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In light of the recent result of the muon g — 2 experiment and the update on the test of lepton flavor
universality Rg published by the LHCb Collaboration, we systematically study for the first time a set of
models with minimal field content that can simultaneously give (i) a thermal dark matter candidate;
(ii) large loop contributions to b — s£Z processes able to address Ry and the other B anomalies; (iii) a
natural solution to the muon g — 2 discrepancy through chirally enhanced contributions. Moreover, this
type of model with heavy particles and chiral enhancement can evade the strong limits from direct searches
but can be tested at present and future colliders and direct-detection searches.
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Introduction.—The first results of the FNAL muon
g — 2 experiment [1] have confirmed the long-standing
discrepancy with the standard model (SM) prediction of the
anomalous magnetic moment of the muon a, =(g-2),/2.
Taking into account the previous measurement of the BNL
experiment [2], the deviation from the theoretical predic-
tion amounts to about 4.2¢:

Aa, = a;® — aa™ = 251(59) x 107!, (1)

This result drastically reduces the probability of a statistical
fluctuation or overlooked systematical effects [3]. It is also
unlikely that such a discrepancy can be fully explained by
underestimated hadronic uncertainties [4]. Moreover, even
if hadronic vacuum polarization effects are assumed to be
large enough to account for the anomaly [5], this would
cause a deterioration of the electroweak (EW) fit such that
tensions of comparable significance in other EW observ-
ables would arise [6-9]. Hence this new result strongly
supports the case for new physics (NP) requiring, in
particular, the presence of new particles with nontrivial
interactions with SM muons at scales <100 TeV [10-12],
where the upper bound can be reached only in the presence
of fields strongly coupled with muons, and at the price of
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fine-tuned cancellations between SM and NP contributions
to the muon mass.

Interestingly, also the persistent anomalies in semilep-
tonic B meson decays of the kind b — s£¢ seem to point to
a NP sector with preferred couplings to muons. In par-
ticular, the theoretically clean lepton flavor universality
(LFU) ratio Rx = BR(B — Ku"u~)/BR(B — Kete™),
for which an updated measurement has been recently
released by the LHCb Collaboration, deviates from the
SM prediction by more than 36 [13,14]. Once the analo-
gous LFU test Ry« [21,22] and the branching ratios and
angular analysis of other decays mediated by b — s£7
transitions [23-32] are considered as well, global fits to
data prefer the presence of NP contributions at the level of
250 [33-43] compared to the SM prediction only. These
anomalies could also be explained by new particles
interacting with muons at scales <100 TeV [44]. A further
call for new physics (NP) beyond the standard model
(BSM) is represented by the overwhelming evidence for
dark matter (DM). The aim of this Letter is to combine an
explanation to the muon g — 2 discrepancy and B anomalies
with a viable thermal DM candidate. While the idea of
connecting DM with at least one of the anomalies is not
new by itself [45-68], this work is, to our knowledge, the
first to propose a systematic classification of models that
accommodate, with a minimal field content and without
fine-tuned choices of the parameters, viable DM phenom-
enology and the aforementioned anomalies altogether.

Remarkably, the DM “induces” the anomalies since the
DM field is present in the Feynman diagrams describing the
NP contributions to (g — 2) yand b — sup~ and the size of
the latter depend on the same couplings controlling the DM
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FIG. 1. Basic diagrams providing a contribution to b — sup of the form 6C2
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—-6C ;o (left) or §CB =6C, },0 (right). In the middle, an

enhanced contribution to (g — 2) , is shown. In these examples, the flavor mediator, i.e., the field coupling with both quarks and leptons,

is a fermion.

relic density. The class of models presented in this work
extend the SM spectrum with four NP fields with gauge
invariant couplings with the muons, and with second and
third generation left-handed quarks. To ensure DM stabil-
ity, a global (possibly accidental) symmetry, forbidding
couplings of the DM with two SM states, should be also
enforced [69]. Under these assumptions NP contributions
to both a, and b — su*u~ can only occur through loop
diagrams, as in the framework discussed in Refs. [70-72],
where only NP fields (DM in particular) run in the loop.
Setup.—Recent global analyses of the b — s£¢ data
[33-41], including the new measurement of Ry [42,43],
show that a satisfactory fit of the observed B anomalies
favors solutions featuring NP effects in §C;, and 6C}°:

4GF 62 « _ — u
—Wﬁ VinVis [C’,i(smPLb)(w H)

+ G2 (57, PLb) (ar'ysu) + Hee].

Hegr D

)

The simplest way to address the anomalies is represented
by the scenario §C; = —5C,°, corresponding to NP inter-
acting only with left-handed quarks and muons. This
solution seems also favored by global fits which points
towards a subdominant contribution from hadronic RH
currents. As shown in Ref. [66] this scenario can be
accommodated by introducing just three BSM fields:
two scalars, @, and ®,, respectively, coupling to quarks
and leptons and a fermion “flavor mediator” W, as in the
figure, or alternatively two fermions, ¥, and ¥,, and a
scalar flavor mediator ®@. One of these fields will constitute
the DM candidate. B anomalies will be generated by 1-loop
diagrams as the one shown in the left panels of Fig. 1. Our
analysis in Ref. [66] shows that a satisfactory solution of
the B anomalies and of the DM puzzles requires (i) DM to
be an SU(2), x U(1)y singlet; (ii) the DM field to couple
to muons (since the large couplings to muons required by
the fit to the B anomalies induce efficient DM annihilation
evading the problem of DM overproduction); (iii) DM
to be a Majorana fermion, a real scalar, or one of the two
components of a complex scalar with a mass splitting
> (O(100) keV (such that the most dangerous contributions
to DM direct detection are suppressed). The above
considerations restrict the set of viable possibilities to

cases where the fields ¥/® or ®,/¥, are (or mix with)
a DM singlet.

The subset of NP fields coupling to muons also con-
tributes to the dipole operator relevant for the muon g — 2:

ev

E D @ny(ﬁLaﬂyﬂR)Fﬂy + H.c.
m,v
= Aa, = 2—;2Re(CW), (3)

where v is the SM Higgs vacuum expectation value (vev)
~246 GeV. Gauge invariance requires a muon chirality
flip. Since the NP fields ¥ — ®, or ® — ¥, do not couple to
RH muons, this can occur only in the external lines, at the
price of a suppression, proportional to the muon Yukawa
coupling, which marginally provide a viable value for Aa,
[50]. Hence, a natural solution requires the chirality flip
inside the loop [48,50,72,73], i.e., the addition of a 4th
field: either ¥'/®' mixing with ¥/® through a Higgs vev,
or ®,/¥, mixing with ®,/¥,. This, in turn, implies
additional contributions to B anomalies, breaking the
relation 5C;, = —8CJ°. Illustrative diagrams are shown in
the second and third panel of Fig. 1. The conditions above
are satisfied only by some specific combinations, displayed
in Table I, of the quantum numbers of the NP fields.
In particular, there is a unique choice for the transformation
properties under SU(3), and only three for SU(2),. The
possible models can be then classified, according to the
spin of the NP fields:

Class F: either{qu,qu,(D’f,‘P} or {qu,d)f,‘P,‘P’}.
Class S: either{‘Pq,‘Pf,‘P’f,d)} or {‘Pq,‘Pf,d),d)’}.

Within each class, we can identify 9 possible options,
according to the hypercharge assignments. These are
displayed in Table II.

Minimal models.—In the following we characterize in
more detail the two classes of models defined above.

Class F: These models feature a vectorlike fermion ¥
as flavor mediator and two extra scalars @, and ®,
coupling to the SM left-handed fermions. For models with
an additional scalar @/, the Lagrangian is
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TABLE I. Possible gauge quantum numbers of the new fields.
Our convention for the hypercharge (Q = Y + T3) is such that the
SM fields have Y(Q)=1/6, Y(U)=2/3, Y(D)=-1/3,
Y(L)=-1/2, Y(E) = -1, Y(H) = 1/2. We highlight in green
(gray) the combinations that provide a viable simultaneous fit to
DM and B-anomalies. Minimal models includes the first three
fields plus one chosen from the last two columns.

SU@B), [ ®,/¥, /U U/ | @)/, | U/P
A 3 1 1 1 1
B 1 3 3 3 3
SUQ2), | ®,/V,  ®/U, U/ | &/, | W/
I 2 2 1 1 2
11 1 1 2 2 1
1T 3 3 2 2 3
v 2 2 3 3 2
\% 3 1 2 2 1
VI 1 3 2 2 3

[U)y [1/6-X -1/2-X X [-1-X[-1/2+X]|

LY ST20.PR¥D, + TLLP WD,
+TFEP, YD, + ay® @, H +Hec., (4)

where ay is a parameter with a dimension of a mass. In
case of @/, being a doublet, one may need to substitute
P, — i} = io,®),. Notice that, depending on the hyper-
charge, either the charged or the neutral components in @,
and @/, mix upon EW-symmetry breaking (EWSB). The
resulting mass eigenstates will be given by diagonalizing a
matrix of the following schematic form: [74]

M - Méf ayv/ V2
e a;v/\2 M2; ’

TABLE II. Minimal sets of fields fulfilling all requirements
listed in the introduction. The fields are denoted by their trans-
formation properties under, respectively, (SU(3)., SU(2),,
U(1),). Models highlighted in cyan (light gray) feature singlet
DM, models in red (gray) have singlet-doublet mixed DM.

| Label | @/, ®/v, w/e oy v, U/ |
Fra/Sta | (3,2)16 (1,2)-12 (1,1)0  (1,1) -
Fin/Sw | (3,2)16 (1,2)-12 (1,1)0 - (1,2)_12
Fie/Sie | (8,2)776 (1,2)172 (L,1)-1  (1,1)0 =
Fita/Sta| (8,1)273  (1,1)0  (1,2)-1/2 (1,2) 1,2 -
Fin /S| (3,1)273  (1,1)0  (1,2)_1/2 = (1,1)1
Fue/Sue [(3,1)—1y5 (1,1)—1  (1,2)12 - (1,1)0
Fva/Sva| (3,8)2/3 (L, 1)o (1,2)-1/2 (1,2)1p2 -
Fvb/Svb| (3,8)2/s  (1,1)0 (1,2)_1/2 = (1,1)1
Fve/Sve |(3,8)-1/3 (1,1)-1 (1,2)1)2 - (1,1)0

For models where instead the fourth field is the additional
fermion ¥ mixing with the flavor mediator P, the
Lagrangian schematically reads

LY STCO, PP, + THL PP, + TFEP, V'O,
+ AP, W H + Ayg PRV H + H.c.

For illustration here we show the case labeled Fp. in
Table II, where ¥ is a doublet and ¥ a Majorana or Dirac
singlet (we recall all the extra fermions, unless they are
Majorana, come in vectorlike pairs). We have also omitted
couplings to RH quarks, possibly allowed by gauge
invariance, of the kind I'’D;Pr¥W'®, and I'Y U;P¥V'®,
(that we are assuming to be suppressed in the following).
For this kind of model the singlet-doublet mass matrix has
the following schematic forms:

My Af0/V2 AFv/V2

Mv/V2 0 My . (6)
Mo/N2 My 0

MY =

v/ ﬁ) )

D _ My
v /1?1}/\/5 Ml[}

for, respectively, a Majorana and a Dirac singlet field (¥ in
this illustrative examples).

Class S:  In these models, we introduce a scalar flavor
mediator @ and two fermions ¥, and ¥, in vectorlike
representations of the SM gauge group, plus either an
additional ¥, or a @'. The Lagrangians and the mass
matrices are as those given above mutatis mutandis:

Czﬂﬂf D F,-QQiPR‘PqCD +TFLiPRY,® + TTEP Y,

+/1H1lilfPRlPQpH +/1H2lilfPLlP/fH + H.C.,

L3 DTPQ,PRY,® + THLPRY @

+TEEP Y, @ + ay® ®'H + Hec.

Results: Fy,—Singlet-doublet fermionic DM.—To illus-
trate the phenomenology of our minimal models, we
choose as example model Fy,. We add Fy, in the
Supplemental Material [75] (including Ref. [76]). Here,

to a Majorana DM, ¥ = (1,1,0), we add a doublet
fermion, ¥’ = (1,2,—-1/2) = (¥, ¥'7), namely,

Ly, DTPQPRY®, + L ,PPD, +TFEP, Y - @,
+ PP,V H 4+ PPV -H +He.,

where ®, = (1,2,-1/2), ®, = (3,2,1/6), and the SU(2),

contraction W' - H = ¢, ¥,,H, with ¢,, = (i03),-
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After EWSB, the neutral components of ¥ and ¥ mix [77]
giving three Majorana mass eigenstates, F{ , 5, with (¥3¢ =
WO W0 RO =V FY)  and (VIMYV), = 5,;m!".

In terms of the above rotatlons and mass elgenvalues, the
Wilson coefficients for b — s£¢ transitions are

rQ*FQ SV, v1
5C) = E: —S ([CLPV,V
u" 32750651\4”1 | | Y1y
— |0} PV Va))D (in’xfi’xij)’
rQ*rQ 3 v1 v1
SC10 — _ E 5 (ICEPV,V
u 327TaEM | | Y1y

+ |FE|2V21‘V2,;) (ij’ Xejs Xij)s

where we have defined xg,; =

(mg,/mE" )2, x;; = (ml" /mt")2,

and the loop functions read

(mcDQ/m ) Xej =

Nt =4Gp/V2V, Vi,

x(x +2)log(x) y(y +2)log(y)

Dl 3 = = -9

z2(z +2)log(z)
NP e e

The dominant effect of our fields on the muon g — 2 reads

=D -x)0-2)

A K

a,~————

u S
2m°mg, 57

ml"Re(TLTEV Vo) H(x)),
with H(x)=(x*>—1-2xlogx)/[8(x—
for subdominant terms.

The presence of an SU(2), doublet ¥ causes a notable
effect in DM direct detection as it couples to the SM Higgs
and Z bosons at the tree level (see Ref. [78]). These same
couplings would also lead, for light enough DM, to
invisible decays of the Z and Higgs bosons.

The results of our analysis are shown in Fig. 2, in the
(Mg, My) two-dimensional plane, for a sample assigna-
tion of the parameters of the model. The region correctly
fitting, at 1o, the muon g — 2 anomaly is shown as a green
band while the one correctly accounting for B anomalies
has been marked in orange. Notice that, in our study, we
have assumed all the parameters of ¥, ¥ mass matrix to be
real. The correct DM relic density, if conventional freeze-
out is assumed, is achieved only in the narrow red strip.
Finally, the blue-hatched region is excluded by constraints
from XENONIT [79] on DM SI interactions, while the
gray regions correspond to an invisible branching fraction
of the Higgs boson above 11% [80], or an invisible width of
the Z boson above 2.3 MeV [81]. No analogous constrains
from LHC, as the ones considered in Ref. [66], have been
shown in the plot since we have chosen benchmark
assignations for mg,, me, beyond current experimental

1)3]. See Refs. [50,72]

AR=2A'=0.18,T,=21;=-0.5, mo,=1.4 TeV,mq,=1.1 TeV

5000
PLANCK i B-anomalie Ml
: /
: /
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2000} . /)
. /
Aa, 4:‘;7‘
1 / j
l 0
1000} '
§ ' Meo>Mmay
I H-sinv ——
= [ /
500 . /
T ' /
/ d I
i , | xENON1T(s))
200} \ ;
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FIG.2. Summary of results for the model Fy,, in the (My, My)
plane for a given parameter set. The quark coupling F?*Fg is set
to 0.15, according to the B, — B, constraints as found in Ref. [66].
Green and orange bands account for the g —2 (at 1o) and B
anomalies (at 20), respectively. The red isocontours correspond to
the correct DM relic density from the freeze-out paradigm. The
blue hatched regions are excluded by direct detection limits
from XENONI1T, whereas the gray ones by searches of invisible
decays of Higgs and Z bosons.

sensitivity. Additional bounds from the production of the
charged and neutral partners of the DM should be consid-
ered though, being responsible of 2-3 leptons + missing
energy signatures (see, e.g., Ref. [82]). These limits are not
competitive with those from invisible decays of the Higgs
boson and DM direct detection and, hence, have not been
shown. Similarly, constraints from electroweak precision
observables have no impact on the parameter space of
Fig. 2, as can be seen in the context of a generic fermionic
singlet-doublet model, e.g., in Refs. [77,78].

As illustrated by the figure, a combined fit of the g — 2
and of the B anomalies can be easily achieved, together
with the correct DM relic density and without conflicts with
experimental exclusions, for My << Mys. This corresponds
to a mostly singletlike DM achieving its relic density
mostly through annihilations into muon pairs mediated by
®,. For this reason the isocontour of the correct relic
density appears as a vertical line since the mass of ®, and
its couplings have been kept fixed in the plot. It is very
promising that both anomalies can be accounted for with a
standard thermal DM candidate.

Conclusions.—The new results presented by the Muon
g — 2 Collaboration could represent the first departure from
the prediction of the standard model observed in a particle
physics experiment. This nicely combines with the growing
significance of Rg announced by the LHCb Collaboration
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and the highly significant deviation from the SM prediction
obtained by global fits of all b — s£¢ observables. It is
very suggestive that both anomalies require nonstandard
contributions to operators involving muons. This makes it
crucial to find compelling theoretical frameworks where
both experimental results can be naturally explained. In this
Letter, we have presented a particularly simple setup where
this is possible within the context of models that also
provide a viable thermal dark matter candidate. We have
discussed what are the minimal ingredients and properties
that allow us to explain the anomalies through loop effects
due to the DM particles and few other BSM fields, being
four the minimum number of fields that need to be added to
the SM. The general characteristic of this class of models is
that the DM phenomenology is controlled by the same
parameters that enter the flavor observables. As a conse-
quence, they feature a high degree of correlation among
DM, flavor and collider searches and thus an enhanced
testability. After a systematic classification of these min-
imal models based on the quantum numbers of their field
content, we have presented an example with SU(2),
singlet-doublet fermion DM, and a case with real scalar
DM in the Supplemental Material [75]. In both examples, a
thermal DM candidate can naturally provide a simultaneous
explanation of the muon g — 2 (through chirally enhanced
contributions) and the B-physics anomalies, while evading
present bounds from collider and DM searches. Despite the
simplicity, their rich phenomenology makes it possible to
test them, at least in part, at future runs of the LHC and/or
DM direct detection experiments. In the long term, as large
interactions involving muons are necessary, these minimal
DM models would be an ideal target for a multi-TeV muon
collider [10-12,83-85].
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Note added in the proof.—A recent discussion about
minimal setups attempting a combined explanation to
the (g9 —2),, B-physics and CKM anomalies (not from
DM) can be found in Ref. [86].
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