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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION

Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
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to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.

II. Bs-MIXING IN THE SM

The mass di↵erence of the mass eigenstates of the neutral
Bs mesons is given by

�Ms ⌘ Ms
H �Ms

L = 2 |Ms
12

| . (1)

The calculation of the box diagrams in Fig. 1 gives the
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FIG. 1. SM diagrams for the transition between Bs and
B̄s mesons. The contribution of internal o↵-shell particles is
denoted by Ms
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with the Fermi constant GF , the masses of the W boson,
MW , and of the Bs meson, MBs . Using CKM unitar-
ity one finds only one contributing CKM structure �t =
V ⇤
tsVtb. The CKM elements are the only place in Eq. (2)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S

0

(xt = (m̄t(m̄t))2/M2

W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms

12

one four quark �B = 2
operator arises

Q = s̄↵�µ(1� �
5

)b↵ ⇥ s̄��µ(1� �
5

)b� . (3)
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cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
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We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
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and the bag parameter is used in the literature (e.g. by
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The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (8)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (9)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (10)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step
in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (11)

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).

and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (11) is 1.8 � above the experimen-
tal one given in Eq. (10). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
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For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM
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could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will
assume that NP e↵ects do not involve sizeable shifts in
the CKM elements.
A simple estimate shows that the improvement of the
SM prediction from Eqs. (8)–(9) to Eq. (11) can have a
drastic impact on the size of the allowed BSM e↵ects on
Bs-mixing. For a generic NP model we can parametrise
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and  is a dimensionful quantity which encodes NP cou-
plings and the SM contribution. If  > 0, which is often
the case in many BSM scenarios for B-anomalies consid-
ered in the literature, and since �MSM

s > �MExp

s , the
2� bound on ⇤

NP

scales like

⇤2017

NP

⇤2015

NP

=

vuuut
�MExp

s

(�MSM

s �2��MSM

s )

2015

� 1

�MExp

s

(�MSM

s �2��MSM

s )

2017

� 1
' 5.2 , (14)

where ��MSM

s denotes the 1� error of the SM prediction.
Hence, in models where  > 0, the limit on the mass of
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I. INTRODUCTION
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
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– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.

II. Bs-MIXING IN THE SM

The mass di↵erence of the mass eigenstates of the neutral
Bs mesons is given by
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H �Ms

L = 2 |Ms
12

| . (3)

The calculation of the box diagrams in Fig. 1 gives the

b

s

s

b
tcu, , W tcu W

b

s

tcu

tcu

s

b
, ,

, ,

,,

FIG. 1. SM diagrams for the transition between Bs and
B̄s mesons. The contribution of internal o↵-shell particles is
denoted by Ms
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with the Fermi constant GF , the masses of the W boson,
MW , and of the Bs meson, MBs . Using CKM unitar-
ity one finds only one contributing CKM structure �t =
V ⇤
tsVtb. The CKM elements are the only place in Eq. (4)

where an imaginary part can arise. The result of the

2

1-loop diagrams given in Fig. 1 is denoted by the Inami-
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The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]
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s = (17.3± 2.6) ps�1 , (9)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (10)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (11)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step
in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (12)

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B
and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (12) is 1.8 � above the experimen-
tal one given in Eq. (11). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.
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(Bhat renormalization scale and scheme independent) 
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
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considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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ity one finds only one contributing CKM structure �t =
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
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to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.

II. Bs-MIXING IN THE SM

The mass di↵erence of the mass eigenstates of the neutral
Bs mesons is given by
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with the Fermi constant GF , the masses of the W boson,
MW , and of the Bs meson, MBs . Using CKM unitar-
ity one finds only one contributing CKM structure �t =
V ⇤
tsVtb. The CKM elements are the only place in Eq. (2)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S
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W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms
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one four quark �B = 2
operator arises
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operator arises
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The hadronic matrix element of this operator is
parametrised in terms of a decay constant fBs and a bag
parameter B:

hQi ⌘ hB0

s |Q|B̄0

s i =
8

3
M2

Bs
f2

Bs
B(µ) , (5)

We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections
and the bag parameter is used in the literature (e.g. by
FLAG: [70]), (⌘B , B̂) instead of (⌘̂B , B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)
� 6

23


1 +

↵s(µ)

4⇡

5165

3174

�
B , (6)

B̂ = 1.51926B . (7)

The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (8)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (9)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (10)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step
in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (11)

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).

and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (11) is 1.8 � above the experimen-
tal one given in Eq. (10). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
mixing we compare the experimental measurement of the
mass di↵erence with the prediction in the SM plus NP:
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+MNP
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�� = �MSM

s

����1 +
MNP

12
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12

���� .

(12)
For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM

12

could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will
assume that NP e↵ects do not involve sizeable shifts in
the CKM elements.
A simple estimate shows that the improvement of the
SM prediction from Eqs. (8)–(9) to Eq. (11) can have a
drastic impact on the size of the allowed BSM e↵ects on
Bs-mixing. For a generic NP model we can parametrise

�MExp

s
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s

=

����1 +


⇤2

NP

���� , (13)

where ⇤
NP

denotes the mass scale of the NP mediator
and  is a dimensionful quantity which encodes NP cou-
plings and the SM contribution. If  > 0, which is often
the case in many BSM scenarios for B-anomalies consid-
ered in the literature, and since �MSM

s > �MExp

s , the
2� bound on ⇤

NP

scales like
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� 1
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� 1
' 5.2 , (14)

where ��MSM

s denotes the 1� error of the SM prediction.
Hence, in models where  > 0, the limit on the mass of
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severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
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which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.

II. Bs-MIXING IN THE SM

The mass di↵erence of the mass eigenstates of the neutral
Bs mesons is given by
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with the Fermi constant GF , the masses of the W boson,
MW , and of the Bs meson, MBs . Using CKM unitar-
ity one finds only one contributing CKM structure �t =

in terms of 4 inputs, assuming CKM unitarity 
(not necessarily true in presence of NP)

 Inami-Lim function   

One constraint to kill them all?

Luca Di Luzio,1, ⇤ Matthew Kirk,1, † and Alexander Lenz1, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, Durham, United Kingdom

Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION

S
0

(xt = m̄2

t (m̄t)/M
2

W ) ⇡ 2.36853 (1)

Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value

⇤ luca.di-luzio@durham.ac.uk
† m.j.kirk@durham.ac.uk
‡ alexander.lenz@durham.ac.uk

considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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with the Fermi constant GF , the masses of the W boson,
MW , and of the Bs meson, MBs . Using CKM unitar-
ity one finds only one contributing CKM structure �t =
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1-loop diagrams given in Fig. 1 is denoted by the Inami-
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where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
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where ��MSM

s denotes the 1� error of the SM prediction.
Hence, in models where  > 0, the limit on the mass of
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
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to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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with the Fermi constant GF , the masses of the W boson,
MW , and of the Bs meson, MBs . Using CKM unitar-
ity one finds only one contributing CKM structure �t =
V ⇤
tsVtb. The CKM elements are the only place in Eq. (2)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S
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where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms
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⊙ PDG averages of decay constant fB0 and fBs
[2] are used to obtain these values.

† Reported f2
BB at µ = mb is converted to RGI by multiplying the 2-loop factor 1.517.

∇ Wrong-spin contributions are not included in the rSχPT fits.
∗ This result uses an old determination of r1 = 0.321(5) fm from Ref. [28] that has since been superseded.
⋄ Reported B at µ = mb = 4.35 GeV is converted to RGI by multiplying the 2-loop factor 1.521.

Table 34: Neutral B- and Bs-meson mixing matrix elements (in MeV) and bag parameters.

Figure 22: Neutral B- and Bs-meson mixing matrix elements and bag parameters [values in
Tab. 34 and Eqs. (169), (172), (170), (173)].

(a ≈ 0.09, 0.11 fm) and a minimum pion mass of about 290 MeV. Two different static-quark
actions, smeared with HYP1 [47] and HYP2 [61] are used to further constrain the continuum
limit. The operators used are 1-loop O(a)-improved with the tadpole improved perturbation
theory. Two different types of chiral formulae are adopted for the combined continuum and
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decay constant, fB+ , is essential for extracting |Vub| from leptonic B+ decays. The neutral B-
meson decay constants, fB0 and fBs , are inputs for obtaining |Vtd| using information from the
B-meson mixing processes. In view of this, it is desirable to include isospin-breaking effects
in lattice computations for these quantities, and have results for fB+ and fB0 . Nevertheless,
as will be discussed in detail in this section, such effects are small compared to the current
errors of the decay constants calculated using lattice QCD. In this review, we will then
concentrate on the isospin-averaged result, fB, and the Bs-meson decay constant, as well as
the SU(3)-breaking ratio, fBs/fB. For the world average for the lattice determination of fB+

and fBs/fB+ , we refer the reader to the latest work from the Particle Data Group (PDG) [2].
Notice that the lattice results used in Ref. [2] and the current review are identical. We will
discuss this in further detail at the end of this subsection.

The status of lattice-QCD computations for B-meson decay constants and the SU(3)-
breaking ratio, using gauge-field ensembles with light dynamical fermions, is summarized in
Tabs. 32 and 33. Figs. 20 and 21 contain the graphic presentation of the collected results
and our averages. Many results in these tables and plots were already reviewed in detail in
the previous FLAG report [11]. Below we will describe the new results that appeared after
December 2013. In addition, we will comment on our updated strategies in performing the
averaging.

Figure 20: Decay constants of the B and Bs mesons. The values are taken from Tab. 32 (the
fB entry for FNAL/MILC 11 represents fB+). The significance of the colours is explained
in Sec. 2. The black squares and grey bands indicate our averages in Eqs. (155), (156) and
(157).

Only one new Nf = 2 project for computing fB, fBs and fBs/fB was completed after
the publication of the previous FLAG review. This was carried out by the ALPHA collabo-
ration [20] (ALPHA 14 in Tabs. 32 and 33), on the CLS (Coordinated Lattice Simulations)
gauge-field ensembles which were generated using the Wilson plaquette action and Nf = 2
non-perturbatively O(a)-improved Wilson fermions with the DD-HMC [30–32] or the MP-
HMC [33] algorithm. There are three choices of lattice spacing, 0.048, 0.065 and 0.075 fm, in
these ensembles. At each lattice spacing, three to four lattice sizes are adopted in the simula-
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One constraint to kill them all?
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
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lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.

II. Bs-MIXING IN THE SM

The mass di↵erence of the mass eigenstates of the neutral
Bs mesons is given by

�Ms ⌘ Ms
H �Ms

L = 2 |Ms
12

| . (6)

The calculation of the box diagrams in Fig. 1 gives the
SM value for Ms

12

, see e.g. [65] for a brief review, and one
gets
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with the Fermi constant GF , the masses of the W boson,
MW , and of the Bs meson, MBs . Using CKM unitar-
ity one finds only one contributing CKM structure �t =

One constraint to kill them all?

Luca Di Luzio,1, ⇤ Matthew Kirk,1, † and Alexander Lenz1, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, Durham, United Kingdom

Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION

✓
fBs

q
B̂Bs

◆
FLAG17

= 274(8) MeV (1)

(fBs)
FLAG16

✓q
B̂Bs

◆
FLAG17

= 265(10) MeV (2)

�t ⌘ V ⇤
tsVtb = �V ⇤

usVub � V ⇤
csVcb (3)

S
0

(xt = m̄2

t (m̄t)/M
2

W ) ⇡ 2.36853 (4)

Q = [s̄�µ(1� �
5

)b] [s̄�µ(1� �
5

)b] . (5)

Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the

⇤ luca.di-luzio@durham.ac.uk
† m.j.kirk@durham.ac.uk
‡ alexander.lenz@durham.ac.uk

lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
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*Naive combination (does not include updated FNAL/MILC calculation of decay constant)
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�MSM

s This work ABL 2015 [65] LN 2011 [66] LN 2006 [119]

Central Value 20.01 ps�1 18.3 ps�1 17.3 ps�1 19.3 ps�1

�(fBs

p
B) 5.8% 13.9% 13.5% 34.1%

�(Vcb) 2.1% 4.9% 3.4% 4.9%

�(mt) 0.7% 0.7% 1.1% 1.8%

�(↵s) 0.1% 0.1% 0.4% 2.0%

�(�
CKM

) 0.1% 0.1% 0.3% 1.0%

�(|Vub/Vcb|) < 0.1% 0.1% 0.2% 0.5%

�(mb) < 0.1% < 0.1% 0.1% ���
P

� 6.2% 14.8% 14.0% 34.6%

TABLE II. List of the individual contributions to the theoretical error of the mass di↵erence�Ms within the SM and comparison
with the values obtained in [65], [66] and [119]. In the last row, the errors are summed in quadrature.

Source fBs

p
B̂ �MSM

s

HPQCD14 [132] (247± 12) MeV (16.2± 1.7) ps�1

ETMC13 [133] (262± 10) MeV (18.3± 1.5) ps�1

HPQCD09 [134] = FLAG13 [135] (266± 18) MeV (18.9± 2.6) ps�1

FLAG17 [70] (274± 8) MeV (20.01± 1.25)ps�1

Fermilab16 [72] (274.6± 8.8) MeV (20.1± 1.5) ps�1

HQET-SR [77, 136] (278+28

�24

) MeV (20.6+4.4
�3.4) ps

�1

HPQCD06 [137] (281± 20) MeV (21.0± 3.0) ps�1

RBC/UKQCD14 [138] (290± 20) MeV (22.4± 3.4) ps�1

Fermilab11 [139] (291± 18) MeV (22.6± 2.8) ps�1

TABLE III. List of predictions for the non-perturbative parameter fBs

p
B̂ and the corresponding SM prediction for �Ms.

The current FLAG average is dominated by the FERMILAB/MILC value from 2016.

their proceedings [132]. When finalised, this new calcula-
tion will supersede the 2006 [137] and 2009 [134] values.
The ETMC Nf = 2 number stems from 2013 [133], it is
obtained with only two active flavours in the lattice sim-
ulation. The Fermilab/MILC Nf = 2 + 1 number stems
from 2016 [72] and it supersedes the 2011 value [139].
This precise value is currently dominating the FLAG av-
erage. The numerical e↵ect of these new inputs on mixing
observables was e.g. studied in [74]. The previous FLAG
average from 2013 [135] was considerably lower. There
is also a large Nf = 2+ 1 value from RBC-UKQCD pre-
sented at LATTICE 2015 (update of [138]). However,
this number is obtained in the static limit and currently
missing 1/mb corrections are expected to be very size-
able.8 The HQET sum rules estimate for the Bag param-
eter [77] can also be combined with the decay constant
from lattice.
Here clearly a convergence of these determinations,
in particular an independent confirmation of the Fer-

8 Private communication with Tomomi Ishikawa.

milab/MILC result which is currently dominating the
FLAG average, would be very desirable.

Appendix D: CKM-dependence

The second most important input parameter for the pre-
diction of �Ms is the CKM parameter Vcb. There is a
longstanding discrepancy between the inclusive determi-
nation and values obtained from studying exclusive B
decays, see [122]. Recent studies found, however, that
the low exclusive value might actually be a problem orig-
inating in the use of a certain form factor parametrisation
in the experimental analysis.9 Using the BGL parametri-
sation one finds values that lie considerably closer to the
inclusive one, see [142–145]. Currently, there are various

9 The form factor models are denoted by CLN [140] and BGL
[141]. Traditionally experiments were using CLN. It turned out,
however, that CLN might underestimate some uncertainties.

The hadronic matrix element of this operator is parametrised in
terms of a decay constant fBs and a bag parameter B:

hQi ⌘ hB0
s |Q|B̄0

si =
8
3

M2
Bs

f 2
Bs

B(µ) , (4)

We also indicated the renormalisation scale dependence of the
bag parameter; in our analysis we take µ = m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections and the
bag parameter is used in the literature (e.g. by FLAG: [69]),
(⌘B, B̂) instead of (⌘̂B, B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)�
6

23

"
1 +
↵s(µ)

4⇡
5165
3174

#
B , (5)

B̂ = 1.51926 B . (6)

The parameter B̂ has the advantage of being renormalisation
scale and scheme independent.
A commonly used SM prediction of �Ms was given by [64, 65]

�MSM, 2011
s = (17.3 ± 2.6) ps�1 , (7)

�MSM, 2015
s = (18.3 ± 2.7) ps�1 . (8)

Both predictions agreed very well with the experimental mea-
surement [70]

�MExp
s = (17.757 ± 0.021) ps�1 . (9)

In 2016 Fermilab/MILC presented a new calculation [71],
which gave considerably larger values for the non-perturbative
parameter, resulting in values around 20 ps�1 for the mass dif-
ference [71–75] and being thus larger than experiment. An in-
dependent confirmation of these large values would of course
be desirable; a first step in that direction has been done by the
HQET sum rule calculation of [76] which is in agreement with
Fermilab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Appendix A
we predict the mass di↵erence of the neutral Bs mesons to be

�MSM, 2017
s = (20.01 ± 1.25) ps�1 . (10)

Here the dominant uncertainty still comes from the lattice pre-
dictions for the non-perturbative parameters B and fBs , giving a
relative error of 5.8%. The uncertainty in the CKM elements
contributes 2.1% to the error budget. The CKM parameters
were determined assuming unitarity of the 3 ⇥ 3 CKM ma-
trix. The uncertainties due to mt, mb and ↵s can be safely ne-
glected at the current stage. A detailed discussion of the in-
put parameters and the error budget is given in Appendix A
and Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (10) is 1.8 � above the experimental one
given in Eq. (9). This di↵erence has profound implications for
NP models that predict sizeable positive contributions to Bs-
mixing. The new value for the SM prediction depends strongly
on the non-perturbative input as well as the values of the CKM
elements. We use the averages that are provided by the lattice
community (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D for a
further discussion of these inputs.

3. Bs-mixing beyond the SM

To determine the allowed space for NP e↵ects in Bs-mixing we
compare the experimental measurement of the mass di↵erence
with the prediction in the SM plus NP:

�MExp
s = 2

���MSM
12 + MNP

12

��� = �MSM
s

������1 +
MNP

12

MSM
12

������ . (11)

For this equation we will use in the SM part the CKM elements,
which have been determined assuming the validity of the SM.
In the presence of BSM e↵ects the CKM elements used in the
prediction of MSM

12 could in general di↵er from the ones we use
– see e.g. the case of a fourth chiral fermion generation [77].
In the following, we will assume that NP e↵ects do not involve
sizeable shifts in the CKM elements.
A simple estimate shows that the improvement of the SM pre-
diction from Eqs. (7)–(8) to Eq. (10) can have a drastic impact
on the size of the allowed BSM e↵ects on Bs-mixing. For a
generic NP model we can parametrise

�MExp
s

�MSM
s
=

������1 +


⇤2
NP

������ , (12)

where ⇤NP denotes the mass scale of the NP mediator and 
is a dimensionful quantity which encodes NP couplings and the
SM contribution. If  > 0, which is often the case in many BSM
scenarios for B-anomalies considered in the literature, and since
�MSM

s > �MExp
s , the 2� bound on ⇤NP scales like

⇤2017
NP

⇤2015
NP

=

vuuuuuut
�MExp

s

(�MSM
s �2��MSM

s )2015 � 1

�MExp
s

(�MSM
s �2��MSM

s )2017 � 1
' 5.2 , (13)

where ��MSM
s denotes the 1� error of the SM prediction.

Hence, in models where  > 0, the limit on the mass of the
NP mediators is strengthened by a factor 5. On the other hand,
if the tension between the SM prediction and �MExp

s increases
in the future, a NP contribution with  < 0 would be required in
order to accommodate the discrepancy.
A typical example where  > 0 is that of a purely LH vector-
current operator, which arises from the exchange of a single
mediator featuring real couplings, cf. Section 3.1. In such a
case, the short-distance contribution to Bs-mixing is described
by the e↵ective Lagrangian

LNP
�B=2 = �

4GFp
2
�
VtbV⇤ts

�2

CLL

bs

⇣
s̄L�µbL

⌘2
+ h.c.

�
, (14)

where CLL
bs is a Wilson coe�cient to be matched with ultraviolet

(UV) models, and which enters Eq. (11) as

�MExp
s

�MSM
s
=

�������
1 +

CLL
bs

Rloop
SM

�������
, (15)

where

Rloop
SM =

p
2GF M2

W ⌘̂BS 0(xt)
16⇡2 = 1.3397 ⇥ 10�3 . (16)

2

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
(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 [64, 115]4

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

where Amix
CP = �0.021 ± 0.031 [70], �s = 0.01852 ± 0.00032

[116], and we neglected penguin contributions [64]. The com-
bined 2� constraints on the Wilson coe�cient CLL

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

4The semi-leptonic CP asymmetries for flavour-specific decays, as
sl, do not

pose serious constraints since the experimental errors are still too large [64].

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 .

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 [117], 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
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• FLAG17 + Vcb treatment (see next slide) implies a 1.8 σ discrepancy                                               

 Lattice updates crucial to settle the issue !
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�MSM

s This work ABL 2015 [65] LN 2011 [66] LN 2006 [119]

Central Value 20.01 ps�1 18.3 ps�1 17.3 ps�1 19.3 ps�1

�(fBs

p
B) 5.8% 13.9% 13.5% 34.1%

�(Vcb) 2.1% 4.9% 3.4% 4.9%

�(mt) 0.7% 0.7% 1.1% 1.8%

�(↵s) 0.1% 0.1% 0.4% 2.0%

�(�
CKM

) 0.1% 0.1% 0.3% 1.0%

�(|Vub/Vcb|) < 0.1% 0.1% 0.2% 0.5%

�(mb) < 0.1% < 0.1% 0.1% ���
P

� 6.2% 14.8% 14.0% 34.6%

TABLE II. List of the individual contributions to the theoretical error of the mass di↵erence�Ms within the SM and comparison
with the values obtained in [65], [66] and [119]. In the last row, the errors are summed in quadrature.

Source fBs

p
B̂ �MSM

s

HPQCD14 [132] (247± 12) MeV (16.2± 1.7) ps�1

ETMC13 [133] (262± 10) MeV (18.3± 1.5) ps�1

HPQCD09 [134] = FLAG13 [135] (266± 18) MeV (18.9± 2.6) ps�1

FLAG17 [70] (274± 8) MeV (20.01± 1.25)ps�1

Fermilab16 [72] (274.6± 8.8) MeV (20.1± 1.5) ps�1

HQET-SR [77, 136] (278+28

�24

) MeV (20.6+4.4
�3.4) ps

�1

HPQCD06 [137] (281± 20) MeV (21.0± 3.0) ps�1

RBC/UKQCD14 [138] (290± 20) MeV (22.4± 3.4) ps�1

Fermilab11 [139] (291± 18) MeV (22.6± 2.8) ps�1

TABLE III. List of predictions for the non-perturbative parameter fBs

p
B̂ and the corresponding SM prediction for �Ms.

The current FLAG average is dominated by the FERMILAB/MILC value from 2016.

their proceedings [132]. When finalised, this new calcula-
tion will supersede the 2006 [137] and 2009 [134] values.
The ETMC Nf = 2 number stems from 2013 [133], it is
obtained with only two active flavours in the lattice sim-
ulation. The Fermilab/MILC Nf = 2 + 1 number stems
from 2016 [72] and it supersedes the 2011 value [139].
This precise value is currently dominating the FLAG av-
erage. The numerical e↵ect of these new inputs on mixing
observables was e.g. studied in [74]. The previous FLAG
average from 2013 [135] was considerably lower. There
is also a large Nf = 2+ 1 value from RBC-UKQCD pre-
sented at LATTICE 2015 (update of [138]). However,
this number is obtained in the static limit and currently
missing 1/mb corrections are expected to be very size-
able.8 The HQET sum rules estimate for the Bag param-
eter [77] can also be combined with the decay constant
from lattice.
Here clearly a convergence of these determinations,
in particular an independent confirmation of the Fer-

8 Private communication with Tomomi Ishikawa.

milab/MILC result which is currently dominating the
FLAG average, would be very desirable.

Appendix D: CKM-dependence

The second most important input parameter for the pre-
diction of �Ms is the CKM parameter Vcb. There is a
longstanding discrepancy between the inclusive determi-
nation and values obtained from studying exclusive B
decays, see [122]. Recent studies found, however, that
the low exclusive value might actually be a problem orig-
inating in the use of a certain form factor parametrisation
in the experimental analysis.9 Using the BGL parametri-
sation one finds values that lie considerably closer to the
inclusive one, see [142–145]. Currently, there are various

9 The form factor models are denoted by CLN [140] and BGL
[141]. Traditionally experiments were using CLN. It turned out,
however, that CLN might underestimate some uncertainties.

The hadronic matrix element of this operator is parametrised in
terms of a decay constant fBs and a bag parameter B:

hQi ⌘ hB0
s |Q|B̄0

si =
8
3

M2
Bs

f 2
Bs

B(µ) , (4)

We also indicated the renormalisation scale dependence of the
bag parameter; in our analysis we take µ = m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections and the
bag parameter is used in the literature (e.g. by FLAG: [69]),
(⌘B, B̂) instead of (⌘̂B, B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)�
6

23

"
1 +
↵s(µ)

4⇡
5165
3174

#
B , (5)

B̂ = 1.51926 B . (6)

The parameter B̂ has the advantage of being renormalisation
scale and scheme independent.
A commonly used SM prediction of �Ms was given by [64, 65]

�MSM, 2011
s = (17.3 ± 2.6) ps�1 , (7)

�MSM, 2015
s = (18.3 ± 2.7) ps�1 . (8)

Both predictions agreed very well with the experimental mea-
surement [70]

�MExp
s = (17.757 ± 0.021) ps�1 . (9)

In 2016 Fermilab/MILC presented a new calculation [71],
which gave considerably larger values for the non-perturbative
parameter, resulting in values around 20 ps�1 for the mass dif-
ference [71–75] and being thus larger than experiment. An in-
dependent confirmation of these large values would of course
be desirable; a first step in that direction has been done by the
HQET sum rule calculation of [76] which is in agreement with
Fermilab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Appendix A
we predict the mass di↵erence of the neutral Bs mesons to be

�MSM, 2017
s = (20.01 ± 1.25) ps�1 . (10)

Here the dominant uncertainty still comes from the lattice pre-
dictions for the non-perturbative parameters B and fBs , giving a
relative error of 5.8%. The uncertainty in the CKM elements
contributes 2.1% to the error budget. The CKM parameters
were determined assuming unitarity of the 3 ⇥ 3 CKM ma-
trix. The uncertainties due to mt, mb and ↵s can be safely ne-
glected at the current stage. A detailed discussion of the in-
put parameters and the error budget is given in Appendix A
and Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (10) is 1.8 � above the experimental one
given in Eq. (9). This di↵erence has profound implications for
NP models that predict sizeable positive contributions to Bs-
mixing. The new value for the SM prediction depends strongly
on the non-perturbative input as well as the values of the CKM
elements. We use the averages that are provided by the lattice
community (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D for a
further discussion of these inputs.

3. Bs-mixing beyond the SM

To determine the allowed space for NP e↵ects in Bs-mixing we
compare the experimental measurement of the mass di↵erence
with the prediction in the SM plus NP:

�MExp
s = 2

���MSM
12 + MNP

12

��� = �MSM
s

������1 +
MNP

12

MSM
12

������ . (11)

For this equation we will use in the SM part the CKM elements,
which have been determined assuming the validity of the SM.
In the presence of BSM e↵ects the CKM elements used in the
prediction of MSM

12 could in general di↵er from the ones we use
– see e.g. the case of a fourth chiral fermion generation [77].
In the following, we will assume that NP e↵ects do not involve
sizeable shifts in the CKM elements.
A simple estimate shows that the improvement of the SM pre-
diction from Eqs. (7)–(8) to Eq. (10) can have a drastic impact
on the size of the allowed BSM e↵ects on Bs-mixing. For a
generic NP model we can parametrise

�MExp
s

�MSM
s
=

������1 +


⇤2
NP

������ , (12)

where ⇤NP denotes the mass scale of the NP mediator and 
is a dimensionful quantity which encodes NP couplings and the
SM contribution. If  > 0, which is often the case in many BSM
scenarios for B-anomalies considered in the literature, and since
�MSM

s > �MExp
s , the 2� bound on ⇤NP scales like

⇤2017
NP

⇤2015
NP

=

vuuuuuut
�MExp

s

(�MSM
s �2��MSM

s )2015 � 1

�MExp
s

(�MSM
s �2��MSM

s )2017 � 1
' 5.2 , (13)

where ��MSM
s denotes the 1� error of the SM prediction.

Hence, in models where  > 0, the limit on the mass of the
NP mediators is strengthened by a factor 5. On the other hand,
if the tension between the SM prediction and �MExp

s increases
in the future, a NP contribution with  < 0 would be required in
order to accommodate the discrepancy.
A typical example where  > 0 is that of a purely LH vector-
current operator, which arises from the exchange of a single
mediator featuring real couplings, cf. Section 3.1. In such a
case, the short-distance contribution to Bs-mixing is described
by the e↵ective Lagrangian

LNP
�B=2 = �

4GFp
2
�
VtbV⇤ts

�2

CLL

bs

⇣
s̄L�µbL

⌘2
+ h.c.

�
, (14)

where CLL
bs is a Wilson coe�cient to be matched with ultraviolet

(UV) models, and which enters Eq. (11) as

�MExp
s

�MSM
s
=

�������
1 +

CLL
bs

Rloop
SM

�������
, (15)

where

Rloop
SM =

p
2GF M2

W ⌘̂BS 0(xt)
16⇡2 = 1.3397 ⇥ 10�3 . (16)

2

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
(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 [64, 115]4

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

where Amix
CP = �0.021 ± 0.031 [70], �s = 0.01852 ± 0.00032

[116], and we neglected penguin contributions [64]. The com-
bined 2� constraints on the Wilson coe�cient CLL

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

4The semi-leptonic CP asymmetries for flavour-specific decays, as
sl, do not

pose serious constraints since the experimental errors are still too large [64].

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 .

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 [117], 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
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FIG. 5. Dependence of the SM prediction for �Ms from the
value of the CKM-element Vcb. See text for details.

by using the inclusive value of Vcb only is given by the
blue region. For completeness we show also the regions
obtained by using the exclusive extractions of Vcb. The
disfavoured CLN values result in much lower values for
the mass di↵erence (hatched areas), while the BGL value
agrees well with the inclusive region, albeit with a higher

uncertainty. The experimental value of �Ms is shown by
the (lower) horizontal dashed line denoted with “Exp”.
The preference for the inclusive determination agrees also
with the value obtained from the CKM fit (which we use
in our SM estimate), as well as with the fit value that is
found if the direct measurements of Vcb are not included
in the fit

V
CKM-fitter (no direct)

cb = 0.04235+0.00074
�0.00069 [116] . (D5)

We also note that the CKMfitter determinations take into
account loop-mediated processes, where potentially NP
can arise. Taking only tree-level inputs, they find:8

Vus = 0.22520+0.00012
�0.00038 , (D6)

Vcb = 0.04175+0.00033
�0.00172 , (D7)

|Vus/Vcb| = 0.092+0.004
�0.005 , (D8)

�
CKM

= 1.223+0.017
�0.030 , (D9)

and using these inputs we find

�MSM, 2017 (tree)

s = (19.9± 1.5) ps�1 , (D10)

which shows an overall consistency with the prediction
in Eq. (10).
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Vcb dependence 
• Vcb is the second most important ingredient for SM prediction 

*Includes loop-mediated observables (potentially affected by NP)
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FIG. 5. Dependence of the SM prediction for �Ms from the
value of the CKM-element Vcb. See text for details.

determinations of Vcb available:

V Inclusive

cb = 0.04219± 0.00078 [71] , (D1)

V B!D
cb = 0.03918± 0.00094± 0.00031 [71] , (D2)

V B!D⇤,CLN

cb = 0.03871± 0.00047± 0.00059 [71] , (D3)

V B!D⇤,BGL

cb = 0.0419+0.0020
�0.0019 [142] . (D4)

In Fig. 5 we plot the dependence of the SM prediction
of �Ms on Vcb, and show the regions predicted by the
above inclusive and exclusive determinations. We use the
CKMfitter result for Vcb (see Table I) for our new SM pre-
diction of �Ms (see Eq. (12) and the (upper) horizontal
dashed line denoted with “SM”), the corresponding er-

ror band is shown in orange. The predictions obtained
by using the inclusive value of Vcb only is given by the
blue region. For completeness we show also the regions
obtained by using the exclusive extractions of Vcb. The
disfavoured CLN values result in much lower values for
the mass di↵erence (hatched areas), while the BGL value
agrees well with the inclusive region, albeit with a higher
uncertainty. The experimental value of �Ms is shown by
the (lower) horizontal dashed line denoted with “Exp”.
The preference for the inclusive determination agrees also
with the value obtained from the CKM fit (which we use
in our SM estimate), as well as with the fit value that is
found if the direct measurements of Vcb are not included
in the fit

V
CKM-fitter (no direct)

cb = 0.04235+0.00074
�0.00069 [120] . (D5)

We also note that the CKMfitter determinations take into
account loop-mediated processes, where potentially NP
can arise. Taking only tree-level inputs, they find:10

Vus = 0.22520+0.00012
�0.00038 , (D6)

Vcb = 0.04175+0.00033
�0.00172 , (D7)

|Vub/Vcb| = 0.092+0.004
�0.005 , (D8)

�
CKM

= 1.223+0.017
�0.030 , (D9)

and using these inputs we find

�MSM, 2017 (tree)

s = (19.9± 1.5) ps�1 , (D10)

which shows an overall consistency with the prediction
in Eq. (12).
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V ⇤
tsVtb. The CKM elements are the only place in Eq. (4)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S

0

(xt = (m̄t(m̄t))2/M2

W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms

12

one four quark �B = 2
operator arises

Q = s̄↵�µ(1� �
5

)b↵ ⇥ s̄��µ(1� �
5

)b� . (6)

The hadronic matrix element of this operator is
parametrised in terms of a decay constant fBs and a bag
parameter B:

hQi ⌘ hB0

s |Q|B̄0

s i =
8

3
M2

Bs
f2

Bs
B(µ) , (7)

We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections
and the bag parameter is used in the literature (e.g. by
FLAG: [70]), (⌘B , B̂) instead of (⌘̂B , B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)
� 6

23


1 +

↵s(µ)

4⇡

5165

3174

�
B , (8)

B̂ = 1.51926B . (9)

The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (10)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (11)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (12)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step
in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (13)

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B
and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (12) is 1.8 � above the experimen-
tal one given in Eq. (11). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
mixing we compare the experimental measurement of the
mass di↵erence with the prediction in the SM plus NP:

�MExp

s = 2
��MSM

12

+MNP

12

�� = �MSM

s

����1 +
MNP

12

MSM

12

���� .

(14)
For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM

12

could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will
assume that NP e↵ects do not involve sizeable shifts in
the CKM elements.
A simple estimate shows that the improvement of the
SM prediction from Eqs. (9)–(10) to Eq. (12) can have a
drastic impact on the size of the allowed BSM e↵ects on
Bs-mixing. For a generic NP model we can parametrise

�MExp

s

�MSM

s

=

����1 +


⇤2

NP

���� , (15)

where ⇤
NP

denotes the mass scale of the NP mediator
and  is a dimensionful quantity which encodes NP cou-
plings and the SM contribution. If  > 0, which is often
the case in many BSM scenarios for B-anomalies consid-
ered in the literature, and since �MSM

s > �MExp

s , the
2� bound on ⇤

NP

scales like

⇤2017

NP

⇤2015

NP

=

vuuut
�MExp

s

(�MSM

s �2��MSM

s )

2015

� 1

�MExp

s

(�MSM

s �2��MSM

s )

2017

� 1
' 5.2 , (16)

[                                                 ]

 we use CKMfitter value* (consistent with inclusive determination) 

[LDL, Kirk, Lenz 1712.06572] 
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ΔMs vs. new physics (NP)
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FIG. 1. SM diagrams for the transition between Bs and
B̄s mesons. The contribution of internal o↵-shell particles is
denoted by Ms

12

.

V ⇤
tsVtb. The CKM elements are the only place in Eq. (7)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S

0

(xt = (m̄t(m̄t))2/M2

W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms

12

one four quark �B = 2
operator arises

Q = s̄↵�µ(1� �
5

)b↵ ⇥ s̄��µ(1� �
5

)b� . (8)

The hadronic matrix element of this operator is
parametrised in terms of a decay constant fBs and a bag
parameter B:

hQi ⌘ hB0

s |Q|B̄0

s i =
8

3
M2

Bs
f2

Bs
B(µ) , (9)

We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections
and the bag parameter is used in the literature (e.g. by
FLAG: [70]), (⌘B , B̂) instead of (⌘̂B , B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)
� 6

23


1 +

↵s(µ)

4⇡

5165

3174

�
B , (10)

B̂ = 1.51926B . (11)

The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (12)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (13)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (14)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step

in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (15)

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B
and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (15) is 1.8 � above the experimen-
tal one given in Eq. (14). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
mixing we compare the experimental measurement of the
mass di↵erence with the prediction in the SM plus NP:

�MExp

s = 2
��MSM

12

+MNP

12

�� = �MSM

s

����1 +
MNP

12

MSM

12

���� .

(16)
For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM

12

could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will
assume that NP e↵ects do not involve sizeable shifts in
the CKM elements.
A simple estimate shows that the improvement of the
SM prediction from Eqs. (12)–(13) to Eq. (15) can have
a drastic impact on the size of the allowed BSM e↵ects on
Bs-mixing. For a generic NP model we can parametrise

�MExp

s

�MSM

s

=

����1 +


⇤2

NP

���� , (17)

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).

• As an example let’s assume:                                                

1. NP in purely V-A ΔB = 2 operator (same matrix element as in the SM)

2. no NP pollution in the extraction of CKM elements
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FIG. 1. SM diagrams for the transition between Bs and
B̄s mesons. The contribution of internal o↵-shell particles is
denoted by Ms

12

.

V ⇤
tsVtb. The CKM elements are the only place in Eq. (7)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S

0

(xt = (m̄t(m̄t))2/M2

W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms

12

one four quark �B = 2
operator arises

Q = s̄↵�µ(1� �
5

)b↵ ⇥ s̄��µ(1� �
5

)b� . (8)

The hadronic matrix element of this operator is
parametrised in terms of a decay constant fBs and a bag
parameter B:

hQi ⌘ hB0

s |Q|B̄0

s i =
8

3
M2

Bs
f2

Bs
B(µ) , (9)

We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections
and the bag parameter is used in the literature (e.g. by
FLAG: [70]), (⌘B , B̂) instead of (⌘̂B , B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)
� 6

23


1 +

↵s(µ)

4⇡

5165

3174

�
B , (10)

B̂ = 1.51926B . (11)

The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (12)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (13)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (14)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step

in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (15)

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B
and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (15) is 1.8 � above the experimen-
tal one given in Eq. (14). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
mixing we compare the experimental measurement of the
mass di↵erence with the prediction in the SM plus NP:

�MExp

s = 2
��MSM

12

+MNP

12

�� = �MSM

s

����1 +
MNP

12

MSM

12

���� .

(16)
For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM

12

could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will
assume that NP e↵ects do not involve sizeable shifts in
the CKM elements.
A simple estimate shows that the improvement of the
SM prediction from Eqs. (12)–(13) to Eq. (15) can have
a drastic impact on the size of the allowed BSM e↵ects on
Bs-mixing. For a generic NP model we can parametrise

�MExp

s

�MSM

s

=

����1 +


⇤2

NP

���� , (17)

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).
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denoted by Ms
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where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S

0

(xt = (m̄t(m̄t))2/M2

W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms

12

one four quark �B = 2
operator arises

Q = s̄↵�µ(1� �
5

)b↵ ⇥ s̄��µ(1� �
5

)b� . (8)

The hadronic matrix element of this operator is
parametrised in terms of a decay constant fBs and a bag
parameter B:

hQi ⌘ hB0

s |Q|B̄0

s i =
8

3
M2

Bs
f2

Bs
B(µ) , (9)

We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections
and the bag parameter is used in the literature (e.g. by
FLAG: [70]), (⌘B , B̂) instead of (⌘̂B , B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)
� 6

23


1 +

↵s(µ)

4⇡

5165

3174

�
B , (10)

B̂ = 1.51926B . (11)

The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (12)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (13)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (14)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step

in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (15)

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B
and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (15) is 1.8 � above the experimen-
tal one given in Eq. (14). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
mixing we compare the experimental measurement of the
mass di↵erence with the prediction in the SM plus NP:

�MExp

s = 2
��MSM

12

+MNP

12

�� = �MSM

s

����1 +
MNP

12

MSM

12

���� .

(16)
For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM

12

could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will
assume that NP e↵ects do not involve sizeable shifts in
the CKM elements.
A simple estimate shows that the improvement of the
SM prediction from Eqs. (12)–(13) to Eq. (15) can have
a drastic impact on the size of the allowed BSM e↵ects on
Bs-mixing. For a generic NP model we can parametrise

�MExp

s

�MSM

s

=

����1 +


⇤2

NP

���� , (17)

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).

3

where ⇤
NP

denotes the mass scale of the NP mediator
and  is a dimensionful quantity which encodes NP cou-
plings and the SM contribution. If  > 0, which is often
the case in many BSM scenarios for B-anomalies consid-
ered in the literature, and since �MSM

s > �MExp

s , the
2� bound on ⇤

NP

scales like

⇤2017

NP

⇤2015

NP

=

vuuut
�MExp

s

(�MSM

s �2��MSM

s )

2015

� 1

�MExp

s

(�MSM

s �2��MSM

s )

2017

� 1
' 5.2 , (18)

where ��MSM

s denotes the 1� error of the SM prediction.
Hence, in models where  > 0, the limit on the mass of
the NP mediators is strengthened by a factor 5. On the
other hand, if the tension between the SM prediction and
�MExp

s increases in the future, a NP contribution with
 < 0 would be required in order to accommodate the
discrepancy.
A typical example where  > 0 is that of a purely LH
vector-current operator, which arises from the exchange
of a single mediator featuring real couplings, cf. Sec-
tion IIIA.2 In such a case, the short-distance contribution
to Bs-mixing is described by the e↵ective Lagrangian

LNP

�B=2

= �4GFp
2

(VtbV
⇤
ts)

2

h
CLL

bs (s̄L�µbL)
2 + h.c.

i
,

(19)
where CLL

bs is a Wilson coe�cient to be matched with
ultraviolet (UV) models, and which enters Eq. (16) as

�MExp

s

�MSM

s

=

�����1 +
CLL

bs

Rloop

SM

����� , (20)

where

Rloop

SM

=

p
2GFM

2

W ⌘̂BS0

(xt)

16⇡2

= 1.3397⇥ 10�3 . (21)

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 IIIA) and then discuss some model-building di-
rections in order to achieve  < 0 (Section III B).

A. Impact of Bs-mixing on NP models for
B-anomalies

A useful application of the refined SM prediction in
Eq. (15) is in the context of the recent hints of LFU vio-
lation in semi-leptonic B-meson decays, both in neutral
and charged currents. Focussing first on neutral current
anomalies, the main observables are the LFU violating

2 Similar scenarios leading to  > 0 were considered in 2016 by
Blanke and Buras [73] in the context of CMFV models.

ratios RK(⇤) ⌘ B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�)
[33, 34], 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 [18–23], 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↵ec-
tive Lagrangian for semi-leptonic b ! sµ+µ� transitions
contains the terms

LNP

b!sµµ � 4GFp
2
VtbV

⇤
ts (�C

µ
9

Oµ
9

+ �Cµ
10

Oµ
10

) + h.c. , (22)

with

Oµ
9

=
↵

4⇡
(s̄L�µbL)(µ̄�

µµ) , (23)

Oµ
10

=
↵

4⇡
(s̄L�µbL)(µ̄�

µ�
5

µ) . (24)

Assuming purely LH currents and real Wilson co-
e�cients the best-fit of RK and RK⇤ yields (from
e.g. [21]): Re (�Cµ

9

) = �Re (�Cµ
10

) 2 [�0.81,�0.48]
([�1.00,�0.32]) at 1� (2�). Adding also the data on
B ! K(⇤)µ+µ� angular distributions and other b !
sµ+µ� observables3 improves the statistical significance
of the fit, but does not necessarily imply larger deviations
of Re (�Cµ

9

) 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(⇤)”.

1. Z’

A paradigmatic NP model for explaining theB-anomalies
in neutral currents is that of a Z 0 dominantly coupled
via LH currents. Here, we focus only on the part of the
Lagrangian relevant for b ! sµ+µ� transitions and Bs-
mixing, namely

LZ0 =
1

2
M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d̄

i
L�

µdjL + �L
↵�

¯̀↵
L�

µ`�L

⌘
Z 0
µ ,

(25)
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. SU(2)L ⇥
U(1)Y gauge invariant and anomaly free) Z 0 model at-
tempting an explanation of RK(⇤) via LH currents can
be mapped into Eq. (25). After integrating out the Z 0 at

3 These include for instance B(Bs ! µ+µ�) which is particularly
constraining in the case of pseudo-scalar mediated quark transi-
tions (see e.g. [79]).

1. NP in purely V-A ΔB = 2 operator (same matrix element as in the SM)

2. no NP pollution in the extraction of CKM elements

[LDL, Kirk, Lenz 1712.06572] 
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FIG. 1. SM diagrams for the transition between Bs and
B̄s mesons. The contribution of internal o↵-shell particles is
denoted by Ms

12

.

V ⇤
tsVtb. The CKM elements are the only place in Eq. (7)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S

0

(xt = (m̄t(m̄t))2/M2

W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms

12

one four quark �B = 2
operator arises

Q = s̄↵�µ(1� �
5

)b↵ ⇥ s̄��µ(1� �
5

)b� . (8)

The hadronic matrix element of this operator is
parametrised in terms of a decay constant fBs and a bag
parameter B:

hQi ⌘ hB0

s |Q|B̄0

s i =
8

3
M2

Bs
f2

Bs
B(µ) , (9)

We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections
and the bag parameter is used in the literature (e.g. by
FLAG: [70]), (⌘B , B̂) instead of (⌘̂B , B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)
� 6

23


1 +

↵s(µ)

4⇡

5165

3174

�
B , (10)

B̂ = 1.51926B . (11)

The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (12)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (13)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (14)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step

in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (15)

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B
and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (15) is 1.8 � above the experimen-
tal one given in Eq. (14). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
mixing we compare the experimental measurement of the
mass di↵erence with the prediction in the SM plus NP:

�MExp

s = 2
��MSM

12

+MNP

12

�� = �MSM

s

����1 +
MNP

12

MSM

12

���� .

(16)
For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM

12

could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will
assume that NP e↵ects do not involve sizeable shifts in
the CKM elements.
A simple estimate shows that the improvement of the
SM prediction from Eqs. (12)–(13) to Eq. (15) can have
a drastic impact on the size of the allowed BSM e↵ects on
Bs-mixing. For a generic NP model we can parametrise

�MExp

s

�MSM

s

=

����1 +


⇤2

NP

���� , (17)

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).
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V ⇤
tsVtb. The CKM elements are the only place in Eq. (4)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S

0

(xt = (m̄t(m̄t))2/M2

W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms

12

one four quark �B = 2
operator arises

Q = s̄↵�µ(1� �
5

)b↵ ⇥ s̄��µ(1� �
5

)b� . (6)

The hadronic matrix element of this operator is
parametrised in terms of a decay constant fBs and a bag
parameter B:

hQi ⌘ hB0

s |Q|B̄0

s i =
8

3
M2

Bs
f2

Bs
B(µ) , (7)

We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections
and the bag parameter is used in the literature (e.g. by
FLAG: [70]), (⌘B , B̂) instead of (⌘̂B , B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)
� 6

23


1 +

↵s(µ)

4⇡

5165

3174

�
B , (8)

B̂ = 1.51926B . (9)

The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (10)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (11)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (12)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step
in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (13)

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B
and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (12) is 1.8 � above the experimen-
tal one given in Eq. (11). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
mixing we compare the experimental measurement of the
mass di↵erence with the prediction in the SM plus NP:

�MExp

s = 2
��MSM

12

+MNP

12

�� = �MSM

s

����1 +
MNP

12

MSM

12

���� .

(14)
For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM

12

could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will
assume that NP e↵ects do not involve sizeable shifts in
the CKM elements.
A simple estimate shows that the improvement of the
SM prediction from Eqs. (9)–(10) to Eq. (12) can have a
drastic impact on the size of the allowed BSM e↵ects on
Bs-mixing. For a generic NP model we can parametrise

�MExp

s

�MSM

s

=

����1 +


⇤2

NP

���� , (15)

where ⇤
NP

denotes the mass scale of the NP mediator
and  is a dimensionful quantity which encodes NP cou-
plings and the SM contribution. If  > 0, which is often
the case in many BSM scenarios for B-anomalies consid-
ered in the literature, and since �MSM

s > �MExp

s , the
2� bound on ⇤

NP

scales like

⇤2017

NP

⇤2015

NP

=

vuuut
�MExp

s

(�MSM

s �2��MSM

s )

2015

� 1

�MExp

s

(�MSM

s �2��MSM

s )

2017

� 1
' 5.2 , (16)
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FIG. 1. SM diagrams for the transition between Bs and
B̄s mesons. The contribution of internal o↵-shell particles is
denoted by Ms

12

.

gets

Ms
12

=
G2

F

12⇡2

�2

tM
2

WS
0

(xt)Bf2

Bs
MBs ⌘̂B , (9)

with the Fermi constant GF , the masses of the W boson,
MW , and of the Bs meson, MBs . Using CKM unitar-
ity one finds only one contributing CKM structure �t =
V ⇤
tsVtb. The CKM elements are the only place in Eq. (9)

where an imaginary part can arise. The result of the
1-loop diagrams given in Fig. 1 is denoted by the Inami-
Lim function [67] S

0

(xt = (m̄t(m̄t))2/M2

W ) ⇡ 2.36853,
where m̄t(m̄t) is the MS-mass [68] of the top quark. Per-
turbative 2-loop QCD corrections are compressed in the
factor ⌘̂B ⇡ 0.83798, they have been calculated by [69].
In the SM calculation of Ms

12

one four quark �B = 2
operator arises

Q = s̄↵�µ(1� �
5

)b↵ ⇥ s̄��µ(1� �
5

)b� . (10)

The hadronic matrix element of this operator is
parametrised in terms of a decay constant fBs and a bag
parameter B:

hQi ⌘ hB0

s |Q|B̄0

s i =
8

3
M2

Bs
f2

Bs
B(µ) , (11)

We also indicated the renormalisation scale dependence
of the bag parameter; in our analysis we take µ =
m̄b(m̄b).
Sometimes a di↵erent notation for the QCD corrections
and the bag parameter is used in the literature (e.g. by
FLAG: [70]), (⌘B , B̂) instead of (⌘̂B , B) with

⌘̂BB ⌘ ⌘BB̂ = ⌘B↵s(µ)
� 6

23


1 +

↵s(µ)

4⇡

5165

3174

�
B , (12)

B̂ = 1.51926B . (13)

The parameter B̂ has the advantage of being renormali-
sation scale and scheme independent.
A commonly used SM prediction of �Ms was given by
[65, 66]

�MSM, 2011
s = (17.3± 2.6) ps�1 , (14)

�MSM, 2015
s = (18.3± 2.7) ps�1 . (15)

Both predictions agreed very well with the experimental
measurement [71]

�MExp

s = (17.757± 0.021) ps�1 . (16)

In 2016 Fermilab/MILC presented a new calculation
[72], which gave considerably larger values for the non-
perturbative parameter, resulting in values around 20
ps�1 for the mass di↵erence [72–76] and being thus larger
than experiment. An independent confirmation of these
large values would of course be desirable; a first step
in that direction has been done by the HQET sum rule
calculation of [77] which is in agreement with Fermi-
lab/MILC for the bag parameters.
Using the most recent numerical inputs listed in Ap-
pendix A we predict the mass di↵erence of the neutral
Bs mesons to be1

�MSM, 2017
s = (20.01± 1.25) ps�1 . (17)

Here the dominant uncertainty still comes from the lat-
tice predictions for the non-perturbative parameters B
and fBs , giving a relative error of 5.8%. The uncertainty
in the CKM elements contributes 2.1% to the error bud-
get. The CKM parameters were determined assuming
unitarity of the 3 ⇥ 3 CKM matrix. The uncertainties
due to mt, mb and ↵s can be safely neglected at the
current stage. A detailed discussion of the input param-
eters and the error budget is given in Appendix A and
Appendix B, respectively. The new central value for the
mass di↵erence in Eq. (17) is 1.8 � above the experimen-
tal one given in Eq. (16). This di↵erence has profound
implications for NP models that predict sizeable posi-
tive contributions to Bs-mixing. The new value for the
SM prediction depends strongly on the non-perturbative
input as well as the values of the CKM elements. We
use the averages that are provided by the lattice commu-
nity (FLAG) and by one of the two leading CKM fitting
groups (CKMfitter) – see Appendix C and Appendix D
for a further discussion of these inputs.

III. Bs-MIXING BEYOND THE SM

To determine the allowed space for NP e↵ects in Bs-
mixing we compare the experimental measurement of the
mass di↵erence with the prediction in the SM plus NP:

�MExp

s = 2
��MSM

12

+MNP

12

�� = �MSM

s

����1 +
MNP

12

MSM

12

���� .

(18)
For this equation we will use in the SM part the CKM
elements, which have been determined assuming the va-
lidity of the SM. In the presence of BSM e↵ects the CKM
elements used in the prediction of MSM

12

could in general
di↵er from the ones we use – see e.g. the case of a fourth
chiral fermion generation [78]. In the following, we will

1 A more conservative determination of the SM value of the mass
di↵erence using only tree-level inputs for the CKM parameters
can be found in Eq. (D10).
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“B-anomalies”
Anomalies in semi-leptonic B-decays

Out of the Higgs Era into the Dark – 21/11/2017Peter Cox – Kavli IPMU 2

𝑏 → 𝑐𝜏𝜈 𝑏 → 𝑠𝜇𝜇

Lepton
Universality

𝑅(𝐷), 𝑅(𝐷∗), 
𝑅(𝐽/𝜓) 𝑅(𝐾), 𝑅(𝐾∗)

Angular
Distributions 𝐵 → 𝐾∗𝜇𝜇 (𝑃5′)

Differential BR 
(𝑑Γ/𝑑𝑞2)

𝐵 → 𝐾(∗)𝜇𝜇
𝐵𝑠 → 𝜙𝜇𝜇
Λ𝑏 → Λ𝜇𝜇

• A seemingly coherent pattern of SM deviations building up since ~ 2012 
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At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or
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11Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
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considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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in a global fit including other observables, which shows a clear preference for non SM

contributions in decays to muons rather than in decays to electrons11. We shall therefore

assume new physics to reside solely in the muonic sector and in c̄

µ
LL in particular. This

restricts the type of heavy particles that can be integrated out to give c̄

µ
LL in the EFT, as

we discuss next.

2.2 Z

0 and LQ models to explain the discrepancy

At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or

vector, and Z

0 vector bosons. We shall assume that in each scenario, the new fields are

unique representations of the Lorentz group and the SM, i.e. we are not considering multiple

identical fields. Feynman diagrams for the relevant interactions are shown in Fig. 1. When

the mass of the LQ or Z 0 is much larger than the mass of the decaying B meson, matching

to the e↵ective field theory in Eq. 2.1 should provide an accurate approximation to order

mB/⇤, where ⇤ is the mass of the LQ or Z 0.

Other explanations for the anomalies arise at the loop level. In this case, in order

to explain the required size of the non-standard contributions to B ! K

(⇤)
µ

+

µ

� decays,

the new particles mediating the interaction must be relatively light and so are more easily

discoverable; we therefore restrict our attention to the more conservative case of heavier

tree-level induced new physics.

The preference of fits for the Oµ
LL operator picks out particular combinations of quan-

tum numbers allowed for the LQs [23, 25, 28] . For the scalar case this is the triplet LQ S

3

,

with quantum numbers (3̄, 3, 1
3

) under SU(3)c⇥SU(2)L⇥U(1)Y , whose Yukawa couplings

to the quark and lepton doublets Q and L are of the form

y

3

QLS

3

+ yqQQS

†
3

+ h.c. . (2.5)

The term proportional to yq induces proton decay and is typically set to zero by imposing

baryon number conservation. For the vector case, the OLL operator may be generated by

integrating out a singlet V
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or a triplet V
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with quantum numbers (3̄, 1, 2
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11Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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in a global fit including other observables, which shows a clear preference for non SM

contributions in decays to muons rather than in decays to electrons11. We shall therefore

assume new physics to reside solely in the muonic sector and in c̄

µ
LL in particular. This

restricts the type of heavy particles that can be integrated out to give c̄

µ
LL in the EFT, as

we discuss next.

2.2 Z

0 and LQ models to explain the discrepancy

At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or

vector, and Z

0 vector bosons. We shall assume that in each scenario, the new fields are

unique representations of the Lorentz group and the SM, i.e. we are not considering multiple

identical fields. Feynman diagrams for the relevant interactions are shown in Fig. 1. When

the mass of the LQ or Z 0 is much larger than the mass of the decaying B meson, matching

to the e↵ective field theory in Eq. 2.1 should provide an accurate approximation to order

mB/⇤, where ⇤ is the mass of the LQ or Z 0.

Other explanations for the anomalies arise at the loop level. In this case, in order

to explain the required size of the non-standard contributions to B ! K

(⇤)
µ

+

µ

� decays,

the new particles mediating the interaction must be relatively light and so are more easily

discoverable; we therefore restrict our attention to the more conservative case of heavier

tree-level induced new physics.

The preference of fits for the Oµ
LL operator picks out particular combinations of quan-

tum numbers allowed for the LQs [23, 25, 28] . For the scalar case this is the triplet LQ S

3

,

with quantum numbers (3̄, 3, 1
3

) under SU(3)c⇥SU(2)L⇥U(1)Y , whose Yukawa couplings

to the quark and lepton doublets Q and L are of the form
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The term proportional to yq induces proton decay and is typically set to zero by imposing

baryon number conservation. For the vector case, the OLL operator may be generated by

integrating out a singlet V
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or a triplet V
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11Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying

One constraint to kill them all?

Luca Di Luzio,1, ⇤ Matthew Kirk,1, † and Alexander Lenz1, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, Durham, United Kingdom

Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION

Z 0 b s µ

b ! sll (1)

�Cµ
9

= ��Cµ
10

= � ⇡p
2GFM2

Z0↵

 
�Q
bs�

L
µµ

VtbV ⇤
ts

!
, (2)

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d̄

i
L�

µdjL + �L
↵�

¯̀↵
L�

µ`�L

⌘
Z 0
µ ,

(3)

Vus Vcb |Vub/Vcb| �
CKM

(4)

CLL
bs =

1

4
p
2GFM2

Z0

 
�Q
bs

VtbV ⇤
ts

!
2

, (5)

✓
fBs

q
B̂Bs

◆
FLAG17

= 274(8) MeV (6)

(fBs)
FLAG16

✓q
B̂Bs

◆
FLAG17

= 265(10) MeV (7)

�t ⌘ V ⇤
tsVtb = �V ⇤

usVub � V ⇤
csVcb (8)

S
0

(xt = m̄2

t (m̄t)/M
2

W ) ⇡ 2.36853 (9)

⇤ luca.di-luzio@durham.ac.uk
† m.j.kirk@durham.ac.uk
‡ alexander.lenz@durham.ac.uk

Q = [s̄�µ(1� �
5

)b] [s̄�µ(1� �
5

)b] . (10)

Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤
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neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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in a global fit including other observables, which shows a clear preference for non SM

contributions in decays to muons rather than in decays to electrons11. We shall therefore

assume new physics to reside solely in the muonic sector and in c̄

µ
LL in particular. This

restricts the type of heavy particles that can be integrated out to give c̄

µ
LL in the EFT, as

we discuss next.

2.2 Z

0 and LQ models to explain the discrepancy

At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or

vector, and Z

0 vector bosons. We shall assume that in each scenario, the new fields are

unique representations of the Lorentz group and the SM, i.e. we are not considering multiple

identical fields. Feynman diagrams for the relevant interactions are shown in Fig. 1. When

the mass of the LQ or Z 0 is much larger than the mass of the decaying B meson, matching

to the e↵ective field theory in Eq. 2.1 should provide an accurate approximation to order

mB/⇤, where ⇤ is the mass of the LQ or Z 0.

Other explanations for the anomalies arise at the loop level. In this case, in order

to explain the required size of the non-standard contributions to B ! K

(⇤)
µ

+

µ

� decays,

the new particles mediating the interaction must be relatively light and so are more easily

discoverable; we therefore restrict our attention to the more conservative case of heavier

tree-level induced new physics.

The preference of fits for the Oµ
LL operator picks out particular combinations of quan-

tum numbers allowed for the LQs [23, 25, 28] . For the scalar case this is the triplet LQ S

3

,

with quantum numbers (3̄, 3, 1
3

) under SU(3)c⇥SU(2)L⇥U(1)Y , whose Yukawa couplings

to the quark and lepton doublets Q and L are of the form

y

3

QLS

3

+ yqQQS

†
3

+ h.c. . (2.5)
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11Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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Figure 1. Feynman diagrams of the two tree-level possibilities for mediating an e↵ective operator
that explains discrepancies in B ! K

(⇤)
µ

+
µ

� decays as compared to SM predictions. The diagram
on the left hand side shows mediation by a scalar, whereas the right-hand side shows mediation by
a flavour dependent Z 0.

in a global fit including other observables, which shows a clear preference for non SM

contributions in decays to muons rather than in decays to electrons11. We shall therefore

assume new physics to reside solely in the muonic sector and in c̄

µ
LL in particular. This

restricts the type of heavy particles that can be integrated out to give c̄

µ
LL in the EFT, as

we discuss next.

2.2 Z

0 and LQ models to explain the discrepancy

At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or

vector, and Z

0 vector bosons. We shall assume that in each scenario, the new fields are

unique representations of the Lorentz group and the SM, i.e. we are not considering multiple

identical fields. Feynman diagrams for the relevant interactions are shown in Fig. 1. When

the mass of the LQ or Z 0 is much larger than the mass of the decaying B meson, matching

to the e↵ective field theory in Eq. 2.1 should provide an accurate approximation to order

mB/⇤, where ⇤ is the mass of the LQ or Z 0.

Other explanations for the anomalies arise at the loop level. In this case, in order

to explain the required size of the non-standard contributions to B ! K

(⇤)
µ

+

µ

� decays,

the new particles mediating the interaction must be relatively light and so are more easily

discoverable; we therefore restrict our attention to the more conservative case of heavier

tree-level induced new physics.

The preference of fits for the Oµ
LL operator picks out particular combinations of quan-

tum numbers allowed for the LQs [23, 25, 28] . For the scalar case this is the triplet LQ S

3

,

with quantum numbers (3̄, 3, 1
3

) under SU(3)c⇥SU(2)L⇥U(1)Y , whose Yukawa couplings

to the quark and lepton doublets Q and L are of the form

y

3

QLS

3

+ yqQQS

†
3

+ h.c. . (2.5)

The term proportional to yq induces proton decay and is typically set to zero by imposing

baryon number conservation. For the vector case, the OLL operator may be generated by

integrating out a singlet V

1

or a triplet V

3

with quantum numbers (3̄, 1, 2
3

) and (3, 3, 2
3

),

respectively. The possible couplings are
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11Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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more data is needed to conclusively establish this [54].
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• Simplified Z’ model with purely LH couplings  

Neutral currents - Z’
[For an anomaly-free UV completion see e.g. 
Alonso, Cox, Han, Yanagida 1705.03858]
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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• RK and RK* observables alone are now sufficient to draw various 
conclusions (without doing fits!)
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Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Bothe the ratio refers to q2 in [1.1, 6]GeV2. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM

bLµL
+ CBSM

bLµR
)/2 = ±1).

BSM corrections. To this end, we define RK⇤ in a given range of q2, in analogy with eq. (8):
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where the di↵erential decay width d�(B ! K⇤µ+µ�)/dq2 actually describes the four-body
process B ! K⇤(! K⇡)µ+µ�, and takes the compact form
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The angular coe�cients Ia=s,c
i=1,2 in eq. (17) can be written in terms of the so-called transversity

amplitudes describing the decay B ! K⇤V ⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [26] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K⇤µ+µ�)/dq2 as a function of the dilepton invariant
mass q2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero CBSM

bLµL
(CBSM

bRµL
) taken at the

benchmark value of 1.
We now focus on the low invariant-mass range q2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by

7

[1704.05438 ]

• Deviation from the Standard Model, using only the most cleaner observable gives ⇠ 4�

• New Physics in electrons is possible, but cannot explain angular observables and low 
branching ratios….

• New Physics in muons wants destructive interference with the SM

where p ⇡ 0.86 is the polarization fraction [22, 27, 28]. In the chiral-linear limit the expression
for RK⇤ simplifies to

RK⇤ ' RK � 4p
Re CBSM

bR(µ�e)L

CSM

bLµL

, (15)

where 4p/CSM

bLµL
⇡ 0.40. The formula above clearly shows that, in this approximation, a devia-

tion of RK⇤ from RK signals that bR is involved at the e↵ective operator level with the dominant
e↵ect still due to left-handed leptons. As already discussed before, eq. (15) is not suitable for a
detailed phenomenological study, and we implement in our numerical code the full expression
for RK⇤ [29]. In the left panel of figure 1, we present the di↵erent predictions in the (RK , RK⇤)
plane due to turning on the various operators assumed to be generated via new physics in the
muon sector. A reduction of the same order in both RK and RK⇤ is possible in the presence
of the left-handed operator CBSM

bLµL
(red solid line). In order to illustrate the size of the required

correction, the arrows correspond to CBSM

bLµL
= ±1 (see caption for details). Conversely, as previ-

ously mentioned, a deviation of RK⇤ from RK signals the presence of CBSM

bRµL
(green dot-dashed

line). Finally, notice that the reduced value of RK measured in eq. (3) cannot be explained by
CBSM

bRµR
and CBSM

bLµR
. The information summarized in this plot is of particular significance since

it shows at a glance, and before an actual fit to the data, the new physics patterns implied by
the combined measurement of RK and RK⇤ .

Before proceeding, another important comment is in order. In the left panel of figure 1,
we also show in magenta the direction described by non-zero values of the coe�cient CBSM

9,µ =
(CBSM

bLµL
+CBSM

bLµR
)/2. The latter refers to the e↵ective operator Oµ

9

= (s̄�µPLb)(µ̄�µµ), and implies
a vector coupling for the muon. The plot suggests that negative values CBSM

9,µ ⇡ �1 may also
provide a good fit of the observed data. However, it is also interesting to notice that in the
non-clean observables, the hadronic e↵ects might mimic a short distance BSM contribution in
CBSM

9,µ . From the plot in our figure 1, it is clear that with more data a combined analysis of RK

and RK⇤ might start to discriminate between CBSM

9,µ and CBSM

bLµL
using only clean observables.

However, with the present data, there is only a mild preference for CBSM

bLµL
, according to the

1-parameter fits of section 3.1 using only clean observables.
It is also instructive to summarise in the right panel of figure 1 the case in which new physics

directly a↵ects the electron sector. The result is a mirror-like image of the muon case since
the coe�cients CbXeY enter, both at the linear and quadratic level, with an opposite sign when
compared to their analogue CbXµY . In the chiral-linear limit the only operator that can bring
the values of RK and RK⇤ close to the experimental data is CbLeL > 0. As before, a deviation
from RK in RK⇤ can be produced by a non-zero value of CBSM

bReL
. Notice that, beyond the chiral-

linear limit, also CBSM

bL,ReR
points towards the observed experimental data but they require larger

numerical values.

A closer look to RK⇤ reveals additional observable consequences related to the presence of
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where 4p/CSM

bLµL
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9
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for RK is

RK =
|CbL+RµL�R |2 + |CbL+RµL+R |2
|CbL+ReL�R |2 + |CbL+ReL+R |2 . (12)

This is a clean observable, meaning that it is not a↵ected by large theoretical uncertainties,
and its SM prediction is RK = 1. QED corrections give a small departure from unity which,
however, does not exceed few percents [26]. However, it has to be noted that new physics which
a↵ects di↵erently µ and e can induce theoretical errors, bringing back the issue of hadronic
uncertainties.

In the chiral-linear approximation, RK becomes

RK ' 1 + 2
Re CBSM

bL+R(µ�e)L

CSM

bLµL

, (13)

indicating that the dominant e↵ect stems from couplings to left-handed leptons. Any chirality
of quarks works, as long as it is not orthogonal to L + R, namely unless quarks are axial.

It is important to notice that the approximation in eq. (13), although capturing the relevant
physics, is not adequate for a careful phenomenological analysis. The same remark remains valid
for the simplified expression proposed in [22], expanded up to quadratic terms in new physics
coe�cients. The reason is that the expansion is controlled by the parameter CBSM

bX lY
/CSM

bX lY
, a

number that is not always smaller than 1. This is particularly true in the presence of new
physics in the electron sector in which — as we shall discuss in detail — large values of the
Wilson coe�cients are needed to explain the observed anomalies. For this reason, all the results
presented in this paper make use of the full expressions for both RK [24] and, as we shall discuss
next, RK⇤ .

2.2 Anatomy of RK⇤

Given that the K⇤ has spin 1 and mass MK⇤ = 892 MeV, the theoretical prediction for the RK⇤

ratio given in eq. (1) is

RK⇤ =
(1 � p)(|CbL+RµL�R |2 + |CbL+RµL+R |2) + p

�|CbL�RµL�R |2 + |CbL�RµL+R |2�

(1 � p)(|CbL+ReL�R |2 + |CbL+ReL+R |2) + p
�|CbL�ReL�R |2 + |CbL�ReL+R |2� (14)

where G
F

is the Fermi constant, �(a, b, c) ⌘ a2 + b2 + c2 � 2(ab+ bc+ ac), MB ⇡ 5.279 GeV, MK ⇡ 0.494 GeV,
|VtbV ⇤

ts| ⇡ 40.58 ⇥ 10�3. Introducing the QCD form factors f
+,T (q2) we have

FA(q
2) = (C

10

+ C 0
10

) f
+

(q2) , (10)

FV (q
2) = (C

9

+ C 0
9

)f
+

(q2) +
2mb

MB + MK
(C

7

+ C 0
7

) fT (q
2)

| {z }
SMelectromagnetic dipole contribution

+ hK(q2)| {z }
non�factorizable term

. (11)

Notice that for simplicity we wrote the Wilson coe�cient C
9

omitting higher-order ↵s-corrections [25]. Neglect-
ing SM electromagnetic dipole contributions (encoded in the coe�cients C(0)

7

), and non-factorizable corrections,

eq. (12) follows from Eqs (8,9) by rotating the coe�cients C(0)
9,10 on to the chiral basis.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
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• Simplified Z’ model with purely LH couplings  

Neutral currents - Z’
[For an anomaly-free UV completion see e.g. 
Alonso, Cox, Han, Yanagida 1705.03858]
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Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.

(assuming real couplings)
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• Simplified Z’ model with purely LH couplings (assuming                )
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Figure 1: The parameter space in the (gµµ, gbb) plane compatible with RK(⇤) anomalies and
flavour constraints (white). The Z0 mass varies over the plane, with a unique Z0 mass for
each point in the plane as determined by Eq. 3.3. We show the recent Bs mixing constraints
(light blue), and the trident bounds (orange); for reference we also display the previous weaker
Bs mixing bounds (dark blue). The green, red, purple and black lines correspond to MZ0 =

10, 100, 1000, 10000 GeV respectively.

onto our model, the excluded parameter space is marked as the pink regions in Fig. 1 and
in the upper-left panel of Fig. 2. All in all, the Z ! 4µ constraint is non-trivial but for any
Z 0 mass it always leaves some available parameter space to explain the B-meson anomalies.

For a heavier Z 0, the strongest constraints comes from LHC dimuon resonance searches,
pp ! Z 0 ! µ+µ�, see also [35]. In our model the Z 0 is dominantly produced at the LHC
through its couplings to bottom quarks, b¯b ! Z 0. The cross section �(pp ! Z 0

) from b¯b

collisions is taken from Fig. 3 of Ref. [56]. The contribution of bottom-strange collisions,
which is subleading in our model, is estimated using Madgraph [57]. The Z 0 boson can
subsequently decay into muons, muon neutrinos, bottom or strange quarks, and also into
top quarks and dark matter when kinematically allowed. The partial decay widths are
given by
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One constraint to kill them all?

Luca Di Luzio,1, ⇤ Matthew Kirk,1, † and Alexander Lenz1, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, Durham, United Kingdom

Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
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Figure 1 – Projected 95% CL limits on di-muon final states at future colliders described in the legends. The
conservative extrapolation method underestimates the actual limit at low masses, as indicated by the shaded
region.

Figure 2 – Parameter space that explains the anomaly (shaded green on the left, whole region on the right) with
HL-LHC coverage shown in blue and excluded by Bs � B̄s mixing in red. The narrow width assumption breaks
down in the grey region.

models are näıve in that they include only the couplings necessary to explain the anomalies and
are pessimistic in the sense that more realistic models will generally (and sometimes necessarily)
induce further couplings to other generations of quarks and leptons that would increase their
discoverability potential; demonstrating sensitivity to the pessimistic case therefore implies sen-
sitivity to more realistic, model-dependent cases as a corollary. This forms an alternative way of
establishing a more conditional “no-lose” theorem (although unlike the unitarity violation limit
our bound may still be evaded by even more contrived models).

2 Future Collider Sensitivity to Z 0 and Leptoquarks

We use an approximate method 4 to extrapolate the 95 % CL limits from current searches for Z 0

and leptoquarks at the LHC to higher luminosities and energies. It assumes that the limit at a
particular mass is mainly driven by the number of background events in a narrow width window,
so that the same limit will also apply at higher energy and luminosity at the equivalent mass
with the same number of background events. There are clearly limitations to this assumption,
but this conservative approach is su�cient for an initial order of magnitude estimate.

We begin with the Z 0 case. Fig. 1 shows the 95% CL limit on the cross-section times
branching ratio (in pb) for the di-muon final state. On the left plot the ATLAS limit for 13
TeV with 3.2 fb�1 is denoted by a solid black line, and the limits extrapolated to HL-LHC and
HE-LHC are represented by dashed black and cyan lines, respectively. On the right are the
corresponding extrapolated limits for FCC-hh in red. The solid (dashed) cyan and red lines are
for 1 (10) ab�1 of integrated luminosity.

We may now apply these projected limits to our “näıve” Z 0 model defined by coupling only

• Pessimistic scenario: only bs and mumu couplings fixed by anomaly 

- Projected sensitivities of di-muons resonance searches 
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
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Z’ at future colliders

[Allanach, Gripaios, You, 1710.06363]- Projected sensitivities of di-muons resonance searches 

Figure 3 – As in Fig. 2 but for 100 TeV FCC-hh (and 27 TeV HE-LHC in dotted blue on the right).

to sb and µµ. As an example, the left plot of Fig. 2 shows dashed blue contours of the cross-
section (in units of fb) for pp ! Z 0 ! µ+µ� with MZ0 = 1.5 TeV at the HL-LHC in the plane
of the Z 0 coupling strength, gsb vs gµµ. The parameter space compatible with explaining the
B anomalies lies along the green band. The 95% CL reach is shaded in blue. We also see that
increasing gsb beyond a certain point gives too large a contribution to Bs � B̄s mixing, shaded
in red. The grey region is where the Z 0 width is larger than 10% of its mass and the narrow
width approximation breaks down.

The right plot in Fig. 2 summarises the coverage at the HL-LHC as a function of mass on
the horizontal axis, with the vertical axis going along the anomaly-compatible green region for
each mass. The colour-coding of the shaded regions are the same as described above, and we
see that there is virtually no sensitivity to the large region of available parameter space. The
HL-LHC is therefore not guaranteed to find a Z 0 if it is indeed the source of the anomalies.

However, Fig. 3 shows the corresponding plots for a 100 TeV FCC-hh, with an example
MZ0 = 15 TeV plot on the left and the coverage summary plot on the right. The 27 TeV
HE-LHC is also shown in dotted lines for comparison. While the näıve model may still evade
searches at HE-LHC, there is complete coverage for narrow width Z 0’s at FCC-hh (we note that
the low mass regions are underestimated by the extrapolation method).

We now turn to the case of leptoquarks. The 95% CL limit for the µµjj final state by
CMS at 8 TeV is shown in solid black in the left plot of Fig. 4. The extrapolation to HL-LHC,
HE-LHC, and FCC-hh are as described above with the same colour coding. In this case the pair
production of scalar leptoquarks is model-independent as it depends only on their coupling to
gluons b—the cross-section is therefore plotted directly on top of the limit curves, with masses
excluded below their intersection. We see that the sensitivity to “näıve” scalar leptoquarks
reaches masses around 2.5, 4.5, and 12 TeV for HL-LHC, HE-LHC, and FCC-hh, respectively.
However, the lower plot of Fig. 4 shows that anomaly-compatible leptoquarks may have masses
up to 40 TeV before being excluded by Bs � B̄s mixing.

3 Conclusion

In lieu of a general no-lose theorem, we may make the following conditional statement:
If the neutral current B anomalies are due to a narrow width Z 0 there is a good but not

complete sensitivity at the HE-LHC, whereas it is guaranteed to be discovered by the FCC-hh;
and if leptoquarks are responsible, then a discovery is only guaranteed for masses below 4.5 and
12 TeV at HE-LHC and FCC-hh respectively.

The caveat is that “guarantee” is only meant in the sense that it is extremely unlikely
(though not impossible) that nature will conspire to hide further the already contrived models

bThe vector leptoquark case is more model-dependent but limits are typically stronger for O(1) couplings.
There are also model-dependent single leptoquark production limits 1.

Figure 1 – Projected 95% CL limits on di-muon final states at future colliders described in the legends. The
conservative extrapolation method underestimates the actual limit at low masses, as indicated by the shaded
region.

Figure 2 – Parameter space that explains the anomaly (shaded green on the left, whole region on the right) with
HL-LHC coverage shown in blue and excluded by Bs � B̄s mixing in red. The narrow width assumption breaks
down in the grey region.

models are näıve in that they include only the couplings necessary to explain the anomalies and
are pessimistic in the sense that more realistic models will generally (and sometimes necessarily)
induce further couplings to other generations of quarks and leptons that would increase their
discoverability potential; demonstrating sensitivity to the pessimistic case therefore implies sen-
sitivity to more realistic, model-dependent cases as a corollary. This forms an alternative way of
establishing a more conditional “no-lose” theorem (although unlike the unitarity violation limit
our bound may still be evaded by even more contrived models).

2 Future Collider Sensitivity to Z 0 and Leptoquarks

We use an approximate method 4 to extrapolate the 95 % CL limits from current searches for Z 0

and leptoquarks at the LHC to higher luminosities and energies. It assumes that the limit at a
particular mass is mainly driven by the number of background events in a narrow width window,
so that the same limit will also apply at higher energy and luminosity at the equivalent mass
with the same number of background events. There are clearly limitations to this assumption,
but this conservative approach is su�cient for an initial order of magnitude estimate.

We begin with the Z 0 case. Fig. 1 shows the 95% CL limit on the cross-section times
branching ratio (in pb) for the di-muon final state. On the left plot the ATLAS limit for 13
TeV with 3.2 fb�1 is denoted by a solid black line, and the limits extrapolated to HL-LHC and
HE-LHC are represented by dashed black and cyan lines, respectively. On the right are the
corresponding extrapolated limits for FCC-hh in red. The solid (dashed) cyan and red lines are
for 1 (10) ab�1 of integrated luminosity.

We may now apply these projected limits to our “näıve” Z 0 model defined by coupling only
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
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Figure 3 – As in Fig. 2 but for 100 TeV FCC-hh (and 27 TeV HE-LHC in dotted blue on the right).

to sb and µµ. As an example, the left plot of Fig. 2 shows dashed blue contours of the cross-
section (in units of fb) for pp ! Z 0 ! µ+µ� with MZ0 = 1.5 TeV at the HL-LHC in the plane
of the Z 0 coupling strength, gsb vs gµµ. The parameter space compatible with explaining the
B anomalies lies along the green band. The 95% CL reach is shaded in blue. We also see that
increasing gsb beyond a certain point gives too large a contribution to Bs � B̄s mixing, shaded
in red. The grey region is where the Z 0 width is larger than 10% of its mass and the narrow
width approximation breaks down.

The right plot in Fig. 2 summarises the coverage at the HL-LHC as a function of mass on
the horizontal axis, with the vertical axis going along the anomaly-compatible green region for
each mass. The colour-coding of the shaded regions are the same as described above, and we
see that there is virtually no sensitivity to the large region of available parameter space. The
HL-LHC is therefore not guaranteed to find a Z 0 if it is indeed the source of the anomalies.

However, Fig. 3 shows the corresponding plots for a 100 TeV FCC-hh, with an example
MZ0 = 15 TeV plot on the left and the coverage summary plot on the right. The 27 TeV
HE-LHC is also shown in dotted lines for comparison. While the näıve model may still evade
searches at HE-LHC, there is complete coverage for narrow width Z 0’s at FCC-hh (we note that
the low mass regions are underestimated by the extrapolation method).

We now turn to the case of leptoquarks. The 95% CL limit for the µµjj final state by
CMS at 8 TeV is shown in solid black in the left plot of Fig. 4. The extrapolation to HL-LHC,
HE-LHC, and FCC-hh are as described above with the same colour coding. In this case the pair
production of scalar leptoquarks is model-independent as it depends only on their coupling to
gluons b—the cross-section is therefore plotted directly on top of the limit curves, with masses
excluded below their intersection. We see that the sensitivity to “näıve” scalar leptoquarks
reaches masses around 2.5, 4.5, and 12 TeV for HL-LHC, HE-LHC, and FCC-hh, respectively.
However, the lower plot of Fig. 4 shows that anomaly-compatible leptoquarks may have masses
up to 40 TeV before being excluded by Bs � B̄s mixing.

3 Conclusion

In lieu of a general no-lose theorem, we may make the following conditional statement:
If the neutral current B anomalies are due to a narrow width Z 0 there is a good but not

complete sensitivity at the HE-LHC, whereas it is guaranteed to be discovered by the FCC-hh;
and if leptoquarks are responsible, then a discovery is only guaranteed for masses below 4.5 and
12 TeV at HE-LHC and FCC-hh respectively.

The caveat is that “guarantee” is only meant in the sense that it is extremely unlikely
(though not impossible) that nature will conspire to hide further the already contrived models

bThe vector leptoquark case is more model-dependent but limits are typically stronger for O(1) couplings.
There are also model-dependent single leptoquark production limits 1.

Figure 1 – Projected 95% CL limits on di-muon final states at future colliders described in the legends. The
conservative extrapolation method underestimates the actual limit at low masses, as indicated by the shaded
region.

Figure 2 – Parameter space that explains the anomaly (shaded green on the left, whole region on the right) with
HL-LHC coverage shown in blue and excluded by Bs � B̄s mixing in red. The narrow width assumption breaks
down in the grey region.

models are näıve in that they include only the couplings necessary to explain the anomalies and
are pessimistic in the sense that more realistic models will generally (and sometimes necessarily)
induce further couplings to other generations of quarks and leptons that would increase their
discoverability potential; demonstrating sensitivity to the pessimistic case therefore implies sen-
sitivity to more realistic, model-dependent cases as a corollary. This forms an alternative way of
establishing a more conditional “no-lose” theorem (although unlike the unitarity violation limit
our bound may still be evaded by even more contrived models).

2 Future Collider Sensitivity to Z 0 and Leptoquarks

We use an approximate method 4 to extrapolate the 95 % CL limits from current searches for Z 0

and leptoquarks at the LHC to higher luminosities and energies. It assumes that the limit at a
particular mass is mainly driven by the number of background events in a narrow width window,
so that the same limit will also apply at higher energy and luminosity at the equivalent mass
with the same number of background events. There are clearly limitations to this assumption,
but this conservative approach is su�cient for an initial order of magnitude estimate.

We begin with the Z 0 case. Fig. 1 shows the 95% CL limit on the cross-section times
branching ratio (in pb) for the di-muon final state. On the left plot the ATLAS limit for 13
TeV with 3.2 fb�1 is denoted by a solid black line, and the limits extrapolated to HL-LHC and
HE-LHC are represented by dashed black and cyan lines, respectively. On the right are the
corresponding extrapolated limits for FCC-hh in red. The solid (dashed) cyan and red lines are
for 1 (10) ab�1 of integrated luminosity.

We may now apply these projected limits to our “näıve” Z 0 model defined by coupling only
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• Pessimistic scenario: only bs and mumu couplings fixed by anomaly 
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
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distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.

One constraint to kill them all?

Luca Di Luzio,1, ⇤ Matthew Kirk,1, † and Alexander Lenz1, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, Durham, United Kingdom

Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION

CBSM

bLµL
(1)

gbsL gµµL
M2

Z0
=

1

(31 TeV)2
(2)

Z 0 b s µ
b̄
µ+

µ�

b ! sll (3)

�Cµ
9

= ��Cµ
10

= � ⇡p
2GFM2

Z0↵

 
�Q
bs�

L
µµ

VtbV ⇤
ts

!
, (4)

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d̄

i
L�

µdjL + �L
↵�

¯̀↵
L�

µ`�L

⌘
Z 0
µ ,

(5)

Vus Vcb |Vub/Vcb| �
CKM

(6)

CLL
bs =

1

4
p
2GFM2

Z0

 
�Q
bs

VtbV ⇤
ts

!
2

, (7)

✓
fBs

q
B̂Bs

◆
FLAG17

= 274(8) MeV (8)

⇤ luca.di-luzio@durham.ac.uk
† m.j.kirk@durham.ac.uk
‡ alexander.lenz@durham.ac.uk

(fBs)
FLAG16

✓q
B̂Bs

◆
FLAG17

= 265(10) MeV (9)

�t ⌘ V ⇤
tsVtb = �V ⇤

usVub � V ⇤
csVcb (10)

S
0

(xt = m̄2

t (m̄t)/M
2

W ) ⇡ 2.36853 (11)

Q = [s̄�µ(1� �
5

)b] [s̄�µ(1� �
5

)b] . (12)

Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]

One constraint to kill them all?

Luca Di Luzio,1, ⇤ Matthew Kirk,1, † and Alexander Lenz1, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, Durham, United Kingdom

Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION

RK(⇤) ⇡ 1 + 2Re

 
CBSM

bLµL

CSM

bLµL

!
(1)

�MExp

s

�MSM

s

= |�| (2)

MZ0 = 5 TeV (3)

�L
µµ = 1 (4)

Re �Q
bs (5)

Im �Q
bs (6)

�Q
bb (7)

�L
µµ (8)

�Q
bs = �Q

bbVts (9)

⇤ luca.di-luzio@durham.ac.uk
† m.j.kirk@durham.ac.uk
‡ alexander.lenz@durham.ac.uk

gbs = gbbVts (10)

CBSM

bLµL
(11)

gbsL gµµL
M2

Z0
=

1

(31 TeV)2
(12)

Z 0 b s µ
b̄
s̄
µ+

µ�

> 0

b ! sll (13)

�Cµ
9

= ��Cµ
10

= � ⇡p
2GFM2

Z0↵

 
�Q
bs�

L
µµ

VtbV ⇤
ts

!
, (14)

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d̄

i
L�

µdjL + �L
↵�

¯̀↵
L�

µ`�L

⌘
Z 0
µ ,

(15)

Vus Vcb |Vub/Vcb| �
CKM

(16)

CLL
bs =

1

4
p
2GFM2

Z0

 
�Q
bs

VtbV ⇤
ts

!
2

, (17)

✓
fBs

q
B̂Bs

◆
FLAG17

= 274(8) MeV (18)

Not strong dependence from Im part
(as long as we are in the linear regime)  

�0.08 �0.06 �0.04 �0.02 0.00

Re �Q
23

�0.100

�0.075

�0.050

�0.025

0.000

0.025

0.050

0.075

0.100

Im
�

Q 23

flavio v0.27

Flavour fit with MZ0 = 5 TeV

b ! sll
�Ms

Amix
CP

One constraint to kill them all?

Luca Di Luzio,1, ⇤ Matthew Kirk,1, † and Alexander Lenz1, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, Durham, United Kingdom

Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION

MZ0 = 5 TeV (1)

�L
µµ = 1 (2)

Re �Q
bs (3)

Im �Q
bs (4)

�Q
bb (5)

�L
µµ (6)

�Q
bs = �Q

bbVts (7)

gbs = gbbVts (8)

CBSM

bLµL
(9)

gbsL gµµL
M2

Z0
=

1

(31 TeV)2
(10)

⇤ luca.di-luzio@durham.ac.uk
† m.j.kirk@durham.ac.uk
‡ alexander.lenz@durham.ac.uk

Z 0 b s µ
b̄
s̄
µ+

µ�

> 0

b ! sll (11)

�Cµ
9

= ��Cµ
10

= � ⇡p
2GFM2

Z0↵

 
�Q
bs�

L
µµ

VtbV ⇤
ts

!
, (12)

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d̄

i
L�

µdjL + �L
↵�

¯̀↵
L�

µ`�L

⌘
Z 0
µ ,

(13)

Vus Vcb |Vub/Vcb| �
CKM

(14)

CLL
bs =

1

4
p
2GFM2

Z0

 
�Q
bs

VtbV ⇤
ts

!
2

, (15)

✓
fBs

q
B̂Bs

◆
FLAG17

= 274(8) MeV (16)

(fBs)
FLAG16

✓q
B̂Bs

◆
FLAG17

= 265(10) MeV (17)

�t ⌘ V ⇤
tsVtb = �V ⇤

usVub � V ⇤
csVcb (18)

S
0

(xt = m̄2

t (m̄t)/M
2

W ) ⇡ 2.36853 (19)

O
n
e
co

n
st
ra

in
t
to

k
il
l
th

e
m

a
ll
?

L
u
ca

D
i
L
u
zi
o,

1
,
⇤
M
at
th
ew

K
ir
k,

1
,
†
an

d
A
le
xa

n
d
er

L
en
z1

,
‡

1

In
st
it
u
te

fo
r
P
a
rt
ic
le

P
h
ys
ic
s
P
h
en

o
m
en

o
lo
gy
,
D
ep
a
rt
m
en

t
o
f
P
h
ys
ic
s,

D
u
rh
a
m

U
n
iv
er
si
ty
,
D
H
1
3
L
E
,
D
u
rh
a
m
,
U
n
it
ed

K
in
gd
o
m

M
an

y
n
ew

p
h
y
si
cs

m
o
d
el
s
th
at

ex
p
la
in

th
e
in
tr
ig
u
in
g
an

om
al
ie
s
in

th
e
b-
q
u
ar
k
fl
av
ou

r
se
ct
or

ar
e

se
ve
re
ly

co
n
st
ra
in
ed

b
y
B

s
-m

ix
in
g,

fo
r
w
h
ic
h
th
e
S
ta
n
d
ar
d
M
o
d
el

p
re
d
ic
ti
on

an
d
ex
p
er
im

en
t
ag

re
ed

w
el
l
u
n
ti
l
re
ce
n
tl
y.

T
h
e
m
os
t
re
ce
n
t
F
L
A
G

av
er
ag

e
of

la
tt
ic
e
re
su
lt
s
fo
r
th
e
n
on

-p
er
tu
rb
at
iv
e
m
at
ri
x

el
em

en
ts

p
oi
n
ts
,
h
ow

ev
er
,
in

th
e
d
ir
ec
ti
on

of
a
sm

al
l
d
is
cr
ep

an
cy

in
th
is

ob
se
rv
ab

le
.
U
si
n
g
u
p
-t
o-

d
at
e
in
p
u
ts

fr
om

st
an

d
ar
d
so
u
rc
es

su
ch

as
P
D
G
,
F
L
A
G

an
d
on

e
of

th
e
tw

o
le
ad

in
g
C
K
M

fi
tt
in
g

gr
ou

p
s
to

d
et
er
m
in
e
�
M

S
M

s
,
w
e
fi
n
d
a
se
ve
re

re
d
u
ct
io
n
of

th
e
al
lo
w
ed

p
ar
am

et
er

sp
ac
e
of

Z
0
an

d
le
p
to
q
u
ar
k
m
o
d
el
s
ex
p
la
in
in
g
th
e
B
-a
n
om

al
ie
s.

R
em

ar
ka
b
ly
,
in

th
e
fo
rm

er
ca
se

th
e
u
p
p
er

b
ou

n
d

on
th
e
Z

0
m
as
s
ap

p
ro
ac
h
es

d
an

ge
ro
u
sl
y
cl
os
e
to

th
e
en

er
gy

sc
al
es

al
re
ad

y
p
ro
b
ed

b
y
th
e
L
H
C
.
W
e

fi
n
al
ly

id
en

ti
fy

so
m
e
m
o
d
el

b
u
il
d
in
g
d
ir
ec
ti
on

s
in

or
d
er

to
al
le
v
ia
te

th
e
te
n
si
on

w
it
h
B

s
-m

ix
in
g.

I.
IN

T
R
O
D
U
C
T
IO

N

M
Z

0
=

5
T
eV

(1
)

�
L µ
µ
=

1
(2
)

R
e
�
Q b
s

(3
)

Im
�
Q b
s

(4
)

�
Q b
b

(5
)

�
L µ
µ

(6
)

�
Q b
s
=

�
Q b
b
V
ts

(7
)

g b
s
=

g b
b
V
ts

(8
)

C
B
S
M

b
L
µ
L

(9
)

g
b
s

L
g
µ
µ

L

M
2 Z
0

=
1

(3
1
T
eV

)2
(1
0)

⇤
lu
ca

.d
i-
lu
zi
o
@
d
u
rh

a
m
.a
c.
u
k

†
m
.j
.k
ir
k
@
d
u
rh

a
m
.a
c.
u
k

‡
a
le
x
a
n
d
er
.l
en

z@
d
u
rh

a
m
.a
c.
u
k

Z
0
b
s
µ

b̄ s̄ µ
+

µ
�

>
0

b
!

sl
l

(1
1)

�C
µ
9

=
�
�C

µ
1
0

=
�

⇡
p
2G

F
M

2 Z
0↵

 
�
Q b
s
�
L µ
µ

V
tb
V

⇤ ts

!
,

(1
2)

L Z
0
=

1 2

M
2 Z
0(
Z

0 µ
)2

+
⇣ �

Q ij
d̄
i L
�
µ
d
j L
+
�
L ↵
�
¯̀↵ L
�
µ
`� L

⌘
Z

0 µ
,

(1
3)

V
u
s

V
c
b

|V
u
b
/V

c
b
|

�
C
K
M

(1
4)

C
L
L

b
s

=
1

4p
2G

F
M

2 Z
0

 
�
Q b
s

V
tb
V

⇤ ts

!
2

,
(1
5)

✓
f B

s

q
B̂

B
s

◆
F
L
A
G
1
7

=
27
4(
8)

M
eV

(1
6)

(f
B

s
)F

L
A
G
1
6

✓
q

B̂
B

s

◆
F
L
A
G
1
7

=
26
5(
10
)
M
eV

(1
7)

�
t
⌘

V
⇤ ts
V
tb
=

�
V

⇤ u
s
V
u
b
�

V
⇤ c
s
V
c
b

(1
8)

S
0

(x
t
=

m̄
2 t
(m̄

t
)/
M

2 W
)
⇡

2.
36
85
3

(1
9)

One constraint to kill them all?
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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FIG. 3. Bounds from Bs-mixing on the parameter space
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3. Combined RK(⇤) and RD(⇤) explanations

Another set of intriguing anomalies in B-physics data is
that related to the LFU violating ratios RD(⇤) ⌘ B(B !
D(⇤)⌧ ⌫̄)/B(B ! D(⇤)`⌫̄) (here, ` = e, µ), which turn out
to be larger than the SM [108–110]. 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 com-
bined explanation of RK(⇤) and RD(⇤) can be obtained,
compatibly with a plethora of other indirect constraints
(as e.g. those pointed out in [111, 112]), have been re-
cently reassessed at the EFT level in Ref. [113]. Regard-
ing Bs-mixing, dimensional analysis (see e.g. Eq. (6) in
[113]) shows that models without some additional dy-
namical suppression (compared to semi-leptonic opera-
tors) are severely constrained already with the old �Ms

value. For instance, solutions based on a vector triplet
V 0 ⇠ (1, 3, 0) [114], where Bs-mixing arises at tree level,
are in serious tension with data unless one invokes e.g. a
percent level cancellation from extra contributions [113].
The updated value of �Ms in Eq. (10) makes the tuning
required to achieve that even worse. On the other hand,
leptoquark solutions (e.g. the vector Uµ

1

⇠ (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 when-
ever calculable [100].

B. Model building directions for �MNP

s < 0

Given the fact that �MSM

s > �M exp

s at about 2�, it is
interesting to speculate about possible ways to obtain a
negative NP contribution to �Ms, thus relaxing the ten-
sion between the SM and the experimental measurement.
Sticking to the simplified models of Section IIIA (Z 0 and
leptoquarks coupled only to LH currents), an obvious so-
lution in order to achieve CLL

bs < 0 is to allow for complex
couplings (cf. Eq. (23) and Eq. (26)). For instance, in
Z 0 models this could happen as a consequence of fermion
mixing if the Z 0 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
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groups to determine �MSM
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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One constraint to kill them all?

Luca Di Luzio,1, ⇤ Matthew Kirk,1, † and Alexander Lenz1, ‡

1Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, Durham, United Kingdom

Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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FIG. 3. Bounds from Bs-mixing on the parameter space
of the scalar leptoquark model of Eq. (24), for real yQL
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3. Combined RK(⇤) and RD(⇤) explanations

Another set of intriguing anomalies in B-physics data is
that related to the LFU violating ratios RD(⇤) ⌘ B(B !
D(⇤)⌧ ⌫̄)/B(B ! D(⇤)`⌫̄) (here, ` = e, µ), which turn out
to be larger than the SM [108–110]. 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 com-
bined explanation of RK(⇤) and RD(⇤) can be obtained,
compatibly with a plethora of other indirect constraints
(as e.g. those pointed out in [111, 112]), have been re-
cently reassessed at the EFT level in Ref. [113]. Regard-
ing Bs-mixing, dimensional analysis (see e.g. Eq. (6) in
[113]) shows that models without some additional dy-
namical suppression (compared to semi-leptonic opera-
tors) are severely constrained already with the old �Ms

value. For instance, solutions based on a vector triplet
V 0 ⇠ (1, 3, 0) [114], where Bs-mixing arises at tree level,
are in serious tension with data unless one invokes e.g. a
percent level cancellation from extra contributions [113].
The updated value of �Ms in Eq. (10) makes the tuning
required to achieve that even worse. On the other hand,
leptoquark solutions (e.g. the vector Uµ

1

⇠ (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 when-
ever calculable [100].

B. Model building directions for �MNP

s < 0

Given the fact that �MSM

s > �M exp

s at about 2�, it is
interesting to speculate about possible ways to obtain a
negative NP contribution to �Ms, thus relaxing the ten-
sion between the SM and the experimental measurement.
Sticking to the simplified models of Section IIIA (Z 0 and
leptoquarks coupled only to LH currents), an obvious so-
lution in order to achieve CLL

bs < 0 is to allow for complex
couplings (cf. Eq. (23) and Eq. (26)). For instance, in
Z 0 models this could happen as a consequence of fermion
mixing if the Z 0 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
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are displayed in Fig. (4).
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bs ) = 0 we recover the 2� bound��CLL
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�� /Rloop
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. 0.014, which basically corresponds to the
case discussed in Section IIIA 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 re-
lax the bound from �Ms, or even accommodate �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
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�� /Rloop

SM

as high as 0.21 are allowed at 2�, relaxing
the bound on the modulus of the Wilson coe�cient by a
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The semi-leptonic CP asymmetries for flavour-specific decays,

as
sl

, do not pose serious constraints since the experimental errors

are still too large [64].
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3. Combined RK(⇤) and RD(⇤) explanations

Another set of intriguing anomalies in B-physics data is
that related to the LFU violating ratios RD(⇤) ⌘ B(B !
D(⇤)⌧ ⌫̄)/B(B ! D(⇤)`⌫̄) (here, ` = e, µ), which turn out
to be larger than the SM [108–110]. 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 com-
bined explanation of RK(⇤) and RD(⇤) can be obtained,
compatibly with a plethora of other indirect constraints
(as e.g. those pointed out in [111, 112]), have been re-
cently reassessed at the EFT level in Ref. [113]. Regard-
ing Bs-mixing, dimensional analysis (see e.g. Eq. (6) in
[113]) shows that models without some additional dy-
namical suppression (compared to semi-leptonic opera-
tors) are severely constrained already with the old �Ms

value. For instance, solutions based on a vector triplet
V 0 ⇠ (1, 3, 0) [114], where Bs-mixing arises at tree level,
are in serious tension with data unless one invokes e.g. a
percent level cancellation from extra contributions [113].
The updated value of �Ms in Eq. (10) makes the tuning
required to achieve that even worse. On the other hand,
leptoquark solutions (e.g. the vector Uµ

1

⇠ (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 when-
ever calculable [100].

B. Model building directions for �MNP
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Given the fact that �MSM

s > �M exp

s at about 2�, it is
interesting to speculate about possible ways to obtain a
negative NP contribution to �Ms, thus relaxing the ten-
sion between the SM and the experimental measurement.
Sticking to the simplified models of Section IIIA (Z 0 and
leptoquarks coupled only to LH currents), an obvious so-
lution in order to achieve CLL

bs < 0 is to allow for complex
couplings (cf. Eq. (23) and Eq. (26)). For instance, in
Z 0 models this could happen as a consequence of fermion
mixing if the Z 0 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
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
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[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
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pers investigating Z 0 models). Any new bs̄-coupling im-
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FIG. 4. Combined constraints on the complex Wilson coef-
ficient 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 .

combined 2� constraints on the Wilson coe�cient CLL
bs

are displayed in Fig. (4).

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

bs

�� /Rloop

SM

. 0.014, which basically corresponds to the
case discussed in Section IIIA 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 re-
lax the bound from �Ms, or even accommodate �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
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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 �Cµ

9

= ��Cµ
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which would presum-
ably spoil the fit of RK(⇤) , since the interference with the
SM contribution would be strongly suppressed. Never-
theless, 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. Non-
zero weak phases can potentially reveal themselves also
via their contribution to triple product CP asymmetries
in B ! K(⇤)µ+µ� angular distributions [82]. This is
however beyond the scope of the present paper 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 Sec-
tion IIIA and contemplate generalised chirality struc-
tures. Let us consider for definiteness the case of a Z 0
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The LR vector operator can clearly have any sign, even
for real couplings. Moreover, since it gets strongly en-
hanced by renormalisation-group e↵ects compared to LL
and RR vector operators [121], it can easily dominate
the contribution to �MNP

s . Note, however, that �d
23

con-
tributes to RK(⇤) via RH quark currents whose presence
is disfavoured by global fits, since they break the approxi-
mate relation RK ⇡ RK⇤ that is observed experimentally
(see e.g. [22]). Hence, also in this case, a careful study
would be required in order to assess the simultaneous
explanation of RK(⇤) and �Ms.

IV. CONCLUSIONS

In this paper, we have updated the SM prediction for the
Bs-mixing observable �Ms (Eq. (38)) using the most re-
cent values for the input parameters, in particular new
results from the lattice averaging group FLAG. Our up-
date shifts the central value of the SM theory prediction
upwards and away from experiment by 13%, while reduc-
ing 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 update for NP models aimed at explaining the re-
cent anomalies in semi-leptonic Bs decays. The latter
typically predict a positive shift in the NP contribution
to �Ms, thus making the discrepancy with respect to
the experimental value even worse. As a generic result
we have shown that, whenever the NP contribution to
�Ms is positive, the limit on the mass of the NP media-
tors that must be invoked to explain any of the anomalies
is strengthened by a factor of five (for a given size of cou-
plings) compared to using the 2015 SM calculation for
�Ms.
In particular, we considered two representative examples
of NP models featuring purely LH current and real cou-
plings – that of a Z 0 with the minimal couplings needed
to explain RK(⇤) anomalies, and a scalar (SU(2)L triplet)
leptoquark model. For the Z 0 case we get an upper
bound on the Z 0 mass of 2 TeV (for unit Z 0 coupling
to muons, cf. Fig. 2), an energy scale that is already
probed by direct searches at LHC. On the other hand,
the bounds on leptoquark models from Bs-mixing are
generically milder, being the latter loop suppressed. For
instance, taking only the contribution of the couplings
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fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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LR operator can have any sign 
and gets RG enhanced 

However RH quark currents worsen 
the fit of neutral current anomalies

2) RH currents contamination
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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How to fit the ΔMs “discrepancy”



Conclusions 

Looking forward for Lattice / HQET-SR updates !

1.  ΔMs is a powerful test of the SM

2.  If new physics in b → s l l natural to expect a deviation in ΔMs 
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needed to fit RK(⇤) for the evaluation of �Ms we find
that the upper bound on the scalar leptoquark mass is
brought down to about 20 TeV (cf. Fig. 3). This limit
gets however strengthened in flavour models predicting
a hierarchical structure of the leptoquark couplings to
SM fermions and can easily approach the region probed
by the LHC. Trying in addition to solve the deviations in
RD(⇤) implies very severe bounds from Bs-mixing as well,
since the overall scale of NP must be lowered compared
to the case of only neutral current anomalies.
Given the current status of a higher theory value for�Ms

compared to experiment, we also have looked at possible
ways in which NP can provide a negative contribution
that lessens the tension. A non-zero phase in the NP
couplings is one such way, and we have shown how ex-
tra constraints from the CP violating observable Amix

CP

in Bs ! J/ � decays cuts out parameter space where
otherwise a significant NP contribution could be present.
However, a large phase can potentially worsen the fit for
RK(⇤) – here a global combined fit of �Ms, Amix

CP

and
RK(⇤) seems to be an important next step. Another pos-
sibility is to consider NP models with a generalised chi-
rality structure. In particular, �B = 2 LR vector opera-
tors, which are renormalisation-group enhanced, can ac-
commodate any sign for �MNP

s , even for real couplings.
Large contributions from RH currents are however dis-
favoured by the RK(⇤) fit, hence also here a more careful
analysis is needed.
Finally, a confirmation of our results, by further lattice
groups confirming the large FNAL/MILC results for the
four quark matrix elements, as well as a definite solution
of the Vcb puzzle, would give further confidence in the
extraordinary strength of the bounds presented in this
paper.
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Appendix A: Numerical input for theory predictions

We use the following input for our numerical evaluations.
The values in Table I are taken from the PDG [122],
from non-relativistic sum rules (NRSR) [123, 124], from
the CKMfitter group (web-update of [120] – similar val-
ues can be taken from the UTfit group [125]) and the
non-perturbative parameters from FLAG (web-update of
[70]). For ↵s we use RunDec [126] with 5-loop accuracy
[127–131], running from MZ down to the bottom mass
scale. At the low scale we use 2-loop accuracy to deter-
mine ⇤(5).

Parameter Value Reference

MW 80.385(15) GeV PDG 2017

GF 1.1663787(6)10�5 GeV�2 PDG 2017

~ 6.582119514(40)10�25 GeV s PDG 2017

MBs 5.36689(19) GeV PDG 2017

mt 173.1(0.6) GeV PDG 2017

m̄t(m̄t) 165.65(57) GeV own evaluation

m̄b(m̄b) 4.203(25) GeV NRSR

↵s(MZ) 0.1181(11) PDG 2017

↵s(mb) 0.2246(21) own evaluation

⇤(5) 0.2259(68)GeV own evaluation

Vus 0.22508+0.00030
�0.00028 CKMfitter

Vcb 0.04181+0.00028
�0.00060 CKMfitter

|Vub/Vcb| 0.0889(14) CKMfitter

�
CKM

1.141+0.017
�0.020 CKMfitter

fBs

p
B̂ 274(8)MeV FLAG

TABLE I. List of input parameters needed for an update of
the theory prediction of di↵erent mixing observables.

Appendix B: Error budget of the theory predictions

In this appendix we compare the error budget of our new
SM prediction for �MSM

s with the ones given in 2015 by
[65], in 2011 by [66] and 2006 by [119]. The numbers are
given in Table II.

We observe a considerable improvement in accuracy and
a sizeable shift compared to the 2015 prediction, mostly
stemming from the new lattice results for fBs

p
B, which

still is responsible for the largest error contribution of
about 6%. The next important uncertainty is the accu-
racy of the CKM element Vcb, which contributes about
2% to the error budget. If one gives up the assumption
of the unitarity of the 3⇥3 CKM matrix, the uncertainty
can go up. The uncertainties due to the remaining pa-
rameters play a less important role. All in all we are left
with an overall uncertainty of about 6%, which has to be
compared to the experimental uncertainty of about 1 per
mille.

Appendix C: Non-perturbative inputs

As a word of caution we present here a wider range of
non-perturbative determinations of the matrix elements
of the four-quark operators including also the correspond-
ing predictions for the mass di↵erences, see Table III:

HPQCD presented in 2014 preliminary results for Nf =
2 + 1 in [132] and for our numerical estimate in Ta-
ble (III) we had to read o↵ the numbers from Fig. 3 in
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�MSM

s This work ABL 2015 [65] LN 2011 [66] LN 2006 [119]

Central Value 20.01 ps�1 18.3 ps�1 17.3 ps�1 19.3 ps�1

�(fBs

p
B) 5.8% 13.9% 13.5% 34.1%

�(Vcb) 2.1% 4.9% 3.4% 4.9%

�(mt) 0.7% 0.7% 1.1% 1.8%

�(↵s) 0.1% 0.1% 0.4% 2.0%

�(�
CKM

) 0.1% 0.1% 0.3% 1.0%

�(|Vub/Vcb|) < 0.1% 0.1% 0.2% 0.5%

�(mb) < 0.1% < 0.1% 0.1% ���
P

� 6.2% 14.8% 14.0% 34.6%

TABLE II. List of the individual contributions to the theoretical error of the mass di↵erence�Ms within the SM and comparison
with the values obtained in [65], [66] and [119]. In the last row, the errors are summed in quadrature.

Source fBs

p
B̂ �MSM

s

HPQCD14 [132] (247± 12) MeV (16.2± 1.7) ps�1

ETMC13 [133] (262± 10) MeV (18.3± 1.5) ps�1

HPQCD09 [134] = FLAG13 [135] (266± 18) MeV (18.9± 2.6) ps�1

FLAG17 [70] (274± 8) MeV (20.01± 1.25)ps�1

Fermilab16 [72] (274.6± 8.8) MeV (20.1± 1.5) ps�1

HQET-SR [77, 136] (278+28

�24

) MeV (20.6+4.4
�3.4) ps

�1

HPQCD06 [137] (281± 20) MeV (21.0± 3.0) ps�1

RBC/UKQCD14 [138] (290± 20) MeV (22.4± 3.4) ps�1

Fermilab11 [139] (291± 18) MeV (22.6± 2.8) ps�1

TABLE III. List of predictions for the non-perturbative parameter fBs

p
B̂ and the corresponding SM prediction for �Ms.

The current FLAG average is dominated by the FERMILAB/MILC value from 2016.

their proceedings [132]. When finalised, this new calcula-
tion will supersede the 2006 [137] and 2009 [134] values.
The ETMC Nf = 2 number stems from 2013 [133], it is
obtained with only two active flavours in the lattice sim-
ulation. The Fermilab/MILC Nf = 2 + 1 number stems
from 2016 [72] and it supersedes the 2011 value [139].
This precise value is currently dominating the FLAG av-
erage. The numerical e↵ect of these new inputs on mixing
observables was e.g. studied in [74]. The previous FLAG
average from 2013 [135] was considerably lower. There
is also a large Nf = 2+ 1 value from RBC-UKQCD pre-
sented at LATTICE 2015 (update of [138]). However,
this number is obtained in the static limit and currently
missing 1/mb corrections are expected to be very size-
able.8 The HQET sum rules estimate for the Bag param-
eter [77] can also be combined with the decay constant
from lattice.
Here clearly a convergence of these determinations,
in particular an independent confirmation of the Fer-

8 Private communication with Tomomi Ishikawa.

milab/MILC result which is currently dominating the
FLAG average, would be very desirable.

Appendix D: CKM-dependence

The second most important input parameter for the pre-
diction of �Ms is the CKM parameter Vcb. There is a
longstanding discrepancy between the inclusive determi-
nation and values obtained from studying exclusive B
decays, see [122]. Recent studies found, however, that
the low exclusive value might actually be a problem orig-
inating in the use of a certain form factor parametrisation
in the experimental analysis.9 Using the BGL parametri-
sation one finds values that lie considerably closer to the
inclusive one, see [142–145]. Currently, there are various

9 The form factor models are denoted by CLN [140] and BGL
[141]. Traditionally experiments were using CLN. It turned out,
however, that CLN might underestimate some uncertainties.

[LDL, Kirk, Lenz 1712.06572] 
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Here we consider the case of a real coupling �Q
23

, so that
CLL

bs > 0 and �Cµ
9

= ��Cµ
10

is also real. This assumption
is consistent with the fact that nearly all the groups per-
forming global fits [12–23] (see however [82] for an excep-
tion) assumed so far real Wilson coe�cients in Eq. (46)
and also follows the standard approach adopted in the
literature for the Z 0 models aiming at an explanation of
the b ! sµ+µ� anomalies (for an incomplete list, see [35–
64]). In fact, complex Z 0 couplings can arise via fermion
mixing, but are subject to additional constraints from
CP-violating observables (cf. Section III B).

FIG. 2. Bounds from Bs-mixing on the parameter space of
the simplified Z0 model of Eq. (49), 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 Z 0 explanation of RK(⇤) is
displayed in Fig. 2, for the reference value �L

22

= 1.4 Note
that the old SM determination, �MSM, 2015

s , allowed for
M 0

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

s implies now M 0
Z . 2 TeV.

Remarkably, even for �L
22

=
p
4⇡, which saturates the

perturbative unitarity bound [85, 86], we find that the
updated limit from Bs-mixing requires M 0

Z . 8 TeV for
the 1� explanation of RK(⇤) . Whether a few TeV Z 0

is ruled out or not by direct searches at LHC depends
however on the details of the Z 0 model. For instance,
the stringent constraints from di-lepton searches [87] are

4 For mZ0 . 1 TeV the coupling �L
22

is bounded by the Z ! 4µ
measurement at LHC and by neutrino trident production [83].
See for instance Fig. 1 in [84] for a recent analysis.

tamed in models where the Z 0 couples mainly third gener-
ation fermions (as e.g. in [63]). This notwithstanding, the
updated limit from Bs-mixing cuts dramatically into the
parameter space of the Z 0 explanation of the b ! sµ+µ�

anomalies, with important implications for LHC direct
searches and future colliders [88].

2. Leptoquarks

Another popular class of simplified models which has
been proposed in order to address the b ! sµ+µ� anoma-
lies consists in leptoquark mediators (see e.g. [89–106]).
Although Bs-mixing is generated at one loop [107, 108],5

and hence the constraints are expected to be milder com-
pared to the Z 0 case, the connection with the anomalies
is more direct due to the structure of the leptoquark cou-
plings. For instance, let us consider the scalar leptoquark
S
3

⇠ (3̄, 3, 1/3),6 with the Lagrangian

LS
3

= �M2

S
3

|Sa
3

|2 + yQL
i↵ Qci(✏�a)L↵ Sa

3

+ h.c. , (51)

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

jiu
j
L diL)

T and lep-

ton L↵ = (⌫↵L `↵L)
T doublet representations (V being the

CKM matrix). The contribution to the Wilson coe�-
cients in Eq. (46) arises at tree level and reads

�Cµ
9

= ��Cµ
10

=
⇡p

2GFM2

S
3

↵

 
yQL
32

yQL⇤
22

VtbV ⇤
ts

!
, (52)

while that to Bs–mixing in Eq. (43) is induced at one
loop [110]

CLL
bs =

⌘LL(MS
3

)

4
p
2GFM2

S
3

5

64⇡2

 
yQL
3↵ yQL⇤

2↵

VtbV ⇤
ts

!
2

, (53)

where the sum over the leptonic index ↵ = 1, 2, 3 is un-
derstood. 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(⇤)) con-
tribute to Bs-mixing and further assume real couplings,
so that we can use the results of global fits which apply
to real �Cµ

9

= ��Cµ
10

.
The bound on MS

3

from Bs-mixing is strengthened by a
factor 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 predict-
ing a hierarchical structure for the leptoquark couplings

5 The scalar leptoquark model proposed in Ref. [101] is a notable
exception.

6 Similar considerations apply to the vector leptoquarks Uµ
1

⇠
(3, 1, 2/3) and Uµ

3

⇠ (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 com-
pletion (for a recent discussion, see e.g. [109]).
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Z as heavy as ⇡ 10 TeV in order to explain RK(⇤) at
1�. In contrast, �MSM, 2017

s implies now M 0
Z . 2 TeV.

Remarkably, even for �L
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=
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4⇡, which saturates the

perturbative unitarity bound [85, 86], we find that the
updated limit from Bs-mixing requires M 0

Z . 8 TeV for
the 1� explanation of RK(⇤) . Whether a few TeV Z 0

is ruled out or not by direct searches at LHC depends
however on the details of the Z 0 model. For instance,
the stringent constraints from di-lepton searches [87] are

4 For mZ0 . 1 TeV the coupling �L
22

is bounded by the Z ! 4µ
measurement at LHC and by neutrino trident production [83].
See for instance Fig. 1 in [84] for a recent analysis.

tamed in models where the Z 0 couples mainly third gener-
ation fermions (as e.g. in [63]). This notwithstanding, the
updated limit from Bs-mixing cuts dramatically into the
parameter space of the Z 0 explanation of the b ! sµ+µ�

anomalies, with important implications for LHC direct
searches and future colliders [88].

2. Leptoquarks

Another popular class of simplified models which has
been proposed in order to address the b ! sµ+µ� anoma-
lies consists in leptoquark mediators (see e.g. [89–106]).
Although Bs-mixing is generated at one loop [107, 108],5

and hence the constraints are expected to be milder com-
pared to the Z 0 case, the connection with the anomalies
is more direct due to the structure of the leptoquark cou-
plings. For instance, let us consider the scalar leptoquark
S
3

⇠ (3̄, 3, 1/3),6 with the Lagrangian

LS
3

= �M2

S
3

|Sa
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|2 + yQL
i↵ Qci(✏�a)L↵ Sa

3

+ h.c. , (51)

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

jiu
j
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T and lep-
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CKM matrix). The contribution to the Wilson coe�-
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while that to Bs–mixing in Eq. (43) is induced at one
loop [110]
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⌘LL(MS
3
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p
2GFM2

S
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VtbV ⇤
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!
2
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where the sum over the leptonic index ↵ = 1, 2, 3 is un-
derstood. In order to compare the two observables we
consider in Fig. 3 the case in which only the couplings
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(namely those directly connected to RK(⇤)) con-
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so that we can use the results of global fits which apply
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from Bs-mixing is strengthened by a
factor 5 thanks to the new determination of �Ms, which
yields MS
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. 22 TeV, in order to explain RK(⇤) at 1�
(cf. Fig. 3). On the other hand, in flavour models predict-
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5 The scalar leptoquark model proposed in Ref. [101] is a notable
exception.

6 Similar considerations apply to the vector leptoquarks Uµ
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⇠
(3, 1, 2/3) and Uµ
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⇠ (3, 3, 2/3), which also provide a good fit
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the calculability of loop observables depends upon the UV com-
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FIG. 3. Bounds from Bs-mixing on the parameter space
of the scalar leptoquark model of Eq. (53), for real yQL

32

yQL⇤
22

couplings. Meaning of shaded areas and curves as in Fig. 2.

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 /yQL

i2 ⇠
p

m⌧/mµ ⇡ 4 in the partial compositeness
framework of Ref. [90], so that the upper bound onMS

3

is
strengthened by a factor yQL

33

yQL⇤
23

/yQL
32

yQL⇤
22

⇠ 16. The
latter can then easily approach the limits from LHC di-
rect searches which imply MS

3

& 900 GeV, e.g. for a
QCD pair-produced S

3

dominantly coupled to third gen-
eration fermions [111].

3. Combined RK(⇤) and RD(⇤) explanations

Another set of intriguing anomalies in B-physics data is
that related to the LFU violating ratios RD(⇤) ⌘ B(B !
D(⇤)⌧ ⌫̄)/B(B ! D(⇤)`⌫̄) (here, ` = e, µ), which turn out
to be larger than the SM [112–114]. 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 com-
bined explanation of RK(⇤) and RD(⇤) can be obtained,
compatibly with a plethora of other indirect constraints
(as e.g. those pointed out in [115, 116]), have been re-
cently reassessed at the EFT level in Ref. [117]. Regard-
ing Bs-mixing, dimensional analysis (see e.g. Eq. (6) in
[117]) shows that models without some additional dy-
namical suppression (compared to semi-leptonic opera-
tors) are severely constrained already with the old �Ms

value. For instance, solutions based on a vector triplet
V 0 ⇠ (1, 3, 0) [118], where Bs-mixing arises at tree level,
are in serious tension with data unless one invokes e.g. a
percent level cancellation from extra contributions [117].

The updated value of �Ms in Eq. (39) makes the tuning
required to achieve that even worse. On the other hand,
leptoquark solutions (e.g. the vector Uµ

1

⇠ (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 when-
ever calculable [104].

B. Model building directions for �MNP

s < 0

Given the fact that �MSM

s > �M exp

s at about 2�, it is
interesting to speculate about possible ways to obtain a
negative NP contribution to �Ms, thus relaxing the ten-
sion between the SM and the experimental measurement.
Sticking to the simplified models of Section IIIA (Z 0 and
leptoquarks coupled only to LH currents), an obvious so-
lution in order to achieve CLL

bs < 0 is to allow for complex
couplings (cf. Eq. (52) and Eq. (55)). For instance, in
Z 0 models this could happen as a consequence of fermion
mixing if the Z 0 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. (43), we parametrise NP
e↵ects in Bs-mixing via

MSM+NP

12

MSM

12

⌘ |�| ei�� , (54)

where

|�| =

�����1 +
CLL

bs

Rloop

SM

����� , �
�

= Arg

 
1 +

CLL
bs

Rloop

SM

!
. (55)

The former is constrained by �MExp

s /�MSM

s = |�|,
while the latter by the mixing-induced CP asymmetry
[65, 119]7

Amix

CP

(Bs ! J/ �) = sin (�
�

� 2�s) , (56)

where Amix

CP

= �0.021±0.031 [71], �s = 0.01852±0.00032
[120], and we neglected penguin contributions [65]. The
combined 2� constraints on the Wilson coe�cient CLL

bs
are displayed in Fig. (4).
For Arg(CLL

bs ) = 0 we recover the 2� bound��CLL
bs

�� /Rloop

SM

. 0.014, which basically corresponds to the
case discussed in Section IIIA where we assumed a nearly

7 The semi-leptonic CP asymmetries for flavour-specific decays,
as
sl

, do not pose serious constraints since the experimental errors
are still too large [65].
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
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groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.
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in a global fit including other observables, which shows a clear preference for non SM

contributions in decays to muons rather than in decays to electrons11. We shall therefore

assume new physics to reside solely in the muonic sector and in c̄

µ
LL in particular. This

restricts the type of heavy particles that can be integrated out to give c̄

µ
LL in the EFT, as

we discuss next.

2.2 Z

0 and LQ models to explain the discrepancy

At tree level there are only a few candidates to consider for mediating the interactions

responsible for the B anomalies. These are so-called LQs, that can be either scalar or

vector, and Z

0 vector bosons. We shall assume that in each scenario, the new fields are

unique representations of the Lorentz group and the SM, i.e. we are not considering multiple

identical fields. Feynman diagrams for the relevant interactions are shown in Fig. 1. When

the mass of the LQ or Z 0 is much larger than the mass of the decaying B meson, matching

to the e↵ective field theory in Eq. 2.1 should provide an accurate approximation to order

mB/⇤, where ⇤ is the mass of the LQ or Z 0.

Other explanations for the anomalies arise at the loop level. In this case, in order

to explain the required size of the non-standard contributions to B ! K

(⇤)
µ

+
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� decays,

the new particles mediating the interaction must be relatively light and so are more easily

discoverable; we therefore restrict our attention to the more conservative case of heavier

tree-level induced new physics.

The preference of fits for the Oµ
LL operator picks out particular combinations of quan-

tum numbers allowed for the LQs [23, 25, 28] . For the scalar case this is the triplet LQ S
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11Ref. [53] first pointed out an indication of lepton flavour universality violation from a global fit, though

more data is needed to conclusively establish this [54].
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Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
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FIG. 3. Bounds from Bs-mixing on the parameter space
of the scalar leptoquark model of Eq. (52), for real yQL

32

yQL⇤
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couplings. Meaning of shaded areas and curves as in Fig. 2.

The bound on MS
3

from Bs-mixing is strengthened by a
factor 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 predict-
ing a hierarchical structure 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 /yQL

i2 ⇠
p

m⌧/mµ ⇡ 4 in the partial compositeness
framework of Ref. [90], so that the upper bound onMS

3

is
strengthened by a factor yQL

33

yQL⇤
23

/yQL
32

yQL⇤
22

⇠ 16. The
latter can then easily approach the limits from LHC di-
rect searches which imply MS

3

& 900 GeV, e.g. for a
QCD pair-produced S

3

dominantly coupled to third gen-
eration fermions [111].

3. Combined RK(⇤) and RD(⇤) explanations

Another set of intriguing anomalies in B-physics data is
that related to the LFU violating ratios RD(⇤) ⌘ B(B !
D(⇤)⌧ ⌫̄)/B(B ! D(⇤)`⌫̄) (here, ` = e, µ), which turn out
to be larger than the SM [112–114]. 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 com-
bined explanation of RK(⇤) and RD(⇤) can be obtained,
compatibly with a plethora of other indirect constraints
(as e.g. those pointed out in [115, 116]), have been re-
cently reassessed at the EFT level in Ref. [117]. Regard-
ing Bs-mixing, dimensional analysis (see e.g. Eq. (6) in
[117]) shows that models without some additional dy-
namical suppression (compared to semi-leptonic opera-

tors) are severely constrained already with the old �Ms

value. For instance, solutions based on a vector triplet
V 0 ⇠ (1, 3, 0) [118], where Bs-mixing arises at tree level,
are in serious tension with data unless one invokes e.g. a
percent level cancellation from extra contributions [117].
The updated value of �Ms in Eq. (38) makes the tuning
required to achieve that even worse. On the other hand,
leptoquark solutions (e.g. the vector Uµ

1

⇠ (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 when-
ever calculable [104].

B. Model building directions for �MNP

s < 0

Given the fact that �MSM

s > �M exp

s at about 2�, it is
interesting to speculate about possible ways to obtain a
negative NP contribution to �Ms, thus relaxing the ten-
sion between the SM and the experimental measurement.
Sticking to the simplified models of Section IIIA (Z 0 and
leptoquarks coupled only to LH currents), an obvious so-
lution in order to achieve CLL

bs < 0 is to allow for complex
couplings (cf. Eq. (51) and Eq. (54)). For instance, in
Z 0 models this could happen as a consequence of fermion
mixing if the Z 0 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. (42), we parametrise NP
e↵ects in Bs-mixing via

MSM+NP

12
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⌘ |�| ei�� , (57)
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The former is constrained by �MExp

s /�MSM

s = |�|,
while the latter by the mixing-induced CP asymmetry
[65, 119]7

Amix

CP

(Bs ! J/ �) = sin (�
�

� 2�s) , (59)

where Amix

CP

= �0.021±0.031 [71], �s = 0.01852±0.00032
[120], and we neglected penguin contributions [65]. The

7 The semi-leptonic CP asymmetries for flavour-specific decays,
as
sl

, do not pose serious constraints since the experimental errors
are still too large [65].

[CMS 1703.03995] 

•  

5

where ⌘LL(MZ0) encodes the running down to the bot-
tom mass scale using NLO anomalous dimensions [80,
81]. 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 �Cµ
9

= ��Cµ
10

is also real. This assumption
is consistent with the fact that nearly all the groups per-
forming global fits [12–23] (see however [82] for an excep-
tion) assumed so far real Wilson coe�cients in Eq. (45)
and also follows the standard approach adopted in the
literature for the Z 0 models aiming at an explanation of
the b ! sµ+µ� anomalies (for an incomplete list, see [35–
64]). In fact, complex Z 0 couplings can arise via fermion
mixing, but are subject to additional constraints from
CP-violating observables (cf. Section III B).

FIG. 2. Bounds from Bs-mixing on the parameter space of
the simplified Z0 model of Eq. (48), 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 Z 0 explanation of RK(⇤) is
displayed in Fig. 2, for the reference value �L

22

= 1.4 Note
that the old SM determination, �MSM, 2015

s , allowed for
M 0

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

s implies now M 0
Z . 2 TeV.

Remarkably, even for �L
22

=
p
4⇡, which saturates the

perturbative unitarity bound [85, 86], we find that the
updated limit from Bs-mixing requires M 0

Z . 8 TeV for

4 For mZ0 . 1 TeV the coupling �L
22

is bounded by the Z ! 4µ
measurement at LHC and by neutrino trident production [83].
See for instance Fig. 1 in [84] for a recent analysis.

the 1� explanation of RK(⇤) . Whether a few TeV Z 0

is ruled out or not by direct searches at LHC depends
however on the details of the Z 0 model. For instance,
the stringent constraints from di-lepton searches [87] are
tamed in models where the Z 0 couples mainly third gener-
ation fermions (as e.g. in [63]). This notwithstanding, the
updated limit from Bs-mixing cuts dramatically into the
parameter space of the Z 0 explanation of the b ! sµ+µ�

anomalies, with important implications for LHC direct
searches and future colliders [88].

2. Leptoquarks

Another popular class of simplified models which has
been proposed in order to address the b ! sµ+µ� anoma-
lies consists in leptoquark mediators (see e.g. [89–106]).
Although Bs-mixing is generated at one loop [107, 108],5

and hence the constraints are expected to be milder com-
pared to the Z 0 case, the connection with the anomalies
is more direct due to the structure of the leptoquark cou-
plings. For instance, let us consider the scalar leptoquark
S
3

⇠ (3̄, 3, 1/3),6 with the Lagrangian

LS
3

= �M2

S
3

|Sa
3

|2 + yQL
i↵ Qci(✏�a)L↵ Sa

3

+ h.c. , (54)

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

jiu
j
L diL)

T and lep-

ton L↵ = (⌫↵L `↵L)
T doublet representations (V being the

CKM matrix). The contribution to the Wilson coe�-
cients in Eq. (45) arises at tree level and reads
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=
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2GFM2
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yQL
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VtbV ⇤
ts

!
, (55)

while that to Bs–mixing in Eq. (42) is induced at one
loop [110]

CLL
bs =

⌘LL(MS
3

)

4
p
2GFM2

S
3

5

64⇡2

 
yQL
3↵ yQL⇤

2↵

VtbV ⇤
ts

!
2

, (56)

where the sum over the leptonic index ↵ = 1, 2, 3 is un-
derstood. 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(⇤)) con-
tribute to Bs-mixing and further assume real couplings,
so that we can use the results of global fits which apply
to real �Cµ

9

= ��Cµ
10

.

5 The scalar leptoquark model proposed in Ref. [101] is a notable
exception.

6 Similar considerations apply to the vector leptoquarks Uµ
1

⇠
(3, 1, 2/3) and Uµ

3

⇠ (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 com-
pletion (for a recent discussion, see e.g. [109]).
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Many new physics models that explain the intriguing anomalies in the b-quark flavour sector are
severely constrained by Bs-mixing, for which the Standard Model prediction and experiment agreed
well until recently. The most recent FLAG average of lattice results for the non-perturbative matrix
elements points, however, in the direction of a small discrepancy in this observable. Using up-to-
date inputs from standard sources such as PDG, FLAG and one of the two leading CKM fitting
groups to determine �MSM

s , we find a severe reduction of the allowed parameter space of Z0 and
leptoquark models explaining the B-anomalies. Remarkably, in the former case the upper bound
on the Z0 mass approaches dangerously close to the energy scales already probed by the LHC. We
finally identify some model building directions in order to alleviate the tension with Bs-mixing.

I. INTRODUCTION

�Q
bb (1)

�L
µµ (2)

�Q
bs = �Q

bbVts (3)

gbs = gbbVts (4)

CBSM

bLµL
(5)

gbsL gµµL
M2

Z0
=

1

(31 TeV)2
(6)

Z 0 b s µ
b̄
s̄
µ+

µ�

> 0

b ! sll (7)

�Cµ
9

= ��Cµ
10

= � ⇡p
2GFM2

Z0↵

 
�Q
bs�

L
µµ

VtbV ⇤
ts

!
, (8)

⇤ luca.di-luzio@durham.ac.uk
† m.j.kirk@durham.ac.uk
‡ alexander.lenz@durham.ac.uk

LZ0 = 1

2

M2

Z0(Z 0
µ)

2 +
⇣
�Q
ij d̄

i
L�

µdjL + �L
↵�

¯̀↵
L�

µ`�L

⌘
Z 0
µ ,

(9)

Vus Vcb |Vub/Vcb| �
CKM

(10)

CLL
bs =

1

4
p
2GFM2

Z0

 
�Q
bs

VtbV ⇤
ts

!
2

, (11)

✓
fBs

q
B̂Bs

◆
FLAG17

= 274(8) MeV (12)

(fBs)
FLAG16

✓q
B̂Bs

◆
FLAG17

= 265(10) MeV (13)

�t ⌘ V ⇤
tsVtb = �V ⇤

usVub � V ⇤
csVcb (14)

S
0

(xt = m̄2

t (m̄t)/M
2

W ) ⇡ 2.36853 (15)

Q = [s̄�µ(1� �
5

)b] [s̄�µ(1� �
5

)b] . (16)

Direct searches for new physics (NP) e↵ects at the LHC
have so far shown no discrepancies from the Standard
Model (SM), while we have an intriguing list of devia-
tions between experiment and theory for flavour observ-
ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
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ables. In particular b ! s`+`� transitions seem to be
in tension with the SM expectations: branching ratios
of hadronic b ! sµ+µ� decays [1–3] and the angular
distributions for B ! K(⇤)µ+µ� decay [2–11] hint at
a negative, beyond the SM (BSM) contribution to C

9

[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
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[12–23]. The significance of the e↵ect is still under dis-
cussion because of the di�culty of determining the exact
size of the hadronic contributions (see e.g. [24–30]). Esti-
mates of the combined significance of all these deviations
range between three and almost six standard deviations.
A theoretically much cleaner observable is given by the
lepton flavour universality (LFU) ratios RK and RK⇤

[31, 32], where hadronic uncertainties drop out to a very
large extent. Here again a sizeable deviation from the
SM expectation is found by LHCb [33, 34]. Such an ef-
fect might arise for instance from new particles coupling
to bs̄ and µ+µ�, while leaving the e+e�-coupling mainly
unchanged (see e.g. [35–64] for an arbitrary set of pa-
pers investigating Z 0 models). Any new bs̄-coupling im-
mediately leads to tree-level contributions to Bs-mixing,
which is severely constrained by experiment. For quite
some time the SM value for the mass di↵erence �Ms of
neutral Bs mesons – triggering the oscillation frequency
– was in perfect agreement with experiment, see e.g. [65]
or [66]. Taking, however, the most recent lattice inputs,
in particular the new average provided by the Flavour
Lattice Averaging Group (FLAG) one gets a SM value
considerably above the measurement. In this paper we
investigate the drastic consequences of this new theory
prediction. In Section II we review the SM prediction of
Bs-mixing, whose consequences for BSM models trying
to explain the B-anomalies are studied in Section III. We
conclude in Section IV. In the Appendices we give fur-
ther details of the SM prediction as well as a more critical
discussion of the theoretical uncertainties.
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The functions S0(xα), S0(xα, xβ) with xα ≡ m2
uα
/m2

W are the Inami-Lim functions [35],

whereas ηij , ηB with i, j = 3, 4 are the QCD correction factors. The numerical values for

these factors for a 600 GeV for vector-like quark mass are [36]

η33 = ηB = 0.5765, η34 = η44 = 0.514. (43)

It is sometimes more convenient to parametrize M12s as [37]
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where {r1s, σ1s} and {r2s, σ2s} are the new contributions. With this parametrization, one
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with βSM
s ≡ Arg [(−V32V ∗

33) / (V22V ∗
23)] = 0.019± 0.001, ∆mSM

Bs
= (19.3± 6.74) ps−1.

The main reason to highlight this phenomenon is because there are hints for new sources

of CP violation beyond the SM in the DØ measurement inferred from the charge asymmetry

in the same sign di-muon decay of the B mesons [16]:

Ab
sl =

N++ −N−−

N++ +N−−
= −(0.787± 0.172± 0.093)%. (46)

Here N++(N−−) is the numbers of events containing two b hadrons that decay semilepton-

ically into two positive (negative) muons. Eq. (46) can be written as a linear combination

of two asymmetries [16, 38]

Ab
sl = (0.506± 0.043)adsl + (0.494± 0.043)assl, (47)
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3.4 Tree-level constraints

• Write formulas for all tree-level processes (R(D), etc)

• In particular, 4-lepton operators from Z 0.

• D-mixing very carefully!!! (To make Andi happy) Help from extra phases?

• Semi-leptonic D decays?

3.5 Loop-level constraints

• Bs mixing at one-loop in the down-alignment. K-mixing?

• D mixing at one-loop? (Just to make sure it’s fine)

• Finite loop contribution to Z ! ⌧⌧ , also ⌧ physics, etc.

3.5.1 Bs, Bd, K-mixing in the down-alignment limit

The contribution to meson mixing at the one-loop level involves the full gauge sector of the
theory in order for the amplitude to be UV finite. Here, we work under the simplifying
assumption of dow-alignment, according to which Z 0 and g0 do not contribute to tree-level
FCNC in the down sector. Then only the leptoquark contributes to meson mixing in the
down sector. [L: we should justify why we do not look at D-mixing at one loop, which
would require also Z 0 and g0 contribution] The calculation of the leptoquark-mediated box
diagrams to the e↵ective Hemiltonian can be carried out in the unitary gauge, and resembles
very closely that of the W contribution in the SM (see e.g. App. B.1 in [6]). Focussing
for concreteness on the case of Bs-mixing (analogous expressions hold for Bd and K-mixing
after replacing the down-quark flavours in the e↵ective operator), the leptoquark contribution
yields (we neglect the subleading RH currents)

HNP

e↵

= � g4
4

128⇡2m2

U

�
bL�

µsL
� �

bL�µsL
�X

↵,�

�↵��F (x↵, x�) + h.c. , (79)

where �↵ = (VU
dLeL

)b↵(VU
dLeL

)†↵s, with ↵ = 1, . . . , 3 + n
 

running over charged lepton masses,
x↵ = (m2

E)↵/m
2

U and the loop function is given by (before using unitarity)

F (x↵, x�) =
1

(1� x↵)(1� x�)

✓
7x↵x�

4
� 1

◆

+
x2

↵ log x↵

(x� � x↵)(1� x↵)2

⇣
1� 2x� +

x↵x�

4

⌘

+
x2

� log x�

(x↵ � x�)(1� x�)2

⇣
1� 2x↵ +

x↵x�

4

⌘
. (80)

Let us remark that the calculation in the unitary gauge features a quadratically divergent
integral proportional to �↵ (see e.g. [6]). In the SM for instance this would be zero by
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in the current basis. Noticing that the color factor is the same as in the SM case and recalling
the relation G2

F = g4/(32m4

W ), we obtain

HNP

e↵

= � g4
4

128⇡2m2

U

�
bL�

µsL
� �

bL�µsL
�X

↵,�

�↵��F (x↵, x�) + h.c. , (5)

where �↵ = (V†)⇤↵bV†
↵s, with ↵ = 1, 2, 3, . . . , 3 + n

 

running over charged lepton masses and
x↵ = (m2

E)↵/m
2

U .
In order to set the bound from Bs-mixing we employ the following parametrization

�M exp

s

�MSM

s

=

�����1 +
CLL

bs

Rloop

SM

����� , (6)

where the SM loop function, including RG e↵ects from the top mass scale, reads

Rloop

SM

=

p
2GFm2

W ⌘̂BS0

(xt)

16⇡2

= 1.3397⇥ 10�3 , (7)

and CLL
bs is a Wilson coe�cient entering the e↵ective Hamiltonian for Bs-mixing as

HNP

e↵

=
4GFp

2
(VtbV

⇤
ts)

2CLL
bs (sL�

µbL) (sL�µbL) + h.c. . (8)

By comparing Eq. (19) with Eq. (8) we get

CLL
bs = � ⌘LL(mU)

256
p
2⇡2GF (VtbV ⇤

ts)2
g4
4

P
↵,� �

⇤
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�F (x↵, x�)

m2

U

, (9)

where ⌘LL(mU) encodes the running down to the bottom mass scale using NLO anomalous
dimensions (e.g. ⌘LL(mU = 1 TeV) = 0.79). For the experimental value we use �M exp

s =
17.757± 0.021 ps�1, while for SM predictions we adopt two benchmarks which depend on the
choice of the Lattice input: �MSM, 2015

s = 18.3± 2.7 ps�1 and �MSM, 2017
s = 20.01± 1.25 ps�1.

Let us consider for simplicity the case in which �↵ are real. Then, depending on the sign
of the combination

P
↵,� �

⇤
↵�

⇤
�F (x↵, x�), we saturate the 2� bound by choosing the sign in the

error of the SM prediction which leads to the most conservative (less stringent) bound. This
procedure yields (the sign refers to the combination of loop function and couplings above):
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2.4 Bs-mixing

Defining NP contributions to Bs � B̄s as

C

LL
bs ⌘ �Ms

�M

SM

s

� 1 (2.8)

In the down-alignment limit we have
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with x↵ = m

2

↵/M
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U with ↵ running over all the leptons, including the vector-likes,
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and

�↵ =
1
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✓`2 �↵2 � cos2 ✓`2 �↵5
�

, (2.11)

The loop function has a very interesting behaviour due to the double-GIM, i.e due to the
fact that

P

↵ �↵ = 0. Taking the light leptons to be massless, sbL = s`3 = 0.9 and sµL = 0.1,
and keeping only the leading order in xi, I get

X

↵,�

�↵�� F (x↵, x�) = �s

2

sL
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The proportionality to xE2 explains why in the large �s⌧ limit one finds the scaling

C
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bs / �R

2

D M

2

E2
, (2.13)

instead of the expected result in the absence of GIM protection, i.e.

C
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D M

2

U . (2.14)

2.5 D � D̄

2.5.1 Tree level

At tree level we have
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Vector LQ [UV complete]

light lepton partners welcomed !

[LDL, Fuentes-Martin, Greljo, Nardecchia, Renner 1808.00942] 

 L. Di Luzio (IPPP, Durham) - ΔMs interplay with B-anomalies                                                        

as that of the SM with a W±
µ boson (see e.g. [90]). Defining NP contributions to the Bs

meson-anti-meson mass di↵erence, �Ms, as CLL
bs ⌘ �Ms/�MSM

s � 1, we find
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with ↵ and � running over all the leptons, including the vector-like partners, and where
Rloop

SM

=
p
2GF m2

W ⌘̂B S
0

(xt)/16⇡2 = 1.34 ⇥ 10�3, with S
0

(xt) ⇡ 2.37 being the Inami-Lim
function [91]. In this expression F (x↵, x�) is a loop function defined as
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with x↵ = m2

↵/M
2

U and �B
↵ = �b↵ �⇤

s↵, where � denote the leptoquark couplings to left-handed
fermions given in Eq. (112). The explicit form of �B

↵ in terms of fermion mixing angles reads

�B
↵ =

1

2
sin 2✓LQ sin ✓q3 sin ✓q12

�
sin2 ✓`3 �↵3 + cos2 ✓`3 �↵6 � sin2 ✓`2 �↵2 � cos2 ✓`2 �↵5

�
. (43)

Note that, analogously to the SM case, the flavour parameter �B
↵ has the key propertyP

↵ �
B
↵ = 0, related to the unitarity of the flavour rotation matrices (and to the assumed

down-aligned flavour structure). This property, similarly to the GIM-mechanism in the SM,
is essential to render the loop finite and is required to derive the expression in Eq. (41). As a
result of this GIM-like protection, we find that the leptoquark contribution to CLL

bs receives an
additional mass suppression proportional to M2

L/M
2

U with respect to the naive dimensional
analysis expectation with generic leptoquark couplings and no vector-like fermions.6 In
particular, we find that the NP contribution to �Ms follows the approximate scaling

CLL
bs ⇠ �R2

D(⇤) M
2

L , (44)

and therefore it is completely controlled by ML, for fixed R(D(⇤)) anomaly and leptoquark
gauge coupling. This scaling is made manifest in Fig. 4 where we show the constraints arising
from the leptoquark contribution to CLL

bs in the MU � sq12 plane, together with the preferred
region for R(D(⇤)), and for di↵erent values of ML. The experimental limit on CLL

bs is obtained
using the SM determination in [92–94]7 and the experimental measurement from [67]. We
have

CLL
bs = 1.03± 0.15 . (45)

6This GIM-like behaviour has been qualitatively noticed also in a di↵erent model presented in Ref. [38].
On the other hand, models that address the R(D(⇤)) anomaly with scalar leptoquarks do not exhibit this
suppression, see Eq. (5.18) in [45].

7A recent lattice QCD simulation from the Fermilab/MILC collaboration [95] finds a larger central value

(and a smaller error) for the non-perturbative parameter fBs

p
B̂ entering the determination of �Ms. That

would imply a 1.8� tension with respect to the SM and translates into very stringent limits for purely left-
handed NP contributions featuring real couplings [89]. Given the fact that the new lattice result has not
been confirmed yet by other collaborations, we conservatively use the pre-2016 determination in [92].
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