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The ATLAS experiment has an extensive research program focusing on various aspects of heavy
flavor decays. Operating LHC experiments at a center-of-mass energy /s = 13 TeV opens new
opportunities to measure the properties of the B hadrons precisely. The first part of this paper
focuses on the most recent measurement of the B} rare decay, which is reconstructed in the
Bl —J/ x//D§*)+ decay channel. The second part of this paper presents an overview of b-hadron
measurements performed by the ATLAS experiment involving lifetime parameters.

21st International Conference on B-Physics at Frontier Machines (Beauty2023)
3-7 July, 2023
Clermont-Ferrand, France

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:radek.novotny@cern.ch
https://pos.sissa.it/

B-decay branching fractions, helicities and lifetime measurements in ATLAS

1. Study of Bt — J/yD'"" decays

The pp collisions at the LHC [1] provide rich possibilities for studies of B. decays and many
properties were already measured in LHC Runl. The first measurement of the B, with the ATLAS
detector [2] was made in the B} — J/yn* decay channel [3]. The Runl data also revealed the
existence of a new excited state B.(2S) that was first observed by the ATLAS experiment [4].

Operating LHC experiments at a center-of-mass energy /s = 13 TeV opens new opportunities
to measure the properties of the B. meson precisely. Previous studies were limited by the low B,
production cross-section. The ATLAS experiment focused on the measurement of the B}, — J /¢ D?
and BY — J/yD7* decays using a data sample with an integrated luminosity of 139 fb~! [5]. In
this channel, B, decays can occur through a weak transition of either heavy quark as well as through
a weak annihilation. The study of the B, decays in the B} — J/yD* and B} — J/y D" channels,
can improve understanding of these production processes.

The BY — J/y DY decay is reconstructed via the cascade fit of its products, where J /i mesons
are built from pairs of oppositely charged muon candidates. The D} meson is reconstructed via
the D} — ¢n* decay. The ¢ candidate is built from two oppositely charged tracks that lie in the
invariant mass range of +7 MeV around the world average value. Only three-track combinations
successfully fitted to a common vertex are accepted for further analysis as a D} candidate. The D"
meson decays into a D¥ meson and a soft photon or 7 which is not reconstructed in the analysis;
however, the mass difference between the DY and D%* is sufficient for the two decay signals to be
resolved as distinct structures in the reconstructed mass of the J /¢ D? system as shown in Figure 1.
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Figure 1: Fit projection to m(J/y DY) invariant mass (left) and |cos &’ (u*)| (right) distributions using
Dataset 1. Taken from [5].

The information about the helicity in the B} — K/¥D7?* decay is encoded in the J/¥D?
mass spectrum and in the distribution of |cos 8’ (u™)|, where 6’ (u*) is the helicity angle defined
in the rest frame of the muon pair as the angle between the u* and D} candidate momenta. Since
B — J/y D" is a decay of a pseudoscalar meson into two vector states, the final distributions can
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be described in terms of three helicity amplitudes: A__, A, and Agyg. However, by studying the
Monte Carlo (MC) simulation of the mass m(J /¢ D?) and |cos 6’ (u*)| spectra it was found that
the A4+ and A__ amplitudes are the same (together called A..), so the model can be parametrized
by the A.. and Ay amplitudes and their relative fraction f... The m(J/yD?) and | cos 6’ (u")]
shapes of the two helicity components of the B} — J/y D3 signal are described using templates
made from the MC simulated events with the adaptive kernel estimation technique. The analysis is
performed on two datasets, Dataset 1 contains events collected by di-muon triggers or by three-muon
triggers without requirements on the additional Inner Detector (ID) tracks, and Dataset 2 uses events
collected only by the dedicated B — u*u~ ¢ triggers. An extended unbinned maximum likelihood
fit to the two-dimensional distribution of m(J/yD¥) and | cos 6’ (u*)| is performed on both datasets
simultaneously, and its results are shown in Table 1. The signal and background probability density
functions (PDFs) for the fit are assumed to be uncorrelated for m(J/yD?) and | cos @’ (u*)|. The
projection of the fit onto the J/y DY invariant mass and | cos 6’ (u™)| distributions using Dataset

1 is shown in Figure 1. Since the datasets are fitted simultaneously, two yields, N gg.si 1/uD? and
Ngfi Jjypes A€ published.
Par. | mp: [MeV] | op: [MeV] |  rps/ps Jex N2 e | Nooo s ups
Val. | 6274814 | 11.5+1.5 | 1.76 £0.22 | 0.70 £ 0.10 193 +£20 49+ 10
DSI1 DS1&2 DS1&2
Par. | Nseospune | No:orun: | Ns:srun:
Val. 338 £32 241 £ 28 424 + 46

Table 1: Parameters of the B} — J/yD? and BY — J/yD}* signals obtained with the unbinned extended
maximum likelihood fit to the data. Only the statistical uncertainties are included. No acceptance or efficiency
corrections are applied to the signal yields. Taken from [5].

The reference channel B — J/yn* is used for both decays. Partially reconstructed BY decays
(PRDs), Bf — J/yX, as well as the peaking background from B} — J/¢/K*, are modeled by the
MC simulation shapes. The yield is extracted with an extended unbinned maximum-likelihood fit.
The ratios of the branching fractions for the J/ l,//Di*)-‘— and B} — J/yn* decays are given by

B(B: — J/yD{Y)
B(B: — J/ynt) ’

DY g+

R

and the ratio of the branching fractions to J /D" and J/y D7 is given by

B(B; — J [y DY)
B(B: - J/yD3)

Rpy/pt =

The measured ratios are found to be Rp+/,+ = 2.76 + 0.33(stat.) = 0.29(syst.) + 0.16(ext.);
Rps+z+ = 5.33+0.61(stat.)£0.67 (syst.)£0.32(ext.); and Rpx+/pr = 1.93+0.24(stat.)+0.09(syst.),
where the first uncertainty is statistical, the second is systematic, and the third corresponds to the
external uncertainty in the branching fraction of the normalization channel. In addition to the ratios
of the branching fractions, the transverse polarization fraction Iy /T" in the Bi* — J/yD* decays,

defined as follows,
DS1&2
€8t /D
Fii/r = fii—’
GBZ_)J/'J/D?’A:i
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ismeasured tobe I'... /T" = 0.70 £ 0.10(stat.) £ 0.04(syst.). All results are compared to the previous
measurements by ATLAS [6] and LHCb [7] as well as to the theory predictions as shown in Figure 2.
The QCD relativistic potential model [8] was found to be in the best agreement with the obtained

results.
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Figure 2: Comparison of the results of this measurement with those of ATLAS Run1 and LHCb, and with the
theoretical predictions based on a QCD relativistic potential model (QCD PM), QCD sum rules (QCD SR),
the covariant confined quark model (CCQM), the Bauer&Stech&Wirbel relativistic quark model (BSW),
the light-front quark model (LFQM), perturbative QCD (pQCD), the relativistic independent quark model
(RIQM), and calculations in the QCD factorization approach (FNCM). Hatched areas show the statistical
uncertainties of this measurement, and yellow bands correspond to the total uncertainties. Quadrature sums
of all experimental uncertainties are quoted for the ATLAS Runl and LHCD results. The uncertainties on
the theoretical predictions are shown only if they are explicitly quoted in the corresponding papers. Taken
from [5].

2. Overview of lifetime measurements performed by ATLAS

The ATLAS experiment has a rich history of B-meson lifetime measurements in various
channels. Some of the channels are rare and hardly accessible by other experiments, so the obtained
results are very valuable. This section will summarize the most recent measurements and those that
pushed the limits in the field.

2.1 Ag lifetime measurement

The most direct lifetime measurement was performed for the Ag baryon decay where the Ag
is reconstructed in the decay chain AY — J/yA? [9]. The decay A) — J/yA° has a cascade
topology, where the J/i decays instantly at the same point as the Ag production (the secondary
vertex), while the A lives long enough to form a displaced tertiary vertex. There are four final state
particles: two muons from the J/y, and a proton and a pion from the A° decay.

The analysis uses on data collected in LHC Runl using single-muon, dimuon, and J/y
triggers. An unbinned maximum likelihood fit is used to determine the Ag mass and lifetime
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parameters. The fit projections are shown in Figure 3. The measured invariant mass of the Ay is
mp, =5619.7 £ 0.7 MeV, and the lifetime 75, = 1.449 + 0.036 ps.

The Bg — J/z,ng(n*n‘) channel has the same decay topology as Ag — J/YA’(pr~) and
can be used to cross-check the A(l)7 results and to determine the ratio of the Ag and B(C)l lifetimes.
The Bg channel is subjected to exactly the same kinematic cuts as the Ag. Using the maximum
likelihood fit, the Bg lifetime and mass are measured to be 73, = 1.509+0.012(stat) +0.018(syst) ps
and mp, = 5279.6 + 0.2(stat) + 1.0(syst) MeV. This allows us to measure the ratio of the A% and
BY lifetimes as:

R =15, /7B, = 0.960 + 0.025(stat) + 0.016(syst).

The results are the most precise ATLAS measurement in this channel.
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Figure 3: Projections of the fitted PDF onto the mass m(J/¥A°) and lifetime 7 of the Ag candidates. The
errors of the listed fit result values are statistical only. The y?/Ngo value is calculated from the data set
binned in mass and decay time with the number of degrees of freedom, Ndof = 61. Taken from [9].

2.2 Measurement of the CP-violating phase in By — J/y ¢

The most recent measurement that yields lifetime parameters is the measurement of CP-
violation in By — J/¥¢ events [10]. The main goal of this analysis is the measurement of
the CP-violating phase, ¢, which is potentially sensitive to New Physics (NP), however; the
lifetime parameters of the By — J /¢ are also measured and provide important information for
understanding this system. The lifetime parameters in BY mixing are Ay = T'L — T/ where
'L and TH are the decay widths of the different mass eigenstates, and I'y = (I'F + T'H) /2, their
average. This analysis also involves angular descriptions of the signal events together with the
non-resonant S-wave that are described by the following set of amplitudes (A) and strong phases
(©): 140(0)I%, 1411 (0) %, |45 (0) %, 6], 6.1 and 6.

The analysis uses a partial Run2 data sample with 80.5fb~! of integrated luminosity. To
extract parameters describing the By — J /¥ ¢ process and the S-wave parameters, an unbinned
maximum likelihood fit is performed. The Run2 results show two well-separated local maxima
of the likelihood function for the strong-phases 6, and ¢). Their difference in likelihood values
is minimal and the impact on other parameters is negligible. The measured values are ¢ =
—0.081 + 0.041(stat.) + 0.022(syst.) rad, AT’y = 0.0607 + 0.0047(stat.) + 0.0043(syst.) ps~! and
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Iy = 0.6687 + 0.0015(stat.) = 0.0022(syst.) ps~!, where the first uncertainty is statistical and
the second is systematic. The Run2 results are combined with those from the analysis in Runl
[11], achieving the following results: ¢, = —0.087 + 0.036(stat.) + 0.019(syst.) rad, Al'y =
0.0641 + 0.0043(stat.) + 0.0024(syst.) ps~! and I’y = 0.6697 + 0.0014(stat.) + 0.0015(syst.) ps~'.

These results are consistent with the SM prediction [12] and other LHC experiments, with only
small tensions. The comparison can be seen in the two-dimensional contours in the ¢5 — Al'y and
I’y — ATy planes in Figure 4.
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Figure 4: Contours of 68% confidence level in the ¢, — Ay plane (left) and I'y — AT’y plane (right). The
plots include results from ATLAS (blue), CMS (red), LHCb (green), CDF (orange) and DO (brown). The
combination of all results, performed by the HFLAV group [13], is shown as a black contour. The Standard
Model prediction is shown as a very thin black rectangle. In all contours, the statistical and systematic
uncertainties are combined in quadrature. Taken from [13].

2.3 B° — B decay width difference

The last measurement presented here is the measurement of the relative width difference
ATy /Ty of the B® — BY system using data collected by the ATLAS experiment at the LHC in
pp collisions at /s = 7 TeV and /s = 8 TeV and corresponding to an integrated luminosity
of 25.2fb~! [14]. The relative value of Al';/T"; is predicted in the Standard Model (SM) [15]:

ATy /T4(SM) = (0.42 +0.08) x 10~2. The measurement is based on the fit of the production ratio

B
prop

mp,

between B® — J/yKg and B® — J/yK*° decays which depend upon the proper decay length L

after correction for detector effects. The proper decay length, L{frop, is defined as Lfrop = p;‘zy
B

where Ly, is the displacement in transverse plane of the B® meson decay vertex relative to the
primary vertex, prB is the reconstructed transverse momentum and mp is the mass of B® meson.
The relative width difference AI'y /Ty is obtained from a y? minimization of the binned distributions
in the following way:

(Ri,cor - Ri,exp [Ard/l—‘d])2
2 b

2 _
X [ALg/Ty] = Z o

i i

where R; cor corresponds to the corrected production ratio, R; exp[Al'¢/T'4] is the expected ratio of
the decay rates and the o are the statistical uncertainties on R; cor. The fit is performed separately
for the 2011 and 2012 samples because the systematic uncertainties for the two data samples are
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different. The results of the fits are shown in Figure 5. The combined result for the data collected
by the ATLAS experiment in Runl is ATz/T'y = (=0.1 + 1.1(stat.) + 0.9(syst.)) x 1072, It agrees
well with the SM prediction and is consistent with other measurements of this quantity.

The analysis also measures the production asymmetry that is defined as follows:

(B - (B)

" o(BY) + o (BY)

where the o denotes the production cross-section of the corresponding particle. It can be measured
from the time-dependent charge asymmetry of the flavor-specific decay. CP violation in mixing is
predicted to be small in the SM and so it is omitted from the asymmetry expression. The production
asymmetry of B mesons with prt(B°) > 10GeV and |n(B°)| < 2.5 is found to be

Ap(B®) = (0.25 £ 0.48 + 0.05) x 1072.
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Figure 5: Efficiency-corrected ratio of the observed decay length distributions, Reor(L

prop

prop

op) for the (a)

v/s =7 TeV and (b) 4/s = 8 TeV data sets. The normalization of the two data sets is arbitrary. The full line

shows the fit of Rcor(Lfrop) to Rexp. The error bands correspond to uncertainties in Al'y /Iy determined by

the fit. Taken from [14].

3. Summary
ATLAS has an extensive research program focusing on various aspects of heavy flavor decays.
ATLAS has conducted precise measurements of CP-violation and lifetime parameters as well as

studies of rare decays such as BY — J/ ¢D§*)+. It provides valuable results for comparison to
theoretical predictions and also helps to validate various models.
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