PROCEEDINGS

OF SCIENCE

LHC results on tree-level beauty decays

Mika Vesterinen*!
University of Oxford

E-mail: mika.vesterinen@cern.ch

Tree-level b decays play a critical role in characterising the quark flavour sector, and exposing
possible effects of physics beyond the Standard Model. These proceedings cover recent results
from the LHCb experiment on semileptonic b baryon decays, % (D* ) using three-prong hadronic
T decays, CP observables in B~ — DWh~ decays, and an updated combination on the CKM
angle 7.

The European Physical Society Conference on High Energy Physics
5-12 July, 2017
Venice

*Speaker.
TOn behalf of the LHCb Collaboration.

(© 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:mika.vesterinen@cern.ch

LHC results on tree-level beauty decays Mika Vesterinen

1. Introduction

Precision studies of b hadron decay properties offer a great opportunity to discover indirect
effects of physics beyond the Standard Model (SM). Flavour changing neutral current processes
are especially promising since the SM is only capable of mediating them through loop-suppressed
amplitudes and therefore beyond SM (BSM) amplitudes have a fighting chance of leaving a mea-
surable imprint on observables. While tree-level decays are generally expected to be immune to
BSM effects, they play a critical role in exposing anomalous behaviour in loop observables. Fur-
thermore, tree-level decays to final states with third generation leptons are directly sensitive to
BSM scenarios with non universal leptonic couplings.

An attractive null test of the SM is presented through the unitarity of the Cabibbo Kobayashi
Maskawa (CKM) matrix, which relates the quark mass eigenstates to their corresponding flavour
eigenstates [1, 2]. Six of the unitarity constraints are of the type Y, V,-ij’;( = 0, which can be repre-
sented as triangles, the areas of which are related to the extent of CP violation in the corresponding
ij quark sectors. The bd triangle has the largest area and is commonly referred to as the Unitar-
ity Triangle (UT), and a core focus of quark flavour physics is to overconstrain its apex using a
combination of tree-level and loop-level observables. The loop-level determination of the apex is
currently more precise. It is therefore of paramount importance to improve the precision of the
tree-level constraints.

One side of the triangle is proportional to |V,;|/|Vep|, which can be determined using tree-
level semileptonic decays of the type b — gfvy (¢ = c,u). In Sect. 2 several recent studies of
semileptonic decays of b baryons, by the LHCb experiment, are discussed. Another powerful
application of tree-level b decays is to confront the SM assertion of lepton universality. Sect. 3
considers the status of these measurements and reports on a very recent analysis by LHCb, which
is the first to use three-prong hadronic 7 decays. Decays that are mediated by interfering tree-level
b — cits and b — cus amplitudes allow a theoretically clean determination of the internal UT angle
Y = arg(—ViuaV,,/VeaVy,). In Sect. 4 a new analysis of B~ — DK~ decays is presented, and
Sect. 5 reports on a determination of y from a combination of LHCb analyses.

2. Studies of semileptonic beauty baryon decays by LHCb

Semileptonic decays of b hadrons are ideally suited to extract |V,;| and |V,,| since they only
involve one hadronic current that can be expressed through form factors which can be computed
using lattice QCD (LQCD) methods. Extensive studies of semileptonic decays of B mesons have
been performed by ee™ collider experiments. Determinations of |V,;| and |V,,| have been made
using both inclusive and exclusive measurements, but there is an uncomfortable pattern of tensions
between them [3], though recent progress has been made in understanding this matter [4, 5].

The LHCb experiment presents a compelling opportunity to make complementary studies with
higher statistics, and importantly, with b hadron species that cannot be produced at e™e™ colliders
operating at the Y(4S) resonance. LHCD is particularly well suited to measure ratios of b — cfv,
versus b — ulVvy transitions, with the same b hadron species, since the poorly known b cross sec-
tion cancels. Motivated by precise LQCD calculations of the associated form factors [6], a first
such study with Ag baryon decays was reported by LHCb in 2015, based on 2 fb~! of integrated
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luminosity [7]. Fig 1 (left) shows a template fit to the distribution of the corrected mass variable,
as defined for example in Ref. [7], of A(b) — pU~ Vv candidates. A significant first observation of
this signal is clearly evident to the right-hand side of the corrected mass distribution. The same
variable can be used to statistically separate the exclusive Ag — A~V component, from the
various feed-down contributions, allowing a determination of the ratio,
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Using the LQCD form factors [6], this ratio is translated to the following determination,

‘Vub‘
‘Vcb’
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The precision of this determination is comparable to previous studies with B mesons, and it favours
the exclusive determinations of |V,,| and |V,,|. It can be seen in Fig. 1 (right) how anomalous
right-handed currents, as suggested in Ref. [8], could relieve the inclusive—exclusive |V,,;| tension.
Baryonic decays provide a very powerful test of this explanation, due to their complementary spin
structure. The LHCD result disfavours this scenario.
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Figure 1: Left: A template fit to the corrected mass distribution of candidate Ag — pu~Vy decays. Right:
The dependence of different |V,;| determinations on the strength of an anomalous right-handed current.

LHCb is well also suited to measure the normalised differential decay rates of semileptonic de-
cays. A detailed shape study of Ag — Al L~V decays, with the full Run-I dataset, is reported [9].
In the heavy quark limit, it can be shown that all form factors describing the semileptonic decay
of a heavy flavoured hadron are proportional to a universal function known as the Isgur-Wise (IW)
function [10]. The decay Ag — A~V is described by six independent form factors, but in the
static approximation of infinite quark masses, these can be expressed in terms of a single heavy-
baryon IW function §(w), where w = v A " VAD- Prior to LHCD, there has only been one study of
semileptonic Ag decays by the DELPHI experiment at LEP [11], with limited precision. Fig. 2
(left) shows the measured IW function, unfolded for experimental resolution and efficiency effects.
The line indicates a fit of the IW function expanded to second order in (w — 1), with the parame-
ters p2 and 62 describing the slope and curvature, respectively, of {(w) at w = 1. The fit reports
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p? =1.63+0.07 and 6> = 2.16 4 0.34 with a correlation coefficient of 0.97. This precise result
supports predictions of LQCD [12], QCD sum rules [13], and the relativistic quark model [14].
The shape of the differential decay rate is also measured as a function of ¢, and is found to agree
well with the LQCD predictions [6] that were used in the |V,;|/|Ves| extraction, as can be seen in
Fig. 2 (right).
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Figure 2: Left: The measured Isgur-Wise function of the decay Ag — Al 1V, Right: The unfolded 7
distribution, as compared to LQCD predictions.

Many studies of semileptonic b decays are in progress or are planned. For example a study
of BY meson decays to K~ put vy and Dy ut vy final states is strongly motivated by the precision
of the form factors of the V,;, mode from LQCD [15]. New ideas have also been suggested to
improve the resolution of the decay kinematics, thus permitting differential measurements with
finer binning [16].

3. Lepton universality tests with tree-level semileptonic decays

Ratios of b — cTv decay rates, with respect to the corresponding channels with light leptons,
for example,

B(B — DW1vy)
B(B— DH1Lv,)’
can be computed with high precision since hadronic uncertainties are cancelled to a large de-
gree [17, 18]. Meanwhile they are highly sensitive to BSM scenarios in which new forces have
preferential couplings to third generation leptons.

The summer 2016 HFLAV averages of (D) and % (D*), combining measurements from
BaBar [19, 20], Belle [21, 22], and LHCb [23], are 3.90 away from the SM predictions [3]. More
recently, Belle published a first simultaneous measurement of % (D*) and the 7 polarisation using
single-prong hadronic 7 decays [24].

The first LHCb study [23] was based on muonic 7 decays. Recently, LHCb presented a mea-
surement of % (D*~) using the three-prong hadronic 7 decay (7~ — n~ 7~ 7" (n°)v;) [25], which
is the first study using this mode. This decay channel has several advantages over the muonic
mode. For example, there is no background from B — D*~ u*v, decays. The decay topology
also allows the 7 decay vertex to be reconstructed. The first challenge is to suppress the back-
ground from B — D*~ "~ @~ X decays, which swamps the signal by two orders of magnitude,

# (DY) =

3.1
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prior to any dedicated attempt to suppress it. The excellent resolution of the LHCb vertex detec-
tor allows this background to be almost entirely eliminated by requiring the 7 decay vertex to be
significantly downstream of the B decay vertex. The background from B — D*~ X X decays, with
X, — mtw~wt X, survives this requirement, and still requires special treatment. A multivariate
discriminant is developed to distinguish these decays from the signal, taking advantage in particu-
lar of the very different resonant substructure of the three pion system between the signal and the
D} — n"n~ m" X events which form the largest background source. The region with the exclusive
decay D} — ntn~ 't provides a very clean sample to control the cocktail of feed-downs to the
inclusive B — D*~ D X decay.

The signal yield is extracted through a fit in fine bins of 7 decay time and ¢, and four coarse
bins in the multivariate discriminant output. In the highest purity of these four bins the signal
purity is roughly 50%. This promises excellent prospects for precise characterisation of the decay
with higher statistics future LHCb datasets. The branching ratio is measured with respect to a
topologically related normalisation mode, as follows

A(B° — D~ 1tv,)
BB — D nmtmtn)

= 1.93 £0.135t5¢ = 0.17 gy 3.2)

Using the measured branching ratios for the normalisation mode [26], and the well known B® —
D*~ u* vy branching ratio [3], a value of

Z(D"") = 0.28540.01915; +=0.0255y5 £ 0.0130rm, 3.3)

is obtained. Fig. 3 depicts the state-of-the-art for %(D(*)) determinations, as compared to the
precise SM predictions, and including this recent three-prong result from LHCb. While the new
LHCD result is compatible with the SM prediction for Z(D*), it is also consistent with the other
experimental measurements, and the overall tension in the two-dimensional plane remains at a very
similar level (4.1 standard deviations). Studies are ongoing within LHCb towards a series of similar
measurements with other b-hadron species.
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Figure 3: Measurements of #Z(D*) and # (D), and their averages, compared to the SM predictions, as
compiled by the HFLAV collaboration.
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4. Measurement of CP observables with B — DY*) s+ decays

The CKM angle ¥ can be cleanly determined through a study of the family of B — DK decays.
The decay B~ — DK~ proceeds through a b — ciis transition, while the equivalent decay with a
D’ proceeds through b — ¢us. The interference between these two paths, which occurs when the
p°or D’ decay to the same final state, is sensitive to the phase y. For example, D° or D’ decays
to the CP eigenstates K™K~ and 77~ are well suited [27, 28]. The resulting B~ decays exhibit a
CP-violating asymmetry whose magnitude depends on 7, and on the relative amplitude and strong
phase of the two paths. LHCDb has previously analysed this class of decay modes with the Run-I
dataset [29].

It has also been suggested to study the equivalent observables with B~ — D*9K~ decays since
there is an exact strong phase difference of 7 between the decays with D*® — D%y compared to
DY — D7Y [30]. LHCb recently reported an update of [29] including 2 fb~! of Run-II data [31],
and the measurement of D*" observables. Fig. 4 shows the invariant mass spectra of the B~ — D4~
(h = m,K) candidate samples, with D® — 7+ 7. The explicit reconstruction of the D** decays is
challenging, but it can be seen in Fig. 4 that they form distinct structures below the main B~ peaks,
when partially reconstructed under the B~ — Dh™ hypotheses. A clear CP asymmetry can be seen
between the signal yield of B~ — DK~ versus BY — DYK*. Similar asymmetries are seen in the
partially reconstructed signals, but the asymmetries of the D* — D%y mode has the opposite sign to
that of the D*® — D°z° mode, which is expected given their relative strong phase shift mentioned
above. There is no clear evidence for CP violation in the B~ — D7~ modes. The determination
of a total of 19 observables is reported in [31], of which eight correspond to the fully reconstructed
B~ — D°h~ decays, and the remainder to the partially reconstructed decays.
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Figure 4: The invariant mass spectra of the selected B~ — Dh~ (h = 7, K) candidates.
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5. LHCb y combination

The most precise determination of y ultimately arises through a combination of different anal-
yses of the suite of different decay modes that have interfering V,;, and V., amplitudes. In 2016,
LHCb obtained the result y = 72.2J_rg’:§° [32], through a combination of 89 observables, from anal-
yses of the Run-I dataset. At the 2017 EPS conference, LHCb presented an updated combination
with an improved precision y = 76.81?;0 [33]. This includes the B~ — D)4~ analysis [31]
described above, a preliminary update of the BY — D, K+ mode [34], and a preliminary analysis
of B~ — DYK*~ decays [35]. Fig. 5 shows how the precision on the LHCb 7y combination has
improved over the last four years, up to the summer 2017 version.
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Figure 5: The evolution of the LHCb y combination.

6. Conclusions

The study of tree-level b decays plays a crucial role in exposing BSM physics effects in the
quark flavour sector. Semileptonic decays provide necessary constraints on the CKM elements |V, |
and |V
new study of the shape of the differential decay rate of the decay A(bJ — A~ V. Tree-level tests of

, and the first precise studies with b baryon decays by LHCb are presented, including a

lepton universality through the ,%’(D(*)) observables are discussed, including the first measurement
of Z(D*) with hadronic three-prong 7 lepton decays, by LHCb. A LHCb study of B~ — D%~
decays is presented, including a first analysis of B~ — D*%h~ decays with a partial reconstruction
approach. Finally, a summer 2017 update of the LHCb y combination is presented.
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