).

6. Conclusion

We have considered several representations for the three-particle phase space, exploring their
symmetry properties and geometrical meaning. It was shown that the angles ¢; defined
in equations (4.20) and (4.21) are convenient to describe the results for the three-particle
phase-space integral /3. In terms of the Jacobian Z function (related to the elliptic integral
IT through equation (5.14)), the result for /3 in four dimensions is given in equation (5.13).
It is very compact and explicitly symmetric with respect to all masses m;. Note that the
three zeta functions Z(¢;, k) are connected through the relation (5.10). This relation can be
obtained by comparing the representation (5.7) for two-dimensional integral 13(2) with another
representation obtained by using the delta function properties.

In this way, we have shown how to transcribe the unsymmetric evaluation (1.2) of the
phase-space integral into a form which is manifestly symmetric in the masses of the three
decay products. Of course, the practical importance of this exercise is rather restricted,
since (1.2) can be worked out numerically anyhow. Nevertheless, our result has an elegant
structure and theoretical significance as it bears upon properties of elliptic functions which
arise from elimination of variables in equations (2.13) and (2.16).

We have also considered the six-dimensional case. The result for 13(6) is given in
equation (5.15), also expressed in terms of Z(¢;, k).
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Appendix. Elliptic integrals

The normal elliptic integrals of the first and second kind are defined as

sing dt ¢ dyr
F(p, k) = = | — Al
@0 0 V(=12 —k%?) ./0 1 — k2sin? ¢ A-D
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sing 1 — k22 (4

At ¢ = /2 we get the complete elliptic integrals,

) 1 0 - 1
K (k) = F (%.k) Z/O JA =21 - k42 "2 2 ( 21 2

! S 11
Ek)=E (% k):/o dl‘/71—t2 =52F1<212

1
! dr .
I1 ,k = = —F l;l’l;l ,k2 A5
“ /0(1—Cf2)\/(1—t2)(1—k2t2) 2 1(2 2+ Le ) (A.5)

where F) is the Appell hypergeometric function of two arguments.
The Jacobian zeta function, Z (8, k), is defined through

K(K)Z(B, k) = K(k)E(B, k) — E(k)F (B, k). (A.6)

We will assume that 0 < k < 1. (In the limit k — 1, F (B, k) and K (k) are singular.) From
the definition (A.6) it is obvious that Z(%, k) = 0. Moreover, using symmetry properties of
E(B, k) and F(B, k) (see in [24]),

E(5+68,k)=2E(k) — E (% —6.k) F(%+8,k)=2K(k)— F (% —8,k)

k2) (A.3)

k2> (A4)

we get
Z(%+6,k):—Z(%—8,k). (A7)
To represent the elliptic functions IT(¢;, k) occurring in equation (1.7) in terms of Z

functions, we can use

(e, k) = K (k) + % KK Z (B, k) (A8)

J e —a?)
with §; = arcsin(w;/k). Equation (A.8) corresponds to case III on p 229 of [24], when
0< oziz < k2.
The following addition formulae from [24] (p 34, equation (142.01)) are needed:

Z(B1, k) £ Z(Ba, k) = Z(@x, k) £ k sin B, sin B sin g (A9)

where the angles

(A.10)

sin B1y/1 — k2 sin? B, & sin B4/1 — k2 sin? B :|

4+ = 2arctan
¢ |: cos B +cos B

In fact, the angles ¢_ and ¢, correspond to the angles ¢ and ¢, (see equations (4.20) and
(4.21)), respectively. Moreover, using the same addition formula (A.9) with B, , substituted
by ¢; 2, we get the symmetric connection (5.10) between Z(¢;, k) (i = 1,2, 3).

To derive the result given in equation (5.12), one can use the integral tables of [24], along
with the following relation:

2k?sin’ By cos B14/1 — k2 sin? B,
1 — kZsin* B, '
It corresponds to the last two lines of equation (141.01) on p 33 of [24], where ¢ <> T — @3.

2Z(Br, k) = —Z(p3, k) +

(A.11)
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