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Production of a W boson and two jets with one b-quark tag
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The production of a W boson and two jets, at least one of which contains a b quark, is a principal
background to single-top production, Higgs production, and signals of new physics at hadron colliders.
We present a next-to-leading-order calculation of the cross section at the Fermilab Tevatron and the CERN
Large Hadron Collider. The next-to-leading-order cross section differs substantially from that at leading
order, and we provide a context in which to understand this result.
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I. INTRODUCTION

Many signals for new physics at hadron colliders involve
an electroweak gauge boson (7, Z, W) and jets, one or more
of which contain a heavy quark (c, b). The prime example
is the discovery of the top quark via the signal W + 4,
where two of the jets contain b quarks [1,2]. It is important
to understand the backgrounds to these signals in as much
detail as possible [3]. We have recently completed a next-
to-leading-order (NLO) calculation of Z production in
association with one or two jets, one (or more) of which
contains a heavy quark [4—6]." In this paper we present a
NLO calculation of W production in association with two
jets, one or more of which contain a b quark. The case of W
production in association with one or more jets containing
a charm quark is more complicated due to the additional
contributions coming from s — Wc.

The production of a W boson in association with two
jets, one or more of which contain a heavy quark, is
particularly interesting as it is the principal background
to both single-top production [8—10] and Higgs production
(via gg' — Wh) [11,12], which are currently being sought
at the Fermilab Tevatron. Single-top production occurs via
both a t-channel process, gb — ¢'t [13—15], and an
s-channel process, gg' — th [16,17]. In both cases the final
state, after top decay, comprises a W boson and two jets,
one (¢-channel) or both (s-channel) of which contain a b
quark. In the case of Higgs production, the final state (after
the decay 4 — bb) comprises a W and two jets, both of
which contain a b quark [18,19]. However, even if both jets
contain a b quark, it is more efficient to tag only one of
them [12]. Thus in all cases the principal background is W
plus two jets, one (or more) of which contains a heavy
quark. The signals for single-top [20—30] and Higgs pro-
duction [31-33] are known at NLO and beyond; our goal is

'"The inclusive production of a Z with one or more heavy
quarks is presented in Ref. [7].

1550-7998/2007 /75(5)/054015(7)

054015-1

PACS numbers: 13.85.Qk, 12.38.Bx, 14.70.Hp

to provide a calculation of the principal background at
NLO.

At leading order (LO), there are two processes that
produce a W boson and two jets, at least one of which
contains a b quark. These are shown in Fig. 1. The process
qq' — Wbb yields two b jets, and is already known at
NLO [34-36]. In contrast, the process bg — Whq' yields
just one b jet. For a signal with just one b tag, these two
processes are comparable at the Tevatron, while at the
CERN Large Hadron Collider (LHC) the latter process is
dominant [37].

The process bqg — Wbhq' requires further consideration,
as it contains a b quark in the initial state. The b distribu-
tion in the proton is derived perturbatively via the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evo-
lution equations [38,39]. Alternatively, one may eschew a
b distribution function, and use a gluon in the initial state,
which then splits to bb, with one b participating in the hard
scattering while the other remains at low transverse mo-
mentum; this is shown in Fig. 2 [37]. However, there are
two advantages to working with a b distribution function.
First, initial-state collinear logarithms, of order
[agIn(My /m,)]", are summed to all orders, yielding a
more convergent perturbative expansion. Second, the LO
process is simpler, which makes the NLO calculation
tractable.

b b b

s

b /

I— A W %w

(a) (b)

FIG. 1. Leading-order processes for the production of a W
boson and two jets, at least one of which contains a b quark.
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FIG. 2. An alternative way of calculating the process in
Fig. 1(b).

A b distribution function is useful when the scale of the
process is much greater than the » mass. In beauty produc-
tion at HERA, the scale is not much greater than the b
mass, and the appropriate description is y*g — bb [40].
Thus there is no direct measurement of the b distribution
function at this time. Single-top production (#-channel)
may provide the first such measurement.

The paper is organized as follows. In Sec. II we outline
the NLO calculation and discuss some of the finer points.
The issue of correctly treating the b-quark mass arises in a
novel way, and we discuss this in some detail. The results
of the calculation are presented in Sec. III.

IL. Wbj AT NLO

The LO cross sections for Whj and Whb, arising from
the processes in Figs. 1(b) and 1(a), respectively, are given
in parentheses in Table I. All jets are required to have p; >
15 GeV and || < 2 at the Tevatron, while at the LHC we
require py > 25 GeV and |n| < 2.5. The jets are required
to be separated by AR;;>0.7. As mentioned in the
Introduction, these cross sections are comparable at the
Tevatron, while Wb is dominant at the LHC. This quali-
tative result is already well known from the LO calculation
of Ref. [37], which used a gluon in the initial state (Fig. 2)
rather than a b quark [Fig. 1(b)]. Our goal is to calculate
these cross sections at NLO.

The processes involved in the calculation are as follows:

(i) qg' — Wbb at tree level [Fig. 1(a)] and one loop,

(ii) bg — Wbq' at tree level [Fig. 1(b)] and one loop,

(iii) gg’ — Whbg at tree level,

(iv) bg — Wbhq'g at tree level,

(v) gg — Wbbq' at tree level (Fig. 2),

(vi) bg — Wbhqq' at tree level.
In all cases ¢ =u, d, s, ¢, and we include Cabbibo-
Kobayashi-Maskawa (CKM) mixing. The b-quark mass
is neglected throughout (except where noted). The calcu-
lation is simpler than the corresponding calculation for
ZQj and ZQQ because there are several subprocesses
that have no contributing analogue, namely, Qg — ZQg
and gg — ZQQ [6]. The analogous processes, bg — Wtg
and gg — Wtb, yield a top quark in the final state. We do
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TABLE I. Exclusive cross sections (pb) for a W boson plus
two (or more) jets, with at least one b jet, at the Tevatron (/s =
1.96 TeV pp, pr>15GeV and |n| <2) and LHC (/s =
14 TeV pp, pr > 25 GeV and |n| < 2.5). Two final-state par-
tons are merged into a single jet if AR;; <0.7. No branching
ratios or tagging efficiencies are included. The labels on the
columns have the following meaning: Whj = exactly two jets,
one of which contains a b quark; Whb = exactly two jets, both
of which contain a b quark; W(bb)j = exactly two jets, one of
which contains two b quarks; Wb jj = exactly three jets, one of
which contains a b quark; Whbj = exactly three jets, two of
which contain a b quark. For the last set of processes, which
include both light and heavy partons in the final state, the labels
mean: Wjj = exactly two jets; Wjjj = exactly three jets. For
Wbj, Whb, and Wjj, both the leading-order (in parentheses) and
next-to-leading-order cross sections are given. The CTEQ6M
parton distribution functions are used throughout, except for the
LO cross sections in parentheses, where CTEQ6LI1 is used [41].
The factorization and renormalization scales are chosen as @y =

MR = My.

Cross sections (pb)
Collider Wbj Wbb  W(bb)j Wbjj Wbbj

TeV W+ (= W) (1.06) 2.54 (2.48)3.14 089 0.18 0.65

LHC w* (51.7) 962 (9.5) 143 27.0 138 11.6
LHC W~ (35.6) 66.4 (6.6) 9.6 19.0 93 176
Wjj Wjjj
TevV Wt (=W") (261) 290 39
LHC W™ (4990) 4170 1280
LHC W~ (3650) 3030 890

not consider these, or any other processes that yield a top
quark, as part of our calculation of the Whj and Whh
backgrounds.

The NLO calculations in this paper were performed with
the Monte Carlo code MCFM [42,43]. The leading-order
calculations were performed both with this code and with
MADEVENT [44]. The NLO corrections are included in the
code MCFM by implementing the virtual helicity ampli-
tudes of Ref. [45]. These are given in the four-dimensional
helicity scheme, which is used throughout the calculation.
The strong coupling constant is shifted from this scheme to
the MS scheme [46]. The real corrections are adapted from
Ref. [47] and singularities are handled using the dipole
subtraction method [48]. Since the matrix elements contain
the decay of the gauge boson into massless particles, the
code is general enough to provide results for final states
from W* — €, including the correlation between the W*
spin and the angular distribution of the leptons. For this
paper we specialize to the case of an on-shell W boson.

The NLO cross sections are presented in Table I. To
obtain the NLO cross sections for Whj and Whb, which
involve the radiation of additional partons, two partons are
combined into a single jet by adding their four-momenta if
AR;; <0.7. If the combined partons are both b quarks,
then the process contributes to the column labeled W(bb);.
This is a W + 2j event in which one jet contains two b
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quarks, which changes the tagging probability for that jet
[49]. Tt is calculated with a finite b-quark mass (m;, =
4.75 GeV) in order to regulate the logarithmic divergence
present when the heavy quarks are collinear. If all three
partons are well separated, then the process contributes to
either Whbj or Whjj.

There is another aspect of the calculation in which the
b-quark mass cannot be neglected. If the b quark comes
from a final-state virtual gluon splitting to bb, with the
other b quark missed, then the cross section is sensitive to
the b-quark mass. This can occur in the NLO processes
qgq' — Wbbg and gq — Wbbq', both of which contribute
to Wbhj when one b quark is missed. We therefore calcu-
lated these processes with a finite b-quark mass. In the case
of the process gg — Whbg', which involves the splitting
g — bb in the initial state (see Fig. 2) as well as the final
state, this requires that we abandon the dipole subtraction
method in favor of subtracting the mass singularity via the
truncated b distribution function [38,39]

B, 1) = s(,U«) ( ) f

where P, (z) = 3[2* + (1 — 2)*] is the DGLAP splitting
function. The counterterm is constructed by calculating
bg — Whq'; this cancels the initial-state logarithmic de-
pendence on the b-quark mass in gg — Whbq', and yields
a cross section in the MS factorization scheme.

It is interesting to compare the LO result for Wb j with a
calculation based on gg — W¢q'bb (Fig. 2) [37], which
does not use a b distribution function. With the same
parameters as Table I, and using m; = 4.75 GeV and
CTEQGOL1 parton distribution functions [41], we find a
cross section of 1.92 pb at the Tevatron. This is to be
compared with 1.06 pb using bg — Whq', and serves as
a rough check of the formalism. Both of these numbers are
LO and very scale dependent, so one should expect only
qualitative agreement.” The result at the LHC (W* + W™)
is 81 pb, which is to be compared with the 87.3 pb result
obtained using bg — Wbhq' (see Table I). In any case, the
NLO results presented in this paper should be more accu-
rate than any of these LO results.

We checked that the effect of the heavy-quark mass is
small if all b quarks are at high p; by comparing Whb at
tree level with and without a finite quark mass. With the
cuts used in this paper, we find a reduction of the Whh
cross section by about 7% at the Tevatron (p7 > 15 GeV)
and 2% at the LHC (p; > 25 GeV). This is the same as the
result found for the effect of the b-quark mass on the full
NLO calculation at the Tevatron [36], which suggests that
the effect of the b-quark mass can be divined from a LO

<x>g(y, ) (1)

ZIncluding the uncertainties due to the independent variation
of the renormalization and factorization scales from My /2 to
2Myy, the cross sections are 1.927% g‘l‘ 022 pb for gg — Wq'bb

and 1.067538 *0.03 pb for bg — Wbyq'.
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calculation. We found that the heavy-quark mass is a
similarly small effect for Whbj at tree level, as expected.

We also list in Table I the LO (in parentheses) and NLO
cross sections for Wjj [35,50], and the LO cross section for
Wjjj. We ignore CKM mixing, which is a negligible effect
at LO, and is therefore also negligible at NLO. In these
cross sections we have included the contribution from light
partons as well as heavy quarks (c, b). Thus, for example,
the fraction of W + 2j events in which only one of the jets
can be tagged as a b jet is given by [Wbj + W(bb)j]/Wjj.

III. RESULTS

The results in Table I are remarkable. First we see that, at
NLO, the cross sections for Wb j and Whb are comparable
at the Tevatron. Thus both final states are important back-
grounds to single-top and Higgs production. At the LHC,
Wbhj is much larger than Whb. At both machines, the
correction to Wbj is large (for wr = pur = My), about a
factor of 1.9 at the LHC and a factor of 2.4 at the Tevatron.
The correction is larger at the Tevatron because Wbb,
which is comparable in size, feeds into the Wbj column
at NLO when one of the b quarks is outside the fiducial
region (pr > 15 GeV, || < 2).

The correction to Whb is significant at both machines,
but more modest than that of Wb}, again for yup = up =
My,. At the LHC the cross section for Wbb is comparable
to that of Whb, which calls into question the reliability of
perturbation theory. However, Whbj is also a correction to
Wbj, and when compared with that LO cross section, it is a
modest correction. Nevertheless, it does mean that, when
demanding two b quarks in the final state, the processes
Wbb and Wbb;j are comparable at the LHC. The latter is
only known at LO and therefore has a large uncertainty.
This is reflected by the large scale dependence associated
with this process, as discussed in Refs. [35,36].

Using the results in Table I, we construct a set of
inclusive cross sections, presented in Table II. Displayed
this way, the radiative corrections to the cross sections are
even more significant, especially for Wbhh + X at the LHC,
where the NLO cross section is about 2.7 times the LO
cross section. However, the proper way to regard this is that
a new process enters at NLO, namely, gg — Wbbq' (see
Fig. 2), which is also a correction to the much larger LO
process bqg — Wbhgq', as discussed in the previous para-
graph. We also list the uncertainties from varying the
renormalization scale from My, /2 to 2My, while keeping
the factorization scale fixed at My, from varying the
factorization scale from My, /2 to 2My, while keeping the
renormalization scale fixed at My, and from varying the
parton distribution functions [41]. The largest uncertainty
is from varying the renormalization scale, since the process
under consideration is of order a3 at leading order.

We show in Figs. 3 and 4 the renormalization- and
factorization-scale dependence at LO and NLO for the
inclusive Wbj + X cross section at the Tevatron and the
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TABLE II.
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Inclusive cross sections (pb) for a W boson plus two (or more) jets, with at least one b jet, at the Tevatron (/s =

1.96 TeV pp, pr > 15 GeV and |5| <2) and LHC (/s = 14 TeV pp, pr > 25 GeV and |n| < 2.5). Two final-state partons are
merged into a single jet if AR;; < 0.7. No branching ratios or tagging efficiencies are included. The labels on the columns have the
following meaning: Whj + X = at least two jets, one of which contains a b quark; Whb + X = at least two jets, two of which
contain a b quark; W(bb)j = two jets, one of which contains two b quarks. The label Wjj + X = at least two jets, containing both
light and heavy partons. For Wbj + X, Wbb + X, and Wjj + X, both the leading-order (in parentheses) and next-to-leading-order
cross sections are given. The CTEQ6M parton distribution functions are used throughout, except for the LO cross sections in
parentheses, where CTEQG6LI1 is used [41]. The factorization and renormalization scales are chosen as up = ur = My. The
uncertainties are from the variation of the renormalization scale, the factorization scale, and the parton distribution functions,

respectively.

Cross sectiogs (pb) .
Collider Wbj+ X Wbb + X W(bb)j
TeV Wi( =W") (1.06) 2.72%%?3 Eglg‘li t%;gg (2.49) 3.79t§;6§2$;§;é§ gg;}} 0.89t?§$ ;g;éggog;gg
LHC W (51.7) 110* I ’”3’%% 9.5) 25.9,% 03 98‘2 27.0°11 "oy
LHC W~ (35.6) 75751 +§3 438 (6.6) 17.2%53 703102 19.07 20 01 %07

TeV Wt (= W)
LHC wW*
LHC W~

Wijj+ X
(261) 3297396 +7
(4990) 5450+410 +70 4 190

(3650) 3920+3%) *50 130

LHC, respectively. At the Tevatron, there is almost no
reduction of the renormalization-scale dependence at
NLO. This supports our earlier argument that part of the
source of the large NLO correction to this process is that
the process Whbj contributes when one of the b jets is
missed. Since this is a tree-level process, it has a large
renormalization-scale dependence. There is only a mild
reduction of the renormalization-scale dependence at the
LHC. At both machines there is a mild reduction of the
factorization-scale dependence.

Using the code MCFM [42,43], we are able to plot any
desired distribution at both LO and NLO. For example, we
show in Fig. 5 the exclusive NLO differential cross section
at the Tevatron for Whb, Whj, and W(bb)j, versus the
transverse momentum (pr) of the jet with the highest p7.
For Wb}, the highest-pr jet contains a b quark 48% of the
time; for W(bb)j, the percentage is 63%. The W(bb); cross

1.3 IIII|IIII|IIII|IIII|IIII| T T T T
Tevatron

7T

12 LO W*bj

1.1 NLO W*bj [+]]

a(u) / a(uo)

llll|llll|l\lll|llll|llll|l

1.0
0.9
0.8 =
07 IIII|IIII|IIII|IIII|IIII| 1 1 1 1 :
0.5 0.7 1.0 2.0
K/ o

FIG. 3 (color online). Renormalization- and factorization-
scale dependence of the inclusive Wbj + X cross section at
LO (dashed lines) and NLO (solid lines) at the Tevatron. The
cross section is normalized to its value at the reference scale

Mo = My.

section, which first arises at NLO, has a very different
shape from the other two, and is only significant at high p;.

The lower histogram in Fig. 5 shows the ratio of the
NLO and LO cross sections. We see that there is a change
in shape of the Whj and Whb differential cross sections at
NLO, with relatively more events at low pz. There is also
an enhancement of the Wb cross section at high p, due to
the process gg — Whbj with one b missed.

We show in Fig. 6 the exclusive NLO transverse mo-
mentum distribution of the charged lepton from W decay at
the Tevatron. We again see a change in shape at NLO, with
relatively more events at low py for Wbb, and relatively
more events at high pr for Wb}, the latter again due to the
process qg — Whbj with one b missed. This plot demon-
strates the ability of MCFM to calculate quantities involving
the decay products of the W boson while correctly treating
the correlation between the angular distribution of the
decay products and the W spin. The W boson is treated
as on shell in these plots, but MCFM is flexible enough to
allow for off-shell W bosons as well.

1.3_I TTT TTTT TTTT TTTTTTTT T T T T ]

3 I [T ILHC 1

ES o ]

1Bp LO W*bj —:

u P 3

~ b N NLO W'bj [+j] -1
32 C ]
b C ]
~ 1.0— -
3 - ]
[ 09— —
0.8 -

007:I 1 II|IIII|IIII|IIII|IIII| 1 1 1 1 :

0.5 0.7 1.0 2.

K/ o

FIG. 4 (color online). Same as Fig. 3, but at the LHC.
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100.0 E Tevatron _§
= 50.0 — R =
n W'bb 1
8 - W'bj g
~ | i Tl + .
= 10.0 = W*(bb)j —
o E E
= 5.0 — it —
& C ]
o L ]
3
v 1.0 —
05 —
Y o P R R SR BN
o s :
§ 2 -
1= —
Y N N R SR I
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pr (jet) GeV)

[
4
o

FIG. 5 (color online). Exclusive NLO differential cross sec-
tions at the Tevatron (/s = 1.96 TeV pp, p; > 15 GeV, |5| <
2, ARjj > 0.7) for Wbb (blue or black lines) and Wbj (red or
gray lines), versus the transverse momentum (py) of the
highest-p jet. Also shown is the distribution for the NLO
process W(bb)j (magenta or light gray, dot-dashed line), in
which a jet contains two b quarks. The lower histogram shows
the ratio of the NLO and LO cross sections.

We show in Fig. 7 the exclusive NLO di-jet invariant
mass at the Tevatron. Both Whb and Wb are enhanced at
low invariant masses at NLO. The process W(bb)j is
significant at high invariant mass. All three processes are
numerically important as backgrounds to the search for a
Higgs boson via the process g§ — Wh — Wbb. For ex-
ample, the integrated cross sections in the region
110 GeV < mj; < 130 GeV are 130 fb for Wbhj, 95 fb
for Whb, and 75 fb for W(bb)j.

We show in Figs. 8—10 the same distributions at the
LHC, but this time for the inclusive cross sections, rather
than exclusive. At the LHC, the process Wbj + X is domi-

100.0 f— —
E Tevatron E
50.0 — =
E W*bb ]
i T . W*bj ]
10.0 ey W*(bb)j

5.0

1.0
0.5

do/dpy (lepton) (tb/GeV)

d

NLO/LO

I I U RS B R
25 50 75 100 125 150
pr (lepton) (GeV)

O rrrT

FIG. 6 (color online).
lepton from W decay.

Same as Fig. 5, but for the charged
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100.0 i~ —
500: Tevatron E
s = W*bb ]
Q r W*bj 1
& 100~ W*(bb)j -
5, 5.0 — B -
g L i
v 1.0 —
0.5 3

) s ]
g r ]
E n ]
Y S I B R

50 100 150 200 250

my (GeV)

FIG. 7 (color online).
ant mass.

Same as Fig. 5, but for the di-jet invari-

nant, while Wbb + X and W(bb)j are comparable. There
is little change in shape of the distributions at NLO, with
the exception of the pr spectrum of the highest ps jet,
which is enhanced at high p; for Wbb + X. The di-jet
invariant mass distribution also shows an enhancement at
low values of the invariant mass, but not at values relevant
for the Higgs search.

The code MCFM is publicly available [43], and one can
generate any desired distribution. We hope the calculation
outlined in this paper is useful to better understand the

5000
= 2000 — LHC _|
3 Wbb [+i]
1000 . —
2 Wbj [+i] E
> 500 W*(bb)j ]
o 1
: T J
T 20— - e
)
<
oo Ty e =
] el A I RPN B B B
] af- =
S E E
= 2F —
1 —J
P P PRI PRI B AT B -

40 60 80 100 120 140
pr (jet) (GeV)

FIG. 8 (color online). Inclusive NLO differential cross sections
at the LHC (/s =14TeV pp, pr>25GeV, |n| <25,
AR;; > 0.7) for Wbb[+j] (blue or black lines) and Whj[ + ]
(red or gray lines), versus the transverse momentum (py) of the
highest-p; jet. Also shown is the distribution for the NLO
process W(bb)j (magenta or light gray, dot-dashed line), in
which a jet contains two b quarks. The lower histogram shows
the ratio of the NLO and LO cross sections.
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FIG. 9 (color online).
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W*bj [+i]
W*(bb)j

1000

500

100

50 =

| P N NN A BN B

0 256 50 75 100 125 150
pr (lepton) (GeV)

Same as Fig. 8, but for the charged

lepton from W decay.

backgrounds to single-top production, Higgs production,
and signals of new physics at the Tevatron and the LHC.
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