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The LHCb Collaboration has successfully recorded heavy-flavour decays
during the first two runs of the LHC high-energy proton—proton collider
between 2011 and 2018. A selection of recent precision measurements in
beauty decays is presented. The detector has now been largely rebuilt for
the first upgrade, to handle a higher collision rate and for a more efficient
selection of collisions containing beauty and charm decays. Ideas for a
second upgrade are under development.
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1. Introduction

The Standard Model (SM) of elementary particles and their interactions
is incredibly successful in describing a rich spectrum of phenomena but, at
the same time, incomplete by not accounting for gravity and not providing
answers to basic questions about the content of our universe. Analysis of
high-energy collisions has already led to many discoveries and finding ev-
idence for new physics (NP) is the main motivation for the construction,
operation, and research on high-energy colliders and their detectors.

Direct searches for new physics aim to produce new particles on-shell. If
successful, this may result in very detailed knowledge about the new phe-
nomenon, since mass and couplings can be studied in detail. A good example
is the discovery of the Higgs boson |1, 2] that subsequently led to a detailed
understanding of its interaction with the other SM fermions and bosons.
However, this ideal scenario only works if the collision energy is high enough
to produce the new particle.

Indirect searches provide a way to probe energy scales beyond the colli-
sion energy: new particles result in new couplings that may result in subtle

* Presented at the 30" Cracow Epiphany Conference on Precision Physics at High
Energy Colliders, Cracow, Poland, 8-12 January, 2024.

(5-A17.1)


https://www.actaphys.uj.edu.pl/findarticle?series=sup&vol=17&aid=5-A17

5-A17.2 R.G.C. OLDEMAN

deviations from the SM predictions. It is unlikely that a particular NP phe-
nomenon will be uniquely identified by a single deviation, but a program of
follow-up measurements in different channels could be expected to expose
the nature of the new phenomenon.

The power of this method lies in the fact that the mass scales probed
may far exceed the collision energy, if enough precision is achieved. With
the LHC having almost reached the peak of its energy, it is expected that
indirect searches will become more and more important in the near future,
as high-luminosity running will improve the precision, and thus the energy
scale, that can be achieved in indirect searches.

Decays of heavy quarks such as beauty (b) and charm (c¢) are particularly
suited to precision measurements since they present a rich spectrum of de-
cays, with probabilities that are well described by the Cabibbo-Kobayashi—
Maskawa (CKM) matrix. Of particular interest are transitions between
quarks of the first and third generation, described by the off-diagonal CKM
elements V,;, and V;4. These transitions have a small amplitude and a large,
O(1), value of the complex phase. In certain b decays, this leads to a large
asymmetry between matter and its (antimatter) CP conjugate.

According to the Standard Model, the CKM matrix is unitary, which im-
plies that Vi, and V4 are tightly related. This relationship allows for a strong
test: the parameters of the off-diagonal CKM elements can be determined
both by tree-dominated processes and by loop-dominated processes. New
physics contributions may have a large effect on the weaker loop-induced
SM processes, while they can be expected to have a negligible impact on the
stronger tree-induced processes.

2. Experimental aspects

To perform precision measurements in heavy-flavour decays, large sam-
ples of b or ¢ quarks need to be produced under well-controlled circumstances.
Presently, there are two dominant techniques for the production of heavy-
flavour quarks: eTe™ collisions with a centre-of-mass energy corresponding
to the 1°(45) resonance, and high-energy hadron—hadron collisions. The for-
mer profits from small backgrounds, coherent production and a fixed Lorentz
boost, and is presently used at SuperKEKB with the Belle II detector. The
latter has larger yields and a larger spectrum of b-hadrons produced, as well
as a stronger boost, resulting in better resolution of the lifetime. The LHCb
experiment uses this technique, based on pp collisions at the LHC.

The LHCDb detector, in contrast to the general-purpose detectors of AT-
LAS and CMS, is specialised for the detection of heavy-flavour produced
in pp collisions [3, 4]. It is instrumented only in the forward direction
(10 < 0 < 300 mrad) where the production per unit of solid angle is the
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highest, and where the heavy flavour hadrons are strongly boosted. The de-
scription that follows corresponds to the detector that was operational from
2010 to 2018, where 3 fb~! of collision data were collected at centre-of-mass
energies of 7 and 8 TeV, during Run 1, and 6 fb~! of collision data were
collected at a centre-of-mass energy of 13 TeV, during Run 2. Modifications
made for the upgraded detector, used for Run 3, will be discussed later.
The vertex detector uses silicon strips and can measure the impact pa-
rameter of tracks with an accuracy of (15 + 29/pt) pm. The momentum of
charged particle tracks is measured with a precision of 0.5-1.0% by record-
ing the bending of tracks through the field of a 4 Tm warm dipole magnet.
A system of two Ring Imaging Cherenkov detectors provides identification
of pions, kaons, and protons in the momentum range of 2 < p < 100 GeV.
The electromagnetic calorimeter identifies photons and electrons, and mea-
sures their energy with a resolution of ~ 6% for energies £ > 20 GeV.
The hadron calorimeter is predominantly used for the trigger, and the muon
system identifies high-momentum muons with an efficiency of ~ 98%.

3. The LHCb physics program

Apart from the core program of heavy-flavour physics, LHCb has also
provided unique measurements in the area of electroweak measurements and
high- Et jet physics. Thanks to its forward geometry, LHCb plays a crucial
complementary role here to ATLAS and CMS that cannot perform as well at
very small angles to the beam. Heavy-ion collisions have also been studied,
and a very innovative fixed-target physics program has been developed with
the SMOG system, where gas is introduced in the area of the vertex detector,
allowing for the study of collisions of high-energy protons or lead on helium,
neon, and argon nuclei at rest.

These proceedings focus on recent measurements of CP violation and
rare B decays. Charm physics results are covered by other contributions in
these proceedings.

4. Measurement of sin 23

If both a B and a B® meson can decay to the same final state f, the in-
terference between mixed and non-mixed decays results in a time-dependent
asymmetry

_r (B = f)—T'(B°—=f)  Ssin(Amgt) — C cos (Amgt)
A (BO — f) +I'(BY— f) ~ cosh (%Afdt) — Aapsinh (%Afdt) '
(1)

In B — J /1/1K(S) decays, the measurement of S, often referred to as
sin 2/ or sin 2¢1, is closely related to the phase of the CKM element V4. The
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observation of the non-zero value of sin 25 represented the first observation
of CP violation in B decays [5, 6]. Improving upon the already impressive
precision remains relevant due to the very clean relationship between the
experimental observation and the corresponding SM parameter: contrary to
many other decay channels, B — J/yK g is strongly dominated by a single
tree diagram, and higher-order loop diagrams have a negligible influence at
the current level of experimental precision.

Experimentally, the measurement of sin 243 is challenging at hadron col-
liders, because of the need for determining whether the observed decay orig-
inated from a B° or a B? decay. Flavour tagging techniques at hadron
colliders combine information from fragmentation tracks produced together
with the B meson, as well as information collected from the decay of the
‘other’ b hadron that was produced simultaneously in a bb pair. The fi-
nite efficiency € and the dilution D from wrong tags, results in a statistical
efficiency of eD? ~ 4% at the LHCD.

LHCDb has recently completed a new measurement of sin23, based on
6 fb~! of Run 2 collision data [7]. The data sample is dominated by 306 x 103
BY — J/ ng decays, where the J/1 is reconstructed through its decay to
two muons. The J/1 meson is also reconstructed in its decay to electrons,
adding 43 x 10° signal decays. The decay B — (25)K$ contributes to
the other 24 x 102 signal decays. The observed time-dependent asymmetry
is shown in Fig. 1. The measurement gives Sy = 0.717 + 0.013(stat.) £

0.008(syst.) and Cygo = 0.008 £ 0.012(stat.) £ 0.003(syst.). This is the

world’s single most precise measurement of sin 23, and the result is consistent
with expectations from a global fit.
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Fig.1. Reconstructed mass spectrum (left) and measured time-dependent CP
asymmetry, with fit overlayed (right).
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5. Measurement of ¢; and ATl

The equivalent of B — J/¢KQ for B? decays is B — J/1¢. However,
the CP asymmetry is now related to the phase of Vs, with a predicted value
of ¢ps = 36.8f8:2 mrad. Experimentally, the time-dependent asymmetry is
modulated by the much faster B? oscillations, and the two vector particles
in the final state require an angular analysis to disentangle the CP-even
and CP-odd components. The latest Run 2 analysis of LHCb reconstructed
349 x 10? signal events [8]. The data is divided in 6 bins of m(K*K~), and
a multidimensional maximum likelihood fit is applied on decay time and the
three angular variables of the decay, cos 0k, cosf,,, and ¢, shown in Fig. 2.
As a reference channel, a large sample of BY — J/¢K*0 decays is fit along-
side the B? data. A total of 9 physics parameters are extracted, amongst
which ¢s = —0.039 4+ 0.022 + 0.006 and the lifetime difference between the
BY mass eigenstates Al = 0.084540.0044 4 0.0024 ps—*. These results are
consistent with, but improve significantly upon previous measurements, but
the precision is not yet high enough to distinguish between no CP violation
and SM CP violation.
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Fig.2. Reconstructed decay time (top left), kaon angle (top right), muon angle
(bottom left), and angle between the muon and hadron decay planes (bottom right).
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6. Measurement of the CKM angle « using B~ — DK

Charged B mesons can interfere in the B~ — DK™ decay through com-
mon decay modes of the D? and the D° meson, resulting in a nonzero
I(B~)-I(BY)

value of A°Y = T(B)TI(EF) The three most common methods use CP

eigenstates, e.g. 7t7—, KK, ngo (GLS method), favoured and double-
suppressed decays such as K~7t and K~ 7t (ADS method), and self-
conjugate decays KJrtr~ and KJKTK~ (BPGGSZ method). As these
decays are strongly dominated by tree diagrams, the theoretical uncertainty
in the extraction of  is tiny, @(10~7). While other methods exist to measure
v, the world average value v = (63.8'_%?)0 is dominated by B~ decays from
LHCDb, and agrees with the SM prediction based on other CKM observables,
v = (65.713)° 9.

Variations of B~ — DK~ decays have also been employed to contribute
to the precision measurement of v. Two recent LHCb measurements use
B~ — D*K~ decays, where the D*¥ decays to a D° and a soft photon or
neutral pion. Since the energy of the soft photon or pion is small, the spec-
trum of reconstructed DK mass naturally displays a secondary structure at
~ 200 MeV below the BT mass. While not as clean as the main feature from
B~ — DK~ decays, the secondary structure from partially reconstructed
decays has a well-understood shape, and backgrounds in the mass range of
interest can be modelled accurately as well.

An analysis based on partially reconstructed B~ — D*K~ measures
v = (92731)° [10]. Another analysis attempts to reconstruct the soft photon
or neutral pion in the LHCb electromagnetic calorimeter and achieves some-
what smaller uncertainties v = (69713)° [11]. The intricate disentanglement
of the components contributing to the data is illustrated in Fig. 3.
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Fig.3. Invariant mass distributions of D7 combinations and D~ combinations in
fully reconstructed B~ — D*K~ decays.
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7. CP asymmetry of B decays to double charm

Beauty mesons decay with a high probability to two charm mesons, since
the process appears at tree level and without particular suppression mecha-
nisms. It may thus not appear to be the most fruitful place to search for CP
asymmetries, which require at least two amplitudes to contribute to a decay,
with different weak and strong phases. For the Cabbibo-suppressed decay
B~ — D™~ DO however, it is not excluded that new physics contributions
elevate the asymmetry to the O(1071) level, making it obligatory to perform
this measurement.

In 9 b1, collisions containing a combination of a D and a D, D~ or
a D*~ were selected [12]|, and a Boosted Decision Tree was used to select
the candidates with kinematic and geometric similarity to simulated B~
decays. As illustrated in Fig. 4 for B~ — D~ DO decays, all three selected
final states show both a sharp peak at the B~ mass and a secondary structure
at lower mass corresponding to partially reconstructed decays, where the B
decay involved an excited D meson and a soft photon or pion that was not
reconstructed.
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Fig. 4. Reconstructed B~ — D~ DY (left) and BT — D DO candidates.

For both fully and partially reconstructed decays, the raw asymmetry

A = N(B)-N(BH
raw T N(BT)+N(BT)
The raw asymmetries are corrected for the B~ production asymmetry, mea-
sured in the B~ — J/¢¥ K~ decay, and the detection asymmetries from the
trigger, particle identification, offline reconstruction, and material interac-
tions. The resulting CP asymmetries for the fully reconstructed modes are
ACY(B= = D; D% = (0.5+£0.2+0.5)%, A°Y (B~ — D~ D% = (25+ 1.0+
0.4)%, ACP(B — D*~D%) = (3.3 £ 1.6 + 0.6)%, and for the partially re-
constructed modes AT (B~ — D~ D%) = (-0.5+1.1+1.0)%, A°¥ (B~ —
D7 D*%) = (1.1 £ 0.8 + 0.6)%, ACP(B — D™D*0) = (-0.24+ 2.0+ 1.4)%,

is determined from the fitted yields, shown in Fig. 4.



5-A17.8 R.G.C. OLDEMAN

and A°Y(B~ — D**D*0) = (23 +£2.1 4 1.7)%. To all these results, an
additional 0.3% uncertainty must be added to account for the CP violation
in B~ — J/¢ K~ decays.

All measured asymmetries are consistent with zero and with the Stan-
dard Model. Several of the listed asymmetries have been measured for the
first time and some of them have the precision improved by an order of
magnitude.

8. Rare B decays

One intriguing discrepancy in heavy flavour physics has been the angu-
lar distribution in B® — K*%u*u~ decays, in particular the value of the P}
parameter, as a function of the dimuon invariant mass, ¢?. Previous anal-
yses, which determined the angular parameters in bins of ¢2, found a 3.3
discrepancy in the corresponding Wilson Coefficient Re(Cy) [13], however, it
has been argued that certain long-distance hadronic effects can mimic NP.

A recent analysis on 3 fb~! of Run 1 and 1.7 fb~! of Run 2 data
[14, 15] takes a new approach: the data are analysed without binning in ¢2,
resulting in a 5-dimensional fit instead of the previous simultaneous set of
4-dimensional fits in bins of ¢?. Using a polynomial expansion in ¢?, this
approach gives more control over long-distance contributions from the J/v
and 1 (25) poles. With this approach, the discrepancy is reduced to less
than 20, as shown in Fig. 5.

E/\ : I T T T T ' ] E/\ |

gé = 1 5 LHCb 4.7 fb~! L_::__: ({; > 0 only ] (£ o LHCb 4.7 tb~!
Q - .20 ¢” < Oconstr. \QJ_

T I [ fix FFs 1 210

~ 1.0 - o SM - 2

\
/

L S L L R

v by by

(=)
(9]
T
e
/
/
/
/
/
’/,—-\,\
i .\,
|
Q;
\
S
I~
PRI
o
(9]

0.0F = 1 00

Re(CBSM) Re(CyPM)
Fig. 5. Measurement of the Wilson coeflicients Cy and Cy¢ (left), and C§ and Cj,
(right).

9. The LHCDb upgrades

Since the end of Run 2 data taking in 2018, the LHCb detector has
undergone a radical upgrade, which involves the replacement of almost all
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electronics, and several of the sub-detectors [16]. The aim of the upgrade is
to be able to handle an increase in the luminosity by a factor five, and to
do so with equal or higher efficiency for heavy flavour decays.

For the vertex detector, the previous silicon-strip detector has been re-
placed by a pixel detector. The down-stream tracker, a gas-based detector,
has been replaced by scintillating fibres. In the Ring-Imaging Cherenkov
detector, multi-channel PMTs replace the previous hybrid photodetectors.
Also in the calorimeter and muon systems, all but the very front-end elec-
tronics has been replaced to handle the 40-fold increase in readout rate.
The trigger is now completely software-based, with all sub-detectors fully
read out to a trigger farm of CPUs and GPUs for every non-empty bunch
crossing.

Analysis of several heavy-flavour signals has demonstrated that the up-
graded detector is functional, but the data recorded in 2022 and 2023, is not
considered to be of physics quality: in 2022 the detector was incomplete and
in early 2023, an incident with the vacuum system of the vertex detector re-
sulted in damage that prohibited the vertex detector to operate close to the
beam line. This damage has been repaired during the end-of-year shutdown
of 2023, and LHCD is on schedule to take physics quality data at the start
of the 2024 run.

Currently, advanced studies are underway for a second upgrade in the
high-luminosity era of the LHC, with the ultimate aim of collecting 300 fb~1
of pp collision data. This will require another 7-fold increase in instantaneous
luminosity, reaching 1.5 x 103* cm =251, At these values of the instantaneous
luminosity, every bunch crossing will contain on average 40 collisions. To
disentangle this large number of tracks in the high-density forward region,
LHCb plans to make use of a vertex detector with very precise, O(50 ps)
time resolution. Several initial enhancements are foreseen to be implemented
during the 3" LHC shutdown in 2026, while the completion of the second
LHCb upgrade is planned for the 4" LHC shutdown in 2033.

10. Conclusions

The activity levels of the LHCb Collaboration have never been higher:
Analysis of the 9fb™! of pp collision data recorded in Run 1 and Run 2 are
being completed, the upgraded detector is in the final stages of commission-
ing, and a vibrant research program is underway to develop detectors for
the second upgrade.



5-A17.10 R.G.C. OLDEMAN

(1
2]

3]
4]

[5]
[6]
7]
18]

19]
[10]

[11]
[12]
[13]
[14]
[15]

[16]

REFERENCES

ATLAS Collaboration (G. Aad et al.), Phys. Lett. B 716, 1 (2012),
arXiv:1207.7214 [hep-ex].

CMS Collaboration (S. Chatrchyan et al.), Phys. Lett. B 716, 30 (2012),
arXiv:1207.7235 [hep-ex].

A. Augusto Alves, Jr. et al., J. Instrum. 3, S08005 (2008).

LHCb Collaboration (R. Aaij et al.), Int. J. Mod. Phys. A 30, 1530022
(2015), arXiv:1412.6352 [hep-ex].

BaBar Collaboration (B. Aubert et al.), Phys. Rev. Lett. 87, 091801 (2001),
arXiv:hep-ex/0107013.

Belle Collaboration (K. Abe et al.), Phys. Rev. Lett. 87, 091802 (2001),
arXiv:hep-ex/0107061.

LHCb Collaboration (R. Aaij et al.), Phys. Rev. Lett. 132, 021801 (2024),
arXiv:2309.09728 [hep-ex].

LHCb Collaboration (R. Aaij et al.), Phys. Rev. Lett. 132, 051802 (2024),
arXiv:2308.01468 [hep-ex].

J. Charles et al., Eur. Phys. J. C' 41, 1 (2005), arXiv:hep-ph/0406184.

LHCb Collaboration (R. Aaij et al.), J. High Energy Phys. 2024, 118 (2024),
arXiv:2311.10434 [hep-ex].

LHCb Collaboration (R. Aaij et al.), J. High Energy Phys. 2023, 013 (2023),
arXiv:2310.04277 [hep-ex].

LHCb Collaboration (R. Aaij et al.), J. High Energy Phys. 2023, 202 (2023),
arXiv:2306.09945 [hep-ex].

LHCb Collaboration (R. Aaij et al.), Phys. Rev. Lett. 125, 011802 (2020),
arXiv:2003.04831 [hep-ex].

LHCb Collaboration (R. Aaij et al.), Phys. Rev. D 109, 052009 (2024),
arXiv:2312.09102 [hep-ex].

LHCb Collaboration (R. Aaij et al.), Phys. Rev. Lett. 132, 131801 (2024),
arXiv:2312.09115 [hep-ex].

LHCD Collaboration (R. Aaij et al.), J. Instrum. 19, P05065 (2024),
arXiv:2305.10515 [hep-ex].


http://dx.doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
http://dx.doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1142/S0217751X15300227
http://dx.doi.org/10.1142/S0217751X15300227
https://arxiv.org/abs/1412.6352
http://dx.doi.org/10.1103/PhysRevLett.87.091801
http://arxiv.org/abs/hep-ex/0107013
http://dx.doi.org/10.1103/PhysRevLett.87.091802
http://arxiv.org/abs/hep-ex/0107061
http://dx.doi.org/10.1103/PhysRevLett.132.021801
https://arxiv.org/abs/2309.09728
http://dx.doi.org/10.1103/PhysRevLett.132.051802
https://arxiv.org/abs/2308.01468
http://dx.doi.org/10.1140/epjc/s2005-02169-1
http://arxiv.org/abs/hep-ph/0406184
http://dx.doi.org/10.1007/JHEP02(2024)118
https://arxiv.org/abs/2311.10434
http://dx.doi.org/10.1007/JHEP12(2023)013
https://arxiv.org/abs/2310.04277
http://dx.doi.org/10.1007/JHEP09(2023)202
https://arxiv.org/abs/2306.09945
http://dx.doi.org/10.1103/PhysRevLett.125.011802
https://arxiv.org/abs/2003.04831
http://dx.doi.org/10.1103/PhysRevD.109.052009
https://arxiv.org/abs/2312.09102
http://dx.doi.org/10.1103/PhysRevLett.132.131801
https://arxiv.org/abs/2312.09115
http://dx.doi.org/10.1088/1748-0221/19/05/P05065
https://arxiv.org/abs/2305.10515

	1 Introduction
	2 Experimental aspects
	3 The LHCb physics program
	4 Measurement of sin 2beta
	5 Measurement of phi s and Delta Gamma s
	6 Measurement of the CKM angle gamma using B- to DK
	7 CP asymmetry of B decays to double charm
	8 Rare B decays
	9 The LHCb upgrades
	10 Conclusions

