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• The FNAL Muon g-2 confirmed the BNL results: very unlikely that the 
discrepancy is due to a fluctuation or unaccounted systematic effects 

• Only two possible explanations: underestimated hadronic contributions 
(cf. dispersive methods vs lattice QCD) or new physics

Motivation: what’s going on with muons? (I )

Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.
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1 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 aµ ⌘ (g � 2)µ/2:

�aµ ⌘ aexpµ � aSMµ = 251(59)⇥ 10�11 . (1)

The above deviation between measurement and theoretical prediction amounts to about 4.2�, and takes into

account the combination with the previous measurement of the BNL experiment [2], drastically reducing

the probability of a statistical fluctuation or overlooked systematical e↵ects.1 It is also unlikely that such a

discrepancy can be fully explained by underestimated hadronic uncertainties [3]. Moreover, even if hadronic

vacuum polarization e↵ects are assumed to be large enough to account for the anomaly, this would cause

a deterioration of the electroweak (EW) fit such that tensions of comparable significance in other EW

observables would arise [4–6]. Hence this new result strongly supports the case for new physics (NP)

requiring, in particular, the presence of new particles with non-trivial interactions with SM muons at scales

. 100 TeV [7–9], where the upper bound can be reached only in presence of fields strongly coupled with

muons, and at the price of fine-tuned cancellations between SM and NP contributions to the muon mass.

Interestingly, also the persistent anomalies in semileptonic B meson decays of the kind b ! s`` seem to

point to a NP sector with preferred couplings to muons. In particular, the theoretically clean lepton flavour

universality (LFU) ratio RK = BR(B ! Kµ+µ�)/BR(B ! Ke+e�), for which an updated measurement

including the full Run I + Run II dataset has been recently released by the LHCb collaboration, deviates

from the SM prediction by more than 3� [10].2 Once the LFU ratio RK⇤ = BR(B ! K⇤µ+µ�)/BR(B !
K⇤e+e�) [16, 17] and the branching ratios and angular analysis of other decays mediated by b ! s``

transitions [18–27] are considered as well, global fits to data prefer the presence of NP contributions at the

level of & 5� [28–38] compared to the SM prediction only. These anomalies could also be explained by new

particles interacting with muons at scales . 100 TeV [39]. It is therefore extremely tempting to discuss NP

models that can provide a common explanation of the muon g�2 discrepancy and the B-physics anomalies.

Motivated by the overwhelming evidence for Dark Matter (DM) in the universe [40], which is perhaps

the strongest call for physics beyond the SM (BSM), the aim of this paper is to show how the two anomalies

can arise by loops involving the very same fields of the DM sector, including a thermal DM candidate.

The idea is to build a set of models with minimal field content that can simultaneously account for the

anomalies due to interactions between the DM fields, other NP particles, and SM fermions (muons, bottom

and strange quarks). Dark Matter stability requires that the couplings of interactions involving two SM

fields and the DM field are very suppressed. For definiteness, we assume that such interactions are forbidden

by a global (possibly accidental) symmetry (discrete or continuous), whose other e↵ect is to prohibit mixing

between SM and NP fields. Under these assumptions NP contributions to both aµ and b ! sµ+µ� can

only occur through loop diagrams, as in the framework discussed in Refs. [41, 42], where only NP fields

(DM in particular) run in the loop. Models of this kind for DM, the g � 2 and/or the B anomalies have

been discussed in Refs. [43–60]. In particular, in Ref. [59], we systematically built and studied the minimal

models that, by introducing three NP fields only, can simultaneously explain DM and the B-anomalies.

Based on the results of our previous work, here we show the minimal ingredients required by models where

also the muon g � 2 anomaly is naturally accounted for.

1The deviation obtained taking into account only the FNAL data amounts to about 3.3�.
2Recent interpretations of this measurement can be found in Refs. [11–15].
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aµ ⌘ (g � 2)µ/2
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RK ⌘ BR(B ! Kµ+µ�)

BR(B ! Ke+e�)

Fig. 2. The fit is of good quality and the value of RK is measured to be

RK(1.1 < q2 < 6.0GeV2/c4) = 0.846 +0.042
� 0.039

+0.013
� 0.012 ,

where the first uncertainty is statistical and the second systematic. Combining the
uncertainties gives RK = 0.846 +0.044

� 0.041. This is the most precise measurement to date and is
consistent with the SM expectation, 1.00± 0.01 [3–7], at the level of 0.10% (3.1 standard
deviations), giving evidence for the violation of lepton universality in these decays. The
value of RK is found to be consistent in subsets of the data divided on the basis of
data-taking period, selection category and magnet polarity (see Methods). The profile-
likelihood is given in Methods. A comparison with previous measurements is shown in
Fig. 4.

The 3850±70 B+! K+µ+µ� decay candidates that are observed are used to compute
the B+! K+µ+µ� branching fraction as a function of q2. The results are consistent
between the di↵erent data-taking periods and with previous LHCb measurements [33].
The B+! K+e+e� branching fraction is determined by combining the value of RK with
the value of dB(B+! K+µ+µ�)/dq2 in the region (1.1 < q2 < 6.0GeV2/c4) [33], taking
into account correlated systematic uncertainties. This gives

dB(B+! K+e+e�)

dq2
(1.1 < q2 < 6.0GeV2/c4) = (28.6 +1.5

� 1.4 ± 1.3)⇥ 10�9 c4/GeV2 .

The limited knowledge of the B+! J/ K+ branching fraction [2] gives rise to the dominant
systematic uncertainty. This is the most precise measurement of this quantity to date
and, given the large theoretical uncertainty on the predictions [7, 112], is consistent with
the SM.

A breaking of lepton universality would require an extension of the gauge structure of
the SM that gives rise to the known fundamental forces. It would therefore constitute a
significant evolution in our understanding and would challenge an inference based on a
wealth of experimental data in other processes. Confirmation of any beyond the SM e↵ect
will clearly require independent evidence from a wide range of sources.

Measurements of other RH observables with the full LHCb data set will provide further
information on the quark-level processes measured. In addition to a↵ecting the decay rates,
new physics can also alter how the decay products are distributed in phase space. An
angular analysis of the electron mode, where SM-like behaviour might be expected in the
light of the present results and those from b! sµ+µ� decays, would allow the formation
of ratios between observable quantities other than branching fractions, enabling further
precise tests of lepton universality [13, 15, 27,115,116]. The hierarchical e↵ect needed to
explain the existing b! s`+`� and b! c`+⌫` data, with the largest e↵ects observed in tau
modes, then muon modes, and little or no e↵ects in electron modes, suggests that studies
of b! s⌧+⌧� transitions are also of great interest [117,118]. There are excellent prospects
for all of the above and further measurements with the much larger samples that will be
collected with the upgraded LHCb detector from 2022 and, in the longer term, with the
LHCb Upgrade II [119]. Other experiments should also be able to determine RH ratios,
with the Belle II experiment in particular expected to have competitive sensitivity [120].

In summary, in the dilepton mass-squared region 1.1 < q2 < 6.0GeV2/c4, the ratio
of branching fractions for B+! K+µ+µ� and B+! K+e+e� decays is measured to be
RK = 0.846 +0.044

� 0.041. This is the most precise measurement of this ratio to date and
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(3.1�)

Test of lepton flavour universality in semileptonic B mesons decays

Motivation: what’s going on with muons? (II )

https://arxiv.org/abs/2103.11769
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The b ! s`+`� transition

• Flavour changing neutral currents (FCNC) are loop suppressed in the

Standard Model (SM)
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B-physics anomalies

Bordone et al. ‘16

B ! K⇤µ+µ�
Angular observables in

Some                    BRsb ! sµ+µ�

Few sigma discrepancies in other obs with larger hadronic uncertainties:

LHCb ‘17

The SM predicts RK =1±0.01 in the SM → lepton flavour universality 

Another deviation in a theoretical clean observable in the same class 
(neutral-current                  transitions):
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7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM
BR(B ! D`⌫)exp/BR(B ! D`⌫)SM

= 1.34± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM
BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM

= 1.23± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
and lie at a scale not far from the EW scale in order to give such large e↵ect. In the
case of the class-I observables, the new physics sector can be rather heavier, yet below
O(100) TeV. For a detailed recent discussion on the new-physics scales hinted at by these
anomalies see [217].

It is interesting to note that the b ! s`+`� (i.e. class-I) data are in better agreement
with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
to the data show that this scenario is preferred to the SM at the 4-5� level, see [219]
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RK⇤ =
BR(B ! K⇤µ+µ�)

BR(B ! K⇤e+e�)

����
1.1<q2<6GeV2

= 0.69+0.11
�0.07 (stat)± 0.05 (syst)
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10 ' 4.1



Motivation and strategy

Assuming they are hints of new physics (NP), both the ! g-2 discrepancy and 
the B anomalies require new fields coupling to muons at scales ≲ O(100) TeV
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Di Luzio Nardecchia ’17, Capdevilla et al. ’20, Buttazzo Paradisi ‘20, Allwicher et al. ’21 …

a common explanation?

Since Dark Matter (DM) is the most compelling call for new physics, our goal is 
systematically building the simplest extensions of the SM that, simultaneously,

(i) address the B anomalies, (ii) explain the muon g-2 anomaly,  
(iii) provide a DM candidate (a thermal relic WIMP)

How do we define our “minimal” models? 

• Minimal field content (and minimal spin, quantum numbers, number of 
relevant couplings etc) 
• DM field “induces” the NP contributions to semileptonic B decays and to 
the muon g-2 (i.e. directly enters the diagrams)

https://arxiv.org/abs/1706.01868
https://arxiv.org/abs/2006.16277
https://arxiv.org/abs/2012.02769
https://arxiv.org/abs/2105.13981
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Di Luzio Nardecchia ’17, Capdevilla et al. ’20, Buttazzo Paradisi ‘20, Allwicher et al. ’21 …

a common explanation?

(i) address the B anomalies, (ii) explain the muon g-2 anomaly,  
(iii) provide a DM candidate (a thermal relic)

DM stability → couplings SM-SM'-NP must be forbidden  
(or very suppressed) e.g. by a Z2 symmetry:

 →  B anomalies only at 1 loop 

Gripaios et al. ’15,  
Arnan et al. ’16, ‘19

New fields (Z2 odd) do not mix with SM fields (Z2 even) 

We only have interactions of the kind NP-NP’-SM

Motivation and strategy

https://arxiv.org/abs/1706.01868
https://arxiv.org/abs/2006.16277
https://arxiv.org/abs/2012.02769
https://arxiv.org/abs/2105.13981
http://arxiv.org/abs/1509.05020
http://arxiv.org/abs/1608.07832
http://arxiv.org/abs/1904.05890


B anomalies from DM



�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0

Cbsµµ
9

�1.0

�0.5

0.0

0.5

1.0

1.5

2.0

C
bs
µ
µ

10

flavio
Bs ! µµ 1�

RK & RK� 1�, 2�

b ! sµµ 1�, 2�

rare B decays 1�, 2�

Figure 4: Constraints in the Wilson coe�cient plane Cbsµµ
9

vs. Cbsµµ
10

. Left: LFU ratios

only. Right: Combination of LFU ratios, combination of b ! sµµ observables,

BR(Bs ! µ+µ�), and the global fit. The dashed lines show the constraints

before the recent updates [11, 13].

Figure 5: Constraints in the Wilson coe�cient planes Cbsµµ
9

vs. C 0 bsµµ
9

(left) and Cuniv.

9

vs. �Cbsµµ
9

= �Cbsµµ
10

(right). The dashed lines show the constraints before

the recent updates [11, 13].

12

Global fits to                  data

AN EXPERIMENTAL AND THEORETICAL INTRODUCTION TO CLFV 39

7. – Lepton Flavour (Non-)Universality and Lepton Flavour Violation

In recent years, B-physics experiments have reported a number of interesting anoma-
lous results that might hint to the violation of lepton flavour universality (LFU) in
semi-leptonic B decays. If confirmed, this would be a signal of new physics, because
LFU is predicted by the SM as a consequence of the flavour-independent couplings of
leptons to electroweak gauge bosons. These results concern two classes of observables:
(i) neutral-current transitions of the kind b ! s`+`�, and (ii) charged-current b ! c`⌫
processes.

The following ratios of branching ratios – belonging to the first class – have been
measured by LHCb [205, 206]:

RK ⌘ BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)
= 0.745+0.090

�0.074 ± 0.036 for q2 2 [1, 6]GeV2,(64)

RK⇤ ⌘ BR(B0 ! K⇤ 0µ+µ�)

BR(B0 ! K⇤ 0e+e�)
= 0.685+0.113

�0.069 ± 0.047 for q2 2 [1.1, 6]GeV2,(65)

where q2 is the dilepton invariant mass squared, the first quoted errors are statistical and
the second ones are systematic. In the SM, the above observables, which are theoretically
very clean (hadronic uncertainties cancel in the ratios), are predicted to deviate from
unity only at the percent level due to small radiative corrections: (RK(⇤))SM = 1.00±0.01
[207]. Besides RK(⇤) , other tensions with the SM predictions (at the 3� level) are reported
in b ! sµ+µ� transitions, in particular, in the rate of the decays B ! K⇤µ+µ� [208] and
B0

s ! �µ+µ� [209], and in the angular distributions of B ! K⇤µ+µ� [208, 210, 211].
Coming to the second class of observables, data from Babar [212], Belle [213], and

LHCb [214] (averaged in [77]) show a combined ⇡ 4� deviation from the theory predic-
tions [215, 216]:

RD ⌘ BR(B ! D⌧⌫)exp/BR(B ! D⌧⌫)SM
BR(B ! D`⌫)exp/BR(B ! D`⌫)SM

= 1.34± 0.17 ,(66)

RD⇤ ⌘ BR(B ! D⇤⌧⌫)exp/BR(B ! D⇤⌧⌫)SM
BR(B ! D⇤`⌫)exp/BR(B ! D⇤`⌫)SM

= 1.23± 0.07 ,(67)

where ` = e, µ and B and D(⇤) charges were averaged.
Both classes of anomalies – if confirmed – would require a sizeable new-physics con-

tribution, at the level of O(10%) of the SM one. This is particularly interesting in the
case of the charged-current (class-II) observables that come from tree-level processes in
the SM: in fact, new physics should contribute to B ! D(⇤)⌧⌫ at the tree-level as well
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with the theory predictions if we introduce new physics as a single two-quarks-two-leptons
e↵ective operator involving only muons – (s̄�µPLb)(µ̄�µµ) or (s̄�µPLb)(µ̄�µPLµ) (in the
latter case, only LH fields appear) – which can lead to a destructive interference with
the SM contributions and hence to a deficit of muon events [218]. Recent global fits
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The anomalies in semileptonic B mesons decays suggest a deficit of muon events

Lorenzo Calibbi (Nankai)Muon g-2 and RK from DM
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Minimal models for DM and B anomalies

Lorenzo Calibbi (Nankai)Muon g-2 and RK from DM

The simplest possibility is to introduce fields that couple to LH fields only
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Figure 1: Basic diagrams contributing to b ! sµµ.

is observed today. In this work, we are going to assume that the observed DM density is accounted for by a

thermal WIMP that interacts with SM quarks and leptons and other extra fields in a way that can address

the so-called B-physics (or flavour) anomalies.

In fact, although direct searches performed by the LHC collaborations for the production of new particles

have found no evidence of their existence, several experimental collaborations, with LHCb being the promi-

nent one, have brought to light a persistent and coherent pattern of deviations from the SM predictions in

semileptonic decays of B mesons of the kind b ! s`+`�. This could very well be the first experimental hint

for beyond the SM (BSM) physics at energies not much larger than the electroweak scale. In particular,

LHCb and B-factory experiments observe a deviation from Lepton Flavour Universality (LFU) predicted

by the SM in the theoretically clean observables RK(⇤) ⌘ BR
�
B ! K(⇤)µ+µ�� /BR

�
B ! K(⇤)e+e�

�
[2–4].

Moreover, a number of measurements are in tension with the SM predictions for the branching ratios and

angular distributions of several b ! sµ+µ� modes [5–14]. All these anomalies could be explained by a

deficit of b ! sµ+µ� events compared to SM expectations due to the interference between SM and BSM

amplitudes. The simplest way to achieve such an e↵ect is to add non-standard contributions, �C9,10
µ , to the

following operators

H
e↵

� �4GFp
2

e2

16⇡2

VtbV
⇤
ts

⇥
C9

µ (s�µPLb)(µ�
µµ) + C10

µ (s�µPLb)(µ�
µ�

5

µ) + h.c.
⇤
. (1)

While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.

3

NP contribution: 
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.

3

Only 3 heavy fields (scalars and VL fermions) need to be added to the SM:

If neutral, the lightest state in the loop can be our DM candidate

For models of B anomalies and DM belonging to this class see: 
Kawamura et al. ’17, Cline Cornell ‘17, Barman et al. ‘18, Cerdeño et al. ‘19, Huang et al. ‘20
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thermal WIMP that interacts with SM quarks and leptons and other extra fields in a way that can address
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In fact, although direct searches performed by the LHC collaborations for the production of new particles

have found no evidence of their existence, several experimental collaborations, with LHCb being the promi-

nent one, have brought to light a persistent and coherent pattern of deviations from the SM predictions in

semileptonic decays of B mesons of the kind b ! s`+`�. This could very well be the first experimental hint

for beyond the SM (BSM) physics at energies not much larger than the electroweak scale. In particular,

LHCb and B-factory experiments observe a deviation from Lepton Flavour Universality (LFU) predicted

by the SM in the theoretically clean observables RK(⇤) ⌘ BR
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Moreover, a number of measurements are in tension with the SM predictions for the branching ratios and
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9
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µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies
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Moreover, a number of measurements are in tension with the SM predictions for the branching ratios and

angular distributions of several b ! sµ+µ� modes [5–14]. All these anomalies could be explained by a

deficit of b ! sµ+µ� events compared to SM expectations due to the interference between SM and BSM
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.
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agreement with the data, is represented by �C9
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µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9
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µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory
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angular distributions of several b ! sµ+µ� modes [5–14]. All these anomalies could be explained by a

deficit of b ! sµ+µ� events compared to SM expectations due to the interference between SM and BSM
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.
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Minimal models for DM and B anomalies

If neutral, the lightest state in the loop can be our DM candidate

For models of B anomalies and DM belonging to this class see: 
Kawamura et al. ’17, Cline Cornell ‘17, Barman et al. ‘18, Cerdeño et al. ‘19, Huang et al. ‘20

SU (3)c �Q, Q �L, L  ,�

A 3 1 1

B 1 3̄ 3

SU (2)L �Q, Q �L, L  ,�

I 2 2 1

II 1 1 2

III 3 3 2

IV 2 2 3

V 3 1 2

VI 1 3 2

U(1)Y �Q, Q �L, L  ,�

1/6�X �1/2�X X

Table 1: Possible gauge quantum numbers of the new fields appearing in the loop diagrams in Figure 1. The

displayed SU(3)c representations are all the possible allowing a DM candidate, while only SU(2)L representations

with d  3 are shown.

2 Setup

As discussed above, we consider models that can give rise to the contributions to b ! sµµ processes shown

in Figure 1.1 We classify our models in two classes according to the spin of the field that couple to both

quarks and leptons—which we call “flavour mediator” independently of its quantum numbers—as follows.

Class F . These models feature a vector-like fermion  as flavour mediator and two extra scalars �Q and

�L coupling to the SM left-handed fermions with interactions described by the following Lagrangian:

LF � �Qi Q̄i PR �Q + �Li L̄i PR �L + h.c. . (2)

Class S. In these models, we introduce a scalar flavour mediator � and two fermions  Q and  L in

vector-like representations of the SM gauge group:

LS � �Qi Q̄i PR Q�+ �Li L̄i PR L�+ h.c. . (3)

In the spirit of our simplified-model approach, we are considering non-zero couplings of the new fields only to

second and third generation left-handed quarks (�Q
2

, �Q
3

) and muons (�L
2

). For more definiteness we will use,

throughout the paper, the following notation: �Q
2

= �Qs , �
Q
3

= �Qb and �L
2

= �Lµ . These couplings are defined

in the basis where the down-quark and charged-lepton mass matrices are flavour diagonal. Furthermore we

assume a global symmetry, whose e↵ect is to forbid mixing between extra fields and SM fields and ensure

that the lightest new state is stable. This can be achieved by introducing an unbroken Z
2

parity under which

the SM fields are even and the new fields are odd, or an equivalent continuous symmetry. Finally, unless

1If the mediator field is a real scalar singlet or a Majorana fermion singlet, additional crossed box diagrams must be taken

into account, see [28, 29].
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Gauge invariance requires  
[only possibilities for SU(3), 

irrep with d≤3 for SU(2) ]

We select combinations with at 
least one state that is: 

• colorless  
• EM neutral 
• Y=0, if fermion (to avoid huge 

contributions to direct 
detection from Z exchange)
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http://arxiv.org/abs/1808.06639
http://arxiv.org/abs/1902.01789
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Moreover, a number of measurements are in tension with the SM predictions for the branching ratios and

angular distributions of several b ! sµ+µ� modes [5–14]. All these anomalies could be explained by a

deficit of b ! sµ+µ� events compared to SM expectations due to the interference between SM and BSM

amplitudes. The simplest way to achieve such an e↵ect is to add non-standard contributions, �C9,10
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.
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is observed today. In this work, we are going to assume that the observed DM density is accounted for by a

thermal WIMP that interacts with SM quarks and leptons and other extra fields in a way that can address

the so-called B-physics (or flavour) anomalies.

In fact, although direct searches performed by the LHC collaborations for the production of new particles

have found no evidence of their existence, several experimental collaborations, with LHCb being the promi-

nent one, have brought to light a persistent and coherent pattern of deviations from the SM predictions in

semileptonic decays of B mesons of the kind b ! s`+`�. This could very well be the first experimental hint

for beyond the SM (BSM) physics at energies not much larger than the electroweak scale. In particular,

LHCb and B-factory experiments observe a deviation from Lepton Flavour Universality (LFU) predicted

by the SM in the theoretically clean observables RK(⇤) ⌘ BR
�
B ! K(⇤)µ+µ�� /BR

�
B ! K(⇤)e+e�

�
[2–4].

Moreover, a number of measurements are in tension with the SM predictions for the branching ratios and

angular distributions of several b ! sµ+µ� modes [5–14]. All these anomalies could be explained by a

deficit of b ! sµ+µ� events compared to SM expectations due to the interference between SM and BSM

amplitudes. The simplest way to achieve such an e↵ect is to add non-standard contributions, �C9,10
µ , to the

following operators
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⇤
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While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.
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Label �Q �L  

F
IA; -1

(3,2, 7/6) (1,2, 1/2)? (1,1,�1)

F
IA; 0

(3,2, 1/6) (1,2,�1/2)? (1,1, 0)?

F
IB; -1/3

(1,2, 1/2)? (3̄,2,�1/6) (3,1,�1/3)

F
IB; 2/3

(1,2,�1/2)? (3̄,2,�7/6) (3,1, 2/3)

F
IIA

(3,1, 2/3) (1,1, 0)? (1,2,�1/2)

F
IIB

(1,1, 0)? (3̄,1,�2/3) (3,2, 1/6)

F
IIIA; -3/2

(3,3, 5/3) (1,3, 1)? (1,2,�3/2)

F
IIIA; -1/2

(3,3, 2/3) (1,3, 0)? (1,2,�1/2)

F
IIIA; 1/2

(3,3,�1/3) (1,3,�1)? (1,2, 1/2)

F
IIIB; -5/6

(1,3, 1)? (3̄,3, 1/3) (3,2,�5/6)

F
IIIB; 1/6

(1,3, 0)? (3̄,3,�2/3) (3,2, 1/6)

F
IIIB; 7/6

(1,3,�1)? (3̄,3,�5/3) (3,2, 7/6)

F
IVA; -1

(3,2, 7/6) (1,2, 1/2)? (1,3,�1)

F
IVA; 0

(3,2, 1/6) (1,2,�1/2)? (1,3, 0)?

F
IVB; -1/3

(1,2, 1/2)? (3̄,2,�1/6) (3,3,�1/3)

F
IVB; 2/3

(1,2,�1/2)? (3̄,2,�7/6) (3,3, 2/3)

F
VA

(3,3, 2/3) (1,1, 0)? (1,2,�1/2)

F
VB; -5/6

(1,3, 1)? (3̄,1, 1/3) (3,2,�5/6)

F
VB; 1/6

(1,3, 0)? (3̄,1,�2/3) (3,2, 1/6)

F
VB; 7/6

(1,3,�1)? (3̄,1,�5/3) (3,2, 7/6)

F
VIA; -3/2

(3,1, 5/3) (1,3, 1)? (1,2,�3/2)

F
VIA; -1/2

(3,1, 2/3) (1,3, 0)? (1,2,�1/2)

F
VIA; 1/2

(3,1,�1/3) (1,3,�1)? (1,2, 1/2)

F
VIB

(1,1, 0)? (3̄,3,�2/3) (3,2, 1/6)

Table 2: Models with a fermion flavour mediator (Class F). The fields are denoted by their transformation properties

under, respectively, (SU(3)c, SU(2)L, U(1)Y ). We highlight in cyan the models that we study in detail in Section 4.

otherwise stated, we will usually assume the interactions in the scalar potential— such as the unavoidable

quartic couplings between our new scalars �X and the Higgs field H of the form �†
X�XH†H—be small

enough to have only subdominant e↵ects on the phenomenology of our models.

The possible gauge quantum numbers of the extra fields follow from the requirement of gauge invariance

of the above Lagrangians and the additional condition that at least one component is uncoloured and

electrically neutral, so to provide a viable DM candidate. Considering that the involved SM fields only are

quark doublets Q, whose quantum numbers under SU(3)c ⌦ SU(2)L ⌦ U(1)Y are (3,2, 1/6), and lepton

doublets L, (1,2,�1/2), the new fields have to belong to the representations of SU(3)c and SU(2)L displayed

in Table 1. Notice that, while all the possible representations of SU(3)c are listed in the table 1 (as

combinations involving larger representations would not feature any colour singlet), in the case of SU(2)L
only representations with dimension d  3 are displayed. The hypercharge assignment is in general not
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Label  Q  L �

S
IA

(3,2, 1/6) (1,2,�1/2) (1,1, 0)?

S
IIA; -1/2

(3,1, 2/3) (1,1, 0)? (1,2,�1/2)?

S
IIA; 1/2

(3,1,�1/3) (1,1,�1) (1,2, 1/2)?

S
IIB

(1,1, 0)? (3̄,1,�2/3) (3,2, 1/6)

S
IIIA; -1/2

(3,3, 2/3) (1,3, 0)? (1,2,�1/2)?

S
IIIA; 1/2

(3,3,�1/3) (1,3,�1) (1,2, 1/2)?

S
IIIB

(1,3, 0)? (3̄,3,�2/3) (3,2, 1/6)

S
IVA; -1

(3,2, 7/6) (1,2, 1/2) (1,3,�1)?

S
IVA; 0

(3,2, 1/6) (1,2,�1/2) (1,3, 0)?

S
IVA; 1

(3,2,�5/6) (1,2,�3/2) (1,3, 1)?

S
VA; -1/2

(3,3, 2/3) (1,1, 0)? (1,2,�1/2)?

S
VA; 1/2

(3,3,�1/3) (1,1,�1) (1,2, 1/2)?

S
VB

(1,3, 0)? (3̄,1,�2/3) (3,2, 1/6)

S
VIA; -1/2

(3,1, 2/3) (1,3, 0)? (1,2,�1/2)?

S
VIA; 1/2

(3,1,�1/3) (1,3,�1) (1,2, 1/2)?

S
VIB

(1,1, 0)? (3̄,3,�2/3) (3,2, 1/6)

Table 3: Same as Table 2 for models with a scalar flavour mediator (Class S).

unique but, as mentioned above, it is restricted by the requirement that at least one state is neutral,

i.e. Q = T
3

+ Y = 0. Setting the hypercharge of the flavour mediator ( or �) as a free parameter X, the

hypercharge of other fields are then derived from gauge invariance as shown in the last line of Table 1.

The resulting combinations of quantum numbers are shown in Tables 2 and 3 that collect the possible

models with, respectively, a fermion and a scalar flavour mediator. The models have been labelled according

to the spin of the flavour mediator (F or S), the combination of SU(2)L and SU(2)c representations of

the fields as given in Table 1 and— for categories containing more than one model— the hypercharge of

the flavour mediator. The tables include only models featuring at least a viable DM candidate, i.e. an

electrically neutral stable state. The representation to which this state belongs have been marked with ?.

Notice that the DM candidate can belong to any of the three NP fields for both classes of models.

DM candidates with non-zero hypercharge are severely constrained by the direct detection experiments,

as consequence of the coherently enhanced Spin Independent interactions with nuclei mediated by the Z

boson. To keep the particle content of our models minimal, we only consider fermion DM candidates

with Y = 0.2 Instead, if DM belongs to a scalar multiplet one can evade the direct detection bounds by

introducing a suitable mass splitting between CP-odd and CP-even components through couplings of the

scalar potential. Since this avoids the dangerous DM coupling to the Z without introducing more fields, we

include in Tables 2 and 3 also solutions with DM belonging to scalar multiplets with Y 6= 0. Let us mention

2 Scenarios with Dirac fermion DM and Y 6= 0 would be still viable if the field content of the model is extended beyond our

minimality criterion, such that the DM field mixes with an additional Majorana fermion making the lightest state Majorana,

see e.g. Ref. [59, 60]. This is the well-known case of the supersymmetric Higgsinos, SU(2)L doublet fermions mixing with a

Majorana singlet (the Bino) and a Majorana triplet (the Wino).
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Figure 3: Results of the flavour fit for the parameters �Q ⌘ �Qb �Q⇤
s , |�Lµ |, M , M�Q and M�L in the scenario FIA; 0

with Majorana DM. Both the 1D distribution for each of the 5 parameters and the 2D correlations between each of

them are shown (with 1�, 2� and 3� regions in orange, red and blue respectively). The red dashed line correspond

to the benchmark value �̃Q = 0.15.

The outcome of the fit is then summarised in terms of posterior probability distribution functions (p.d.f.)

for each parameter, together with correlation plots between each pair of them.

As an example, we show in Figure 3 the outcome of the fit to the model F
IA; 0

, where the DM candidate

is the Majorana fermion  . The diagonal of the triangle plot contains the 1D p.d.f.s for the 5 parameters

constrained by the model, while in the other panels we give the combined 2D p.d.f.s showing the correlations

among each couple of parameters. Let us now discuss the information we can extract from this result, since

it will also be useful for the other models we consider in Section 4. Starting from the couplings 1D p.d.f.s,

we observe that �Q is constrained to small values: this is a byproduct of the inclusion of �Ms in the fit,

which disfavours higher values for this coupling. However, this implies that |�Lµ | is pushed to values at

the boundary of the perturbative region in order to satisfactory address the B-anomalies. Concerning the

masses 1D p.d.f.s, we first notice that the DM mass is allowed to grow only up to a few TeV, due to the

requirement that it has to be the lightest state of the NP sector. On the other hand, no upper bound can

be inferred on the masses of the other NP fields, which are found to be unconstrained in the whole mass
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SU (3)c �Q, Q �L, L  ,�

A 3 1 1

B 1 3̄ 3

SU (2)L �Q, Q �L, L  ,�

I 2 2 1

II 1 1 2

III 3 3 2

IV 2 2 3

V 3 1 2

VI 1 3 2

U(1)Y �Q, Q �L, L  ,�

1/6�X �1/2�X X

Table 1: Possible gauge quantum numbers of the new fields appearing in the loop diagrams in Figure 1. The

displayed SU(3)c representations are all the possible allowing a DM candidate, while only SU(2)L representations

with d  3 are shown.

2 Setup

As discussed above, we consider models that can give rise to the contributions to b ! sµµ processes shown

in Figure 1.1 We classify our models in two classes according to the spin of the field that couple to both

quarks and leptons—which we call “flavour mediator” independently of its quantum numbers—as follows.

Class F . These models feature a vector-like fermion  as flavour mediator and two extra scalars �Q and

�L coupling to the SM left-handed fermions with interactions described by the following Lagrangian:

LF � �Qi Q̄i PR �Q + �Li L̄i PR �L + h.c. . (2)

Class S. In these models, we introduce a scalar flavour mediator � and two fermions  Q and  L in

vector-like representations of the SM gauge group:

LS � �Qi Q̄i PR Q�+ �Li L̄i PR L�+ h.c. . (3)

In the spirit of our simplified-model approach, we are considering non-zero couplings of the new fields only to

second and third generation left-handed quarks (�Q
2

, �Q
3

) and muons (�L
2

). For more definiteness we will use,

throughout the paper, the following notation: �Q
2

= �Qs , �
Q
3

= �Qb and �L
2

= �Lµ . These couplings are defined

in the basis where the down-quark and charged-lepton mass matrices are flavour diagonal. Furthermore we

assume a global symmetry, whose e↵ect is to forbid mixing between extra fields and SM fields and ensure

that the lightest new state is stable. This can be achieved by introducing an unbroken Z
2

parity under which

the SM fields are even and the new fields are odd, or an equivalent continuous symmetry. Finally, unless

1If the mediator field is a real scalar singlet or a Majorana fermion singlet, additional crossed box diagrams must be taken

into account, see [28, 29].
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is observed today. In this work, we are going to assume that the observed DM density is accounted for by a

thermal WIMP that interacts with SM quarks and leptons and other extra fields in a way that can address

the so-called B-physics (or flavour) anomalies.

In fact, although direct searches performed by the LHC collaborations for the production of new particles

have found no evidence of their existence, several experimental collaborations, with LHCb being the promi-

nent one, have brought to light a persistent and coherent pattern of deviations from the SM predictions in

semileptonic decays of B mesons of the kind b ! s`+`�. This could very well be the first experimental hint

for beyond the SM (BSM) physics at energies not much larger than the electroweak scale. In particular,

LHCb and B-factory experiments observe a deviation from Lepton Flavour Universality (LFU) predicted

by the SM in the theoretically clean observables RK(⇤) ⌘ BR
�
B ! K(⇤)µ+µ�� /BR

�
B ! K(⇤)e+e�

�
[2–4].

Moreover, a number of measurements are in tension with the SM predictions for the branching ratios and

angular distributions of several b ! sµ+µ� modes [5–14]. All these anomalies could be explained by a

deficit of b ! sµ+µ� events compared to SM expectations due to the interference between SM and BSM

amplitudes. The simplest way to achieve such an e↵ect is to add non-standard contributions, �C9,10
µ , to the

following operators

H
e↵

� �4GFp
2

e2

16⇡2

VtbV
⇤
ts

⇥
C9

µ (s�µPLb)(µ�
µµ) + C10

µ (s�µPLb)(µ�
µ�

5

µ) + h.c.
⇤
. (1)

While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.
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DM (co-)annihilations controlled by the same coupling as C9 and C10  
(unless it belongs to an SU(2) multiplet)

 DM

�Q (�L)

q (µ)

 DM q0 (µ)

q (µ)

�Q (�L)

q (µ)

�, Z

 DM

 DM

 DM

 

±

W

W

Figure 2: Illustrative DM (co-)annihilation diagrams for the case of fermion DM belonging to the field denoted as

 in Figure 1. Analogous diagrams arise in the other cases. Gauge diagrams such as the third one are only present

if DM belongs to an SU(2)L multiplet ( ± are charged states in the same multiplet).

• We focus on minimal solutions of the B-physics anomalies of the �C9

µ = ��C10

µ kind, hence we only

introduce new fields— in the lowest possible number—that couple to left-handed quarks and leptons

(the SM SU(2)L doublets).

• We require that at least one of the BSM fields contains a state which can be a good DM candidate,

i.e. neutral and colour singlet.

• We assume that DM stability is ensured by an unbroken symmetry (a Z
2

parity or another global

symmetry), which forbids interactions between a NP particle and two SM particles, as well as mixing

between NP and SM fields. As a consequence the BSM contributions to C9

µ and C10

µ can only arise

through one-loop diagrams like those shown in Figure 1 with only BSM fields running in the loop, as

in the framework studied in Refs. [27–29]. Notice that for simplicity we only consider spin 0 and spin

1/2 fields and that only three new fields need to be added to the SM.

• SU(3)c⌦SU(2)L⌦U(1)Y gauge invariance and the requirement of a consistent DM candidate tightly

constrain the possible quantum numbers of the BSM fields. Furthermore, imposing the predicted relic

density to be at (or below) the observed value ⌦
DM

h2 ' 0.12 results in non-trivial conditions on the

spectrum and couplings of the new particles, such that DM e�ciently annihilates into SM particles.

An unavoidable annihilation mode is given by the t-channel exchange of the other fields entering the

loop of Figure 1, possibly alongside coannihilations and processes involving gauge interactions (if DM

belongs to a non-trivial representation of the electroweak gauge group), see Figure 2.

To the best of our knowledge, this is the first systematic study of the connection between flavour

anomalies and dark matter. However, several previous works in the literature proposed specific models

that fulfill the conditions outlined above, which then will be included in our classification, see Refs. [30–35].

Other works that addressed simultaneously DM and the B-physics anomalies (among other observables)

include Refs. [36–58].

The outline of the paper is the following. In Section 2 we define our setup and show the set of minimal

models that follows from the approach described above. In Section 3 we describe our strategy and how

we impose constraints from B-physics, LHC searches, and DM phenomenology. In Section 4 we choose a

number of representative models, for which the results of our analysis are presented in detail. Finally we

summarise and conclude in Section 5.

4

If DM couples to muons t-channel annihilation very efficient (given the large coupling) 

Relic density constraint,                 , easy to fulfil (such as the fit to the B anomalies)
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Figure 4: Representative diagrams contributing to the DM-nucleon cross section relevant for direct detection exper-

iments. For illustration, we only show some diagrams for the case of DM belonging to the fermionic flavour mediator

 . Analogous diagrams are present in the other cases (with the exception of models with DM belonging to  L/�L

where there is no tree-level diagram).

Higgs penguin diagrams, labelled as dq,gH . The coe�cients gg,q
1

finally come from QCD interactions mediated

by quarks/gluons and possible NP colour-charged states. E↵ective interactions mediated by the photon are

present as well. The latter are described, this time, by the following Lagrangian:

LDirac,�
e↵

=
b̃
 

2
 ̄

DM

�µ⌫ 
DM

Fµ⌫ + b
 

 ̄
DM

�µ 
DM

@⌫Fµ⌫ , (35)

with the two terms dubbed, respectively, magnetic dipole moment and charge radius operators.

Concerning the relative contribution of the di↵erent coe�cients, as already discussed in Ref. [118], the

situation is analogous to the case of complex scalar DM. The dominant contribution is typically associated

to the charged radius and dipole operators, whose coe�cient can be approximately written as:
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(36)

Again, in case of sizable couplings of the DM with the top quark, the latter terms are overcome by cqZ which

can be approximately written as:

cqZ = vq
X

f=s,c,b,t,µ

GFp
2

Nc�
2

f

32⇡2

M2

f

M2

Sf

 
1 + log

 
M2

f

M2

Sf

!!
. (37)
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where µp = M
�

DM

Mp/(M
�

DM

+Mp) is the DM/proton reduced mass. The extra factor depending on A,Z,

being respectively the mass and atomic number of the detector material, allows a consistent comparison

with experimental limits which assume equal coupling of the DM with protons and neutrons [117]. fp,n
represent, in fact, the e↵ective coupling of the DM with protons and neutrons and read:

fp =cp
tree

+ cpZ + cp� + cp
box

+Mp

X

q=u,d,s

✓
fp
q dq +

3

4
gq
1

(q(2) + q̄(2))

◆
+

3

4
Mp

X

q=c,b,t

gg
1

G(2)� 8

9
fTGfG ,

fn =cn
tree

+ cnZ + cn
box

+
3

4
Mn

X

q=u,d,s

(q(2) + q̄(2)) gq
1

+
3

4
Mn

X

q=c,b,t

gg
1

G(2)� 8

9
fTGfG ,

(31)

where cpi = 2cui + cdi , c
n
i = cui + 2cdi with i = tree, Z, �, box, and fG = dgc + dgb + dgt . The parameters

fN=n,p
q , fTG, q(2), and G(2) are nucleon form factors defined as:

hN |mq q̄q|Ni = MNfN
q , fTG = 1�

X

q=u,d,s

fN
q ,

hN |Oq
µ⌫ |Ni = 1

MN

✓
pµp⌫ �

1

4
M2

Ngµ⌫

◆
(q̄(2) + q(2)) ,

hN |Og
µ⌫ |Ni = 1

MN

✓
pµp⌫ �

1

4
M2

Ngµ⌫

◆
G(2) .

(32)

For our analysis we have used the default values implemented into the micrOMEGAs package [37].

It is important to remark that, contrary to the other coe�cients, including the ones generated at the

tree-level, cp�,Z coe�cients can be present in models in which the DM is coupled only to NP states charged

under the electroweak gauge groups but that are colour singlets.

If DM is a real scalar, the �†
DM

i
$
@µ�

DM

operator identically vanishes. Hence, the DM direct detection

cross-section is expected to be suppressed.

Moving to fermionic DM, which we just call  
DM

, the e↵ective Lagrangian for the Dirac case is:
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(33)

Again, the coe�cient cq is a combination of CKM-suppressed tree-level and loop-induced contributions:

cq = cq
tree

+ cqZ + cqH + cq
box

, (34)

where, in contrast to the case of scalar DM, a contribution from Higgs penguin diagrams is present as

well. The operator  ̄
DM

�µ 
DM

q̄�µq behaves, with respect to direct detection, in an analogous way as✓
�†
DM

i
$
@µ�

DM

◆
q̄�µq. So we have again that the coe�cients cp,n at the nucleon level are linear combinations

of the coe�cients associated to up and down quarks. The coe�cients dq,g can be decomposed into QCD

contributions, which we label dq,g
QCD

, analogous to the ones discussed for scalar DM, and a contribution from

18

notice indeed that the annihilation cross-section is s-wave dominated, in the case of Dirac fermion, p-wave

suppressed in the case of complex scalar DM and Majorana fermion, and even further (d-wave) suppressed in

the case of real scalar DM. Given that v2 ⇠ 0.1, we expect that, while Dirac DM will easily comply with the

requirement of the correct DM relic density, real scalar DM will, instead, by typically overabundant in light

of its very suppressed annihilation cross-section, unless the latter will be enhanced e.g. by coannihilations.

Annihilations into SM fermion pairs and coannihilations mediated by M represent the main contribution

to the DM relic density in the case the DM belongs to an SU(2)L singlet. In the case DM belongs to an

SU(2)L multiplet, it can also annihilate, through gauge interactions, into W and Z boson pairs. The

latter annihilation processes easily become the dominant contribution to DM pair annihilations since the

corresponding annihilation rate is not suppressed by the mass of the field M . For DM masses above the

TeV, such cross-section is further increased by the so called Sommerfeld enhancement [107–110] as well as

by bound state formation [111]. Additional coannihilation processes, due to other components of the DM

multiplet, are present as well.

As will be clear from the following analysis, imposing the correct relic density, Eq. (18), translates into a

very strong constraint, only marginally compatible with the flavour anomalies and other phenomenological

bounds. For this reason we will just apply, through Eq. (19), an overclosure bound ⌦
DM

h2  0.12. However,

while requiring that thermal DM production does not exceed the observed relic density, we will also assume

that our DM candidate always accounts for 100% of DM, including in the regions of the parameter space

where it would be underabundant, as a consequence of some (unspecified) non-thermal DM production

mechanism, see e.g. [112,113].

3.3.2 Direct detection

The scattering of the DM with nucleons and nuclei, which is at the base of direct detection (DD), is

typically described through e↵ective four-field operators coupling pairs of DM particles with SM quark

or gluon pairs. For all the models considered in this work, the strongest constraints come from Spin

Independent (SI) interactions. For our analysis we have adopted the world leading limits given by the

XENON1T collaboration [114]. How e↵ective are the resulting constraints depends on the spin of the DM

and, in the case of scalar DM, on whether the field is real or complex, while in the case of fermionic DM,

on its Dirac rather than Majorana nature. In the following illustrative discussion, we focus for simplicity

on the case in which the DM is an SU(2)L singlet.

In the case of complex scalar DM, the e↵ective Lagrangian for DD reads:
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X
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✓
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(23)

where Oq
µ⌫ and Og

µ⌫ are the twist-2 operators:

Oq
µ⌫ = q̄i

✓
Dµ�⌫ +D⌫�µ

2
� 1

4
gµ⌫ /D

◆
q , Og

µ⌫ = Ga⇢
µ Ga
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1

4
gµ⌫G

a
⇢�G

a⇢� . (24)

As we can see, the e↵ective Lagrangian considers just interactions with light quarks (q = u, d, s) and

gluons. This is because the typical energy scale for DM scattering processes is of the order of 1 GeV and,

hence, heavy quark flavours, c, b, t, are integrated out.

16

or

For the same reason these models are challenged by bounds from DM direct detection:

However, these operators vanish if DM is a Majorana fermion or a real scalar
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We found natural solutions to the B anomalies with a thermal DM candidate if:  

1. DM from an SU(2) singlet (underproduced otherwise + serious LHC bounds) 
2. DM couples to muons, i.e. in         or            (overproduced otherwise) 
3. DM is a Majorana fermion or a real scalar (direct detection)

Combined constraints (including LHC searches) 

Working example with Majorana DM (same model as in Cerdeño et al. ‘19):

Figure 7: Summary of the constraints for the model FIA; 0 with a Majorana dark matter, with |�Qb | = |�Qs | =
p
0.15,

and the three assignments |�Lµ | = 1, 2, 3. The upper (lower) row corresponds to M�L = 700 (1100)GeV. The colour

scheme is as defined in the caption of Figure 5.

standard thermal WIMP. This occurs for DM masses between approximately 50 and 150 GeV.

This di↵erent outcome compared to the Dirac case is mostly due to the fact that, for Majorana DM, the

e↵ective operators accounting for DM interactions with nucleons mediated by the Z boson and the photon

identically vanish. As a consequence, the strength of the interactions between DM and nuclei is strongly

reduced and, hence, DD bounds are significantly weaker. Furthermore, the annihilation cross-section of

Majorana DM is p-wave suppressed, and thus ID constraints are not present. Although this is a successful

scenario according to our criteria, we remark again that, in order to have compatibility between the fit

of the flavour anomaly and the other constraints, rather large values of the coupling to muons |�Lµ | are
required: |�Lµ | & 2 for M

�L & 700GeV and |�Lµ | & 3 for M
�L & 1100GeV.

4.3 FIB; -1/3, Real-scalar doublet DM

We now turn to consider an example with scalar DM. In this case, DM is a (real) neutral state which

is part of the scalar SU(2) doublet �Q, (1,2, 1/2). The other NP fields �L and  transform under the

SM gauge group respectively as (3̄, 2, �1/6) and (3, 1, �1/3). The Lagrangian resembles that of the

25
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MDM

2" solution to  
B anomalies

DM direct detection bound  
(the plane for Dirac DM 

would completely excluded)

Excluded by the LHC

our benchmark values for M
�L , namely 1100 GeV, and three values of |�Lµ |.

In each plot, the region compatible with the flavour anomalies is the one enclosed within the two

green contours. As can be seen from the di↵erent filling styles, the regions outside these bands should

be interpreted di↵erently. Indeed the regions on the left of the green contours (filled in green) are ruled

out, since they correspond to the case in which �C9,10
µ exceed the experimental limits. On the right of

the contours, on the contrary, NP contributions to C9,10
µ are increasingly suppressed so that the these

observables do not deviate, to a statistically relevant extent, with respect to the SM expectation. While

current flavour anomalies are not reproduced in the latter parameter regions, we cannot strictly regard them

as ruled out as the anomalies are still awaiting full experimental confirmation. These regions are denoted

by a green horizontal hatching.

The orange region represents the exclusion from LHC searches for the signatures with jets and/or

muons and missing energy described in Section 3.2. For this model, we show our recasting of the bound

from Ref. [72] on pp ! �Q�Q ! qq0 + 
DM

 
DM

.

Moving to DM phenomenology, the constraints from DM relic density are represented as red regions.

As already mentioned, throughout our study we will just require that the value of ⌦
DM

h2, determined by

applying the conventional thermal freeze-out paradigm, does not exceed the experimental determination,

namely ⌦
DM

h2  0.12. In each plot the region of parameter space which does not fulfill this constraint has

been marked in red. Being the DM a SM singlet, its relic density is determined, with the exception of the

coannihilation region, by annihilations into SM fermion pairs. As the value of �Lµ increases, the region with

overabundant DM progressively reduces and, for �Lµ = 3 the DM is always underabundant within the whole

range of M
 

and M
�Q shown in the plot. The blue region corresponds, instead, to the case in which the

DM interactions with nuclei, as given by Eq. (38), exceed the constraints from XENON1T. Finally, being

the DM a Dirac fermion, constraints from indirect detection should be taken also into account. The regions

of parameter space at the left side of the dashed yellow contour are excluded by the latter type of searches.

As evident, in all the plots the region compatible with the flavour anomalies falls at least into one

of the experimental exclusions. Among them, the strongest by far comes from direct detection, which

excludes the whole range of masses considered in the di↵erent plots, besides the case �Lµ = 1: with such

an assignment, only a region with M
�Q = 4� 5TeV survives in case i), while a broader area is allowed in

case ii). Nevertheless, in these the NP contribution �C9

µ = ��C10

µ is too small to account for the observed

anomalies. The direct detection bound extends even beyond multi-TeV masses for the �Q field because it

is actually saturated by the charge radius and magnetic dipole operators in Eq. (38) which are dominated

by the contribution of the colour singlet field M
�L , whose mass and coupling �Lµ were kept fixed in the

analysis. The case M
�L = 1.1TeV is hence ruled out by DM DD regardless the assignment of the other

parameters. For the same reasons we have shown no plot for M
�L = 700GeV since, in such a case, also the

case �Lµ = 1 would be completely ruled out by direct detection.

4.2 FIA; 0, Majorana singlet DM

In this subsection we study the same model discussed in the previous one, defined by the Lagrangian in

Eq. (43). The only di↵erence is the nature of the DM field  , now corresponding to a Majorana fermion.

As pointed out above, this kind of scenario is particularly interesting since it features the highest degree

of correlations between B-anomalies and the other phenomenological observables considered in the present

study. A model analogous to F
IA; 0

with Majorana DM has been already studied in Ref. [34]. The analysis

23

i.e. (b-) jets + MET
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Figure 1: Basic diagrams contributing to b ! sµµ.

is observed today. In this work, we are going to assume that the observed DM density is accounted for by a

thermal WIMP that interacts with SM quarks and leptons and other extra fields in a way that can address

the so-called B-physics (or flavour) anomalies.

In fact, although direct searches performed by the LHC collaborations for the production of new particles

have found no evidence of their existence, several experimental collaborations, with LHCb being the promi-

nent one, have brought to light a persistent and coherent pattern of deviations from the SM predictions in

semileptonic decays of B mesons of the kind b ! s`+`�. This could very well be the first experimental hint

for beyond the SM (BSM) physics at energies not much larger than the electroweak scale. In particular,

LHCb and B-factory experiments observe a deviation from Lepton Flavour Universality (LFU) predicted

by the SM in the theoretically clean observables RK(⇤) ⌘ BR
�
B ! K(⇤)µ+µ�� /BR

�
B ! K(⇤)e+e�

�
[2–4].

Moreover, a number of measurements are in tension with the SM predictions for the branching ratios and

angular distributions of several b ! sµ+µ� modes [5–14]. All these anomalies could be explained by a

deficit of b ! sµ+µ� events compared to SM expectations due to the interference between SM and BSM

amplitudes. The simplest way to achieve such an e↵ect is to add non-standard contributions, �C9,10
µ , to the

following operators

H
e↵

� �4GFp
2

e2

16⇡2

VtbV
⇤
ts

⇥
C9

µ (s�µPLb)(µ�
µµ) + C10

µ (s�µPLb)(µ�
µ�

5

µ) + h.c.
⇤
. (1)

While not providing the absolute the best fit to the anomalies, an interesting scenario, still in excellent

agreement with the data, is represented by �C9

µ = ��C10

µ ⇡ �0.5, corresponding to the case of only left-

handed (LH) currents entering Eq. (1). According to global fits to B-physics data, such a scenario is

preferred to the SM prediction at the ⇠ 5� level [15–26]. This does not reflect of course an established

breakdown of the SM: a combination of overlooked systematics, statistical fluctuations, and underestimated

hadronic uncertainties could conspire to account for such a large deviation from the SM in the global fit.

Nevertheless it is tempting to explore new physics (NP) scenarios that could explain the anomalies and

assess their capability of addressing other shortcomings of the SM, in particular the DM problem.

In this paper we systematically build a set of simplified models that can explain the B-physics anomalies

and simultaneously provide a good DM candidate, and we study their phenomenology with a particular

focus on the LHC limits on production of new heavy particles and the bounds from direct- and indirect-

detection DM searches. Our aim is to highlight the minimal building blocks that a more complete theory

may need to include. For the sake of minimality we are going to employ the following procedure.

3

Fermi-LAT [123, 124]. The impact of the resulting constraints is highly model-dependent though. Indeed,

having in mind the velocity expansion:

h�vi ⇡ a+ bv2 , (42)

we have that only for s-wave dominated annihilation cross-section, i.e. a 6= 0, the values of the cross-section

at thermal freeze-out and and present times are comparable, so that eventual ID limits are e↵ective. On the

contrary, p-wave, i.e. the b coe�cient is the leading contribution, dominated cross-section are a↵ected by

ID to a negligible extent. Notice as well that coannihilations are also mostly e↵ective at thermal freeze-out

while their rates are, instead, exponentially suppressed at present times. Given this, among the models

presented in this work, only scenarios with Dirac fermionic DM can be probed by indirect detection.9

Summarising, in the following section we will apply the strategy here described to several models of

interest, in order to study whether such models allow for a region of the parameter space where all the

constraints here described are evaded, or the model is excluded by the combination of all the constraints.

4 Results and discussion

In this section, we analyse some of the models listed in Tables 2 and 3, following the strategy illustrated in

the previous section. Such models have been highlighted in cyan in the tables. Our selection covers a broad

variety of cases, including both scalar and fermion flavour mediators, as well as both scalar and fermion

DM. Furthermore we will separately discuss, where appropriate, both real and complex scalar DM as well

as both Dirac and Majorana nature for fermionic DM. Finally, notice that our selection comprises models

where DM is a pure SM singlets as well as cases where it belongs to SU(2)L multiplets.

We will write for each model the Lagrangian responsible for the phenomenology we are interested in,

according to the quantum numbers of the NP particles, and determine the regions of parameter space for

which the B-anomalies are accounted for. We will then combine this requirement with the constraints from

collider searches of the NP particles as well as from DM phenomenology, in particular relic density and

direct detection. As discussed in Section 3.3.1, we will assume that in the regions of the parameter space

where thermal DM production is insu�cient some non-thermal mechanism is at work such that our DM

candidate always account for 100% of the observed DM abundance.

4.1 FIA; 0, Dirac singlet DM

We start considering the model F
IA; 0

with singlet Dirac DM. This case, which is among the simplest in

Tables 2 and 3, has never been studied before and, as we will see, is subject to strong constraints. It

is a good example to illustrate how bounds from di↵erent sources can altogether exclude a model. The

Lagrangian of this model reads:

L
int

= �Qi Q̄iPR �Q + �Li L̄iPR �L + h.c. , (43)

with the fields �Q, �L and  carrying respectively the following SU(3)c ⌦ SU(2)L ⌦ U(1)Y quantum

numbers: (3,2, 1/6), (1,2,�1/2) and (1,1, 0). As mentioned above, the DM candidate is the Dirac field

 
DM

=  , which also plays the role of the flavour mediator in the diagram in Fig. 1. This scenario has been

9Notice that also for Majorana DM a 6= 0. However this term is helicity suppressed and, hence, typically subdominant with

respect to thep-wave contribution.
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The goal is generating the usual dipole operator:

EW vev  from a Higgs insertion to provide gauge invariant chirality flip
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Without adding extra fields, muon g-2 from DM is  
possible only in tuned regions of the parameter space 

J
H
E
P
0
7
(
2
0
1
8
)
0
4
6Figure 4. Results for the LL1 model in the MF −MS plane for increasing values of the coupling

to leptons. The gray-shaded regions are excluded because the DM candidate needs to be scalar
(see main text), hence MS < MF . In the dark (light) green region the total contribution to
(g − 2)µ is compatible with the experimental value at 1 (2)σ, and the red line indicate where the
DM relic density is Ωh2 = 0.12 (in the upper right plot the red band corresponds to the conservative
range 0.10 < Ωh2 < 0.14). The yellow region is excluded by searches for heavy charged fermions at
LEP [39, 40], the cyan region (denoted as LHC-8) is excluded by

√
s = 8TeV LHC searches [41, 42],

the blue region (LHC-13) by
√
s = 13TeV searches [43, 44], and the orange area by the CMS soft

leptons search [45].

The results are in excellent agreement with the approximate expressions in section 3.2,

apart from regions of parameter space where coannihilations are important, since these

were not covered in section 3.2. Above (below) the red line DM annihilation rate is too

large (small), giving a relic density that is below (above) the observed DM abundance.

To keep the analysis minimal, we do not switch on the Higgs-portal coupling, κS2|H|2,
cf. appendix B.1. This coupling would open the possibility of achieving the correct relic

density for MS ≈ mh/2 through DM annihilation via the Higgs resonance [50], but would

otherwise not change the conclusions of the analysis below.
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LC Ziegler Zupan 1804.00009

see also Kowalska Sessolo ‘17, Athron et al. '21

e.g.:

excluded by 
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Figure 3: Additional diagrams contributing to b ! sµµ involving RH muons.

vev insertion, is necessary to induce such e↵ect. On the other hand, the fields  ��` or �� ` do not couple

to RH muons, hence such a chirality flip can only occur through a muon mass insertion in the external leg,

leading to a suppression of the e↵ect by the small muon Yukawa coupling, Cµµ / yµ. Minimal models where

DM couples only to LH muons therefore can not provide a sizeable contribution to aµ, besides very tuned

regions of the parameter space [52]. Thus, a natural explanation of the muon g�2 anomaly requires a chiral

enhancement, i.e. a chirality flip occurring inside the loop through a coupling to the SM Higgs field � yµ,

see e.g. [46,50,52,71]. The minimal way to achieve this is to add a 4th field to our minimal models: either

 0/�0 mixing with  /� through a Higgs vev, or �0
`/ 

0
` mixing with �`/ `. Illustrative diagrams providing

an enhanced contribution to the muon g � 2 are shown in Figure 2. Notice that these mixing fields also

induce additional contributions to b ! sµµ involving RH muons (thus deviating from the �C9

µ = ��C10

µ

pattern), as shown in Figure 3.

The only combinations of the quantum numbers of the new fields that fulfils the above conditions are

displayed in Table 1. A unique choice of the transformation properties under SU(3)c and only three under

SU(2)L are possible. For each of these three choices a minimal model would comprise four fields:

Class F : either {�q, �`, �
0
`,  } or {�q, �`,  ,  

0} (4)

Class S : either { q,  `,  
0
`, �} or { q,  `, �, �

0} (5)

Considering the two possible choices of the mixing field, as well as the possible hypercharge assignments

delivering at least an absolute singlet coupling to leptons, we end up with only 9 options (times the two

spin alternatives). These are listed in Table 2. The models highlighted in cyan feature pure singlet DM

4

(II) Higgs insertion inside the loop:  
● We add a field that mixes with our scalar or fermion via a Higgs vev 
● No suppression from light Yukawas → chiral enhancement 
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The goal is generating the usual dipole operator:

EW vev  from a Higgs insertion to provide gauge invariant chirality flip

Contributions to the muon g-2

see e.g. Crivellin Hoferichter ’18 and ‘21, Kowalska Sessolo ‘17, LC Ziegler Zupan ‘18, … 
and also LQ models

e.g. :

https://arxiv.org/abs/1807.11484
https://arxiv.org/abs/2104.03202
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Minimal models for DM, B anomalies and g-2

We have to add a 4th field to couple to both LH and RH muons. As we said, DM 
needs to directly couple to muons and to be singlet (or mixed with a singlet) 

The only possibilities are:

Label �q/ q �`/ `  /� �0
`/ 

0
`  0/�0

F
Ia

/S
Ia

(3,2, 1/6) (1,2,�1/2) (1,1, 0) (1,1,�1) –

F
Ib

/S
Ib

(3,2, 1/6) (1,2,�1/2) (1,1, 0) – (1,2,�1/2)

F
Ic

/S
Ic

(3,2, 7/6) (1,2, 1/2) (1,1,�1) (1,1, 0) –

F
IIa

/S
IIa

(3,1, 2/3) (1,1, 0) (1,2,�1/2) (1,2,�1/2) –

F
IIb

/S
IIb

(3,1, 2/3) (1,1, 0) (1,2,�1/2) – (1,1,�1)

F
IIc

/S
IIc

(3,1,�1/3) (1,1,�1) (1,2, 1/2) – (1,1, 0)

F
Va

/S
Va

(3,3, 2/3) (1,1, 0) (1,2,�1/2) (1,2,�1/2) –

F
Vb

/S
Vb

(3,3, 2/3) (1,1, 0) (1,2,�1/2) – (1,1,�1)

F
Vc

/S
Vc

(3,3,�1/3) (1,1,�1) (1,2, 1/2) – (1,1, 0)

Table 2: Minimal sets of fields fulfilling all requirements listed in the introduction. The fields are denoted by their

transformation properties under, respectively, (SU(3)c, SU(2)L, U(1)Y ). Models highlighted in cyan feature singlet

DM, models in red have singlet-doublet mixed DM.

For models where instead the fourth field is the additional fermion  0 mixing with the flavour mediator  ,

the Lagrangian schematically reads:

L  0
F � �Qi Q̄i PR �q + �

L
i L̄i PR �` + �

E
i Ēi PL 

0�` + �HL ̄PL 
0H + �HR ̄PR 

0H + h.c. , (8)

For illustration here we show the case labelled F
IIc

(or equivalently F
Vc

) in Table 2, where  is a doublet

and  0 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 �Di D̄i PR 0�q and �Ui Ūi PR 0�q (that we are assuming to be suppressed in the following).3 For

this kind of models the singlet-doublet mass matrix has the schematic forms:

MM
 

=

0

B@
M
 

0 �HLv/
p
2 �⇤

HRv/
p
2

�HLv/
p
2 0 M

 

�⇤
HRv/

p
2 M

 

0

1

CA , MD
 

=

 
M
 

0 �⇤
HRv/

p
2

�HLv/
p
2 M

 

!
, (9)

for, respectively, a Majorana and a Dirac singlet field ( 0 in this illustrative examples).

Class S. In these models, we introduce a scalar flavour mediator � and two fermions  q and  ` in vector-

like representations of the SM gauge group, plus either an additional  0
` or a �

0. The Lagrangians and the

mass matrices are as those given above mutatis mutandis :

L ` 
0
`

S � �Qi Q̄i PR q �+ �Li L̄i PR `�+ �Ei Ēi PL 0
`�+ �H1

 ̄` PR 0
`H + �H2

 ̄` PL 0
`H + h.c. , (10)

L��0
S � �Qi Q̄i PR q �+ �Li L̄i PR `�+ �Ei Ēi PL `�0 + aH�†�0H + h.c. . (11)

3Notice that models in the categories FV/SV are identical to those in FII/SII besides the field �q/ q being an SU(2)L

triplet instead of a singlet. This forbids coupling to RH quarks but we expect that otherwise it is not modifying DM and

flavour phenomenology to large extent. Thus we can omit a detailed analysis of this class models and focus on those belonging

to FI/SI and FII/SII.
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vev insertion, is necessary to induce such e↵ect. On the other hand, the fields  ��` or �� ` do not couple

to RH muons, hence such a chirality flip can only occur through a muon mass insertion in the external leg,

leading to a suppression of the e↵ect by the small muon Yukawa coupling, Cµµ / yµ. Minimal models where

DM couples only to LH muons therefore can not provide a sizeable contribution to aµ, besides very tuned

regions of the parameter space [52]. Thus, a natural explanation of the muon g�2 anomaly requires a chiral

enhancement, i.e. a chirality flip occurring inside the loop through a coupling to the SM Higgs field � yµ,

see e.g. [46,50,52,71]. The minimal way to achieve this is to add a 4th field to our minimal models: either

 0/�0 mixing with  /� through a Higgs vev, or �0
`/ 

0
` mixing with �`/ `. Illustrative diagrams providing

an enhanced contribution to the muon g � 2 are shown in Figure 2. Notice that these mixing fields also

induce additional contributions to b ! sµµ involving RH muons (thus deviating from the �C9

µ = ��C10

µ

pattern), as shown in Figure 3.

The only combinations of the quantum numbers of the new fields that fulfils the above conditions are

displayed in Table 1. A unique choice of the transformation properties under SU(3)c and only three under

SU(2)L are possible. For each of these three choices a minimal model would comprise four fields:

Class F : either {�q, �`, �
0
`,  } or {�q, �`,  ,  

0} (4)

Class S : either { q,  `,  
0
`, �} or { q,  `, �, �

0} (5)

Considering the two possible choices of the mixing field, as well as the possible hypercharge assignments

delivering at least an absolute singlet coupling to leptons, we end up with only 9 options (times the two

spin alternatives). These are listed in Table 2. The models highlighted in cyan feature pure singlet DM

4

Also additional contributions 
breaking the relation C9=-C10, e.g.:

Arcadi et al. 2104.03228

the two 
examples

https://arxiv.org/abs/2104.03228
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Two examples:

Figure 4: Summary of results for the model FIb, in the (M ,M 0 ) two-dimensional plane for two assignments of

the other model parameters, reported on the top of the two panels. The value of the product of the quark couplings

�Q⇤
s �Qb is set to 0.15, according to the constraints imposed by Bs � B̄s oscillations as found in Ref. [68]. In each

plot the regions of the parameter space accounting for the g � 2 (at 1�) and B-anomalies (at 2�) have been marked,

respectively, in green and orange. The red isocontours correspond to the correct DM relic density according to the

conventional freeze-out paradigm. The blue hatched regions are excluded by Direct Detection limits as given by

XENON1T. The gray regions are excluded by searches of invisible decays of the Higgs and Z bosons.

and the loop functions read

F (x, y, z) =
x2 log(x)

(x� 1)(x� y)(x� z)
+

y2 log(y)

(y � 1)(y � x)(y � z)
+

z2 log(z)

(z � 1)(z � x)(z � y)
,

G(x, y, z) =
2x log(x)

(x� 1)(x� y)(x� z)
+

2y log(y)

(y � 1)(y � x)(y � z)
+

2z log(z)

(z � 1)(z � x)(z � y)
.

(17)

Notice that, in the absence of the coupling to RHmuons or of the singlet-doublet mixing (i.e. if V
1iV1jV2iV2j =

0 for any i, j), the above contributions give �C9

µ = ��C10

µ , as expected.

The e↵ect of our fields on the muon g � 2 reads

�aµ ' � mµ

2⇡2m2

�`

X

j=1,2,3

mF 0

j Re
�
�Lµ�

E
µ V1jV2j

� eH
⇣
x�1

`j

⌘
, with eH(x) =

x2 � 1� 2x log x

8(x� 1)3
, (18)

where we have shown the dominant chirally-enhanced term only. Subdominant contributions can be found

e.g. in Ref. [46, 52].

Concerning DM phenomenology, the model discussed here has strong similarities with the model F
IA;0

illustrated in Ref. [68]; we will hence refer to the latter work for a detailed discussion. The addition of an

SU(2)L doublet  
0
causes a notable di↵erence in DM Direct Detection though. In this scenario, indeed,

the DM can couple at the tree level with the SM Higgs and Z bosons. These couplings are responsible,

respectively, for Spin Independent (SI) and Spin Dependent (SD) interactions between the DM and nucleons,

8

Figure 5: Summary of the results for the model FIIb in the (M ,m�`) two-dimensional plane. The color code is the

same as Figure 4.

The Wilson coe�cients of the operators inducing b ! s`` transitions read:

�C9

µ = N �Q⇤
s �Q

b

32⇡↵
EM

X

i,j=1,2

UR
2iU

R⇤
2j⇣

mF�
j

⌘
2

�
|�L

µ |2UR
2iU

R⇤
2j F (xQj , x`j , xij)� |�E

µ |2UL
1iU

R⇤
1j G (xQj , x`j , xij)

�
,

(22)

�C10

µ = �N �Q⇤
s �Q

b

32⇡↵
EM

X

i,j=1,2

UR
2iU

R⇤
2j⇣

mF�
j

⌘
2

�
|�L

µ |2UR
2iU

R⇤
2j F (xQj , x`j , xij) + |�E

µ |2UL
1iU

R⇤
1j G (xQj , x`j , xij)

�
,

where now xQj = (m
�Q/m

F�
j )2, x`j = (m

�`/m
F�
j )2 and xij = (mF�

i /mF�
j )2.

The dominant e↵ect on the (g � 2)µ reads

�aµ ' mµ

2⇡2m2

�`

X

j=1,2

mF�
j Re

�
�L
µ�

E⇤
µ UR

2jU
L⇤
1j

�
H

⇣
x�1

`j

⌘
, with H(x) =

x2 � 4x+ 3 + 2 log x

8(x� 1)3
. (23)

Again, the details of the DM phenomenology have been fully illustrated in Ref. [68] and, hence, we will

not discuss them in depth here. In Figure 5, we show the results of our combined analysis are shown in

the (M
 

,m
�`) two-dimensional plane employing the same color coding as in Figure 4. Since, in the figure,

the mass of F�
1

(through M
 

) is varied, the region of parameter space shown might be impacted by LHC

constraints on the production of F�
1

F+

1

and subsequent decay into µ+µ� pair and DM, thus missing energy.

The corresponding exclusion, obtained by recasting the search in Ref. [77], is shown as a hatched-purple

region in the figure. Being the DM a SM singlet real scalar, not interacting with coloured new physics states,

the only relevant DM constraint comes from the relic density. Again we found that it is possible to achieve

the correct relic density compatibly with a fit of B� and g�2 anomalies. Again we found that it is possible
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Fermion singlet-doublet DM Real scalar DM

doublet mass singlet mass

DM 
mass

LHC bound from

Label �q/ q �`/ `  /� �0
`/ 

0
`  0/�0

F
Ia

/S
Ia

(3,2, 1/6) (1,2,�1/2) (1,1, 0) (1,1,�1) –

F
Ib

/S
Ib

(3,2, 1/6) (1,2,�1/2) (1,1, 0) – (1,2,�1/2)

F
Ic

/S
Ic

(3,2, 7/6) (1,2, 1/2) (1,1,�1) (1,1, 0) –

F
IIa

/S
IIa

(3,1, 2/3) (1,1, 0) (1,2,�1/2) (1,2,�1/2) –

F
IIb

/S
IIb

(3,1, 2/3) (1,1, 0) (1,2,�1/2) – (1,1,�1)

F
IIc

/S
IIc

(3,1,�1/3) (1,1,�1) (1,2, 1/2) – (1,1, 0)

F
Va

/S
Va

(3,3, 2/3) (1,1, 0) (1,2,�1/2) (1,2,�1/2) –

F
Vb

/S
Vb

(3,3, 2/3) (1,1, 0) (1,2,�1/2) – (1,1,�1)

F
Vc

/S
Vc

(3,3,�1/3) (1,1,�1) (1,2, 1/2) – (1,1, 0)

Table 2: Minimal sets of fields fulfilling all requirements listed in the introduction. The fields are denoted by their

transformation properties under, respectively, (SU(3)c, SU(2)L, U(1)Y ). Models highlighted in cyan feature singlet

DM, models in red have singlet-doublet mixed DM.

For models where instead the fourth field is the additional fermion  0 mixing with the flavour mediator  ,

the Lagrangian schematically reads:

L  0
F � �Qi Q̄i PR �q + �

L
i L̄i PR �` + �

E
i Ēi PL 

0�` + �HL ̄PL 
0H + �HR ̄PR 

0H + h.c. , (8)

For illustration here we show the case labelled F
IIc

(or equivalently F
Vc

) in Table 2, where  is a doublet

and  0 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 �Di D̄i PR 0�q and �Ui Ūi PR 0�q (that we are assuming to be suppressed in the following).3 For

this kind of models the singlet-doublet mass matrix has the schematic forms:

MM
 

=

0

B@
M
 

0 �HLv/
p
2 �⇤

HRv/
p
2

�HLv/
p
2 0 M

 

�⇤
HRv/

p
2 M

 

0

1

CA , MD
 

=

 
M
 

0 �⇤
HRv/

p
2

�HLv/
p
2 M

 

!
, (9)

for, respectively, a Majorana and a Dirac singlet field ( 0 in this illustrative examples).

Class S. In these models, we introduce a scalar flavour mediator � and two fermions  q and  ` in vector-

like representations of the SM gauge group, plus either an additional  0
` or a �

0. The Lagrangians and the

mass matrices are as those given above mutatis mutandis :

L ` 
0
`

S � �Qi Q̄i PR q �+ �Li L̄i PR `�+ �Ei Ēi PL 0
`�+ �H1

 ̄` PR 0
`H + �H2

 ̄` PL 0
`H + h.c. , (10)

L��0
S � �Qi Q̄i PR q �+ �Li L̄i PR `�+ �Ei Ēi PL `�0 + aH�†�0H + h.c. . (11)

3Notice that models in the categories FV/SV are identical to those in FII/SII besides the field �q/ q being an SU(2)L

triplet instead of a singlet. This forbids coupling to RH quarks but we expect that otherwise it is not modifying DM and

flavour phenomenology to large extent. Thus we can omit a detailed analysis of this class models and focus on those belonging

to FI/SI and FII/SII.

6

Figure 14: Summary of the constraints for the FIIIA; -1/2 model with scalar triplet DM. Similarly to SIIIA; -1/2, the

model is constrained only by flavour and LHC and the constraints do not depend on the individual values of �Qs , �
Q
b .

The colour scheme is as defined in Figure 5. The yellow region is excluded by LHC searches of disappearing tracks.

4.8 FIIIA; -1/2, Real-scalar triplet DM

The last model we consider is analogous to the previous one with the role of fermion and scalar fields

reversed. It is described by the following Lagrangian:

L
int

= �Qi Q̄iPR(⌧
a�a

Q) + �µL̄µPR(⌧
a�a

L) + h.c. , (48)

and the SU(3), SU(2)L and U(1)Y quantum numbers of the NP fields are (3, 3, 2/3), (1, 3, 0) and

(1, 2, �1/2) for �Q, �L and  , respectively. The DM candidate is the neutral component of the scalar

triplet �L, and the mediator is the fermion doublet  .

The e↵ect of the combined constraints on the F
IIIA; -1/2

model is shown in Figure 14. For analogous

reasons to those illustrated in the previous subsection, also in the case of scalar triplet DM, we notice

the absence of bounds coming from DM direct detection and relic density. Detailed studies of the DM

phenomenology of real scalar triplets have been conducted e.g. in Refs. [134, 135]. A notable di↵erence

with respect to the previous model S
IIIA; -1/2

emerges, on the contrary, for what concerns LHC bounds.

Indeed, the bounds from missing energy events (specifically on pp !   ! µ+µ� + /ET [73]) impact a

larger (orange) region of the parameter space, compared to the analogous model with fermionic DM. This

is again due to the fact that the Drell-Yan production cross-section of the fermion pair  is substantially

larger than the one of a scalar pair with the same mass and the same quantum numbers under the SM

gauge group. On the contrary the bound from disappearing tracks (here we show the limit as recasted for

the case of a scalar triplet in Ref. [134]) is weaker for scalar DM, again due to the di↵erent production cross

section. As a consequence, we notice the presence of (narrow) regions of the parameter space compatible

with the flavour anomalies, provided that |�Lµ | & 3. We expect that these unconstrained regions can be

tested employing future LHC data by a combination of searches for disappearing tracks and searches for

events with soft leptons and missing energy like those in Refs [74, 75].

34

(DM is the lightest Majorana state)

Arcadi et al. 2104.03228

https://arxiv.org/abs/2104.03228


Summary and Outlook

Lorenzo Calibbi (Nankai)Muon g-2 and RK from DM

We systematically built models addressing the muon g-2 and the  
B anomalies through loops involving a thermal DM candidate  

accounting for 100% of the observed DM abundance

This can be achieved by introducing 4 new fields,  
at the price of a large coupling to LH muons (≳ 2-3) and  
a (moderate) chiral enhancement of the g-2 contribution

Rather than “realistic” models, this exercise showed the minimal 
ingredients that a fully fledged theory may need to incorporate 

(e.g. large muon couplings imply a Landau pole below ~2500 TeV)

These minimal solutions seem to be in the reach of future direct detection 
and/or LHC searches (and definitely of a muon collider) + possible 

correlated effects from H/Z decays into muons (Crivellin Hoferichter ‘21)

https://arxiv.org/abs/2104.03202
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DM annihilation and direct detection

 DM

�Q

u, d

 DM

u, d

 DM �Q,L

Q, L

Z, �
u, d

 DM

 DM

�Q

u, du, d

Q
 DM

 DM

�Q

 DM �Q

gg

Q

 DM

Q

Figure 4: Representative diagrams contributing to the DM-nucleon cross section relevant for direct detection exper-

iments. For illustration, we only show some diagrams for the case of DM belonging to the fermionic flavour mediator

 . Analogous diagrams are present in the other cases (with the exception of models with DM belonging to  L/�L

where there is no tree-level diagram).

Higgs penguin diagrams, labelled as dq,gH . The coe�cients gg,q
1

finally come from QCD interactions mediated

by quarks/gluons and possible NP colour-charged states. E↵ective interactions mediated by the photon are

present as well. The latter are described, this time, by the following Lagrangian:

LDirac,�
e↵

=
b̃
 

2
 ̄

DM

�µ⌫ 
DM

Fµ⌫ + b
 

 ̄
DM

�µ 
DM

@⌫Fµ⌫ , (35)

with the two terms dubbed, respectively, magnetic dipole moment and charge radius operators.

Concerning the relative contribution of the di↵erent coe�cients, as already discussed in Ref. [118], the

situation is analogous to the case of complex scalar DM. The dominant contribution is typically associated

to the charged radius and dipole operators, whose coe�cient can be approximately written as:

b ⇡ � e

48⇡M2

 

DM

X

f=s,c,b,t,µ

NcQf�
2

f

M2

 

DM

M2

Sf

 
1� 2 log

 
M2

f

M2

Sf

!!
,

b̃ ⇡ � e

8⇡M
 

DM

X

f=s,c,b,t,µ

NcQf�
2

f

M2

 

DM

M2

f

M2

Sf

 
2 + log

 
M2

f

M2

Sf

!!
.

(36)

Again, in case of sizable couplings of the DM with the top quark, the latter terms are overcome by cqZ which

can be approximately written as:

cqZ = vq
X

f=s,c,b,t,µ

GFp
2

Nc�
2

f

32⇡2

M2

f

M2

Sf

 
1 + log

 
M2

f

M2

Sf

!!
. (37)

19

where x = M
DM

/T . h�vi
DMDM

describes DM pair annihilation processes into SM fermions mediated by

t-channel exchange of the field M . Given the assumptions stated in the previous sections, the possible

final states are µ+µ�, and q̄q0 where q, q0 = s, c, b, t.5 h�vi
DMM

represents coannihilation processes with a

DM and a M particle in the initial states while h�vi
M

†
M

describes the contribution of M pair annihilation

processes to the DM e↵ective annihilation cross-section provided that the mass splitting between DM and

M is su�ciently small. Notice that the expression above is valid for complex scalar and Dirac fermion DM.

In the case of real scalar and Majorana DM we have a slightly di↵erent expression:

h�vi
e↵

= h�vi
DMDM

g2
DM

g2
e↵

+ h�vi
DMM

g
DM

g
M

g2
e↵

(1 +�)3/2 exp [�x�] +

(h�vi
M

†
M

+ h�vi
MM

)
g2
M

g2
e↵

(1 +�)3 exp [�2x�] .

In the above equations � = (M
M

�M
DM

)/M
DM

is the relative DM/mediator mass splitting while:

g
e↵

= g
DM

+ g
M

(1 +�)3/2 exp [�x�] , (21)

where g
M

and g
DM

are the internal degrees of freedom of the mediator and of the DM.

In our analysis, the DM relic density, including coannihilations, have been computed with great numerical

precision through the package micrOMEGAs [37].6 To clarify our results we provide nevertheless analytical

expressions of the DM annihilation cross-section into fermion pairs, the most relevant in the regions of

parameter space favored by B-anomalies (see below), at the leading order in the conventional velocity

expansion (as further simplification we have neglected the masses of the final state fermions) [88–90,106]:

h�viComplex

DMDM

=
X

f

Nc

�4

fM
2

�

DM

v2

48⇡
⇣
M2

�

DM

+M2

Ff

⌘
2

, h�viDirac

DMDM

=
X

f

Nc

�4

fM
2

 

DM

32⇡
⇣
M2

 

DM

+M2

Sf

⌘
4

,

h�viReal

DMDM

=
X

f

Nc

�4

fM
6

�

DM

v4

60⇡
⇣
M2

�

DM

+M2

Ff

⌘
4

, h�viMajorana

DMDM

=
X

f

Nc

�4

fM
2

 

DM

⇣
M4

 

DM

+M4

Sf

⌘
v2

48⇡
⇣
M2

 

DM

+M2

Sf

⌘
4

,

(22)

where Nc = 3(1) in case of colour charged (colour singlet) final state fermions. The sums run over the

kinematically accessible final states, depending on the value of the DM mass.

The four expressions refer, as indicated, to real scalar, complex scalar, Dirac fermion and Majorana

fermion DM. Scalar and fermionic DM candidates have been generically called �
DM

and  
DM

, respectively,

while the states exchanged in the t-channel Feynman diagrams and interacting with the fermion f have been

called Sf and Ff . Finally �f correspond to suitable assignments of �L,Qµ,s,b according to the final states.7

While the four cross-sections have a very similar mass dependence in the limit in which DM is much

lighter than the NP field exchanged in the t-channel, they feature a very di↵erent velocity dependence. We

5Up quarks can be as well annihilation final states. Their contribution to the DM relic density is, however, negligible because

of the CKM suppression of the couplings.
6As recently shown, e.g. in [104,105], in case of coannihilation between the DM and a coloured field, additional e↵ects, like

thermal corrections, Sommerfeld enhancement and bound state formation might be relevant. We postpone a discussion of these

e↵ects to future studies.
7Notice that colour charged NP field might interact with di↵erent quark generations. The expression of the annihilation

cross-section might slightly change in this case.
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Singlet-doublet mixing

To the best of our knowledge, the model that here we call S
Ib

, belonging to this class, is the only example

of this kind of models addressing DM, muon g � 2 and B anomalies which has been already discussed in

the literature in Ref. [61].

4 Results

In this section we will illustrate the phenomenology of the minimal models introduced above, choosing two

examples with distinctive DM candidates: fermionic singlet-doublet DM (model F
Ib

), and real scalar DM

(model F
IIb

).

4.1 FIb: Singlet-doublet fermionic DM

This model is a generalisation of the model that in Ref. [68] we called F
IA;0

with Majorana DM  = (1,1, 0)

(previously studied also in Ref. [55]), to which we add a doublet fermion,  0 = (1,2,�1/2) = ( 0 0, 0 �).

Thus, the DM candidate arises after EWSB from the mixing of a singlet Majorana fermion and a Dirac

doublet. The Lagragian is the following

LFIb � �Qi Q̄i PR �q + �
L
i L̄i PR �` + �

E
i Ēi PL 

0 · �` + �HL ̄PL 
0 ·H + �HR ̄PR 

0 ·H + h.c. .

(12)

where �` = (1,2,�1/2), �q = (3,2, 1/6), and the dot denotes a contraction of the SU(2)L indexes through

"ab = (i�
2

)ab, e.g.  0 ·H = "ab 0
aHb.

The neutral components of 0 and mix giving three Majorana mass eigenstates by Takagi-diagonalization

of a symmetric mixing matrix with a unitarity matrix V
0

B@
 0 c

R ⌘  0

L

 0 0
L

 0 0 c
R

1

CA

i

= VijF
0

L,j , V T

0

B@
M
 

�HLv/
p
2 �⇤

HRv/
p
2

�HLv/
p
2 0 M

 

0

�⇤
HRv/

p
2 M

 

0 0

1

CAV =

0

B@
mF 0

1

mF 0

2

mF 0

3

1

CA .

(13)

In an analogous way as what done, e.g., in Ref. [72], we will trade in our numerical study the pair (�HL,�HR)

with the pair (�, ✓), defined as:

�HL = � cos ✓, �HR = � sin ✓. (14)

Furthermore we will assume all the parameters to be real.

In terms of the above rotations and mass eigenvalues, the Wilson coe�cients for b ! s`` transitions are:

�C9

µ = N �Q⇤
s �

Q
b

32⇡↵
EM

X

i,j=1,2,3

V
1iV1j⇣
mF 0

j

⌘
2

�
|�Lµ |2V1iV1j � |�Eµ |2V2iV2j

�
(F (xQj , x`j , xij) +G (xQj , x`j , xij)) ,

(15)

�C10

µ = �N �Q⇤
s �

Q
b

32⇡↵
EM

X

i,j=1,2,3

V
1iV1j⇣
mF 0

j

⌘
2

�
|�Lµ |2V1iV1j + |�Eµ |2V2iV2j

�
(F (xQj , x`j , xij) +G (xQj , x`j , xij)) ,

where we have defined xQj = (m
�Q/m

F 0

j )2, x`j = (m
�`/m

F 0

j )2, xij = (mF 0

i /mF 0

j )2, we have introduced the

normalization

N�1 =
4GFp

2
VtbV

⇤
ts , (16)
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with the former being the most constrained. For a review see e.g. Ref. [73]. Furthermore, the coupling of

DM pairs with the Higgs and the Z bosons would lead to ‘invisible’ decay for the latter bosons, provided

that the DM is light enough. Invisible branching fractions for the Z and Higgs bosons are, however strongly

constrained.

The results of our analysis are shown in Figure 4, in the (M
 

,M
 

0 ) two-dimensional plane, for two

sample assignations of the parameters of the model. In both panels the green bands represent the regions

fitting the muon g� 2 anomaly at 1� while the regions of the parameter space corresponding to a viable fit

of the B-anomalies have been marked in orange. Throughout our analyses we set the value of the product

of the quark couplings �Q⇤
s �

Q
b = 0.15, in accordance with the constraints imposed by Bs� B̄s oscillations as

found in Ref. [68]. The correct DM relic density, if conventional freeze-out is assumed, is achieved only in

the narrow red strips. The blue-hatched regions are excluded by constraints from XENON1T [74] on DM

SI interactions, while the gray regions corresponds to an invisible branching fraction of the Higgs above

11% [75], or an invisible width of the Z boson above 2.3MeV [76]. No analogous constrains from LHC, as

the ones considered in [68], have been shown in the plot since we have chosen benchmark assignations for

m
�` ,m�q beyond current experimental sensitivity. Additional bounds from the production of the charged

and neutral partners of the DM should be considered though, being responsible of 2-3 lepton + missing

energy signatures (see e.g. [77]). Corresponding limits are not competitive as the ones from Higgs invisible

decays and DM direct detection and, hence, have not been shown.

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 M
 

⌧
M
 

0 . This corresponds to a mostly singlet-like DM achieving its relic density mostly through annihilations

into muon pairs mediated by �`. For this reason the isocontours of the correct relic density appear as

vertical lines since the mass of �` and the couplings �L,Eµ have been kept fixed in the plots.4 It is very

promising that both anomalies can be accounted for with a standard thermal DM candidate.

4.2 FIIb: Real scalar DM

As a second example, we choose a very di↵erent DM candidate. Here DM is a real singlet (�`): what mix are

(the charged components of) the fermion mediator fields  � 0 (SU(2)L doublet and singlet, respectively).

Notice that both fields have non-zero hypercharge hence they are both Dirac fermions. The Lagrangian of

the model reads

LFIIb � �Qi Q̄i PR �q + �
L
µ L̄µ PR �` + �

E
µ Ēµ PL 

0�` + �HL ̄PL 
0H + �HR ̄PR 

0H + h.c. , (19)

where �q = (3,1, 2/3), �` = (1,1, 0),  = (1,2,�1/2) = ( 0, �) and  0 = (1,1,�1). Due to EWSB,  0

mixes with the charged state in  and the corresponding mass matrix reads

M
 

=

 
M
 

0 vp
2

�⇤
HR

vp
2

�HL M
 

!
. (20)

We diagonalise this matrix by performing the field rotations
 
 0�

L
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L

!

i

= UL
ijF

�
L,j ,

 
 0+

R

 +

R

!

i

= UR
ijF

+

R,j , (UR†M
 

UL)ij = mF�
i �ij (21)

4Notice that on the right side of the red line (in particular in the region M > M 
0 where DM is mostly doublet) our DM

candidate is not excluded as it gives a thermal abundance below the observed one. However, some non-thermal DM production

mechanism should be at work to account for 100% of the DM of the universe in this latter case.
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To the best of our knowledge, the model that here we call S
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, belonging to this class, is the only example

of this kind of models addressing DM, muon g � 2 and B anomalies which has been already discussed in

the literature in Ref. [61].

4 Results

In this section we will illustrate the phenomenology of the minimal models introduced above, choosing two

examples with distinctive DM candidates: fermionic singlet-doublet DM (model F
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), and real scalar DM

(model F
IIb

).

4.1 FIb: Singlet-doublet fermionic DM

This model is a generalisation of the model that in Ref. [68] we called F
IA;0

with Majorana DM  = (1,1, 0)

(previously studied also in Ref. [55]), to which we add a doublet fermion,  0 = (1,2,�1/2) = ( 0 0, 0 �).
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In an analogous way as what done, e.g., in Ref. [72], we will trade in our numerical study the pair (�HL,�HR)

with the pair (�, ✓), defined as:
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Furthermore we will assume all the parameters to be real.
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of this kind of models addressing DM, muon g � 2 and B anomalies which has been already discussed in
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with the former being the most constrained. For a review see e.g. Ref. [73]. Furthermore, the coupling of

DM pairs with the Higgs and the Z bosons would lead to ‘invisible’ decay for the latter bosons, provided

that the DM is light enough. Invisible branching fractions for the Z and Higgs bosons are, however strongly

constrained.

The results of our analysis are shown in Figure 4, in the (M
 

,M
 

0 ) two-dimensional plane, for two

sample assignations of the parameters of the model. In both panels the green bands represent the regions

fitting the muon g� 2 anomaly at 1� while the regions of the parameter space corresponding to a viable fit

of the B-anomalies have been marked in orange. Throughout our analyses we set the value of the product

of the quark couplings �Q⇤
s �

Q
b = 0.15, in accordance with the constraints imposed by Bs� B̄s oscillations as

found in Ref. [68]. The correct DM relic density, if conventional freeze-out is assumed, is achieved only in

the narrow red strips. The blue-hatched regions are excluded by constraints from XENON1T [74] on DM

SI interactions, while the gray regions corresponds to an invisible branching fraction of the Higgs above

11% [75], or an invisible width of the Z boson above 2.3MeV [76]. No analogous constrains from LHC, as

the ones considered in [68], have been shown in the plot since we have chosen benchmark assignations for

m
�` ,m�q beyond current experimental sensitivity. Additional bounds from the production of the charged

and neutral partners of the DM should be considered though, being responsible of 2-3 lepton + missing

energy signatures (see e.g. [77]). Corresponding limits are not competitive as the ones from Higgs invisible

decays and DM direct detection and, hence, have not been shown.

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 M
 

⌧
M
 

0 . This corresponds to a mostly singlet-like DM achieving its relic density mostly through annihilations

into muon pairs mediated by �`. For this reason the isocontours of the correct relic density appear as

vertical lines since the mass of �` and the couplings �L,Eµ have been kept fixed in the plots.4 It is very

promising that both anomalies can be accounted for with a standard thermal DM candidate.

4.2 FIIb: Real scalar DM

As a second example, we choose a very di↵erent DM candidate. Here DM is a real singlet (�`): what mix are

(the charged components of) the fermion mediator fields  � 0 (SU(2)L doublet and singlet, respectively).

Notice that both fields have non-zero hypercharge hence they are both Dirac fermions. The Lagrangian of

the model reads

LFIIb � �Qi Q̄i PR �q + �
L
µ L̄µ PR �` + �

E
µ Ēµ PL 

0�` + �HL ̄PL 
0H + �HR ̄PR 

0H + h.c. , (19)

where �q = (3,1, 2/3), �` = (1,1, 0),  = (1,2,�1/2) = ( 0, �) and  0 = (1,1,�1). Due to EWSB,  0

mixes with the charged state in  and the corresponding mass matrix reads
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4Notice that on the right side of the red line (in particular in the region M > M 
0 where DM is mostly doublet) our DM

candidate is not excluded as it gives a thermal abundance below the observed one. However, some non-thermal DM production

mechanism should be at work to account for 100% of the DM of the universe in this latter case.
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of the B-anomalies have been marked in orange. Throughout our analyses we set the value of the product

of the quark couplings �Q⇤
s �

Q
b = 0.15, in accordance with the constraints imposed by Bs� B̄s oscillations as

found in Ref. [68]. The correct DM relic density, if conventional freeze-out is assumed, is achieved only in

the narrow red strips. The blue-hatched regions are excluded by constraints from XENON1T [74] on DM

SI interactions, while the gray regions corresponds to an invisible branching fraction of the Higgs above

11% [75], or an invisible width of the Z boson above 2.3MeV [76]. No analogous constrains from LHC, as

the ones considered in [68], have been shown in the plot since we have chosen benchmark assignations for

m
�` ,m�q beyond current experimental sensitivity. Additional bounds from the production of the charged

and neutral partners of the DM should be considered though, being responsible of 2-3 lepton + missing

energy signatures (see e.g. [77]). Corresponding limits are not competitive as the ones from Higgs invisible

decays and DM direct detection and, hence, have not been shown.

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 M
 

⌧
M
 

0 . This corresponds to a mostly singlet-like DM achieving its relic density mostly through annihilations

into muon pairs mediated by �`. For this reason the isocontours of the correct relic density appear as

vertical lines since the mass of �` and the couplings �L,Eµ have been kept fixed in the plots.4 It is very

promising that both anomalies can be accounted for with a standard thermal DM candidate.

4.2 FIIb: Real scalar DM

As a second example, we choose a very di↵erent DM candidate. Here DM is a real singlet (�`): what mix are

(the charged components of) the fermion mediator fields  � 0 (SU(2)L doublet and singlet, respectively).

Notice that both fields have non-zero hypercharge hence they are both Dirac fermions. The Lagrangian of

the model reads

LFIIb � �Qi Q̄i PR �q + �
L
µ L̄µ PR �` + �

E
µ Ēµ PL 

0�` + �HL ̄PL 
0H + �HR ̄PR 

0H + h.c. , (19)

where �q = (3,1, 2/3), �` = (1,1, 0),  = (1,2,�1/2) = ( 0, �) and  0 = (1,1,�1). Due to EWSB,  0

mixes with the charged state in  and the corresponding mass matrix reads

M
 

=

 
M
 

0 vp
2

�⇤
HR

vp
2

�HL M
 

!
. (20)

We diagonalise this matrix by performing the field rotations
 
 0�

L

 �
L

!

i

= UL
ijF

�
L,j ,

 
 0+

R

 +

R

!

i

= UR
ijF

+

R,j , (UR†M
 

UL)ij = mF�
i �ij (21)

4Notice that on the right side of the red line (in particular in the region M > M 
0 where DM is mostly doublet) our DM

candidate is not excluded as it gives a thermal abundance below the observed one. However, some non-thermal DM production

mechanism should be at work to account for 100% of the DM of the universe in this latter case.
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