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Abstract

A measurement of the angular correlations between beauty jets produced in pp col-
lisions at a center-of-mass energy of 7 TeV at LHC is presented. A heavy-flavor en-
riched event sample is selected by a low-transverse-momentum single-muon trigger.
Hadronic jets are identified as beauty jets by the presence of nearby high impact pa-

rameter tracks. The measured differential di-beauty jet production cross sections, ddA—‘qu

and ddA—"R, are obtained from a sample whose integrated luminosity corresponds to
3pb_1. The visible kinematic phase-space is defined by the requirement of two b-
tagged jets with pr > 30 GeV and || < 2.4, with an angular separation of AR > 0.6
between them, one of the jets has a muon within its decay products with pr > 8 GeV
and |57| < 2.1. The results obtained in data are compared with predictions based on
perturbative QCD calculations.
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1 Introduction

Beauty quarks are pair-produced through strong interactions in pp collisions at the CERN
Large Hadron Collider (LHC). Studying the hadroproduction of beauty quark pairs bb allows
for a meaningful test of perturbative Quantum Chromodynamics. At leading order (LO), i.e. in
2 — 2 parton interactions, conservation of momentum causes the b and b quarks to be emitted
with a back-to-back topology. Higher order 2 — 2 + 1 (n > 1) subprocesses having additional
partons (mostly gluons) emitted give rise to final state topologies with smaller opening angles.
Therefore, measurements of bb angular correlations supply knowledge about the underlying
production subprocesses and allow for an insightful test of perturbative Quantum Chromody-
namics.

The LO mechanism of bb production is known as flavor creation where a bb is produced back-
to-back with a large opening angle between the two b quarks [1, 2]. The primary mechanisms
of NLO bb production are gluon splitting and flavor excitation. In gluon splitting a gluon splits
into a bb giving rise to two roughly co-linear b quarks with a small opening angle between
them. In flavor excitation a bb is produced within the parent proton and only one of the b
quarks participates in the hard interaction. Additionally, b quarks produced via NLO mecha-
nisms have asymmetric values of transverse momentum.

In this paper angular correlations between pairs of beauty jets are studied at /s = 7 TeV with
the Compact Muon Solenoid (CMS) Detector. Details regarding the CMS Detector are given
in Ref. [3]. The subdetectors used in this study are the tracker, calorimeters, and muon detec-
tor. The tracking detector and calorimeters are located within the superconducting solenoid,
which provides a 3.8 T axial magnetic field; while the muon detector is located exterior to the
solenoid, interlaced with the magnetic return yokes. The tracker consists of a silicon pixel and
silicon strip tracker and is responsible for detecting charged particles within the pseudorapid-
ity 7 = —In[tan(6/2)] range of || < 2.5, 0 being the polar angle. The pixel tracker is comprised
of three barrel layers and two endcap disks on each end of the barrel layers. The strip tracker
has ten such barrel layers encapsulated by 12 endcap disks. The barrel and endcap calorimeters
cover a pseudorapidity range of 1| < 3.0, and consist of a PbWOj, crystal electromagnetic cal-
orimeter and a brass/scintillator hadron calorimeter. Towers projected radially outward from
the proton-proton interaction region are made from groups of electromagnetic and hadronic
calorimeter cells for trigger purposes and to allow for jet reconstruction. The muon detector
covers the pseudorapidity range || < 2.4 and is comprised of a series of drift tubes, cathode
strip chambers, and resistive plate chambers.

Measurements of di-beauty jet production are presented as a function of the difference in az-
imuthal angle between two b-tagged jets, A¢, and the combined separation variable AR =
\/ A¢? + An? where Ay is the difference in pseudorapidity between the jets. These angular cor-
relation variables are hence forth referred to as AA, where the jet axis approximates the flight
direction of the original b quark.

The differential BB production cross sections with respect to AA between two B hadron sec-
ondary decay vertices was previously presented in Ref. [4]. The present work seeks to measure
the differential di-beauty jet production cross section with a different approach, which im-
proves upon the measurement of the absolute normalization. Additionally, the phase-space
covered in Ref. [4] differs to what will be presented herein.
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2 Data Samples
2.1 Simulation

A muon-enriched QCD sample was generated using the CTEQ6L1 proton parton distribution
function (PDF) [5] and underlying event Tune Z2 [6] with PYTHIA v6.422 [7] for the purpose
of tuning the selection, evaluating efficiencies, and to serve as a theoretical comparison to the
experimental results. Two additional simulated samples were generated for further theoretical
comparisons using the matrix-element generators CASCADE [8, 9], which uses un-integrated
parton distribution functions, and MADGRAPH [10] which also uses the CTEQ6L1 proton PDFE.
The hard scattering events generated by CASCADE and MADGRAPH are passed to PYTHIA for
parton shower and hadronization.

2.2 Data

The data used in this analysis corresponds to an integrated luminosity of 3pb ' and was col-
lected by the CMS experiment during 2010 at a centre-of-mass energy of 7 TeV. The event sam-
ple used for the cross section measurement was collected using a low-transverse-momentum
single-muon trigger when the LHC was operating at low instantaneous luminosities. As such
possible effects from multiple pp interactions per bunch crossing have been neglected. Only
events from runs when the CMS Detector was fully functional and with stable beam conditions
are used. Events from noncollision processes are rejected by requiring a primary collision ver-
tex [11] with at least four well reconstructed tracks, lying within 2cm of the beam axis in the
transverse plane, and within 24cm of the nominal interaction point along the z-axis. Addition-
ally events with energetic noise deposits in the hadronic calorimeter are filtered out based on
pulse shape, hit multiplicity and timing criteria.

An additional event sample was collected using a collection of single-jet and multijet triggers.
This provides an unbiased sample for the determination of the single-muon trigger efficiency.

3 Selection of Muons and Jets

This study measures angular correlations between two hadronic jets, one of which contains a
muon, originating from the hadronization and decay of b quarks. Measurements of the differ-

; ; do do
ential cross sections 755 and Xy are performed.

The trigger used to collect data enriches the heavy-flavor content of data due to the large
semileptonic branching fraction of B hadrons, Bppg (B — v, X) = 0.109570 0032 [1].

Muons are reconstructed using the ”Tight Muon Selection” [12] and must have p}. > 8 GeV and
|7"| < 2.1. The muon kinematic requirements correspond to the efficiency plateau of the low-
transverse-momentum single-muon trigger. The same kinematic requirements are applied to
generated muons in the simulation. In the simulated PYTHIA sample, all observables obtained
from tight muons (or the jets they are found within) are weighted with the tight muon recon-
struction efficiency scale factor SFf+ = eDatt ./ € jecoria Siven in Ref. [12] to compensate
for the measured difference between data and simulation based efficiencies.

Jets are reconstructed from “particle-flow candidates” using the infrared- and collinear-safe
anti-kt jet clustering algorithm [13, 14] with a distance parameter of 0.5. The particle-flow can-
didates are a collection of charged and neutral particles reconstructed with the particle-flow
algorithm [15, 16]. In the simulation generator-level jets are clustered by the anti-kt algorithm
using stable generator particles (excluding neutrinos) and a distance parameter of 0.5. Recon-



structed jets found to have (lack) a tight muon with the aforementioned kinematics as one of
their constituents are referred to as mu-jets (non-mu-jets). Generator-level jets are classified
as mu-jets (non-mu-jets) if they have (lack) a generator-level muon with the aforementioned
kinematics as one of their stable constituents. The tight or generator-level muon found within
a mus-jet is referred to as the jet’s associated muon.

The standard set of jet energy corrections and quality requirements are applied to all recon-
structed jets in both the data and simulated samples [17]. The jet energy resolution in simu-

lated events is corrected to what is observed in data [17] by pj;t =p3" +SF JER x (preee —p§™);
where p¢ is the corrected transverse momentum of the reconstructed jet, p  is the transverse

momentum of the reconstruct jet’s matched generator-level jet, and SFjgr is the data over sim-

ulated p];t resolution scale factor. In the PYTHIA simulated event sample a reconstructed jet is
matched to the nearest generator-level jet if the AR between the reconstructed and generator-
level jet pair is less than 0.25. This matching is found to be more than 99% efficient for recon-
structed jets passing the previous selection criteria. Both reconstructed and generator-level jets

are required to have pj;t > 30GeV and ‘nfEt} <24.

In simulated samples observables obtained from reconstructed and generator-level jets found
to have (lack) a B — pv, X decay within their cone are weighted by a branching fraction scale

factor SF: = Beoc — 1.044f8:8%i (SFEO"_” — 1=Beoc _ 9948+ 8:88%). This scale factor cor-

B BPYTHIA - 17BPYTHIA

rects the branching fraction of semileptonic B hadron decays in PYTHIA to what has been re-
ported in Ref. [1].

Also in simulated samples the true flavor of a generator-level jet is determined by the presence
of the heaviest-flavor hadron ancestor in the hardronization chain. The true flavor, beauty,
charm, and light (i.e. from gluons or light quarks, u, d, s, referred to as guds) of reconstructed
jets in simulated samples is taken from the reconstructed jets” generator-level jet match. The
flavor of a small fraction of reconstructed jets that remain unmatched is assigned as light flavor.

4 Trigger Efficiency

The determination of the single-muon trigger efficiency follows a similar procedure to that
presented in Ref. [12]. Events collected by the jet triggers are used for the data-driven muon
trigger efficiency determination. These events must satisfy the following criteria: 1) only one
reconstructed muon per event, 2) this muon must be associated to a jet, and 3) this jet must
be tagged as a beauty jet by the track counting high efficiency (TCHE) algorithm [18, 19], with
a TCHE value greater than 3.3. The muon in events passing the above criteria must also be a

tight muon with |##| < 2.1. The jet the muon is associated to must have p];ft > 30GeV.

The trigger efficiency for a given pPT’ or #¥ bin is given as €yig = Nuatched/ Nai- Here Nyasched
is the number of tight muons in a p}. or 17 bin associated with a b-tagged jet and possessing a
matched trigger muon object; and N, is the number of tight muons in a p’; or n* bin associated
with a b-tagged jet. A tight muon’s matched trigger muon object (referred to as trigger object
henceforth) is the nearest, by AR, trigger object if the AR between the tight muon and the
trigger object is less than 0.5.

The overall efficiency of the single-muon trigger for tight muons with p}. > 8 GeV, |#| < 2.1,

and found within b-tagged jets with p]; f> 30 GeV, was determined tobe 85.5 & 1.1 (s’calt.)f31'.95 (syst.)%;
with the systematic uncertainties being described in Section 7. Figure 1 presents the trigger ef-
ficiency with respect to the muon kinematic observables. It is observed that the single-muon
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trigger efficiency reaches a plateau for p}. > 8GeV. For muons above this p/. threshold there
exists some variation with respect to ##, which is accounted for in Section 5.1.

CMS Preliminary, \'s =7 TeV, L =3 pb™ CMS Preliminary, \'s =7 TeV, L = 3 pb™
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Figure 1: Left (Right): Efficiency of the online single-muon trigger used in the analysis with
respect to p}. for muons with |7#| < 2.1 (" for muons with p% > 8GeV). Inner error bars
are statistical while outer error bars are statistical and systematic added in quadrature. The
vertical line on the left plot indicates the trigger muon p’; threshold required for an event to be
considered at further stages of selection.

5 Offline Selection

5.1 Preselection

Events selected by the single-muon trigger must have at least one reconstructed tight muon,
that have a matched trigger object and is associated to a jet, to be considered further. How-
ever, PYTHIA events do not use the simulated trigger information and are instead weighted by

tel‘g;w (n*); where n* is taken from the highest pl} tight muon (pl} > 8 GeV) associated to a
jet. The selection efficiency, Section 5.3, taken from the PYTHIA sample thus accounts for the

variations observed in the single-muon trigger efficiency in data as a function of 7.

An event is then preselected if it has: 1) at least one mu-jet having an associated tight muon,
which passes the muon kinematic cuts and has a matched single-muon trigger object and 2)
at least one non-mu-jet, which by definition does not have an associated tight muon passing
the muon kinematic cuts. Note that the trigger matching requirement in the first criterion is
dropped for simulated PYTHIA events in favor of the data trigger efficiency weighting out-
lined above. Additionally, the highest TCHE mu-jet and the highest track counting high purity
(TCHP) non-mu-jet are required to have AR > 0.6. This prevents selection of poorly recon-
structed and/or misidentified jet pairs that survive the jet quality requirements in Section 5.2.

5.2 B-Tagging

Jets arising from the hadronization and decay of b quarks, referred to as beauty jets, are identi-
fied by the Track Counting algorithm [18, 19]. In each event the highest TCHE mu-jet is paired
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with the highest TCHP non-mu-jet to form a dijet object. The event is finally selected if the
mu-jet and the non-mu-jet have TCHE > 3.3 and TCHP > 3.41, respectively. These selection
criteria represent the medium ("M”) and tight (“T”) working points (WP), respectively referred
to as TCHEM and TCHPT, for the b-tagging algorithms given in Refs. [18, 19]. The TCHEM
and TCHPT WP respectively ensure a light flavor (i.e. guds) misidentification probability of 1%
and 0.1%. Additionally, if two or more mu-jets (non-mu-jets) pass THCEM (TCHPT) require-
ment the event is vetoed. The fraction of events vetoed in this way is approximately 0.7% and
taken as negligible.

Data-driven b-tagging scale factors for beauty, charm, and light jets, respectively SF,, SF., and
SF;, are defined as the ratio of the tagging efficiency in data to that in simulation [18, 19], i.e

SE; (pjTet> = ePata (pj;t) /eMC (pjTet> fori =1b, c, or I. These scale factor functions are used to
randomly degrade (upgrade) tagged (untagged) jets in the simulated sample. This modifica-

tion is done jet-by-jet; it serves to alter the definition of a tagged jet in the PYTHIA sample to
match what is observed in data.

5.3 Efficiency

The overall selection efficiency €g,;, online plus offline, is determined with respect to AA, using
the simulated PYTHIA event sample (with all previously described weighting and scale factors
applied), using the generator-level true beauty jet distributions and the finally selected, recon-
structed, true flavor beauty jet distributions. The generator-level true beauty jets are required

to have pjTet > 30 GeV and |17/*!| < 2.4. One, and only one, of these generator-level true beauty

jets must have a generator-level muon with p’. > 8 GeV and |57#| < 2.1 used in the clustering
algorithm. This generator-level true beauty jet pair must also have a AR > 0.6.

The finite jet energy resolution may allow a reconstructed beauty jet with p’r® > 30 GeV to be
matched with a generator level beauty jet with p3.' < 30 GeV. This possibility was investigated
by studying dpr = p¥® — p3" in bins of p} . In each bin it was found that dpr ~ 1 GeV.
However, when considering the root-mean-square of épr it was observed that épr is consistent
with zero for all bins of p3"; as such this finite jet energy resolution matching affect is taken as
negligible.

Figure 2 shows the overall selection efficiency differentially with respect to AA. The overall se-
lection efficiency was found to be 17% with negligible statistical uncertainty. Systematic uncer-
tainties associated to the selection efficiencies due to possible differences between simulation
and data are discussed in Section 7.

The difference AAgeco — AAcen between finally selected true flavor beauty jet pairs and their
matched generator-level true beauty jets was studied in the PYTHIA sample. The root-mean-
square of this difference is taken as the angular resolution on the AA observables and found
to be ~ 0.03. These same jet pairs were also used to study the detector response matrix for
the AA observables (not shown) which was observed to be strongly diagonal with off diago-
nal elements an order of magnitude smaller than their main diagonal counterparts. The bin
width in AA was optimized from these resolution and detector response studies, and is taken
approximately an order of magnitude larger than the AA resolution; as a result unfolding con-
siderations are neglected in this study.
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Figure 2: Total selection efficiency with respect to A¢ (left) and AR (right). The error bars depict
statistical uncertainties only.

6 Signal Purity Correction

The di-beauty jet signal in data is determined by applying a bin-by-bin “purity correction” to
finally selected events. Using known b-tagging efficiencies a system of four equations in four
unknowns is developed and referred to as System4. The unknowns are the fractional flavor
content of the jet pair in preselected events {bb, bx, xb, xx} where the first (second) letter cor-
responds to the flavor of the mu-jet (non-mu-jet) with x representing non-beauty (i.e. charm or
light). The equations break the selection into four classes of selection criterion: 1) preselection,
2) only TCHPT applied to highest TCHP non-mu-jet, 3) only TCHEM applied to highest TCHE
mu-jet, 4) both TCHPT and TCHEM WP applied to their respective jets. Solving System4 for
each bin of AA gives the purity of the final selection after the application of the appropriate
efficiencies.

For the Sx = b system represented in Eq. 1, S, x, and b are respectively referred to as the
efficiency matrix, flavor vector, and yields vector. Thus, System4 is given in matrix form as:

1 1 1 1 Fub 1
Yop €TCHPT oy eTCHPT o eTCHPT o (TCHPT f | TCHPT :
ayp €l CHEM y, cTCHEM y  TCHEM  TCHEM Fo | = | fremEm (1)
Bub €vb Bbx €bx Bxb €xb Bxx €xx frx fBoth

where f;; are the fractional flavor content of the jet pair in preselected events (i, j = bor x), the
first (second) letter is the flavor of the mu-jet (non-mu-jet). The set { fTCHPT fTCHEM  ¢Bothy
represents the fraction of preselected events passing each of the above selection criterion. The
b-tagging efficiencies are taken from the simulated PYTHIA sample and weighted to data with
the b-tagging scale factors, as described above. The b-tagging efficiencies for the TCHEM and
TCHPT WPs are respectively e/ “HEM and eT“HPT. Here the efficiency to tag a non-beauty

jet is calculated for both the TCHEM and TCHPT WPs via €, (n;“g ) / (n;“g 4 plnteg ) -



(nie. +nile)) / (¥ 4+ n?") where n®! and n! are respectively the total number of charm
and light jets in the simulated PYTHIA sample. That is the fractions of light and charm jets are
taken from the simulation with appropriate systematics discussed later. The charm tagging
efficiency is given as €.. The light tagging efficiency is given as €;. The product of the b-tagging
efficiencies is given as €;; = e/ <HEM GJ.TCHP T. The factors x;; = {{a;;},{Bij} , {7ij}} are taken
from the simulated PYTHIA sample as the ratios of the dijet efficiency to the single-jet b-tagging
efficiency for their respective selection criterion, defined as:

Mu Tag Both Tag Non Mu Tag
L - if L Y
%ij = _TCHEM’ Bij = cTCHEM STCHPT” Vi = ~ JTCHPT 2
1 1

] ]
ZMM Tag, f\.]on MuTeS and eZB-Oth T8 are the efficiencies to tag the ij dijet object. They are

defined as the number of ij dijet objects tagged to the total number of ij dijet objects, i.e.

3.4” Tag _ Nl?g / (N;“g + Nz.l].lnmg ) Once f;j is known, the purity of the ij dijet case can be

calculated as P;; = (B €;j) (fz.]./fBoth).

A toy MC approach is used to determine the elements of the flavor vector and their uncer-
tainties. One-hundred-thousand pseudo-experiments are performed for each bin of AA. For
each pseudo-experiment the elements of the yields vector and the efficiency matrix are ran-
domly varied by their statistical uncertainties (i.e. the element in the mn position of S is varied
by its uncertainty and similarly for the elements of b), assuming that these parameters have a
Gaussian distribution. System4 is then solved using the nonnegative least-squares algorithm of
Lawson & Hanson [20] for each pseudo-experiment. This algorithm ensures that the calculated
elements of the flavor vector are positive definite.

where €

From these pseudo-experiments distributions of f;; and P;; are formed. Each distribution is
then fit with a Gaussian; the mean (standard deviation) of this Gaussian is then assigned to the
value (statistical uncertainty) of f;; or P;;.

A MC closure test is performed with the toy MC method described above. The simulated
PYTHIA event sample is split into two statistically independent datasets. One sample is treated
as simulation and used to construct the efficiency matrix. The other sample is treated as
pseudo-data and used to construct the yields vector. For each bin of AA the elements of the
flavor vector are compared to their corresponding true values obtained from the pseudo-data
sample. Two MC closure tests are performed. In the first the ;; factors are calculated using Eq.
2. For the second the «;; factors are set to unity. Better agreement between the System4 solution
and the true f;; values is found when «;; factors are calculated by Eq. 2 than when «;; are set to
unity. The shape of the «;; factors is taken as a systematic uncertainty.

The toy method described above is also applied to events from data. In each pseudo-experiment
for the data case, System4 attempts to solve for the flavor vector in data for each bin of AA.
The calculated selection purity corresponding to the bb flavor case obtained in data is shown
in Fig. 3. The overall purity in data obtained from System4 is determined to be PJ%" =
0.933 £ 0.017 (stat.). While the overall true purity in the simulated sample is found to be
PMC = 0.945 with negligible statistical uncertainty.
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Figure 3: Left (right): Di-beauty jet signal purity of the event sample used for the cross section
calculation with respect to A¢ (AR). The error bars depict statistical uncertainties only.

7 Systematic Uncertainties

A summary of all experimental systematic uncertainties considered for this analysis are given
below; the affect on the total cross section ¢, is given for each bullet. All sources of uncertain-
ties (except for recorded integrated luminosity and trigger efficiency) are studied bin-by-bin.

Shape of Selection Efficiency: differing kinematic behavior of beauty jets between data and sim-
ulation may cause variations in the final selection efficiencies. Similarly to what was pre-
sented in Ref. [4], the nominal selection efficiency for each bin of AA was modified by eg o =

e (1), where i = e(57),,) ~<((#F),,)- & = <((#F),,.) am (3¥)

is the average highest or lowest p]Tgt out of the jet pair in the AA bin of interest. This is per-
formed for three |17/*| bins, given as {[0.0,2.4],[0.0,0.9],[0.9,2.4]}, for both the highest and

lowest <p]Te >, six cases in total. The cross section distributions are re-computed for each new

set of e’s . distributions from the six separate cases; the maximum difference in each bin of AA
between the nominal cross section and the six new cross sections is taken as the systematic
uncertainty. The effect of these variations resulted in a +2.6/-0.5% change in the total cross
section.

Selection Purity: possible systematic uncertainties in the selection purity are addressed by inves-
tigating: 1) poor modelling of the shapes of the «;; factors, 2) the difference 65, = f5"¢ — losure
between the true PYTHIA fy), values and the System4 solution obtained in the MC closure test
for each bin of AA, and 3) possible differences in the relative fraction of charm and light jets
in data and simulation. In the first case, System4 is solved and the cross section recomputed

after varying the shapes of «;; factors. The shapes are varied by modifying the efficiencies given

in the numerators of Eq. 2 in the same way that €5, was modified above, with <pjT6t> nd

a

' MC

<p];t>D t taken at the appropriate selection criterion, Section 6, from the appropriate jet (mu-
ata

jet or non-mu-jet). In the second case, " is modified via f;, = fL" + df,. Then, fj, is



substituted into the P;; equation, Section 6, and the cross section is recomputed. In the third
case, when ¢, the value of n2! (n!") was varied up and down by a factor of two while holding
ni! (n”") fixed. The cross section was then recomputed using the new e, value under each of
these variations. The differences between each bin of the nominal cross section and each of
these varied cross sections are added in quadrature; the effect of these variations resulted in a
+3.9/-4.1% change in the total cross section.

Recorded Integrated Luminosity: currently the CMS experiment has computed the recorded inte-
grated luminosity to a precision of 4% [21].

Muon Reconstruction Efficiency: the tight muon reconstruction efficiency scale factor SF;“"*M
used in the simulated PYTHIA sample is varied up and down by its uncertainties, given in Ref.
[12]. The upward (downward) variation of SF[,“”“"I results in a -1.2% (+1.2%) change in the
total cross section.

Trigger Efficiency: the systematic uncertainty on the trigger efficiency presented in Section 4
is assessed using the same methodology presented in Ref. [12] by: 1) increasing the muon
quality cuts beyond the standard tight muon selection, 2) increasing the b-tagging cut on the
jet the trigger muon is associated with from TCHEM to TCHPT, 3) using only muons whose
track determines the jet's TCHE value, and 4) with and without the b-tagging requirement
under both the standard Tight Muon Selection and the increased muon selection. The upward
(downward) variation of the trigger efficiency resulted in a -4.4% (+1.7%) change in the total
cross section.

B-Tugging Scale Factors: the b-tagging scale factors, SET“HEM and SFTCHPT (fori=1b, ¢, or ), were
varied in the same direction about their nominal values by their uncertainties when applying
them jet-by-jet to upgrade (degrade) untagged (tagged) jets in the simulated sample (Section
5.2). The beauty and charm (i = b or c) scale factors for each algorithm are taken to be correlated
with each other (i.e. SFbT CHEM jg correlated with SFCTCHEM, and SFbT CHPT jg correlated with
SFICHPT) "and are therefore varied simultaneously. The light scale factors for each algorithm
are taken to be uncorrelated with their beauty and charm counterparts, and are therefore varied
independently from their charm and beauty counterparts. The upward (downward) variation
of the scale factors resulted in a -3.2% (+6.7%) change in the total cross section.

Jet Energy Scale: due to the non-linear energy response of the calorimeters, a jet energy cor-
rection must be applied to the recorded jet energy observed by the detector [17]. The trans-
verse momentum of each jet in simulated events is varied, before applying the selection, by
the uncertainty in the jet energy scale. The differential selection efficiency with respect to AA
is recomputed in the simulation for the jet energy correction variation cases, and used to re-
compute the experimental cross section. The upwards (downwards) variation of the jet energy
corrections resulted in a -5.6% (+9.1%) change in the total cross section.

Jet Energy Resolution: the data over simulated p/;t resolution scale factor SFjgr is varied by its
total uncertainty given in Ref. [17] before applying the selection. The overall selection efficiency
with respect to AA was recomputed in the simulation for the up and down variations of SFjgg,
and used to recompute the experimental cross section. The upwards (downwards) variation
of the jet energy resolution scale factor resulted in a +1.1% (+1.7%) change in the total cross
section. For a conservative estimate the maximum of these variations, +1.7%, is used when
calculating the total systematic uncertainty.

Fragmentation: the simulated PYTHIA sample describe in Section 2.1 was generated with the
Lund symmetric fragmentation function with heavy quark endpoints modified by the Bowler



10 8 Results

string evolution [7]. Two additional PYTHIA samples were generated using this Lund model
and the Peterson/SLAC fragmentation function [7] with e, = 0.062 and €, = 0.00406 as given

in Refs. [22] and [23]. The differences between the generator level pjTet distributions (for beauty
and charm) obtained with these different fragmentation functions were used to modify the

generator-level jet and reconstructed p]{ft (for beauty and charm) in the simulated PYTHIA sam-

ple describe in Section 2.1, before applying the selection, via p. = pr+ (fLuna (PT) — freterson (P1)) /M
where f1,u4 (pr) and fpeterson (p7) are respectively the values of the pr spectrums generated

with Lund and Peterson/SLAC fragmentation functions, and m is the slope of the distributions
(found to be the same within statistical errors). The generator-level muon and reconstructed
muon pr were also modified in the identical fashion. The cross section was recomputed after

these pr variations and a change of +0.4% was observed in the total cross section.

PDFs: uncertainties coming from limited knowledge of the proton PDFs are assessed via the
re-weighting technique described in Ref. [24]. Three PDFs were used in the re-weighting pro-
cedure, CTEQ66m, MSTW2008-nlo, and NNPDF2.0 [25-27]. Each of the PDF re-weighted se-
lection efficiencies obtained from the simulated PYTHIA sample were found to be higher than
the nominal efficiency; the cross section was recomputed for each of these new selection effi-
ciency distributions. The maximum deviation per bin of AA between the nominal cross section
and the re-weighted cross sections was taken as the systematic uncertainty. The effect on the
total cross section was found to be -1.0%.

Table 1 shows a summary of the effect of these systematic uncertainties on the total cross sec-
tion, found to be -9.8% and +13.1%. The systematic uncertainties assigned to the recorded
integrated luminosity and trigger efficiency are applied as a flat value across all bins of the
angular observable AA. The remaining systematic uncertainty sources are considered for each
bin of AA. Table 2 shows the bin-by-bin systematic uncertainty values on the differential cross
section over the range of AA.

8 Results

The differential cross section for the i bin of an angular observable AA is defined as:

( do ) B N Data Py,
dAA ) LAApy, e

where NP i the number of events recorded for the i bin of AA measured in data, Py, is the
di-beauty jet signal purity for the i bin of AA (Fig. 3), £ = 3.00 + 0.12 pb " is the recorded

integrated luminosity, AAy;, is the bin width in AA, and engt“l is the overall selection efficiency

for the i* bin of AA (Fig. 2). The differential di-beauty jet production cross section distributions
are given in Fig. 4; an uncertainty of -5.9% and +4.4% common to all data points due to the
integrated luminosity and trigger efficiency systematic uncertainties is not shown in the figure.
The bin-by-bin measured cross section values are given in Table 2 with their uncertainties;
the systematic uncertainties shown in Table 2 include the common uncertainties previously
mentioned.

The differential cross sections with respect to the A¢ and AR between B hadron secondary

decay vertices were previously published in Ref. [4]. The lowest leading pj; * bin of this previous

study matches best the final event sample shown here. The results from this leading pj;t bin of
Ref. [4] and those obtained in the present work were found to agree within errors [28].
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Table 1: Summary of systematic uncertainties in the total cross section. The upwards and
downwards columns give the direction of the shift of the parameter of interest, where the sign
of the value in these columns indicates the observed change in the total cross section. The
effects of the shape variations on the total cross section are given under their own heading. The
observed effect on the total cross section when changing the fragmentation parameterization
and the proton PDFs are indicated under the theory headings (see text). The total systematic
uncertainty is shown in the last row under the summary heading.

Downwards | Upwards
Luminosity +4.0% -4.0%
SFjecoid +1.2% -1.2%
Trigger Efficiency +1.7% -4.4%
SFICHEMand SFTCHPT 6.7% -3.2%
Jet Energy Scale +9.1% -5.6%
Jet Energy Resolution +1.7% +1.1%

Shape Variations

Selection Efficiency +2.6/-0.5%
Selection Purity +3.9/-4.1%
Theory Systematics
Fragmentation +0.4%
PDFs -1.0%
Summary

Total +13.1/-9.8%
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Figure 4: Differential di-beauty jet production cross section with respect to the A¢ (left) and
AR (right) between two b-tagged jets obtained from data. The inner error bars represent the
statistical uncertainty, while the outer error bars represent the statistical plus systematic uncer-
tainties added in quadrature. A common uncertainty of -5.9% and +4.4% due to the integrated
luminosity and trigger efficiency systematic uncertainties on the data points is not included.
The theoretical comparison in the top plots was done with MADGRAPH (solid) where the band
represents only statistical uncertainties. The ratio of data to theory for CASCADE, MADGRAPH,
and PYTHIA is shown in the bottom plots. The band for the ratio of data to CASCADE (PYTHIA
or MADGRAPH) represents the statistical, data systematic, and theoretical (statistical and data
systematic) uncertainties added in quadrature.
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Table 2: Summary of do/dA¢ and do/dAR differential cross sections with their statistical and
systematic uncertainties given in nb.

A¢ Range d%p (stat.) | (syst.) || AR Range ddA—‘TR (stat.) | (syst.)

0.000-7t/8 || 0.64 | £0.05 | *J0¢ | 0.6-08 | 1.09 | £0.13 | "%
n/8-m/4 [ 095 | £0.07 | B[ 08-11 || 1.03 [ £0.08 | 372
m/4-3m/8 || 1.01 [ 2007 | TTZ 1 11-14 [ 096 | +0.08 | 01
37/8-m/2 || 092 [ £0.07 [ TOI [ 14-17 [ 0.85 | £0.07 | 510
n/2-57/8 || 116 | £0.08 | 047 | 1.7-20 | 1.09 | £0.08 | 013
57/8-3m/4 || 2.00 | £0.11 | 05 || 20-23 | 147 | £0.10 | 58
3m/4-7r/8 || 517 | £0.18 | 0% 23-2.6 || 237 | £0.13 | 0%
7r/8-m || 1927 [ £039 | TFIE [ 26-29 | 535 | £0.20 | 708
29-32 [ 1393 | £0.33 | T3
32-35 | 839 | £027 | 0%
35-3.8 || 332 | £0.16 | 0%
38-41 || 147 | £0.10 [ 05
41-44 0.76 | £0.09 | "5t
44-47 0.21 | £0.05 | *5os
4.7-5.0 0.13 | £0.04 | TH0z

8.1 Comparisons with Theoretical Predictions

The PYTHIA generator-level beauty jet distribution described in Section 5.3 was used to deter-
mine the ratio of data/PYTHIA theoretical cross section, Fig. 4. A similar distribution is made
for CASCADE [8, 9] and MADGRAPH [10], and the ratio of data to these theoretical predictions
is also shown in Fig. 4. The simulated predictions are not normalized to data before form-
ing these ratios; the common systematic uncertainties arising from the trigger efficiency and
recorded integrated luminosity, Sec. 7, are not considered when forming these ratios.

The uncertainty band for the data/theory plots in Fig. 4 for PYTHIA and MADGRAPH repre-
sents the statistical and systematic uncertainties added in quadrature. While the uncertainty
band for the data/CASCADE plot represents the statistical, systematic, and theoretical uncer-
tainties added in quadrature. The CASCADE theoretical uncertainties were determined by: 1)
varying the renormalization scale up and down by a factor of two; 2) varying the b quark
mass by 0.25 GeV about the nominal value of 4.75 GeV; 3) changing the default un-integrated
parton distribution function, A0 from the CCEM set [29], to B0, also from the CCFM set [29];
and 4) changing the fragmentation model from the Lund symmetric fragmentation function
with heavy quark endpoints modified by the Bowler string evolution [7] to the Peterson/SLAC
model (e, = 0.062 and ¢, = 0.00406).

The absolute di-beauty jet cross sections obtained from data and simulated predictions are
presented in Table 3. These estimations are done for the di-beauty jet phase-space defined
by requirement of two beauty jets (found in data, or generated in simulation) produced with
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p];t > 30 GeV and |/!| < 2.4, with angular distance between them AR > 0.6 and one of the

jets having muon within its decay products with p}. > 8 GeV and || < 2.1.

From Fig. 4 and Tab. 3 it is seen that PYTHIA shows disagreement in the low A¢ region while
best describing the absolute normalization. It is also seen that CASCADE has regions of dis-
agreement in both A¢ and AR and underestimates the absolute normalization of data by 29%.
Finally it is seen that MADGRAPH gives the best account of the shape of the low angular region
out of the three models considered while over-estimating the absolute normalization by 29%.

Table 3: Total di-beauty jet measured and theoretical cross sections in nb for two beauty jets
with pJTet > 30 GeV and |7/*!| < 2.4, with angular distance between them AR > 0.6, and one of
the jets having a muon within its decay products with p}. > 8 GeV and || < 2.1.

Data PYTHIA MADGRAPH CASCADE

12.2 4+ 0.2 (stat.) 15 (syst.) | 13.18 + 0.02(stat.) | 17.1 & 0.1(stat.) | 9.48 4 0.04 (stat.) "2 (syst.)

9 Summary

A measurement of angular correlation observables between beauty jets pair-produced in pp
collisions at y/s = 7 TeV within the CMS Detector is presented. The total integrated luminosity
of the dataset used for this study is 3.00 + 0.12pb~'. The tagging of jets arising from the
hadronization and decay of b quarks was done using the track counting algorithms TCHE
and TCHP. The results given are the differential production cross sections as a function of the
angular separation variables, A¢ and AR, between finally selected beauty jet candidate pairs. It
was shown that out of the theoretical models considered MADGRAPH better describes the low
angular region of di-beauty jet production, while PYTHIA better describes the absolute cross
section.
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