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FIG. 1: Example of a partonic process contributing to Wb production

I. INTRODUCTION

One of the most interesting channels currently under study at the Tevatron and the LHC
is the final state containing a W -boson and jets, where some or all of the produced jets are
tagged as containing a bottom quark. Several interesting partonic processes contribute to

this final state, for example,
o W+ H(— bb)

° W—G—Z(—)[)B)

e b+t(—WT+Db)
o t+t(— Wt 4b)

A background to these processes involving heavy bosons and fermions, is the QCD and

electroweak process occurring in the collision of hadrons H; and H,,
Hi+Hy—=W+b+b+ X . (1)

An example of a partonic subprocess contributing to this process is shown in Fig. 1. Next-to-
leading corrections to this process were first considered in [1], working in the approximation
in which the b-quark is considered massless. Since in many analyses the b-quark is required
to have a minimum pr, typically 15 GeV or more, in order to be efficiently tagged, the
neglect of the mass of the bottom quark is expected to be a good approximation.

After these initial studies, this same process was considered in refs. [2-5], without making

the approximation m;, = 0. These studies, performed without the inclusion of decay products



of the W boson effectively confirmed that the m;, = 0 approximation is good to a few percent,
with the difference parametrically suppressed as m?/p%. Thus retaining the mass of the b-
quark extends the prediction to lower values of pr. In addition, it allows us treat the case
where the two b-quarks end up in the same jet and the case when one b-quark is either too
soft or too forward to be tagged. These kinematic configurations can be important for the
Higgs search at the Tevatron and the LHC [6, 7].

The purpose of this paper is to repeat the calculation of ref. [2], i.e. including the effects
of a finite b-quark mass, but also including the spin correlations present in the W-boson
decay. The calculation is performed using the spinor helicity formalism, with the calculated
amplitudes represented as analytic formulae. Although the formulae are not compact enough
to be presented in their entirety here, they do lead to an efficient and numerically stable
code.

Following a four-dimensional unitarity based approach [8, 9], we will construct the loga-
rithmic parts of the virtual amplitude using multiple cuts. Developments to this technique
utilizing complex momenta [10-13] allow us to compute analytic expressions for the coeffi-
cients of the known scalar integrals.

The bulk of our paper is dedicated to a description of the calculation of the one-loop
corrections to the process 0 — daQQ?¢ retaining the mass for the quark Q. The detailed
plan of this paper is as follows. In section Il we present our method for dealing with
massive spinors using spinor helicity techniques. Section III gives a precise definition of
the amplitude that we wish to calculate, including the decomposition into colour stripped
amplitudes and the further decomposition into one-loop primitive amplitudes. Sections IV,
V and VI illustrate our calculation of the leading colour primitive amplitude, AL, of the
sub-leading colour primitive, A3, and of the primitive amplitudes containing a closed loop
of fermions, A{f and AR. Section VII presents the renormalization counterterms. After
describing the implementation of the calculation into MCFM in section VIII and comparing

with earlier work, we draw some conclusions in section IX.

II. TREATMENT OF MASSIVE SPINORS

A method for dealing with a massive particle in the context of the spinor helicity method

has been given by Kleiss and Stirling [14]. A massive momentum can always be represented



as a sum of two massless momenta. Thus the spinor solution for a massive particle can be
expressed in terms of massless spinors by decomposing the physical momentum in terms
of the two massless momenta. If we are ultimately going to sum over the spin degrees of
freedom, the only constraint that the massive spinors must satisfy is that they should give

the standard result for the spin sum after averaging over polarizations, namely,
> ui(p,m)ts(p,m) = g+ m,
s==%
sz(pamﬁ_]s(pam) :ﬂ_m . (2)

s==+
We can decompose a massive vector into two massless vectors by introducing an arbitrary

massless reference VEICJCOI'7 7],
b mz% (3)

p=p+ . 3

nlpn]

In this equation p’ is a massless vector. The details of our spinor product notation are given

in Appendix A. The definitions of massive external spinor wave functions are,

'a:t(pa m;pb>77) = <77$|1pb:|:> <77 :F |(ﬂ+ m) )
v+ (p, m;Pbaﬁ) = m(ﬂ— m)nk) (4)

where the subscripts + label the spin degrees of freedom. In the massless limit these labels
correspond to the helicity quantum numbers, but in the massive case they have no such
interpretation. Treating the spinors as independent functions of p’ and 7 i.e. ignoring the

constraint in Eq. (3) we can show using simple manipulations that,

b
P'nl .
% a_(p,m;n,p’) = uy(p,m;p’,m)
b
P
<T> U+(p7m;n7pb> = U—(p7 m’pb’n) ' (5)

This has the attractive feature that amplitudes with different spin labels can be obtained
from one another by exchanging p” and 7. This method has been used in the calculation of

one-loop corrections to top production [15, 16].

A. Special choice for massive spinors

In this paper, however, we adopt a different approach. By making a specific choice for

the vector n in terms of other vectors in the problem we can simplify the calculation of
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individual amplitudes. In addition, we shall find that for our particular choice of the vector
7, one-loop results for the colour suppressed primitive amplitude can be obtained directly
from the corresponding massless amplitude.

The implementation of the Kleiss-Stirling scheme appropriate for the case where we have
pairs of massive particles is due to Rodrigo [17]. The two massive momenta ps and p3 with
equal masses, corresponding to the momenta of the antiquark and quark respectively, are

written in terms of lightlike momenta ko and k3,

ﬁe:lzﬁk“+——ﬁk
o= 0 (©

where,
= VT a2 fom,  fa=(1£5), (7)
and so3 = (py + p3)? = 2ko - k3. The decomposition of Eq. (6) has the advantage that
momentum conservation is preserved, ps + p3 = ko + k3. The inverse transformation is given
by,
1+ 5 1-8 4

]{75: 26 - 26 p3 )
_1+5 1-p
W= s Mg e )

In the rest of this paper we shall denote massive vectors by p;, (p? # 0) and massless vectors

by ki, (k? =0). For the massless vectors k; we shall further define massless spinors,

(k) =lic) =], welk) = i) = 1)
a(k)=(i—] =G, au(k) =[i+]=[i. )

In terms of the two massless momenta in Eq. (8) the explicit results for the massive solutions
of the Dirac equation are,

_1/2 —1/2

<2¢|3:|:> <2:F| (ﬁi’» + m) U:I:(p2> ) <2$|3:|:> (ﬁg ) |3i> . (10)

U (p3, m) =

This corresponds to choosing,

ny = ks, pg = Biks
s = kg, Py = Pyiks, (11)
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in Egs. (3,4).
With this choice, the results for the massive quark current with spin labels {+, —} and
{—,+} have the same form as they would have in the massless limit (i.e. in the limit in

which p; — k; for i = 2,3),
S*(35,28) = e (ps, m)y vy (p2, m) = Ga(ka)y" vz (ke) = (37 "[27) . (12)
The results for spin labels {—, —} and {+,+} on the heavy quark current are,

S"(35:25) = u—(ps, m)y"v_(pa,m) = 2N__ (ks — k3)" ,

S“(%a 25) = Uy (ps, m)V*vi(p2,m) = 2Ny (ko — ka)" (13)

where the overall normalization is given by,

m m

N =g Mo =55 (14)
Contracting these equations with a Dirac matrix we obtain,
S*(35:20) ® {vu} = 2{12)[3] + [3]{2[} , (15)
S"(35,25) @ {v.} = 2{13)[2[+ 23]} (16)
S*(3:20) ® {n} = 2N__{12)[2] = 3)[3| + 1202 - 13](3[} , (17)
S*(35:20) ® {nu} = 2N {12)[2] = 3)[3] + [2](2 — [3](3[} - (18)

As an example of the use of these spinors, in Appendix B 1 we outline the calculation of the
tree-level amplitudes for ¢gQQg scattering, which will appear later as an ingredient in the

calculation of our one-loop amplitudes.

III. SETUP

We shall consider the process,

0 — q(k1) + Q(p2) + Q(p3) + q(ka) + U(ks) + (k) (19)

both at tree level and including the one-loop QCD corrections. The process is mediated
by the exchange of a W-boson which decays into an antilepton-lepton pair with momenta

labelled by ks and kg, as shown in Fig. 2. The V-A structure of the charged weak interaction
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FIG. 2: Feynman graphs that enter the calculation of the lowest order amplitude. The massive
quarks are represented by the heavy (red) line, the wavy line denotes a W boson and as usual the

helical line denotes a gluon.

ensures that the lepton and massless-quark lines will have fixed helicity. Thus the outgoing
lepton (6) will be always left-handed and the outgoing antilepton (5) always right-handed.
With this understanding we can often drop the lepton labels from the specification of the

amplitude.

A. Colour decomposition

As noted above we shall suppress the labels for the outgoing leptons 5 and 6 which play

no role in the colour decomposition. The colour decomposition for the tree graphs is,

ree ree j J I j
A% (1, 20:30:4) = Ghvg” P (s6) AF™(Lis2q.30.45) (3720, — 2071972 ) . (20)

In Eq. (20) we have introduced the strong coupling constant, g, and the weak coupling, gy,

defined through,

2 2
g Gr 9w
=2 - = . 21
YT 2 sME (21)
The Breit-Wigner factor Py (s) is given by,
s
Pw(s) = (22)

The indices ji, js, ( Jo, j4) denote the colour labels of the corresponding quark (antiquark)
lines.

At one loop the colour decomposition is given by,

Afli_loop(lq’ QQ’ BQ’ 4(1) = 91%1/9401“ PW(SE)G)

X Ncaj?5;3’4/16;1(1%2@,3@,4@)+5]{45]§2A6;2(1q,2Q,3Q,4q) : (23)



where the overall factor cr is,

1 TA+er2(1—e)
(4m)2— (1 —2¢)

(24)

cr =
The interference of the one-loop amplitude with the lowest order, summed over initial and
final colours, is given by,

> [AjAgsro = 26y gPer (N2 = 1)N. [Py (s56) ]

colours

x Re{ [A8*(15,2,3,49)]" 461 (14,2,3.49) | (25)

Therefore Ag.2 plays no role in the calculation of NLO corrections.

B. Tree level amplitudes

The tree level amplitudes can be calculated using the diagrams of Fig. 2. The {—+}
amplitude, expressed in terms of the momenta k;, is identical to the massless result as a

consequence of Eq. (12),

AT(1;, 25 35, 45,55, 6;) = {(13> [45](6](1 +3)[2]  [42](16) [5|(2+4)|3>}

b q ) )
Q ¢ 5235565123 5235565234

[{(13) [45] <6|(1+3)|2]} - {ﬂip}] | 26)

where we have introduced the symmetry,

flip: (1<4), (2+3), (65+6), []< (). (27)
The {——} amplitude is given by,

— z‘Agee(lg,%,:&é,ﬁ 55.6,) =N__

q?z?

x H [45] <<6|<1+2)\3] <?;21385—68<?2\;1+3)\2] <21>) } + {ﬂip}] . ()

with the mass-dependent normalization factor given in Eq. (14). The amplitudes for
Afee(17,27,37,4%,67,57) and Agee(1,27,3%7,47.67,5T) can be easily obtained by ref-
erence to Egs. (12,13),

AF (L 25:30,45.55.6,) = AT(17.35, 25,47, 5].6;) 2
Aee(15,28,35,47.57,67) = —flip Agree(1q—,25,35,42,5%,6;)] : (30)



FIG. 3: Parent diagrams for the leading colour primitive Alﬁc(l, 2,3,4) and crossed box primitive

ALP(1,2,3,4).
C. Decomposition of one-loop amplitudes into primitive amplitudes

Following Ref. [18] we can decompose the full one-loop amplitude into gauge invariant

primitive amplitudes,

2
Ag1(14,20,30:4g) = Ag(1,2,3,4) — m(Ag‘°(1,2,3,4)%4}5(1,2,3,4))

1
- 5 AR23,4) - %Algu, 2,3,4) — %Algf(l,z, 3,4)
1
Ag2(14,2.30.47) = Agb(1,2,3,4)+W(Ag(1,2,3,4)+Agb(1,2,3,4))

1
+ S ANL,2,3,4) + %Ag(1,2,3,4) + %Agf(m,g,zx) . (31)

Al is the primitive amplitude containing the leading colour box and A is the primitive
amplitude containing the crossed box. The parent diagrams are shown in Fig. 3. These two

primitive amplitudes are related by,
AP (1), 2,30, 40t) = —Ag (157,35, 202, 474) . (32)

A8l is the primitive amplitude containing the subleading colour boxes, see Fig. 4, and the
primitive amplitude for the fermion-loop diagrams (light and heavy), AY, Ab is shown in
Fig. 5. We note that, just as at tree level, parity ensures that we need only compute a
reduced set of amplitudes. For Al at one loop it is sufficient to calculate three of the four

possible spin label combinations since (c.f. Eq. 30),

A(17,25,35,4%,55,6;) = —flip [Agcuq—, 25.35.45,57.67)| . (33)
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FIG. 4: Parent diagrams for the subleading colour primitive amplitude, Azl(l, 2,3,4).
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FIG. 5: Diagrams for the fermion loop primitives Ag(l, 2,3,4) and Agf(l, 2,3,4).
D. Structure of the calculation

In the presence of propagators with vanishing masses on internal lines the one-loop am-
plitude contains infrared and collinear divergences. In addition, the amplitude contains
ultraviolet divergences. We regulate all of these divergences using dimensional regulariza-
tion, continuing the loop integration to D = 4 —2¢ dimensions. The divergences then appear
as poles in €. For the primitive amplitudes the divergence structure is quite simple and we

can separate the amplitude as follows,
Al = [Aweeyd 4 Fj] , (34)

where V7 contains all the divergent pieces. In this equation Aé is any of the primitive

amplitudes and the index j runs over {lc,cb,sl, 1f hf}. As we shall see later the simplicity

10



P4, Py,
i figkis + Cigi, + 0, + a
p'l‘q p'iq

FIG. 6: Schematic diagram illustrating the decomposition in scalar integrals.

of the pole structure gives useful constraints on the different terms contributing to the
amplitude.
The calculation proceeds by noting that the primitive amplitudes can be expressed as a

sum of scalar box, triangle, bubble and tadpole integrals and a rational part,

_ZA]6(]-_a 2h27 3h37 4+> 5+> 6_) = Z di1|i2\i3(h3> h’2) DO(pippizapig)

111213

+ Zcil\ig(hi’n ha) Co(piy, pin) + Z bi, (s, ha) Bo(pi,) + alhs, ha) Ao

1112 (51

+ RI(17,2h 3" 47 5T 67) (35)

where the label j runs over the values {lc,cb, sl If hf}. In this equation, illustrated in
Fig. 6, the indices i1, 79,73 run over all partitions of the cyclically ordered momenta. The
coefficients d, ¢, b, a of the scalar integrals in Eq. (35) also depend on the primitive amplitude
index j. In the following we shall suppress this dependence, but the primitive amplitude
to which we are referring will be clear from the context. The functions Agy, By, Cy, Dy are
the scalar integrals defined in Appendix C. The mass labels have been suppressed in the
scalar integrals in Eq. (35) because they are determined automatically by the propagators
connecting the two external massive quarks. Values for these scalar integrals are obtained
using the QCDLoop program [19]. By using four-dimensional unitarity methods [10-13, 20],
we obtain the coefficients, a, b, ¢, d in the four-dimensional helicity (FDH) scheme [21]. The

rational terms require information from beyond four dimensions.
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Scalar integral Coefficient Scalar integral Coefficient

1. DO(k17p27p3;0707m70) d1\2|3 4. DO(p27p37k74;07m7070) d2|3\4
2. Do(k1,p2,p34;0,0,m,0)| dyjg3s ||5. Do(pi2,ps3, ka;0,m,0,0)|  dig3)
3. Do(k1,p23,k4;0,0,0,0) | dyja3ps

TABLE I:. Scalar box integrals appearing in the leading colour amplitude Aécl,2,3,4) and the

notation used in the text to denote their coefficients.

IV. THE RESULTS FOR PRIMITIVE AMPLITUDE A

A. Divergent parts

For the leading colour primitive amplitude the divergent term which enters in Eq. (34) is

given by [22],

2 € € €
v ) ) ] e

B. Calculation of the box coefficients

The five scalar box integrals that enter the leading colour amplitude are enumerated in
Table I. Of these, we directly calculate the coefficients of boxes 1-3 and obtain the remaining

two by symmetry:

doyzja(hs, he) = —flip [djaj3(—ha, —hs)] |
d12\3|4(h37h2) = —flip [d1|2\34(—h27—h3)] ) (37)

where h3 and hy represent the spin labels of the quark and antiquark respectively and the
operation flip is defined in Eq. (27). When using the Rodrigo choice to decompose p, and
p3, box 3 only gives a non-zero contribution for the spin-labels {—, —} and {+, +}.

The coefficients are computed using quadruple cuts with complex momenta [10]. For
boxes 1 and 2 the presence of a massive propagator leads to a more complicated parametriza-
tion of the loop momentum than in the purely massless case. The particular parameteriza-

tions that we have used are spelled out below.

12
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FIG. 7: Diagram for the calculation of the coefficient of the scalar integral Dg(kq, p2, ps;0,0,m,0).
The massive quark is represented by the heavy (red) line and unitarity cuts are represented by a

dashed line.

1. Calculation of dy3

The cuts used to isolate this coefficient are depicted in Fig. 7, where we remind the reader
that we work in the case that k% = k3 = 0 and p3 = p3 = m?. The loop momentum is subject

to the following constraints,
I*= 0, (I— ]f1)2 =0, (I-Fk —p2)2 = m2, (I =k —po —p3)2 =0, (38)

Denoting Iy = [ — k; we have [; - k; = 0 so we must have either |l;) ~ |1) or |l;] ~ |1],
depending on the helicity of the internal gluons, in such a way that the 3-point qgg vertex
is non-vanishing.

In the case [l;| ~ [1] we can write

g g — S P2 ses [1*2]1]
' P2 1@+ 2 gz
Pl = L+ 2+ 32N ’ (39)

2 [1132/1]

where the boldface momenta denote massive vectors. By inspection, it is clear that this

parametrization of the loop momentum [* satisfies the constraints in Eq. (38). Correspond-

ingly in the case (l1| ~ (1| we can write

[ [y - ss3 (LZYM[1)  _ sas (1]297]1)

2 @+ 2 Q23 -

wo_n oo L ARE+IEZ+B)L)
ligs =11 —py —p3 = D) <1‘23‘1> . (40)
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Note that the denominator in Eq. (40) simplifies when expressed in terms of massless mo-

menta,
(1]23]1) = 5{(12) [23] (31) , (41)

As an example, we will calculate the coefficient of this box integral for the spin label

choice {—,+}. The box coefficient is given by the formula,

1
d1|2\3(_a +) = 5 Z dl[?za‘:fghb](_a +)

ha,hy
1 - — —
= 5 > As(1 =l ) x Al AT, 134, 57,6))
ha,hy
X Ag(—I7" 25 35, 1) x (=) [(L— by —p2)? = m?] . (42)

with the loop momenta fixed according to the constraints above, i.e. [* is given by either
Eq. (39) or (40) above. In this formula we have for brevity suppressed the gluon particle
labels. Note that we have not explicitly cut the heavy quark propagator but, equivalently,
have simply written the full gQQg amplitude and multiplied by the cut propagator. Since
the gQQg amplitudes with the same helicity gluons vanish (c.f. Eq. (B13)), the coefficient
receives only two contributions.

Let us first inspect the assignment h, = —h, = +1. We note that it is simplest to
manipulate the gQQg amplitude, (Eq. (B13) first line), using the Schouten identity, Eq. (A6),

into an alternative form in order to take full advantage of the vanishing of the cut propagator,

[21123]° (11|2]l123]
(11 2] [2 3]
[2 L12s]” ({11 Lios] (4] 213) — (4| 2]0] [3 Lias])
11 3] [11 l123] [2 3]

[21123]° [3 L123] (L |2]11]

On shell, (I; — p2)? —m? = (1]2|l1] = 0 and we can simply discard the second term in this

—’éA4(—l1_, 25, 3(3’ lf_23) [(ll — p2)2 — mﬂ =

equation. Using results for the other amplitudes presented in Appendix B we find that,

[+,-] Uk [45]° By [21123)° (211)
b (=) = T X Tl Thas] 65] O (44)

where we have simplified the ¢QQg amplitude further using the decomposition of p, in

terms of ko and k3. Since the propagator [ does not have a simple decomposition in terms of

14



external momenta, it is simplest to eliminate it by multiplying this expression in numerator

and denominator by a factor (41) (l1231). After some simplification this yields,

B [45] (A1) (has 1) [11h] [21has]” (21a)
a S123 [6 5] <4 l1> [4 l123] [ll 3] ’

This is now in a form where we can use the loop momenta definitions given in Eq. (40) with

di (=, +) (45)

spinors identified by, for example, using the identity, I* = %(l |7#]]]. We can thus make the

replacements:
oy - -l
[4l2s] — [4[(Z2+3)[1) = (1|2 +3[4] 2l2s] — 2/(2+3)|1) = [23] (31) , (46)
2L) —(21), (4h) — (41) |
3 (23, 5123

TSBTIRRM) TR A3

This results in the final expression,

+— ~(13)*[23][45)* (1]2]1]
difg (=) = smsl2 4+ 3456 (47)

Adding in the contribution from the other helicity configuration (h, = —h, = —1), computed
in a similar fashion, yields the full result for this coefficient,
s23(1|2]1] [23] ((6\2\1] (16) [1 2])2 _ (13)?s)
28193 (56) (4|24 3]1] \ B[13] 2 3] (23) [56] (1|2 + 3/4]
(48)

dijg3(—, +) =

This is in agreement with the coefficient presented in Ref. [18] in the limit that the heavy

quark mass is taken to zero.

2. Calculation of dyj2|34

This coefficient is obtained from the cuts shown in Fig. 8, where the loop momentum is

subject to the conditions,
12 = O, (l — ]{51)2 = 0, (l — ]{71 —p2)2 = m2, l%234 = (l - ]{31 — P2 — P3 — ]{74)2 =0. (49)

An explicit solution for I; = [ — k; is given by,

1“28234 (1]27#[1)
P2 2@+ )

15
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ky —P2

FIG. 8: Diagram for the calculation of the coefficient of the scalar integral Dg(kq, p2, psa;0,0,m,0).
The massive quark is represented by the heavy (red) line and unitarity cuts are represented by a

dashed line.

which clearly satisfies the constraints in Eq. (49). From this we can also derive a useful form

for the momentum /534,

g L@+ 3+ D2+ 3+ I
1234 — 1 — P2 — D3 4 = 5 <1|2(3+4)|1> .

The other solution, corresponding to [l;| ~ [1| can be obtained from Eq. (50) by complex

(51)

conjugation. We note that both of these parameterizations can be obtained from Egs. (39)
and (40) by simply making the replacements, 3 — (3+4) and sg3 — S934. From these forms

it is straightforward to compute the coefficients of this box.

3. Calculation of dyj234

The cuts used to isolate this coefficient are depicted in Fig. 9. This box with massless
internal lines and two opposite massive external lines is often referred to as the easy box [23].
The heavy quark does not participate in the loop, and the loop momentum is subject to the

following constraints,
P=0, I-k)*=0, (—ki—po—p3)°=0, (I—ki—ps—p3—ks)’=0, (52)

The explicit solutions for Iy = — ky and l193 = | — k1 — po — p3 are given either by,
o LA B
! 2 (41) ’

R N ¢ (G0 c 2t JIEY
123 2 <4 1> 9
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FIG. 9: Diagram for the calculation of the coefficient of the scalar integral Dy (k1,pas, k4;0,0,0,0).

The massive quark is represented by the heavy (red) line and unitarity cuts are represented by a

dashed line.

or by,
o L@+ 30
L2 [41] ’
L2+ )1

Both of these clearly satisfy the constraints in Eq. (52).

As an example, we will calculate the coefficient of this box integral for the spin label
choice {—, +}. For this spin label choice it turns out that the box coefficient vanishes. The
argument is quite general and may be useful in explaining the absence of the easy box in

other contexts, e.g. ref. [24]. The result for the box coefficient is calculated from,

dijosa(—,+) = > As(ly, =17, 1) x Ay(l” g, —lfa0 5,57 6;)
ha,hs
x A3(l1934 q74;_7 _1123) x Ay(—ly haa 257 35 all_ziéb) ) (55)

with the loop momenta fixed according to the constraints above, i.e. [* is given by either

Eq. (53) or (54) above. From Eq. (B13) we see that Ay(—I] h“,25, é’lfng) vanishes for

he = hy. Therefore we need only consider the case h, = —h;,. For definiteness let us consider

the case h, = 1, hy = —1. For this case we find that,

A1y ) = I L) ~ 1)
_ - (lizza lizs)”
As(lp3g oo 405 —lia3) = = |l23] ~ 4] . (56)

<4 ll23> <4 ll234>
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Scalar integral Coefficient Scalar integral Coefficient
1. Co(p23, k4;0,0,0) Ca3)4 6. Co(k1,p23,0,0,0) C1|23
2. Co(p12,p3;0,m,0) C12)3 Co(ps, ka,m,0,0) C34
3. Co(p12,p34;0,m,0)|  cio34 Co(k1,p2,0,0,m) c1)2
4. Co(p2,p3;0,m,0) Ca|3 9. Co(k1,p234,0,0,0) C1j234
5. Co(p2,p34;0,m,0) co3a ||10. Co(p123,k4,0,0,0)|  cio3pa

TABLE II: Scalar triangle integrals appearing in the leading colour amplitude A16°(1, 2,3,4) and

the notation used in the text to denote their coefficients.

However we see that the conditions |l;) ~ |1), |l123] ~ |4] in Eq. (56) are not compatible with

the kinematic constraints, Eqs. (53,54) which require either,

1) ~ [1) and  [l123) ~ [4) ,
or |l1] ~ |1] and |l123] ~ |4] s (57)

respectively. The argument follows identically for the contribution h, = —1,h, = +1.
Therefore for this external spin label choice {—, +} the box coefficient is zero. For the spin
- I he

label choice {—, —} there is a non-zero easy box coefficient because Ay (—I;7", 25, 35 l193")

no longer vanishes for h, = hy,.

C. Calculation of triangle coefficients

The leading colour amplitude receives contributions from the ten triangle scalar integrals
listed in Table II. The coefficients of Triangles 1-4 are calculated directly as detailed in the

subsection below. Triangle 5 can be simply obtained by symmetry,

02|34(h3, hy) = —flip [012|3(—h2, —hs)} . (58)

The coefficients of the five remaining triangles are then uniquely determined by the known
divergence structure [22] of the amplitude, Eq. (36). The terms in Eq. (36) proportional to
log(—2k1.p2) /€ and log(—2k4.p3) /€ fix two of the triangle coefficients,

d d
Clzg = — ((1\2\1] (—1Ag*) + s L'M) ’
523 5234
. ptree d2\3|4 d12|3\4
caa = — (@B (ZA5) + ——+—— | , (59)
523 5123
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K, h+Ks

K.

FIG. 10: Triangle diagram showing the momentum parameterization. All momenta are outgoing,

Ki+ Ky + K3=0.

while the absence of single poles of the form log(s)/e for s € {sa3, S1234, S123, S234} requires

the following relations,

dij23 da)3)4 C23)4 2d 12314 )
C = (1|12 + 3|1 _ _ :
iz = (1] ”<523<1|zm U3 @R +3d Q2 sm@zL
d1\2|3 d1\2|34 C1]23
= (1|2 4|1 —
cupsa = {243+ ‘]<823<1|z|1]+8234<1|z|1] A2+31) (60)
d19)3)4 dij234 C1)234 2d1)23)4
= 4|1+2+ 3|4 —
cusfa = WL+ 2H ']<3123<4|3|4]+SQ34<1|2|1] A2+ 3 a0 " 2+ 3@+ 3

These expressions are written in terms of already-calculated box and triangle coefficients,

the leading order amplitude, and the other triangle coefficients discussed below.

1. Forde method for triangle coefficients

We will calculate the coefficients of the triangle integrals using the method of Forde [13].
Triangles 2, 3 and 4 will require a slight extension of the formalism to include one of the
internal propagators with a mass. We first review the case of three massless internal mo-
menta, shown in Fig. 10 in order to introduce our notation which differs from that of Forde.

Defining [, and [y as follows,

the cut loop momenta (I? = 0),7 = 0, 1,2 may be written in the following general form,

XTilYi

1y Y (62

b, b, t
ZZH = 2, K" 4y, Ko + §<K?|”YH‘K;] +
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All momenta can be expanded in terms of massless momenta, K? and K3,

K, = K} + =K},
¥
Ky, = Kg+§f({,
¥
S. S
K; = —(1+72)K?—(1+71)K5, (63)

where S; = K? and v = (K?|K5|K?] = 2K} - K?. The inverse relations are,

Kb’“ _ Kf - (51/7)K5 Kb,,u _ Kg - (52/7)Kf
1 —(515:2/7?) ? 1 —(S152/7%)

The dot product of K; and K, in Eq. (63) produces a quadratic equation for v, the solutions

(64)

of which express v in terms of the external momenta,
Ye=(Ki-Ko) £VA, A= (K -Kp)* =55, (65)

From Eq. (62) the massless vectors [; can be expressed as a linear combination of the spinor

solutions for the vectors K? and K3,
T
(il =t + yl K] [ = IR+ (RG] (66)

The on-shell conditions (? = 0 for i = 0,1, 2 allow us to derive the coefficients, z; and y;,

Yo = Sh (’7+Sg) 2o = _52 (’7+Sl)
(72— 5152)’ (72— S152)’
pg S_SS0ES) A48
v (P = 518 72— 518,
(’}/"—Sl) SQ 5152 (’}/—'—SQ)
—y+1=1"1"" Ty=@g+ — = ———1 "2/ 67
i 7% — 515, ’ ’ v Y(v* = 5152) (67)
The spinor products can be expressed as follows,
T — 1
Ih] = =K = — [K3K]),
b b tSl
(L) = t(y1 — wo) <K1 K2> =T <K1 K2>
Ty —T S.
] = i) = 22 [KW]
(L) = t(y2 — wo) <K? K2> =t <K1 K§> )
Ty — T 1 S
) = 2wy~ 1 (1 ) K]
Y
(i) =ty —y) (KT K}y =t (1 + ) (K} K3). (68)
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FIG. 11: Diagrams for the calculation of the coefficients of the scalar integrals Cy(p12,ps;0,m,0),
Co(p12,p34;0,m,0) and Cy(pa,p3;0,m,0). The massive quark is represented by the heavy (red)

line. The momenta on the external lines are all outgoing.

Turning now to the case where the propagator with momentum [, has a mass, we have
that [2 = [2 = 0 and [2 = m?. Since I, is no longer massless it does not have an expansion
of the form Eq. (66). The results for the coefficients in the expansion defined in Eq. (66) for

lop and [ are,

y:S1(7+52—m2) . _ym® — S (v + 51
’ (v* = 5182) ’ (7? = 518)
S1 S1(S2(1+(S1/y) —m?) ym? — y(S2 +7)

. (69)

I'l:l'o—l:

st 7 B 72 — 5157 7 ’Yz — 5157

With these results in hand we can then compute the coefficients for triangles 2—4 with

the loop momentum assignments as shown in Figure 11 by making the replacements:
e Triangle 2: K = —pia3, K3 = ps.
e Triangle 3: K; = —pia3s, Ko = pay.
e Triangle 4: Ky = —pa3, Ko = p3.

For the case of triangles 2 and 4, we see that the coefficients are particularly simple since
Sg = m2.
We shall sketch the calculation of the coefficient of triangle 4 because it is the simplest.

We have S} = p3; = s93 and Sy = p2 = m? and hence see that,

Y+ = Kl . K2 + \/(Kl : K2)2 — 5152 = _543823 . (70)
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Scalar integral | Coefficient Scalar integral | Coefficient
1. Bo(p1234;0,0) bizsa  ||4. Bo(p12;0,m) b12
2. By(p23;0,0) ba3 5. Bo(psa;0,m) bsa
3. Bo(p123;0,0) bizs 6. Bo(p234;0,0) ba3a
By(p2;0,m) b Ap(m) a

TABLE III: Scalar bubble and tadpole integrals appearing in the leading colour amplitude

Alﬁc(l, 2,3,4) and the notation used in the text to denote their coefficients.

The lightlike momenta, Eq. (64), for the two solutions for « reduce to,

1 _
KE = —ky, Ké = Pk, fory=r_=—[83, yo = —E, Ty = —% )
1
Ki=—ks, Kj=pky, fory=r,=—P s, yo= +E7 xTg = +% . (71)

Using these assignments we find that the formulae for the coefficients of this triangle are

relatively compact. For example, for the {—, +} spin labels the result is,

e t) = — [45]<_ﬁ—<13>2<6\(1+2)\3]_5i<12>[12]2<6|(1+2)|3]
213 ’ - 2856 S123 <1 2> ﬂ [1 3]2
VBB (12261 +3)17 BB (13)[12] (6(L+2)13
B[13] B13]
(62— B_B B +48_57) 13) (16) [45]
+ 5 (13) ¢ 6|1+3|2>+ T
_BL(23) G+ 361+ 213 | A BIC+)ISEIA 2B | ]
B (24)*[13] (24) [13] } {ﬂp}]' ()

D. Calculation of bubble and tadpole coefficients

The bubble integrals present in the leading colour amplitude are shown in Table III. The
coefficients of bubbles 1-4 are computed by using the method of spinor integration [11, 12,
20]. This is straightforward to apply for bubbles 1-3 but requires a small modification for
bubble 4 due to the effect of the massive propagator. The modified method is described
in the subsection below. Coefficients of the bubble integrals 5 and 6 are then obtained by

symmetry,

bss(hs, ho) = —fip [bia(—h2, —h3)] ,
5234(}137}12) = —flip [5123(—}127—}13)] ) (73)
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All occurrences of By(ps;0,m) have been replaced by By(ps;0,m), so we only need to
determine the coefficient b,. A linear combination of the coefficient by and a is determined
from the known form of the single pole in €, (i.e. the single pole with no associated logarithm

in the expansion of Eq. (36)),
2 8 . tree
by + m*a = g(—z)Aﬁ — biag — baga — baz — bioga — b1z — baa . (74)

Eq. (74) is sufficient to fix the poles and the logarithms, but since,

2

Ao(m)/m?* = ('u—)6<1+1) ;

Bumio.m) = (£5) (242 (7

it leaves the constant term undetermined. In order to separately fix the coefficients a and

by, we perform a direct Feynman diagram computation of the tadpole coefficient a to find,

a(_>+) = 0>
a(_'_v _> = 07
1
m2a(_7 _) = 5(_7:)141(:31“00(1(1—’ 2(57 3(374;7 5;7 6;) ’
1 N ree - -
m?a(+,+) = 5(—Z)Ag (15,25,35:45,57,6;) - (76)

These results for a are valid in any covariant gauge.

1. Bubble integral with one massive propagator

To set up the formalism we consider the scalar bubble integral with one massive propaga-
tor, as shown in Fig. 12 (bubbles 4 and 5 are of this type). The evaluation of the coefficient
of this bubble integral starts from the identity,

/d4l SHAHSD((1 - P)? —m?) = /OO tdt/ (Ldi) [1dl) 6(P? —m?® —t(|P|l]),  (77)

so that the formalism follows through as in the massless case, except that ¢ is now frozen at

the value,
P2 _ m2
=
gl 8
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FIG. 12: Diagram for the calculation of the coefficient of the scalar integral By(P;0,m). The
massive quark is represented by the heavy (red) line. The momenta on the external lines are all

outgoing.
The discontinuity of the scalar integral is given by,

AL(P,m) = / d16 (1) (1 — P)2 —m?)

- /(ldl>[ldl] <P2—m2>

= e \ e

e [_Ud) [yl

= (7 [ APPT (79)

Using the standard formula [11, 20] we can express the integrand as a total derivative, and

perform one of the spinor integrations,

ml" N _ L L b
[tdi] <W) -l <n+1<l|P|77] <l|Pll1"“> | Y
We obtain,
StPm) = (P [ L1 (81)
205, m) = m W’

where 7 is an arbitrary massless momentum, We perform the final integral over (ldl) by

inspecting the residues of the pole in the integrand when (I| = [n|P to find,

| Pn)
P2(n| Pn|

(). -

So, in contrast to the massless case, when applying the spinor integration approach an

ALLy(P,m) = —(P?*—m?) (82)

additional rescaling factor of P?/(P?—m?) must be applied in order to obtain the coefficient

of the scalar bubble integral.
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FIG. 13: The box diagram contributing to the rational part in leading colour.
E. Calculation of the rational terms

The purely rational terms are calculated using a traditional Feynman diagram approach,
with tensor integrals handled using Passarino-Veltman reduction [25]. This might seem like
a retrograde step, ineluctably leading to the algebraic complexity that we have been trying
to avoid in this amplitude calculation. However two details of our particular case make it
quite simple.

First, in the calculation of the rational part we only need to consider diagrams that
violate the cut-constructibility condition [9]. This states that if n-point integrals (n > 2)
have at most n — 2 powers of the loop momentum in the numerator of the integrand, and
the two-point integrals have at most one power of the loop momentum, they will be cut-
constructible. For our particular calculation the pentagon diagrams are all cut-constructible,
and, in leading colour, there is only one box diagram, shown in Fig. 13, which is not cut-
constructible and hence gives a rational part. The calculation of the rational parts from
lower point diagrams, n = 3,2 does not lead to great algebraic complexity. Second, the
rational terms are generated by terms in the Passarino-Veltman decomposition that involve
the metric tensor, g"”. Therefore any terms that are not proportional to ¢g** may be discarded
at an early stage of the computation.

The results for the rational terms turn out to be quite simple. For the {—,+} case we
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find,

2
R(1,,28,35,45,55,6,) = == (=) Ag*(1,,28, 3, 41,57 ,6,)

Q7 q) é’ 9 Q7 7> Z’
ae) [ assng A0 sl
' {2356 U +3)MEE+3)] sl +3+ 4[] ((4|(2+3)|1] +124))

[24] /[25] (34)[45]
+ ([23] <4\(2+3>|4])

o)

where the flip operation is defined in Eq. (27). The contribution for the opposite spin labels

5234

on the heavy quark line is simply related to this one,

RIC(1;7 257 357 4(-71-7 5;’ 6,) = Rlc(lt;7 35, 25, 43’, 5;, 6,) - (85)

For the {—, —} spin labels the result is,

2
R°(1;,25,35,44,55,6,) = —5(—¢)Agfee(1;,2g2,3— 4+ 5% 6,)

QL Qa0
(16) [15] s34 ((1]2[1] — (1)3[1])
+ N“({ 2550 <1\2+3+4|1]523< AR+ 31 = ({1214 = i) - (56)
((L[202] = {[3[1]) o [15] [45] :
T AR+ <<4|2+3|1] 523) }* {ﬂlp}> !

where the flip symmetry applies to all terms inside the curly brackets {...} but not the
prefactor N__, defined in Eq. (14). The final combination of spin labels is obtained by

symmetry,

R°(1,,25,35,4%,57,6,) = —flip (RIC(lq‘, 25:30:44 5;,62)) , (87)

which we note is equivalent to replacing N__ by N, in Eq. (86).

V. THE RESULTS FOR PRIMITIVE AMPLITUDE A

The subleading colour primitive amplitude is shown in Fig. 4. Fortunately with our choice
of massive spinors, Eq. (10), the entire result for all spin labels of the massive quark line
can be obtained from the one-loop results of Bern, Dixon and Kosower in Egs. (12.10,12.11)
of ref. [18], after some replacements and manipulation. The calculation reported in ref. [1§]

was for zero mass quarks and leptons with the following helicity assignments,

AR, 25,37, 47,57,6)) - (88)

Q2 9q %97
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According to Fig. 2 our standard labelling of the graphs (for one of the amplitudes whose
spin labelling corresponds to a non-zero amplitude in the massless case) is,

Agl(1;,25,35,4;,5;,6;) . (89)

To establish the correspondence between our massive amplitudes and the massless ones
of ref. [18], we first consider the tree graphs. In our notation the tree amplitudes are given
by Egs. (26,28). Note that we must perform the interchanges (1 <> 3), () <> []), to compare
with Eq. (12.9) of ref. [18]. As a consequence of our Eq. (12) the massive {—, +} tree-
level amplitude, Eq. (26), calculated from diagrams of Fig. 2 and expressed in terms of the
massless vectors, k;, is identical to the massless result presented in Eq. (12.9) of ref. [1§]
after performing the above interchange.

This same transformation, flipping the sign of all helicities and interchanging 1 and 3,
can be used at one-loop level to obtain the bulk of the results for the massive theory. This
is true for the upper two diagrams of Fig. 4, because the massive quark enters only in the
form of the heavy quark current see, Eqgs. (12,13). The primitive amplitude shown in Fig. 4

can be split into divergent (V') and finite (F*!) pieces as follows
A = [Agev i P (90)

After performing the interchanges to reduce it to our notation, the singular part of the

one-loop amplitude as reported by Bern, Dixon and Kosower in ref. [18], Eq. (12.10) is,
Ve(1,2,3,4) = VPX(1,2,3,4) + VV(1,2,3,4) (91)

where the two contributions correspond to the upper and lower row of Fig. 4 in the massless

1/ 2\ 3 ([ 12\
Vbox(1.2.34) = |—= - = —4 92
s = |- (L) -2 (L) -4, (92)
L/ 2\ 3/ @2\ 7
yvertex(1 9.3 4) = |—— - — - — 93
s = |5 (L) -5 (L) -5 (93)

where s;; = 2k; - k;. V' in Eq. (93) is the complete correction to external vertex for a

theory,

massless line in the FDH scheme. For the massive case this must be replaced by the vertex

correction for a massive line, i.e. the result for the lower two diagrams of Fig. 4. The result
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is,
ryertex _ prvertex _ <5@_22><% - %(1 ) [1“?‘” +6()] - gﬁlna? + %) (94

1
V_ix_/citox — Vlfc_rtox — V_VO_:DOX + 55 ll’lLE‘ 7 (95>
where 8 and 1 are given in Eq. (7), x = —f_/f4, and,

G(zr) = =2 Lig(—z) — 2InzIn(1 + z) +%1n2(z) — %, Liy(z) = —/Ox d—; In(1—=z). (96)

The self energy corrections on the external massive lines will be accounted for separately in
association with the wave function renormalization. This concludes our description of the
divergent parts and the lower two graphs of Fig. 4.

We now turn to the finite parts of the massive primitive amplitudes shown in the upper
part of Fig. 4. Because of Eq. (12), the results for the {+, —} and {—, +} amplitudes from
the upper row of Fig. 4 in the massive theory, expressed in terms of the lightlike momenta
ki, are given by the results in the massless theory.

The only remaining issue is whether we can also obtain the massive {—, —} and {+, +}
amplitudes from the massless results. Note that in ref. [18] the finite parts of the massless
amplitudes are written in terms of certain symmetry operations in order to make the am-
plitudes more compact. As a first step we write out the amplitudes explicitly. With this
result in hand we want to address the issue of whether the results obtained with an external
fermionic current, Eq. (12) (i.e. the massless one-loop amplitude), can be used to obtain the
results with the fermionic currents of Eq. (13). Thus expressed in our notation, the massless
amplitude for helicity choice (22—5, 3,,) must contain one (3| and one [2]. All other dependence
on ko or k3 can only enter in the combination ks 4 k3 which can be eliminated by momentum
conservation. After the amplitude has been recast in this form, we can obtain the required
result by replacing the current of Eq. (12) with the current of Eq. (13).

An example may help to clarify the procedure. We shall consider a particular box which

contributes to the one-loop amplitude,

AF(1;, 282,38, 45,55,67) = dupas(hs, ha) Do(ka, k1, p2s; 0,0,0,0) + ... (97)

The result for this box coefficient in the massless helicity-conserving amplitude, (adapted

from the first line of Eq. (12.11) of ref. [18]) is,

_ (13)°[45]" 12 +3)16)°R2I(1 +3)|4)°
d4|1\23(—, +) = s14 <<3 2 [5.6] A](2 + 3)[1) 32] (56) [1](2 + 3)|4:>3 ) . (98)
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FIG. 14: Fermion loop contribution to the gluon vacuum polarization.
This can be rewritten in a form which makes the [3), |2] and ks + k3 structure manifest,

dapjes(—, +) = —s14
<<13> (12+3)2M45°  [LE+3)6* 62 +3)0 +2+3)\4>[2\(1+2+3)\4>> |

$23 [56] [4/(2 + 3)[1) s23 (56) [1)(2 + 3)[4)°
(99)

Replacing the {—, +}-current, Eq. (16), with the {—, —}-current, Eq. (17), we obtain the

result for the coefficient of this box in the massive amplitude labelled {—, —}

d4\1|23(—, —) = —N__ 514
X<<3 (12) (13) s [1|<2+3>\6>2[2|<1+3>|4>[3\<1+2>\4>) o)

2)[56] [4|(2 +3)[1) [32] (56) [1](2 + 3)|4)°

Carrying out this operation for all the terms in Eq. (12.11) of ref. [18] we obtain the complete
massive amplitude for the {—, —} and {+, +} spin labellings.

VI. RESULTS FOR THE PRIMITIVE AMPLITUDES 4] AND 4}/.

The unrenormalized contribution of the fermion loop diagram, shown in Fig. 14, for a
quark of mass m is,
" = ig*er [g“”p2 — p“p”]ﬂ(pz, m?) (101)
where (not including the minus sign for a fermion loop),
2

T(p?, m?) = 2Tk %(%) /01 dz [1 _4;((11__;)1)_2]6 , (102)

and Tr = % For n;y quarks which can be considered massless this becomes,

M, 0) = nis [%%(_“—;) + 1—90] +0(e) . (103)
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Thus in our notation, (c.f. Eq. (31)) the result for the unrenormalized fermion-loop primitive

is,

l - ree - 21 :U“2 ‘ 10
Aﬁf(lt—;? 257 3(37 4177 5%_7 6( ) = Ag (1;—7 257 3(37 4177 5%_7 6( ) |i§; — o3 + 5 ) (104>

where A{*® are given in Egs.(26, 28).

VII. RENORMALIZATION

The amplitudes presented so far are bare amplitudes, which require ultraviolet renormal-
ization. The renormalization scheme is slightly more complicated in the presence of massive
particles [29] so we specify it in detail here. The requirements for our renormalization scheme

are,
e The decoupling of heavy quarks should be manifest.

e The evolution equations for the running coupling and for the parton distribution func-
tions should be the same as the equations in the theory without the heavy quark.
Both the strong coupling and the parton distribution functions should run with the

coefficients appropriate for the MS scheme in the absence of the massive particles.
e The mass parameter should correspond to a pole mass.

These three requirements completely specify the renormalization scheme. If the diagram
in question contains no heavy internal loops of heavy particles we use the MS scheme. If
on the other hand the diagram contains heavy loops we will perform subtraction at zero
momentum, p = 0. The resultant renormalized Green’s function will be a function of p*/m?
and hence exhibit decoupling as the mass of the heavy quarks becomes large.

The full renormalized amplitude, Agl is obtained by adding an overall counterterm,

NcAg;l = NCA6;1
11 1 2 1 2 N, 3 2
+ g2CF{ —2(_Nc — E)_ + ﬂ(_ +1nﬂ_) + — _CF<_ —|—31Illu— +5)}Agree )
€ € m2 € m2

6 3 3 3
(105)

We will now justify the contributions in the counterterm term by term. The first term in

Eq. (105) is the normal MS renormalization of the coupling constant, which includes the
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renormalization of the ny loops of massless fermions. The second term in Eq. (105) deals
with the case where we have ny heavy fermions. Renormalizing Eq. (102) at p?> = 0 to
ensure decoupling of the heavy fermions as m becomes large, we obtain for each of the nys

heavy fermions,

1 2
1R (p?, m?) = —4/ dr 2(1 — ) In (1 ~ (1 - x)p—2> . (106)
0 m
In the high mass limit II# simplifies to,
M (s,m*) - —— + O(—) . 107
(5.m%) = 4 O() (107)
Thus after renormalization the contribution of the heavy quark is given by (c.f. Eq. (31))
AGT(1F, 28,38, 44:5F,6,) = AT (1}, 25,35, 44; 57,6, )11 (503, m”) . (108)

We must also perform a finite renormalization of the gauge coupling [27] to translate from

the FDH coupling to the normal MS coupling,

_ N, MS
QFDH — M5 (1 4 el ) . (109)

6 2w

This explains the third term in Eq. (105). The last term in Eq. (105) represents the wave
function renormalization for the two external massive fermions, calculated in Appendix D.

In the FDH scheme we have from Eq. (D10),

3 2
—+31n(“—2) +5
€ m

independent of the gauge-fixing parameter in any covariant gauge.

Zg=1-g*crCr +0(g*,¢) , (110)

Since our calculation is performed in the four-dimensional helicity scheme there is a
further finite renormalization [27] required to arrive at the 't Hooft-Veltman scheme. We

shall work consistently in the FDH scheme, so this will not be required.

VIII. IMPLEMENTATION INTO MCFM

The one-loop matrix elements, computed using the methods described above, have been
included in a full next-to-leading order calculation of the WQQ process. The amplitude for

the lowest order process is given in Eqs. (26,28). In order to complete the NLO calculation
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FIG. 15: Feynman graphs appearing in the calculation of the real radiation amplitudes.

3

the Born level amplitude and the one-loop amplitude must be supplemented with results
for the real radiation diagrams and a method for cancelling infrared singularities between
the two contributions. The tree-level real radiation process has been computed using the
diagrams shown in Fig. 15, adopting the same choice of massive spinors as used in the
virtual contribution. Infrared singularities are handled using the subtraction method [32]
implemented using the dipole formulation [33] and extended to the case of massive emitters
and spectators [34]. The full calculation will be made available as part of the the MCFM
code [30, 31].

To provide a point of comparison we have timed the evaluation of the complete one-loop
contribution, i.e. the interference in Eq. (25), summed over all four possible spin labels on
the heavy quark line. Using a standard 2.66 GHz machine and compiling the code with
the -02 flag of gfortran this operation takes 4ms for a single phase space point, which
is about a factor of sixty slower than evaluating the corresponding massless amplitudes as

implemented in MCFM.
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my = 80.44 GeV myp = 4.62 GeV

my = 172.6 GeV sin? 0, = 0.223
Gp = 1.16639 - 105 GeV 2 a = L2Gpm2, sin® 6,
Via = Ves = 0.974 GeV Vs = Vog = 0.227
PDF set: CTEQ6L1 PDF set: CTEQ6M
LO NLO
as(mw + 2my) = 0.130345 as(mw + 2my) = 0.118298

TABLE IV: Inputs used for the results presented in section VIII.

A. Checks on the calculation

A number of checks have been performed at various stages of the calculation.

1. At the level of the one-loop amplitude, we have cross-checked our calculation with
a numerical implementation of generalized d-dimensional unitarity [35]. This check
confirms the coefficients of all the scalar integrals and rational terms, as well as the
complete (unrenormalized) amplitude, at any given phase space point. The values of
the unrenormalized one-loop amplitudes at a specific phase space point are given in

Appendix E. These numbers may be useful in performing a check of our calculation.

2. The cancellation of infrared singularities is performed using a slight extension of the
original dipole formulation in which the extent of each subtraction region is controlled
by an additional parameter [36, 37]. This parameter also appears in the integrated
form of the dipole counterterms in such a way that the sum of real and virtual radiation
does not depend upon its value. We have checked that this independence is indeed

manifest in our calculation.

3. We have checked that our final results for the Wb integrated cross section agree with

the values reported in the earlier calculations of Refs. [2-4].

B. Phenomenology

For now we present only a limited set of results, focussing mainly on the comparison with
previous calculations and presenting a simple distribution involving the decay products of

the W boson. We leave a detailed phenomenological study for a future work.
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Vs 7TeV | 8TeV | 14 TeV

~ LO 4.456(2) | 5.157(2) | 9.041(3)
Wtbb

NLO | 8.655(9) | 10.58(2) | 23.51(3)

1O 2.588(2) | 3.109(1) | 6.256(2)
W=bb

NLO | 5.053(5) | 6.353(6) | 15.55(2)

TABLE V: LO and NLO cross sections (in picobarns) for Wbb production at various energies of

the LHC. Integration errors are shown in parentheses.

For convenience, we choose the same set of input parameters here as reported in Ref. [3],
which are summarized in Table IV. The final state is defined by the following cuts on the
b-jets,

ph > 25 GeV In°| < 2.5, (111)

where the jets are identified using the kr clustering algorithm with pseudo-cone size R = 0.7.
The results presented here are inclusive of the additional jet that may be present at NLO.

As already discussed previously, although we treat the b-quark as a massive particle when
it appears in the final state, we use n; = 5 light flavours in the running of a, and the PDF
evolution. This is primarily for comparison with previous work [3]. We note that because of
the smallness of V;, and V,,;, the b-quark distributions in the initial state make a negligible
contribution. However because s93 > 4mj it is more appropriate to have a strong coupling
constant running with n;; = 5 active flavours.

We first present the cross sections for this process at the LHC, for center-of-mass energies
Vs =7, 8 and 14 TeV. The results at LO and NLO are shown in Table V where we have
used a scale choice ug = pur = my + 2m, throughout, again to facilitate comparison with
Ref. [3]. For these results no cuts are applied on the decay products of the W boson and
the corresponding branching ratio is removed, so that the reported cross sections are for a
W that does not decay. In this way, one sees from the final column (y/s = 14 TeV) that
our results agree with those reported in Ref. [3] at the level of 0.5%. As noted in earlier
work [38], at LHC energies the NLO corrections are substantial because of the influence of
the quark-gluon initial state.

To illustrate a new quantity that may now be computed at NLO accuracy, in Fig. 16 we
show the LO and NLO predictions for the quantity R™™® which is defined as the separation

lj
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FIG. 16: Distribution of the minimum separation between the electron and any jet, R;;, defined in
Eq. (112) of the text, for W~bb production at the 14 TeV LHC. The distributions are normalized

to unit area.

between the charged lepton and the closest jet,

R?jlin - ggg \/(nlepton - njet)2 + (¢lepton - ¢jet)2 . (112)

In this equation the azimuthal angles and pseudorapidities (in the lab-frame) of the lepton
and jets are denoted by ¢ and 7 respectively. We see that the effect of the NLO corrections
on the shape of this distribution is relatively minor, visible only for R%™ > 1.5.

5l

IX. CONCLUSIONS

We have presented the first computation of the Wbb cross section with massive b-quarks,
including the lepton correlations present in the decay of the W-boson. This calculation
required knowledge of the one-loop virtual corrections to the gQQgl¢ process retaining the
mass for the heavy quarks (). The one-loop amplitude was obtained using the spinor helicity
formalism. This method has been extensively used for one-loop calculations with massless
quarks, but rarely with massive quarks. The calculation required a number of modifications

of standard techniques to cope with the presence of the mass.
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Although our results are analytic we have not yet simplified them sufficiently to publish
them in a journal article. Our results for the one-loop amplitudes will be included in the
released version of MCFM, which is an appropriate method of publishing such results. Our
analytic results did lead to a code which is fast and numerically stable. Using this code we

intend to study the detailed phenomenology of this process in a future publication.
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Appendix A: Notation for spinor products

The spinor notation is almost standard, but because of the presence of massive particles,

it is important to make it explicit. We adopt the following notation for massless spinors,

1) = lit) = u ki), [i] =lim) =u(ki),
(i = —l=u(k), [il =(+][=uski)- (A1)

Further the spinor products are defined as,
(i) = (i =1i+) = v(ki)uy(k;) ,
[ig] = (i+1i—) = ur(ki)u_(k;) , (A2)
with £;, k; massless particles. With our convention,
(i) [71] = 2ki - kj = s45 - (A3)

We also define the spinor strings.

(iljlk] = (ki — |Kslke—)
(il7 + k|l = (ki — [(K + K ) k=)
W7kl = (ki — |Kile] kit) . (Ad)
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FIG. 17: Diagrams for two gluons coupling to a massive quark line.

For the case of a massless momentum k; we may write,

(il[k] = (23) 7 K] (A5)

but for the case of a massive momentum, (in our notation the momenta ps and ps3), this
separation in no longer possible. As a compact notation we therefore write in this case
(1|j]k], denoting the massive momentum by a bold-face symbol.

The Schouten identity,
[0 k][mn] = [in][m k] + [im][kn] , (A6)
may be applied to these compound quantities. Thus we have,

(il K] [mn] = (ilyn]lm k] + (ilffm][kn] (A7)

Appendix B: Tree level results
1. Results for A(1y,24,3q,4,)

As an example of the use of the massive spinors employed in the calculation we consider
the tree-level two-quark two-gluon amplitude, A(1,,24, 3¢, 4,). The fermions, with momenta
p2 and p3 have a common mass m. The momenta are all outgoing so that ki +ps+ps+ks = 0.
The amplitude is obtained by summing the contributions of the three Feynman diagrams,

M@ M® and M© shown in Fig. 17,
Airee = _%g2 (TC4TCl>i3i2(M(a) + M(b)) + (TClTC4)i3i2(M(C) - M(b)) 9 (Bl)
Normalizing the colour matrices as follows,
Tr TATE = 648 | (B2)
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an explicit calculation yields the following contributions,

ﬁg +m

M = alpa)d g 5v(p2) (B3)
MO = ot <p3>k1 (p2) — fjll o <p3>¢1v<p2>+:jj;u(pg)m(m), (B4)
MO = alpaih B o). (B5)

where p13 = k1 + p3 and ps3q = p3 + k4. From Eq. (10) we write the massive spinors as,

u(ps) = Nat(ks)(#s +m) , (B6)
v(p2) = Na(po —m)v(ks) , (B7)

and then reorganize the calculation by using the identities [39],

(B +m)ds = (Psa — Ka+m)dls
= (s — k) s — 5l o] — daloba = m) (BS)

(~tha +mh = ~(@pa-+ )1 = Sl o]+ hlo ) (B9)

Inserting these identities we may write new forms for M@ and M),

MY = NyN3ti(ky) T9 (fy —m) v(ks), i = (a,b,c) (B10)
re = {[2]93'64— —W4,¢4]]2 — [ 2py - €1 — %[klvﬁ/l]} —5/45/1} ; (B11)

09 = {[opy- e — sl dtl] g [~ 200 e~ Slhedhl] —midh} . (B12)

P3 - K1
These formulae have the advantage that the m dependence is corralled in a single place,
in Eq. (B10). Moreover the overall form is simple and the last term in Eqs. (B11, B12)

does not contain the massive propagator. I'® can be read off from Eq. (B4). Inserting the
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appropriate polarization vectors we find,

o paPzA
—iAly2030:%) = A s aE
(12)%(1|34]

A0 2030 4) = T (aa) R
B m  (13)%[34)°
iy 20,30 4)) = 28 — ) pE A na @

m (13)°[34]

~iA(1;,25,35.45) = 2(8, — B-)

90 4Q (23) (14) [14] (4|34 °
—iA(1;.25,35.4,) = 0,
—iA(1,,25,35,4,) = 0,
2
A1 9t 3T 47 — _mﬁ+ (14)
(g:26:30:%) = ~ 3y U@
ol ompB (14)
—ZA(19>2Q>3Q>45]) = m<4|3|4] : (B13)

2. Results for A(1,,24,3,)

The tree-level results for the simple ggg amplitudes, stripped of overall colour and coupling

constant factors, are well known:

—iA(1;,27,3,) = —<<11—32>>, (B14)
AL 2F3Y) = —[[2132]] | (B15)

3. Results for A(1,,24,34,47,5)

The tree-level amplitudes for ¢qqWWg are also rather simple. Removing the colour and

coupling constants as normal we have,

ot e it e [24)°
—iA(1;,25,3,,45,5) = RIEEENEE
2
LIAQ 25305 ) = ) (B16)

(13)(23) (45)
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Appendix C: Scalar integrals

We work in the Bjorken-Drell metric so that [2 = [2 — [ — 2 — [3. The definition of the

integrals is as follows,

4-D
W 1
Ag(m}) = —5— /le (12 —m2)

T2
4-D
H D 1
B ) ) = d-l ’
o) =g ) T - )
4-D
Co(p1, p2; m1, Mo, M3) = —5 (C1)
ITZrp
D 1
x | A7l 2 2 2 2 2\ 1
(2 = mi)((L+p1)? = m3)((L+ p1 + p2)? — m3)
=P
Dy (p1, p2, p3; My, ma, m3, my) = —5
T 27T
X /le L
(0 = m)((+p1)? = m3)((L+ pr+p2)? = m)((L+ p1 + p2 +p3)? —mi)
We have removed the overall constant which occurs in D-dimensional integrals
I2(1—el(1+e) 1 3 NG
_ . ST i
rr (1 — 2¢) F(1_€)+O(€) eY+e| g5 + O(€’) (C2)

Appendix D: Fermionic self energy

Introducing the renormalization of the bare parameters, mo = Z,,m and Qo = /ZoQ

we may write the renormalized inverse propagator for a heavy quark of momentum p as,
i (p,mi g) = Zo ¥ = m = S(p.mi g) = m(Zn — )| +0(g") (D1)

—i3(p, m; g) is the contribution of the one-loop heavy quark self-energy graph, which prior

to renormalization has the form,
S (p.ms g) = —g*Crrer | X (%) (= m) +m ¥ (57)] (D2)

By direct calculation of the Feynman diagram in an arbitrary covariant gauge specified by

gauge fixing parameter A,

Mﬁ%:%LJM%@ﬂmHBMWWm—O<W%WQM+@“Wﬂ%QO4

Yw>=2&@&mm—&%ﬂam@m—a—M@%wﬂ%m@mi (D3)
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where 6 = 0 in the FDH scheme, § = 1 in the conventional dimensional regularization

scheme, and Cp = ]\Zv_c L The integrals By and By are defined as,
4-D
H D {1a l'u}
Bo(p; 0,m), B1(p; 0,m)p"} = d”l , D4
(Bolps0.m). Bupi 0.y = P [Pt et (D)

and B! is the derivative of the form factor B; with respect to p?.

Taking the limit p? = m? before the limit ¢ — 0, we have the following results,
2

Bo(p; 0,m)|p2=m> = (%) [%Jr?] ,

0 = () L1

By(p; 0,m)] 2oz = —ﬁ@%) E +2} ’

B0, ) = —5 5 (D3)

The mass renormalization is fixed by the condition that the inverse propagator vanish on

shell,

2
Zm =14 ¢*°CpY (m?) = 1 — cpg*Cr % +31In (:1—) +5—0| +0(g%e) . (D6)

2

After mass renormalization the result for the inverse propagator becomes,
—iT™(p,m3 g) = Zo | (¥ — m)(1 + g*Crer X (57)) +m Cper (Y (5) = Y (m?)] . (D7)

Renormalizing the wave function at the point p* = m? we find,

dy (p®)
dp?

Zg=1-g¢*Cper [X(mz) + 2m?

| +065". (D8)

p2=m?2
By explicit calculation we have that,

X(m?) = -%+ln<:l—22>+(3—5)—(1—A) <%+ln<i—22) +2)+O(e)

)

-§+21n<7i_22>+2+(1—>\) <%+ln<:l—22>+2)+0(6)

The final result for the wave function renormalization is independent of the gauge fixing

2m2 dY(pz)

7 . (D9)

p2=m2

parameter, A\,

3 2
ZQ =1- g2CFCF E + 31n (,U_) +5— 0 + 0(94, E) . (DlO)

m2

The agreement between Eq. (D6) and Eq. (D10) is fortuitous because the former contains

only ultraviolet poles, whereas the latter contains both ultraviolet and infrared poles.
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Appendix E: Numerical evaluation

For the convenience of the reader we present numerical results for the amplitudes at a
particular phase space point. The results we present contain no ultraviolet renormalization
and the self energy corrections on the two massive external legs have not been included.
(The self energy corrections on the massless external legs vanish).

The phase space point is specified by six momenta satisfying overall momentum conser-
vation ki + pa + p3 + ks + ks + k¢ = 0 and k? = 0, p3 = p2 = m? The massive momenta
po and ps are defined in Egs. (6,7). For the numerical results the massless momenta k; are

taken to be,

1,4 sin @, + cos 0 sin ¢, + cos 0 cos ¢),

1,1,0,0),

1, —sin 6, — cos @ sin ¢, — cos 6 cos ¢),

>
w
Il

> twltﬂltwlt l\?lt

(=
(
(1,coso,sino,0),
(=
=

1, cos p cos g, cos psin o, sin p),

ke = —ky — ko — ks —kq — ks, (E1)

where 0 = /4,6 =m/6,p=m/3,cosc = —7/19,m =1 GeV and yu = 6 GeV. Note that the
energies of ki and k, are negative and k? = 0. As usual u also denotes the scale which is
used to carry the dimensionality of the D-dimensional integrals. With m =1 GeV we have
B~ 0.38397382. .. so that § differs substantially from the massless limit, 5 = 1.

The results for the primitive amplitudes are presented in Tables VI and VII, where we have
divided the 1-loop amplitudes by their tree-level counterparts in order to remove the overall
ambiguity in the phase [40]. The individual amplitudes labelled by the particular spin labels
are dependent on our choice of the spinor wave functions, Eq. (10). Results independent
of this convention may be obtained by summing the squares of the four amplitudes. The

results in Tables VI and VII have been checked by an independent program.
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