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ARTICLE INFO ABSTRACT
ArfiFle hiSfOU{-' Despite the enduring resilience of the Standard Model of particle physics, there remain
Available online 10 October 2017 reasons to expect that it is not a “final” theory. In particular, the Standard Model can not

explain either dark matter or the observed matter-antimatter asymmetry of the universe.

']f;yc"gords’ LHCb is a forward acceptance spectrometer at the Large Hadron Collider, dedicated to
standard Model precision measurements of heavy flavour particles. Because new particles can appear
Indirect search virtually in the decays of heavy flavour particles, and thus alter their properties, such
measurements are inherently sensitive to much higher mass scales that direct searches.
Mots-clés : We present in this article how the presence of new particles can be probed by testing
LHCb Lepton Universality in the decay of hadrons containing a b-quark.
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RESUME

Malgré la solidité du modéle standard de la physique des particules, il a y de bonnes
raisons de penser que ce n'est pas la théorie «ultime». En particulier, le modéle standard ne
peut expliquer, ni la matiére noire, ni I'asymétrie matiére-antimatiére dans I'Univers. LHCb
est un spectrométre du LHC (Large Hadron Collider) consacré a des mesures de précision
des particules de saveurs lourdes. Comme des particules de nouvelle physique peuvent
contribuer de maniére virtuelle aux désintégrations de particules de saveurs lourdes et
ainsi modifier leurs propriétés, de telles mesures sont sensibles a des masses bien plus
élevées que celles accessibles grace aux mesures directes. Dans le présent article, nous
expliquons comment la présence de particules nouvelles peut étre détectée en testant
I'universalité du couplage aux leptons dans les désintégrations de hadrons contenant un
quark b.
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Fig. 1. The LHCb detector [4].

1. A powerful yet incomplete theory

The Standard Model (SM) of particle physics was invented in the late 1960’s. It is a theory built on three pillars: special
relativity, quantum mechanics, and symmetries. In a fashion similar to a Lego game, there are only very few different kinds
of fundamental particles describing visible matter as we know it. The SM is structured in three families or generations of
fermions named quarks and leptons. There are six type of quarks up, down, charm, strange, top, and bottom. The bottom
quark (b) is also referred to as beauty-quark. There are three charged leptons e, u~, T~ and three associated neutral
leptons v, vy, vz. By construction in the SM, three interactions, i.e. the electromagnetic, weak and strong interactions, will
be responsible for the transitions between these particles. These interactions are mediated by particles called gauge bosons.
The electromagnetic interaction is mediated by the photon, the strong interaction is mediated by gluons, and the weak
interaction is mediated by the Z9 and W= bosons [1]. Depending on the properties of the fermions and bosons at play,
such as electric charge and other quantum numbers, particles will be affected by the interactions in different ways. For
example, because they carry a charge of “colour”, only quarks are affected by the strong interaction. Last but not least, the
Higgs boson generates the mass of the particles via a symmetry-breaking mechanism. The SM of particle physics has often
been described as an elegant theory; this is partly due to its strong and precise predictive power. The SM also is appealing
since it offers a wide class of physical observables that can be confronted to experimental measurements. An example will
be discussed in this article. This being said, the SM fails to describe some fairly fundamental aspects of nature. The SM does
not accommodate gravity, nor can it explain the mass hierarchy of many orders of magnitude observed between particles.
For instance, the mass of an electron is 0.511 MeV/c?, and the mass of the top quark in 173 GeV/c? [1]. Furthermore,
satellite experiments such as Planck show that visible matter only comprises 5 % of the universe, the rest being attributed
to dark energy (68%) and dark matter (27%) [2]. In other words, the SM is excellent at describing what seems to be a tip
of an iceberg. Both the theory and experimental physics communities share the viewpoint that there must exist sources
of New Physics (NP), new theories able to propose a more complete description of nature. One of the main purposes
of the experiments located at the Large Hadron Collider at CERN is to search for new particles. During data acquisition,
protons of high energy, between 7 and 13 TeV, collide every 25 ns at the LHC. Detectors were built around each interaction
point, and their aim is to collect the product of these collisions in the best possible way. Experimentally, there are two
strategies to search for these unknown particles. The first approach is to “hunt” directly for new particles in the decay
products of the proton-proton collisions. This is how the famous Higgs boson was discovered in 2012 by the ATLAS and
CMS collaborations [3]. A second approach consists in searching for new particles in an indirect way. The heart of indirect
searches relies on a class of physics observables that may differ from SM predictions in the presence of NP. This method is
heavily exploited by the LHCb experiment. An example of an indirect search will be discussed in this article.

2. The LHCb detector

The LHCb detector [4], shown in Fig. 1, was designed to study the asymmetry between matter and anti-matter and search
for physics beyond the SM in b-hadron decays. It turned out that the excellent performances of the detector were such that
the physics program was extended very rapidly to exploring also charm, electroweak and more recently heavy ion physics. It
is a single-arm spectrometer located in interaction point (IP) 8 of the LHC. The choice of detector geometry is justified by the
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Fig. 2. The original penguin diagram for a b quark to an s quark decay, where a gluon produces an ss pair. Image taken from CERN Courrier, May 2013.
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Fig. 3. Example of a penguin diagram in the SM: decay of a beauty quark into a strange quark, where a y or a Z° produce two leptons in the SM.

fact both b and b hadrons are predominantly produced in the same forward or backward cone. Charged tracks are detected
by a vertex locator near to the IP, and their momenta and charge are subsequently determined with tracking stations (TT,
T1, T2 and T3), either side of a magnet providing an integrated field of 4 Tm. Ring imaging Cherenkov (RICH) counters
are used to distinguish kaons from pions. Electromagnetic and hadronic calorimeters (ECAL and HCAL) together with an
instrumented preshower (SPD/PS) system provide measurements of the energies of neutral as well as charged particles, and
muons are identified with a dedicated detection system (M1-M5). For final states involving electrons, the ECAL performs
the same role, providing a trigger signal as well as positive electron identification. Stable charged hadrons (pions, kaons,
and protons) are distinguished based on their signatures in the RICH detectors. The positive identification of all the final
state particles reduces the second largest potential source of background: that from other, higher rate, charm or bottom
hadron decays. The tracking stations are essential to measure the momenta of the particles involved in the decay, and the
VELO provides precise information on the origin of the tracks. This provides an extremely powerful information to reject
background, since signal tracks must originate from common vertices that are displaced from the primary vertex of the LHC
proton-proton collision (due to the non-negligible lifetimes of the decaying bottom hadrons), whereas the largest potential
source of background comes from random combinations of tracks that originate from the primary vertex. The LHCb trigger
is the key to the success of the experiment. It operates in two stages. A hardware trigger reduces the frequency of events
from the LHC beam crossing rate of up to 40 MHz to a rate of 1 MHz, at which the entire detector can be read out.
This is achieved by reconstructing high-transverse-momentum particles (hadrons, electrons and photons in the calorimeters,
muons in the muon chambers). High-transverse-momentum particles are much more likely to be associated with the decays
of high mass particles produced in the collisions than to originate directly from the collision debris, and are therefore highly
effective to trigger signal events. In the second stage, the high-level trigger uses information from the whole detector to
reduce the event rate from 1 MHz down to 2-5 kHz, at which rate events can be written to be stored and later used for data
analysis. During RUN 1, the collected LHCb data representing an integrated luminosity of 3 fb~! at center-of-mass energies
of 7 and 8 TeV (fb = femtobarn). The experimental results discussed in this article are based on this dataset.

3. Penguins used as probes for New Physics searches

The original penguin diagram as formulated by J. Ellis describing a Flavour Changing Neutral Current involving a b quark
decaying to an s quark, where a gluon produces an ss pair is shown in Fig. 2; the complete story of where the, maybe
quite odd, term penguin comes from is told in the CERN Courrier dated May 2013. The type of penguin decays that will be
discussed in this article is displayed in Fig. 3. Here, a pair of oppositely charged leptons, where [~ =e™, u™, T~ is produced
by a Z° boson or photon in the final state. It is important to recall that quarks can not be found “free” in nature; they are
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Fig. 4. Differential rate as a function of g in b — sI™I~ transitions.

always confined together with one or two other quarks in hadrons.! The(se) additional quark(s) are called spectator(s), they
are not shown in Fig. 3 since they play a less important role than the b-quark. Quantum Field Theory” on which particle
physics is constructed provides tools that allow us to calculate the probability of a decay to happen. The complexity of
a Feynman diagram which can be assessed for example by the number of gauge bosons involved, tells us how likely is
a decay to occur. Because more than one gauge boson are involved in the penguin decays discussed in this article, these
decays will be suppressed i.e.: less probable than simpler ones. For instance the probability of a BT meson to decay to
Kt J /¥ (— ™) which occurs through the exchange of only one W is a thousand time more likely than the decay of a
BT to K™t~ which occurs only via a b — s transition in the SM.

The phenomenology of b-decays can be described in a convenient manner, and hopefully not too off-putting for the
reader, with an Effective Hamiltonian formalism [5]:

Gr = CKM
Heff = — E A Ci(u) 0 () 1
eff 2 — i il (M

where Gp is the Fermi constant and Acgym are the Cabibbo-Kobayashi-Maskawa terms describing the coupling between
the W* bosons and the quarks [1]. In this formalism, contributions generated by the electromagnetic, weak and strong
interactions can be factorised depending on their energy scale, . The low-energy part of the transition, typically lower
than the mass of the b-quark, mediated for example by soft-gluons, is encoded in what is called matrix elements, O;(u).
These elements can be evaluated using “numerical” techniques such as Lattice Quantum Chromo Dynamics [6]. Given the
way that the Effective Hamiltonian is constructed, a good knowledge of the matrix elements is crucial, since they cloud
the information that one can extract from the factors C;(u), called Wilson coefficients. On the other hand, they describe
short-distance contributions to the transition occurring at high energy, typically O(my ). These coefficients can be calculated
using perturbative methods [7]. What makes b — sI™I~ transitions a particularly interesting laboratory is the fact that NP
particles can appear virtually in these diagrams; therefore they can compete with well-known SM processes. For instance, in
Fig. 3, the SM gauge boson Z° could be replaced by a new particle, such as a heavier gauge boson for example the Z’. These
new phenomena are often predicted to appear at large energy scales of the order of the TeV. Therefore, Wilson coefficients
can be modified by the presence of these new phenomena. Hence, they can be seen as probes to test the existence of NP
at certain energy scales. This is a typical example of an indirect search for new particles.

Fig. 4 shows the variation of the differential rate, i.e. the probability of the occurrence of a b — sI™I~ decay as a function
of g2, where g® is the sum square of the di-lepton system invariant mass. It is worth to note that Wilson coefficients
(Cg/), Cg), Cg/())) contribute differently to the different g2 regions. For example, the very low g? region is dominated by the
Wilson coefficient C;’) corresponding to a Feynman where a photon is produced as illustrated in Fig. 3. Therefore, to fully
exploit the rich phenomenology of these decays, experimental measurements will be done in different regions of g2.

4. Example of lepton universality measurements

There are in High-Energy Physics many observable physical quantities; they have been or are right now being used to
test the presence of NP in an indirect way at LHCb. One could mention for example, the branching fraction of the very
rare decay B — ut ™ [8] or the weak phase ¢s measured in B — J/y K™K~ decays [9]. To push further the discussion
on the indirect searches, Lepton Universality (LU) tests in b — sI™I~transitions will be explored in this article. In the SM,
the coupling of gauge boson with leptons is predicted to be equal to unity [10-14]. LU is often referred to as an accidental
symmetry, because it is not required explicitly in the construction of the SM theory. Using a sample of data corresponding to

1 Meson are formed of a quark and an antiquark, baryons are formed of 3 quarks or three anti-quarks.
2 “An Introduction To Quantum Field Theory” by Michael E. Peskin, Daniel V. Schroeder Avalon Publishing, is an excellent reference for this topic.
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Fig.5. B — K*ItI~ for 1.0 < g < 6.0GeV2/c*, It = u*t (left) or It =e* (right). The dashed line is the signal PDF, the shaded shapes are the background
PDFs and the solid line is the total PDF. The fit residuals normalised to the data uncertainty are shown at the bottom of each distribution.

an integrated luminosity of 3 fb~! collected during the first run of the LHC, the LHCb Collaboration performed two LU tests

using b — sITI~ decays. A first measurement published in 2014, R, analysed Bt — K71~ decays [15]. More recently, in

2017 a second measurement, Ry.o, analysed B® — K*0I*I~ [16]. For each possible hadron in the final state (H = K, K*7),

the expression of the ratio used to test LU is shown below:
dr(B—>Hutu~

f ( —>dq2/vL 2 )dqz

Ry = I dC(B>Hete ) 4o
az q

(2)

Following the discussion in Section 3, the measurements are performed in bins of g2. Experimentally, these two measure-
ments rely on very similar techniques, they are also delicate to conduct, for similar reasons. In both cases, part of the
challenge comes from the electron requirement in the final state. Their presence will impact the measurements in two
ways. When electrons are bent in the magnet, they emit bremsstrahlung photons, and therefore loose part of their energy.
In data processing of the LHCb experiment, algorithms were designed to allow the recovery of some of these photons. The
second challenge comes from constraints that have to be imposed in the hardware trigger to cope with the high occupancy
in the ECAL. The combination of all of these effects will lead mainly to a degradation of the resolution of the invariant mass
of the reconstructed decays. The main experimental steps to measure Ry can be summarised as follow. Signal candidates
of interest have to be extracted from the recorded data using an event selection.> An event selection consists of a set of
requirements that can be applied to the kinematics of decay, for instance the momentum of the B or the topology of the
decay inside the detector, etc. Its aim is to suppress as efficiently as possible candidates, called background candidates,
that could originate from random combinations of particles while maintaining the number of signal candidates high. So-
phisticated multivariate methods, based on Machine Learning algorithms, are also intensely used in different stages of this
cleaning process. While these approaches are very effective in suppressing a large fraction of these background candidates,
additional contributions can remain. As an illustration, one can consider decay chains where the final states particles will
be identical to those of the decay of interest. For example, the decay B® — D~I*y with D~ — K*9I~{. These processes
occur via tree level Feynman diagrams and are therefore abundant with respect to decays of interest. These background
candidates remaining after the selection have to be taken into account. A maximum likelihood fit is performed to extract
the number of signal candidates, also called raw yields, of the muonic and electronic mode in the data that passed all the
selection steps. A set of Probability Density Functions (PDFs) is adjusted to describe the data in the best possible way. Fig. 5
shows the reconstructed invariant masses of B® — K*0u* = on the left and B® — K*%ete~ on the right, as well as the
projection of the PDFs for the signal and background components of the fit. Each step of the data processing, each decision
taken or cut applied during the analysis has a certain cost, an efficiency. These efficiencies have to be estimated and used
to correct the raw yields and measure the numerator and the denominator of Equation 2. Thanks to the usage of many
calibration samples, detailed studies have been conducted to ensure the accuracy and robustness of these efficiencies. It is
imperative to perform a series of tests to ensure the stability of the efficiencies across the available phase space, so that no
biases are introduced on the final measurements. Finally, Rx was found to be equal to 0.7454_“8:832 (stat) £ 0.036 (syst) for
1.0 < g <6.0GeV?/c%, and Ry.o was found to be equal to 0.6670} (stat) = 0.03 (syst) for 0.045 < ¢* < 1.1GeV?/c* and
0.6970- 47 (stat) £0.05 (syst) for 1.1 < g% < 6.0GeV?/c. The LHCb results, as well as the measurements previously performed
by B-Factories, Belle and BaBar [17,18], are shown in Fig. 6.

After the publication of both results, a very large number of articles appeared, proposing interpretations of these mea-
surements within the context of physics beyond the SM. There is a general consensus within the theory community that it
is unlikely that these results could be due to a bad knowledge of hadronic effects, causing an underestimation of the SM

3 Important data processing stages, such as detector calibration and alignment, track reconstruction, particle identification etc. will not be covered in this
article. See Ref. [4] for further information.
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Fig. 6. LHCD, Belle and BaBar Ry (left) and R}O (right) measurements in bins of g2 [17,18].

predictions. To explain the results, some theorists proposed NP models based on new particles named lepto-quarks [19-21]
carrying both quark and lepton quantum numbers. Others invoked the existence of heavy new gauge bosons such as Z’ [22,
23]. In both cases, it will be interesting to test and maybe confirm the existence of these new particles in direct searches at
the LHC. Moreover, phenomenological analyses not relying on a particular NP model attempt to explain the measurements
using global fits to the Wilson coefficients. Differences from three to four standard deviations to the Wilson coefficient Cq
with respect to the SM prediction are reported in Refs. [24,25], for instance.

5. Conclusion

In the last decades, experimental high-energy physicists have been strongly testing the SM. Despite the numerous direct
NP searches for specific particles such as super-symmetric ones or new bosons conducted by the ATLAS and CMS Collabo-
rations [26], the SM has been shown to be a very robust and resilient theory. In this article, we discussed a method to test
the presence of NP examining Lepton Universality. Two results from the LHCb Collaboration, based on b — sI*I~ transitions,
indicate tensions with the SM predictions. It should be recalled that, in the SM, no difference between the coupling of
gauge bosons to muons and electrons is expected. A class of NP models has been proposed by the theory community to
explain and interpret these results in many NP schemes. To conclude, one can say that exciting times are certainly ahead
of us, especially since the LHCb experiment will undergo an upgrade in the near future [27,28]. This upgrade will allow us
to collect more data, to improve the statistical accuracy of the measurements such as the Lepton Universality ones, and to
widen the spectrum of possible measurements. It will also contribute to shed more light on the reported anomalies and
establish their nature.
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