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B Anomalies and Lepton Universality

¥ RK(*) = BR(B→K(*) μμ) / BR(B→K(*) ee) (= 1 for SM : Ç!clean!È)

¥ B → K*μμ angular observables

• BR(Bs→φμμ)

• Most signiÞcant tensions reduced by a ~20% Lepton Flavour 
Universality Violating (LFUV) correction to SM contribution !
(e.g. Ç!C9μ!È)!
!
!
!
!

• PS: not addressing RD(*) = BR(B→ D(*)τν) / BR(B→ D(*)μν) hereÉ
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Largest pulls hP 0
5i[4,6] hP 0

5i[6,8] R[1,6]
K R[0.045,1.1]

K⇤ R[1.1,6]
K⇤ B[2,5]

Bs!�µ+ µ� B[5,8]

Bs!�µ+ µ�

Experiment �0.30± 0.16 �0.51± 0.12 0.745+0.097
�0.082 0.66+0.113

�0.074 0.685+0.122
�0.083 0.77± 0.14 0.96± 0.15

SM prediction �0.82± 0.08 �0.94± 0.08 1.00± 0.01 0.92± 0.02 1.00± 0.01 1.55± 0.33 1.88± 0.39

Pull (�) -2.9 -2.9 +2.6 +2.3 +2.6 +2.2 +2.2

Prediction for CNP
9µ = �1.1 �0.50± 0.11 �0.73± 0.12 0.79± 0.01 0.90± 0.05 0.87± 0.08 1.30± 0.26 1.51± 0.30

Pull (�) -1.0 -1.3 +0.4 +1.9 +1.2 +1.8 +1.6

TABLE I: Main anomalies currently observed in b ! s`` transitions, with the current measurements, our predictions for the
SM and the NP scenario CNP

9µ = �1.1, and the corresponding pulls. In addition, a deficit compared to the SM predictions has

been observed at low and large recoils for B(B(0,+) ! K(0,+)µµ) [13] and B(B0 ! K⇤0µµ) [14], as well as at low recoil (above
15 GeV2) for B(B+ ! K⇤+µ+µ�) [13] and B(Bs ! �µ+µ�) [7].

confirmed by other global analyses [15–17] using di↵er-
ent observables, hadronic inputs and theory approaches
for their computations. Controversies on hadronic un-
certainties (power corrections to form factors [18, 19],
charm-loop contributions [20, 21]) have been addressed
and resolved in Refs. [22–25].

Recently, the experimental picture has changed signif-
icantly. The ATLAS and CMS collaborations have pre-
sented new preliminary results for optimized observables:
ATLAS measured the whole set as well as FL at large K !

recoil [26], whereas CMS presented results for P1 and P "
5

at low and large recoils [27]. The results show a good (but
not perfect) overall agreement with the LHCb results,
and a global model-independent analysis [28] has con-
firmed the earlier picture in Refs. [3, 12, 15–17] on many
issues: favoured hypotheses for NP contributions to Wil-
son Coe�cients, consistency of deviation patterns in the
various channels and types of observables, robustness
with respect to the theoretical assumptions on hadronic
corrections, and absence of q2- or helicity-dependences
for CNP

9,µ that would signal uncontrolled long-distance con-
tributions in B ! K ! µ+ µ# .

On the other hand, the LHCb collaboration has
recently updated the di↵erential branching ratio for
B ! K ! µ+ µ# [14], and it has presented strik-
ing new results concerning the LFUV ratio RK⇤ =
B(B ! K ! µ+ µ# )/B(B ! K ! e+ e# ) at large K ! re-
coil [29], exhibiting significant deviations from SM ex-
pectations. Ratios like RK and RK⇤ are particularly
interesting due to their lack of sensitivity to hadronic
uncertainties, their precise prediction within the SM and
their potential to discriminate among NP models [30, 31].
The significant deviation of RK⇤ from SM expectations
confirm in particular that hadronic uncertainties in the
theoretical predictions are not su�cient to explain all the
anomalies observed in b ! s`+ `# transitions, and that
alternative explanations must be searched for.

In this note, we discuss how these remarkable new re-
sults a↵ect the global model-independent analysis of NP
in b ! s`+ `# decays, we determine patterns of NP contri-
butions favoured by the whole set of experimental data,
and we study their implications for NP models. The
structure of this note is the following: In Sec. 2, we briefly
recall the framework used for our global analysis, focus-

ing on the changes compared to our previous work [12].
In Sec. 3, we present the results for di↵erent hypotheses
of NP contributions to the short-distance Wilson coe�-
cients. In Sec. 4, we consider the consequences for well-
motivated models of NP, before drawing our conclusions.
Further detail on the computation of RK⇤ , the connec-
tion with RD( ⇤) and some implications for future LFUV
observables are discussed in the appendices.

2. FRAMEWORK

We perform a global fit to all available b ! s� and
b ! s`+ `# data along the lines of Ref. [12], to determine
the best-fit points and the confidence-level intervals for
the Wilson coe�cients C9,10( 0) e,µ (see [3] for definitions).
We include all the observables considered in the refer-
ence fit of Ref. [12] (see Secs. 2 and 3, and App. A of this
reference). More specifically, for the angular observables
in B ! K?µ+ µ# , B ! K?e+ e# and Bs ! �µ+ µ# , we

use the optimised observables P ( ")
i obtained from LHCb’s

likelihood fit [5]. Concerning the q2 binning we use the
finest bins at large recoil (below the J/ ) but the widest
bins in the low-recoil region to ensure quark-hadron du-
ality. For the b ! s� radiative observables, we add to our
previous set of observables the branching ratios of the ra-
diative decays B0 ! K ! 0�, B+ ! K ! + �, Bs ! �� [32].
We add to the fit all the new measurements made

available since Ref. [12]:

I The B0 ! K?0µ+ µ# di↵erential branching fraction
measured by LHCb [14] based on the full run 1 dataset,
superseding the results in Ref. [33]. A recent update of
Ref. [14] led to a reduction of the branching ratio by
about 20% in magnitude.

I The new Belle measurements [9] for the isospin-
averaged but lepton-flavour dependent B ! K?`+ `# ob-
servables P " e

4,5 and P "µ
4,5. The isospin average is given by

the following expression [34]

P " `
i = �+ P " `

i (B+ ) + (1� �+ )P
" `
i (B̄0) . (1)

Since �+ describing the relative weight of each isospin
component in the average is not public, we treat it as
a nuisance parameter �+ = 0.5 ± 0.5. This will not
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Wilson coefficients Fits

¥ FCNC b → s transitions in the SM mostly come from W-t-ν boxes, 
summarised by effective operators!
!
!

¥ In the SM, for all leptons, C9 "  - C10 " 4.32 & C’9 = - C’10 = 0

¥ All Þts (DÕAmicoÕ1704.05438, CapdevilaÕ1704.05340, 
AltmannshoferÕ1703.09189, GengÕ1704.05446) point in the same 
direction, with varying signiÞcance:!
!
!
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In 2015, the LHCb collaboration presented their B ! K ⇤µ+µ� angular analysis based on the
full Run 1 data set, confirming the tension found earlier [32]. Several updated global analyses
have confirmed that a consistent description of the tensions in terms of NP is possible [33–35],
while an explanation in terms of an unexpectedly large hadronic e↵ect cannot be excluded.
Recent analyses by Belle [36,37] also seem to indicate tensions in angular observables consistent
with LHCb. At Moriond Electroweak 2017, ATLAS [38] and CMS [39] finally presented their
preliminary results for the angular observables based on the full Run 1 data sets. The aim of the
present paper is to reconsider the status of the B ! K ⇤µ+µ� anomaly in view of these results.
Our analysis is built on our previous global analyses of NP in b ! s transitions [13, 33, 40, 41]
and makes use of the open source code flavio [42].

2. E↵ective Hamiltonian and observables

The e↵ective Hamiltonian for b! s transitions can be written as

He↵ = �4 GFp
2

VtbV ⇤
ts

e2

16⇡2

X

i

(CiOi + C 0
iO

0
i) + h.c. (1)

and we consider NP e↵ects in the following set of dimension-6 operators,

O9 = (s̄�µPLb)(¯̀�µ`) , O0
9 = (s̄�µPRb)(¯̀�µ`) , (2)

O10 = (s̄�µPLb)(¯̀�µ�5`) , O0
10 = (s̄�µPRb)(¯̀�µ�5`) . (3)

We neither consider new physics in scalar operators, as they are strongly constrained by
Bs ! µ+µ� (see [43] for a recent analysis), nor in dipole operators, which are strongly con-
strained by inclusive and exclusive radiative decays (see [44] for a recent analysis). We also do
not consider new physics in four-quark operators, although an e↵ect in certain b! cc̄s opera-
tors could potentially relax some of the tensions in B ! K ⇤µ+µ� angular observables [45].

In our numerical analysis, we include the following observables.

• Angular observables in B 0 ! K ⇤0µ+µ� measured by CDF [46], LHCb [32], ATLAS* [38],
and CMS* [39,47,48],

• B 0,± ! K ⇤0,±µ+µ� branching ratios by LHCb* [16,49], CMS [47,48], and CDF [46],

• B 0,± ! K 0,±µ+µ� branching ratios by LHCb [16] and CDF [46],

• Bs ! �µ+µ� branching ratio by LHCb* [17] and CDF [46],

• Bs ! �µ+µ� angular observables by LHCb* [17],

• the branching ratio of the inclusive decay B ! X sµ+µ� measured by BaBar [50].

Items marked with an asterisk have been updated since our previous global fit [33]. Concerning
B 0 ! K ⇤0µ+µ�, both LHCb and ATLAS have performed measurements of CP-averaged
angular observables Si as well as of the closely related “optimized” observables P 0

i . While
LHCb gives also the full correlation matrices and the choice of basis is thus irrelevant (up to
non-Gaussian e↵ects which are anyway impossible to take into account using publicly available
information), ATLAS does not give correlations, so the choice can make a di↵erence in principle.
We have chosen to use the P 0

i measurements, but have explicitly checked that the best-fit regions
and pulls do not change significantly when using the Si observables.

We do not include the following measurements.
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All LFUV

1D Hyp. Best fit 1 � 2 � PullSM p-value Best fit 1 � 2 � PullSM p-value

CNP
9µ -1.10 [�1.27,�0.92] [�1.43,�0.74] 5.7 72 -1.76 [�2.36,�1.23] [�3.04,�0.76] 3.9 69

CNP
9µ = �CNP

10µ -0.61 [�0.73,�0.48] [�0.87,�0.36] 5.2 61 -0.66 [�0.84,�0.48] [�1.04,�0.32] 4.1 78

CNP
9µ = �C0

9µ -1.01 [�1.18,�0.84] [�1.33,�0.65] 5.4 66 -1.64 [�2.12,�1.05] [�2.52,�0.49] 3.2 31

CNP
9µ = �3CNP

9e -1.06 [-1.23,-0.89] [-1.39,-0.71] 5.8 74 -1.35 [�1.82,�0.95] [�2.38,�0.59] 4.0 71

All LFUV

2D Hyp. Best fit PullSM p-value Best fit PullSM p-value

(CNP
9µ , CNP

10µ) (-1.17,0.15) 5.5 74 (-1.13,0.40) 3.7 75

(CNP
9µ , C0

7) (-1.05,0.02) 5.5 73 (-1.75,-0.04) 3.6 66

(CNP
9µ , C90µ) (-1.09,0.45) 5.6 75 (-2.11,0.83) 3.7 73

(CNP
9µ , C100µ) (-1.10,-0.19) 5.6 76 (-2.43,-0.54) 3.9 85

(CNP
9µ , CNP

9e ) (-0.97,0.50) 5.4 72 (-1.09,0.66) 3.5 65

Hyp. 1 (-1.08,0.33) 5.6 77 (-1.74,0.53) 3.8 77

Hyp. 2 (-1.00, 0.15) 4.9 61 (-1.89,0.27) 3.1 39

Hyp. 3 (-0.65,-0.13) 4.9 61 (0.58,2.53) 3.7 73

Hyp. 4 (-0.65,0.21) 4.8 59 (-0.68,0.28) 3.7 72

TABLE II: Most prominent patterns of New Physics in b ! sµµ with high significances. The last four rows corresponds
to hypothesis 1: (CNP

9µ = �C90µ, CNP
10µ = C100µ), 2: (CNP

9µ = �C90µ, CNP
10µ = �C100µ), 3: (CNP

9µ = �CNP
10µ, C90µ = C100µ) and 4:

(CNP
9µ = �CNP

10µ, C90µ = �C100µ). The “All” columns include all available data from LHCb, Belle, ATLAS and CMS, whereas the
“LFUV” columns are restricted to RK , RK⇤ and Q4,5 (see text for more detail). The p-values are quoted in % and PullSM in
units of standard deviation.

have a significant e↵ect in our results, since the isospin
breaking in the SM is small (but accounted for in our
analysis), and we do not consider NP contributions to
four-quark operators.

! The new ATLAS measurements [26] on the angular
observables P1, P !

4,5,6,8 in B0 ! K?0µ+µ" as well as FL
in the large recoil region.

! The new CMS measurements [27] on the angular
observables P1 and P !

5 in B0 ! K?0µ+µ" , both at
large and low recoils (we consider only the [16,19] bin
at low recoil). We take FL and AF B from an earlier
analysis [35]. We also include the data from an earlier
analysis at 7 TeV [36]. A very welcome check of the
stability of the CMS results would consist in performing
a simultaneous extraction of FL , P1 and P !

5, using the
same folding distribution as ATLAS, LHCb and Belle.

! The new measurements of the lepton-flavour non-
universality ratio RK ? in two large-recoil bins by the
LHCb collaboration [29]. The likelihood of these mea-
surements is asymmetric, and dominated by statistical
uncertainties. We thus take the two measurements as
uncorrelated, and for each of the two bins, we take a
symmetric Gaussian error that is the larger of the two
asymmetric uncertainties (while keeping the central
value unchanged). This approach makes us underesti-
mate the impact of these measurements on our fit, but
it is conservative until the likelihood is known in detail.

Following Ref. [12], we take into account the corre-

lations whenever available, and assume that the mea-
surements are uncorrelated otherwise. In order to avoid
including measurements with too large correlations, we
include the LHCb measurements of the ratios RK ⇤ and
RK , as well as the di↵erential branching ratios B(B0 !
K#0µµ) and B(B+ ! K+µµ), but we discard B(B0 !
K#0ee)[0.0009,1] and B(B+ ! K+ee)[1,6].

Regarding the theory computation of all observables,
we follow Refs. [12, 22], which take into account the the-
oretical updates for the branching ratios of B ! Xs� ,
B ! Xsµµ and Bs ! µµ in Refs. [37–39]. For B ! K?

form factors at large recoil we use the calculation in
Ref. [40], which has more conservative uncertainties than
the ones in Ref. [41], obtained with a di↵erent method.
For Bs ! � the corresponding calculation is not avail-
able, and therefore we use Ref. [41]. This leads to smaller
hadronic uncertainties quoted for Bs ! �`` and R�, but
we stress that this is only due to the choice of input.

We follow the same statistical method as in Ref. [12]:
We perform a frequentist analysis with all known theory
and experimental correlations taken into account through
the covariance matrix when building the �2 function,
which is minimised to find best-fit points, pulls, p-values
and confidence-level intervals. Depending on the dimen-
sionality of the hypothesis, the minimisation is performed
either using a simple scan or the Markov-Chain Monte
Carlo Metropolis-Hastings algorithm.
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FIG. 1: From left to right: Allowed regions in the (CNP
9µ , CNP

10µ), (CNP
9µ , C90µ) and (CNP

9µ , CNP
9e ) planes for the corresponding two-

dimensional hypotheses, using all available data (upper row, fit “All”) and only LFUV observables (lower row, fit “LFUV”).
We also show the 3 � regions for the data subsets corresponding to specific experiments. Constraints from b ! s� observables,
B(B ! Xsµµ) and B(Bs ! µµ) are included in each case (see text).

4. IMPLICATIONS FOR MODELS

Our updated model-independent Þt to availableb !
s`` and b ! s� data strongly favours LFUV scenarios
with NP a↵ecting mainly b ! sµµ transitions, with a
preference for the three hypothesesCNP

9µ , CNP
9µ = �CNP

10µ

and CNP
9µ = �C90µ. This has important implications

for some popular ultraviolet-complete models which we
brießy discuss.

I LFUV: Given that leptoquarks (LQs) should posses
very small couplings to electrons in order to avoid
dangerous e↵ects in µ ! e�, they naturally violate LFU.
While Z 0 models can easily accommodate LFUV data,
LFU variants like the ones in Refs. [42, 43] are now
disfavoured. The same is true if one aims at explaining
P 0
5 via NP in four-quark operators leading to a NP

(q2-dependent) contribution from charm loops [44].
Models with right-handed currents such as Refs. [45, 50]
are also strongly disfavoured, even though they can
account for RK , since they would result inRK⇤ > 1.

I CNP
9µ : Z 0 models with fundamental (gauge) couplings

to leptons preferably yield CNP
9µ -like solutions in order

to avoid gauge anomalies. In this context, Lµ � L⌧

models [46Ð49] are popular since they do not generate
e↵ects in electron channels. The new Þt including
RK⇤ is also very favourable to models predicting
CNP
9µ = �3CNP

9e [51]. Interestingly, such a symmetry
pattern is in good agreement with the structure of the
PMNS matrix [52]. Concerning LQs, aCNP

9µ -like solution
can only be generated by adding two scalar (anSU (2)L
triplet and an SU (2)L doublet with Y = 7/6) or two
vector representations (anSU (2)L singlet with Y = 2/3
and an SU (2)L doublet with Y = 5/6).

I CNP
9µ = �CNP

10µ: This pattern can be achieved inZ 0

models with loop-induced couplings [53] or inZ 0 models
with heavy vector-like fermions [54] which posses also
LFUV. Concerning LQs, here a single representation
(the scalar SU (2)L triplet or the vector SU (2)L singlet
with Y = 2/3) can generate aC9µ = �C10µ like solu-
tion [55Ð60] and this pattern can also be obtained in
models with loop contributions from three heavy new
scalars and fermions [61Ð63].

I CNP
9µ = �C90µ: This pattern could be generated in

Z 0 models with vector-like fermions. For the Lµ � L⌧

C
9 = -C

10

C
9 = -C

10
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Tree Level Models

¥ Reasonable, to generate a large (~20%) correction to a SM-loop with 
a heavy particle

¥ Either s-channel ZÕ (CrivellinÉ),  or t-channel leptoquark (HillerÉ)!
!
!
!
!
!

¥ But no DM connection, unless if b-s-Z’ coupling is loop-generated 
(BŽlangerÕ1507.06660). Bonus: gμ-2 (another long standing issueÉ)

5
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µ

�

�
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Figure 6: Particles that can mediate RK at tree level: a Z 0 or a lepto-quark, scalar or vector.

and therefore one needs to consider the associated experimental constraints. The first operator
a↵ects Bs mass mixing for which the relative measurements, together with CKM fits, imply
cBSM

bLbL
= (�0.09 ± 0.08)/(110 TeV)2 , i.e. the bound |cBSM

bLbL
| < 1/(210 TeV)2 [35, 36]. The second

operator is constrained by CCFR data on the neutrino trident cross section, yielding the weaker
bound |cBSM

µL⌫µ
| < 1/(490 GeV)2 at 95% C.L. [37]. Furthermore, new physics that a↵ects muons

can contribute to the anomalous magnetic moment of the muon. Experiments found hints of a
possible deviation from the Standard Model with �aµ = (24 ± 9) · 10�10 [38].

4.1 Models with an extra Z 0

Models featuring extra Z 0 to explain the anomalies are very popular, see the partial list of
references [39–58]. Typically these models contain a Z 0 with mass MZ0 savagely coupled to

[gbs(s̄�µPLb) + h.c.] + gµL(µ̄�µPLµ) . (22)

The model can reproduce the flavour anomalies with cbLµL = �gbsgµL/M2

Z0 as illustrated in
figure 6a. At the same time the Z 0 contributes to the Bs mass mixing with cbLbL = �g2

bs/2M
2

Z0 .
The bound from �MBs can be satisfied by requiring a large enough gµL in order to reproduce
the b ! s`+`� anomalies. Left-handed leptons are unified in a SU(2)L doublet L = (⌫L, `L),
such that also the neutrino operator cµL⌫µ = �g2

µL
/M2

Z0 is generated. However the latter does
not yield a strong constraint on gµL .

Another possibility is for the Z 0 to couple to the 3-rd generation left-handed quarks with
coupling gt and to lighter left-handed quarks with coupling gq. The coupling gbs arises as
gbs = (gt � gq)(UQd

)ts after performing a flavour rotation UQd
among left-handed down quarks

to their mass-eigenstate basis. The matrix element (UQd
)ts is presumably not much larger

than Vts and possibly equal to it, if the CKM matrix V = UQuU
†
Qd

is dominated by the rotation
among left-handed down quarks, rather than by the rotation UQu among left-handed up quarks.

Then, the parameter space of the Z 0 model gets severely constrained by combining per-
turbative bounds on gµL . In addition the LHC bounds on pp ! Z 0 ! µµ̄ can be relaxed by
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Minimal Loop Model
¥ See GripaiosÕ1412.1791 for an exhaustive list

¥ Minimal set of BSM Þelds: 1 Ç!squark!È #q, 1 Ç!slepton!È #l, 1 
Ç!neutralino!È χ with Yukawa couplings:!
!
!

¥ Generates $C9 = - $ C10 via!
!
!
!
!
!
!
(poor manÕs Susy, with free Yukawas) 

6

5 PHENOMENOLOGICAL ANALYSIS 19

Field G
SM

A
4

⇥ U(1)
FN

⇥ Z
3

U(1)B0 ⇥ U(1)L0 ⇥ U(1)�
Qi

L (3,2,1
6

) (1,⌥Qi ,!) (1
3

,0,0)
U i
R (3,1,2

3

) (1,⌥Ui ,!
2) (1

3

,0,0)
Di

R (3,1,�1

3

) (1,⌥Di ,!
2) (1

3

,0,0)
Li
L (1,2,�1

2

) (3,0,!) (0,1,0)
Ei

R (1,1,�1) (1(0,00),⌥Ei ,!
2) (0,1,0)

H (1,2,1
2

) (1,0,1) (0,0,0)
� (1,1,0) (1,0,!) (0,0,1)

(1,3,0) (1,0,!) (0,0,1)
�l (1,2,1

2

) (100,0,1) (0,-1,1)
�q (3,2,-1

6

) (1,0,1) (�1

3

,0,1)

Table 2: Transformation rules for the SM and BSM fields. i = 1, 2, 3 denotes a family
index. The two rows for � denote a singlet and a triplet, respectively. For the charges
under U(1)

FN

and the representations of ER under A
4

see (3.6) and table 1.

muon as its anomalous magnetic moment and the discrepancy in b ! sµ̄µ-like processes

demand a special treatment in order to explain them. To achieve this, �l has to only

couple to muons which can be ensured by assigning a suitable A
4

representation to it.

The accidental symmetries in the last column in table 2 enforce stability of the proton

and prevent contributions to other baryon and/or lepton number violating processes.

Additionally, the U(1)� stabilises the LP which is a crucial premise for a DM candidate.

The Z
3

charges of the BSM fields are chosen such interactions only with the fermionic

SM doublets are valid. When a fermionic multiplet only has SU(2)L ⇥ U(1)Y gauge

interactions in the SM and its components have an identical tree-level mass, the charged

ones become heavier than the neutral one due to quantum loop corrections of O(100

MeV) [11][12]. Choosing the hypercharge of � to be 0 for both representations the DM

particle can be a Majorana fermion. Eventually, the interaction Lagrangian for the new

particles reads as

L = gqi �̄RQ
i
L�q + gli�̄RL

i
L�l + h.c. (4.1)

CP -violating terms are not considered. The couplings gq,l are estimated from (3.4) and

(3.17).

5 Phenomenological Analysis

In the following sections the two isospin representations (singlet and triplet) of the DM

field � are examined on five processes. The three flavour anomalous ones are b !

20 5.1 b ! sµ̄µ

b µ

s µ

�l�q

�

�

b µ

µs

�q �l

�0

�0

(a) (b)

Figure 2: Feynman diagrams for b ! sµ̄µ transitions. In case of a Majorana particle
being able to mediate such processes, crossed diagrams as (b) contribute (see text).

sµµ, Bs-mixing and (g � 2)µ in which the NP states are only virtually involved. The

contributions from NP are fitted to their respective constraints which results in bounds

and the DM mass which are cross-checked with the remaining two DM phenomenological

processes, the annihilation and nucleon scattering. In what follows the mass of the � is

denoted by m� and is the parameter of interest, whereby the masses of the scalars are

denoted by Ml and Mq, respectively. Furthermore, we introduce the fractions xl =
M2

l
m2

�

and xq =
M2

q

m2
�
.

5.1 b ! sµ̄µ

Anomalies in decays induced by the quark level transition b ! sµ̄µ are first of all tar-

geted. The parameter set for this semileptonic process includes all our model parameters

n

m,Ml,Mq, g
l
2

o

. (5.1)

Box diagrams of the kind as depicted in figure 2a are by the formalism of e↵ective field

theory since the typical hadronic energy scale is of O(1 GeV) which is much lower than

the weak scale O(100 GeV) which is also the expected mass scale of our NP states.

Matrix Element

Within the OPE framework (see sec. 2.1.2) where the BSM fields are integrated out and
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Field GSM A4 ! U(1)FN ! Z3 U(1)B! ! U(1)L! ! U(1)�
Qi

L (3,2,1
6) (1,⌥Qi ,!) (1

3 ,0,0)
Ui
R (3,1,2

3) (1,⌥Ui ,!
2) (1

3 ,0,0)
D i

R (3,1," 1
3) (1,⌥Di ,!

2) (1
3 ,0,0)

L i
L (1,2," 1

2) (3,0,!) (0,1,0)
E i

R (1,1," 1) (1( 0,00) ,⌥Ei ,!
2) (0,1,0)

H (1,2,1
2) (1,0,1) (0,0,0)

� (1,1,0) (1,0,!) (0,0,1)
(1,3,0) (1,0,!) (0,0,1)

�l (1,2,1
2) (100,0,1) (0,-1,1)

�q (3,2,-1
6) (1,0,1) (" 1

3 ,0,1)

Table 2: Transformation rules for the SM and BSM fields. i = 1, 2, 3 denotes a family
index. The two rows for � denote a singlet and a triplet, respectively. For the charges
under U(1)FN and the representations of ER under A4 see (3.6) and table 1.

muon as its anomalous magnetic moment and the discrepancy in b # sµ̄µ-like processes

demand a special treatment in order to explain them. To achieve this, �l has to only

couple to muons which can be ensured by assigning a suitable A4 representation to it.

The accidental symmetries in the last column in table 2 enforce stability of the proton

and prevent contributions to other baryon and/or lepton number violating processes.

Additionally, the U(1)� stabilises the LP which is a crucial premise for a DM candidate.

The Z3 charges of the BSM fields are chosen such interactions only with the fermionic

SM doublets are valid. When a fermionic multiplet only has SU(2)L ! U(1)Y gauge

interactions in the SM and its components have an identical tree-level mass, the charged

ones become heavier than the neutral one due to quantum loop corrections of O(100

MeV) [11][12]. Choosing the hypercharge of � to be 0 for both representations the DM

particle can be a Majorana fermion. Eventually, the interaction Lagrangian for the new

particles reads as

L = gqi �̄RQi
L�q + gli�̄RL i

L�l + h.c. (4.1)

CP -violating terms are not considered. The couplings gq,l are estimated from (3.4) and

(3.17).

5 Phenomenological Analysis

In the following sections the two isospin representations (singlet and triplet) of the DM

field � are examined on five processes. The three flavour anomalous ones are b #
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(Adding flavour symmetries)
¥ BSM new Þelds can be embedded into 

¥ Froggat-Nielsen construction for (s)quarks (→ gq
2 gq

3 = 0.04 )

¥ A4 % Z3 symmetry (FeruglioÕ1205.5133) for neutrino mixings !
(→ only one gl can differ from zero: Ç!explains!È LFUV)

¥ U(1)χ (or Z2χ if Majorana) stabilizes & as DM candidate!
!
!
!
!
!
!
!
!
!
!
!
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Field GSM A4 ! U(1)FN ! Z3 U(1)B! ! U(1)L! ! U(1)�
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L (3,2,1
6) (1,⌥Qi ,!) (1

3 ,0,0)
Ui
R (3,1,2

3) (1,⌥Ui ,!
2) (1

3 ,0,0)
D i

R (3,1," 1
3) (1,⌥Di ,!

2) (1
3 ,0,0)

L i
L (1,2," 1

2) (3,0,!) (0,1,0)
E i

R (1,1," 1) (1( 0,00) ,⌥Ei ,!
2) (0,1,0)

H (1,2,1
2) (1,0,1) (0,0,0)

� (1,1,0) (1,0,!) (0,0,1)
(1,3,0) (1,0,!) (0,0,1)

�l (1,2,1
2) (100,0,1) (0,-1,1)

�q (3,2,-1
6) (1,0,1) (" 1

3 ,0,1)

Table 2: Transformation rules for the SM and BSM fields. i = 1, 2, 3 denotes a family
index. The two rows for � denote a singlet and a triplet, respectively. For the charges
under U(1)FN and the representations of ER under A4 see (3.6) and table 1.

muon as its anomalous magnetic moment and the discrepancy in b # sµ̄µ-like processes

demand a special treatment in order to explain them. To achieve this, �l has to only

couple to muons which can be ensured by assigning a suitable A4 representation to it.

The accidental symmetries in the last column in table 2 enforce stability of the proton

and prevent contributions to other baryon and/or lepton number violating processes.

Additionally, the U(1)� stabilises the LP which is a crucial premise for a DM candidate.

The Z3 charges of the BSM fields are chosen such interactions only with the fermionic

SM doublets are valid. When a fermionic multiplet only has SU(2)L ! U(1)Y gauge

interactions in the SM and its components have an identical tree-level mass, the charged

ones become heavier than the neutral one due to quantum loop corrections of O(100

MeV) [11][12]. Choosing the hypercharge of � to be 0 for both representations the DM

particle can be a Majorana fermion. Eventually, the interaction Lagrangian for the new

particles reads as

L = gqi �̄RQi
L�q + gli�̄RL i

L�l + h.c. (4.1)

CP -violating terms are not considered. The couplings gq,l are estimated from (3.4) and

(3.17).

5 Phenomenological Analysis

In the following sections the two isospin representations (singlet and triplet) of the DM

field � are examined on five processes. The three flavour anomalous ones are b #
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Constraints: Bs mixing

¥ $ ms forbids large values of gq and/or low values of M# q

¥ For FN values of gq and M# q >950 GeV, there is no constraint
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b s

s b

! q! q

!

!

b s

bs

! q

! q

! !

Figure 4: Bs-mixing. The crossed boxes also occur, see fig. 2

order. The e↵ective Hamiltonian involves only one operator (s̄! µPLb)(s̄! µPLb) for our

chiral theory whose Wilson coe�cient reads

C1
B øB =

|gq⇤2 gq3|2

m2
!

1

128" 2

�

K 0(xq) + 2G0(xq)
�

(5.14)

C3
B øB =

|gq⇤2 gq3|2

m2
!

5

384" 2

✓

K 0(xq) + 2 ·
1

5
G0(xq)

◆

(5.15)

with the first derivatives K 0(x) and G0(x) (A.8) being the limits of K (x, y) and G(x, y),

respectively, for y ! x.

5.3 Anomalous Magnetic Moment of the Muon

The NP contributions for the anomalous magnetic moment of the muon are described

by the parameter set

n

m, M l, gl2
o

. (5.16)

The Feynman-diagram for this process is depicted in figure 5. Depending on which

particle in the loop the photon interacts, there is a di↵erent matrix element. If it couples

to the scalar, it reads as

M " = |gl2|2Q
�le

Z

d4k
(2" )4

"

2kµk"

D !
kD l

k�p1
D l

k�p2

� kµ (p1 + p2)
"

D !
kD l

k�p1
D l

k�p2

#

µ̄L(p2)! µµL(p1) (5.17)

where Q
�l is the electric charge of the boson, ie(2k � p1 � p2)µ is the scalar-photon

coupling [47]. The free Lorentz-index gets contracted with the polarisation vector #"
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order. The e! ective Hamiltonian involves only one operator (øs�µPL b)(øs�µPL b) for our

chiral theory whose Wilson coe" cient reads

C1
B øB =

|gq⇤
2 gq

3|2
m2

�

1
128⇡2

�

K 0(xq) + 2G0(xq)
�

(5.14)

C3
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3|2
m2

�

5
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✓
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1
5
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◆

(5.15)

with the Þrst derivatives K 0(x) and G0(x) (A.8) being the limits of K(x, y) and G(x, y),

respectively, for y ! x.

5.3 Anomalous Magnetic Moment of the Muon

The NP contributions for the anomalous magnetic moment of the muon are described

by the parameter set

n

m,Ml , g
l
2

o

. (5.16)

The Feynman-diagram for this process is depicted in Þgure 5. Depending on which

particle in the loop the photon interacts, there is a di! erent matrix element. If it couples

to the scalar, it reads as

M⇢ = |gl
2|2Q�le

Z

d4k

(2⇡)4

"

2kµk⇢

D�
k D

l
k�p1

Dl
k�p2

� kµ (p1 + p2)⇢

D�
k D

l
k�p1

Dl
k�p2

#

øµL (p2)�µµL (p1) (5.17)

where Q
�l is the electric charge of the boson, ie(2k � p1 � p2)µ is the scalar-photon

coupling [47]. The free Lorentz-index gets contracted with the polarisation vector✏⇢
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Constraints: direct production @LHC

¥ We impose squark and slepton searches limits:!
M# q > 950 GeV (sbottom: ATLAS-CONF-2017-038)!
M# l > 300 GeV (slepton_l ATLASÕ1403.5294, recently updated: !
M# l > 500 GeV (ATLAS-CONF-2017-039)!
!
!
!
!
!
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Relic density & Indirect detection

¥ Dominated by the tree annihilation into fermions !
(below WW threshold)

¥ Helicity suppression favours bb, !
but large slepton Yukawa wins!
!
!
!

¥ → v2 term controls primordial annihilation, and no ID signal!
!
!
!
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32 5.5 DM Annihilation

�0

�0 f

f

�

�0

�0 �0

�0

��± f

V

V

W

W

Figure 9: Annihilation processes for the neutral ! state into SM particles. The fermionic
channel is dominant for muons and tops for both representations. In case of a non-trivial
isospin representation, the annihilation into W bosons is enabled at tree-level. SM bosons
are characterised by V .

5.5 DM Annihilation

Processes for DM annihilating into SM particles is depicted in fig. 9. So as for b ! sµ̄µ ,

all model parameters are taken into account

!
m�, M l , M q, gl

2

"
(5.34)

For ! being a Majorana fermion already implies that its s-wave cross section into a

fermion pair is helicity suppressed and thus the leading contribution is p-wave [59].

This can be explained as follows considering charge (C) and parity (P) symmetries.

The respective transformations for a fermion/antifermion state are (C = (" 1)L+S, P =

(" 1)L+1) with the total spin S and the total orbital angular momentum L . In the

Majorana case C = +1. Moreover, s-wave means S = 0 and hence P = " 1. The

f̄ f state has to be able to reproduce the same J = |L ± S| which only has S = 0

when the fermion and the antifermion are di! erent Weyl spinors, i.e. both, fermion

and antifermion are left-handed. In chiral models like ours, in the limit of zero quark

mass, we have S = 1 giving C = (" 1)L+1, P = (" 1)L+1 and therefore C and P are not

conserved for any L . Hence, for s-wave annihilation a helicity flip, as for the anomalous

magnetic moment of the muon, proportional to m2

f is required. Despite the fact that the

muon is very light, it has an anticipated large coupling, above unity. The top quark has

a coupling of order unity but also a large mass. So we expect leading contributions for

the annihilation from these two particles shaping the final state. The thermally averaged

6 RESULTS 33

annihilation cross section into fermions is independent of the NP field representations

[60]

! ! v"
�

"̄ 0" 0 # f̄f
�

=
Ncg4

f

32#m2
� (1 + xf )

2

0

@

m2
f

m2
�

+
2
⇣

1 + x2
f

⌘

3 (1 + xf )
2v

2

1

A . (5.35)

For bosons there is no helicity or velocity suppression at leading order, but since the DM

candidate carries almost no SM QN, decaying into vector particles, such as photons, is

loop suppressed. However, for the triplet there is an additional tree level decay into W -

bosons which is, in some region, roughly as dominant as the decay into muons, depending

on its coupling. The cross section reads[58]

! ! v"
�

"̄ 0" 0 # W + W�� =
8#$2

2

m2
�

(1 $ w)3/ 2

(2 $ w)2 . (5.36)

No co-annihilations are considered here for assumed non-degeneracy of m� and Ml,q .

The velocity v at the time when DM decoupled is estimated as v % 0.3.

6 Results

All the just calculated expressions for the anomalous quantities in the flavour sector

and for the phenomenological ones in the dark sector are collected and compared to the

boundaries shown in sections 2.1.2, 2.2.1 and 2.2.2. The first parameters focussed on are

the scalar masses.

Superpartner masses

Models like this can be seen as minimal supersymmetric (MSSM) or minimal dark matter

(MDM) extensions to the SM. Each add a small bunch of new particles to the Standard

Model and usally charge them under an also new global or local symmetry group so that

they only interact pairwise with SM particles. Supersymmetry is a theory that adds a

particle for all SM ones (therefore “superpartner”) with di! erent statistics [62] e.g. scalar

sfermions and fermionic bosinos. The motivations for such a theory are manifold [63],

such as the gauge hierarchy problem or grand unification of the three gauge groups in

the SM. For us the main motivation is that supersymmetry supplies a good DM can-

didate, the neutralino which is a superposition of the superpartners of the uncharged

electroweak gauge fields W and B, the SM-Higgs field and an additional Higgs-field,

namely two higgsinos, the bino and the neutral wino, respectively. Since they are each

their own complex conjugate, their superpartners have to be as well, meaning that the
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Direct Detection

¥ Even including loop-interactions to gluonsdoesnÕt allow for more 
than ~10-49 cm-2 for 100 GeV neutralino and 1 TeV squark!
!
!
!
"  no DD constraints in the near future
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Figure 6: DM scatters o↵ quarks at tree level and o↵ gluons at one loop order.

We assume the scalar to be much heavier than the fermion which is why possible diver-

gences due to mass degeneracy of DM and messenger have not to be considered. The

e↵ective gluonic coupling in the singlet case is derived from the loop processes (see fig.

6b, c) where we use the Fock-Schwinger gauge for the gluon field xµGa
µ = 0. The short

distance (S) and long distance (L) terms are

fS

G|q =
↵s

32⇡
m�f

s, fL

G|q =
↵s

32⇡
m�f

l (5.25)

The loop functions f (see (A.14)) are used at zero quark mass and the scalar mass being

much larger than the DM mass. In total, the scalar �-g interaction coe�cient reads

fG = � ↵s

96⇡

m�

M4

�q

X

all

|gq|2 (5.26)

and the full form factor (5.22) can be written in these limits as

fN
mN

=
m�

M4

�q

X

q,Q

|gq|2


fTG

108
+

3

12
(q(2) + q̄(2))

�

. (5.27)

With their high Yukawa couplings, the bottom and top quark dominate the form factor.

Inserting (5.27) into (2.43) yields for a 100 GeV DM fermion and a 1 TeV messenger,

the SI �-N cross section computes to O(10�49 cm2). This is far below current bounds.

Hence, testing the singlet case by direct detection is currently impossible.

Triplet Dark Matter

The main di↵erence between the SU(2)L singlet and the triplet is the interaction with

2 A GUIDE TO TODAY’S PHYSICS 11

written by Fermi’s Golden Rule

d�N (q)

dq2 =
1

⇡v2 |M̄2| = �̂N
F 2(q2)

4µ2
Nv2 , (2.39)

where we separated the q2 dependence from �̂ = �(q = 0) into a form factor F (q2) [80].

There is a �̂ for a spin independent (SI) and a spin dependent (SD) part each multiplied

by a di! erent form factor.

For the SD interaction, a Lagrangian could contain a six dimensional operator as L �
gAq �̄�

µ�5�q̄�µ�5q where the DM current couples to the quarks axial current. Its nucleon

(n) matrix element reads

hn|q̄�µ�5q|ni =: 2s(n)
µ " (n)q, (2.40)

with the nucleons spin s and the " (n)q denote the spin fraction of a given quark in a

nucleon, i.e. proton or neutron. With these entities the e! ective spin dependent coupling

to a nucleon can be written down,

an =
X

q= u,d,s

gAq " (n)q. (2.41)

To get the interaction with the whole nucleus, the e! ective coupling gets multiplied by

the expectation value of the total spin of the neutron hSni = hN |Sn|Ni. Eventually the

spin dependent cross section can be written as

�̂SD
N =

16µ2
N

⇡

J + 1

J
(aphSpi+ anhSni)2 , (2.42)

with the total nuclear spin J .

SI interaction can be described by a scalar or a vector coupling L � gSq �̄�q̄q+gVq �̄�
µ�q̄�µq.

The e! ective scalar coupling fn to a nucleon is described as the coupling to a specific

quark flavour divided by his mass mq times its contribution to the nucleon (in section

5.4 the e! ective coupling will be further examined). The low velocity of the DM parti-

cles make it easy to extend the nucleonic to the nucleus cross section, called coherence.

Therefore, we just can multiply the nucleonic e! ective coupling by the number of the

respective nucleon

�̂SI
N =

4µ2
N

⇡
(Zfp + (A� Z)fn)

2 . (2.43)
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Figure 6: DM scatters o! quarks at tree level and o! gluons at one loop order.

We assume the scalar to be much heavier than the fermion which is why possible diver-

gences due to mass degeneracy of DM and messenger have not to be considered. The

e! ective gluonic coupling in the singlet case is derived from the loop processes (see fig.

6b, c) where we use the Fock-Schwinger gauge for the gluon field xµGa
µ = 0. The short

distance (S) and long distance (L) terms are

f S

G|q =
! s

32"
m�f s, f L

G|q =
! s

32"
m�f l (5.25)

The loop functions f (see (A.14)) are used at zero quark mass and the scalar mass being

much larger than the DM mass. In total, the scalar #-g interaction coe" cient reads

f G = !
! s

96"
m�

M 4

! q

!

all

|gq|2 (5.26)

and the full form factor (5.22) can be written in these limits as

f N

mN
=

m�

M 4

! q

!

q,Q

|gq|2
"

f T G

108
+

3

12
(q(2) + q̄(2))

#
. (5.27)

With their high Yukawa couplings, the bottom and top quark dominate the form factor.

Inserting (5.27) into (2.43) yields for a 100 GeV DM fermion and a 1 TeV messenger,

the SI #-N cross section computes to O(10! 49 cm2). This is far below current bounds.

Hence, testing the singlet case by direct detection is currently impossible.

Triplet Dark Matter

The main di! erence between the SU(2)L singlet and the triplet is the interaction with
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Relic density vs C9 (mχ - g
l)

12

Fixing M# q = 950 GeV ; M# l = 300 GeV !
"  gl is pushed close to non-perturbative upper limit (~3.5)
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Relic density vs C9 (mχ - Ml)

13

Fixing M# q = 950 GeV ; gl = 3!
"  LHC Ml limit is pushing out of the C9  1-'  band (! WW threshold)

LHC limit
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Conclusion

¥ Loop models for C9 = - C10 explanations of B anomalies generically 
offer a DM candidate

¥ Relic density may (stillÉ) be compatible,

¥ But DD an ID detection cannot be put to use.

¥ Instead, direct LHC searches seriously shrink the parameter space

¥ (most appealing model (χ,Φl,Φq) = (3,4,2)SU(2) accomodating (g-2)(  
is already excluded; (1,2,2)SU(2) studied here only accounts for 20%)

¥ Maximal LFUV is compatible with ßavour symmetries
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