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Introduction 

•  Rare b→(s,d)ll decays 
sensitive to NP in O7, O9 
and O10 operators 

•  Can measure amount of 
these different kinds of 
couplings to different quarks 
e.g. b→s vs b→d; and 
different leptons b→qee vs 
b→qµµ (b→qττ?) 
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Branching Fractions 

•  Dominant theory uncertainties from form factors  
–  BF already have comparable theory/experimental errors  
–  Lattice will improve at high q2 but not a revolution 

•  To go beyond this, measure angular observables 
–  Construct observables where form factors cancel to some 

greater or less extent e.g. the infamous P5’   
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q

2 bin (GeV2

/c

4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q

2

< 0.98 1.016+0.067

�0.073

± 0.029± 0.069

1.1 < q

2

< 2.5 0.326+0.032

�0.031

± 0.010± 0.022

2.5 < q

2

< 4.0 0.334+0.031

�0.033

± 0.009± 0.023

4.0 < q

2

< 6.0 0.354+0.027

�0.026

± 0.009± 0.024

6.0 < q

2

< 8.0 0.429+0.028

�0.027

± 0.010± 0.029

11.0 < q

2

< 12.5 0.487+0.031

�0.032

± 0.012± 0.033

15.0 < q

2

< 17.0 0.534+0.027

�0.037

± 0.020± 0.036

17.0 < q

2

< 19.0 0.355+0.027

�0.022

± 0.017± 0.024

1.1 < q

2

< 6.0 0.342+0.017

�0.017

± 0.009± 0.023

15.0 < q

2

< 19.0 0.436+0.018

�0.019

± 0.007± 0.030
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BFs too low in b⇥ sµ+µ� decays?
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Patrick Koppenburg Recent highlights on heavy quarks 24/08/2016 — QCD@LHC, Zürich [49 / 70]

[JHEP 11 (2016) 047,   
JHEP 04 (2017) 142] 
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Reminder – present status 
•  Existing discrepancies serve to illustrate power - constrain 

mass-coupling plane of NP models e.g. with LQ  
–  explanations with only on b-s coupling → O(TeV) LQ; 
–  with full couplings can have O(30TeV) LQ  

•  Tensions observed have exposed theory limitations       
e.g. ΔC9 effect from cc loops 
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Introduction Anomalies LFU violation Outlook Flavour: Outlook

Charm loops in B → K∗μ+μ−

! Culprit: matrix element of O1,2

⟨K̄∗|T{jμem(x)C1,2O1,2(0)}|B̄⟩

! Since O9 ∝ ℓ̄γμℓ, hλ could mimic a
new phyiscs effect in C9

! can be parametrised as
complex-valued (CP-even)
functions of q2: h+,−,0(q2) for the
3 helicity amplitudes

How can we disentangle hλ from C9?

O2 = (s̄LγμcL)(c̄Lγ
μbL)

David Straub (Universe Cluster) .
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Analysis in the upgrade era 

•  50 (300) fb-1 would enable us to parameterise and fit for 
form factors as part of fit to angular distribution, q2 

–  Could then simultaneously constrain BF(*) and angular 
observables to get Wilson coefficients  

–  (*) need Belle2 to improve knowledge of J/ψ normaln modes  
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•  Similarly, if can agree modelling with 
theory community, fit of interference 
resonances/rare decay will tackle cc 
loop issue 

•  For µ channels, detector considerations are as might 
expect - maintain PID performance and mass resolution; 
vertex isoln important for rejecting cascade backgrounds  

B+→K+µ+µ− 	
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Upgrade projections (stat) 
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•  [If can control syst. (…) and detector performance 
maintained] improvements in observables will distinguish 
between different NP models 
 e.g. ΔC9= -ΔC10= -0.7    vs     ΔC9= -1.4        (SM) 

(3σ contours)	
300 fb-1 



Upgrade projections (stat) 

•  Even with parametric approach, form factor uncertainties 
cause some saturation in extraction C9, C10 after ~30 fb-1 
– need improvements from theory-side to go further  

•  However, will be able to probe C9’, C10’, which are 
essentially unconstrained at the moment – important for 
real models!     [Still need to evaluate potential with C7

(’) ] 
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Upgrade projections (stat) 

•  Again C9’, C10’ probes will discriminate between models 

8 

)µ(
9C' Re

2− 1− 0 1 2

)
µ( 10

C' 
Re

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2
SM

NP: C9'=0.3, C10'=-0.3

NP: C9'=0.3, C10'=0.3

)µ(
9C' Re

2− 1− 0 1 2
)
µ( 10

C' 
Re

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2
SM

NP: C9'=0.3, C10'=-0.3

NP: C9'=0.3, C10'=0.3

50 fb-1 300 fb-1 (3σ contours)	(3σ contours)	



Upgrade projections (syst) 

•  Stat. uncertainties will become increasingly irrelevant - 
key issue systematics  

•  Assumptions from modelling of resonances, 
parameterisation of form factors likely to be major sources 

•  Present syst: angular acceptance modelling of detector   
–  will require enormous stats to drive this down (fast MC)  
–  Stability of trigger/detector, data-taking important to ease calcn.   

•  Angular distribution of bkgrds can also give rise to syst.  
–  Mitigate by improving separation (mass resoln, PID, vertex isoln)  
–  Study directly with data - need to be able to access wide range of 

related channels  
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Testing MFV with b→dll 

•  BF(B+→π+ll) / BF(B+→K+ll) and 
lattice input → |Vtd/Vts|2  

–  300fb-1 will give order of magnitude 
smaller experimental error but need 
improvement in lattice also   

•  B0 equivalent involves ρ0µµ, 
complicated by multiple ππ 
resonances 

•  B0
s equivalent involves K(*)0µµ 
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b ! dµ+µ� measurements
⌘ Run 2 and Upgrade will give access to precision measurements in

b ! dµ+µ� decays (including modes with ⇡0s)
⌘ Very relevant if tensions persist ! test MFV nature of new physics
⌘ Latest lattice results enable further precision tests of CKM paradigm

Buras,Blanke[1602.04020], FNAL/MILC[1602.03560]

⌘ Current measurement from penguin decays of |Vtd/Vts | = 0.201 ± 0.020
FNAL/MILC[PRD93,034005(2016]

⌘ Uncertainty dominated by statistical uncertainty of experiment
⌘ Run 2 ! experimental uncertainty halved

[JHEP10(2015)034] FNAL/MILC[1602.03560], FNAL/MILC[PRD93,034005(2016]
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Figure 4: The di�erential branching fraction of B+ ! ⇡+µ+µ� in bins of dilepton invariant mass
squared, q2, compared to SM predictions taken from Refs. [1] (APR13), [6] (HKR15) and from
lattice QCD calculations [7] (FNAL/MILC15).

and in the region 15.0 < q2 < 22.0 GeV2/c4 is

B(B+ ! �+µ+µ�)

B(B+ ! K+µ+µ�)
= 0.037 ± 0.008 (stat) ± 0.001 (syst) .

These results are the most precise measurements of these quantities to date.

5.2 CKM matrix elements

The ratio of CKM matrix elements |Vtd/Vts| can be calculated from the ratio of branching
fractions, B(B+ ! �+µ+µ�)/B(B+ ! K+µ+µ�), and is given in terms of measured
quantities

|Vtd/Vts|2 =
B(B+ ! �+µ+µ�)

B(B+ ! K+µ+µ�)
�

�
FKdq2

�
F�dq2

(3)

where F�(K) is the combination of form factor, Wilson coe�cients and phase space factor for
the B+ ! �(K) decay. The values of

�
F�,Kdq2 are calculated using the EOS package [29],

with B+ ! �+ form factors taken from Refs. [30,31] and B+ ! K+ form factors taken from
Ref. [32]. The EOS package is a framework for calculating observables, with uncertainties,
in semileptonic b-quark decays for both SM and new physics parameters. In order to
take into account the correlations between the theory inputs for the matrix element ratio
calculation, the EOS package is used to produce a PDF as a function of the B+ ! �+µ+µ�
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FIG. 16. (left) Recent determinations |Vtd| and |Vts|, and (right) their ratio. The filled circles
and vertical bands show our new results in Eqs. (9.16)–(9.18), while the open circles show the
previous values from Bq-mixing [102]. The squares show the determinations from semileptonic
B ! ⇡µ+µ� and B ! Kµ+µ� decays [182], while the plus symbols show the values inferred
from CKM unitarity [155]. The error bars on our results do not include the estimated charm-sea
uncertainties, which are too small to be visible.

because the hadronic uncertainties are suppressed in the ratio. The theoretical uncertainties
from the Bq-mixing matrix elements are still, however, the dominant sources of error in all
three results in Eqs. (9.16)–(9.18).

Figure 16 compares our results for |Vtd|, |Vts|, and their ratio in Eqs. (9.16)–(9.18) with
other determinations. Our results are consistent with the values from Bq-meson mixing in the
PDG review [102], which are obtained using approximately the same experimental inputs,

and lattice-QCD calculations of the f 2
Bq

B̂(1)
Bq

and � from Refs. [13] and [15], respectively.
Our errors on |Vtd|, |Vts| are about two times smaller, however, and on |Vtd/Vts| they are
more than three times smaller, due to the reduced theoretical errors on the hadronic matrix
elements.

The CKM matrix elements |Vtd| and |Vts| can be obtained independently from rare
semileptonic B-meson decays because the Standard-Model rates for B(B ! �(K)µ+µ�)
are proportional to the same combination |V ⇤

td(s)Vtb|. Until recently, these determinations
were not competitive with those from Bq-meson mixing due to both large experimental and
theoretical uncertainties. In the past year, however, the LHCb collaboration published new
measurements of B(B ! �µ+µ�) and B(B ! Kµ+µ�) [183, 184], and we calculated the
full set of B ! � and B ! K form factors in three-flavor lattice QCD [131, 185]. Using

53

K.A. Petridis (UoB) b ! s`` at LHCb Barcelona b ! s`` 12 / 15
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Testing MFV with b→dll 

–  Simultaneous fit of B0 mode will help 
separate Bs

0 and B0 angular 
observables but improved mass 
resolution would clearly help  

•  B0→ρ0µµ requires flavour tag., 
also multiple ππ resonances 
–  B+→ρ+µµ – would avoid flavour  

tagging but gives π0 – good 
channel to consider in detector 
optimisation?  

–  Λb →pπµµ – would similarly suffer 
from (many) pπ resonances 
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•  CKM suppressed Bs
0→K*0µµ will enable full angular 

analysis with comparable precision to Run-1 B0→K*0µµ   



Other measurements 

•  Still something significant to understand in our isospin 
measurements 

•  With 300fb-1, a sum of exclusive modes as a proxy for 
B→Xsll will become possible (but not theoretically clean): 
e.g. even one of worst modes for us that was used at 
Belle, KSππππ0  would give ~200 candidates 
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MIAPP b→sll Phillip URQUIJO

Inclusive analyses

• Yields (Note that K*+K ~ 30% of total Xs ll inclusive rate) 

• B→Xsee  200 events/ab-1 

• B→Xsµµ  280 events/ab-1 

• (based on Belle, Phys.Rev. D93 032008 (2016)) 

• KL and KS→π0π0 modes are not used - however these rates 
ignore these (take KS→π+π- and extrapolate to determine 
rate fraction)

11
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tered on the maximum-energy ECL cell of the cluster.
To reject candidates that arise from π0 and η decays, the
photon candidate is paired with all other photons in the
event with energy above 40MeV. We reject the candidate
based on a likelihood formed as a function of the invari-
ant mass of the two-photon system and the laboratory
energy of the partner photon (π0/η-veto). Furthermore,
photon candidates with a two-photon invariant mass be-
tween 117 and 153MeV/c2 are rejected irrespective of
the likelihood.
Charged particles must have a distance of closest ap-

proach to the IP within ±5 cm along the z axis and
0.5 cm in the transverse plane, and a laboratory momen-
tum above 0.1GeV/c. Flavor identification of K± and
π± [12] is based on a likelihood formed with information
from the specific ionization in the CDC, the flight time
measured by the TOF, and the response of the ACC.
Candidate K0

S mesons are formed from π+π− pairs
by a multivariate analysis with a neural network tech-
nique [13]. The neural network uses the distance between
two helices in the z direction, the flight length in the x-
y plane, the angle between the K0

S momentum and the
vector joining the K0

S decay vertex to the IP, the shorter
distance in the x-y plane between the IP and two child
helices, the angle between the pion momentum and the
laboratory-frame direction in the K0

S rest frame, and the
pion hit information in the SVD and CDC. The selection
efficiency and purity, evaluated with the MC sample, are
87% and 94%, respectively, over the entire momentum

TABLE I. Reconstructed Xs final states, where charge conju-
gated modes are implicitly included. AKS(η) is reconstructed
via π+π−(γγ) final state. Final states with π+π−π0 implicity
include intermediate η → π+π−π0 decays (i.e., here the η is
not reconstructed).

Mode ID Final State Mode ID Final State
1 K+π− 20 K0

Sπ
+π0π0

2 K0
Sπ

+ 21 K+π+π−π0π0

3 K+π0 22 K0
Sπ

+π−π0π0

4 K0
Sπ

0 23 K+η

5 K+π+π− 24 K0
Sη

6 K0
Sπ

+π− 25 K+ηπ−

7 K+π−π0 26 K0
Sηπ

+

8 K0
Sπ

+π0 27 K+ηπ0

9 K+π+π−π− 28 K0
Sηπ

0

10 K0
Sπ

+π+π− 29 K+ηπ+π−

11 K+π+π−π0 30 K0
Sηπ

+π−

12 K0
Sπ

+π−π0 31 K+ηπ−π0

13 K+π+π+π−π− 32 K0
Sηπ

+π0

14 K0
Sπ

+π+π−π− 33 K+K+K−

15 K+π+π−π−π0 34 K+K−K0
S

16 K0
Sπ

+π+π−π0 35 K+K+K−π−

17 K+π0π0 36 K+K−K0
Sπ

+

18 K0
Sπ

0π0 37 K+K+K−π0

19 K+π−π0π0 38 K+K−K0
Sπ

0

region. We also require that the di-pion invariant mass
fall within 10MeV/c2 of the nominal K0

S mass [5]. We
do not include K0

L mesons nor K0
S → π0π0 decays.

Candidate π0 mesons are reconstructed from pairs of
photons with energy greater than 50MeV in the labo-
ratory frame. We require a minimum π0 momentum of
100MeV/c. The candidates must have an invariant mass
between 125 and 145MeV/c2, corresponding to ±1.5σ
around the nominal π0 mass, and the cosine of the angle
in the laboratory frame between the two photons must
be below 0.4.
Candidate η mesons are reconstructed from pairs of

photons with energy greater than 100MeV and an in-
variant mass between 515 and 570MeV/c2, correspond-
ing to ±2.0σ around the nominal η mass. We require
the η momentum to be above 200MeV/c. The photons
from η candidates must have a helicity angle (θhel) satis-
fying cos θhel < 0.8; θhel is defined as the angle between
the photon momentum and laboratory-frame direction in
the η rest frame. Although η → π+π−π0 decays are not
explicitly reconstructed, they are included implicitly in
the final states if the final state is included in Table I.
The “K4π” modes (K+π+π+π−π−, K0

Sπ
+π+π−π−,

K+π+π−π−π0 and K0
Sπ

+π+π−π0), corresponding to
identification numbers (mode IDs) 13-16 in Table I,
and “K2π0” modes (K+π0π0, K0

Sπ
0π0, K+π−π0π0,

K0
Sπ

+π0π0, K+π+π−π0π0, and K0
Sπ

+π−π0π0), corre-
sponding to mode IDs 17-22, have substantial back-
ground. Therefore, the momentum of the leading π in
the K4π mode and the leading π0 in the K2π0 mode is
required to be above 400MeV/c, and the momentum of
the subleading π is required to be above 250MeV/c.
We do not include ω → π0γ modes (Kω, Kωπ, Kω2π)

nor η′ → ρ0γ modes (Kη′,Kη′π,Kη′2π) as the yields are
too small to make useful measurements. The 38 mea-
sured final states cover 56% of the total Xs rate, ac-
cording to the MC simulation. Assuming the K0 meson
decays equally into K0

L and K0
S , the proportion of our

measured final states is 74%.
We combine the photon candidate and the Xs can-

didate to form the B candidate. The latter is se-
lected using two kinematic variables defined in the
Υ(4S) rest frame: the beam-energy-constrained mass,
Mbc =

√

(Ebeam/c2)2 − |−→pB/c|2, and the energy differ-
ence, ∆E = EB − Ebeam, where Ebeam is the beam en-
ergy and (EB ,

−→pB) is the reconstructed four-momentum
of the B candidate. The B momentum vector −→pB is calcu-
lated without using the magnitude of the photon momen-
tum according to −→pB = −−→pXs

+ −→pγ/|
−→pγ | × (Ebeam − EXs

),
since the Xs momentum and the beam energy are de-
termined with substantially better precision than that of
the photon candidate. We require Mbc > 5.24GeV/c2

and −0.15GeV< ∆E < 0.08GeV; the ∆E selection is
tightened to −0.10GeV< ∆E <0.05GeV for the final
states with 2π0 and ηπ0 (mode IDs of 17-22, 27-28 and
31-32) due to the larger background.

• B→Xs γ: 74% of rate.• B→Xs l+ l-: 50% of rate 
Belle, Phys.Rev. D93 032008 (2016) Belle, Phys. Rev. D 91, 052004 (2015)
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LFU observables 

•  Ratios of BF’s between different 
flavours of leptons e.g. RK*, RK, 
or differences between angular 
observables e.g. Di=Si

e-Si
µ, 

theoretically pristine  
–  Precision dictated by electron 

modes – while again expect 
substantial yields, projections 
based on extrapolating current 
performance forward (…)   

   
13 

•  Will have statistics to measure 
CKM sup. versions e.g. Rπ and 
many new channels Rφ, RΛ etc.  
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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 (fit “All”). 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).
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FIG. 2: 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 only LFUV observables (fit “LFUV”). Constraints from b ! s� observables, B(B ! Xsµµ) and
B(Bs ! µµ) are included in each case (see text).

ment of the uncertainty is less important in the optimized
LFUV observables Qi [20]. An exception to this enhance-
ment occurs under the hypothesis CNP

9µ = �CNP
10µ: above

1 GeV2, the contribution of right-handed amplitudes to
RK⇤ cancel to a large extent, reducing the theoretical
uncertainty substantially.

Large-recoil expressions for the transversity ampli-
tudes can be used to provide approximate expressions
for RK⇤ in the first two bins in terms of Wilson coe�-
cients, leading to further cross-checks of our predictions.
Let us stress that the following approximate expressions
are given for illustrative purposes, and that complete ex-
pressions have been used for all the numerical evaluations
in this article (see also Refs. [20] and [41] for exact pre-
dictions). We consider the large-recoil limit and we work
under the hypothesis that New Physics enters in muon

modes and is suppressed for electrons [2, 42]. In the first
bin one finds:

R
[0.045,1.1]
K⇤ '

⇣
12.8 + gµ(1) + gµ(2)

⌘
/
⇣
13.4 + ge(1) + ge(2)

⌘

where g`(i) stands for the linear (i = 1) and quadratic

(i = 2) term for ` = e, µ and are given by:

g`(1) = �1.1
⇥
CNP
10` � CNP

9` /2 + C90` � C100`

⇤

�61.9 CNP
7 � 1.7 C0

7 , (10)



T. Blake

RK and RK* 
• Assuming an irreducible 

systematic uncertainty of 
1% for RK* in the range 
1<q2<6 GeV2/c4. 

• For comparison Belle 2 
expects to reach a 
precision of 4-5% with a 
systematic uncertainty of 
0.4% with a 50ab-1 
dataset [From talk by S. 
Sandilya at CKM 2016] 
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]-1integrated luminosity [fb
10

2
10

 [%
]

*
KR

δ

-1
10

1

10

run 2

50fb
-1

300fb
-1

no syst. improvement

syst. scales with lumi

1% irreducible syst.

Belle 2  50ab-1

Electron analyses with 300fb-1 

•  Need to drive systematics 
down to <1% level to get 
benefit from 300fb-1 data 

•  Large uncertainty from 
modelling backgrounds which 
can study with data and 
hence will scale with 
luminosity, ditto data-derived 
corrections to simulation  

•  However, sub-dominant 
uncertainties from e.g. 
modelling of bremsstrahlung  
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0.04
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0.1
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0.14

0.16

70% data Y(4S), 6 months, slow ramp-up
70% data Y(4S), 6 months
70% data Y(4S), full 9 months 
All data Y(4S), full 9 months 
LHCb estimate

Belle II Projection (Feb 2018) LHCb values based on 
naive run-1 extrapolation 
(not official) 
Belle II scenarios due to 
operating conditions at 
KEK 

** Consider it as a sketch 
to show Belle II can 
provide confirmation of 
any persistent anomaly.



Upgrade projections (stat) 
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•  Difference between C9, C10 computed in electron and 
muon modes is free of theory uncertainties and will 
discriminate between models 

50 fb-1 300 fb-1 

(3σ contours)	



Upgrade projections (syst) 

•  Ci projections based on stat. extrapolation but not 
detailed bkgrd, acceptance, angular resolution in new 
upgrade/HL environment  
–  Each will be much bigger effects for us than for Belle2  
–  Belle2 will also access additional channels which will add to their 

sensitivity substantially 
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Future detector considerations 

•  Width of mass peak → 
ability to recover brem. 
before magnet 
–  affects ability to reconstruct 

signal and to reject bkgrds that 
we otherwise need to model 

17 

•  Can we maintain existing ability to reconstruct brem 
photons? To improve need to reduce material in front of 
the magnet?  
–  Phase-I VELO will have better vertex/IP resoln but how much 

material? 



Future detector considerations 
•  Technologically conceivable 

to have directionality in 
ECAL st can distinguish PV 
of neutral object – could this 
be to the extent we could 
improve the brem. matching 
based on this directionality?    

18 

•  To maintain electron-hadron separation need longitudinal 
segmentation of ECAL that effectively have with PS in 
Run1,2 and will lose for Phase I   

•  Bkgrds from K* and higher resonances – critical issue 
ability to veto additional charged track  

•  Could tolerate factor increase in combinatorial 



Connection to other areas 

•  (Atm) mixing constraints squeeze out most of parameter 
space for Z’ explanation of anomalies   
 

•  FLAG update of parameters give some tension in Δms:  
–  Δms

SM > Δms
expt   [theory limited]  

–  need negative NP contribution → possible with some new phase 
- best constraints come from Amix(Bs→J/ψφ)=sin(∆φ−2βs)  

–  However, phase can spoil interference SM and NP contribution 
to e.g. RK* - clear that there is a subtle interplay to disentangle    
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Conclusions 

•  Existing discrepancies illustrate the power of b→qll decays 
as probes of NP, this will continue in the upgrade/HL era 

•  With upgrade/HL datasets will be able to discriminate 
between different C9, C10  NP models and probe e.g. Vtd/Vts 

•  Even with a parametric approach, our ability to probe these 
WC’s will start to saturate due to theory uncertainties 

•  New observables C9’, C10’ and ΔC9, ΔC10  will remain 
compelling  

•  Need to think about detector that will allow us to access and 
control systematics for these observables  
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In the following, we will show how the updated bound from
�Ms impacts the parameter space of simplified models (with
 > 0) put forth for the explanation of the recent discrepancies
in semi-leptonic B-physics data (Section 3.1) and then discuss
some model-building directions in order to achieve  < 0 (Sec-
tion 3.2).

3.1. Impact of Bs-mixing on NP models for B-anomalies
A useful application of the refined SM prediction in Eq. (10)
is in the context of the recent hints of LFU violation in semi-
leptonic B-meson decays, both in neutral and charged cur-
rents. Focussing first on neutral current anomalies, the main
observables are the LFU violating ratios RK(⇤) ⌘ B(B !
K(⇤)µ+µ�)/B(B! K(⇤)e+e�) [31, 32], together with the angular
distributions of B ! K(⇤)µ+µ� [2–11] and the branching ratios
of hadronic b ! sµ+µ� decays [1–3]. As hinted by various
recent global fits [18–22], and in order to simplify a bit the dis-
cussion, we assume NP contributions only in purely LH vector
currents involving muons. The generalisation to di↵erent type
of operators is straightforward. The e↵ective Lagrangian for
semi-leptonic b! sµ+µ� transitions contains the terms

LNP
b!sµµ �

4GFp
2

VtbV⇤ts
⇣
�Cµ9Oµ9 + �C

µ
10Oµ10

⌘
+ h.c. , (17)

with

Oµ9 =
↵

4⇡
(s̄L�µbL)(µ̄�µµ) , (18)

Oµ10 =
↵

4⇡
(s̄L�µbL)(µ̄�µ�5µ) . (19)

Assuming purely LH currents and real Wilson coe�cients the
best-fit of RK and RK⇤ yields (from e.g. [21]): Re (�Cµ9) =
�Re (�Cµ10) 2 [�0.81,�0.48] ([�1.00,�0.32]) at 1� (2�). In-
cluding also the data on B ! K(⇤)µ+µ� angular distributions
and other semi-leptonic decays improves the statistical signifi-
cance of the fit, but does not necessarily implies larger devia-
tions of Re (�Cµ9) from zero (see e.g. [20]). In the following we
will stick only to the RK and RK⇤ observables and denote this
benchmark as “RK(⇤) ”.

3.1.1. Z’
A paradigmatical NP model for explaining the B-anomalies in
neutral currents is that of a Z0 dominantly coupled via LH cur-
rents. Here, we focus only on the part of the Lagrangian rele-
vant for b! sµ+µ� transitions and Bs-mixing, namely

LZ0 =
1
2

M2
Z0 (Z

0
µ)

2 +
⇣
�Q

i j d̄i
L�
µd j

L + �
L
↵�

¯̀↵
L�
µ`�L
⌘

Z0µ , (20)

where di and `↵ denote down-quark and charged-lepton mass
eigenstates, and �Q,L are hermitian matrices in flavour space.
Of course, any full-fledged (i.e. S U(2)L⇥U(1)Y gauge invariant
and anomaly free) Z0 model attempting an explanation of RK(⇤)

via LH currents can be mapped into Eq. (20). After integrating
out the Z0 at tree level, we obtain the e↵ective Lagrangian

Le↵
Z0 = �

1
2M2

Z0

⇣
�Q

i j d̄i
L�µd

j
L + �

L
↵�

¯̀↵
L�µ`

�
L

⌘2
(21)

� � 1
2M2

Z0


(�Q

23)2
⇣
s̄L�µbL

⌘2
+ 2�Q

23�
L
22(s̄L�µbL)(µ̄L�

µµL) + h.c.
�
.

Matching with Eq. (17) and (14) we get

�Cµ9 = ��C
µ
10 = �

⇡p
2GF M2

Z0↵

0
BBBBB@
�Q

23�
L
22

VtbV⇤ts

1
CCCCCA , (22)

and

CLL
bs =

⌘LL(MZ0 )
4
p

2GF M2
Z0

0
BBBBB@
�Q

23

VtbV⇤ts

1
CCCCCA

2

, (23)

where ⌘LL(MZ0 ) encodes the running down to the bottom mass
scale using NLO anomalous dimensions [73, 74]. E.g. for
MZ0 2 [1, 10] TeV we find ⌘LL(MZ0 ) 2 [0.79, 0.75].
Here we consider the case of a real coupling �Q

23, so that CLL
bs > 0

and �Cµ9 = ��C
µ
10 is also real. This assumption is consistent

with the fact that all the global fits (see e.g. [12–22]) assumed
so far real Wilson coe�cients in Eq. (17) and also follows the
standard approach adopted in the literature for the Z0 models
aiming at an explanation of the b ! sµ+µ� anomalies (for an
incomplete list, see [33–59]). In fact, complex Z0 couplings
can arise via fermion mixing, but are subject to additional con-
straints from CP-violating observables (cf. Section 3.2).

Figure 2: Bounds from Bs-mixing on the parameter space of the simplified Z0

model of Eq. (20), for real �Q
23 and �L

22 = 1. The blue and red shaded areas
correspond respectively to the 2� exclusions from �MSM, 2015

s and �MSM, 2017
s ,

while the solid (dashed) black curves encompass the 1� (2�) best-fit region
from RK(⇤) .

The impact of the improved SM calculation of Bs-mixing on the
parameter space of the Z0 explanation of RK(⇤) is displayed in
Fig. 2, for the reference value �L

22 = 1. Note that the old SM de-
termination, �MSM, 2015

s , allowed for M0Z as heavy as ⇡ 10 TeV
in order to explain RK(⇤) at 1�. In contrast, �MSM, 2017

s implies
now M0Z . 2 TeV. Remarkably, even for �L

22 =
p

4⇡, which sat-
urates the perturbative unitarity bound [75, 76], we find that the
updated limit from Bs-mixing requires M0Z . 8 TeV for the 1�
explanation of RK(⇤) . Whether a few TeV Z0 is ruled out or not

3
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by direct searches at LHC depends however on the details of the
Z0 model. For instance, the stringent constraints from di-lepton
searches [77] are tamed in models where the Z0 couples mainly
third generation fermions (as e.g. in [59]). This notwithstand-
ing, the updated limit from Bs-mixing cuts dramatically into the
parameter space of the Z0 explanation of the b! sµ+µ� anoma-
lies, with important implications for LHC direct searches and
future colliders [78].

3.1.2. Leptoquarks
Another popular class of simplified models which has been pro-
posed in order to address the b ! sµ+µ� anomalies consists in
leptoquark mediators (see e.g. [79–93]). Although Bs-mixing
is generated at one loop [94], and hence the constraints are ex-
pected to be milder compared to the Z0 case, the connection
with the anomalies is more direct due to the structure of the
leptoquark couplings. For instance, let us consider the scalar
leptoquark S 3 ⇠ (3̄, 3, 1/3),1 with the Lagrangian

LS 3 = �M2
S 3
|S a

3|2 + yQL
i↵ Qci

(✏�a)L↵ S a
3 + h.c. , (24)

where �a (for a = 1, 2, 3) are Pauli matrices, ✏ = i�2, and we
employed the quark Qi = (V⇤jiu

j
L di

L)T and lepton L↵ = (⌫↵L `
↵
L)T

doublet representations (V being the CKM matrix). The contri-
bution to the Wilson coe�cients in Eq. (17) arises at tree level
and reads

�Cµ9 = ��C
µ
10 =

⇡p
2GF M2

S 3
↵

0
BBBBB@

yQL
32 yQL⇤

22

VtbV⇤ts

1
CCCCCA , (25)

while that to Bs–mixing in Eq. (14) is induced at one loop [96]

CLL
bs =

⌘LL(MS 3 )

4
p

2GF M2
S 3

5
64⇡2

0
BBBBB@

yQL
3↵ yQL⇤

2↵

VtbV⇤ts

1
CCCCCA

2

, (26)

where the sum over the leptonic index ↵ = 1, 2, 3 is understood.
In order to compare the two observables we consider in Fig. 3
the case in which only the couplings yQL

32 yQL⇤
22 (namely those

directly connected to RK(⇤) ) contribute to Bs-mixing and further
assume real couplings, so that we can use the results of global
fits which apply to real �Cµ9 = ��C

µ
10.

The bound on MS 3 from Bs-mixing is strengthened by a fac-
tor 5 thanks to the new determination of �Ms, which yields
MS 3 . 22 TeV, in order to explain RK(⇤) at 1� (cf. Fig. 3). On
the other hand, in flavour models predicting a hierarchical struc-
ture for the leptoquark couplings one rather expects yQL

i3 � yQL
i2 ,

so that the dominant contribution to �Ms is given by yQL
33 yQL⇤

23 .
For example, yQL

i3 /y
QL
i2 ⇠

p
m⌧/mµ ⇡ 4 in the partial compos-

iteness framework of Ref. [80], so that the upper bound on MS 3

is strengthened by a factor yQL
33 yQL⇤

23 /y
QL
32 yQL⇤

22 ⇠ 16. The latter
can then easily approach the limits from LHC direct searches
which imply MS 3 & 900 GeV, e.g. for a QCD pair-produced S 3
dominantly coupled to third generation fermions [97].

1Similar considerations apply to the vector leptoquarks Uµ1 ⇠ (3, 1, 2/3) and
Uµ3 ⇠ (3, 3, 2/3), which also provide a good fit for RK(⇤) . The case of massive
vectors is however subtler, since the calculability of loop observables depends
upon the UV completion (for a recent discussion, see e.g. [95]).

Figure 3: Bounds from Bs-mixing on the parameter space of the scalar lepto-
quark model of Eq. (24), for real yQL

32 yQL⇤
22 couplings. Meaning of shaded areas

and curves as in Fig. 2.

3.1.3. Combined RK(⇤) and RD(⇤) explanations
Another set of intriguing anomalies in B-physics data is that re-
lated to the LFU violating ratios RD(⇤) ⌘ B(B! D(⇤)⌧⌫̄)/B(B!
D(⇤)`⌫̄) (here, ` = e, µ), which turn out to be larger than the SM
[98–100]. Notably, in this case NP must compete with a tree-
level SM charged current, thus requiring a sizeably larger e↵ect
compared to neutral current anomalies. The conditions under
which a combined explanation of RK(⇤) and RD(⇤) can be ob-
tained, compatibly with a plethora of other indirect constraints,
have been recently reassessed at the EFT level in Ref. [101].
Regarding Bs-mixing, dimensional analysis (see e.g. Eq. (6) in
[101]) shows that models without some additional dynamical
suppression (compared to semi-leptonic operators) are severely
constrained already with the old �Ms value. For instance, so-
lutions based on a vector triplet V 0 ⇠ (1, 3, 0) [102], where Bs-
mixing arises at tree level, are basically excluded unless one
invokes a percent level cancellation from extra contributions
[101]. The updated value of �Ms in Eq. (10) makes the tun-
ing required to achieve that even worser. On the other hand,
leptoquark solutions (e.g. the vector Uµ1 ⇠ (3, 1, 2/3)) comply
better with the bound due to the fact that Bs-mixing arises at one
loop, but the contribution to �Ms should be actually addressed
in specific UV models whenever calculable [91].

3.2. Model building directions for �MNP
s < 0

Given the fact that �MSM
s > �Mexp

s at about 2�, it is interesting
to speculate about possible ways to obtain a negative NP con-
tribution to �Ms, thus relaxing the tension between the SM and
the experimental measurement.
Sticking to the simplified models of Section 3.1 (Z0 and lep-
toquarks coupled only to LH currents), an obvious solution in
order to achieve CLL

bs < 0 is to allow for complex couplings
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(cf. Eq. (23) and Eq. (26)). For instance, in Z0 models this
could happen as a consequence of fermion mixing if the Z0 does
not couple universally in the gauge-current basis. A similar
mechanism could be at play for vector leptoquarks arising from
a spontaneously broken gauge theory, while scalar-leptoquark
couplings to SM fermions are in general complex even before
going in the mass basis.
Extra phases in the couplings are constrained by CP-violating
observables, that we discuss in turn. In order to quantify the
allowed parameter space for a generic, complex coe�cient CLL

bs
in Eq. (14), we parametrise NP e↵ects in Bs-mixing via

MSM+NP
12

MSM
12

⌘ |�| ei�� , (27)

where

|�| =
�������
1 +

CLL
bs

Rloop
SM

�������
, �� = Arg

0
BBBBB@1 +

CLL
bs

Rloop
SM

1
CCCCCA . (28)

The former is constrained by �MExp
s /�MSM

s = |�|, while the
latter by the mixing-induced CP asymmetry [60, 103]2

Amix
CP (Bs ! J/ �) = sin (�� � 2�s) , (29)

where Amix
CP = �0.021 ± 0.031 [66], �s = 0.01852 ± 0.00032

[104], and we neglected penguin contributions [60]. The com-
bined 2� constraints on the Wilson coe�cient CLL

bs are dis-
played in Fig. (4).

Figure 4: Combined constraints on the complex Wilson coe�cient CLL
bs . The

blue shaded area is the 2� allowed region from Amix
CP , while the solid (dashed)

red curves enclose the 1� (2�) regions from �MSM, 2017
s .

2The semi-leptonic CP asymmetries for flavour-specific decays, as
sl, do not

pose serious constraints since the experimental errors are still too large [60].

For Arg(CLL
bs ) = 0 we recover the 2� bound

���CLL
bs

��� /Rloop
SM .

0.014, which basically corresponds to the case discussed in Sec-
tion 3.1 where we assumed a nearly real CLL

bs (up to a small
imaginary part due to Vts). On the other hand, a non-zero phase
of CLL

bs allows to relax the bound from �Ms, or even accom-
modate �Ms at 1� (region between the two solid red curves in
Fig. 4), compatibly with the 2� allowed region from Amix

CP (blue
shaded area in Fig. 4). For Arg(CLL

bs ) ⇡ ⇡ values of
���CLL

bs

��� /Rloop
SM

as high as 0.21 are allowed at 2�, relaxing the bound on the
modulus of the Wilson coe�cient by a factor 15 with respect
to the Arg(CLL

bs ) = 0 case. Note, however, that the limit
Arg(CLL

bs ) = ⇡ corresponds to a nearly imaginary �Cµ9 = ��C
µ
10

which would presumably spoil the fit of RK(⇤) , since the interfer-
ence with the SM contribution would be strongly suppressed.
Nevertheless, it would be interesting to perform a global fit of
RK(⇤) , together with �Ms and Amix

CP while allowing for non-zero
values of the phase, in order to see whether a better agreement
with the data can be obtained. This is however beyond the scope
of the present letter and we leave it for a future work.
An alternative way to achieve a negative contribution for �MNP

s
is to go beyond the simplified models of Section 3.1 and con-
template generalised chirality structures. Let us consider for
definiteness the case of a Z0 coupled both to LH and RH down-
quark currents

LZ0 �
1
2

M2
Z0 (Z

0
µ)

2 +
⇣
�Q

i j d̄i
L�
µd j

L + �
d
i j d̄i

R�
µd j

R

⌘
Z0µ . (30)

Upon integrating out the Z0 one obtains

Le↵
Z0 � �

1
2M2

Z0


(�Q

23)2
⇣
s̄L�µbL

⌘2
+ (�d

23)2
⇣
s̄R�µbR

⌘2

+2�Q
23�

d
23(s̄L�µbL)(s̄R�µbR) + h.c.

i
. (31)

The LR vector operator can clearly have any sign, even for
real couplings. Moreover, since it gets strongly enhanced by
renormalisation-group e↵ects compared to LL and RR vec-
tor operators [105], it can easily dominate the contribution to
�MNP

s . Note, however, that �d
23 contributes to RK(⇤) via RH

quark currents whose presence is disfavoured by global fits,
since they break the approximate relation RK ⇡ RK⇤ that is ob-
served experimentally (see e.g. [22]). Hence, also in this case,
a careful study would be required in order to assess the simul-
taneous explanation of RK(⇤) and �Ms.

4. Conclusions

In this letter, we have updated the SM prediction for the Bs-
mixing observable �Ms (Eq. (10)) using the most recent values
for the input parameters, in particular new results from the lat-
tice averaging group FLAG. Our update shifts the central value
of the SM theory prediction upwards and away from experiment
by 13%, while reducing the theory uncertainty compared to the
previous SM determination by a factor of two. This implies a
1.8 � discrepancy from the SM.
We further discussed an important application of the �Ms up-
date for NP models aimed at explaining the recent anomalies in
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