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ABSTRACT: We critically analyze the body of results that hints to the existence of New
Physics from possible violations of lepton universality observed by the LHCb experiment
in the u/e ratios R and R~ to the g — 2 lepton anomalies. The analysis begins with a
theoretical, in depth, study of the u/e ratios Rx and Ry~ as well as the process Bs — ppu™.
Here we consider the impact of complex Wilson coefficients and derive constraints on their
imaginary and real parts. We then move to a comprehensive comparison with experimental
results. We show that, by fitting a single Wilson coefficient, the deviations from the Standard
Model are at the 4.70 level when including only the hadronic insensitive observables while
it increases to 6.10 when including also the hadronic sensitive ones. When switching on
all relevant Wilson coefficients and combining both hadronic sensitive and insensitive data
into the fit, the deviation from the Standard Model peaks at 7.20 and decreases at the 4.9¢
level if we assume that the central values of Rx and R} are taken to be unity. We further
estimate other unaccounted for SM contributions and show that their inclusion still requires
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New Physics to fit the data. We then introduce the g — 2 lepton anomalies as well as the
most recent W-mass results. Different theoretical models are considered that can explain
the discrepancies from the Standard Model. In the final part of our work we estimate the
impact of the forthcoming data from LHCb (coming from LHC Run3) and Belle II, when it
will have accumulated about 5 ab™!.
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Introduction

The phenomenological success of the Standard Model (SM) of particle interactions is being

challenged by a number of experimental results. These include significant deviations with

respect to the SM predictions in rare B meson decays [1-15] as well as lepton anomalous

magnetic moments [16].



These anomalies have attracted a great deal of interest. We aim at providing an in depth
study of the anomalies including possible SM interpretations and then use this knowledge to
investigate the impact for New Physics (NP) by way of a number of benchmark models. Last
but not least we will consider predictions for future experiments. Following and expanding
on ref. [17] we summarise observables involved in rare B meson decays directly related to
the observed anomalies:

1. The Ri and R~ ratios [2—4, 8|, respectively

_ BR(BT = Ktutp)
~ BR(BT — Ktete )’

BR (B — K*utu™)
BR (B — K*ete™)’

Ry Ry« = (1.1)

2. The branching ratio BR(Bs — ptup™) [5, 9, 10] .

3. The differential branching ratios of the semi-leptonic decays B — K™ putp~— [1, 11]
and Bs — ¢ptp~ [6]; in particular, the latter shows a deviation of more than 3.5 o
from the Standard Model prediction in several bins.

4. The angular distributions of the decay rate of B — K*u*pu~ (7, 14, 15].

The Rg and Ry+ measures are a direct test of lepton flavour universality. The ratio of
branching ratios is introduced to strongly suppress SM theoretical uncertainties associated
with hadronic effects, as suggested first in ref. [18] and along with the Bs — pu*u~ branching
ratio constitute theoretically hadronic insensitive [17] observables to test lepton flavour
universality. Following [17] here by ‘Hadronic Insensitive’ (HI) we refer to those observables
featuring few percent SM induced theoretical errors. Differently, the observables in 3. and
4. are strongly affected by theoretical uncertainties stemming from the proper evaluation of
the associated form factors and estimates of the non-factorizable hadronic contributions.
It is for this reason that these are referred to as Hadronic Sensitive (HS) observables. It
is therefore important to gain control of these corrections [19-31]. Overall, as we shall
see, we will further confirm that these anomalies constitute consistent growing evidence
for deviations from the SM related to lepton non-universal flavor processes. In fact, the
consistent deviations from the SM was pointed out in a number or research papers [32-45],
while the look elsewhere effect has been recently investigated in [46].

At same time tantalizing hints of NP are emerging in another relevant sector of the SM.
In fact, the Fermilab collaboration recently presented their first measurement of the muon
anomalous magnetic moment [47], confirming a discrepancy from the SM value (by 3.30).
Combining this result with the BNL E821 one [16] leads to the experimental average of

au(Exp) = 116592061 (41) x 107" (0.35ppm), (1.2)
with an overall deviation from the SM central value [48] of
Aa, = a,(Exp) — a,(SM) = (251 £59) x 10711, (1.3)

corresponding to a significance of 4.20 [47]. However, if the latest lattice results from the
BMW collaboration [49], not included in the world average, are considered as the true



contribution to the hadronic vacuum polarisation of the photon [50-52], the discrepancy
from the SM reduces.

For the electron case, a recent measurement of the fine-structure constant based
on Rubidium atoms [54] leads to a deviation of 1.7¢ from the SM in the associated
magnetic moment:

Aa, = (0.48 +0.30) x 10712, (1.4)

A previous measurement of o based on Cs atoms [55] has given a deviation on a. from the
SM with opposite sign, corresponding to about -2.50.

Last but not least, recently the CDF collaboration provided the best measure of the W
boson mass [56]

Mw|cpp = 80,433.5 % 6.4gat £ 696y = 80,433.5 £ 9.4 MeV . (1.5)
Shockingly the central value deviates by more than 7o from the expected SM value [57]:
Mw|gy = 80,357 £ 4inputs £ 4theory MeV . (1.6)

The paper is structured as follows. In section 2 we analyse the HI observables from a
theoretical viewpoint and we express them in terms of effective operators. We also provide
an, in depth, analysis of the impact of complex Wilson coefficients. The analytic study
forms the bedrock on which we build our comparison to the experimental results.

The data analysis is performed in section 3. Here we first analyse the HI data and
show that for a single muon Wilson coefficient the deviation from the SM is at the 4.7¢
level while this value increases to 6.1c when HS observables are added. Different non-zero
combinations of Wilson coefficients are also investigated without dramatically changing the
overall picture.

Because the HS data may be affected by unaccounted for hadronic effects [19, 31, 45,
58, 59] we propose a new way of estimating them leading to a result which is still consistent
with the emergence of NP. In our analysis all four Wilson coefficients are simultaneously
turned on and a simple estimate of the overall deviation from the SM is at the 7.1c level.
The deviation from the Standard Model remains at the 4.9¢0 level even assuming that the
central values of Rx and Rg+ are taken to be unity.

We then introduce the experimental results for the g — 2 lepton anomalies in section 4
and the CDF W-mass result in section 5.

Prompted by the deviations from the SM above and taking into account our results,
we consider in section 6 several theoretical models apt to explain these anomalies such as:
Z', leptoquarks, composite Higgs dynamics as well as radiative models. We will show that
models with scalar leptoquarks and technicolor-like theories are the most favourable to
explain simultaneously all of the anomalies, or at least to alleviate the tension with the SM.

We finally discuss in section 7 the impact of the future data collected by LHCDb at
run3 and Belle IT after having collected 5 ab~!. We offer out conclusions in section 8. In
appendix A we report the observables used in the data analysis.



2 Hadronic insensitive observables

To explore NP emerging around the electroweak energy scale affecting the bottom to strange
transitions involving leptons one is led to introduce the following class of effective operators

OngY = (E'y#PXb) (E’Y#ny) s (2.1)

which can be written as SU(2)-invariant operators. A more general discussion can be
found in [36, 60, 61]. These operators are incorporated in the following effective Hamiltonian

. Q
g = _V;fbvts% Z Chyty Obyey +hec., (2.2)
™ Xy

where the sum runs over leptons ¢ = {e, 1, 7} and over their chiralities X,Y = {L, R}. Ad-
ditionally, it is convenient to define dimensionless coefficients C related to the dimensionful
cy coefficients appearing in the equivalent Lagrangian formulation

'=§/ﬂelcf - Z Cbxeyobxfyv (23)
0,X,Y
and
Qem Cr
= V. V= = 2.4
= VoV 2O = Ee eV (24)

where Vi3 = —0.0412 £ 0.0006 and v = 1/(2v/2GF) = (174 GeV)? is the square of the Higgs
vacuum expectation value and G the Fermi constant.

Motivated by the SM prediction that |CbSLNéR| < |C§L1\§L , since CE%L = 8.64 and
C’bSLl\%R = —0.18, as in [17] we use the chiral basis related to the standard one [38] via

2Cy = CbLML+R7 2C10 = _CbLML—R’ 205/) = CbR#L-s—R? 20{0 = _CbR;U«L—R :

(2.5)
In the SM we have C5M ~ —C7). We also use the following notation [17]
CbLiR@Y = Copey £ Cogey CbL+R€LiR = Copep + Copep £ Copop £ Copeg,
Cbx(u—e)y = Chxpy — Coxey- (2.6)

Experimental deviations from the SM predictions are encoded by splitting the Cj 4,
Wilson coefficients as follows
Cr=0CM L ACy. (2.7)

We define with C}gM the coefficients arising from the RG analysis performed by
Fravio [60-62] within the SM.

We further divide ACYT into a part that contains potentially unknown hadronic effects [45]
not contained in FLAVIO [62]) plus a genuine beyond standard model (BSM) contribution:

ACy = CH 4+ oBM, (2.8)

Although, in principle, one needs a non-perturbative computation of the hadronic con-
tributions [19, 63], it is a fact that any SM-induced hadronic corrections preserve lepton
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Figure 1. Leading Feynman diagrams for the decays BY/B* — K*/K (¢~.

flavour universality (LFU) and therefore it cannot explain Rx and Rg-. We use this point,
in one of our analyses, to phenomenologically estimate both the hadronic contributions
and the ones stemming from BSM able to explain the observed lepton flavour universality
violations (LFV)s.

We move now to an anatomic study of the various relevant observables starting with
the HI ones.

2.1 Ry anatomy

The LHCb collaboration presented a recent measurement of the Rx ratio (see figure la
and figure 1b representing the leading Feynman diagrams for the relevant B decay) with
full Run 1 and Run 2 data. The result [4] is

_ BR(BT = Ktptu)
~ BR(B* — Ktete)

Ry = 0.846100%2 (stat) 0015 (syst)  [1.1,6]GeVZ.  (2.9)
The central value in (2.9) is 3.5 standard deviations below the SM unity prediction.
Furthermore, the BELLE collaboration presented a preliminary results for this quantity,
that is [2]
Rp =1.037528£0.01 [1.1,6] GeV2.



Because the experimental analysis provides results in bins of the squared invariant mass
of the lepton system ¢? = (P;— + P;+)? we consider the related ¢>-dependence via

[ g2dT(BY — K+utu~)/dg
Rk [qr2nin7 qr2nax] = qm2in . (210)
fq%"fax dq?dl' (BT — Ktete™)/dg?

The energy bin reported by the experiments used in eq. (2.9) refers to
Rk = Ri[1.1GeV?,6 GeV?]. More precisely, the decay rate leading to eq. (2.10), in the
limit of vanishing lepton masses, reads [38]

dU(Bt — K*ptp) _ Graen|[VeVil® (50

(ME ME, ) (IFv P +1Fal?) , (2.10)

where A(a,b,c) = a® + b? + ¢ — 2(ab + bc + ac), Mp ~ 5279GeV, My ~ 0.494GeV,
Vi Vii| =~ 40.58 x 1073, The form factors Fya collect the contribution of the standard
form factors f, ;7 as well as the relevant Wilson coefficients and possible non-factorazible
hadronic terms

Fy (qz) = (Cio + CYp) [+ (QQ) ; (2.12)
Fy (CJQ) = (Co + CY) f+ (q2> 2me (C7+C%) fr (C]Q) + kg (QQ) . (213)

4+ —
Mp + Mg
non—factorizable term

SM electromagnetic dipole contribution

It is possible to neglect the SM contributions from the electromagnetic dipole operator
(encoded in the coefficients Cél)) because of the experimental cut ¢2,;, = 1.1 GeVZ.

It is an important issue to establish which part of the non-factorizable contribution,
stemming from h g (¢?), affects the scaling dependence of ng M and which enters the hadronic
contribution in C&. In fact, one can even define an effective C§" that eliminates the overall
scale-dependence due to its contribution as shown in [19]. This happens because there is a
part of hr(q?) which is proportional to f (¢?) [19]. There is, however, still an undetermined
hadronic long-distance contribution estimated, for example in [63] and discussed also in [19].
Here, we use a pragmatic approach according to which C@gM is taken to be the result of
the RG analysis of FLAviO [62]. We relegate the undetermined hadronic contribution in
C’g . Once precise non-perturbative techniques will be able to determine the hadronic
contributions they can be compared with our fitted results.

We will return to the non-factorizable hadronic contributions in the later sections but
we neglect them here since they do not affect the LE'V processes. One finally arrives at the
following expression for Rg in terms of the relevant Wilson coefficients:

R . |CbL+R/—LL—R‘2 + ‘Cbe-Q—R;U'L-‘v-R’2 (2 14)
K= |Cb ‘2 T |C |2 . .
L+REL_R bL+reL+r

In the SM it is expected to be R = 1 with QED corrections in the relevant ¢ bin of the
order of few percents [64].

To learn more about the AC; structure we switch on muon and electron coefficients’
deviations separately. We also assume C’f{ = 0 since here we are interested in understanding



the contribution to LE'Vs. We expand (2.14) by splitting the Wilson coefficient in SM and
BSM contributions. Focusing, at first, on assuming NP in the muon sector we have:

— QCI‘JS;AI:[L BSM BSM [RC <Cf]’%LSl}\L[> +Re <CZ]7%RSIE\[[‘ ﬂ ?
Rx=1+ (CziAZL)QJr (CziAZR)Q [Re (CESM) 4+ Re (O |+ (CziAZL)QJr (CziAfR)Q
2C5M [Re (CBSM) 4 Re (CPSM) ]2

(C’SM )24: ZRCSM )2 {B( <(i}f§;\r{,> +Re ((iﬁﬁﬂ

brer brer

+

(i) (i)

brer brer

() +im (i) o (et 0 )|

brur briLL bLur brUR
sm )2 sm )2 s )2 sn )2
(csm ) +(csm ) (Csm )+ (cgm )

(2.15)
where we have separated real and imaginary parts for BSM coefficients in order to gain
further insight on which NP operators might be responsible for the observed discrepancies.

We can immediately make the following preliminary observations:
e There is the by, into br exchange symmetry in the BSM corrections.

e Terms linear in the BSM coefficients involve only their real parts and are the only
ones that can reduce the SM value of R.

e Contributions from the imaginary parts of the coefficients push Ry towards higher
values than the SM one unless they cancel each other as follows

Im(CIiS%) ~ —Im(Cl?:%), Im (Clisul\g) ~ —Im (CES%) . (2.16)

By inserting the numerical values for the SM contributions, equation (2.15) specializes to

Ry =1+ 0.2314[1%@ (CBSM) 1 Re (CBSM )} ~0.0049 {H«; ((,‘BS”> + Re ((;’RW )} 4

brur brpL bLur briR

00u3a{ [Re (L) + Re (L) |2 + [rm (CHESE) + 1m (cB5pt) )+

{Ret < . [£;7>/[> + Re < ,%;ZI\IIHQ + {Im (Clisl%[z) +Im (CERS%HQ} .
(2.17)
We can now obtain some interesting constraints on the NP coefficients by first considering
one coefficient at a time while setting the remaining to zero. Requiring, for example,
the final value of Rx to be within one standard deviation from the experimental value
in (2.9) we deduce the following analytic constraint on the real parts of the left-handed
muon coeflicients

0.807 < 1+0.2314[Re (CEEM )| +0.0134 [ Re (CF5M )]2 < 0.888

159 XML

! (2.18)
—  —0.8786 < Re (CBW) < —0.4983

bxur



where X is either L or R. Because of the quadratic nature of the equation we typically
find two solutions. The physically acceptable one is the one for which |Cy,, | is less or
of the order unity for the effective approach to be sensible. Still insisting on the single
non-vanishing coefficient approximation no other solution is possible either real or complex.

If we assume NP in the electron sector only, we obtain an expression for 1/ Ry analogous
to (2.15). Within one standard deviation from the experimental value we deduce

1126 < 1+ 0.2314[ Re (CPEN )] +0.0134|Re (CHEM ) |2 < 1.238

bxer

‘ (2.19)
—  0.5283 < Re (CBSM> < 0.9736.

bxer

We clearly experience a mirror like behaviour for the electron coefficient with respect to the
muon one in trying to explain the SM deviation. In these two extreme limits the values of
the coefficients are not very small. In fact, it is the large value of C’I)SLl\ﬁL = 8.64 that justifies
the chiral-linear approximation

BSM

Re
Ry = 1 42— 2anlizor (2.20)

brpr
The overall picture is consistent with earlier findings according to which the dominant effect
stems from couplings to left-handed leptons.
2.2 Rpg+ - anatomy

The LHCD collaboration reported the following experimental result [3] for Ry~ (see figure la
and figure 1b) in two bins of di-lepton invariant mass

0.66010:510 +0.024 (2m,,)? < ¢ < 1.1 GeV?
= (2.21)

0.685T0:043 4 0.047 1.1 GeV? < ¢? < 6 GeV2.

Moreover, the BELLE collaboration presented preliminary results about Rg+. Averaging
over BY and BT, the BELLE result is []

Ry+[0.045,1.1] = 0.5270:36 +£0.05,  Rp+[1.1,6] = 0.9675-35 + 0.11. (2.22)

These values have to be compared with the SM predictions [64]

(2.23)

RSV _ 0.906 £ 0.028 (2m,,)? < ¢ < 1.1 GeV?
1.004+0.01 1.1GeV? < ¢%2 < 6GeV2.

Given that the K* hadron has spin 1 and mass Mg+ = 892 MeV, the theoretical prediction
for the Ry~ ratio given in eq. (1.1) is

(1- p)(‘CbL+RNL—R|2 + ’CbL+RML+R|2) +p (|CbL—RML—R|2 + |ObL—RML+R|2)
(1- p)(‘CbL+R€L7R’2 —+ ‘CbL+R6L+R|2) +p (|CbL7ReL—R|2 + ’CbL—ReLJrRP)

P

(2.24)



where p &~ 0.86 is the “polarization fraction” [65—67], that is defined as

go + 9|

== I (2.25)
go+ g +9L

The g; are the contributions to the decay rate (integrated over the intermediate bin) of the
different helicities of the K*. The index ¢ distinguishes the various helicities: longitudinal
(i = 0), parallel (i =||) and perpendicular (i =1).

Trying to address simultaneously Rx and Ry~ here we consider Rx+ — Ry for which
the analytic expression under the assumption that NP hides in the muon sector reads:

R« — Rk Chns Re (CBSM> _ fie (CliSBD Re (Cl]?;bi)
o (o) () T (o) ()
. Clij\;{a (~BSM\ Re <(V’57‘\/1> Re <(N’%S/‘\/l>
ey ™ ey ey
() () o () £ ()
(csm) +(ae)” (o) + (o)

Given that the left-hand side is negative we have that:

o For the terms linear in Re(CE:x( ) the product C’l;gL Aﬁx Re(C’l])?’RSx( ) should be positive if
all the other coefficients are set to zero. This is, however, in conflict with considerations

made in the previous section for Rg.

e To resolve the conflict above, one more coefficient must be turned on. The minimal set
of non-vanishing coefficients are Re(C’ERSx) and Re(CliS%). One can also imagine to
turn on Re(CE:/x ), but as we shall soon see this contribution is highly suppressed via
the SM coefficients. Additionally, note also that now we can determine the chirality
of the b quark while it is not possible by the solely analysis on Ry, as seen in the

previous section.

o Interestingly we also observe that the imaginary parts must be suppressed in absolute
value since the R solution in (2.16) would provide positive corrections here.

Substituting the SM values we have

R+ — Rg = —0.3981 Re <C’BSM) +0.0084 ¢ <(7L’)HA\1>

brirL britr

brpr brpr brur brpr

— 0.0461 [Re (CooM) Re (CEM ) + Im (CRSM) Im (Ot ) + (2.27)

> (~BSM) 1 ( ~BSM BSM BSM
+ Re <c,)u,n> Re (c w”) +Im (cbWR) Im (ObRMRﬂ .
A clear SM induced hierarchy emerges, according to which we can neglect the NP contribution

associated to Re(C’l]f‘]_il};[2 ) as it will also be clear from the final numerical analysis.



Deviations coming from the electron sector can be studied in a fashion similar to
the muon case using 1/Rg+ — 1/R, which will be of the same form as (2.27), but with
electronic BSM coefficients instead of muonic ones.

All in all, only real coefficients involving left-handed leptons can be used to agree with
data within a one sigma range with the current analytic considerations.

It is instructive, following [17], to visualize the constraints discussed above via the
parametric plots in figure 2 and figure 3. The left panel of figure 2 shows the parametric curve
in the [RK(Im(CEXS})i)), Ry~ (Im(C}?XS});))] plane obtained by turning on the imaginary
part of one muon coefficient. From equations (2.15) and (2.26) it is clear that such a curve
is the same for any b and muon chirality. For increasing values of ‘I m(CZ?XS}xIV) , the dots
move along the diagonal in the Rx~+ vs Rg plane, away from the experimental point [47 |,

reported with its error bars. In the right panel, increasing values of ‘I m(C’l]?XSé‘i

)) point in
the desired direction, towards the experimental values. However, in order to explain the
data, we would require an imaginary coefficient of order ~ 5, which is too big in the context
of the effective approximation, where we expect Wilson coefficients’ deviations to be, in
absolute value, of order unity.

In figure 3 we see the analogous plots corresponding to the real parts of each coefficient
associated to NP in the muon (left panel) and electron (right panel) sector. The left-

BSM

handed real part of the operator Cp* i (purple lines) can reduce both Rx and Rg+. The

arrows correspond to Re(Cl])?’Lsﬂl\g) = +1 (see caption for details). Conversely, as previously
mentioned, a deviation of Ry~ from Ry signals the presence of Re(C’fIfx ) (red line). Finally,

as observed above, the reduced value of Ry measured in equation (2.9) cannot be explained
by Re(C’Ef%) and Re(Cl?LS%).

It is also instructive to summarise the case in which NP directly affects the electron
sector, as can be appreciated in the right panel of figure 3, which is a mirror-like image of
the muon case.

As discussed above, the Re(C,iSel\L/[) can explain the reduced value of Ry but alone
cannot explain also Rx+. However, differences between Ry and Rg+ can be achieved by
a non-zero value of Re(C’fRSel\f). Notice that also Re(Clis’ll\feR) points towards the observed
experimental data but they require larger numerical values.

Since Rp~ is provided for two different bins of di-lepton invariant mass we consider

these two measures as independent in the numerical analysis (see [17] for further details).

2.3 B, — ptpu~ - anatomy

To enrich our analysis, we now investigate the further interesting hadronic insensitive
observable involving Cp, 4, : BR(Bs — pp™) (see figure 4). The rate is theoretically

predicted to be
2

, (2.28)

BR(Bs — M+N_) ‘CbLRMLR
BR(B, — i Jsnt

= | SM
CbL—RMLfR

where in the SM we have BR(Bs — up™)sm = (3.6540.23) x 10~ while the experimental
value is found to be BR(Bs — 1 )exp = (3.0970:35701%) x 1079, The latter has been
measured by the LHCD collaboration [5]. Following the previous analyses for Rx and R+,

~10 -
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Figure 2. We show the experimental point in the Rx+ vs Rg plane, along with purple parametric
curves, obtained by switching on Im(Cs,,, ) and Im(Cy, ., ) (switching on Im(Cp,, ) produces
the same result). For the muon case, increasing values of the parameter, point in the upper-right
direction, moving away from the experimental measure. In the electronic case, increasing values of
the parameter, point in the desired direction, but would imply a coefficient of order ~ 5, unphysical
in the context of our approximation.

2.0 2.0
ReCgy ReCkr ReCgy
L5 L5 .
- ReCip
X1.0 5 1.0
= M = ReCly AM
0.5 0.5
l\"\(
ReC}y
0.0 0.0
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
RK RK

Figure 3. Deviations from the SM value Rx = Rk~ = 1 due to the various chiral operators possibly
generated by new physics in the muon (left panel) and electron (right panel) sector. In this plot, we
focus on the real parts of the coefficients. The arrows indicate the direction in which the coefficients
grow. Both ratios refer to the [1.1,6] bin.
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Figure 4. Feynman diagrams of B, — putpu~.

we expand (2.28) in terms of NP coefficients in the muon sector:

BR (Bs — ptu”) 2[ Re (CPSM) + Re (CPSM) — Re (CPSM) — Re (CPSM)]

=1 —+ brpr brur brpr brur
BR (Bs = ptu™)gy [Re (Cliﬂ;:[L) — Re (CliﬂgR)}
[Re (cF521) + Re (Chatn) — Re (Chith) — Re (G
' e (ci,) e (ci, ) ’
. [1m (GBS + Im (CPSM) — I (CPSM) — Im (CPS2Y)]2
[Re (G311, ) — Be (i) J?
(2.29)

Inserting the SM values for the coefficients we have:

BR (Bs = utp”)
BR(Bs = pt 1™ )gm

=1+0.227[Re (CP3,, )+ Re (CIEM ) — Re (CESM) — Re (CESM ) +

britR brur brur

+0.013 [Re (Cgsjg) +Re (CBSM ) ~Re (CBw) " Re (CBSMH 2

bruRr bLpr bruL
+0.018 | I (CESM )+ Im (CPSM ) — Im (CESML) — 1 (M) 2.
(2.30)

We notice that the imaginary parts of the Wilson coefficients tend to shift this quantity
away from the experimental value; once again the data privileges BSM Wilson coeflicients
to be real. Furthermore, equation (2.29) is symmetric under the exchange L «+— R. We
conclude this subsection by reporting the relevant physical range for Re(C’?XS%) at the one
standard deviation level:

~1< Re (CPSM)  Re (C5M) <0166, —0.166 < Re (CPSM) Re (CF5M) < 1.
(2.31)

In particular the constraints for Re(CI?LSlZI) and Re(C&S’% ) are compatible with the ones
given by Rx and Ry« respectively.

We are now ready to summarise the analytical investigation of the Hadronic Insensi-
tive observables.
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2.4 Summary of theoretical findings

From the pedagogical theoretical investigations above we have extracted a number of
relevant information that we summarise below.

1. NP is needed to account for the deficit in Rg and R+ with respect to the SM value.
2. If NP appears in either the muon or electron sector it privileges real Wilson coefficients.

3. In agreement with the results of [17] one can explain the experimental result for Ry

with NP in the muon sector by turning on the real part of C,])SLS/%
because of the simultaneous deviation of Ry« from the SM and from Rp itself, another

coefficient is needed which is the real part of C&Sﬁ .

~ —1. However,

4. To the extent that one focuses only on the HI observables, one can explain the

deviations also with NP in the electron sector with order unity values for the real

BSM BSM
parts of Cp %™ and CbReL.

5. A more precise measure of B, — uTpu~ will select either the muon or the electron
solution within the HI observables. As we shall see in the following sections, HS
(angular observables) results suggest NP in the muon sector.

The time is ripe to provide a numerical analysis that takes into account both the HS
and HI observables.

3 Comparison with experimental data

In the previous section we have assessed the main properties of the ‘Hadronic Insensi-
tive’ observables in order to guide our expectations when comparing with the bulk of
experimental results.

Here we use the FLAVIO [62] toolkit to compare theory and experiments. This as an
open source code aimed for flavour physics analyses. In the basic FLAVIO package NP
contributions are encoded in deviations from the SM Wilson coeflicients introduced in
section 2.

The statistical method employed is that of the ‘Fast Likelihood’ [62], which is based on
the following form of the likelihood function

—2InL(C) = inT (C) [Cexp + Cin (60)] ' x; (C) x; (C) = O — O (C, 6p)
' (3.1)

where
1. L(C) is the likelihood function.
2. C is the set of Wilson Coefficients.
3. 0g is the set of the SM parameters’ central values.

4. O™ are the theory predictions for the observables.

~13 -



5. O%P are the experimental measurements for the observables.
6. Ceoxp is the covariance matrix of the experimental measurements.

7. Cin is the covariance matrix of theory predictions in the SM for the central values g
of the theory parameters.

In particular, Cyy is obtained from randomly sampling the observables in the theory
parameter space. Finally, Ceyp, is obtained via a Gaussian approximation of the experimental
Probability Distribution Functions (PDFs).

Following the overall strategy first outlined in [17], we divide the flavour sensitive
experimental data in two, hadronic insensitive and hadronic sensitive. The HI are Rp,
Ry~ and BR(Bs — ptp~). The HS list of variables counts about 100 observables (see
appendix A). We report in table 7 the differential branching ratios of semi-leptonic B-meson
decays and in table 6 the physical quantities extracted by the angular analysis of B-mesons
decay products. Specifically, observables deviating more than 2.5¢ from the SM prediction
are highlighted in blue, while those deviating more than 3.50 are highlighted in red. Some
of the observables, such as S5 and P., provide similar information as discussed in [232, 233]
and therefore are expected to be correlated. To compensate for the lack of knowledge
about the experimental correlation we have redone the fit switching off S5 and find identical
results. Furthermore, if we consider only one set of observables at a time, 5; rather than P;
or vice-versa, we find results compatible with each other within one sigma.

In the first step of our analysis we use only the HI set of observables while in the second
and third step we estimate the effects of the HS observables and combine them all in a
global fit. Finally, we propose an approach to obtain some insight on possible long distance
hadronic effects based on the available data.

3.1 Step one: the hadronic insensitive story

HI observables are affected by small uncertainties in the SM, allowing to extract solid
information about possible existence of NP. Due to the limited amount of data we set
to zero all the Wilson coefficients but one. The chosen operator violates LFU since it is
either for NP in the muon or the electron sector. Following the analytic analysis we can
focus on real coefficients. In HI columns of table 1 we present the central values of the
Wilson coefficient, their 1-o intervals as well as a measure of the deviation from the SM in
terms of VAYZ = W/X%M — X%)est‘ We further highlight, in green, the rows corresponding
to a significance of at least 40. The top part of the table corresponds to the muon fit

while the bottom part to the electron fit. The results are in agreement with the analytic

BSM
CbLML

measured anomalies in Rx and Rg+, with a significance of 4.70. The electron sector fit

equally favours C,isel\f, C,isel\g and C&S@l\g

investigation provided in section 2.2; the left-handed coefficient is favoured by the
. However, except for two quite large coefficients
(with similar significance) the most reasonable is Cj, ., which deviates less from the SM. As
for the muon case, the statistical preference with respect to the SM case is in the 4-5 o range.
For completeness, we show in table 2 the results of 1-parameter fits in the vector-axial basis.
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New physics in the muon sector (Chiral basis)

Best-fit 1-0 range \/m

HI HS all HI HS all HI HS all

CpSM 075 —1.31 —0.89 :8:22 jgz :8:;2 47 41 61 @
CPSM 0.78  —0.66 —0.08 ézgi :g::g _8:22 23 26 0.3
CESM—0.16  0.08 —0.09 :8:22 _8:(1)2 _8:(1); 1.1 05 08
CPSM —0.45 030 —0.01 :8:; 8:?2 8:(1)1 1.3 16 0.1

New physics in the electron sector (Chiral basis)

Best-fit 1-0 range \/m

HI HS all HI HS all HI HS all

CoSM 082 094 0.84 8:2; (1)212 8:33 44 12 46 @
PSM 322 —2.71 -3.18 _géé jgg :g:gg 47 13 49 @
CPSM 029 387 0.31 8:‘11; :i::g 8:;1 1.8 14 20

CPSM 356 —3.94 —3.63 :g;g :i:gz :g:;: 42 14 45 @

Table 1. Best fits turning on a single operator at a time in the chiral basis, using the ‘hadronic
insensitive’ observables ‘HI’, the ‘hadronic sensitive’ observables ‘HS’, or all the observables ‘all’.
Green dots correspond to a significance > 40 in the ‘hadronic insensitive’ fit. The full list of
observables can be found in appendix A.

In conclusion, (in agreement with previous results [17, 32-45]) by restricting the
analysis to the selected subset of HI observables Ri, Ri+ and BR(Bs — u™p™), we find a
preference for a new neutral current that couples left-handed b, s quarks and left-handed
muons/electrons.

3.2 Step two: the hadronic sensitive story

Using the observables in the tables of appendix A, we can now perform fits featuring
multiple coefficients turned on, although we started with one coefficient at the time to check
consistency with the earlier results.
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New physics in the muon sector (Vector Axial basis)

Best-fit 1-0 range \/m

HI HS all HI HS all HI HS all
-0.64 -0.82 —-0.81

CBSM 079 —0.94 —0.91 41 49 65 @
Dopt ~0.94 —1.06 —1.01
0.73  0.36  0.59
BSM
0.63 —0.23 051 47 1.2 45 @
10, 0.53  0.09  0.43

, —0.19  0.33 —0.02
C:BSM 030 020 -0.11 1.8 1.1 0.9
Sopt —0.41  0.07 —0.20

, 0.13  0.08 0.11
CBSM 005 0 0.05 0.4 0 06
10, —0.03 —0.08 —0.01

New physics in the electron sector (Vector Axial basis)

Best-fit 1-0 range \/m

HI HS all HI HS all HI HS all

096 155  0.88
CESM 081 101 0.84 067 047 070 43 14 44 @

—0.62 —0.36 —0.64
Cloe! =076 =079 =077 o0 o1 _ggo AP 12 47 @

0.46 0.33 0.49

CBSM 034 020 0.36 20 14 21
e 0.21 007 024
, —0.17 ~0.20
BSM .9 —0.31 1. 2.
Cioe 0-29 03 —0.40 —0.42 ) 0

Table 2. Best fits turning on a single operator at a time in the vector-azial basis, using the ‘hadronic
insensitive’ observables ‘HI’, the ‘hadronic sensitive’ observables ‘HS’, or all the observables ‘all’.
Green Dots correspond to a significance > 4o in the ‘hadronic insensitive’ fit.

Focusing on the green rows of table 1, in the muon sector we still find a preference for
CBSM
bLpr
strongly reduced values of the significance. In fact, most HS observables involve muons

~ —1 with a slightly larger error. On the other hand, in the electron sector we witness

(detailed measurements are much more difficult with electrons), so that they are less sensitive
to effects in the electron sector. Since HS data still highlight significant deviations with
respect to SM predictions in the muon sector, we perform a multiple coefficient fit involving
all 4 muonic operators. Given the reduced sensitivity of our observables to electronic
coefficients, the result remains essentially unchanged assuming non-zero deviations of the
4 electronic coefficients, as we have verified with the FLAVIO code. For this reason, even
if we are focusing on the muon sector, the electronic coefficients cannot be constrained.
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Therefore we fit directly the sum AC; = CH + CP5M for the muon coefficients with the
results for their mean values, the associated chi-square 2 compared with the SM one X% M
and associated covariance matrix p:

ACyyp, = —1.16 £+ 0.20, 1 —0.01 —0.002 0.003
ACh, i = —0.79+£0.18, X%y, = 258.05, 001 1 002 007
ACh,,., = 0.2740.14, P=23290. 7| -0002 002 1 o1
ACh 5 = 0.06 + 0.26. 0.003 0.07 0.11 1

(3.2)

We further report the number of degrees of freedom and reduced chi-square for both the
SM and the four-coefficient fit:

X&y  258.05 Lood ¥ 23299
#dof 257 7 # dof 253

=0.921 (3.3)

The comparison between these two values shows a preference for non-zero deviations AC7. In
particular, the only coefficients that are significantly different from zero are those involving
the left-handed b-quark. At this stage one could still imagine that these deviations could
be attributed to hardonic effects rather than NP. In fact, one expects these effects to be
strongly suppressed for the right handed b-quark. Both the HI and HS observables are
therefore needed to disentangle NP contributions present in ACj.

3.3 Step three: NP only HI-HS observables interplay

We are now ready to combine HS and HI observables in a global fit. As a first step we
neglect hadronic contributions that will be, however, discussed in the next subsection. This
approach is consistent with having neglected the electronic contribution. Here, we can
immediately say that the results favour a deviation in the SM in CII)BLS;% as well as C,isli\]/i .
We can also further set bounds on the remaining muon NP coefficients. The result of the

global fit is summarized as

CPSM — _1.1940.12,

brur
CpSM = —0.78 +:0.16, 1 0.02 -0.05 —0.03
2
Xsnm = 289.10, 0.02 1 0.02 0.08
CBSM — 0.40 +0.11 = 3.4
brp ’ Z=23746. | -005002 1 011 (3:4)
CpoM =015+ 0.24. —0.030.08 0.11 1
As in the previous case, we report the reduced chi-square:
2 =2
X 289.10 X 237.46
# d.o.f. 269 07, # d.o.f. 265 8% (3:5)

Here we restricted the analysis to a fit for the muon sector since there are not enough
electron-sensitive data able to pin down all their coefficients. Under this particular hypoth-
esis, when comparing the x? values, we find a deviation from the Standard Model at the
7.20 level. Here again the reduced chi-square values support the BSM scenario.
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3.4 Estimating hadronic effects

It is relevant to estimate the hadronic contributions to the Wilson coefficients in order to
disentangle contributions of NP as advocated in [19, 45, 58, 59].

We parametrize the hadronic effects with a shift of the Wilson coefficients C’f{ . Follow-
ing [19, 45] the hadronic contributions appear only in C§! and therefore in the following
analysis we assume Cf} = C’iﬂ{ = C’éH = (0. We additionally assume that NP is present only
in the muon sector. This working hypothesis can be tested once new observables sensitive
to NP in the electronic sector will be available. Recalling the discussion below (2.13),
given that our Cy™ is not defined to include hadronic contributions that eliminate its
scale-dependence [19] our results will contain both these and long distance hadronic effects.
These can be interpreted as LFU contributions from the SM not present in FLAvIO [62].

We set the muon Wilson coefficients AC), to the values of eq. (3.2), obtained by fitting
only the HS observables, which do not involve the electron Wilson coefficients. Keeping
the muonic coefficients fixed, we fit ACy . = C’QI{E using HI observables. As mentioned in
section 2, hadronic effects are expected to be LF'U, so that Cé{e = Cé{u =Cf.

The NP contribution to the Wilson coefficients is:

BSM H
C.o=AC,-C,. (3.6)
The hadronic insensitive observables give
gl =-016+015=Cyf,, =Cf,

which is compatible with a small hadronic contribution. Although the overall impact is a
slight decrease of the central value of the NP contributions, this is within a one sigma effect.

3.5 The Rk = Rg+~ = 1 - case vs HS observables

We find instructive to consider the impact of a potential disappearance of the LFU violations
on the overall fit to the HS and HI observables. We will still allow for uncertainties on
Ry = Rk~ of the order of the ones measured now, while changing the central value to unity.
The results are reported below

CBSM — _0.724+0.14,

brur
CHSM = —0.87 £0.07, 1 —0.04 —0.12 —0.12
2
= 279.03 —0.04 1 —0.02 0.03
BSM __ XSsMm ) -
gy, = 0-45 £ 0.07, V2 = 254.96. P=1 —012 —002 1 o004 | (37)
Cpoit = 0.06 +0.14 —0.12 0.03 0.04 1

The reduced chi-squared values are

X&y  279.03 Lots Y2 254.96
#dof — 215 7 # d.of. 271

It is interesting to compare this with the result obtained in step three. Even though the

=0.941 (3.8)

values for Ry, Ry« have been set to unity, by x? value comparison, we still find a deviation
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of 4.90 from the SM. As expected we find lower values for both the full and reduced SM
chi-square compared to the previous case (see (3.4) and (3.5)) because Rx and R+ equal
to unity fit better with the SM. Nevertheless the HS observables still deviate from the SM
predictions and the BSM hypothesis is still preferred.

4 g-2 anomalies

Besides the deviations observed in the flavor observables, tantalizing hints of NP are
emerging, at the same time, in another relevant sector of the SM, the anomalous magnetic
momenta of the muon a, and of the electron a.. The measurements of the anomalous
magnetic moment of the charged leptons, ay, represent long-standing precision tests of the
SM. New physics at a scale A is expected to affect ay as day m? /A2. Therefore, although
the largest BSM contributions should appear in the 7 anomalous magnetic moment, its
short lifetime renders its measurement difficult. This is the reason why one concentrates
on measuring a, and a. as probes of NP. In particular, a, is measured very precisely, in
magnetic storage ring experiments, by examining the precession of muons that are subjected
to a magnetic field. In the electron case the a. experimental value is known at the 0.24 ppb
level in one-electron quantum cyclotron experiment [68].

The value of the muon (g — 2) receives contributions from different sectors of the SM
that can be summarized as:

SM _ QED , EW | HVP | HLbL
a,” =a;"" +a," +a," " +a, ", (4.1)

HVP
"

contributions from hadronic light-by-light scattering. The overall uncertainty on a

HLbL

is the hadronic vacuum polarization contribution and a,, include

SM
m 1S

In particular, a

dominated by af Ve, af VP can be determined from lattice calculations but also by a data-
driven approach, considering e™e~ — hadrons events. A data-driven alternative opportunity
to examine the HVP contributions would be offered by the MUonE experiment [69], which has
been proposed to determine the leading hadronic corrections to a, purely from experiments,
by examining the scattering pe — pe.

Recently, the Fermilab collaboration reported their newer measurement of the muon
anomalous magnetic moment [47], lending further support to the early discrepancy with
respect to the SM value. Combining this result, with a deviation at the 3.3c, with the
earlier BNL E821 one [16], one arrives at the experimental average of

a,(Exp) = 116 592061(41) x 10~ (0.35ppm), (4.2)
with an overall deviation from the SM central value [48] of
Aa, = a,(Exp) — a,(SM) = (251 £59) x 1071 (4.3)

corresponding to a significance of 4.20 [47]. Note however, that the lattice results from
the BMW collaboration [49] are not included in the world average. If these are considered
as the true contribution to the HVP of the photon [50-52] the discrepancy from the SM
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Figure 5. Particles that can mediate Ry at tree level: a Z' or a lepto-quark, scalar or vector.

reduces. Very recently an independent lattice simulation has appeared [53] agreeing with
the BMW result.
The theoretical SM prediction for a. is sensitive to the experimentally measured value
of the fine-structure constant. A recent measurement of « [54] leads to a deviation of 1.70
from the SM in ag:
Aa. = (0.48 +0.30) x 10712, (4.4)

In ref. [70] the authors performed an effective analysis of the magnetic and electric
dipole moments of the muon and electron. There they gave the expressions for the dipole
moments in terms of operator coefficients of the low-energy effective field theory and the SM
effective field theory. Using one-loop renormalization group improved perturbation theory
with one-loop matching conditions they showed that semileptonic four-fermion operators
involving light quarks give sizable non-perturbative contributions to the dipole moments.
They further showed that a very limited set of the SM effective operators can generate the
observed deviation of the magnetic moment of the muon from its SM expectation, as we
shall also appreciate from direct model constructions.

5 W-mass

Another anomaly appeared recently due to the CDF best precise measure, so far, of the W
boson mass My, obtained using data relative to 8.8 inverse femtobarns (fb~!) of integrated
luminosity. These data were collected in proton-antiproton collisions at an energy in the
center-of-mass of 1.96 TeV, via the CDF II detector at the Fermilab Tevatron collider. Via
a sample of about 4-million W bosons, the collaboration reported the value [56]

Mw|cpp = 80,433.5 % 6.4gat £ 6.96ys = 80,433.5 £ 9.4 MeV . (5.1)
Surprisingly the central value is much larger than the SM expectation [57]:
MW‘SM = 80,357 £ 4inputs + 4theory MeV . (52)

The custodial symmetry in the Higgs sector together with high-precision measurements
including the Higgs and Z boson masses, the top-quark mass, the electromagnetic coupling,
the muon lifetime and collider asymmetries are responsible for the SM value. The latter
is further affected by uncertainties in the input data and by limited knowledge of the
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Mass W measurements
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Figure 6. W mass measurements and their weighted result with the final uncertainty corrected
due to the large discrepancies across the experimental measures.

higher-order perturbative computations from the theory side. In the end the deviation of
the CDF measurement from the SM is 7 standard deviations (7¢) [56].

Shockingly the accuracy of the new CDF measurement exceeds that of all previous
measurements combined, coming from the Large Electron Positron collider (LEP) and
previous Tevatron analyses [200]:

My | gp = 80,385 + 15 MeV . (5.3)

At the Large Hadron Collider (LHC), the LHCb [203] and ATLAS collaborations [201]
reported:

My | yep = 80,354 & 32 MeV |

Following [202] a weighted average of these 4 results yields:
My | pve = 80,409 + 17 MeV . (5.5)

Comparing our naive average with the SM in eq. (1.6), the deviation from the SM reduces to
around 3 standard deviations. Following [57] we determined the uncertainty on the averaged
W mass by increasing the weighted value by the /x2/ndf factor. This procedure takes
into account the large discrepancies among the four measures. In figure 6 we summarize
the fit and the overall result. It was pointed in [204] that the CDF experiment used an
older version of the ResBos code [205] that is only accurate at NNLL+NLO, while the
state-of-the-art ResBos2 code is able to make predictions at N3LL+NNLO accuracy. The
authors of [204] demonstrate that the data-driven techniques used by CDF capture most
of the higher order corrections. This means that including higher order corrections can
decrease the value reported by CDF by at most 10 MeV which may reduce the disagreement
with the SM to 6o.
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6 Anomalies driven theoretical models

New physics is needed to explain the violation of LFU and the measured deviation from
the SM of the lepton anomalous magnetic moments. It is therefore natural to imagine this
physics to appear at some energy scales A that are higher than the electroweak (EW) scale
taken to be around 250 GeV. Because the observed deviations occur at a much lower energy
scale, i.e. either B-meson scale or the muon mass scale one has to take into account SM and
BSM radiative corrections appearing over several order of magnitudes. This investigation
can be performed, model by model, and requires matching the NP theory first with effective
operators around the EW scale and then running them down to the desired scale relevant
for the experimental measures taking into account SM corrections. Although this procedure
is well defined we prefer to concentrate on the leading BSM contributions to the desired
Wilson coefficients responsible for the observed anomalies.

We discuss now the most compelling theoretical scenarios which can account for the
over-mentioned anomalies. The two first models include a new heavy particle, a Z’ or a
leptoquark, which mediate at tree level the relevant interaction generating the effective
operator (57,Pxb)(fv,Py¢). The latter can also be generated radiatively via loops of
fermions and scalars. In general, related interactions also induce the operators

Corbr, (EVMPLb)Q + CMLVH (ﬁV’uPL:U’) (ﬁI/YMPLVM) ’ (61)

which can affect other observables. In particular, the first operator contributes to By
mass mixing and the relative coeflicient is consequently bounded as chLS,}\f = (—0.09 £
0.08)/(110 TeV)? [33, 71]. The second operator affects the neutrino trident cross section.
CCFR data yields the bound ]cﬁfﬁﬁ\ < 1/(490GeV)? at 95% C.L. by [72]. The scenarios

we will examine, considering NP contributions in muon interactions, will also affect the
(9 — 2),, observable.

6.1 Can the Z’ - help?

Perhaps one of the simplest phenomenological ways to address an anomaly has been to
resort to the introduction of Z’ bosons. The latter, as illustrated in figure 5, couples to the
neutral current

[9bs (57, PLb) + h.c.] + gup, (v PrLp) (6.2)

generating the b — s¢/T¢~ anomalies. At tree level, a Z’ with the above interactions
and mass My yields ¢y, u; = —Gbs9ur, /M%, A long list of models featuring such a kind
of extra vector boson appeared in the literature [73-92]. Attention must, however, be
paid to complementary measures constraining the Z’ induced interactions. In fact, the Z’
contributes to the By mass mixing AMp, via the coefficient ¢, = —ggs /2M?2,. Therefore,
in order to satisfy the bound from AMp_, requiring a small g5 coupling, one must consider
large enough g, couplings to address the flavor anomalies. By gauge invariance, also the
neutrino operator is generated, with ¢, ,, = —gi . /M%, without, however, yielding a strong
constraint on g,, . The coupling gps can be generated via a flavor rotation in the left-handed
down quark sector as gps = (g+ — g4)(Ug, )ts, Where g; (g4) denotes the Z’ coupling to the
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3-rd generation (lighter) left-handed quarks and Ug, the flavor rotation matrix. If the
CKM matrix V = Uy, Ug?d is dominated by the rotation among left-handed down quarks,
rather than by the rotation Ug, among left-handed up quarks, the matrix element (Ug,)ss
is not much larger than V;s. Because of the coupling to lighter quarks, unless we restrict to
the limiting case g, = 0, the Z’ is largely produced in pp collisions at the LHC and receive
severe bounds from pp — Z' — pp. The LHC constraints, however, can be significantly
relaxed if the Z’ can decay into other BSM particles, as for example into invisible DM
particles [93].

Besides the flavor anomalies, the introduction of a Z’ could simultaneously explain
both the electron and muon g — 2 anomalies [94, 95]. In this case, however, the Z’ is
generally required to be light, with a mass of the order of MeVs, and feebly coupled to the
SM. Alternatively, a massive Z’ of the order of 100 GeVs could explain simultaneously the
flavor anomalies and (g — 2), if the Z’ couplings to the muons are loop-induced [96] or
generated by mixing with extra vector-like leptons [97]. Improved limits on B — K® v
and forthcoming new results from Belle II have the potential to exclude the Z’ explanation
of the flavor anomalies for myz < 4 GeV [98].

Summarizing, a straightforward introduction of a new Z’ is insufficient to explain all
the anomalies simultaneously. Additionally even addressing just the LFU anomaly the B
mass mixing and LHC bounds hamper the simplest explanation. However, one can imagine
more involved models featuring several new particles/sectors that would rehabilitate the
Z' solution.

6.2 The promising leptoquarks landscape

Leptoquarks appeared very early in particle physics in the attempt to achieve a more unified
picture of fundamental interactions [99]. We will now briefly summarize their impact in
trying to explain both flavour anomalies and deviations in the muon and electron anomalous
magnetic moments.

These are bosonic particles carrying both quark and lepton numbers naturally coupling
to a lepton and a quark. Leptoquark (LQ) induced explanations of the flavor anomalies
have been extensively discussed in the literature [32, 100-117].

More recently, it has been further shown [117-120, 206] that leptoquarks can also
accommodate the deviations in (g — 2),. In the following, we discuss how LQs can explain
the anomalies in b — s¢™ ¢~ transitions and in (§—2),. We start by defining the LQs quantum
numbers under the SM gauge group (SU(3)., SU(2)z, U(1)y), with the electric charge given
by the sum of the hypercharge and of the third component of the isospin, Q =Y + T3.

6.2.1 Scalar leptoquarks

Scalar LQs are the most promising kinds of LQ for explaining all of the anomalies. Interest-
ingly, they can naturally appear as pseudo-Goldstone bosons associated to the breaking of
a global symmetry of a new strongly coupled sector [100, 101]. We identify three types of
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scalar LQs which can account for the anomalies.

. S3=(3,3,1/3)
The Yukawa Lagrangian of this weak triplet is given by:

be
yEQT (i) (rRs5)" L4+ 2EQC M (i) ((T’“Séf)T) Qi+ he
(6.3)
¢’ Note that the couplings to diquarks must be suppressed, zi% =~ 0, in order to
guarantee the proton stability. S3 can mediate neutral current transitions b — supu
at tree-level, which can accommodate the anomalies in Ry(.). In particular, after
integrating out the LQ, one finds

L (,L\*
CBSM CBSM 2mv®  You (ys/‘) (6.4)
V;fbv;;;aem m%' . '

3

e Ry =(3,2,7/6)

Ry is a weak doublet, its interactions, which have the property to conserve the baryon
number, read:

b
yﬁLuﬁRg (iTQ)a LJ’ + yZL]R e\ RS * Q]a + heo . (6.5)

We can include three more LQs in the model if we imagine to reproduce the right-
handed neutrinos with some electrically neutral fields vg.

CBSM — CBSM wwhich is in conflict with
_CFOSMa

Ry can generate at tree level a contribution
data. However, setting yrr = 0, Rz can also generate at loop level C’EI,BSM =
which can accommodate the anomalies in Ry.(.) [122].

As we will discuss in the paragraph below, this LQ can also explain deviations from
the SM in (g — 2),.
¢ S1=(3,1,1/3)
The most general interactions of the weak singlet scalar LQ read:
C . ab - — . -
yzj Q hag (z7’2) L]’ + yw L A eR + ydeg 'Sivh+

(6.6)
QY s (i) Q4 + ERAG iSTd 4 he

Similarly to the S3 case, one has to impose baryon number conservation, z = 0,
to preserve proton stability. The S; interactions can mediate at tree-level charged
transitions b — cfip. Neutral current transitions b — séf can be also generated,
but only at loop level. In this way, it has been shown [123] that S; can explain the
anomalies in Ry ().

As we will discuss below, S; can also accommodate the anomalies in (g — 2),.
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Figure 7. Radiative LQs contributions to the (g — 2),. Here g; is either a top or a charm quark.

LQ (9—2) (9—2), MEG bound

S top top disagreement
S1  charm top agreement
RQ% top top disagreement
RQ% charm  top agreement

Table 3. Schematic results of the LQs scalar models simultaneously explaining (g —2). and (g —2),:
the first column indicates the specific LQ considered, the second and third columns define the type
of quark involved in the loop. The last column shows the dis/agreement with the MEG bound [118].

g — 2 anomalies in the scalar LQ sector. Here we provide scenarios where LQ models
can accomodate both (g — 2), anomalies as well as LFU violation. These models are
constrained by experimental bounds on the pu — ey process, the stringest one coming
from the MEG experiment [124]. One finds that independently Ry and S; offer the best
explanation of the anomalies [118, 120]. The study in [119] further shows that mixing
through the Higgs any two types of LQs cannot explain the anomalies. In particular, the
combination S; & S35, which is not in conflict with p — e, is excluded by the interplay
between K9 — ey, Z — ete™ and Z — ppu~ data. This recent study [117] shows, however,
that with three generations of a weak doublet scalar LQ Sy it is possible to accommodate
simultaneously all of the anomalies while being compatible with the other experimental
data. The deviation in (g — 2) for the muon is addressed by loops, as shown in figure 7,
containing the LQ and the top quark. While, for (g — 2) of the electron the loops can in
principle involve either the top or the charm. However, in the case of top-containing loops
for (g — 2)e, a large contribution to u — ey decay would be also induced, which is not
compatible with the MEG bound [118]. We summarize these points in table 3.

6.2.2 Vector leptoquarks

Vector LQs have been also considered to explain the flavor anomalies [105, 106, 109, 110],
and typically appear as new composite states. A theory with a vector LQ in isolation
is non-renormalizable. LQ-containing loops lead, indeed, to UV divergences [125]. This
means that an UV embedding of the LQs in a more complete theory must be envisaged.
Therefore, model-dependent aspects, such as the study of loop effects in physics observables,
for example in AMp,_, must be considered in the specific UV-completed scenarios. In the
following, we list the two types of vector LQs which can address the LFU violation.
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Figure 8. Feynman diagrams contributing to Rx, AMp, and the muon g — 2 in models with extra

fermions F and extra scalars §. In Fundamental Composite Higgs models these diagrams will be
dressed by further new composite dynamic contributions.

. Uy =(3,1,2/3)

U; does not couple to diquarks and its genuine lepto-quark interactions read:
et QY UL, LY + ot B dpy U ety + affay Uk + hee. . (6.7)

The absence of diquark interactions, and thus of proton stability issues, render this
type of LQ models appealing. In particular, in the simplified assumption 2®% = 0,
and neglecting the presence of right-handed neutrinos, one predicts the following
Wilson’s coefficients

o LL.LL +
CBSM _ _ BSM _ 2mut Ty, Ty,

9 =—Cip" =— m T (6.8)
‘/;fb‘/;,sa rrn/U1

which can explain the flavor anomalies.

Us = (3,3,2/3)

The weak triplet Us couples only to left-handed particles via the interaction terms
iy b
:U%%Qzafy" (TkUéiu)a LJL’b + he . (6.9)

Like in the previous case diquark couplings are absent. These interactions lead to the
following contribution to the b — suu process

9 LL..LL x
BSM _ ~BSM _ 2m0° Tg Ty,
VipVisar my,

which is able to account for the Rx and Ry« anomalies.

The Minimal Supersymmetric Standard Model is not preferred by the LFU anomalies

because the only sparticle (left-handed squark) that can contribute to these processes is

unable to explain simultaneously Ry and Ryx.
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6.3 Naturalness: from radiative models to composite Higgs

Naturalness has been a driving principle for the past decades when modelling and searching
for new physics. The observation of the Higgs boson, with properties similar to the ones
predicted by the SM, has led to partially abandon it as guidance principle. In fact, the
natural SM extensions dismissed by data are vanilla ones such as the constrained minimal
supersymmetric SM and composite Higgs models with several light top partners.

As argued in [126] the anomalies revitalize naturalness in fueling new models of funda-
mental interactions. By sewing together Technicolor-like models [127, 128] with SM fermion
partial compositeness [129], one can accommodate the observed anomalies [126] (for earlier
attempts see [130, 131]). In these constructions the composite scale is around 2 TeV, which
is the natural techni-fermion condensation scale. As for the Higgs nature, there are several
possibilities such as a composite dilatonic state [132-138] coming from walking Technicolor
dynamics [139, 140]. Here the associated effective action is obtained by saturating the
underlying trace anomaly of the theory as shown in famous Coleman graduate lecture book
Coleman [141]. There has been a flurry of interest in this framework [135-138, 142—-146]
partially fuelled by lattice studies. In particular these investigations focused on SU(3)
gauge theories with Ny = 8 fundamental Dirac fermions [147, 149-151], as well as Ny = 3
symmetric 2-index Dirac fermions (sextets) [152-154]. The latter are known as Minimal
Walking Technicolor [135, 136, 155, 156] models. The lattice collaborations corroborate, for
these models, the existence of a light singlet scalar particle to be identified with the dilaton.
Additionally, a light Higgs state can emerge due to top quark corrections [157] or from other
non QCD-like dynamics [135, 157]. The composite Goldstone Higgs paradigm [158, 159]
offers another alternative which is, as we shall review, disfavoured by the muon g — 2
anomaly [126]. A recent comprehensive review of composite dynamics has appeared where
the reader can find in depth explanations of composite (Goldstone) Higgs dynamics and
its link to new fundamental gauge dynamics [160]. We refer to [161] for a discussion
of naturalness and the muon g — 2 anomaly in supersymmetric models while for other
perturbative explanations we refer to [162].

Rather than treating separately the radiative models from the composite ones, fol-
lowing [126] we compare elementary and composite extensions of the SM and show that
Technicolor-like models [127, 128] yield a natural interpretation of these results with con-
sequences for collider physics. We consider the model of [126] that, depending on the
underlying dynamics, can be interpreted as either elementary, or partially elementary, or
fully composite. We therefore add to the SM Lagrangian the following interactions:

~Lyp =y} I'Fi(Sp)" +y§ (EY) FisSh+
wgQ'FL (5h) +ui (U)) Fish + v (D)) FiSh+ (6.11)
V2k (FLFS + FeF§)®g +  hec.

Here F and S are (Weyl) fermions and scalars, respectively, with multiplicity Npc. This
multiplicity can either be seen as a global number or as the dimension of the fundamental
representation of a new strongly coupled gauge group SUp... The particle’s quantum
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Grc | SUB)e | SU@2) | UMy
Fr | F 1 2 Y
Fy | F 1 1 -Y —1/2
Fo | F 1 1 -Y +1/2
S. | F 1 1 Y —1/2
Sl | F 3 1 Y +1/6

Table 4. Quantum numbers of the new fermions F and scalars S in the model. Grc can be
considered either gauged, as in composite scenarios, or global in a renormalisable model of flavour.

numbers are listed in table 4. In the Lagrangian (6.11), L, F and @ are the chiral SM fields,
while ¢ carries the Higgs doublet quantum numbers. The model can be interpreted in

several ways:

i) Radiative model: the introduction of new elementary fermions and scalars with
renormalizable interactions that contribute radiatively to the SM fermion masses F
are vector-like fermions (thus they have both chiralities) and consequently have a
tree-level Dirac mass Mr.

ii) Fundamental partial compositeness: the Higgs of the SM is replaced by a Technicolor

composite state of (non) Goldstone nature, while the new scalars are still elementary,
as put forward in fundamental partial compositeness [163] (see also [164-166]). This
implies that k models the coupling between the effective Higgs field and its constituents.
The fermions F can be chiral or vector-like, depending on the details of the model.

iii) Gauge-fermion compositeness: as in ii) but with the new scalars interpreted as effective

operators made of new extended Technicolor fermions [160]. This limit covers also
models of partial compositeness presented in [167, 168].

In the first case, due to the perturbative nature of the loops, the masses of the heavy
fermions (top, and possibly also bottom, tau and charm) must still originate from direct
Higgs Yukawa interactions, while lighter masses and flavour mixing may even be radiatively
generated. For the other two cases, SU(Npc) confines at low energies and generates the
Higgs as a composite (Goldstone) techni-meson. In this case, besides their possible bare
masses, the new fermions F and scalars S inherited a composite dynamical mass of the
order of Arc.

The relevant data used in [126] for the flavour and muon g —2 anomalies are summarised
in table 5. Here ¢, ,, is responsible for the leptonic B decays entering the Rx and R~
measurements, while Cz5 encodes the strongest constraint from the B, mixing [17]. The
latter yields an upper bound on the quark Yukawa combination (yng)bS. We also consider
the corrections to the Z coupling to muons since the Yukawa combination (yLyz) up also
generates corrections to the muon coupling to the Higgs. The latter is however not yet
significantly constrained by the measurements. K-K mixing and/or lepton flavour violating
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processes further impose very strong bounds, but on different combinations of the Yukawas
(for instance, (yQyCB) sa for Kaon mixing and (yLyE) e for g — ey and the likes). Because
their relation to muon anomalies is model-dependent, we neglect them here. Second column
of the table summarizes the radiative estimates for the muon g — 2 stemming from loops of
the heavy fermions and scalars. The associated Naive Dimensional Analysis (NDA) estimate
for composite dynamics is shown in the third column. For Aa,, the relevant charges read
gr =Y +1/2 and ¢s, = Y — 1/2 with Y the hypercharge of the fermion doublet F,.
For the elementary case the hypercharge is chosen to yield integer charges for the non
QCD-coloured states, in particular for the plots we assume Y = 1/2. For the composite case
the hypercharge depends on the details of the model, in particular on Np¢. For example, for
Nrc =2 we have SU(2p¢) with Y = 0 that is the model studied in [169, 170]. Here with
two Dirac techni-fermions, one can simultaneously accommodate composite Goldstone Higgs
and Technicolor models [171]. Additionally, lattice investigations have confirmed the pattern
of chiral symmetry breaking SU(4) to Sp(4) [172-174]. For the time-honoured Technicolor
limit of Npc = 3 one can take the value Y = 1/2. Additionally, in the composite theory,
grc ~ % takes care of varying number of Technicolors and the Yukawa couplings in

eq. (6.11) appear in the combinations %,

in the effective field theory description of the composite models. In the NDA estimates, it

which is assumed to be a perturbative coupling

is not possible to know, a priori, the sign of the coefficients. Hence, we take the sign from
the loop effects with equal masses: for Aa, the contribution is positive, as required by the
measured muon g — 2, for Y = 0 or positive.

For the composite nature of the Higgs via (fundamental) partial compositeness we refer
to figure 1 of [126] obtained by assuming Npc = 2 and Y = 0. The main result is that the
muon g — 2 anomaly prefers a low composite scale of the order of 2 TeV. Such a scale, as
observed in [126], disfavours composite Goldstone Higgs (CGH) dynamics. The latter, in
fact, typically requires a new composite scale around and above five TeVs (see [126, 177, 178]
for further details). Therefore, traditional Technicolor-like explanations are better suited to
explain simultaneously LFU violations and the g — 2 of the muon.

If, however, the recent lattice results from the BMW collaboration [49] are taken as the
correct contribution to the hadronic vacuum polarisation of the photon [50-52] the tension
with the SM reduces and, in this case, it also improves the agreement with the CGH model
interpretation. Furthermore, in the BMW scenario it is difficult to explain also Rg for fixed
Nt because a very large muon left-handed Yukawa coupling is needed. The BMW result
is also in tension with electroweak precision data [179, 207, 208]. Overall, the large value
required for the muon left-handed Yukawa coupling is an issue common to both models ii)
and iii) and can be ameliorated by increasing Npc.

Turning to the results for the radiative explanation [126], we observe that it depends
on three heavy particles masses, two scalars and one fermion. Additionally, the Higgs
Yukawa coupling to the new heavy fermions x is responsible for the dominant contribution
to the muon g — 2 and therefore one can maximize it by requiring it to saturate the muon

~ 99 —



Coefficient Perturbative one-loop result Non-perturbative NDA
t T T 1
c (yLyL)p,p, (yQyQ>bs EF (1’ ) (yLyL)p,u (yQyQ)bS
L e (4m)? M3 TR Frchic
)2 )2
(?JQ?JQ) 1 (yQyQ)
Ca T st @) “Fchto
F T T
5 L1 0 Vi),
9Zur, TCY2 (477)22 (1—25124,) M]% 9l ¥,y g2 g%CA”ZFC
_'.
Nro e <yLyi> SN 2¢s, Frr (y)+2qrGLr (y)]+| m2 (?JL?/E)/W
Aay, (4m)* MZ A2 1+ P
T T
mi (yLyE)W i
NTCW {2QSEF7(Z/)+2QJ-'F7(Z/)}

Table 5. Coefficients of the low-energy operators impacting leptonic B decays (¢, ., ), Bs mixing
(Cgp), correction to the Z coupling to muons and the muon g — 2, estimated via perturbative loops
of the heavy fermions and scalars (second column) [17, 175, 176] or via their strongly-interacting
NDA (third column). For Aa,, the relevant charges read ¢y =Y +1/2 and gs, =Y —1/2. In

(4m)2
Yy = MgE /M?%, are given in the appendix of [126].

the composite models, m, ~ Nrtc . The loop functions, where x = MgD /M%— and

mass [126, 180] via

(6.12)

with A an UV cutoff interpreted as the scale at which the effective muon Yukawa vanishes.
In the absence of Higgs corrections the model was studied in [71] and because of this it is
unable to explain the observed g — 2 of the muon.

The reader can find the summary of the radiative results in figure 2 of [126]. The upshot
is that fitting Ry asks for either large Yukawas or large Np¢ which is then constrained by
the B; mixing. Additional this scenario leads to Yukawas that develop Landau poles at low
energy scales, thus hampering the high energy validity of the approach [17].

We learned that LFU violations and the g — 2 muon anomaly can be explained via
Technicolor-like models with a scale of new physics around 2 TeV. This is a welcome news
for collider experiments since it implies that new massive states, such as the techni-rho, can
very well be within reach of the LHC direct searches [181, 182]. The composite Goldstone
Higgs scenario is, however, disfavoured by the low composite scale while radiative corrections
stemming from elementary extensions of the SM require very large muon left-handed Yukawa
couplings and unnaturally large multiplicity of new fields.
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Intriguingly, if the anomalies are confirmed, naturalness still plays a guiding role when
constructing extensions of the SM.

6.4 Theoretical explanations of the W mass anomaly

The recent CDF collaboration measurement of the W mass is finding support in a range of
theoretical models. In line with the spirit of the previous phenomenological overview, we
refer to [209] for whether all the anomalies, including the W-mass result can be explained
in a model featuring a weak-singlet S; and a weak-triplet S5 scalar LQ, as well as the
explanation via a vector LQ V3 [210] as the one addressing also Rp. Models including Z’
were considered in [211, 212] with their impact summarised via the S,T and U oblique
parameters. General electroweak precision data analysis was performed also in [202] with
direct applications to non-standard Higgs models such as technicolor Higgs, techniglueballs
and dilaton-like Higgs via the effective field theory of [213]. Additionally, other explanations
involving scalar triplets [214-218] were invoked to also provide neutrino masses via an
electroweak scale Higgs triplet. In [219-225] two-Higgs-doublet-models explanations were
considered while in [226] vectorlike leptons were used. For general classifications of the
impact of new physics via electroweak oblique parameters we refer to [211, 227] and [202],
while the use of Standard Model Effective Theories we refer to [228, 229].

It is instructive to perform effective analyses in terms of higher dimensional operators
similar to the case of flavour observables. In [231] a set of six-dimensional operators in the
SM effective field theory was considered. These operators are relevant to the electroweak
precision tests. It was shown that an upward shift in W-boson mass is driven by the
207 = (HTELH)2 with a coefficient c7(TeV/A)?2 > 0.01. The result further suggests
that the new physics scale favored by the CDF result is within the reach of current and
near-future LHC searches.

6.5 Dark side of the anomalies

It is exciting to explore the possibility that the same NP sector able to account for the
anomalies in flavour and/or in (g—2).,, may also explain the dark matter puzzle. It has been
shown that this can occur via either freeze-in [183] or freeze-out dark matter production
mechanisms. For the latter mechanism, where the dark matter is a thermal relic that went
out of the primordial thermal plasma equilibrium at later stages of the universe evolution,
we have models in which an extra Z’ explains the flavor anomalies [93, 96, 184-189] featuring
also extra vector-like fermions, other models correspond to theories with elementary extra
fermions and scalars, where the anomalies are explained by radiative corrections [190-194],
and to theories with scalar LQs [195, 196]. In these models, the dark matter candidate
(typically in the GeV mass range region) can either be a real scalar or a neutral fermion. For
the freeze-in mechanism, in which the coupling with the SM plasma is feeble and therefore
the dark matter is never in thermal equilibrium, the dark matter density, starting from
zero or very small values, slowly grows up to the point it gets frozen-in at its cosmological
abundance. Models of this type have a dark matter candidate in the BSM sector featuring
also a vector LQ addressing the anomalies [197]. Here the dark matter state is a light (order
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10 KeVs) right-handed neutrino, produced via freeze-in through its interactions with the
massive (order TeVs) LQ.

For the W-mass anomaly, the authors of reference [230], consider extra electroweak
triplet scalar dark matter multiplets in which the anomaly is explained via their the loop
corrections. Here, the lightest neutral particle in the multiplets serves as a candidate for
cold dark matter (DM).

7 Impact of future LHCb and Belle II measurements

We now discuss the future impact of the LHCb and Belle II experiments improved statistics
according to the expected time line presented in [148, 198]. During the LHC Runl+Run2
periods, LHCb experiment has collected data corresponding to an integrated luminosity of
9 fb~L. It is expected to reach a total of 23 fb~! by the end of the Run3. Roughly during
the same time line Belle II experiment is expected to collect an order of magnitude of about
5 ab™!, corresponding to five times the statistics achieved by the past B-factories Belle and
BaBar. In order to acquire a rough understanding of the impact on the Wilson coeflicients
due to combined accumulated statistics of both LHCb and Belle II we maintained the
central values for the HI and HS observables while we estimated the projected uncertainties
using the values provided in [198].

The impact of LHCb measurements of exclusive B — K™ putp~ decays is expected to
dominate, but the contribution from Belle II will be important in exclusive B — K®ete™,
since the Belle II apparatus has similar performances in both the di-electrons and di-
muons final states. Moreover, Belle IT will add precise measurements of B — X,etTe™ and
B — X putp~ inclusive decays.

Performing a global fit, in the spirit of the previous sections, to the four relevant Wilson
coefficients we obtain the contour plots presented in figure 9 and figure 10.

Each subfigure corresponds to the two-dimensional contour plot for each pair of Wilson
coefficients with the other two pairs fixed at their central values. The projections show that
potential deviations w.r.t. the SM can be as large as 200 when considering the results of
the global fit summarized below:

CBSM — _1.283 4+ 0.007

brpr
- X = 1000.55, 0.001 1 —0.013 —0.123
C = 0.67 £ 0.02 9 p=
BZ’;\E X° = 619.19. —0.000 —0.013 1 0.003
Coppr = —0-25+0.06 —0.002 —0.123 0.003 1
(7.1)
The reduced chi-squared values are
2 1000. v 29.1
Xsar 100055 o o) X _ 02919, og (7.2)

# dof 275 # d.of 271

These results can be compared with the results in (3.4) and it shows the overall improvement
of the fitted values. Of course, these projections should be taken cum grano salis since we
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Figure 9. Contour plots of 3 Wilson coefficient combinations with actual measurements (left) and
future LHCb and Belle IT measurements (right) with hadronic sensitive and insensitive observables.
The central values of the future measures are kept to the today’s values while the uncertainties

adjusted for the previewed accumulated statistics.

have kept fixed the central values of the different measures to today’s values. Nevertheless,
the overall picture shows that future measures will be able to settle the issue on whether

NP is present in these flavour observables.

8 Conclusions

In this work we have analyzed the LHCb experimental results for the u/e ratios Rx and
R+, the g — 2 lepton magnetic moments results including the most recent data as well as
the CDF result for the W mass. These measures substantially deviate from the expected
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Figure 10. Contour plots of the remaining 3 Wilson coefficient combinations not present in the
previous figure with actual measurements (left) and future LHCb and Belle II measurements (right)
with hadronic sensitive and insensitive observables. The central values of the future measures are
kept to the today’s values while the uncertainties adjusted for the previewed accumulated statistics.

values predicted by the SM. We have, however, also included in the analysis all the other
observables related to this physics.

We started with a deep theoretical investigation of the p/e ratios R and Ry~ as well
as the process B, — u™pu~. We went beyond the state-of-the-art by studying the impact of
complex Wilson coefficients and derived constraints on both their imaginary and real parts.
This analysis has been then followed by a comprehensive comparison with experimental
results. We find that:

1. The deviations from the Standard Model are at the 4.7¢ level when including only
the hadronic insensitive observables.
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2. Including the hadronic sensitive observables the deviation from the SM increases to a
6.10 level.

3. When considering simultaneously all relevant Wilson coefficients and combining both
hadronic sensitive and insensitive data into the fit, the deviation from the SM peaks
at 7.20 and decreases at the 4.90 level if we assume that the central values of Ry
and Rj are taken to be unity.

4. By an independent method we estimated the SM contributions unaccounted for in
FraviO [62] which can stem, for an example, from hadronic physics and found that
the result still supports the presence of NP.

In the future we plan to perform a similar analysis in terms of SM effective field theories
also for the g — 2 and W-mass anomalies.

We then moved to review different theoretical models apt at explaining the deviations
from the Standard Model with the following conclusions:

1. A minimal model featuring a Z’ is unable to explain all the anomalies simultaneously.
Additionally, even when trying to address only the LFU violation, one finds that this
is challenged by the B; mass mixing and LHC direct bounds. More involved models
can ameliorate the situation.

2. Scalar leptoquarks, either a singlet or a doublet of weak interactions, can explain all
the anomalies. In the first case one has to forbid di-quark couplings and in the latter
the contribution to flavour anomalies is radiatively generated.

3. Technicolor-like models, with a scale of new physics around 2 TeV, can explain LFU
violations, the g — 2 of the muon as well as the weighted average of the W-mass result.

4. Composite Goldstone Higgs scenarios are challenged by the low energy composite
scale required by the g — 2 anomaly, and therefore are disfavoured.

5. Radiative models typically require very large muon left-handed Yukawa couplings and
unnaturally large new fields multiplicity, thus are also challenged by the data.

6. It is possible to accommodate dark matter and anomalies by either freeze-in or freeze-
out type of constructions. The first mechanism can be realized in leptoquark type of

models.

Last but not least we have estimated the impact of the forthcoming data from LHCb
Belle II in few years from now, when LHC Run3 will be completed and Belle II will have
accumulated 5ab~!.

Acknowledgments

We thank Marzia Bordone for enlightening discussions, Massimo Passera and Chien-Peng
Yuan for comments on the manuscript, and Peter Stangl for clarifications about the
FLAVIO program.

— 35 —



A Observables

In table 6 and 7 we summarize the observables used in addition to the ‘hadronic insensitive’
observables. All bins are treated in the experimental analyses as independent, even if
overlapping. It is clear that a correlation should exists between measurements in overlapping
bins, however this is not estimated by the experimental collaborations. For this reason
we include in our fit the measurements in all relevant bins, even if overlapping, without
including any correlation beyond the ones given in the experimental papers. Notice that,
for instance in the case of the LHCb analysis [199], the result in the bin [1.1,6] GeV? has a
smaller error than the measurements in the bins [1.1,2.5], [2.5,4], [4, 6] GeVZ2, even when the
information from these three bins is combined.
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Angular observables

Observable ‘ [qr2ninv qunax] [GeV2]

LHCb Bt — K**pup 2020 [7], B® — K*Ouu 2020 S [7]

(Fp) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(S3) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(S4) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(Ss) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(S7) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(Sg) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(So) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(ArB) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(Py) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(Py) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(P3) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(P}) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(P! [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6] , [15, 17], [17, 19]
(P}) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
(P}) [1.1, 6], [15, 19], [0.1, 0.98], [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19]
CMS B — K*pp 2017 [14]
(P1)(B® = K*pup) (1, 2], [2, 4.3], [4.3, 6], [16, 19]
(P (B — K*pu) 1, 2], [2, 4.3], [4.3, 6], [16, 19]

ATLAS B — K*pp 2017 [15]

(FL)(B® — K*pup) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(S3)(B® — K*upu) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(S4)(B® — K*pup) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(S5)(B® — K*up) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(S7)(B® — K*up) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(Sg)(B® — K*upu) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(P)(B® = K*pp) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(P})(B° = K*pp) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(PLY(BY = K*pp) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(P (B® — K*pup) [0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]
(PY(BY = K*pp) 0.04, 2], [2, 4], [4, 6], [0.04, 4], [1.1, 6], [0.04, 6]

Table 6. List of angular observables used in the global fit in addition to the ‘hadronic insensitive’
observables. We explained in section 3 how the theoretical and experimental observations are treated.
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Branching ratios

Observable ‘ [q?nim (IIQnax] [GeVZ]

LHCb B — Kpuu 2014 [1]

(0.1, 0.98], [1.1, 2], [2, 3], [3, 4], [4, 5], [5, 6], [15, 16], [16, 17],
(17, 18], [18, 19], [19, 20], [20, 21], [21, 22], [1.1, 6], [15, 22]
LHCb B® — Kpu 2014 [1]

= BR(B* — Kpp)

27 BR(B® = Kpp) \ 0.1, 2], [2, 4], [4, 6], [15, 17], [17, 22], [L.1, 6], [15, 22]
LHCb B* — K*puu 2014 [1]

27 BR(B* — K*pupn) \ 0.1, 2], [2, 4], [4, 6], [15, 17], [17, 19], [1.1, 6], [15, 19]
LHCb BY — K*pup 2016 [11]

ALBR(B® - K*up) | 0.1, 0.98], [L.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19], [1.1, 6], [15, 19]
LHCb Bs — ¢uu 2021 [6]

L BR(B, — dup) | [0.1,0.98), [1.1, 2.5], [2.5, 4], [4, 6], [15, 17], [17, 19], [L.1, 6], [15, 19]
Babar B — Xl 2013 [12]

Z=BR(B — X,lI) 0.1, 2], [2.0, 4.3], [4.3, 6.8], [1, 6], [14,2, 25]
=BR(B — X.pup1) 0.1, 2], [2.0, 4.3], [4.3, 6.8], [1, 6], [14,2, 25]
Z=BR(B — X,ee) 0.1, 2], [2.0, 4.3], [4.3, 6.8], [1, 6], [14,2, 25]

Belle B — X,1l 2005 [13]

LBR(B - X,II) | [0.04, 1], [1, 6], [14.4, 25]

Table 7. List of differential branching ratios used in the global fit in addition to the ‘hadronic
insensitive’ observables. The bins highlighted in red refer to measurements which deviate more than
3.5 o from the theoretical prediction.
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