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We give an updated overview of anomalies, i.e. measured deviations from the Standard Model
predictions, in particle physics based on Ref. [1]. They range from the nuclear scale to the
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the experimental and theoretical status of the anomalies, we summarize possible explanations in
terms of new physics. In particular, the indications for new Higgs bosons at the EW scale received

additional support recently.
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1. Introduction

The Standard Model (SM) of particle physics is the currently accepted mathematical description
of the fundamental constituents of matter and their interactions (excluding gravity). With the Higgs
discovery at the Large Hadron Collider (LHC) at CERN in 2012 the SM is complete. Furthermore,
it has been extensively and successfully tested experimentally [2].

However, it cannot be the ultimate fundamental theory of Nature: In addition to many theoretical
arguments for the existence of beyond the SM (BSM) physics, the SM e.g. cannot account for the
observations of Dark Matter (DM) nor for the non-vanishing neutrino masses. Unfortunately, no
right-handed neutrinos have been observed and Dark Matter direct detection experiments did not
see any signal. Furthermore, there are many options for how SM can be extended, spanning a very
large mass range (from several keV to the scale of Grand Unification at around 10'> GeV), to account
for Dark Matter or neutrino masses. Therefore, more experimental information on BSM physics,
preferably deviations from the SM predictions (in the best case in the form of new resonances), is
imperative to make progress towards a theory superseding the SM.

In fact, an increasing number of hints for new physics (NP), i.e. deviations from the SM
predictions called “anomalies”, have been reported [1] which we will review in these proceedings.'

2. Anomalies and New Physics

An anomaly is usually defined as a deviation from a rule. In particle physics, this means a
discrepancy between the experimental data and the corresponding SM prediction. Here we employ
the following criteria for an anomaly:

* A combined global statistical significance of at least 30~ (including the look-elsewhere effect).

* The experimental signature includes more than a single channel (or observable) or is measured
by more than one independent experiment.

* The deviation should be explainable by a theoretically robust model without grossly violating
constraints from other measurements.

Importantly, if any anomaly in direct or indirect searches were confirmed beyond a reasonable doubt,
this would inevitably imply the breakdown of the SM and require its extensions by new particles
and new interactions.

For a renormalizable extension of the SM, only scalar bosons (spin 0), fermions (spin 1/2)
and vector bosons (spin 1) are possible. In the latter case, a Higgs-like mechanism of spontaneous
symmetry-breaking is needed. Here we will focus on the following extensions of the SM:

* Leptoquarks (LQs): Scalar or vector bosons that carry colour and couple quarks directly to
leptons [6].

* Di-quarks (DQs): Scalar bosons that are either triplets or sextets of SU(3). and couple to a
quark and an anti-quark.

'Note that due to the latest calculation of the hadronic light-by-light contribution by the BMW collaboration [3],
which leads, as well as the CMD III measurement of e*e~ —hadrons [4], to a SM prediction in agreement with the
direct measurement, we do not include g — 2 of the muon in the list of anomalies anymore. Similarly, due to the latest
search for first-generation leptoquarks of CMS [5], we also removed the excesses in non-resonant di-electrons from this
list.
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e 7’ bosons: Neutral heavy vector bosons. They can be singlets under SU(2);, but also the
neutral component of an SU(2); multiplet.

* W’ bosons: Electrically charged but QCD neutral vector particles.

* Vector-like Quarks (VLQs): Colored fermions with left-handed and right-handed fields
heaving the same quantum numbers.

* Vector-like Leptons (VLLs): QCD neutral fermions with left-handed and right-handed fields
heaving the same quantum numbers.

* New scalars (S): Color-neutral Higgs bosons

» Heavy gluons (G”): Heavy vector which is electrically neutral but charged under QCD.

3. Status and Explanations of the Anomalies

3.1 The 17 MeV Anomaly in excited nuclei decays (X17)

The nuclear reaction 7Li(p,e+e‘ ) 8Be [7], and similar decays of excited 4He and '2C nuclei [8, 9],
show an excess consistent with a new particle with a mass of ~ 17 MeV (60°) in all decay modes [10].
However, the possibility of an SM effect is still not excluded [11]. From parity consideration (in
the case of CP conservation) only the pseudo-scalar option remains valid [12].

3.2 Anomalies in electron neutrino appearance and disappearance (v,.)

Electron neutrino appearance anomalies are reported by LSND [13] and MiniBooNE [14]
(~ 40). However, a reanalysis of the theoretical uncertainties leads to a smaller tension [15]. A
first combined analysis of MiniBooNE and MicroBooNE data [16] within the SM plus a single
sterile neutrino finds a preference of 3.40 [17], and once constraints from MINOS and IceCube are
included, the preference for sterile-active neutrino mixing is further diminished [18]. Therefore,
more exotic NP options are considered (see Ref. [19] for a review).

Anomalies suggesting the disappearance of electron neutrinos are observed in the Gallium
radioactive source experiments GALLEX [20] and SAGE [21] (=507). However, hadronic effects
might be underestimated [22]. A straightforward explanation in terms of active-sterile neutrino
oscillations is excluded by solar and reactor neutrino experiments [23, 24] such that again more
exotic options are considered (see Ref. [22] for a review).

3.3 B-Decay Anomalies ()

A deficit in first-row CKM unitarity exists and there is a disagreement between the determina-
tions of V,,; from K — pv and K — n{v decays [25]. Both tensions are slightly below the 30 level.
A sub per mille effect suffices to explain these tensions, e.g. via vector-like quarks (see Ref. [26]
for review).

There is also a significant tension (x 40°) between the neutron lifetime (and thus V,4) deter-
mined from beam [27] and bottle experiments [28]. Since in bottle experiments the remaining
neutrons are counted, while beam experiments count the decay protons, if the branching ratio of
neutrons to final states with protons is not 100%, the lifetime measured in beam experiments would
be larger than the real neutron lifetime. Therefore, neutron oscillations into mirror neutrons [29]
or neutron decay to light dark matter particles could explain the anomaly while providing a stable
proton for fine-tuned mass configurations [30].
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3.4 Hadronic meson decays (M — mm’)

SM predictions for Br(B — D K Yand Br(B, — Dg*) ) [31] based on QCD factorization [32]
deviate from the corresponding measurements [2] by a combined significance of 5.60~. However,
QCD uncertainties might be underestimated [33] and, since it is a tree-level in the SM, a NP
explanation such as both W’ models [34] and di-quarks are challenged by LHC constraints [35].

The CP asymmetry between D — KK and D — n*7n~ is given by AA%,I},C'J =(-154+29)x
10~% [36]. The corresponding SM prediction, which is notoriously difficult for charm physics, is
|AAEPIIJCb| < 3.6 x 107* [37]. Furthermore, the CP asymmetry in D — K*K~ [38] allows for a
test of U-spin symmetry of the SM and shows indications of a violation of it [39]. NP explanations
include Z’ bosons and di-quarks [40] but are under pressure from LHC searches.

The long-standing B — K puzzle [41, 42], supported by By — KK measurements [43],
shows a significance of around 30~ [44]. Furthermore, there are indications of U-spin violation in
polarization observables [45]. While an explanation via Z’ bosons or heavy gluons is easier than
in the cases discussed above [46], B; — By mixing and LHC bounds are non-trivial.

3.5 Charged current tauonic B decays (R(D*)))

These charged current transitions have significant branching ratios (up to O(1072)). However,
the ratios (of branching ratios) R(D*)) = Br(B — D) 1v)/ Br(B — D*){y)), are measured to be
bigger than the SM predictions by approximately 20%, resulting in a X 30 significance [47] for NP
related to tau leptons.

Because this transition occurs at tree-level in the SM, also a tree-level NP effect is necessary to
obtain the needed effect (assuming heavy NP with perturbative couplings). However, also for LQs
constraints from By — B mixing, B — K ) vy and LHC searches must be respected. Therefore, for
charged Higgses only a small corner of parameter space is left over [48] while the SU(2), singlet
vector LQ [49] and the singlet-triplet model [50] have somewhat more parameter space left. See
Ref. [51] for a review.

3.6 Flavour changing neutral current semi-leptonic B decays (b — s¢*{")

Like all flavour changing neutral current processes, b — s{*¢~ transitions are loop sup-
pressed and several observables significantly deviate from the SM predictions. This includes
the angular observable P [52] (recently confirmed by CMS [53]), the total branching ratio
Br(B — Ku*u™) [54, 55], Br(Bs — ¢u*u~) [56, 57] and also semi-inclusive observables [58].
As a result, global fits find a preference for NP at the 5o~ level [59]. The measurements of R(K *))
require dominantly lepton flavour universal NP and By, — u*u~ constrains axial couplings to
leptons, such that an O (20%) lepton-flavour universal effect (w.r.t. the SM) in Cy is preferred [60].

This can be achieved by a Z’ boson with lepton flavour universal but flavour-violating couplings
to bottom and strange quarks [61, 62]. However, due to the bounds from B; — By mixing, in
combination with LHC and LEP bounds, a full explanation requires some tuning in By — B
mixing by a right-handed sb coupling [63] or a cancellation with Higgs boson contributions [64].
Alternatively, T or charm loops via an off-shell photon penguin [65] can generate Cg . The LQs
which can give such a tau loop are S LQ [66], the U; LQ [67] or the combination of S; + S3 [68].
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The 2HDM with generic flavour structure [69, 70] and DQ models [71] are also viable options. See
Ref. [51] for a review.

3.7 W boson mass (my)

The CDF II result [72] for the W mass shows a strong 70 tension with the SM prediction.
However, LHCand LEP results are closer to the SM (1.80 above the SM) and are thus in tension
with the CDF-II value. Therefore, employing a conservative error estimate reduced the combined
significance to 3.7 o [77].

The tension in the W mass is most easily explained by a tree-level effect, e.g. an SU(2) scalar
triplet that acquires a vacuum expectation value or via Z — Z’ mixing. However, loop effects of new
particles with masses below or at the TeV scale are possible as well (see Ref. [78] for an overview).

3.8 LHC Multi-Lepton Anomalies (eu(+b))

The “multi-lepton anomalies”, are LHC processes with two or more leptons in the final state (see
Ref. [1, 79] for recent reviews), with and without b-jets, where statistically significant disagreements
with the SM predictions have been observed. They are most pronounced in the differential lepton
distributions of top-quark pair measurements (> 507) [80, 81] such that ATLAS concludes [82]: “No
model (SM simulation) can describe all measured distributions within their uncertainties.” While
missing QCD corrections or toponium might reduce these tensions, also discrepanciesin pp — WW
in the opposite sign different flavour lepton mode are observed in the jet-veto category [83, 84]
which is expected to be quite insensitive to QCD corrections.

Prime candidates for an explanation are EW scale new Higgses decaying to WW. In particular,
in Ref. [85] a UV complete model was proposed which explains the ¢7 differential distributions as
well as WW +0j.

3.9 Higgs-like resonant signals (YY)

There are hints for di-photon resonances at 95 GeV [86—88] and at ~ 152 GeV [89]. The
hint at 95 GeV is supported by a ZH signal (with H — bb) by LEP [90] as well as the WW
channel [83, 84] leading to a combined global significance of 3.40 [91]. The indications for
a new resonance in yy final states at ~152 GeV are most pronounced in associated production
channels [92] and WW+missing energy [84]. Combining all channels within a simplified model
with pp — H — SS* (with my ~ 270 GeV and mg = 152 GeV), results in a global significance of
3.90 [93].

These hints for resonances point towards the extension of the Higgs boson sector of the SM
because only scalars can decay to photons. For the 95 GeV excess, at least an SU(2);, doublet [94],
triplet [95] or a more complex scalar sector is needed [96]. The 152 GeV excess can be accounted
for by adding a doublet [97] or a triplet [98]. In both cases, a significance at or above 40 is obtained.
Furthermore, the model of Ref. [85] provides a combined explanation of the 95 GeV and 152 GeV
excesses and the multi-lepton anomalies.

3.10 (di-)di-jet resonances (jj(—jj))

ATLAS [99] observed a weaker-than-expected limit in resonant di-jet searches slightly below
1 TeV and CMS [100] found hints for the (non-resonant) pair production of di-jet resonances with a



Anomalies Andreas Crivellin

muon nuclear B meson
=0.1 GeV =1GeV =10GeV

Figure 1: Overview of the anomalies ordered by increasing energy.

mass of ~ 950 GeV with a local (global) significance of 3.60" (2.507). Furthermore, considering the
process pp — Y ) — XX — (jj)(jj) Ref. [101] finds a global 3.2¢ significance at my ~ 3.6 TeV.
ATLAS finds a di-di-jet excesses [102] at = 3.3 TeV with a di-jet mass of 850 GeV which could be
compatible with the CMS one once the quite poor jet energy resolution is taken into account. As
explanations, two options come to mind [101]: two scalar DQ or new massive gluons seem to be
the most plausible candidates.

4. Comparison, conclusions and outlook

The anomalies observed in particle physics are summarized in Fig. 1, together with their
corresponding energy scale, showing that they range over at least five orders of magnitude. While
one cannot expect that all anomalies will be confirmed, it is also statistically unlikely that all will
disappear. Many extensions for explaining the anomalies point towards new Higgs-like scalars. In
particular, the agreement between the mass of the scalar suggested by the multi-lepton anomalies
and the yy excesses around 152 GeV is striking. LQ are also interesting candidates and allow for a
combined and correlated explanation of b — c¢tv and b — s{*¢~ via the tau-loop.
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