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1. Introduction

The associated production of a weak gauge boson with onecdb fets constitutes not only
an important background process to Higgs boson searchégtioHiggs bosonsNly < 135 GeV),
to single top-quark production and many searches for sigpfihew physics, but also represents
a unique opportunity to test and improve the theoreticatligteon for heavy quark jets at hadron
colliders. The cross sections faf andZ boson production witlp jets has been measured at the
Tevatronpp collider at Fermilab {/s= 1.96 TeV) by both the CDF [1, 2] and DO [3] collaborations,
and these measurements will continue to improve once mdeetdse been analyzed. Studying
the same cross sections in the very different kinematiawegiavailable at the LH@p collider
will then be of great interest and will represent a cruciat tef our understanding of QCD at
high-energy colliders.

The production of aV or aZ boson with up to two jets, one of which iskajet, has been
calculated including NLO QCD corrections in the variabkeir scheme (VFS) or five-flavor-
number scheme (5FNS) [4], while the production dVaor Z boson with twob jets has been
derived at NLO in QCD using the fixed-flavor scheme (FFS) or-ftavor-number scheme (4FNS),
first in the masslesb-quark approximation [5, 6] and more recently including foHquark mass
effects [7, 8, 9, 10]. In the FFS or 4FNS only massless-quarisities are considered in the initial
state, while in a VFS or 5FNS an initial-stabequark density is introduced. The two schemes
amount to a different ordering of the perturbative seriastli@ production cross section: in the
4FNS the perturbative series is ordered strictly by powéth@strong couplingrs, whereas in the
5FNS the introduction of &-quark parton distribution function (PDF) allows to resuenns of
the formafIn(m2/M?2)™ at all orders inas (for fixed order of logarithmsn), whereM represents
the upper integration limit of the-quark transverse momentum and can be thought to be of the
order of My or Mz. While the two approaches can give very different resultseading order (LO)
in QCD, starting at NLO in QCD the total cross sections haventshown to be consistent within
their respective theoretical uncertainties for bbth- 1b-jet production [11] (for a brief review see
also Ref. [12]) and single-top production [13]. In kinencatidistributions, howeveh-quark mass
effects which are fully taken into account in the 4FNS canehasignificant impact, particular in
phase space regions where the relevant kinematic obserigbf the order ofm,. Bottom-quark
mass effects are also importantWh+ 1b-jet production and improved predictions at NLO QCD
are provided in [14], where the calculationsvith production in the 4FNS with massiequarks
andW b production in the 5FNS have been merged. A similar study iseatly in progress for
Z+ 1b-jet production [15]. Improving the predictions fdr+ 1b-jet production will be particularly
relevant at the LHC, where this process allows for a direttmeination of theb-quark PDF, to
be used in the prediction ¢t + 1b-jet production, a discovery channel for beyond-the-SMdsig
bosons with enhancdstquark Yukawa couplings.

In these proceedings, we present resultsvidib and Zbb production at the LHC, i.e. with
both b jets tagged in the final state, keeping WeandZ boson on shell. We discuss the impact of
the b-quark mass on total kinematic distributions by comparintha calculation which neglects
theb-quark mass at NLO in QCD, as implemented in the MCFM packagg Finally, we present
the results of a detailed comparison of NLO QCD predictiard¥ + b-jet production with one or
two jets with Tevatron data.
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2. Whb and be_production at NLO QCD

At tree level, the production of W boson with a pair of bottom quarks consists of just one
processgd — W b, while Zbb production consists of two channels, namady— Zbb andgg —
Zbb. In order to compute these processes at NLO in QCD one neddsltnle one-loop virtual
corrections to the tree-level processes, as well as alragi#tion corrections with up to one extra
parton in the final state, i. eqqd — Whb+g, gg,qJ — Zbo+ g, and theqg-initiated processes,
q9(qo) —Whb+ d(d) andqg(qg) — Zbb+ g(q). Details of the calculations and numerical results
are provided in Refs. [7, 8, 9, 10].

The LO results are based on the one-loop evolutioasand the CTEQG6L1 set of PDFs [17],
with at®(Mz) = 0.130, while the NLO results use the two-loop evolutiorogfand the CTEQ6M
set of PDFs, witha)'O(Mz) = 0.118. We use thés jet algorithm with a pseudo-cone size of
R = 0.7 and we checked that our implementation of kiget algorithm coincides with the one in
MCFM. We require all events to havebgjet pair in the final state, with a transverse momentum
either larger than 15 GeV or 25 GeV and require the pseudditags of bothb jets satisfy|n®P| <
2.5. We impose the samgr and |n| cuts also on the extra jet that may arise due to hard non-
collinear real emission of a parton, i. e. in the processe€bb+g or W/Zbb+ q(q). This
hard non-collinear extra parton is treated eitimetusivelyor exclusively In theinclusivecase we
include both two- and three-jet events, while in éxelusivecase we require exactly two jets in the
event. Two-jet events consist ofbget pair that may also include a final-state light partoru¢gl
or quark) due to the applied recombination procedure. Orother hand, three-jet events consist
of events containing b-jet pair plus an extra light jet. We notice that, at NLO in QGCill jets in
three-jet events consist of a single parton.

In Fig. 1 (W*bb) and Fig. 2 Zbb) we illustrate the renormalization- and factorizatioraisc
dependence of the LO and NLO total cross sections obtained foassiveb quark, whenu =
W = Ui is varied betweeruy/2 and 24y, with tp = My +2my, (V =W, Z). We immediately
notice that the impact of NLO QCD corrections is very large particular in theinclusive case
in Wb production, where they increase the LO cross section by tarfhetween two and three
depending on the scale. We also notice that the scale depsndéthe NLOW kb cross section
is worse thanifclusivecase) or comparable t@Xclusivecase) the scale dependence of the LO
cross section. This is different from what has been obsefwethe Tevatron [7, 9], and was first
pointed out in a calculation with massless bottom quarksl{tg just a reminder of the fact that, at a
given perturbative order, the uncertainty due to the redidenormalization- and factorization-scale
dependence may underestimate the theoretical uncerthietyo missing higher-order corrections.
A realistic determination of this uncertainty is usually chumore complex and requires a thorough
understanding of the perturbative structure of the cros8@g in particular at the lowest orders of
the perturbative expansion. In boMl:t_)andeBproduction the NLO QCD corrections introduce a
new production channel not present at LO, ¢juginitiated processes, and as such introduces a LO
scale dependence. The NMDb total cross section is particularly affected by this pradescause
there is nagginitiated process at LO. IE[beroduction, however, this process is not dominant at
NLO and its impact is therefore less pronounced. Indeedstiaée dependence of tlexclusive
Zbb cross section actually greatly improves at NLO in QCD, wtile scale dependence of the
inclusiveone is only mildly better than at LO, but not worse as it is thee:inwtﬁproduction.
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Figure 1: Dependence of the LO (black, solid), NL&clusiveblue, solid), and NLOnclusive(red, solid)
total cross sections faNbb andw - bb_production on the renormalization/factorization scaletha LHC
(v/s= 14 TeV), including fullb-quark mass effects, whem = y, = ys is varied betweemny/2 and 24
(with tp = My +2my,). We also show the individual parton-level channet¥, (dash-dotted) andg+ qg
(dotted), for thanclusive(red) andexclusivgblue) cases. Taken from Ref. [10].

Finally, the impact of thejg-initiated processes on the scale dependence of the to&s sections
is larger in thanclusivethan in theexclusivecase because tleclusivecross section by definition
discriminates against processes with more than two jetsdlfiibal state.

In Fig. 3, we illustrateb-quark mass effects on the examplengf; distributions inW= bb and
Zberoduction. These effects can impact the shape of the kitiewliatributions in particular in
phase space regions where the relevant kinematic obsengadfithe order ofn,. These effects can
be approximated by rescaling the NLO cross sectiomipe= 0 with the ratio of LO cross sections
for massive and massless bottom quarks as discussed ihid¢7i8]. The total production cross
sections are reduced lyquark mass effects, and the effect is more pronounced tladleanthe
appliedp-? cut. However, these effects are in most cases smaller tieanesidual scale dependence
at NLO in QCD, especially ithEproduction for thanclusivecase.

3. Comparison of W + b-jet predictions with Tevatron data

A recent measurement of the cross sectiolVoboson production in association with one or
two b jets by the CDF collaboration at the Tevatron finds [2]

Ob—jets X B(W — (v)(CDF) = 2.74+ 0.27(stat. ;- 0.42(syst.) pb

This b-jet cross section included/ + 2b-jets andw + 1b-jet contributions, and the NLO QCD
predictions for both signatures have to be considered. Th@ RCD prediction folWW + 2b-jets
production is based on Refs. [7, 9] and the oneVib#- 1b-jet production on Ref. [14], where in
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Figure 2: Dependence of the LO (black, solid), NLéxclusive(blue, solid), and NLQOnclusive (red,
solid) total cross sections fa@bb production on the renormalization/factorization scaletha LHC (,/s=

14 TeV), including fullb-quark mass effects, whem = i, = ys is varied betweeniy/2 and 24y (with

Lo = Mz +2my). We also show the individual parton-level channgtg,(dash-dotted)yg-+ qg (dotted) and
gg (dashed), for LO and NLOirfclusive(red) andexclusivgblue)). Taken from Ref. [10].

both cases events with a nbrjet that result in a three-jet event are discarded. In Ref],[the
calculations OWtﬁproduction in the 4FNS and/ b j production in the 5FNS have been merged
by consistently treating contributions which arise in bpthcesses. In this way, thequark mass

is taken into account, which cannot be neglected wherbaneark is treated fully inclusively, the
tree-levelqgrinitiated process discussed earlier is improved by indgdNLO QCD corrections

in the 5FNS, and large initial-state logarithms are resuchmia theb-quark PDF approach. As a
result of this improved treatment, theoretically more katredictions foMV + 1b-jet production
are now available. Finally, combining the results of prédits forW + 2b-jets andW + 1b-jet
production, thereby doubling the weights di-j&t events to obtain jet-level cross sections, yields
the following NLO QCD prediction (withu, = us = My for the central value) [18]:

Ob—jets X B(W — £v)(NLO QCD) = 1.224 0.14(scale uncert.) pb

Together with the LO prediction of.819-23 pb (including scale uncertainties) this results in a
moderate K-factor of about 1.34. The origin of the discrepyametween theory and experiment is
presently under investigatioh
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