PROCEEDINGS

OF SCIENCE

Recent highlights from the LHCb experiment

Mark Whitehead®*

4 University of Glasgow,
Glasgow, Scotland

E-mail: Mark.Whitehead@Glasgow.ac.uk

A summary of recent highlights from the LHCb experiment at CERN is presented. A range of
topics are covered, including the flavour anomalies in semi-leptonic b-hadron decays and heavy
flavour spectroscopy, including several first observations of new (exotic) hadrons.

The 41st International Symposium on Lattice Field Theory (LATTICE2024)
28 July - 3 August 2024
Liverpool, UK

*Speaker

© 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:Mark.Whitehead@Glasgow.ac.uk
https://pos.sissa.it/

Recent highlights from the LHCb experiment Mark Whitehead

1. Introduction

The Large Hadron Collider beauty (LHCb) experiment [1] is based at point 8 of the Large
Hadron Collider at CERN. The results presented in this recent overview are based on data samples
collected during LHC Run 1 (2011-2012) and Run 2 (2015-2018) in proton-proton collisions at
centre-of-mass energies of 7 and 13.5 TeV, respectively. The focus of this review are topics of
interest to the Lattice QCD community, namely semi-leptonic » hadron decays and heavy flavour
spectroscopy.

2. Lepton flavour universality

Lepton flavour universality derives from the fact that the weak interaction is expected to couple
to the three generations of leptons in the same way, once the different masses are taken into account.
Recent results from the LHCb collaboration and the B-factory experiments have showed some
tension with standard model predictions at the level of about 30-. Such measurements consider the
ratio of semi-leptonic b-hadron decays defined as

B B(B — Dt vy)

R(D) = ™) and R(D*) = 2B DT Ve)
B(B— Du~vy) B(B — D*u=vy)

ey

2.1 R(D*)and R(D*")

The recent result from the LHCb experiment describing a simultaneous measurement of R(D*)
and R(D**) is described in detail in Ref. [2]. Tt uses the 2015-2016 sub-dataset from LHCb
Run 2 and considers the following four processes: B — D u~v,, B — Dt~ (= pu= v, v7) v,
B — D** (- D*z% u~v, and B — D** (= D*n% 1~ (= p~¥,v.) v,. Note that the neutrinos
and neutral pions are not reconstructed, so there is a single data sample containing the D*u~
candidates.

In addition to the four signal processes, there are several background contributions. Firstly,
from B mesons decays with two charm hadrons in the final state B — D*X_.X where X is a particle
and X, a charmed particle. Semi-leptonic decays from higher excited charm states also contribute,
B — D*u~v, and B — D"t~ v, with D** one of many possible excited charm meson states.
Further components are combinatorial background where unrelated tracks are wrongly combined
into the D and B meson candidates and from misidentified backgrounds where other particles are
wrongly identified as a muon.

Three-dimensional templated fits are used to extract the yields of each component, these are
2 2
miss miss

the missing mass squared from the neutral pions and neutrinos that are not reconstructed and E,

g%, m>. and E},. Here g? is the momentum of the lepton pair from the B meson decay, m> . _is

is the energy of the muon in the B meson result frame. The fit results are shown in Fig. 1 and the
extracted yields give

R(D™) =0.249 £ 0.043 + 0.047, 2)
R(D*") = 0.402 £ 0.081 + 0.085, 3)
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Figure 1: Projections of the fit in (top left) ¢, (top right) mfniss and (bottom left) E;,. The different
components are described in the legend. Taken from Ref [2].
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Figure 2: Results of a combination of measurements of R(D) and R(D*), with the average in bold red and
the SM prediction as the black point with error bars. Taken from Ref. [3].

where the first uncertainty is statistical and the second systematic. These new results are included
in the HFLAV average [3] shown in Fig. 2, where the tension with the standard model prediction
remains at the 30 level.

Future prospects to improve the precision of the results are promising, with LHCb Run 2 data
from 2017 and 2018 available, as well as the new Run 3 data sample from 2024. The dominant
systematic uncertainty sources, form factors, background fractions, and simulation statistics should
all be reducible to take advantage of the increased statistical power available.
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Figure 3: Summary of hadrons discovered at the LHC with a focus (right) on exotic candidates. Reproduced
from Ref [4].

3. Spectroscopy

Heavy flavour spectroscopy remains a hot topic in particle physics, following a revival by the
huge number of hadrons that are being discovered at the LHC. Figure 3 summarises the discoveries,
with (top) a total of 75 new hadrons including (bottom) 23 that seems to be exotic in nature (not
standard mesons or baryons). Three recent results from LHCb are summarised below, that found a
total of 5 new states.

3.1 Amplitude analysis of B — D°D¥n~ and B* — D~ D?n* decays

The amplitude analysis of B — D°D?z~ and B* — D~D!x" decays is described in detail
in Refs. [5, 6]. The motivation to study these channels is the observation of the Tjso(2870)0
and Tc*sl(2900)0 states in B~ — D~ D*K~ [7, 8] decays, which are tetraquark candidates with
minimum quark content c¢sizd. The tetraquark candidates were observed in the D*K~ channel, so
it is well motivated to study the D¥z* channels which have the same quark flavours but a different
arrangement of quarks and antiquarks.
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Figure 4: Fits to the B candidate invariant mass distribution for (top left) B — D°D¥x~ with D° — K*rn~,
(top right) B — DDz~ with D° — K*x~n*n~ and (bottom) B* — D~ D}x* decays using Run 2 data.
The components are as described in the legend, figures reproduced from Ref. [5].

The B — D°D*n~ channel is reconstructed using both D° — K*n~ and D — K*n~n*n~
decays. The B* — D~ D?{n*isreconstructed with D~ — K*7~ 7~ decays and both channels require
D} — K*K~n*. This analysis uses the full Run 1 and Run 2 data samples. The two main sources
of background, random combinations of tracks and final states without two correctly reconstructed
charm mesons, are removed using a boosted decision tree algorithm and requirements on the flight
distance of the charm meson candidates, respectively. Following the selection, candidates in the
Run 2 data samples can be seen with the result of an extended maximum likelihood fit superimposed
in Fig. 4. This fit to the B candidate invariant mass distribution is used to determine the signal
and background yields in a 20 MeV window around the known B-meson mass to be used in the
amplitude analysis. In total there are approximately 4000 signal candidates in each B meson decay
mode, with total background contributions below the 10% level.

The first step for the amplitude analysis is to try to fit the data using the known D** mesons
in the m(D°7~) and m(D~n*) channels for the B — DDz~ and B* — D~ D}x* candidates,
respectively. These are summarised in Fig. 5, and the projections of the fit model to the data samples
is illustrated in Fig 6. The projections onto m(D°z~) and m(D~n*) show the fit model of D**
mesons reproduces the data very well, however the m(D}n~) and m(D¥n*) distributions show
some discrepancies in the peak and dip region between 2.8 and 3.2 GeV. Therefore some tetraquark
candidates were added to the fit model, the results of a configuration including a spin O tetraquark in
both m(D¥n~) and m(D}n*) channels simultaneously are shown in Fig. 7. The fit results from the
full fit model including the tetraquark candidates shows a significant improvement in the fit quality.
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Resonance JT Mass (GeV) Width (GeV) Comments

D (2007)° 1-  2.00685 + 0.00005 <21x1073 Width set to be 0.1 MeV
D*(2010)~ 1~ 2.01026 £ 0.00005 (8.34 £ 0.18) x 105

Dy(2300)  0* 2.343 £ 0.010 0.229 £ 0.016 #

D3(2460) 2+ 2.4611 £ 0.0007 0.0473 £ 0.0008 #

Di(2600)° 1-  2.627+0.010 0.141 £ 0.023 #

Dj;(2750) 3 2.7631 = 0.0032 0.066 & 0.005 #

D3(2760)° 1~ 2.781 £ 0.022 0.177 £ 0.040 #

D*(3000)° 77 3.214 £ 0.060 0.186 = 0.080 # JT =47 is assumed

Figure 5: Details of the various D** resonances included in the fit models, from Ref [5].
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Figure 6: Fit projections of the D**-only fit model for (top left) m(D%z~) and (top right) m(D¥n~) for
B® — D°D?x~ decays, and (bottom left) m(D~x*) and (bottom right) m(D¥x*) for B* — D~ D}x* decays
for Run 1 and Run 2 datasets combined. Fit components are as described in the legend, reproduced from
Ref. [5].

The masses and widths of the two tetraquark candidates observed for the first time are

m (T (2900)°) = 2.892 + 0.014 = 0.015GeV,
(T, (2900)°) = 0.119 + 0.026 + 0.013GeV,
m(T(2900)**) = 2.921 % 0.017 + 0.020GeV,
(T (2900)*) = 0.137 + 0.032 + 0.017GeV,

where the first uncertainties are statistical and the second systematic. The T 5_(2900)0 and
T.(2900)** states are observed in a simultaneous fit with 8¢~ and 6.5¢ significance, respectively.
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3.2 Amplitude analysis of B* — D*~D¥n* decays

The analysis of B* — D*~D{x* decays [9] is motivated by the first observations of tetraquark
candidates in Sec. 3.1, with a view to confirming the observations with an independent analysis of
an alternative decay mode. The measurement uses the same Run 1 and Run 2 data samples and a
similar B* meson decay process, with the addition of the D*~ — D® — K*n~ decay channel.

The analysis follows closely that of the previous measurement [5, 6], with the dominant sources
of background again being random combinations of tracks and candidates without two real charm
mesons. These are again removed using a boosted decision tree algorithm and requirements on
the flight distance, respectively. The fit to the B candidate invariant mass distribution is shown in
Fig. 8 (left) and finds approximately 1000 signal events inside a 30 MeV window around the fitted
B*-meson mass. The distribution of candidates over the Dalitz plot is shown in Fig. 8 (right), note
that this includes approximately 100 background events, giving a purity of around 90%.

The baseline amplitude model consists of just D** mesons decaying in the D*~z* channel,
including the following states D(2420)°, D;(2430)°, D};(2460)°, D%(2600)°, D,(2740)° and
D; (2750)°. The results of this fit are shown in Fig. 9 for projections in the (left) m (D*~ "), (middle)
m(D¥n*) and (right) m(D*~ DY) dimensions. The fit model reproduces the data distribution well
in each projection, and in particular no clear discrepancies are seen in the m(D?¥n*) plot where the
tetraquark contribution would be expected.

)++

In summary, no evidence is found for the presence of the 7.'.(2900)** in the D{n* channel

in B* — D*”D}r* decays. An upper limit is calculated for its fit fraction, including systematic
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a 30 MeV window around the known B-meson mass. Reproduced from Ref. [9].
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Figure 9: Projections of the amplitude fit to B* — D*~D¥zn* candidates in (left) m(D*z*, (middle)
m(D¥n* and (right) m(D = —D¥). The fit components are as described in the legend, reproduced from
Ref. [9].

uncertainties, to be
FF(T:(2900)™) < 2.3 % (90 %CL).

3.3 Amplitude analysis of B* — D**D¥K™" decays

The analysis of B* — D**D¥K™ decays [10] is the most natural place to study the tetraquark
candidates observed in B¥ — D~ D*K™" decays [7, 8]. Both of the B¥* — D*"D*K* and B* —
D**D~K* final states are studied simultaneously because the contributions to the D*~D* and
D**D~ channels are expected to be identical. The analysis uses the full Run 1 and Run 2 data
samples. Inthe B* — D**D~K* channel tetraquark candidates might be expected in the D~ K* pair,
while for B* — D*~D*K™* decays the D*~ K™ pair is the relevant couple. Note that TC*SO(287O)O —
D*~ K™ is forbidden by spin-parity conservation.

The main sources of background candidates are random combinations of tracks and candidates
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Fit fraction [%)]

Fit fraction [%]

Branching fraction

Component  JH o7 ThA DKt BY o D-DYK* [1074]
EFF;++ 1+ 10.9 723 F10 9.9755 1 0.74 FO-I0F01T4 .07
1(3945) 0-+ 341y 50 31%09To  0.23T00 Togs £0.02
Xe2(3930) T 2++ 1.8705 06 L7505 00 0.12 10-05 +0-08 £ 0.01
1¢(3945) 1+ 51700+12 46 *0,2 o3 0.35 00 T0:00 +0.03
1.(3945) 1+t 10.1 755 +13 9.1t 412 0.69 7056 -9 +0.06
(4040) 1=~ 2.8 04103 2.6 05102 0.19 T892 4603 +0.02
n(3945) 1+ 1.27+19-2+0-2 1192402 0.08 T892 502 4 0.01
1.(3945) T 0t 6.5 t? 5 e - 0.45 T000F00% 4 0.04
10(3945) 1~ 5518 0.38 1507 618 +0.03
NR,-- (D*¥D*) 1-— 20. 4t§§t§é 18. 5+2§)t H 1.39 000 012 +0.12
NRo-- (D*¥D*) 0~ 1.2 706 +0-7 1.1 706 +0-6 0.08 +8 o1+0-0 4 0.01
NRy++(D*FTD*) 1t+ 17.8 fiii 38 16.1 ﬂ s 1.21 5010 Fo7 £0.11
NRg-+(D*FD%) 0=+ 15.9 735 32 14,530 430 1.09 70-23 10-22 4 (.09

Figure 10: Table of fit components from the amplitude analysis of B¥ — D**D¥K* decays. The resulting
fit fractions are presented and used to calculate the branching fraction for each component. Reproduced from
Ref. [10].

without two real charm mesons. These are removed using a boosted decision tree algorithm and
by requiring the charm mesons to have a significant flight distance with respect to the B meson
decay vertex. After the selection requirements are applied, the purity of the sample in the signal
mass window, 5260-5300 MeV, is approximately 95%. The signal yields are 1636 + 43 for
B* — D**D~ K" decays and 1772 + 44 for B* — D*~D*K™* decays.

The baseline fit for the amplitude analysis contains the components summarised in Fig. 10.
To reach an acceptable level of agreement between the data and the fit model, a total of 13 com-
ponents are required, including 4 new charmonium(-like) states (77.(3945), h.(4000), y.1(4010)
and h.(4300)) and two tetraquark contributions to B*
note that no tetraquark contributions are found in the D*~ K* channel of B* — D*~D*K™ decays.

— D**D~K™* decays. It is interesting to

Projections of the fit to both final states are shown in Fig. 11, where the fit quality is good, though
some discrepancies are seen in m(D*D) (top). Such discrepancies are covered by systematic un-
certainties from the model by including other known resonances (¥ (4160), y.1(4160), y(4415),
and y (4660)) that do not significantly contribute to the baseline model.

In summary, two tetraquark candidates are required to accurately fit the m(D~K™) distribution
for B¥ — D**D~K™* decays, in good agreement with previous results. Their masses and widths are
found to be

m(T*,,(2870)%) = 2.914 + 0.011 + 0.015GeV,
[(T7,,(2870)%) = 0.128 + 0.022 + 0.023GeV,
m(T*,,(2900)%) = 2.887 + 0.008 + 0.006GeV,
[(T7,(2900)°) = 0.092 + 0.016 + 0.016GeV.

The TC"SO(287O)0 states is observed at the 110 level and the T~ (2900)° state at the 9.20 level. For
the four new charmonium(-like) states, the r.(3945) state is consistent with the X (3940) state [11]
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Figure 11: Projections of the simultaneous amplitude fit to the (left) B* — D*~D*K™" and (right) B* —
D**D~K* data samples. The projection shown are (top) D**D¥, (middle) D*K™* and (bottom) D**K*.
Components are as described in the legend, reproduced from Ref. [10].

and the remaining three states are first observations above the 60 level including systematics

uncertainties with the following parameters

0 (4000) = 4000 45 ey,
[(he(4000)) = 0.182 %071 +0.097 Gy
e (4010)) = 40125 056 451 Gev.
I'(xc1(4010)) = 0.0627 t%..%%é(i J:%’_%%%t Gev.
e (4300) = 43073 4085 458 Gov.
(8 (4300) = 0058 *425 925 Gev,

where the first uncertainties are statistical and the second systematic.
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Figure 12: Accumulated luminosity recorded by the LHCb experiment during the years of operation, with
2024 (Run 3) in dark blue.

4. Future plans and summary

The future looks very bright for the LHCb experiment, the LHCb upgrade detector is performing
well as it takes data during LHC Run 3. As shown in Fig. 12, the Run 3 dataset is already larger
than those from Run 1 and Run 2 combined, with an additional factor of about two for hadronic B
hadron decays per pb~! from the removal of the hardware trigger. This means there are excellent
prospects for updating the measurements presented here with the Run 3 data samples. Longer term,
the LHCb Upgrade II proposal promises the ultimate precision on the LHCb physics programme
and beyond, with an estimated sample size of 300 fb~! [12].
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