Appendix C Massive Loop Integrals

The list of integrals given in this appendix is sufficient for the calculation of one-loop
diagrams with vanishing external momenta. The latter are only kept in the calculation of
self-energy diagrams on the external lines, like the ones in Figure 6.8. All formulas have
been derived by the author and checked by Tobias Theil.

(.1 Integrals with Two Propagators
. |

dPk m i 2 3
I M) = = —+=+F F;
M) = | GoP ks py =il — 2] - " 162 [s tarh 2(x)] :
(C.1)
dPk P+ k) i 1 3
I M) = = = = F
2m M) = | Gop s pR—rlie =] - P Tom2 [5 tz3 T RW[,
(C2)
where p, is an external momentum, and we set p? = 0. Fi2(x) are given by
Fi(x) = _ﬁ [x* log x - 2xlogx — x(1 - x)] (C.3)
B (x) S S [x? logx + (1 - x)] (C.4)
2(1 = x)2 ’ '
and (D =4 -2¢)
m? 11 1 p?
X_W’ g—z-l—z 10g47'[—')/E+10g(W):| . (CS)
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(.2 Integrals with Three Propagators

L(my,my, M) = (;’;];4 (k2= m%][kz —1m§][k2 Yy (C.6)
- 16i712 # [(1 —)-Cxlll)(zilxl— x2) * (1 —);zzl)czizxz— x|’ €7
where
X; = ]’Z_lzz , X = ]l”;_zz (C.8)
Special cases:
T3, m, M) = 16i712 # [(110—g;)2 T ix)] : €9
Iy(m, M, M) = _16i7z2 # ()ili)ij)cz T ix)] . (€.19)
IﬂM,M,M):—ﬁ%. (C.11)
Li(my, ma, M) = (j;))kz) [k — m%][kzkik;ﬂ[kz — (C.12)
= T T m] - (©D
Special cases:
L(m, m, M) = ;i*:z % + % + Fl(x)] : (C.14)
L(m, M, M) = ;i’; % + % + Fz(x)] , (C.15)
1(M, M, M) = ;‘;% é] , (C.16)

where Fi(x) and F>(x) are given in (C.3) and (C.4), respectively.
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656 Massive Loop Integrals

(.3 Integrals with Four Propagators
|

d*k 1
Is(my, my, My, Mp) = (C.17)
2m)* (k2 — m{][k? — m3][k? — M7][k? — Mj]
i 1
= — [F(xs; F(xa; Fn; 1
62 Mf[ (x15x2,1m) + F(x2;x1,m) + F(n; x1,x2)] , (C.18)
where
F(x:y,2) = x log x . _ M (C.19)
S T VT e M 7 VR '
Special cases:
i 1 1
I MM)=—-———|H H e 2
s(my,my, M, M) = -3 — 02 [ (x1,x2) + H(x2, x1) + (l—xl)(l—xz)] ., (C20)
i1 [(1+x)logx 2
1 M, M) =—- — 21
stmom, M M) =~ i | - T (€21
where
X1 Ingl
H(x1,x)) = . c22
() = T2 -0 (€22
d*k kuky
Is(my, ma, My, Mz) =f (C.23)
Qr)* [k2 = mi1[k? = m3][k? — M][k? — M7]

_ g 1o e 5
= a2 VIZ [F(xl,xz,n) + F(x2;x1,1) +F(n,x1,x2)] , (C24)
where
~ x?log x m? M22
F(x;y,2) = s Xi = —>, =—. C.25
R Py Try e w17 (€29)
Special cases:
_ iguw 1 |- ~ 1
Ls(my,mo, M. M) = =5+ [H(xl,x2)+H(x2,x1)+ eSSk (C.26)
_ igw 1 [2xlogx I +x
Is(m,m, M, M) = 6ar? M2 | (1 =23 + T (C27)
where
N x? log x|
H(xy,x2) = (C.28)

(1=x1)2(x1 —x2)
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(.4 More Complicated Integrals
|

C.4.1 Preliminaries

The integrals in previous sections have the general structure

— de 2
I= | Gop /), (C.29)

with the integrand depending only on k2. This is the case of one-loop diagrams in which
external momenta are set to zero. Such integrals are much easier to evaluate than those
with external momenta like self-energy diagrams or vertex diagrams, which we calculated
in the context of renormalization of QCD and QED in Chapter 4. In particular shifts in
momenta and Feynman integrals can be avoided. Integrating over angular variables one
finds first

i 1

- - *© l-¢ 2 B
I_(47T)D/2F(D/2)f0 dss " f(k* = =) (C.30)

with D = 4 —2¢. It is useful to perform subsequently a change of variables:
s=rM*,  dss'"¢ =drr'" (M?)*¢ (C31)

so that the calculation is reduced to the evaluation of the following r-integrals

m>

R = f(; dVF(V, )C,'), Xi = W (C32)
with m; denoting the masses of particles different than the one having the mass M.
These particles can be scalars, fermions, and gauge bosons. Depending on the diagram

considered, one obtains a function

rn—S

Forx) = v bl el

(C.33)

where in most cases the parameters (a, b, c,..) are just equal to different x; or 1. See
examples at the end of this appendix. The number of factors in the denominator could
be larger than four considered in Appendix C.3. This is the case if calculations are done
not in the Feynman gauge but in R: gauges or unitary gauge. For these cases the list
of integrals in Appendix C is insufficient. Therefore, following we give a list of
r-integrals that should allow the evaluation of any box and Z-penguin diagram in any
gauge and in any theory at one-loop level. We will also give integrals relevant for self-
energy diagrams.

The basic technique to evaluate all integrals given here is to do first the decomposition

r' A B E

Frallr+0]rtel [r+al r+b] “Trtel (C34)
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658 Massive Loop Integrals

where n is smaller than the number of factors in the denominator and

(-a)"

A (b-a)(c-a)d—-a)e-a)’ (C.35)

_ (=b)"
b= (a—b)(c—b)(d—-b)(e-b)’ (C.36)
o (C.37)

E= i ot-oc-od-0

with analogous expressions for other terms. They have, for instance, (—c)” and (-d)" in
the numerator.

Inserting (C.34) into (C.32) one obtains a sum of terms each multiplied by »~¢. They are
evaluated by using

f Car ] In (C.38)
¥ =——-yg—Ina. .
0 [r+a] ¢ VE a

To give compact expressions for the integrals listed here, we introduce the functions:

xInx xInx

. T .t €39
=G A T T )
xInx xInx
Cs(x) = 1= -x)(3—x)° Calx) = 01 =002 =003 =) (s —x)
(C.40)
x*Inx
. (C.41)

1 =) =) (3 —x)(ys —x)(ys — x)

Here x stands for one particular variable in the set {a,b,c,d,..}, and y; denote the
remaining variables in this set. As an example, Gs(c) given here reads

GO = a6 c)(i: S Se—ora (42
(4.2 Integrals for Box Diagrams
These integrals are defined as follows:
fl(")Efomdr[r+a][r+;;;+c][r+d]’ n=12 (€4
L = fom T b][:r:i‘][r e TR (CA4)
5" = fom D allr + bl + Z;[_;+ arvar+a "oh (€45)
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659 (4 More Complicated Integrals

We find
IV = Gs(a) + G3(b) + Gs(c) + G3(d), (C.46)
1% = —aGs(a) - bG;(b) - cGs(c) — dGs(d), (C.47)
I = ~Gy(a) — G4(b) - Ga(c) — Ga(d) — Gale), (C.43)
I = aGa(a) + bGa(b) + cGa(c) + dGa(d) + eGa(e) (C.49)
IY = —Gs(a) - Gs(b) - Gs(c) - Gs(d) — Gs(e) = Gs(f). (C.50)

(4.3 Integrals for Z-Penguins

These integrals are defined as follows:

I = fowdr[rm][:':gb][rﬂ], n=1,2,3, (C.51)

T = Lmdr[r+a][r+}l:]l;+c][r+d]’ n=1,2734, (C.52)

g = fom dr[r+a][r+b][::-_£c][r+d][r+e]’ n=4. (€©33)

We find

JV = Ga(a) + Ga(b) + Ga(c), (C.54)
J? = —aGs(a) - bGy(b) - ¢Ga(c) + é , (C.55)
TP = Ga(a) + BGa(b) + 3Gi(c) - LTS f e (C.56)
GO =1V,  gP=1® = g®=1® (C.57)
G0 = a*Gs(a) + B*G3(b) + *G3(c) + d*G4(d) + é : (C.58)
Y = -a*>Gs(a) - b*G3(b) - *Gs(c) - d*G3(d) - w , (C.59)
FY = -a*Ga(a) — b*Ga(b) — *Gu(c) — d*Ga(d) — *Ga(e) + % ) (C.60)

(4.4 Integrals for Self-Energies

These integrals are defined as follows:

wo [T 1,2 1
%! _fo dr o, =123, (C.61)

w_ [ r =
%, _fo s ML E LY (C.62)
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660 Massive Loop Integrals

We find
K =Gi@ s Gib) 4, KD =g, (C.63)
K = —aGy(a) - bG (D) - (a—:b) (C.64)
K = a’Gi(a) + b*Gi(b) + (az”;ﬂ (C.65)
7(2(2> _ «71(2)- (C.66)
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