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We present a measurement of the forward-backward asymmetry in the production of B* mesons,
Arp (B:E)7 using BT — J/z/)Ki decays in 10.4 fb~! of pp collisions at /s = 1.96 TeV collected by
the DO experiment during Run II of the Tevatron collider. A non-zero asymmetry would indicate
a preference for a particular flavor, i.e., b quark or b anti-quark, to be produced in the direction of
the proton beam. We extract Arp (Bi) from a maximum likelihood fit to the difference between
the numbers of forward- and backward-produced B* mesons. We measure an asymmetry consistent
with zero: App(B*) = [~0.24 + 0.41 (stat) £ 0.19 (syst)]%.

PACS numbers: 13.25.Hw, 11.30.Er

Over the past years there has been much interest in the
forward-backward asymmetry in ¢¢ production (A%y) [1],
especially since initial experimental results were larger
than standard model (SM) predictions [2, 3]. These ob-
servations prompted development of models beyond the
SM that could explain the excess [4]. The corresponding
asymmetry in bb production, A%bB, has the same sources
as Allp but is expected to have a smaller magnitude in the
SM, making it an important probe of these new physics
models [5, 6].

The most recent DO measurements of Aty [7] agree
with the SM [8]. A closely related quantity called the
tt charge asymmetry has been studied at the LHC [9,
10]. The LHCDb collaboration has recently measured
the charge asymmetry between b and b jets in pp col-
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lisions [11].

A forward-backward asymmetry in the production of
heavy quark @ is primarily caused by interference be-
tween tree-level and loop diagrams for ¢ — QQ inter-
actions, and also by interference between initial and fi-
nal state gluon radiation [12]. We measure the forward-
backward asymmetry using fully reconstructed B+ —
J/Y(— ptp=)K* decays where the B* directly iden-
tifies the quark flavor (i.e., b or b). Compared to b jet
reconstruction, this method has the advantages that the
charge of the b quark is unambiguously determined, and
there is no need to account for B%/B0 oscillations. The
quantity App(B¥) is sensitive to the same production
asymmetries as A%bB. In pp collisions, the forward cate-
gory indicates a b (b) quark, or B~ (B*) meson, emitted
with longitudinal momentum component in the direction
of the proton (antiproton) beam.

We reconstruct a B* meson and categorize it as for-
ward or backward with a variable grg = —¢p sgn(ng),
where ¢p is the B meson electric charge, sgn(z) is the
sign function, and np is the BT meson pseudorapid-
ity [13]. The forward-backward asymmetry of the B*
mesons is:

N(grp > 0) — N(grp < 0)
N(grB > 0) + N(grB < 0)

App(B*) = (1)

Inclusive predictions of A%BB give positive asymmetries
of ~ 0.5% [5, 14], but the mass scales of the bb pairs con-
sidered (M (bb) > 35 GeV, or p(b) > ~ 15 GeV) are more



relevant for a jet-based analysis. To make SM predic-
tions tailored to our kinematics and selections, we pro-
duce next-to-leading-order Monte Carlo (MC) samples
for QCD production of B* in the process pp — bbX.
MC events are generated using MC@QNLO [15] with par-
ton distribution function (PDF) set ¢cTEQ6M1 [16] and
HERWIG [17] for parton showering and hadronization.
Detector simulation is performed using GEANT3 [18].

The DO experiment collected data at /s = 1.96 TeV
during Run IT of the Fermilab Tevatron pp collider, from
2002 until the Tevatron shutdown in 2011. The DO detec-
tor is described in detail elsewhere [19]. For this analy-
sis the most important detector elements are the central
tracking and muon systems. The central tracking sys-
tem consists of a silicon microstrip tracker and a central
fiber tracker, both located within a 1.9 T superconduct-
ing solenoidal magnet, with designs optimized for track-
ing and vertex finding at pseudorapidities |n| < 3 and
|n] < 2.5, respectively. The muon system has a layer of
tracking detectors and scintillation trigger counters out-
side a liquid argon sampling calorimeter and two similar
layers outside a 1.8 T iron toroid [20], and covers the re-
gion |Nget| & 2 where |nqet| is measured from the center
of the detector. The solenoid and toroid magnet polari-
ties were reversed approximately every two weeks giving
nearly equal beam exposure to each polarity combina-
tion. The data used in this analysis were collected with
a suite of single muon and dimuon triggers.

We select B — J/¢K¥ candidates from the DO Run
IT dataset with an integrated luminosity of 10.4 fb™'.
Candidates are reconstructed by identifying a pair of op-
positely charged muons (decay products of the J/1 me-
son) produced along with a charged track (the K+ can-
didate) at a common vertex displaced from the pp inter-
action vertex.

All tracks must lie within the pseudorapidity coverage
of the muon and central tracking systems, |n| < 2.1. Se-
lected muons have transverse momentum py > 1.5 GeV,
and K* candidates have pp > 0.7 GeV. At least one
muon must traverse both inner and outer layers of the
muon detector. Both muons must match to tracks in the
central tracking system. The J/¢ candidates with recon-
structed invariant mass M (u*p~) between 2.7 and 3.45
GeV are accepted if their transverse decay length (Lgy)
uncertainty is less than 0.1 cm, where L, is the distance
from the pp vertex to a particle’s decay vertex in the x-
y plane. The cosine of the pointing angle [21] must be
greater than zero.

The combination of put, =, and K* tracks to form a
B* decay vertex must have y? < 16 for three degrees of
freedom, and the cosine of the B* pointing angle must
be above 0.8. B* candidates are accepted if they are sig-
nificantly displaced from the pp vertex. Their transverse
decay length significance (defined as L, divided by its
uncertainty) must be greater than three. To calculate
the B* candidate mass we correct the muon momenta

by constraining M (pu™17) to the world average J/v me-
son mass [22]. The selected B mass range is 5.05 — 5.65
GeV.

Because definitions of forward and backward are tied
directly to sgn(np), the ambiguous region near ng = 0
is given special consideration. We compare 7 of the B+
mesons and their parent b quarks at production and re-
construction level in MC@QNLO. Rejecting events with
Ing| < 0.1 removes all B mesons reconstructed with in-
correct gpg without significantly affecting Apg(B*). Af-
ter the cut, more than 99.9% of B* mesons give the same
qrp as the parent b quark, indicating minimal hadroniza-
tion effects on Apg(B*). The distribution of (1, — np)
has an RMS width of 0.11.

Background rejection is improved using a boosted deci-
sion tree (BDT) [23] trained on simulated MC signal and
background from data sidebands around the selected B+
mass range (4.0 — 5.05 and 5.65 — 7.0 GeV). Leading-
order signal MC events are generated with PYTHIA [24]
and processed through the same reconstruction code used
for data. We weight MC events so that the pr distribu-
tions of the muons match the distributions in data, which
are affected by trigger inefliciencies. Additional weights
are applied to match distributions of pr(B¥), pr(K™*),
and x? of the B* decay vertex fit to data distributions.
Finally, we weight MC events so that the probability of
reconstructing isolated muons or B candidates matches
the probability measured in data. Isolated particles have
no other tracks in a cone of size AR = 1 around them,
where AR = \/A¢? + An? is the angular separation be-
tween tracks. This weighting gives optimal agreement be-
tween data and simulation in all 40 BDT input variables,
which include particle momenta, distances from the pp
vertex, decay lengths, pointing angles, isolation of the
muons and BT meson, and azimuthal angle separation
for various particle pairs. A cut on the BDT discrimi-
nant is chosen to minimize the statistical uncertainty of
App(B¥T). After all cuts we find one B* candidate in
98.5% of events, with the remainder having two or more
candidates. All candidates are used independently in this
analysis.

We extract Apg(BT) from a maximum likelihood fit
incorporating a signal probability distribution and three
background distributions (see below), which are func-
tions of the reconstructed B* mass m ; /4 and the kaon
energy Er. The signal distribution S(m/yx, Ex) is
modeled by a double-Gaussian function with six param-
eters, where both Gaussians have the same mean but
different widths. The widths have an exponential depen-
dence on Ei. Signal parameters are allowed to differ for
the n < —0.1 and n > 0.1 regions to account for slight
differences in the magnetic field along the beam direction.

The background distribution P(m./yx, Erx) describes
B* — J/¢nt events where the pion is assigned the
kaon mass, creating an artificially high reconstructed B+
mass. Distribution P is a reflection of S with the mean



mass value shifted to account for the K /7 mass difference
and the widths scaled by a ratio of the mean mass values.
Background distribution T'(m/yx) describes partially
reconstructed decays of type B, — J/¥h* X, which have
reconstructed mass lower than the B* mass. Distribu-
tion T is empirically modeled using a threshold function
with a floating inflection point and the slope fixed from
MC simulation [25, 26]. Finally, the background distribu-
tion E(mj/yxk, Erx) describes combinatoric background
and is modeled using an exponential function with three
parameters, where the slope depends on Fi.

The unbinned fit minimizes LLH, the negative log of
the likelihood function £, summed over N selected B+
candidates, each with weight w,, (defined below):

N
LLH = -2 " w, In(Ly). (2)

n=1

Here L, is a function of the four probability density
distributions, with each assigned sample fraction f; and
forward-backward asymmetry A;. While systematic ef-
fects were studied, the A; parameters were blinded by
adding unknown random offsets. The likelihood L,, has
26 parameters and is normalized to 1:

L, =a(Ek)[fs(1+ qrAs)S + fp(1 + qrAp)P
+ fr(1 4+ grBAT)T| + fe(1 +qrBAR)E,  (3)

where fr = [1 — a(Ex)(fs + fp + fr)] and a(Ek) uses
three parameters to describe the dependence of the sam-
ple fractions on Ex [25].

Asymmetries in detector material and J/1 or K¥ re-
construction between 7 < 0 (the “north” side of the de-
tector) and n > 0 (the “south” side) can result in an
apparent Apg. A north-south asymmetry is defined as
Ans = (Nny — Ng)/(Ny + Ns). Because BT and B~
particles on the same side of the detector have opposite
qrB, corrections for north-south efficiency differences will
generally cancel when determining Apg(B*). We mea-
sure Ans in data samples with no expected production
asymmetries. Decays of ¢ —+ KTK~ are used to mea-
sure Ans(K ™). Signal and background models are deter-
mined from MC simulation and a x? minimization fit is
performed simultaneously on north- and south-side data.
We measure Anxs(K™) in bins of leading kaon |n|; there
is no significant dependence on pr. Integrated over all
Inl, Ans(K*) = (0.39 £ 0.22)% and Axs(K~) = (0.64
+ 0.23)%.

We measure Ans(J/1) using prompt J/v — ptp~ de-
cays. J/1 mesons with significant L,,, are generally from
B decays which could exhibit a north-south asymmetry
due to App(B*). To reduce the fraction of non-prompt
J/v mesons to a negligible level we require the J/1 Ly,
significance to be less than 1.5. Background events under
the peak from 2.9 — 3.3 GeV are removed with a sideband
subtraction, and Ans(J/%) is calculated in bins of |n| and

pr. Integrated over all || and pr, Ans(J/v) = (—0.41
+ 0.04)%.

Measured Ang values are used to determine “efficiency
weights” wg+ and w;,, that equalize the relative recon-
struction efficiencies on both sides of the detector. Ap-
plying these weights has a small effect on Apg(B¥): a
shift of 0.06% from wg+ and a shift of —0.01% from
wy;y. Uncertainties on Ang(J/v) and Ans(K*) con-
tribute an uncertainty of 0.003% to App(B¥), deter-
mined using an ensemble test with 500 Gaussian vari-
ations of the Ang values.

The total event weight is w, = Wimnagnet W+ W ] /o) 5
where Wmagnet €qualizes the number of events in eight
settings of solenoid polarity, toroid polarity, and BT
charge. Equalizing the contribution from each magnet
polarity combination removes tracking charge asymme-
tries to first-order, since in one polarity a B is recon-
structed with the same sign of curvature as a B~ in the
opposite polarity. Also equalizing the number of B+ and
B~ candidates eliminates the need to correct for differ-
ent KT and K~ interaction cross sections in the detec-
tor [27].

The weighted data sample contains 160360 B* can-
didates and the fit yields 89328 + 349 BT — J/yK*
decays. Although the fit was unbinned, to visualize
the data and fit quality, binned distributions of invari-
ant mass M (J/¢YK) for the sum and difference in the
numbers of forward and backward B* candidates with
their projected fits are shown in Figs. 1 and 2. Over
both mass distributions we obtain x?/ndf = 249/214.
We measure a signal asymmetry consistent with zero:
App(B*) = [-0.24 4 0.41 (stat)]%. The asymmetry is
consistent over time and with BT and B~ samples fitted
separately. Asymmetries of the background distributions
are also consistent with zero.

To determine systematic uncertainties on Apg(B*) a
number of variations are made to the analysis. Data
sample variations include training four alternative BDTs
with different variables or input samples and using a
range of BDT discriminant cuts. Fit variations in-
clude varying the B mass range, removing dependences
on Fx from the distributions, allowing the slope of
T(mj/yx) to float, and fixing the background asymme-
try parameters to zero.

To estimate systematic error from the reconstruction
asymmetries we measure Axs(J/1) and Axs(K™*) using
alternate data samples and calculations in different bins
or with alternate fit parameters. Biases in the fitting pro-
cedure are explored with ensemble tests on randomized
data, comparing input and fitted values of App(B*). No
bias is observed, and a systematic uncertainty is assigned
based on the spread of results in the ensemble test. The
total systematic uncertainty on the data measurement is
0.19%, as summarized in Table I.

To compare this measurement to the SM, the MC@QNLO
simulation is analyzed as described above, applying
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shows the residuals.
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— backward) events with fitted distributions which include
the asymmetry parameters A;.

B* — J/9K* selections and weights to correct for muon
trigger effects. Additionally, reconstructed muon and
kaon tracks must match tracks from generated B* —
J/yK* decays. Since matching reconstructed and gener-
ated B* mesons leaves no background events, AFM (B¥)
is calculated directly according to Eq. 1.

The dominant systematic uncertainty on A3M (B*) is
due to renormalization and factorization energy scale
choices. MC@NLO defines pr and pp for renormalization
and factorization energy scales [15] as the square root of
the average of m2. = m? + p2 for the b and b quarks [28],
with b quark mass m set to 4.75 GeV. Since A%bB is zero
at leading-order, there is a large scale dependence in pre-
dictions at next-to-leading-order [29]. Both scales are

TABLE I: Summary of uncertainties on Arp (Bi) in data.

Source Uncertainty
Statistical 0.41%
Alternative BDTs and cuts 0.17%
Fit Variations 0.06%
Reconstruction Asymmetries 0.05%
Fit Bias 0.02%
Systematic Uncertainty 0.19%
Total Uncertainty 0.45%

varied independently from 1pup F to 2ug p to estimate
an uncertainty due to uncalculated higher orders. Half
the largest spread of variations gives a systematic uncer-
tainty of 0.44%. The uncertainty on ASY(B¥) due to b
quark fragmentation is estimated by weighting events so
the distribution of p(B*)|;/p(b) matches a Bowler func-
tion [30] tuned to LEP data or SLD data, where p(B*),
is the component of p(B¥) in the b quark direction. Half
the largest spread of variations to ASM(B*) is 0.25%.
The negligible PDF uncertainty of 0.03% is calculated
by varying the twenty CTEQGM1 eigenvectors by their
uncertainties and determining the standard deviation of
the variations. We find APM (B*) = [2.31 + 0.34 (stat) +
0.51 (syst)]%. Combining all data and MC uncertainties
in quadrature, the MC@QNLO result differs from data by
(2.55 £+ 0.76)%, or 3.3 standard deviations.

Figure 3 shows measurements of App(BT) and
ABM(B*) versus transverse momentum and pseudora-
pidity. The fully reconstructed .J/1K* final state pro-
duces good kinematic agreement between reconstructed
and generated BT mesons, so corrections to recover the
true BT kinematics are unnecessary. The average pr of
the BT mesons is 12.9 GeV. We find that Apg(B7) is
systematically lower than AZM(B¥) for all pseudorapidi-
ties, and for pp(B) = 9 — 30 GeV. Considering the MC
systematic uncertainties to be correlated (uncorrelated),
Fig. 3 (a) has x? = 10.3(11.8) for three bins and Fig. 3
(b) has x? = 6.6 (7.0) for seven bins.

In conclusion, we have measured the forward-backward
asymmetry in the production of B* mesons with B* —
J/YK* decays in pp collisions at /s = 1.96 TeV. For
B* mesons with a mean pr of 12.9 GeV, the result is
App(B¥*) = [-0.24 + 0.41 (stat) & 0.19 (syst)]%, which
is the first measurement of this quantity. The observed
discrepancy of ~ 3 standard deviations between our mea-
surement and the MCQNLO estimate suggests that more
rigorous determination of the standard model prediction
is needed to interpret these results.

We thank the staffs at Fermilab and collaborating in-
stitutions, and acknowledge support from the Depart-
ment of Energy and National Science Foundation (United
States of America); Alternative Energies and Atomic En-
ergy Commission and National Center for Scientific Re-
search/National Institute of Nuclear and Particle Physics



g 5- (a) D@, L =10.4 B
i
< 3
2=
£
|
-1= 1 ) -e-Data
-2F — MC@NLO
-3 0.1<|n|<0.7 | 0.7<InI< 12 n| >1.2
In(B)|
S 6 (b) DF,L=10.41
E C
< 4 =
2:————'—_—%
e
20
I -e-Data
4~ _Mc@nLo
e

| | | | |
0-7 7-9 9-11 11-1515-2020-30 >3(
p.(B) (GeV)

FIG. 3: (color online) Comparison of Arg(B¥) and AFY (B*)
in bins of (a) |ns| and (b) pr(B). Data points and MC bands
include statistical uncertainties convoluted with systematic
uncertainties.

(France); Ministry of Education and Science of the Rus-
sian Federation, National Research Center “Kurchatov
Institute” of the Russian Federation, and Russian Foun-
dation for Basic Research (Russia); National Council for
the Development of Science and Technology and Carlos
Chagas Filho Foundation for the Support of Research
in the State of Rio de Janeiro (Brazil); Department of
Atomic Energy and Department of Science and Tech-
nology (India); Administrative Department of Science,
Technology and Innovation (Colombia); National Council
of Science and Technology (Mexico); National Research
Foundation of Korea (Korea); Foundation for Funda-
mental Research on Matter (The Netherlands); Science
and Technology Facilities Council and The Royal Soci-
ety (United Kingdom); Ministry of Education, Youth and
Sports (Czech Republic); Bundesministerium fiir Bildung
und Forschung (Federal Ministry of Education and Re-
search) and Deutsche Forschungsgemeinschaft (German
Research Foundation) (Germany); Science Foundation
Ireland (Ireland); Swedish Research Council (Sweden);
China Academy of Sciences and National Natural Science
Foundation of China (China); and Ministry of Education
and Science of Ukraine (Ukraine).

[1] L.G. Almeida, G. Sterman, and W. Vogelsang, Phys.
Rev. D 78, 014008 (2008); J.H. Kiihn and G. Ro-
drigo, J. High Energy Phys. 01 (2012) 063; J.A. Aguilar-
Saavedra, D. Amidei, A. Juste, and M. Perez-Victoria,
arXiv:1406.1798.

[2] V.M. Abazov et al. (DO Collaboration), Phys. Rev. D 84,
112005 (2011).

[3] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
83, 112003 (2011); Phys. Rev. D 87, 092002 (2013);
Phys. Rev. D 88, 072003 (2013).

[4] M.I. Gresham, I.-W. Kim, and K.M. Zurek, Phys. Rev. D
83, 114027 (2011); J.A. Aguilar-Saavedra and M. Perez-
Victoria, J. High Energy Phys. 09 (2011) 097; J.F. Ka-
menik, J. Shu, and J. Zupan, Eur. Phys. J. C 72, 2102
(2012).

[5] B. Grinstein and C.W. Murphy, Phys. Rev. Lett. 111,
062003 (2013); Phys. Rev. Lett. 112, 239901 (2014).

[6] S. Ipek, Phys. Rev. D 87, 116010 (2013).

[7] V. M Abazov et al. (DO Collaboration), Phys. Rev. D
87, 011103(R) (2013); Phys. Rev. D 88, 112002 (2013);
Phys. Rev. D 90, 072001 (2014); arXiv:1405.0421 (2014)
(to appear in Phys. Rev. D).

[8] W. Bernreuther and Z.-G. Si, Phys. Rev. D 86,
034026 (2012); M. Czakon, P. Fiedler, and A. Mitov,
arXiv:1411.3007 (2014).

[9] S. Chatrchyan et al. (CMS Collaboration), J. High En-
ergy Phys. 04 (2014) 191.

[10] G. Aad et al. (ATLAS Collaboration), J. High Energy
Phys. 02 (2014) 107.

[11] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett.
113, 082003 (2014).

[12] J.H. Kiithn and G. Rodrigo, Phys. Rev. D 59, 054017
(1999).

[13] DO defines a coordinate system with the z axis along the
proton beam direction, the x axis pointing away from the
Tevatron center, and the y axis pointing upwards. Pseu-
dorapidity is defined as n = — In[tan(6/2)], where 6 is the
laboratory frame polar angle. Angle ¢ is the azimuthal
angle in the z-y plane.

[14] A.V. Manohar and M. Trott, Phys. Lett. B 711, 313
(2012).

[15] S. Frixione and B.R. Webber, J. High Energy Phys. 06
(2002) 029; S. Frixione, P. Nason, and B.R. Webber,
J. High Energy Phys. 08 (2003) 007.

[16] J. Pumplin et al., J. High Energy Phys. 07 (2002) 012;
D. Stump et al., J. High Energy Phys. 10 (2003) 046.

[17] G. Corcella, J. High Energy Phys. 01 (2001) 010.

[18] R. Brun and F. Carminati, CERN Program Library
Writeup W5013, 1993. We use GEANT version 3.15.

[19] V.M. Abazov et al. (DO Collaboration), Nucl. Instrum.
Methods A 565, 463 (2006).

[20] V.M. Abazov et al., Nucl. Instrum. Methods A 552, 372
(2005); V.M. Abazov et al. (DO Collaboration), Nucl.
Instrum. Methods A 737, 281 (2014).

[21] Pointing angle is defined as the angle between a particle’s
momentum vector and the vector from the pp vertex to
the particle’s decay vertex, with vectors defined in the
-y plane.

[22] K.A. Olive et al. (Particle Data Group), Chin. Phys. C
38, 090001 (2014).

[23] A. Hoecker et al., “Toolkit for Multivariate Data Anal-



ysis”, arXiv:physics/0703039v5 (2007). We use version
4.1.0.

[24] T. Sjostrand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05 (2006) 026

[25] V.M. Abazov et al. (DO Collaboration), Phys. Rev. Lett.
110, 241801 (2013).

[26] V.M. Abazov et al. (DO Collaboration), Phys. Rev. D 87,
072006 (2013).

[27] V.M. Abazov et al. (DO Collaboration), Phys. Rev. D 86,
072009 (2012); Phys. Rev. D 82, 032001 (2010).

[28] S. Frixione (private communication).

[29] J.M. Campbell and R.K. Ellis, FERMILAB-PUB-12-078-
T, arXiv:1204.1513 (2012).

[30] G. Corcella and V. Drollinger, Nucl. Phys. B 730, 82
(2005).



