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1. Introduction

After the discovery of the Higgs boson at the Large Hadroricl (LHC) by the ATLAS [1]
and CMS [2] experiments, a precise determination of its @ridgs is of extreme importance. The
determination of the Higgs boson couplings to fermions amdgg bosons as well as the recon-
struction of the Higgs potential are among the measurentkatsare carried out. Thiabbb final
state can play an important role in Higgs boson studies attit@. For instance, the reconstruc-
tion of the Higgs potential requires the measurement of iliedar Higgs couplings that can be
performed in thepp — HH — bbbb channel [3-5]. Moreover thpp — bbH — bbbb production
mode where the Higgs boson is radiated off a bottom quarkddoelused to measure the bottom
qguark Yukawa coupling [6, 7]. This final state is also of gr&ghificance in probing New Physics
scenarios, where for example a search for a model-indepeseghannel TeV resonance, that de-
cays into a pair of Standard Model (SM) resonanesas, Z or H, which subsequently decay into
four bottom quarks [8], could be performed. Accurate knagke of the SM background would
play a crucial role in devising strategies to look for phgdieyond the SM.

In QCD, thepp — bbbb process can be described either in the four flavour schent®) @i
in the five flavour scheme (5FS). In the former case bottomkguappear only in the final state
and are massive. They do not enter in the computation of theimg of a5 and the evolution of
the PDFs. Finitan, effects enter via power corrections of the ty[:(e‘%/Qz)]n and logarithms
of the type [Iog”(nﬁ/Qz)] whereQ stands for the hard scale of the process. At the LHC, typi-
cally (my/Q) < 1 and power corrections are suppressed, while logarithoth,df initial and final
state nature, could be large. However, for inclusive olzd®@es such as b-jets, logarithms can only
originate from nearly collinear initial-statg— stpIitting. These large logarithms could in prin-
ciple spoil the convergence of fixed order calculations anesammation could be required. But
up to NLO accuracy those potentially large logarithms,(ag/Q), are replaced by qup?ig /Q)
with m, < pﬂ;‘ < Q and are less significant numerically. On the other hand,arb#sS towers of
Iog”(mg/Qz) can be explicitly resummed into the bottom quark PDFs. Faosistency with the
factorization theorem, one should s&fto zero in the calculation of the matrix element. Therefore
the number of active flavors M = 5 and bottom quarks enter in the computation of the running o
as and evolution of the PDFs. To all orders in perturbation thebose two schemes are identical
in describing logarithmic effects. However, the way of amdg in the perturbative expansion is
different and at any finite order the results might be différeeee.g [9-11].

NLO calculations for theop — bbbb + X production in the 5FS with massless bottom quarks
have been first performed by theoGem collaboration [12, 13]. We have calculated this process
using both schemes, 4FS and 5FS, which gave us an opportarstydy the impact of dominant
mass contributions [14]. We have also used this process estiag ground to cross-check our
implementation of the newly implemented Nagy-Soper sekitta scheme for both massive and
massless cases [15].

_In the following we briefly summarize the calculation of th&® corrections to thepp —
bbbb + X process at the LHC in the 4FS and the 5FS. In addition, a casgpewith results calcu-
lated using the traditional Catani-Seymour subtractidreste will also be presented.
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2. HELAC-NLO Framework

Calculations are performed with the help oEEhc-NLO [16], which is based on the tree
level HELAC-PHEGAS framework [17-19]. The package consists aUAc-1Loop [20] for the
computation of the one loop amplitudesy€rooLs [21], which implements the OPP reduction
method to decompose loop integrals into scalar integré?s42], and QiELoop [26] for the
evaluation of the scalar integrals. The singularities &ft and collinear parton emission are treated
using two subtraction schemes as implementedenA¢-DIPOLES [27], namely Catani-Seymour
[28, 29] and Nagy-Soper [15] subtraction schemes. The idethé latter subtraction scheme has
been first introduced by Nagy and Soper in the formulationrofnaproved parton shower [30]
and later on exploited in a series of papers [31-33]. Thegbpace integration is performed
with the help of the Monte Carlo generatoraKeu [34], including RARNI [35] for importance
sampling. The HLAC-NLO package has already been widely used in the computafidiL O
QCD corrections to several processes at the LHC and therbev@6—41].

3. Numerical Results for the LHC

In the following we present predictions for thbbb + X process at the LHC witR/s = 14
TeV. All final-state partons with pseudorapidity| < 5 are recombined into jets with a resolution
parameteR = 0.4 via the IR-safe anti jet algorithm [42]. The four b-jets are required to have

pr(b) > 30 GeV, ly(b)| < 2.5, AR(b,b) > 0.4, (3.1)

where pr(b) andy(b) are the transverse momentum and rapidity of the b-jet, velsexB(b, b)
is the separation in the plane of rapidity and azimuthal ealbgltweer’oB pairs. The five and four
flavor MSTW2008 sets of parton distribution functions (PP&® employed [43,44]. In particular,
we take MSTW2008LO PDFs with 1-loop runnimg in LO and MSTW2008NLO PDFs with 2-
loop runningas in NLO. The renormalization and factorization scales atécsa common value

Mr = Hr = Hr = mr(b), mr (b) = /Mg + p# (b). (3.2)

For the four flavour scheme we define the bottom quark masseirothshell scheme and use
m, = 4.75 GeV.

3.1 Comparison between 5FS and 4FS

The cross section predictions in 5FS and 4FS are collectddhie 1. At the central value
of the scale both cross sections receive moderate NLO d¢mmeaf the order of 40%. The scale
dependence is indicated by the upper and lower indices. Pperulower) index represents the
change when the scale is shifted towauds Hy /2 (u = 2H7). Rescaling the common scale from
the default value up and down by a factor 2 changes both cextirs at LO by about 60%.
Through the inclusion of NLO QCD corrections scale uncaties are reduced down to about
30%. In Figure 1 a graphical presentation of the scale depwrdis given, both at the LO and
NLO. We observe a dramatic reduction of the scale unceytavhile going from LO to NLO.

Comparing 4FS with 5FS results, we observe that the bottoss mffects decrease the NLO
cross section prediction by 16%. The difference betweemimssless and the massive calculations
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Figure 1: Scale dependence of the 5SFSLO and NLO cross sectionsfor pp — bbbb + X at the LHC with NG
= 14 TeV. The renormalisation and factorisation scales are set to a common value ur = g = & L, where
Ho = Hr.
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Figure 2: Differential NLO cross section for pp — bbbb + X at the LHC with V/S= 14 TeV in the 4FS
and 5FSas a function of the transver se momentum of the hardest bottom jet. Also shown are the normalised
distributions at NLO.
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pp — bbbb + X OLo [pb] onLo [pb] K = onLo/0Lo
+58.7(59%) +38.8(28%)
MSTW2008LO/NLO (5FS)| 99.9'5¢ 550 | 1367" 0070, 1.37
MSTW2008LO/NLO (4FS) 84.5*49-7559"/‘9 1183*33-3528"/‘9 1.40

—29.6(35%) —29.0(24%)

Table 1: 5FSand 4FSLO and NLO cross sectionsfor pp — bbbb + X at the LHC with /= 14TeV. The
theoretical uncertainties and the K-factor are also given.

has two origins. First, we have a genuine bottom mass effetttecorder of 10% that depends
strongly on the transverse momentum cut and decreases torlpg () higher than 100 GeV.
The remaining~ 6% variation is due to an interplay of two factors, differedf sets and different
correspondingrs. The 4FS pdf set does not comprige bb splitting therefore the corresponding
gluon flux is much larger than for the 5FS pdf set. On the otlaadhthe four flavoos is smaller
than the corresponding value calculated with five activeofav For thepp — bbbb + X process
the difference inas dominates, which accounts for a further reduction of the 4FSs section
prediction.

An important input for the experimental analyses and therpretation of the experimental
data are accurate predictions of differential distribusioln Figure 2 the differential distribution in
the transverse momentum of the hardest bottom jet, as asdcuin the 5FS with massless bottom
quarks and in the 4FS witin, = 4.75 GeV is presented. Both, the absolute prediction at NLO,
and the predictions normalized to the corresponding 5FSIRSANLO inclusive cross sections are
shown. The latter plots make it clear that the differencénénghape of the distributions in the 5FS
and the 4FS is not significant.

3.2 Comparison between Catani-Seymour and Nagy-Soper sulttion scheme

The calculations have been performed with two differentrswdtion schemes: the standard
Catani-Seymour dipole subtraction, and a new scheme basé#uecsplitting functions and mo-
mentum mappings of an improved parton shower by Nagy andrSdje comparison between
the two schemes for the inclusive 5FS and 4FS cross sec8qresented in Table 2. Cross sec-
tions obtained using both subtraction schemes are in agmerihey provide a validation of our
implementation of the new subtraction scheme inELc-DiPOLES for the case of massive and
massless fermions and allow for a non-trivial internal srolseck of the calculation. The results

pp — bbbb+ X oo [Pb] | ol [pb]

MSTW2008NLO (5FS)| 1367+0.3 | 137.6+0.5

MSTW2008NLO (4FS)| 1183+0.5 | 1180+ 0.5

Table 2: 5FSand 4FS NLO cross sections for pp — bbbb + X at the LHC with /S = 14 TeV. Results
are shown for two different subtraction schemes, the Catani-Seymour (CS) dipole subtraction and the new
Nagy-Soper (NS) scheme. The numerical error from the Monte Carlo integration is also included.
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Figure 3: Differential cross section for pp — bbbb + X at the LHC with \/s= 14 TeV in the 5FS as
a function of the bbbb invariant mass (left panel) and the total transverse energy (right panel). Results
are shown for two different subtraction schemes, the Catani-Seymour (CS) dipole subtraction and the new
Nagy-Soper (NS) scheme. The lower panels show the ratio of the results within the two schemes.

have also been compared at the differential level. Diffeaéoross sections in the 5FS as a func-
tion of the total transverse energyr, and the invariant mass of the four bottom systify, i, are
depicted in Figure 3. Again we observe full agreement betviiee predictions calculated with the
two schemes.

4. Summary and Outlook

We report on the next-to-leading order calculation for thedpiction of four bottoms quarks at
the LHC at the centre-of-mass energy \¢§ = 14 TeV. The higher order corrections significantly
reduce the scale dependence, with a residual theoreticaltamty of about 30% at NLO. The
impact of the bottom quark mass is moderate for the crosmsaubrmalization and negligible for
the shape of distributions. As a completely technical detesults for inclusive and differential
cross-sections have been shown for two subraction schemgegéting real radiation corrections:
Catani-Seymour and Nagy-Soper. They provide a validatfamuoimplementation of the second
scheme for massive and massless fermions wittinAd¢-DIPOLES.
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