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Measurement of the D* longitudinal polarization in B’ — D*~z*y, decays
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The longitudinal polarization fraction of the D* meson is measured in B® — D*~t* v, decays, where the
7 lepton decays to three charged pions and a neutrino, using proton-proton collision data collected by the
LHCDb experiment at center-of-mass energies of 7, 8§ and 13 TeV and corresponding to an integrated
luminosity of 5 fb~!. The D* polarization fraction F?" is measured in two g> regions, below and above
7 GeV?/c*, where ¢? is defined as the squared invariant mass of the 7v, system. The F?" values are
measured to be 0.52+0.07+0.04 and 0.34 +0.08 +0.02 for the lower and higher ¢> regions,
respectively. The first uncertainties are statistical and the second systematic. The average value over
the whole ¢? range is FP" = 0.41 4 0.06 & 0.03. These results are compatible with the Standard Model

predictions.
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I. INTRODUCTION

Semileptonic decays of B mesons into final states with a
7 lepton are a useful test of the Standard Model (SM) and its
extensions. This paper focuses on the B? — D*~77y,
decay,1 which is theoretically well understood [1] and is
sensitive to new physics (NP) contributions [2]. This decay
mode has been studied by both the BABAR and Belle
experiments [3—8] and the LHCb experiment [9—11]. These
measurements aimed to determine the distributions of the
most relevant kinematic variables, such as the z polariza-
tion, the branching fraction and the ratio R(D™)) =
B(B" - D¥=7ty,)/B(B* - D¥-¢*u,),  where ¢
denotes an electron or a muon. The latest LHCb analysis
of this decay mode obtained a value of R(D*) = 0.260 +
0.015 (stat) +0.016 (syst) £ 0.012 (ext) [12], performed
with proton-proton (p p) collision data collected at a center-
of-mass energy (y/s) of 13 TeV and corresponding to an
integrated luminosity of 2 fb~!. The current world average
for R(D*) is 0.287 £ 0.012 and together with the R(D)
measurement shows a tension with the SM at the level of
3.3 standard deviations (o) [13]. Studies of the kinematic
and angular distributions, such as the longitudinal D*
polarization fraction (F?"), can provide additional sensi-
tivity to possible NP scenarios [2]. For example, the F?"

“Full author list given at the end of the article.
'"The inclusion of charge-conjugate decay modes is implied
throughout the paper.
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value could be enhanced by new scalar operators or
suppressed by new tensor operators [14]. At present, the
only measurement of FP" was performed by the Belle
Collaboration with the result FP" = 0.60 + 0.08 (stat) -
0.04 (syst) [15]. This value is compatible with the SM
expectations [1,16,17]. The most recent theoretical pre-
dictions, computed with different model assumptions and
QCD calculations, converge to a value in a range between
0.43 and 0.46 [18-23].

This paper presents the first measurement of the longi-
tudinal D* polarization fraction by the LHCb experiment. It
uses a sample of B® — D*"zy, decays where the D*~
meson decays into the D 7z~ final state and the " lepton
decays to three charged pions and a tauonic neutrino, with
the potential presence of an additional neutral pion, i.e.
tt = zta~x" (2°)v,. The measurement is performed using
pp collision data collected by the LHCb experiment during
2011-2012 at /s = 7 and 8 TeV (Run 1) and during 2015-
2016 at /s =13 TeV (Run 2), corresponding to an
integrated luminosity of 3 fb=! and 2 fb~!, respectively.
The doubly differential decay rate of D*~ — D%z~ decays,

1 d’r

e 2 2 29 ’ 1
['dg*dcos @, ag, (q*) + cq,(q”)cos 0 (1)

depends on the angular distribution of the decay products
through @), the angle between the D° meson direction and
the direction opposite to the B” meson in the D* rest frame.
The coefficients of the angular distribution, a4, (¢*) and
¢y, (q*), encapsulate the hadronic effects and the funda-
mental couplings [24] and depend on ¢, the squared
invariant mass of the zv, system computed as the squared
difference between the B and the D* momenta. The
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longitudinal polarization F?"(g*) depends on the angular
coefficients as

b s oo 0, (q7) +co,(q7)
) = D T e

)

and also depends on ¢°. The ¢g*> computation is performed
correcting the B momentum for the missing neutrinos,
achieved by measuring the B and 7 line-of-flight vectors®
and using the known B and 7 masses. The complete
reconstruction method was described in detail in
Ref. [10]. In this paper, the integrated values of a,, (¢*)
and ¢y, (¢*) in the ¢* region below and above 7 GeV?/c*,
named simply as ay, and ¢y, , are provided. From those, the
corresponding integrated F?" values are determined. These
results are combined to determine the average integrated
values of ag,, cg, and F?" in the whole ¢* region.

The work described in this paper is organized as follows:
the LHCb detector and the simulation are described in
Sec. II, the event selection is discussed in Sec. III, the
description of the signal mode is detailed in Sec. IV, the
study of the dominant background components is reported
in Sec. V, the final fit and the estimation of F?" are
discussed in Sec. VI, the various systematic sources
affecting this measurement are listed and described in
Sec. VII, and the final results are given in Sec. VIII.

II. DETECTOR AND SIMULATION

The LHCb detector [25,26] is a single-arm forward
spectrometer covering the pseudorapidity range 2 < n < 5,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
pp interaction region [27], a large-area silicon-strip detec-
tor located upstream of a dipole magnet with a bending
power of about 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes [28,29] placed downstream
of the magnet. The tracking system provides a measure-
ment of the momentum, p, of charged particles with a
relative uncertainty that varies from 0.5% at low momen-
tum to 1.0% at 200 GeV/c. The minimum distance of a
track to a primary pp collision vertex (PV), the impact
parameter, is measured with a resolution of (15 + 29/ pr)
pm, where pr is the component of the momentum trans-
verse to the beam, in GeV/c. Different types of charged
hadrons are distinguished using information from two ring-
imaging Cherenkov detectors [29,30]. Photons, electrons
and hadrons are identified by a calorimeter system con-
sisting of scintillating-pad and preshower detectors, an
electromagnetic calorimeter and a hadronic calorimeter.
Muons are identified by a system composed of alternating

*The line-of-flight vector is the vector pointing from a
particle’s production vertex to its decay vertex.

layers of iron and multiwire proportional chambers [29,31].
The online event selection is performed by a trigger
[29,32], which consists of a hardware stage, based on
information from the calorimeter and muon systems,
followed by a software stage, which applies a full event
reconstruction.

At the hardware trigger stage, events are required to have
a muon with high pt or a hadron, photon or electron with
high transverse energy in the calorimeters. For hadrons, the
typical transverse energy threshold is 3.5 GeV. The soft-
ware trigger requires a two-, three- or four-track secondary
vertex with a significant displacement from any primary p p
interaction vertex. At least one charged particle must have a
transverse momentum pr > 1.6 GeV/c¢ and be inconsis-
tent with originating from a PV. A multivariate algorithm
[33,34] is used for the identification of secondary vertices
consistent with the decay of a b hadron.

Simulation is required to model the effects of the detector
acceptance and the imposed selection requirements. In the
simulation, pp collisions are generated using PYTHIA [35]
with a specific LHCb configuration [36]. Decays of
unstable particles are described by EvtGen [37], in which
final-state radiation is generated using PHOTOS [38]. The
signal events are generated forcing the 7 lepton to decay in
the 37v, and 377°v, final states using the resonance chiral
Lagrangian model [39] modeled with the TAUOLA [40]
package, tuned according to the results from the BABAR
Collaboration [41]. The interaction of the generated par-
ticles with the detector, and its response, are implemented
using the Geant4 toolkit [42] as described in Ref. [43]. The
underlying p p interaction is reused multiple times, with an
independently generated signal decay for each event [44].

The simulated samples used in this analysis are assigned
sets of weights in order to match relevant distributions in
the data as closely as possible. These weights account for
the B® — D*~7 "y, form factors, the transverse momentum
and 7 distributions of the B meson, the 3z vertex position
uncertainty, and, for certain decay modes, the D decay
model. The weights are determined in the initial phase of
the analysis and are included in all the subsequent steps.
The effect of the weights is validated through specific
control samples, such as the B - D*~z*7~z" decay.

III. CANDIDATE SELECTION

The reconstruction and selection of the B® — D*~ 7%y,
decays are performed following the same strategy
described in Refs. [10,12]. Each signal candidate is built
combining a D* meson, decaying as D*~ — D%z, and a
37z system originating from a common vertex. The 3z
vertex is required to be detached from the B? vertex due to
the lifetime of the 7 lepton. This requirement suppresses the
large background with the 3z system originating directly
from the B® decay, referred to as “prompt-decay” back-

ground hereafter. Decays of the form B — D*Di}O(X),
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characterized by a signal-like topology, remain the most
important background source after this step.

A. Event reconstruction and initial selection

An initial selection is applied to suppress the prompt and
combinatorial backgrounds. The z candidates are recon-
structed from three tracks, identified as pions, with trans-
verse momentum pr > 250 MeV/c. Since the 37z vertex is
expected to be well separated from the corresponding PV,
this distance is required to be 10 times greater than its
uncertainty. The radial distance between the 37 vertex and
the beam center in the transverse plane is required to be
within the range [0.2, 5.0] mm to avoid pion triplets coming
from a PV or from secondary interactions.

The D° meson, which originates from a D* meson decay,
is reconstructed in the K~z mode selecting tracks identified
as a kaon and a pion, each with momentum p > 2 GeV/c
and transverse momentum pr > 250 MeV/c. In addition,
the kaon-pion system must have an invariant mass in the
range [1840, 1890] MeV/c? and have pr > 1.2 GeV/c.
The D* meson is obtained combining the D candidate and a
track, identified as a pion (slow pion), with pt >
110 MeV/c and selecting only the combinations with a
difference between the D* and D° candidate invariant mass in
the range [143, 148] MeV/c?. The combinatorial back-
ground is further reduced by requiring that the D° and the 7
candidates originate from the same PV, chosen as the PV that
fits best to the flight direction of the B candidate.

The combinations with a D* — D° mass difference or a
D mass outside the specified ranges are used to study the
combinatorial background, as discussed in Sec. V. Finally
the B® events are built from the combination of the D* and
the 7 candidates.

To suppress the background in which a kaon is mis-
identified as a pion or vice versa, all the kaon and pion
candidates are required to be correctly identified using
information provided by the particle identification (PID)
system. The chosen requirements were already studied and
applied in the previous LHCb analyses [10,12] which
were proven to be effective in rejecting background
sources like BY — D*~D*(X), where the D* decays as
D - K~ntnt(a%).

Finally, because of the presence of neutrinos in the final
state, the invariant mass of the D*3z system is required to
be below 5100 MeV/c? while the 7 candidate is required to
have an invariant mass lower than 1600 MeV /c?, in order
to suppress a fraction of double-charm background. A full
list of all the requirements described in this section is
reported in Table 1.

The resolution of the cos 8, variable is determined using a
simulated sample of B® — D*~z7y, decays and looking at
the distribution of (cos 05" — cos ") /cos 0", where
cos 0, and cos @)™ stand for the reconstructed and
generated cos @), value, respectively. The resulting distribu-
tion is centered on zero with a standard deviation of 0.57.

TABLE 1. List of all the requirements included in the signal
selection.

Variable Requirement

pr of 7 decay product >250 MeV/c
[z(37) — z(PV)]/error >10

Radial distance 3z system [0.2, 5.0] mm
m(3x) <1600 MeV/c?

p of D° decay product >2 GeV/c

pr of D° decay product >250 MeV/c
m(Kr) [1840, 1890] MeV/c?
pr of the D° meson >1.2 GeV/c

pr of the slow pion >110 MeV/c¢

Am = m(Knrn) — m(Kr)
m(D*3rx)
PV(Kn)

143, 148] MeV/ 2
<5100 MeV/c?
=PV(3n)

B. Vertex detachment requirements

The prompt candidates represent the dominant source of
background. The baseline strategy for removing this back-
ground is to select only the candidates where the distance
between the BY and the 37 vertices along the beam direction
[Az = z(37) — z(B")] is larger than 4 times its uncertainty
(6a,). This requirement rejects 99.95% of the prompt
background in the Run 1 data sample. In Run 2 data the
rejection is lower (around 90%) due to the larger uncer-
tainty on the vertex reconstruction,” which increased by a
relative 10% with respect to the Run 1 value. In order to
compensate for this uncertainty degradation, a multivariate
algorithm, based on a boosted decision tree (BDT) [45,46],
is trained with the TMVA package integrated in ROOT [47]
taking as input the positions of the D°, B® and 3 vertices,
their corresponding uncertainties, the invariant mass of the
3z system and the angle between the 7 momentum and the
line of flight from the 7 origin to the decay vertex. In the
training phase the signal is represented by the simulated
B — D*"t*y, decay while the background is represented
by a simulated bb — D*zX sample. The final requirements
on Az and the BDT response are optimized on Run 2 data in
order to maintain the same prompt background rejection as
in the Run 1 data.

C. Isolation requirements

After the vertex detachment requirements, the dominant
background source arises from the B — D*~D(X) modes.
These events are typically characterized by the presence of
additional final-state charged particles, compared to the
signal mode. The main contributions are from the
B - D*"D°K*, B — D*"D*(X) and B — D*~D{(X)
decays where the D° meson decays into four charged

The larger uncertainty on the vertex reconstruction in Run 2
data is due to radiation damage in the Vertex-Locator during the
first LHC running period.
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particles and the D™ or D" meson decays into five charged
particles. The rejection of this background is based on the
strategies used in Refs. [10,12], which exploit a dedicated
algorithm to determine the isolation of each track in the
signal decay chain from all the other tracks in the event.
This requirement preserves around 80% of the signal
candidates while rejecting between 82% and 95% of the
various partially reconstructed backgrounds.

D. Combinatorial background suppression

After applying the requirements described above, the
expected level of combinatorial background in the Run 1
sample is below 1%. In the Run 2 data contamination is
higher (~5%), since the average number of particles pro-
duced at the PVs s larger due to the increased center-of-mass
energy. Therefore, a BDT classifier is trained with the aim to
further reduce this background in Run 2. The input variables
of the BDT classifier include the transverse momentum, the
pseudorapidity, the impact parameter and the vertices of the
D* and 7 candidates. A requirement on the BDT output
rejects 75% of the remaining combinatorial background
while retaining 77% of the signal.

E. B —» D*~ Dy (X) background suppression

The additional suppression of the B — D*~ D (X) back-
ground is based on a BDT classifier trained on simulated
samples. The input features are related to the different
dynamics of the 37z system in 7 and DY decays and the
isolation of the final state with respect to neutral particles. An
important difference lies in the fact that the ™ — 7zt 7z~ 70,
mode decays via the intermediate a,(1260)" and p°z*
states. On the other hand, the D] meson decay in the
37(X) system mainly occurs via the # — 7tz z° and
n — nrtr~ resonances with just a small contribution from
the Xa, (1260)* mode, where X stands foran, 5, K°, w or ¢
resonance. The resulting differences in both the minimum
and maximum value of the z"z~ invariant mass provide
significant discrimination. Furthermore, the performance of
the BDT classifier is improved by including isolation
variables and the information of the energy deposited in
the calorimeter, considering that the D decays are often
characterized by additional charged and neutral particles in
the final state. The training is performed on a sample of
simulated B — D*~t" v, decays as signal proxy and simu-
lated B — D*" Dy (X) decays for the background. The
background rejection is about 40% for a signal efficiency
around 97%. The output of the BDT classifier is used as a
variable in the final fit because of its importance in discrimi-
nating the B — D*~ D/ (X) decays background.

IV. SIGNAL DESCRIPTION

The F?" value is calculated from the ag, and cg,
parameters extracted from a binned maximum-likelihood

fit to data. The fit uses four-dimensional templates in terms
of the following variables:

(1) cos@p: defined in Sec. I;

(2) ¢*: defined in Sec. I;

(3) t,: decay time of the 7 lepton, taking into account the

corrections due to the missing neutrino; and

(4) anti-Df BDT output: the response of the BDT

classifier trained to suppress the background due
to the B - D*~D; (X) decay, defined in Sec. IIT E.

The value of F?" is measured in two different ¢* regions,
below and above 7 GeV?/c*, and considering six bins of
cos fp in each region. The binning scheme for the other two
variables differs for the Run 1 and Run 2 samples, due to
their different luminosities. The ¢, distribution, covering the
range [0, 2] ps, is split into four and six bins for the Run 1
and Run 2 data sets, respectively. Similarly, either six or
eight bins are used for the anti-D} BDT distribution.

The ay, and ¢y, parameters are determined by splitting the
signal simulated template into two components: one is
completely unpolarized while the other is fully polarized.
With this separation, the ay, and c,, parameters become
directly proportional to the yields of the unpolarized and
polarized components, respectively, as discussed in Sec. VI.

Weights are assigned to the simulated events such that
the decay kinematics follow the Caprini-Lellouch-Neubert
(CLN) parametrization of the form factors [48]. This
procedure is performed by means of the Hammer tool
[49] using the dedicated RooHammerModel [50] interface
developed by the LHCb Collaboration.

The simulated signal cos @), distribution is corrected for
the reconstruction and selection efficiency and bin migration
due to differences between the generated and reconstructed
variables. The reconstruction efficiency correction is deter-
mined as the ratio of the generated cos 8, distribution, after
the full signal selection, to the corresponding distribution at
generation level in bins of generated ¢?; the bin migration
correction is determined as the ratio between the cosp,
distribution in bins of g* considering the reconstructed and
generated quantities, after the full signal selection. The ratio
between these cos@p distributions is computed with the
nonuniform distribution of the events in each bin taken into
account.

The signal cos 6, distribution in the two ¢ regions for the
unpolarized and polarized components, after applying the
full signal selection and the form-factor and correction
weights, is depicted in Fig. 1 for the Run 2 sample.
Similar distributions are obtained also from the Run 1 sample
and are used to define the signal probability density functions
(PDFs) in the final fit. The reconstruction effect leads to a
variation of the average polarization in both the low- and
high-g? region by a relative 12% and 3%, respectively. Both
polarized and unpolarized components are affected by this
effect, which is clearly visible in the latter one where the
expected flat distribution is distorted.
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FIG. 1. Signal distributions of the cos 8}, variable in the two ¢>
regions for the unpolarized and polarized components in the Run
2 simulated sample. Similar distributions are calculated for the
Run 1 sample. The template for the unpolarized component,
which is uniform at generation level, shows clearly the distortion
caused by the effect of the reconstruction and the signal selection.

The total efficiency for the B® — D*"r*1r, mode is
estimated from simulation, after corrections are applied. It
is evaluated separately for each data-taking period and in
each ¢” bin taking into account the effects due to the
selection, reconstruction and ¢ bin migration. These effi-
ciencies are used in the final step of the analysis for correcting
the observed signal yields when evaluating the F?" value.

V. BACKGROUND DESCRIPTION

After applying the signal selection, the residual back-
ground consists mainly of events with a charm hadron
decay: B - D*~D(X) decays, where D can be, in order of
importance, a Dy, DT or D° meson. PDFs for these
background sources are obtained from simulation. The
corresponding distributions in Run 1 and Run 2 data are

j j T T T
0I5 LHCb Run 2 2 b =
+ Data
%‘; 0.1 [ sim. (non-weignted) |
2 [ sim. (weighted)
g
Z 005
0
0 3 10

¢* [GeVZc*]

TABLE II. Decay fractions for the B — D*" D} (X) decays,
normalized for the B° — D*~ D™ yield, obtained from the Run 1
and Run 2 control samples.

Parameter Run 1 Run 2

fB0pDr 0.56 + 0.05 0.56 + 0.03
Foopp 0.01 +0.05 0.08 + 0.04
T 0.37 + 0.05 0.44 + 0.04
Faoip D}X 0.36 + 0.07 0.34 +0.03
F B0 DDr () 0.07 +0.03 0.15 +0.04

used to validate and correct the simulation. Two different
control samples are used to validate the simulated D7
background: the first is based on a pure sample of
D} — ztn 2" (X) decays used to correct the branching
fractions relevant to D] meson production in the generation
phase; the second consists of various B — D*"D{ (X)
decays and aims to constrain the relative fractions between
these components in the final fit.

A. B - D*~ (D*,D")(X) control sample

The decays B — D*"D*(X) and B — D*~D°(X) can
contribute to the background when the D™ meson decays
into two charged pions and a kaon, misidentified as a pion,
or when a DT or D° meson decays into three charged pions
and an additional particle. For the K — 7z misidentification
from D' background, a control sample is obtained by
inverting the PID requirement on the negatively charged
pion and reconstructing the D* — K~z "z" decay. For the
D° — 37X background, a control sample is obtained by
reconstructing the D° — K~ztz~ 2" decay using the iso-
lation algorithm (described in Sec. III C) to search for the
extra kaon around the 3z vertex. In both cases the sPlot
technique [51] is employed to statistically subtract the
combinatorial background and obtain a pure distribution of

0.15 LHCbRun2 (2 b

—+— Data
- Sim. (non-weighted)

|~ [ sim. (weighted)

0.1

Arbitrary scale

1 -1 0 1
cosf,,

FIG. 2. Simulated (left) ¢ and (right) cos @), distributions for the B — D*~D%(X) control sample before and after the correction for
the data-simulation differences in the Run 2 weighted data sample. The B — D*~D"(X) sample is selected using the isolation algorithm

to search for an extra kaon around the 37 vertex.
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the decay mode of interest. The ¢ distribution shows some
discrepancies between data and simulation due to the
imperfect modeling of the inclusive 37 decays. A correc-
tion is determined as the ratio of the data and simulated g>
distributions and is applied to the final templates to account
for this effect. Similarly, the cos @}, distribution is not well

400

LHCb
Run 2 (2 fb'h)

300

200

100

Candidates / (20.667 MeV/c?)

4000

4500
m(D* 3r%) [MeV/c?]

5000

400 ———————————————————

T
2 300 - ,
2 %0¢ LHCb -
S i -1y
S I Run 2 (2 fb™) 1
< 200 7
§ L .
& I ]
el L i
| i ]
g 100 .

% 0.5 1 15 2
1. [ps]
2
800 q*>7 GeV/c*
Run 2 (2 fb'h)

400

Candidates / (0.333)

200

cosf,,

1-1 0 1

modeled in the inclusive simulation and is therefore
corrected in order to match the one observed in data.
The data and simulated ¢ and cos @), distributions before
and after the corrections for the B — D*~D%(X) decays are
depicted in Fig. 2. Similar distributions are obtained for the
B — D*"D*(X) control sample.

T T T T T

g 400 = LHCb ]
s | Run2 (2 fb") |
~
175}
o - -
=
= 200
e}
(=1
<
O

0

-0.6 -0.4 -0.2 0 0.2

anti-D; BDT output
250 —————————————————

L 200 3
Z i ]
O L LHCb ]
o i ]
I 150 Run2 (2 fb')
S i ]
8 100 | -
g i ]
—U - -
S i ]
g sof .

of 1 ]

0 5 10
q* [GeV’]
+ Data

B -0 D)
B"—>D "D (2317)"
85D Dy
B"->D D, ,(2460)"
B 50" pix
B' D DX
- Combinatorial

FIG. 3. Distribution of the key analysis variables obtained in the B — D*~ Dy (X) enhanced Run 2 data sample with the result of the fit
superimposed: (top left) m(D*3x), (top right) anti-Di BDT output, (middle left) #,, (middle right) ¢*> and (bottom) cos @).
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B. D} - n*x~zn* (X) decay model

As mentioned in Sec. III E, the kinematic distributions of
the three pions in the final state differ between 7 and D}
decays. Special care must be given to D} decays that have a
p° in the final state, such as the decay through the #/
intermediate state and the subsequent 7' — p°y decay, with
the following branching fractions: B(D] — #'X) =
(103 +1.4)% and B(y = p%) = (29.4 +0.4)%. This
case corresponds to kinematic distributions of the three
pions that are similar to those of the signal decays. The aim
of the study described in this section is to adjust the
branching fractions of the various resonances generated in
the simulated samples to better match the data. A dedicated
control sample enriched in these decays is used, selected
using the same criteria as for the signal selection described
in Sec. III but inverting the requirement on the anti-Dy
BDT output. The different D modes can be separated in
three main categories:

(1) D decays where at least one pion comes from an 5

or 1 resonance;

(2) D decays where at least one pion comes from an @

or ¢ resonance; and

(3) D decays where the three pions come from the D7

meson with or without an intermediate a;(1260)"

state: K°37, 3z, /37, w3x, ¢p3x, tv, and nonreso-

nant 3z7.
The contributions of these DY — z"z 7" (X) decays are
estimated from a simultaneous binned maximum-likelihood
fit performed on the distribution of four variables: the
invariant mass of the 3z system m(3x), the mass of the
same-charge pions m(z"z"), and the minimum and maxi-
mum mass value of the two z* =z~ combinations
min[m(z*z7)] and max[m(z"z")], respectively. The
templates of each DY component are described using
the simulated inclusive B — D*~D{(X) samples, while
the background from non-D; decays is modeled with the
simulated inclusive bb — D*zX sample. The free parame-
ters of the fit are the total number of D events, the fractions
of the four resonances 77, 7/, w and ¢, and the relative fractions
of the n3x, #'3x and w3z decay modes. The parameters
related to the other components are constrained or fixed to
their values reported in Ref. [52], since their branching
fractions are sufficiently well measured. The results of these
fits were reported in detail in Refs. [10,12].

C. Constraining the D; production model

The different B — D*"D{(X) decays share similar
distributions since the produced excited charm-strange
mesons all decay to a DY and a soft photon or a z° and
therefore, it is advantageous to constrain their yields in the
final fit. Their relative fractions are obtained from a fit to a
specific control sample enriched with these decays and then
constrained in the final fit. The control sample is obtained

applying the same signal selection discussed in Sec. III,
removing the anti-D;” requirement and the requirement on
the maximum B and z mass values, and requiring the 37
system to have an invariant mass within 20 MeV/c? of the
known DY mass value. The surviving events are catego-
rized as the exclusive B® — D* D:*, B° — D* Df,
B — D*"D!f, B" - D*"D'} decays and the inclusive
B%* — D*D{X and B? — D*~D}(X) decays, where the
first mode is used as normalization.

The g distribution for the exclusive modes peaks exactly

at the mass of the D" states, while the g* for the other
modes is higher due to the unreconstructed particles in the
final state. An extended, binned maximum-likelihood fit is
performed to the distribution of the D*3z mass, where the
template of each D" component is taken from the simulation
and the distribution of the possible combinatorial back-
ground is taken from a data sample obtained by combining
D* and 7 candidates with the same sign. The relative fractions
extracted from the fit are reported in Table II while the fit
projections on the fitted and other control variables are shown
in Fig. 3. The central values and the related uncertainties
are included as Gaussian constraints on the various
B — D*"D{(X) components in the final fit, accounting
for the different efficiencies between control and signal
samples.

D. Other background sources

In addition to the double-charm background, the selected
sample is also populated by the combinatorial background
and the remnant B — D*z" 7~z X candidates, surviving the
vertex-detachment requirement and the requirement on the B
mass to be lower than 5100 MeV/c?. Nevertheless, these
modes are not expected to affect significantly the signal fit
because of their mostly unpolarized cos 6, distribution and
the small yield surviving the full signal selection.

VI. SIGNAL FIT

The number of polarized and unpolarized signal events is
estimated from an extended maximum-likelihood fit to the
four-dimensional distribution of cosép, ¢°, t,, anti-D}
BDT output. The fit is performed within the SM framework
with the free parameters listed below.

(1) N'l'glwp(:z and N 0;%: parameters accqunting for the
number of unpoglanzed signal events in the low- and
high-g? regions, respectively.

) f:‘i/ > and E?gh 2+ parameters accounting for the
fraction of signal polarized events with respect to the
number of unpolarized signal events in the low- and
high-g? regions, respectively.

(3) Npo_p-p+(x): parameter accounting for the number
of B - D*"D*(X) events.

4) {VB'OV;D*_ o %X):o free F_aragneter accounting for the
raction of B’ — D*”D"(X) events where at least
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FIG. 4. Distributions of the fit variables in the (left) Run

one pion comes from a different vertex than the D°
1 same
vertex, with respect to Nig"™ . P
(5) Npo_p—p:+: parameter accounting for the yield of
the B - D*~D}* mode.
To ensure the stability of the fit some parameters are

constrained or fixed:

(1) f1+—>n+n_7z+;:0y1: fraction of 7+ — 7T+7T_77+7TOVT Signal

events with respect to the 7 — 27z~ 7Ty, mode.
This parameter is fixed taking into account the
different branching ratios and efficiencies of the
two modes.

(2) fpoopr-r+y,: fraction of B — D**~1Fy, decays with

respect to the B — D*~z "y, signal. This parameter

Candidates / (0.333)

XI'O 3' I e
= 12r LHCb Run 2 (2 fb™') 3
2 10 o —4— Data =
% r — Total model 1
SN o v,
= r [B=D v, ]
8 6F [0 B-D DIX) ]
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% 4L W50 D) ]
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N

[\
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1 and (right) Run 2 data sets with the fit results superimposed.

is fixed in the fit to the expected value determined
from simulation after correcting the branching frac-
tions used in the generation.4

3 f B"=D*D't» IB-p-pts fBo+opDixs [B-D-Df (%)
and fpo_p-prs: set of parameters representing the
fraction of the relevant decay mode of interest with
respect to the B" — D*~D:* decay. These param-
eters are constrained to the results of the fit described
in Sec. V after correcting for efficiency.

“The correction is done by comparing the branching fractions

of B - D**~zty, [52] and the theoretical expectations for each
D** state from the R(D**) predictions reported in Ref. [53].

092007-8



MEASUREMENT OF THE D* LONGITUDINAL ...

PHYS. REV. D 110, 092007 (2024)

TABLE III.  Fit results for the Run 1 and Run 2 data sets. TABLE 1V. Values of ay,, cg, and F D" from the fit.
Parameter Run 1 Run 2 Parameter ¢> <7 GeV?/c* ¢*> > 7 GeV?/c* Whole ¢ range
NE‘\E"IZ 360 + 55 758 + 62 ag, 0.12 £0.02 0.16 +0.03 0.15+0.03
JR 532470 74109 oy 0.14£0.05  001£0.02  0.06=+0.06
highq? FY 0524007  034+008  0.41+0.06
ff:l 2 0.36 £ 0.07
ol 0.01 & 0.08
high ¢? .. . .
Fotmontm a0y 0.28 Run 2 samples separately and no significant discrepancies
Fromprts 0.044 have been observed in all the parameters.
Nyo_ppet 2087 + 77 7475 + 170 The observed signal yields are corrected for the effi-
Fooop-p 0.38 + 0.05 037 +0.04 ciency mentioned in Sec. IV. The a4, and ¢, coefficients
fpo D*_D’:l 0.51 +0.03 0.60 + 0.03 of the generated cos @, distribution are directly related to
f g D*].;*X 0.83 + 0.06 0.48 & 0.05 the efficiency-corrected yields of the polarized and unpo-
fB?—»D*‘D:’\ x 0.17 = 0.03 0.10 & 0.02 larized.signal components in the two g> bins. They are
- 0.11 + 0.02 0.02+£003  determined as
ame i 448 +22 1039 + 52 - o
N (X) NUnP 3 NP
V1V
I pepo) 0.39 +£0.18 226+£028 g, = ]\;rt?)f - PDF ynpot|eos 0, —0- - EN::;e . (3)
N p-pi(x) 1747 + 118 1740 + 182 true true
]I:Jj B'=D"xtna X 40?;;21 2193% 3 where PDF,;p01/cos0,—0 Tepresents the value of the unpo-
N]_?""BZO 110 457 larized signal PDF evaluated at 0, A is the chosen cos 6
[and 133 533 bin width (0.5), the factor 3/2 arises from the integral of
fake D

(4) N§t™ .oy number of B — D*"D°(X) events
where the three pions in the final state come from the
same vertex. This parameter is Gaussian constrained
to the number of exclusive D — K~ztz~ 7z events
recovered by the isolation tool after correcting for
the data-simulation differences.

(5) Npo_p-gigatx: number of prompt
B — D*~n* n~n* X events. The central value is deter-
mined from the observed ratio between exclusive B —
D*~ztn~z" and the inclusive B’—>D* "zt ztX
decays, corrected for data-simulation differences.

(6) Ngi.g: number of combinatorial backgrounds
where the D* and the three pions come from
different b hadrons. Its value is fixed to the value
observed in the wrong-sign sample satisfying the
nonisolation and the higher B-mass requirements.

(7) Nggepe and Ny p-: number of combinatorial back-
ground events where a fake DY or D* is reconstructed,
respectively. Their value is fixed to the values obtained
from a fit to m(Kz) and m(Kzz) — m(Kr).

The fractions fP, fo  pepm, and fpo_po--, are
assumed to be the same in the Run 1 and Run 2 data
samples.

Figure 4 shows the distributions of the variables used in
the fit, with a y> per degree of freedom of 806/736. The
results are summarized in Table III. The fractions of
polarized signal events are 0.361 £0.074 (stat) and
0.013 +0.081 (stat) for the low- and high-g* regions,
respectively. The fit has been repeated on the Run 1 and

cos? 0, distribution, N NP and N9, are the effi-
ciency-corrected signal yields for the unpolarized, polar-
ized and the total PDFs, respectively, and we consider both
Run 1 and Run 2 samples. The corresponding F?" value
over the whole ¢ region is determined as the weighted
average of the two FP° values, using the efficiency-
corrected signal yield in each g¢> bin as weight. The
extracted F', ag, and cg, values for the binned and total
g’ regions are reported in Table IV.

VII. SYSTEMATIC UNCERTAINTIES

The main contributions to the systematic uncertainty are
due to the signal selection requirements, ¢> bin migration,
signal and background modeling, and limited size of the
simulated samples. A breakdown of the systematic uncer-
tainties is reported in Table V while in the following a brief
description is provided for each source.

The simulated signal distributions are weighted accord-
ing to the form-factor values predicted by the CLN para-
metrization. Two systematic uncertainties are assigned due
to limited knowledge of the form factors: FF parameters is
evaluated varying the CLN parameters within their uncer-
tainties, while FF' model is determined repeating the fit with
the Boyd-Grinstein-Lebed parametrization [54,55].

The effects of the signal selection and the g> bin
migration on the signal cos@p template are also consid-
ered. A systematic uncertainty is assigned varying these
two corrections within their statistical uncertainties. The
presence of any bias in the fit procedure is assessed
repeating the fit on a set of pseudoexperiments, obtained
with a bootstrap technique from the data distribution (Fit
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TABLE V. Summary of the systematic uncertainties related to the D*~ polarization measurement.

Source Low-¢> High-¢> Whole ¢? range
Fit validation 0.003 0.002 0.003
FF model 0.007 0.003 0.005
FF parameters 0.013 0.006 0.011
Limited template statistics 0.026 0.017 0.019
Fraction of signal 77 — zt 2~ 2" 7%, decays 0.001 0.001 0.001
Fraction of D** feed-down 0.001 0.004 0.003
Signal selection 0.005 0.004 0.005
Bin migration 0.008 0.006 0.007
FP" in simulation 0.007 0.003 0.007
D decay model 0.008 0.009 0.009
Shape of cos @), template in D*~ D] decays 0.002 0.001 0.002
Shape of cos @, template in D*~D:" decays 0.007 0.002 0.004
Shape of cos @, template in D*~ D} X decays 0.007 0.006 0.007
Shape of cos 8, template in D*~ DX decays 0.002 0.002 0.003
Shape of cos @), template in D*~D°X decays 0.002 0.002 0.003
FP" integration method - aE 0.002
Total 0.035 0.023 0.029

validation). The F?" value used in the generation of the
simulated signal sample (F?" in simulation) can introduce a
bias in the reconstruction efficiency and acceptance in the
cos @), distribution. Different FP* hypotheses are consid-
ered in the F?" range [0.33, 1.0] obtaining each time a new
set of signal templates. The fit is repeated and a systematic
uncertainty is assigned as the maximum difference with
respect to the default F?* values.

The fraction of 77 — "7 7 7%, (frr_pigntar)
decays is fixed in the signal fit so a systematic uncertainty
is assigned repeating the fit and varying the central value
according to its uncertainty. A similar strategy is used for
the quantity fgo_, p-- .+, , constraining the ratio between the
BY — D**~t*y, events and the signal decay (Fraction of
D** feed-down).

The D] decays in simulation are corrected by the
weights obtained in the fit to the D} — z" 7~z (X) control
sample (D} decay model). These weights are varied by
taking into account their uncertainties and correlations and
the signal fit is repeated with the varied D] templates.
Different corrections have been applied to the templates of
double-charm backgrounds in order to obtain the data
simulation—corrected cos @, distributions. For each correc-
tion a systematic uncertainty is assigned by varying the
corresponding weights within their uncertainty (Shape of
cos O template in D*D decays).

Another source of systematic uncertainty is related to the
limited size of the simulated sample available for building
the fit templates for the various components (Limited
template statistics). This systematic uncertainty is evalu-
ated repeating the fit using alternative templates obtained
after resampling the baseline ones by means of a bootstrap
technique. The usage of the ReDecay [44] technique in the

generation of large simulated samples helps to keep this
effect well under control.

The baseline fit strategy is compared to an alternative
method using three-dimensional templates including the 7
decay time, the anti-D} BDT output and ¢°. The fit results
are projected in the cos@p variable and a background
subtraction is performed. Finally the cos @, distribution,
corrected for reconstruction effects, is fitted using a second-
order polynomial for determining the ay, and ¢y, param-
eters. The results are found to be compatible with the
baseline strategy and no systematic uncertainty is assigned.

Finally, an additional systematic uncertainty has been
assigned for the determination of the F?" value in the whole
g* region. The bin efficiencies used for determining the
integrated F?" value are varied by one standard deviation
and the difference with respect to the baseline value is taken
as systematic uncertainty (F?" integration method).

VIII. CONCLUSIONS

A measurement of the D*~ longitudinal polarization
fraction in B® — D*~7z%y, decays was performed by the
LHCb Collaboration using data collected at center-of-mass
energies of 7, 8 and 13 TeV and corresponding to an
integrated luminosity of 5 fb~!. The F?" value was
measured in two ¢ bins and in the whole ¢ range, yielding

q* <7 GeV?/c*: 0.52 £ 0.07(stat) 4= 0.04(syst),
q* > 7 GeV?/c*: 0.34 £ 0.08(stat) 4= 0.02(syst),
g* whole range: 0.41 & 0.06(stat) + 0.03(syst).
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The total correlation between the F?* values in the two ¢?
regions, considering both statistical and systematic effects,
was found to be —0.18. These measurements are compat-
ible with SM predictions and with the results obtained by
the Belle experiment [15].
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