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Key points

o The standard model (SM) of particle physics describes the
fundamental constituents of matter and their interactions and was
completed with the discovery of the Higgs particle at the Large Hadron
Collider (LHC) at CERN in 2012.

e The SM cannot account for the existence of dark matter or for
non-vanishing neutrino masses and must therefore be extended,
but there is a plethora of viable options for this extension.

o In experiments, several interesting deviations from the
standard-model predictions have been found. These anomalies appear
both in high-energy searches at the LHC and in low-energy precision
observables: ranging from precision measurements of properties

of the muon, to hints for new scalar bosons at the electroweak scale,
to the existence of heavy teraelectronvolt-scale resonances.

e The anomalies can be explained by supplementing the SM with new
particles and new interactions — in particular, additional Higgs bosons,
new fermions and new strongly interacting particles.

e Data accumulating from the third run of the LHC could establish
the existence of some of these new particles, if one or more of the
anomalies are indeed driven by new physics. The high-luminosity
upgrade of the LHC, future linear or circular colliders and new
precision experiments will be needed for a comprehensive study
of the properties of particles.

Introduction

The standard model (SM) of particle physicsis the currently accepted
mathematical description of the fundamental constituents of matter
and their interactions (excluding gravity). With the discovery of the
famous Higgs particle” at CERN’s Large Hadron Collider (LHC) in
2012**, the SM is now complete (Box 1).

However, the SM cannot be the ultimate fundamental theory of
nature. In addition to many theoretical arguments for the existence
of physics ‘beyond the SM’ (BSM), the SM itself has several shortcom-
ings. It cannot, for example, account for observations of dark matter
at cosmological scales, as it does not contain a weakly interacting
particle with the correct relic abundance. Neither can it account for
the non-vanishing neutrino masses required to explain neutrino oscil-
lations: SM neutrinos, which are left-handed, are necessarily massless
owing to the absence of a right-handed partner (neutrino masses can
be induced in a minimal way by adding right-handed neutrinos, but
we consider that to be BSM physics). Unfortunately, no right-handed
neutrinos have been observed; experiments aiming to directly detect
dark matter have not seen any signal®. Thus, in the absence of such
experimental results, there remain many options for how the SM can
be extended to account for dark matter and neutrino masses, spanning
avery large mass range from several kiloelectronvolts to the scale of
Grand Unification at around 10 GeV (Box 2).

The SM has been extensively tested® and the search for new phys-
ics has continued over the past decade, both in high-energy searches
(mainly atthe LHC) andin precision experiments that probe accurately
the properties of known particles. High-energy experiments are trying
to produce new particles directly in the form of resonances (peaks in

kinematic distributions) and thus are able to measure particle mass
directly. Precisionexperiments look for the effects of new particles seen
viaquantum fluctuations; these experiments can determine the ratio
of coupling squared to the square of the mass scale, but not the particle
mass itself. However, such indirect searches for new physics are able
to test higher energy scales than those that can be accessed directly
at the LHC (which is limited to a bit less than half the centre-of-mass
energy, -6 TeV).

In fact, an increasing number of hints for new physics have been
reportedinthe form of deviations of experimental measurements from
SM predictions and are called ‘anomalies’. They span a huge energy
range and include precision measurements such as the anomalous
magnetic moment of the muon, semi-leptonic Bmeson decays and the
measurement of the Wbosonmass; also direct LHC searches, and even
non-resonantsearches for particles too heavy to be produced directly
attheLHC.

Probability theory and statistics tell us that one cannot expect that
allthese anomalies will be confirmed in the future, butitis also unlikely
thatall of them arejust statistical flukes or due to experimental errors.
Therefore, it is important to assess the strengths and weaknesses of
these anomalies and to consider which extensions of the SM they sug-
gest, tobeable to predict which signals to seek for future verification or
falsification. Inthis article, we will review the status of these anomalies,
give an overview of how they can be explained by BSM physics and
provide an outlook on future implications.

What constitutes an anomaly
Ananomalyis generally defined as adeviation from the commonrule.
In particle physics, it entails a discrepancy between the experimental
dataandthe corresponding SM prediction. Many anomalies presently
exist, so objective selectioncriteria are essential to choose which should
be considered for further scrutiny.

Here we employ the following criteria:

« The combined global statistical significance should be at least
three standard deviations (30), after the application of trial factors
andlook-elsewhere effects. As such, we allow for the combination
of several channels or measurementsifthey arerelated to the same
effective interactions or simplified model parameters.

» The experimental signature should include more than a single
channel (or observable) or be measured (probably with lower
significance) by more than one independent experiment.

« Thedeviationshould be described by atheoretically robust model
that does not contradict the wealth of existing constraints from
other measurements in particle physics.

Ingeneral, the discovery thresholdin particle physicsistakentobe
50.This means that the probability of a statistical fluctuation is about
one in 3.5 million. However, estimating the systematic uncertainty is
often very difficult and the probability of human error is not included
inthe statistical significance. Therefore, this definitionis only applied
if the situation is ‘clear’ — by which we mean that the measurement is
tosome extent explainable by awell-defined model. Thiswas the case,
forexample, for the top quark and the Higgs boson, as the SM required
their existence. However, for unexpected measurements, one usually
requires very high standards concerning the systematic uncertainties
(both on the experimental and the theoretical side) and independent
confirmation by another experiment or channel.

The analysis of ananomaly proceeds differently for direct versus
indirect searches. For low-energy precision observables, it can often
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Box 1

The standard model

The particle content of the standard model comprises quarks,
leptons, gauge bosons and the Higgs particle (see the figure).

Matter consists of quarks and leptons, both of which are fermions
(spin-1/2 particles). A proton contains two up-quarks (u with electric
charge +2/3) and one down-quark (d with charge —1/3); a neutron
consists of one up-quark and two down-quarks. Electrons (e)
constitute the atomic shell. Together with the nearly massless and
very weakly interacting neutrinos (v), they form the class called
leptons. All fermions appear in three copies, called generations
or flavours, that differ in mass (more precisely, all differences
between the generations of fermions are induced by the mass terms
originating from their couplings to the Higgs particle). The electron
is accompanied by its heavy cousins the muon (u) and the even
heavier tau (t). The more-massive versions of the up-quark are called
charm (c) and top (t); strange (s) and bottom quark (b) are the heavier
copies of the down-quark. The masses of the charged fermions
range from ~0.0005GeV for the electron to ~174GeV for the top.
Only first-generation fermions are stable, the heavier generations are
short-lived and decay to lighter flavours.

The forces between the fermions are mediated by gauge
interactions based on local symmetries. The gauge group of the SM
is SU(3),xSU(2), xU(1),, which corresponds to rotations in 3D, 2D and
1D (external) complex spaces. Owing to the wave-particle duality of
quantum mechanics, these interactions result in force particles —
the gauge bosons, which are spin-1 particles. The electromagnetic
force is mediated by the photon (y). The weak force (corresponding
to the SU(2), factor) is mediated by two charged W and one neutral
Z gauge bosons (strictly, the photon and the Z boson are linear
combinations of the U(1), boson and the neutral component of SU(2),).

be assumed that the scale of new physics is higher than the energy
scale of the experiment. The consistency and significance of several
measurements can then be evaluated using an effective field theory
(EFT) approach. In this setup, the interactions parameterizing the
new-physics effects are required to respect fundamental symme-
tries such as charge conservation and Lorentz invariance. Then, in a
later step, it can be assessed which model of new physics gives rise
to the desired effective interactions, while at the same time avoiding
the constraints of other observables that are not directly connected
withinthe effective setup (but only arise once the new particle content
isknown).

For direct searches, aiming at the production of new particles, an
EFT approachis not possible: the new particles are dynamic degrees of
freedom and cannot be integrated out to obtain effective interactions.
However,inmany cases, it is possible to study simplified models, inwhich
only a single new field with the relevant couplings to the SMis added.
Nonetheless, different measurements can still be combined if there is
consistency inthe suggested masses of the new particles. Furthermore,
by assuming specific coupling structures — for example, that anew Higgs
is SM-like — the number of free parameters can be reduced.

Importantly, if any anomaly in direct or indirect searches were
confirmed beyond reasonable doubt, this would inevitably imply the

The strong force (SU(3),) is carried by eight gluons (g). Neutrinos
only feel the weak force, but the charged leptons (electron, muon
and tau) have electromagnetic as well as weak interactions, and
quarks in addition have colour charges and interact with gluons
under the strong force. Importantly, all flavour violation (that is,
non-conservation of flavour) in the SM is induced by the couplings
of the W boson to up-type and down-type quarks via the Cabibbo-
Kobayashi-Maskawa matrix, a 3x3 matrix whose elements account
for the corresponding coupling strength.

Finally, there is the Higgs particle — the first and (so far) only
fundamental scalar particle (spin 0). The field from which the
Higgs boson originates spontaneously breaks SU(2), xU(1), to
the electromagnetic gauge group U(1)gy, With the massless photon.
At the same time, it gives masses to the W (~80GeV) and Z bosons
(~90GeV) as well as to all (fundamental) fermions and the Higgs boson
itself (~125GeV).
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breakdown of the SM and require its extension with new particles and
new interactions (Fig. 1).

Key anomalies in particle physics

We now present what we consider to be the key anomalies in present
experimental data and discuss how each could be explained by new
physics. The anomalies are listed in the order of increasing energy
scale, as represented in Fig. 2. The extensions of the SM to which they
pointare shownin Fig. 3.

Anomalous magnetic moment of the muon
For any fundamental fermion, the Dirac equation predicts that the
ratio of its magnetic moment to its angular momentum — the gyromag-
neticratio, or g-factor —is exactly 2. However, the famous prediction of
quantum electrodynamics (the quantum field theory of electromag-
netism), made byJulian Schwinger’ (Fig.1a), was a positive shift owing
to quantum fluctuations of a,= (g-2),/2, foralepton ¢ (electron, muon
ortau);fortheelectron, simply, a, = a/(2m),inwhich ais the fine struc-
ture constant. This is known as the Schwinger term of the anomalous
magnetic moment.

Although the prediction for the electron has been calculated very
precisely and matches reasonably well with the experiment, in the
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case of the anomalous magnetic moment of the muon, a,, the com-
bined value of the 2006 result of the E821 experiment® at Brookhaven
National Laboratory, USA, and the recent g — 2 experiment®' at
Fermilab, USA, deviates from the SM prediction made by the g—2
theory initiative by 5.10. However, this SM prediction is plagued with
sizable hadronic effects (unlike in the case of the electron), and meas-
urements of electron-positron scattering that produce hadrons>**
are needed to extract these effects. The significance of the deviation
is also challenged by the so-called lattice simulations of quantum
chromodynamics (QCD, the quantum field theory describing the
strong interactions)” and the latest measurement of e*e” > hadrons
by the CMD 3 collaboration'®, which would render the SM prediction
closer to the measurement". A positive shiftin a, of the order of 10~ is
certainly preferred but, owing to the tensions among the different SM
predictions, a reliable estimate of the significance of the deviation is
not possible at the moment.

Box 2

The anomalous magnetic moment of the electron is measured
and predicted much more precisely than a,, hence the resulting
bounds on new physics are stringent'®°, Therefore, the effect of new
physics on a, must be smaller than that on a, and would thus violate
lepton flavour universality” (see ref. 22 for an overview of new physics
ina,). Furthermore, the new physics must be quite light: for example,
aviable option®**is a light Z’ boson coupling to muons but not to
electrons, with amass below the muon threshold (-0.2 GeV) to avoid
limits from e'e” > 4u from BaBar™ at SLAC National Accelerator Lab-
oratory, USA, and Belle?® at KEK, Japan. Alternatively, if the new physics
is heavy (at the teraelectronvolt scale), it must possess an enhance-
ment factor. This can be provided via the mechanism of chiral
enhancement, meaning that the chirality flip does not originate from
the small muon Yukawa coupling (as it does for the SM contribution
to a,) but from alarger coupling of other particles to the SM Higgs.
Inthe minimal supersymmetric SM, this factor istang, the ratio of the

Possible extensions of the standard model

To build a consistent renormalizable extension of the standard model
(SM), only scalars bosons (spin 0), fermions (spin 1/2) and vectors
bosons (spin 1) are at our disposal — provided that, in the latter case,
a Higgs-like mechanism of spontaneous symmetry-breaking exists

to generate their masses. We focus on the following SM extensions.

Leptoquarks

e Scalar or vector bosons that carry colour and couple quarks
directly to leptons?**?**, These particles were first proposed in the
context of quark-lepton unification at high energies, namely,
the Pati-Salam model** and grand unified theories (GUTs)?*°.
Furthermore, in the R-parity-violating minimally supersymmetric
SM (reviewed for example in ref. 296), the supersymmetric
partners of quarks can have the properties of leptoquarks
(examples of leptoquark interactions are shown in Fig. 1a,c,h).

Di-quarks
e Scalar bosons that are either triplets or sextets of SU(3), and couple
to a quark and an anti-quark. They are predicted by GUTs based
on the Eq symmetry group®’ and appear in the R-parity-violating
minimally supersymmetric SM (example in Fig. 1g).

Z' bosons
¢ Neutral, heavy vector bosons. They can be singlets under SU(2),
but also the neutral component of an SU(2), multiplet. These
particles can be resonances of the SM Z, for example, Kaluza-
Klein excitations of the SM W in composite®*® or extra-dimensional
models®®, or originate from an abelian symmetry (such as B-L
(ref. 294)) or gauged flavour symmetries®®® (example in Fig. 1d).

W' bosons
o Electrically charged but quantum chromodynamics-neutral vector
particles. They can have similar origins to Z” bosons but also come
for a left-right symmetry*®'.

Vector-like quarks

o For vector-like fermions in general, left-handed and right-handed
fields have the same quantum numbers under the SM gauge group
(unlike SM fermions) and can thus have masses independently
of electroweak symmetry breaking, meaning that they can be
arbitrarily heavy. They appear in GUTs*%, as resonances of SM
fermions in composite or extra-dimensional models®® and as the
supersymmetric partners of SM vectors and scalars®®* (examples
in Fig. 1b,e).

Vector-like leptons
e These particles can have similar origins to vector-like quarks.
In addition, they are involved in the seesaw mechanisms (type |,
refs. 305,306 and type lIl, ref. 307) used to give masses to the light
active neutrinos, as required by neutrino oscillations.

New scalars

o Scalars could be supersymmetric partners of SM fermions®%,
but scalar fields of different representations under the SM gauge
group can also be added. The most common option here is a
copy of the SM Higgs, an SU(2), doublet with hypercharge O,
leading to a two-Higgs doublet model****°°, (Note that we do
not include coloured scalars with the properties of di-quarks or
leptoquarks here; example in Fig. 1f.)

Heavy gluons
e Heavy gluons, (G’), are similar to Z” bosons but charged under
the strong interactions. They can arise from the breaking of a
larger gauge group down to SU(3). or be excitations of the SM
gluons.
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Fig.1| Feynman diagrams showing some of the processes in which anomalies
are observed. In each panel, the left-hand diagram depicts the standard model
(SM) process, and the right-hand diagram shows a possible new-physics (NP)
explanation for the anomaly. a, Schwinger term contribution to a,and
leptoquark (LQ) explanation. b, Leading 3-decay contributionin the SM

and modification viaa vector-like quark (Q). ¢, W contribution to R(D*) and
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leptoquark effect. d, Wbox contribution to b > s€*¢" inthe SMand Z’ effect.

e, Z~ bb andits modification via vector-like quarks. f, Top-pair production and
decay inthe SM and new Higgses that ‘pollute’ the measurement. g, Di-di-jet
production in the SM and new-physics contribution via di-quarks (DQ).

h, pp > e*e”inthe SMand leptoquark contribution.

two vacuum expectation values of the two Higgs fields?”?%. Other
models with generic new scalars and fermions can also explain a,
(refs. 29-32), as can an extended SM with two scalar leptoquarks,
which address a,, (Fig. 1a) via an m,/m, enhancement®**** (in which
m.is the mass of the top quark and m,, is the mass of the muon). This
top mass enhancement also leads to interesting predictions for
h~>u'y (ref.35)and Z~> p'u (ref.36) that can be measured at future
colliders.

Onthe experimentalside, the direct measurement of a, seems set-
tled. But there willbe updates of the SM predictions frome'e™ > hadrons
(forexample, by Belle-11”"), and the MUonE*® experiment aims to inde-
pendently determine the disputed SM contribution usingacompletely
different method. Furthermore, lattice QCD simulations will deliver
improved results within the next few years.

The anomalous magnetic moment of the tau is in principle
very sensitive to new physics, but its measurement is very difficult.
Infact, recent determinations are not even sensitive to the Schwinger
term***°, and at present the only realistic option for reaching sufficient

sensitivity to constrain new physics seems to be 7 pair production at
Belle-llusing polarized beams*..

The17 MeV anomaly in excited nuclei decays

In an experiment on the proton capture process of lithium —
’Li(p,e*e’)®Be, conducted at the Atomki Laboratory, Hungary —
measurements of the angle between the electron-positron pair
emitted in the decay of the excited state to the ground state of beryllium
showed an enhancement at an angle of 140° (ref. 42). Subsequently,
similar enhancements were also seen in the decays of excited *He and
2C nuclei****. The statistical significance exceeds 60 in all cases.
Although previous similar excesses* measured by the same col-
laboration at the Atomki Laboratory later disappeared*, the current
excess for lithium has been checked with different experimental setups,
position-sensitive detectors and varying beam energies and appears
at different angles with different target nuclei. The possibility of this
being an SM effectis still not excluded* (areview of experimental and
theoretical aspects of the anomaly can be found in ref. 48).
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Fig.2 | Compilation of various anomalies ordered according to the energy

scale at which they appear. The existing Large Hadron Collider (LHC) reaches
several teraelectronvolts; the Future Circular Collider using hadrons (FCC-hh)
will, if built, push up the energy scale to several tens of teraelectronvolts.

However, if the explanation is new physics, then a particle with
amass of ~-17 MeV is consistent with the angular measurements of
both ®Be and *He. From parity considerations (in the case that charge
parity, CP, is conserved), only vector, axial-vector or pseudo-scalar
states are possible. Interestingly, it is possible that this hypothetical
‘X17’ boson could be related to g - 2 of the muon* or to the neutron
lifetime puzzle®.

There is an effort to explore the X17 anomaly at various facilities.
Resonant production of X17 through electron-positron annihilation
inthe Positron Annihilation into Dark Matter Experiment (PADME) at
the Frascati National Laboratory, Italy, has been discussed®. A search
for anew vector bosonin the same mass range is planned at the Mu3e
experiment®, at the Paul Scherrer Institute (PSI), Switzerland. The
New Judicious Experiments for Dark Sector Investigations (NewJEDI)
project haslaunched experiments at the ANDROMEDE facility at Orsay,
France;theiThemba LABS accelerator and the half-AFRODITE detectors
in Cape Town, South Africa, also plan X17 investigations®’. Measure-
ments are also possible at other facilities, such as CERN, Jefferson Lab
in the USA, the Budker Institute in Novosibirsk, Russia and the MESA
facility in Mainz, Germany*,

Appearance and disappearance of electron neutrinos
All three generations of neutrino — electron neutrino, muon neutrino
and tau neutrino — oscillate, changing their flavour from one type to
another. Hence, in experiments, each type of neutrino can be seen
to appear and disappear. Anomalies in neutrino appearance revolve
around the excessesin quasi-elastic production of electrons fromaccel-
erator neutrinos reported by the LSND experiment®* at Los Alamos
National Laboratory, USA, and MiniBooNE> at Fermilab, USA. In par-
ticular, the MiniBooNE experiment (a Cherenkov detector) observed an
excessintheneutrino energy range 200 < £, <1,250 MeV with a signifi-
cance of4.80°°. However, areanalysis of the theoretical uncertainties led
toasmaller tension with the SM prediction®. The MicroBooNE experi-
ment (aliquid-argontime projection chamber, also at Fermilab) began
operating in 2015 (ref. 58) and its results indicate that the MiniBooNE
excess cannot be explained entirely by electron neutrino appearance®.
Afirstcombined analysis of the MiniBooNE and MicroBooNE data
has been completed, in the context of the SM extended by the addition
of asingle ‘sterile’ neutrino (a neutrino that, in the absence of mixing,
doesnotinteract withSMgauge bosons): for MiniBooNE alone, there is
apreference for this extended model over the SM of 4.60; the addition
of the MicroBooNE exclusive electron-neutrino data reduces the sig-
nificance to 4.3, and to 3.4o for the inclusive data®®. Once constraints
areincluded from the MINOS experiment of Fermilab® and the IceCube
Neutrino Observatory® in Antarctica, the preference for active-sterile
neutrino mixing is further diminished®’. Therefore, more exotic options
for new physics, such as energy-dependent mixing parameters, have
been considered® (reviewed elsewhere®).

Anomalies suggesting the disappearance of electron neutrinos and
anti-neutrinos are observed in reactor neutrino experiments®®
and in the gallium radioactive-source experiments GALLEX®*’° and
SAGE". The latter experiments use intense 'Cr and ¥ Ar radioactive
sources and search for the inverse B reaction v, + "Ga > "'Ge + e". The
resultsindicate fewer "Ge occurrences than expected. The significance
of the deficit is about 50 and is referred to as the gallium anomaly’7>,
Reference™ critically evaluated the assumptions underlying the gal-
lium anomaly and found several possible caveats (such as the gallium
lifetime or neutrino flux) that could account for the excess without
invoking new physics. A straightforward explanationinterms of active—
sterile neutrino oscillations is excluded by solar and reactor neutrino
experiments””°, Therefore, one again has to resort to more exotic
options, such as a parametric resonance” (reviewed elsewhere™).

The proposed explanations of the gallium anomalies can be
tested through measurements that use a different neutrino source,
such as *Zn at the BEST experiment’® (Baksan Neutrino Observatory,
Russia), and/or other detection materials (for example, ¥Cl). DUNE”
and the Short Baseline Neutrino programme at Fermilab®® will further
scrutinize our understanding of neutrino oscillations.

B-Decay anomalies
The Cabibbo-Kobayashi-Maskawa (CKM) matrix, V, is a3 x 3 matrix
whose elements reflect the mixing between the generations of quark:

Vud Vus l/ub
V=\Veg Vs Vip | (1
Via Vis Vi

The CKM matrix is by construction unitary®, and therefore, as required,
it conserves probability. It is known from experiments that it has a
hierarchical structure; although the size of the diagonal elements is
close to unity, the off-diagonal elements are small. The SM prediction
that}; V;V; = 6, can be tested experimentally. In this context, the
Cabibbo angle®?, which parametrizes the mixing between the first two
quark generations, is particularly interesting as it dominates the first
and second row and column relations. In fact, there is a deficit in
first-row and first-column CKM unitarity, which can be traced back to
the fact that V4 extracted from B-decays®** (Fig. 1b) does not agree
with V, determined from kaon (K) and tau decays or V., from D meson
decays. There is also a disagreement between the determinations of
V,fromK > puvdecays® and K > mlv decays®. The significance of these
deviations crucially depends on the radiative (quantum) corrections
to B-decays®****and on the treatment of the tensions between kaon® !
and tau decays’. In summary, both tensions are slightly below the
3olevel.

Asub-per-mille effect suffices to explain these tensions. The disa-
greement between the two determinations of V,,can only be explained
viaaright-handed quark current, which points to vector-like quarks as
the extensionofthe SM (Fig.1b). The deficitin first-row and first-column
CKM unitarity can be explained via left-handed (that is, SM-like) new
physicsin-decays. An effect bothin -decays orinthe Fermiconstant
G; (determined from muon decay, u - evv, and which is needed to
extract V,,), is possible. There are four options®: first, a direct
(tree-level) modification of B-decays; second, a direct (tree-level)
modification of muon decay; third, amodified W-u-v coupling entering
muondecay; and fourth, amodified W-u-d coupling entering 3-decays
(the effect of a modified W-w-v drop out). The first option could in
principle be realized by aW’boson’* or aleptoquark®, although, in the
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case of the leptoquark, stringent bounds arise from other flavour
observables. The second possibility can be achieved by adding a singly
charged SU(2), singlet scalar®®, aW’ boson®* or Z’ boson with flavour
violating couplings®. The last two options can be achieved by
vector-like leptons’®?® and vector-like quarks'*°"%, respectively. How-
ever, without a compensating effect'®*, explaining the Cabibbo angle
anomaly viaa modification of G.increases the tensionin the W mass.

There is also a significant tension (-40) between the neutron
lifetime (and thus V,,;) determined from beam and bottle experiments —
experiments that detect the 3-decay products in a neutron beam
or that count how many neutrons survive a certain time of confine-
ment in a ‘bottle’. The average of the beam values is 7,=888.2+2.0 s
(refs.105,106), whereas the best determination from bottle experi-
mentsis 7, =877.75 + 0.28,, + 0.22/-0.16, s (ref.107). Tounderstand
the implications for new physics, it isimportant to remember that in
bottle experiments the remaining neutrons are counted, but beam
experiments count the protons from neutron decay. Therefore, if the
branching ratio of neutrons to final states with protons is not 100%,
thelifetime measuredinbeam experiments would belarger than the real
neutron lifetime. The beam-bottle discrepancy cannot be explained
within an EFT setup — that is, with heavy new physics — because this
wouldlead to proton decay, whichis very tightly constrained. However,
neutron decay to light dark-matter particles could result in a stable
proton for very fine-tuned mass configurations'’®. Alternatively,
neutron oscillations into mirror neutrons have been proposed as an
explanation'®’.

Improved measurements and theory calculations of 3-decays
will be availablein the coming years"’. The NA62 experiment of CERN
could measure the ratio (K > pv)/(K > muv) to assess the possibility of
right-handed currents® and the PIONEER experiment of PSIwill meas-
ure pion B-decay"' to determine V,, for which the theoretical prediction
is accurate. The neutron-anti-neutron oscillation explanation of the

lifetime puzzle can be tested at the PSl ultracold neutron source™.

Hadronic meson decays

Several anomalies have been observedin the decay of mesonsinto two
lighter mesons —including CPviolationin b > stransitions and D meson
decays, whichisknowntobe suppressedin the SM, and total branching
ratios for charged current B meson decays (CPis the combined applica-
tion of charge conjugation Cand parity transformation P (mirroring)).
Inthe SM, CPis conserved by allinteractions except transitions involv-
ing the single complex phase of the CKM matrix. CPviolation is only
induced via the Wboson and is thus very small within the SM.

The improved SM predictions for the total branching ratios
B > D™Kand B, > D™ (ref.113), based on QCD factorization'*, deviate
fromthe corresponding experimental measurements® with acombined
significance of 5.60. However, because the anomaly is observed in total
branchingrates, there is no cancellation or suppression of QCD uncer-
tainties, and the accuracy of the predicted SM values has been chal-
lenged™. These are charged current processes, mediated at the tree
levelinthe SM, and it is particularly challenging to find a new-physics
explanation for the anomaly, given that an O(50%) effect is needed.
In fact, both W’ models"® and di-quark explanations are stringently
constrained by LHC searches'’ because they can be produced
resonantly at the LHC.

Thefirstevidence for CPviolationin D decays was observedin 2011
inthe LHCb experiment"® at CERN; the discovery level was reached in
2019, with the difference in CP asymmetries between D > KK and
D~ m'm givenby AALHCP = (~15.4+2.9) x 107# (ref. 119). This has to be

compared with the SM prediction, which is notoriously difficult to
estimate for charm-quark physics, of |[AAH| < 3.6 x 107* (ref. 120).
The CPasymmetry in D > K'K” has been determined directly'”, which
enablesatestof U-spin symmetry inthe SMand shows indications that
itis violated'”. (Isospin symmetry uses the fact that for strong interac-
tions, up and down quarks are, to agood approximation, indistinguish-
able as they are very light: U-spin symmetry extends this concept to
include strange quarks. However, as the strange quark is much more
massive than first-generation quarks, the symmetry is more strongly
brokenand theresulting predictions are less reliable.) An overview of
new-physics explanations for CP asymmetries in D decays is given in
ref. 123, including the possibilities of Z’ bosons and di-quarks —
although note that limits on these have since got much more
stringent.

There are also hints of BSM CP violation in hadronic B meson
decays with b - s transitions, including the long-standing B > Ki
puzzle™, whichwas confirmed by LHCb'>, Here, the theory predictions
within the SMseem to be more reliable as they use isospinrelations';
the significance is around 30 but it is supported by B, > KK
measurements'”. Finally, although not CP-violating, there are indica-
tions of U-spinviolationin polarization observables'*. To explain these
hints of BSM CP violation, smaller new-physics effects are required
than for the total branching ratios or the polarization observables,
making an explanation based on Z’ bosons or heavy gluons more
favourable but still not straightforward'”’; constraints on di-quark
models are expected to be less stringent.

Progress onthe SMside does not seem easy. However, alot of data
is expected from LHCb and Belle-Il at KEK, Japan. Furthermore, the
hints of CPviolation in B and D decays could be related to direct CP
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Fig.3|Implications of anomalies for extending the standard model with new
particles. For each of the anomalies discussed in this Review, arrows indicate
which extension of the standard model could be the explanation: vector-like
quarks (VLQ), leptoquarks (LQ), vector-like leptons (VLL), electrically neutral
scalars (S), neural gauge bosons (Z’), charged gauge bosons (W’), di-quarks (DQ)
and heavy gluons (G).
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Table 1| Summary of final states seen in multilepton
anomalies at the Large Hadron Collider

Final state Characteristics SMbackgrounds Significance
0 +(b-jets)?>>?252%° Mg<100GeV tt, Wt >50

£ +(no jet)?+2 Mp<100GeV ww =30

0,30 + (b-jets)*"**"?*®  Moderate Higgs tEW?, titt =30

transverse mass

8,32, (no In association W*h(125), WWW >40
b_jet)ZZB,ZBQ,ZQO Wlth h

Z(>20)2, (no b-jety’>**" 12 <100 GeV zw: >30

violationin the kaon system (g’/£)"*° (see ref. 131 for an overview of £’ /)

and U-spinviolation',

Charged-current tauonic B decays

These charged-current transitions — mediated at the tree level by a W
boson in the SM (Fig. 1c) — have significant branching ratios, up to
0(107%). With light leptons, they are used to extract the CKM element
V., and the result is consistent with the global CKM fit****, (Note that
thereis also along-lasting tension in the inclusive versus exclusive
determination of V., (and V,;) in which B> D ® ¢visinvolved. How-
ever, it has been shown that this anomaly cannot be explained by new
physics'®.) The ratios (of branching) R(D™®) = Br(B>D®1v)/
Br(B~> D™ ¢v)are measured to be approximately 20% bigger than the
SM predictions, resulting in a 3o significance’ for new physics related
totauleptons. Analyses from BaBar*"*, Belle"*** and LHCb"**¢ used
different tag and tau reconstruction methods — the online update of
ref. 92 provides an overview.

Thistransition occurs at thetreelevelin the SM. Therefore, alsoa
tree-level new-physics effect is necessary to obtain the needed effect
of 0(10)% with respect to the SM (assuming heavy new physics with
perturbative couplings). Therefore, charged Higgses'’*°,W’bosons™°
(with or without right-handed neutrinos) or leptoquarks®**' >3 are
candidates. Although there is a small region in parameter space left
that can account for R(D™) with charged Higgses**'*, LHC searches
constrain W’ solutions"°", leaving leptoquarks as the probably best
solutions (Fig. 1c). However, leptoquark constraints from B, - B;mixing,
B> K*vvand LHC searches must also be respected, with the result that
the SU(2), singlet vector leptoquark™’'®® or the singlet-triplet
model** s particularly interesting.

Concerning future prospects, R(D*)) and related ratios can be
measured at Belle-II”7, by LHCb using Run 3 data and using the parked
Bdatafrom CMS'?. Polarization observables will be measured so pre-
cisely that they will distinguish between different models for new
physics, and an improvement in the form factors from lattice QCD is
expected.

Flavour-changing neutral-current semi-leptonic B decays

Similar to all flavour-changing neutral-current processes, b > s€*¢ tran-
sitions are ‘loop suppressed’ within the SM (by the small probability
that two particles are produced via quantum fluctuations and annihilate
again), because only the couplings of the charged W can violate quark
flavour (Fig. 1d). This results in small branching ratios, up to a few
times 107¢. Although previous hints'®® for lepton flavour universality
violationintheratios R(K ®) = Br(B > K ®u*1")/Br(B > K ®e*e ) were
notconfirmed’ and B, > u*u (refs.170,171) now agrees quite well with
the SM prediction’>'”, there are several b > su*u” observables that

deviatessignificantly from the SM predictions. Theseinclude the angular
observable P{(refs.174,175), the total branching ratio Br(B > Ku'u")"*"”,
Br(B,~ ¢u'1)"*"”° and also semi-inclusive observables'*°. As aresult,
global fits find a preference for new physics at the Salevel® ', Recently,
theBelle-Ilcollaboration reported an 2.8cexcess over the SMhypothesis
inthe closely related B > K*vv decay'®*.

The new measurements of R(K *)require new physics with lepton
flavour universality, and B, > pu constrains axial couplings to leptons.
Such anew-physics effect at the required level of 0(20%) (with respect
to the SM) can be most naturally obtained in the following ways'®>. The
first possibility is a Z’ boson with lepton-flavour-universal couplings
but flavour-violating couplings to bottom and strange quarks'®*'s’
(Fig.1d). However, owing to the bounds from B, — B,mixing'®*, from the
LHC (see, for example, ref. 189) and from LEP"°, a full explanation
requires some tuning in B, — B, mixing by a right-handed sb coupling™’
oracancellation with Higgs contributions'2. Furthermore, K° - K °and
D°- D°mixingrequires an approximate global U(2) flavour symmetry'’.
The second possibility isazor charmloop effect, via an off-shell photon
penguin'. The leptoquark representations which cangive rise to such
atauloop arethe S, leptoquark™, the U, leptoquark™” or the combina-
tionofleptoquarks S, + S, (ref. 165). The two-Higgs-doublet model with
generic flavour structure' can generate the desired effect viaacharm
loop CY (refs.197,198). Alternatively, a di-quark solution is possible™”.

The best hope to solve the bottleneck for SM predictions is
to improve lattice calculations over the full range of momentum
transfer (¢%), as performed inref.177,and to combine them with other
non-perturbative methods such as dispersion relations?*°. Or the
experimental side, again Belle-1I, LHCb and the parked B programme
of CMS will help to resolve the situation.

Mass of the Wboson

Ingeneral, three parameters are sufficient to parameterize completely
(at the tree level) the electroweak sector of the SM. They are usually
taken to be the Fermi constant G;, the fine-structure constant a and
the mass of the Zboson as these are measured most precisely. In this
input scheme, the Wmassis not afree parameter but can be calculated
asafunction of G, aand m, (and the Higgs and the top mass that enter
atthelooplevel). The CDF Il result®” from Fermilab shows a very strong
7otensionwith the SM prediction. However, LHC**>** results and those
fromthe predecessor of the LHC, the Large Electron-Positron collider
(LEP)*®, are closer to the SM, only 1.80 away, and are thus in tension
with the CDF Il value. Using a conservative error estimate, following
the Particle Data Group recommendation®, the combined result shows
atension of 3.7¢ with the SM*”. (This average does not include the
latest ATLAS result?®®, which supersedes ref.202, however doing so has
asmall impact on the fit.) Within the electroweak fit, there are also
tensions owing to the forward-backward asymmetry measurementin
Z- bb (ref. 209) (=20) and in the lepton asymmetry parameter A,
(ref.207), mainly owing to the electron channel.

The tensionin the Wmass is most easily explained by a tree-level
effect, for example, an SU(2), scalar triplet that acquires a vacuum
expectation value? or via Z- Z’ mixing (Fig. 1e) in the case that Z’is
anSU(2), singlet”™. However, loop effects of new particles with masses
below or at the teraelectronvolt scale — such as vector-like quarks®? or
leptoquarks®® —are possible as well**,

Atahadroncollider,anincreaseintheinstantaneousluminosity —as
willhappenwith the upgraded high-luminosity LHC from 2029 —makes
the measurement of the Wmass more difficult (although LHCb should
stillbe ableto contribute becauseit is configured such thatit does not
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use the full LHC instantaneous luminosity). Very precise results would,
however, be possible fromafuture electron-positron collider (such as
the International Linear Collider (ILC)**, the Compact Linear Collider
(CLIC)***”, the Future Circular Collider with electrons and protons
(FCC-ee)™®* or the Circular Electron Positron Collider (CEPC)****"),
and these could alsoimprove significantly on the precision of the input
parameters for the electroweak fit.

Multilepton anomalies at the LHC

The so-called multilepton anomalies are LHC processes that have two
ormoreleptonsin the final state (reviewed elsewhere?”?), and for which
statistically significant disagreements with the SM predictions have
been observed?**%, The final states might contain b-jets (because
quarks and gluons are confined at low energies, they do not appear
as free particles in a detector but rather hadronize and leave signa-
tures called jets; a b-jetis ajet that contains abottom quark). Some of
the excesses already emerged in the Run-1data (2010-2013) of ATLAS
and CMS?*?** They were confirmed?*?**?*’ using the independent and
larger datasets of Run 2 (refs. 225,226,229), leading to disagreements
with the SM that exceed the 5o threshold (Table 1). The fact that the
leptonsinthese channels are non-resonant (thatis, thereis no peakin
the invariant mass spectrum) shows that, at least within the SM, they
arerelated to leptonic W decays.

These excesses correspond to Higgs-like signatures (h > WW),
whichare experimentally robust. On the theoretical side, higher-order
QCD and electroweak corrections have been calculated for the main
SM backgrounds. Most prominently, next-to-next-to-leading-order
QCD corrections are available for leptonic observables in ¢
distributions®°, non-resonant W*'W- (refs.231-235), ZW* (ref.236), Wh
(refs.237-239) and tt W *(ref. 240) production. Electroweak corrections
arealso available at next-to-leading order and are small for Higgs-like
signals®'?*, The description of the data by the SM outside these
Higgs-like regions is within the residual errors.

Aparticularly significant disagreement is observed in differential
lepton distributions in ¢tf measurements®*?* (Fig. 1f). For all SM simula-
tionsused, ATLAS finds such a high x> value that they conclude?: “No
model (SM simulation) can describe all measured distributions within
their uncertainties.” Although this effect warrants further investigation
ofthe SM predictions, itisimportant to note that excesses also appear
in WW signatures without jets (in which SM ¢f production is strongly
suppressed) and inWh/3W, ttW , tttt and ZW production with low Z
boson transverse momentum (pTZ), whichindicates that the excess is
probably not due toamismodelling of the SM ¢f production and decay.
(In addition, there is a hint for a resonant ¢f excess at around 400 GeV
(ref. 246), with a local significance of 3.50 and a global significance
of1.90.)

Table 2 | Experimental and theoretical features of anomalies, indicating which are favourable and unfavourable for further

investigation

Anomaly Favourable

Unfavourable

Anomalous magnetic moment  Precise and confirmed direct measurements

of the muon, a,

Standard model (SM) prediction plagued by hadronic uncertainties;
tensions within e'e”>hadrons measurements and with lattice quantum
chromodynamics; quite large new-physics effect needed, model
building is challenging

The 17MeV anomaly in excited
nuclei decays, X17

High statistical significance

Only observed by a single experiment (despite different settings);
possibility of not-understood nuclear effects

Appearance and disappearance
of electron neutrinos, v,

High statistical significance; observed by different
experiments

Theory errors might be underestimated; explanation by
sterile-neutrino mixing excluded by other experiments

B-Decay anomalies, 8

Natural place to search for new physics as only a
sub-per-mille effect with respect to the SM is needed

Only one (competitive) measurement of K-> puv available; 3-decays
need hadronic theory input to extract V,; lifetime difference can only
be explained by exotic new physics

Hadronic meson decays,
M->mm’

Many different channels

SM plagued by hadronic effects; new-physics explanations challenged
by searches at the Large Hadron Collider (LHC)

Charged-current tauonic B
decays, R(D™)

Measurements from different collaborations;
small theory uncertainty; possible connection to
b->stt

Difficult measurement; limited significance; large effect needed,
model building is challenging

Flavour-changing neutral-
current semi-leptonic B decays
(b~>st'?)

Many different observables measured; consistent
picture; large significance; possible connection to
b->ctv

Sensitive to form factors and other hadronic inputs

W mass, my,

Theoretically clean; statistically significant; very
sensitive to new physics, many natural new-physics
explanations

Tensions among the measurements

LHC multilepton anomalies,
ep(+b)

Statistically very significant; large multiplicity of
signatures; coherent picture; consistent with the
Higgs-like signals

Some of the SM predictions can be difficult; complex SM extension
needed

Higgs-like signal, YY

Statistically significant; many different channels;
motivated by the multilepton anomalies

Possible look-elsewhere effect

Di-jet and di-di-jet resonances,

3G

Agreement between different measurements

Poor mass resolution; challenging theory explanation

Non-resonant di-electrons,
qg-e'e

Agreement between ATLAS and CMS; ratio
theoretically clean

Limited statistics; electrons are difficult LHC signatures
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Table 3| Anomalies assessed (positively, negatively or neutrally) against various criteria

Anomaly Experimentalsignature Experimentalconsistency SM prediction  Statistical significance New-physics explanation Consistentconnection
a, + 0* = + 0 =
X17 + ) - + 0 0
Ve - 0 - + - -
B + 0 0 - o +
M->mm” O + = 0 = 0
b->stt"  + + 0 + 0 +
R(D™) = + + = = +
my 0 - + + + +
ep(+b) 0 + 0 + 0 +
YY + + + + +
JiGi) 0 & + 0 0 -
pp>e'es 0O + + - 0 -

*Note that although the results of the Brookhaven and Fermilab experiments for a, agree very well, the neutral rating is due to the inconsistencies between the experiments measuring
e'e”>hadrons, which are used for calculating the SM prediction via dispersion relations. **The first assessment refers to the deficit in Cabibbo-Kobayashi-Maskawa unitarity and the V,,

disagreement and the second one in brackets refers to the lifetime difference.

The multilepton anomalies can be explained by the associated
production of new scalars — that s, via the decay of aheavier scalar into
two lighter ones. In particular, the deviations from the SM predictions
in the differential distributions of leptons from tf decays can be
resolved by the production of anew neutral Higgs, H, that decaysinto
two lighter ones Sand §’, which subsequently decay to Wbosons and
b quarks, respectively??® (Fig. 1f). This setup is preferred over the SM
hypothesis by more than 50and points towards m =150 GeV. Similarly,
theexcessinh > WWcanbe described by anew Higgs boson decaying
to WW (refs. 224,247), and the same-sign lepton signals with b jets by
the associated production of H with top quarks, where again
H~> SS’ > WWbb (ref. 225).

Given the very large statistical significance of many channels in
the multilepton anomalies (more than 8o for the simplified model of
ref. 225), the focus for the Run-3 data (2022-2025) will shift to those
signatures that are currently statistically limited. For instance, the
study of the differential £*¢- distributions with a full jet veto, or £<¢*
with and without a b-jet, would profit from more data. On the theory
side, merging full next-to-next-to-leading-order calculations®*° and
including off-shell effects**® with parton showers at the same accuracy
would significantly improve the SM simulations.

Higgs-like resonant signals

New particles thatare directly produced at colliders show up as bumps
in the otherwise continuous invariant mass spectrum of the corre-
sponding decay products. For finding new scalar bosons, di-photon
(yy) distributions are very sensitive: although they have, in general,
small rates because they are loop-suppressed, the experimental sig-
nature is very clear. In fact, there are several hints for di-photon reso-
nances at 95 GeV (refs. 249,250), at ~152 GeV (ref. 251; the mass of this
excess is consistent with the invariant mass of di-leptons in the multi-
lepton anomalies) and also at ~680 GeV (refs. 252,253). The hint at
95 GeV issupported by a di-tau excess reported by CMS** (althoughiit
is not confirmed by ATLAS?®), and a ZH signal (with H > bb) by LEP?°,
as well as the W channel”****, The yy (plus missing energy) hint at

152 GeVis supported by several signals in associated production®>¥,

including WW plus missing energy*¥’. Combining all channels, global

significances of3.80and 3.90 are found for 95 GeV (ref. 258) and 152 GeV
(ref. 259), respectively — if, for the latter, a simplified model with
pp > H~> S5* is assumed. (Note that ref. 258 updated the results of
ref. 259 by including additional new excesses, further increasing the
significance of the narrow excess at around 152 GeV.)

Therearealso hints, around 3o each®®, of anew scalar in di-photon
and di-Z searches with a mass around 680 GeV (refs. 253,261). Taking
into account the resolution of these measurements, these signals are
compatible with the 3.8clocal and 2.8c global excess in bbyy at around
650 GeV (ref. 262; in which the bb invariant mass is compatible with
95 GeV) and the WIW excess*** in vector-boson fusion. (Vector-boson
fusion means that the new scalar is radiated from a Z or W pair. At the
LHC, thisleads to the formation of two forwardjets, close to the beam-
line.) ATLAS sees an excess in A > H + Z (with H~ bb, tf) for masses
m, = 650 GeV and m,,= 450 GeV; the local significance is 2.850, globally
2.350. However, the interest in bbyy is diminished by the non-
observation®* of an excess in r7yy, and the WW excess cannot be fully
explained withina model*®.

These hints for resonances point towards the extension of the Higgs
sector of the SM, because only scalars can decay to photons. For the
95 GeV excess, at least an SU(2), doublet®®, triplet®” or even a more
complexscalarsector is needed*®. To also address the di-Higgs excess,
650 GeV - bb (90 GeV) + yy(125 GeV), resonant pair production of the
SM Higgs and a new scalar are required”®. For the 152 GeV excess, an
evenlarger scalar sector is necessary because the bulk of the signalisin
associated production. Infact, not only are the most significant excesses
related to missing energy, the WWW signal can also be explained for
m;=150 GeV —thedecay chainpp > H~> (S~> yy, WW) + (8’ > invisible)
describes data well. In general, a quite complicated scalar sector is
suggested, such as an extended Georgi-Machacek model?’**" or
excitations of the SM Higgs*>.

Giventhe current strength of the excesses, Run 3 of the LHC (and
definitely the high-luminosity LHC?”®) should suffice to verify or fal-
sify the existence of these particles. To fully explore their properties,
however, ane’e” accelerator could be required.
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Di-jet and di-di-jet resonances
A particle decaying into two quarks (or two gluons) results in a di-jet
(jj) signature in LHC detectors. ATLAS”* has observed a weaker limit
than expected if there were no new physics in resonant di-jet searches
slightly below 1 TeV. CMS?*” has found hints for (non-resonant) pair
production of di-jet resonances at a mass of ~-950 GeV with a local
significance of 3.60 (2.50 globally). This compatibility suggests that
both excesses might be due to the same new particle, X, either pro-
duced directly (resonantly) in proton-proton collisions (pp > X > jj),
or pair-produced via a new state Yin the process pp > Y* > XX > (jj)
(J)). In fact, ref. 276 finds a global 3.20 significance at m,= 3.6 TeV. In
the latest analysis, ATLAS finds a di-(di-jet) excess*’ at 3.3 TeV with a
di-jet mass of 850 GeV, which could be compatible with a similar excess
from CMS (once the poorer jet-energy resolution is takenintoaccount).
Furthermore, thereisaslight excessin tbsearches at-3.5 TeV (ref.278).
For explanations, two options come to mind*®: two scalar
di-quarks (Fig. 1g) or new massive gluons seem to be the most plausible
candidates. Thefirst could explain the tb excess; a specific realization of
thesecondisbased onanSU(3), x SU(3), x SU(3),gauge group, broken
down to SU(3) colour via two bi-triplets.

Non-resonant di-electrons

Ifthe mass of a particleis higher than the energy reach of acollider, its
impact canstill be seen by looking at the high-energetic end of the spec-
trum of a distribution. There, the effects of virtual particles are most
relevant because they possess arelative enhancement with respect to
the SM.Insuchanon-resonant searchfor highly energetic, oppositely
charged leptons (Fig.1h), CMS and ATLAS observe more electrons than
expected according to the SM (refs. 279,280). Because the number of
observed muons is compatible with the SM prediction, this is a sign
of aviolation of lepton flavour universality, and the ratio of muons to
electrons provided by CMS has the advantage of reduced theoretical
uncertainties®®'. Performing a model-independent fit, it is seen that
new physicsatascale of 10 TeV with order-one couplings canimprove
over the SM hypothesis by ~30 (ref. 282).

Asthis analysisinvolves non-resonant electrons that do not origi-
nate from the on-shell production of a new particle, the scale of the
new physics must be higher than the energy scale of the LHC (or be
produced non-resonantly like leptoquarks). This can be achieved with
new physics at the 10 TeV scale with order-one coupling to
first-generation quarks and electrons'®. Therefore, Z’ bosons®’ or
leptoquarks® (Fig. 1h) have the potential to explain the CMS measure-
ment. Datafrom LHC Run 3 should suffice to determine the validity of
these excesses.

Comparisons and outlook

It cannot be expected that all anomalies will be confirmed, but it is
also statistically unlikely that all will disappear. It is thus important
toinvestigate the implications of these anomalies for new physics, to
assess possible correlations among them and identify experi-
mental signatures that should be sought for future verification
(or falsification).

Experimental and theoretical features of each anomaly that we
have discussed above aregivenin Table 2, interms of which are favour-
able or unfavourable to further examination. (Note that, although
we have tried to be objective here, the impact of personal opinion is
unavoidable.)

The anomalies are also compared in Table 3, according to the
several criteria defined by the following questions:

» Experimental signature: is the experimental environment clean?
Is the signal well separated from the background?

« Experimental consistency: domultipleindependent measurements
exist? Are they inagreement with each other?

« SM prediction: how accurate and reliable is the SM prediction?
Arethe results conflicting?

- Statistical significance: how sizable are the deviations from the
SM predictions?

« New-physics explanation: are there models that can naturally
account for theanomaly? Are they in conflict with other observables?

 Consistent connection: are there connections to other anomalies
viathe same new particle or model? How direct is this connection?

Symbols in Table 3 represent an assessment of these criteria that
is positive (+), negative (=) or neutral (0) — meaning in this last case
that positive and negative aspects compensate toagood approximation.

Figure 3 summarized which extensions of the SM are indicated by
each of the anomalies we have discussed here. It is clear that many of
the anomalies point towards new Higgs-like scalars. In particular, the
agreement between the mass of the scalar suggested by the multilepton
anomalies and the yy excess around 152 GeV s striking. Leptoquarks are
alsointeresting candidates and, in particular, enable acombined and
correlated explanation of b > ctvand b > s€*¢ via the tau loop?®**%,
Finally, Z- bb, m,,and the Cabibbo angle anomaly could be explained
by vector-like quarks. Of course, many more possible connections exist,
asseeninFig.3, suggesting that there are many interesting directions
for future research.

Particle physicsis avery exciting area. Although the SM has been
consolidated over the past five decades, hints of new particles and
new interactions are still emerging. These hints originate from differ-
ent experiments and range over many orders of magnitude in energy,
making it a challenging task to find combined explanations for the
anomalies. Not allanomalies will be confirmed by ongoing and forth-
coming experimental efforts, but establishing just one of these hints
beyond reasonable doubt would lead particle physics into a new era,
the age of BSM physics.

Published online: 19 March 2024
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