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Some general considerations 
• Statistical correlations between measurements, if large, will be given in the paper.


• Systematic correlations are instead often implicit. 


• e.g. b—>sµµ branching fraction.

q2 range (GeV2/c4) central value stat syst

0.1 < q2 < 0.98 33.2 1.8 1.7
1.1 < q2 < 2.0 23.3 1.5 1.2
2.0 < q2 < 3.0 28.2 1.6 1.4
3.0 < q2 < 4.0 25.4 1.5 1.3
4.0 < q2 < 5.0 22.1 1.4 1.1
5.0 < q2 < 6.0 23.1 1.4 1.2
6.0 < q2 < 7.0 24.5 1.4 1.2
7.0 < q2 < 8.0 23.1 1.4 1.2

11.0 < q2 < 11.8 17.7 1.3 0.9
11.8 < q2 < 12.5 19.3 1.2 1.0
15.0 < q2 < 16.0 16.1 1.0 0.8
16.0 < q2 < 17.0 16.4 1.0 0.8
17.0 < q2 < 18.0 20.6 1.1 1.0
18.0 < q2 < 19.0 13.7 1.0 0.7
19.0 < q2 < 20.0 7.4 0.8 0.4
20.0 < q2 < 21.0 5.9 0.7 0.3
21.0 < q2 < 22.0 4.3 0.7 0.2

1.1 < q2 < 6.0 24.2 0.7 1.2
15.0 < q2 < 22.0 12.1 0.4 0.6
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• Less obvious is the correlation across papers. E.g. Bs0—>ɸµµ. 

• What to do if one is given an 68% CL, but nothing else? 


• Full FC scans now included in CDS material.
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• Two questions to ask of the data:


• What are values of Wilson Coefficients? and do they deviate from the SM?


• What is the global statistical significance of the new physics hypothesis?


• 1st question involves disentangling hadronic effects from new physics, requires 
theoretical calculations, models, amplitude fits etc.


• While very important, this is not the focus of this talk.


• Instead we focus on the second question, and construct a highly general 
alternative hypothesis to produce a conservative answer.


• We use C9  as a SM nuisance parameter.


• A case for making the hypothesis general (look-elsewhere-effect).


• Inclusion of so-called non-exclusive R ratios (connection to Yasmine and 
Gianluca’s talk).

Questions the data can answer
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• Want to provide significance which can stand up to the skeptical.


• Original idea: Only combine observables for which there is wide consensus on 
the SM prediction.


• Concretely: Combine B(Bs0—>µµ) and LFU ratios and fit for C9,10µ.


• However, such a fit smuggles in information about the rest of the system:


• No new physics in electrons (understandably justified from BF measurements).


• No right-handed currents or scalar new physics (also reasonable).


• As we argued in [1], constraining the observables and alternative hypothesis in 
way leads to an overestimation of the significance via the look-elsewhere effect.


• Only combining the observables that deviate.


• Fitting with a restricted set of operators.

A case for generality

[1] Isidori, Lancierini, Owen, Serra, arXiv:2104.05631 4

https://arxiv.org/abs/2104.05631


The look elsewhere effect
• The look elsewhere effect (LEE) occurs when the alternative hypothesis test 

implicitly uses the central values of the data.


• Example is testing the presence of a resonance of the mass seen in data.


• In our case, floating only left-handed LFUV Wilson Coefficients ignores alternate 
universes where we saw deviations in K*µµ and/or different values for RK and RK*.
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Figure 1: Observables P1,2,3,4,5,6 in the SM at NLO, including all hadronic uncertainties
(wide bands) as explained in Section 7.1. The solid and dashed curves correspond to
the NP scenarios exposed in the text: Scenario A.1 (blue solid), Scenario A.2 (blue
dashed), Scenario B.1 (red solid), Scenario B.2 (red dashed), Scenario C.1 (brown solid)
and Scenario C.2 (brown dashed). Scenarios D.1, D.2 and D.3 are explicitly indicated in
P3 and P6. The Wilson coefficients responsible for the largest deviations are highlighted.
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• Fitting only LFU/clean observables are therefore local significances, in analogy with 
local p-value at a particular mass point in a bump hunt.
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representation CAB Relation RK(⇤)

V1 (3, 1, 2/3) C
NP
LL C9 = �C10 RK ' RK⇤ < 1

CRR C
0
9 = +C

0
10 RK ' RK⇤ ' 1

V2 (3, 2,�5/6) CRL C
0
9 = �C

0
10 RK < 1, RK⇤ > 1

CLR C9 = +C10 RK ' RK⇤ ' 1

V3 (3, 3,�2/3) C
NP
LL C9 = �C10 RK ' RK⇤ < 1

Table II: Vector leptoquarks and implications for RK⇤ assum-
ing RK < 1, as suggested by data (2), see Table I.
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Figure 2: RK versus RK⇤ in BSM scenarios. Solid red curve:
C

NP
LL (CNP

9 = �C
NP
10 ) corresponding to S3, V1 or V3, blue dot-

ted curve: CRL (S̃2 or V2), gray dashed curve: CRL = �C
NP
LL

(no single leptoquark), and red dashed curve: C
NP
LL and

CRL = �1/10CNP
LL (for instance, S3 plus 10% admixture of

S̃2). The colored bands correspond to the LHCb measure-
ments of RK (2) and RK⇤ (3).

In these models [12, 13]

CNP`

LL
=
kLQ⇡

p
2

GF�t↵

Y Y ⇤

M2
, kLQ = 1,�1,�1 forS3, V1, V3,

(14)

C`

RL
=
kLQ⇡

p
2

GF�t↵

Y Y ⇤

M2
, kLQ = �1/2,+1 for S̃2, V2. (15)

Here, M (Y ) denotes the leptoquark mass (coupling).
Model-independent and leptoquark specific predictions

for RK versus RK⇤ are shown in Fig. 2. The green and
blue band denote the 1� band of RK (2) and RK⇤ (3),
respectively. Also shown are BSM scenarios which can
(red solid and dashed lines) or cannot (blue dotted and
gray dashed lines) simultaneously explain the data. Con-
cretely, leptoquark S̃2, corresponding to the blue dotted
curve, and which has been considered in the context of
RK [14, 22–24], is disfavoured as the sole source of LNU
by the measurement of RK⇤ . The numerics are based on
the full expressions for the decay rates, for ` = µ. Recall,
however, to linear approximation only non-universality
matters.

We find for the dominant, SM-like chiral contribution

S3

YbµY ⇤
sµ

� YbeY ⇤
se

M2
' 1.1

(35TeV)2
, (S3) (16)

and similarly for V1 or V3. To accommodate an admix-
ure of right-handed currents we need contributions from
another leptoquark, such as S̃2

YbµY ⇤
sµ

� YbeY ⇤
se

M2
' �0.1

(24TeV)2
. (S̃2) (17)

Understanding the mass range is linked to flavor. The
leptoquark coupling matrix Y is a 3 ⇥ 3 matrix in gen-
eration space, with rows corresponding to quark flavor
and columns corresponding to lepton flavor. The pres-
ence of both kinds of fermions in one vertex is benefi-
cial; it allows to probe flavor in new ways beyond SM
fermion masses and mixings. Viable models are those
employing a Froggatt-Nielsen U(1)FN to generate mass
hierarchies for quarks and charged leptons together with
a discrete, non-abelian group such as A4, which allows
to accommodate neutrino properties [25, 26]. Applied to
leptoquark models this allows to select lepton species –
for instance having only couplings to one lepton species,
muons, or electrons [16]. Corrections to lepton isolation
arise from rotations to the mass basis and at higher or-
der in the spurion expansion, and induce lepton flavor
violation [12, 16, 27–30] such as B ! Kµ⌧ , which can
be probed with B-physics experiments but also µ � e-
converison, rare K and ` ! `0 decays. Together with
B ! K(⇤)⌫⌫̄ modes the latter constitute the leading
constraints on flavor models and LNU anomalies, and
improved experimental study is promising.
A generic prediction for S3, V1, V3 – all of them couple

quark doublets to lepton doublets– is obtained from sim-
ple flavor patterns such as `-isolation, ` = e, µ, [12, 16]

Yq3` ⇠ cl , Yq2` ⇠ cl�
2 , q3 = b, t, q2 = s, c , (18)

where cl ⇠ � ⇠ 0.2. Note that the FN-mechanism is only
able to explain parametric suppressions in specific powers
of the parameter � up to numbers of order one. Irrespec-
tive of the concrete flavor symmetry, each coupling Y to
lepton doublets brings in a non-abelian spurion insertion
suppression, the factor cl, which is unavoidable as lepon
doublets are necessarily charged under the non-abelian
group to obtain a viable PMNS-matrix. The suppres-
sion of the additional couplings to right-handed leptons
in V1,2 can be achieved using flavor symmetries [12, 20].

Putting lepton and neutrino properties aside, a mini-
mal prediction is Ys`/Yb` ⇠ ms/mb, hence Yb`Y ⇤

s`
⇠ �2 '

few⇥ 0.01. Eq. (16) implies M ⇠ 5� 10 TeV, accessible
at the LHC at least partly with single production.

Eq. (18) points to lower values of leptoquark masses,
see Fig. 3. Also shown are constraints from Bs � B̄s

mixing, induced at one loop through box diagrams and

Hiller, Nisandzic, 2017 Matias et al, 2012



Common talking points on the LEE
1. The LEE only occurs in mass peak searches. The look-elsewhere effect originates 

from the 1950s, known as the problem of multiple comparisons, and can effect any 
situation whereby the data is implicitly used twice. Also known as the post-hoc 
analysis. 

2. The question can always be bigger, meaning that the LEE is subjective. The main 
purpose of the LEE is to take you back to a hypothesis test which is a-piori, it does not 
always need to be bigger. (Otherwise it would be impossible to claim anything).


3. The LEE has a smaller effect for large significances. A trial factor of 10 will dilute a 
significance of 3.0σ to 2.2σ whereas a 5.0σ will only move to 4.4σ. This is simply due to 
the non-linear relationship between a Gaussian significance and the p-value. 
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Approach in arXiv:2104.05631
• Write down all operators to which LHCb measurements were sensitive to.
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same experimental precision.
As far as theoretical uncertainties are concerned, the

main concern are non-local contributions due to inter-
mediate charm states. This subject has been widely dis-
cussed in the literature [33–44]. As a conservative choice,
we simply disregard the extraction of short-distance in-
formation on amplitudes which might receive such non-
local contributions. In practice, we treat the WC a↵ected
by potential non-local contributions as a SM nuisance pa-
rameter.

Summarizing, the approach we propose here to deter-
mine the statistical significance of NP in b ! s`+`� tran-
sitions is based on the following points:

• We consider the short-distance b ! s`+`� transi-
tion as a unique process constrained by di↵erent
decay channels.

• We describe NP e↵ects in b ! s`+`� transitions
using the most general e↵ective Lagrangian com-
patible with the hypothesis of an e↵ective local in-
teraction.

• We estimate the trial-factor via a MC simulation
of the di↵erent measurements assuming the SM hy-
pothesis and using the likelihood ratio as the test
statistic.

• We adopt a hyper-conservative attitude towards
theory uncertainties, particular in the case of non-
local charm contributions.

This method allows us to evaluate the probability
to observe the numerical coherence that we observe in
present data by chance. Only coherent deviations with
respect to the SM can give a large ��2. All possible
deviations in both the measurements and Wilson coe�-
cients are considered. Therefore, this method evaluates
the global significance of the b ! s`+`� anomalies for the
first time.

II. EFFECTIVE LAGRANGIAN AND
SELECTION OF THE OBSERVABLES

In the limit where we assume no new particles below
the electroweak scale, we can describe b ! s`+`� transi-
tions be means of an e↵ective Lagrangian containing only
light SM fields. The only di↵erence between SM and ef-
fective Lagrangians, renormalised at a scale µ ⇠ mb, is
the number of e↵ective operators, which can be larger in
the NP case. To describe all the relevant non-standard lo-
cal contributions, we add to the SM e↵ective Lagrangian

�L
b!s``
NP =

4GF
p
2

X

i

CiOi , (1)

where GF denotes the Fermi constant, and where the
index i indicates the following set of dimension-six oper-
ators (treated independently for ` = e and µ):

O
`
9 = (s̄L�µbL)(¯̀�

µ`) , O
`
10 = (s̄L�µbL)(¯̀�

µ�5`) ,

O
`0
9 = (s̄R�µbR)(¯̀�

µ`) , O
`0
10 = (s̄R�µbR)(¯̀�

µ�5`) ,

O
`
Ŝ
= (s̄LbR)(¯̀R`L) , O

`0
Ŝ
= (s̄RbL)(¯̀L`R) . (2)

As shown in [45], these operators are in one-to-one
correspondence with the independent combinations of
dimension-six operators involving b, s and lepton fields
in the complete basis of dimension-six operators invariant
under the SM gauge group.
We do not include in the list (2) the dipole op-

erators, O
(0)
7 because these does not describe a b !

s`+`� local interaction and, most importantly, because
they are well constrained by �(B ! Xs�) and �(B !

K⇤�).1 The four scalar operators in (2) leads to b !

s`+`� amplitudes which are helicity suppressed. We thus
restrict the attention to the single e↵ective combination
which contribute to the Bs ! µ+µ� helicity-suppressed
rate. Finally, in absence of stringent experimental con-
straints on CP-violating observables, we treat the NP
WC as real parameters.2 According to these general hy-
potheses, NP e↵ects in b ! s`+`� transitions are de-
scribed in full generality by nine real parameters. As far
as Ce,µ

9,10 are concerned, it is convenient to separate uni-
versal and non-universal corrections in the lepton flavor,
defining

Ce
i = CSM

i +�CU
i ,

Cµ
i = CSM

i +�CU
i +�Cµ

i .
(3)

Adopting a conservative attitude toward theory er-
rors, we restrict the attention to the following set of ob-
servables: the LFU ratios RK [2, 8, 11] and RK⇤ [5],
the branching ratio for the rare dilepton mode Bs !

µ+µ� [3, 6, 7] and the normalised angular distribution
in B ! K⇤µ+µ� decays [1, 4, 9, 10]. We ignore the in-
formation from total rates or dilepton spectra of various
exclusive decays since these observables su↵er of sizable
uncertainties from both hadronic form factors and non-
local charm contributions. Among the observables we
include, only the angular distribution in B ! K⇤µ+µ�

is potentially sensitive to non-local charm contributions;
however, these can a↵ect only the determination of the
lepton-universal term �CU

9 . As a result, we treat the
latter as SM nuisance parameter.
The set of nine parameters discussed above provides

an unbiased description of heavy NP contributions to
b ! s`+`� transitions. In order to evaluate the impact

1 As shown in [14], the knowledge of stringent experimental con-
strains on b ! s� dipole interactions was known before any of
the b ! s`+`� measurement we are going to analyse was per-
formed. It can therefore be considered an a priori knowledge
which should not be taken into account in the estimate of the
LEE.

2 This statement refers to the standard quark-phase convention,
where the WC are approximately real also in the SM. Imagi-
nary contributions to the WC would not interfere with the SM
amplitude and cannot induce large deviations from the SM in
CP-conserving observables.
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• Use amplitudes and form factors from Flavio[1] to translate observables into WC space.


• Include C7(‘) with a-priori constraint from b—>s𝛾 B-factory results (0.2σ impact). 


• Consider one scalar contributes to Bs—>µµ (only one independent contribution assuming ΛNP>VEV) 
[Alonso, 2014].


• Assume no scalars in Kee.


• Assume that WC are real.


• End up with 9 WC to which the measurements are sensitive.


• 4 muonic WC: C9, C10, C9’,C10’


• 4 LFUV WC: ΔC9, ΔC10, ΔC9’,ΔC10’ [Difference in muonic/electronic WC]


• 1 scalar contribution in muons: Cs-Cs’ 

[1] arXiv:1810.08132


https://arxiv.org/abs/1810.08132


Approach in arXiv:2104.05631
• Observables included: RK, RK*, Bs—>µµ and B0—>K*0µµ angular analysis.


• Generate toys based from SM predictions and experimental uncertainties.


• RK and RK* uses full likelihood but assumed to be independent.


• K*µµ observables generated/fit with full experimental correlations.


• For each toy calculate test statistic.

• Why use toys and not Wilk’s theorem? 


• Can get flat directions in WC space.


• Effective degrees of freedom in system not necessarily integer number.


• E.g. Bs—>µµ and C10 vs Cs.
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FIG. 2. ��2 distribution (blue) for SM pseudo-experiments
in the general 9 WC fit basis (top) and the reduced 5 WC
basis (bottom). The data is shown as a vertical red line on
the plot.

rection and we therefore treat all of these in the same way.
In total, the maximum number of WCs that can be fitted
is seven, with the full basis of muonic operators, the single
e↵ective combination of scalar operators, and two elec-
tronic operators. Each pseudo-experiment is fitted six
times, with all possible combinations of seven WCs. For
each experiment, the largest test-statistic value is used.
Adding redundant directions will not improve the �2 of a
given pseudo-experiment, since there are not enough sen-
sitive measurements to constrain simultaneously all nine
WCs.

IV. RESULTS

The��2 distribution for the fit to the full set of Wilson
coe�cients is shown in Fig. 2 (top). The same procedure
is then used in data, obtaining a ��2 = 31.4, which cor-
responds to a global significance of 3.9�. The goodness
of fit to data can be computed by calculating the p-value
of the absolute �2 of the best fit. This results in a 11%
p-value, which is acceptable. The largest pulls of the best
fit with respect to the measurements come from the low-
est q2 bins of the angular observables in the B0

! K⇤µµ
decays. This is a known issue [53] and has a small impact
on the significance. Eliminating the lowest q2 bin of all
the angular observables decreases the ��2 by only one
unit and the fit quality of the fit improves, leading to a
p-value associated to the absolute �2 of 24%.

Here we advocate that for claiming a discovery, the NP
significance should be calculated using an agnostic ap-
proach. However, as discussed in Sec. II, there were good
a-priori theoretical reasons to assume no NP in C`0

9,10. To
evaluate the significance of this hypothesis we apply our

method to the reduced set of five WCs. The ��2 distri-
bution is shown in Fig. 2 (bottom). Applying the same
fit to data we obtain a ��2 = 30.5, which integrating the
distribution corresponds to a significance of 4.7�. Inter-
estingly, this is similar to the values quoted in the recent
literature [54–56] for single-parameter fits of theoretically
clean observables only. Having a larger number of free
parameters, one could have expected a lower significance
in our case. However, in this specific case the LEE e↵ect
is compensated by two facts: i) the inclusion of the angu-
lar distribution of the B ! K⇤µ+µ� decay which, even
after marginalizing over �CU

9 , retains some sensitivity to
the other WCs; ii) the overall higher ��2 obtained with
more parameters. This observation reinforces the high
significance of the b ! s`+`� anomalies in motivated NP
models.

V. CONCLUSION AND DISCUSSION

In conclusion, we have presented a method to evalu-
ate the global significance for the NP interpretation of
the b ! s`+`� anomalies. This method transposes the
known criteria used for discovering new resonances, such
as the Higgs boson, into searching for NP in b ! s`+`�

transitions. It is worth emphasizing that, while it is re-
markable that all data can be explained by fitting one
or two WCs and that this observation can be used to in-
vestigate what are the interesting theoretical directions,
this hypothesis has been made after having seen the data.
Using the same hypothesis to evaluate the global signifi-
cance of NP would be the Bayesian-inference equivalent
of choosing the prior after having calculated the likeli-
hood. Therefore, we advocate a more agnostic method
to calculate the global NP significance with respect to
the SM in b ! s`+`� processes. To this end, we have
calculated the LEE for the first time and shown that the
trial-factor cannot be neglected.

We stress that the approach proposed in this paper
should not be interpreted as a criticism towards existing
attempts made so far of combining and interpreting the
anomalies in motivated theoretical frameworks. We are
simply addressing a di↵erent question. While current
fits of selected WC sets in the b ! s`+`� system only
evaluate a local significance, these approaches are funda-
mental to obtain theory insights on the flavor anomalies.
Similarly, there is a strong theoretical interest in trying
to combine the b ! s`+`� anomalies with other hints of
deviations from the SM, such as the b ! c`⌫ anoma-
lies [57–65] or the recent (g � 2)µ result [66, 67] (see
also [68]). However, this combination is not appropriate
to establish a global significance, given the hypothesis of
a connection between di↵erent processes is made a pos-
teriori, after having observed data.

We also recognise that our approach of treating �CU
9

as a nuisance SM parameter can be viewed as an overly
conservative choice. Nevertheless, in the absence of a
widely accepted estimate for the theory uncertainty of

3

form-factor uncertainties (except for fBs in class ii) and
non-local charm contributions. The latter induce contri-
butions to the decay amplitudes that can e↵ectively be
described via the shift

�CU
9 ! �CU

9 + f cc̄
B!f (q

2) (4)

where q2 denotes the squared dilepton invariant mass.
The absence of a completely reliable estimate of the theo-
retical uncertainty on the function f cc̄

B!f , in particular on

its normalization at q2 = 0, forces us to treat the deter-
mination of �CU

9 as SM nuisance parameter3 and ignore
the information from exclusive decay rates or dilepton
spectra. We retain the B ! K⇤µ+µ� angular distri-
bution in our analysis since this distribution is sensitive
to non-standard e↵ects in short-distance operators other
than O

µ
9 , even if we marginalise over �CU

9 .
Concerning the B ! K⇤µ+µ� angular distribution a

further source of theoretical error arises from hadronic
form factors. To reduce this source of uncertainty we
make use of the Pi observables [48]. We checked that con-
sistent results are obtained using the Si observables [49],
employing the form-factor parameterization in [50].

The set of nine parameters discussed above provides
an unbiased description of heavy NP contributions to
b ! s`+`� transitions. In order to evaluate the impact of
motivated, but more specific theoretical assumptions, we
also define a reduced set of WCs based on the hypotheses
of small flavor-violating e↵ects in the right-handed sec-
tor. According to this hypothesis, C`0

i ⇡ 0 and the set
of independent WCs is reduced to five operators. This
hypothesis follows from the general assumption of a mini-
mally broken U(2)3 flavor symmetry: A general property
of SM extensions which was proposed in [51] well before
the observation of the b ! s`+`� anomalies, motivated
by the stringent constraints on right-handed quark flavor
mixing especially in the kaon system.

III. STATISTICAL METHOD

To evaluate the significance of the NP hypothesis in
the b ! s`+`� system we use

��2 = �2 log
L(X|�ĈU

9 , CSM
i )

L(X|Ĉi)
(5)

as the test statistic. The trial-factor is calculated with
a similar technique as described in Ref. [30–32]. Start-
ing from SM predictions, a large number of pseudo-
experiments are generated, varying the measurements ac-
cording to the experimental uncertainty. For each simu-
lated experiment, the full set of WCs (Ci) is fitted and

3 If we were to include more channels potentially a↵ected by non-
local charm contributions, we would need to treat the determi-
nation of �CU

9 from each channel as an independent nuisance
parameter.

FIG. 1. ��2 distribution extracted from pseudo-experiments
(blue) for fitting the best one/two WCs varying the SM, com-
pared to the theoretical �2 distribution with one/two degrees
of freedom (red).

the ��2 between the best fit (Ĉi) and the SM prediction
(�ĈU

9 , CSM
i ) is calculated. Data are fitted in the same

way as pseudo-experiments and the distribution of ��2

is used to calculate the p-value. The software package
Flavio [52] is used to fit WCs.

One of the interesting features of the b ! s`+`�

anomalies is that they can be easily explained with only
one WC: Cµ

LL = �Cµ
9 � �Cµ

10. While this makes the
NP hypothesis appealing also from the theory point of
view, it is not the best way to assess the sensitivity with
respect to the SM. To illustrate this point we apply our
method to the fit of one or two WCs. In Fig. 1, the ��2

distribution under the SM hypothesis is shown when the
one/two WCs which maximise the likelihood are chosen
to fit the data: For each pseudo-experiment, we fit every
single possible one/two WC combination and choose the
largest test statistic. The blue curve is an empirical func-
tion that best describes the distribution. The comparison
with a �2 distribution with one/two degrees of freedom
demonstrates that a sizeable trial-factor is present. Tak-
ing for instance a hypothetical 4� discrepancy when fit-
ting the best one/two WCs, it would be diluted down to
3.7/3.5� with a trial-factor equal to 4.1/7.0, respectively.
Since the current best scenarios to explain the anomalies
with NP in C`

LL or in C9 and C10 have emerged from the
data, using this hypotheses to evaluate the NP signifi-
cance can lead to overestimates.

As discussed in Sec. II, we advocate the full set of nine
WCs to be used if we would like to have an agnostic
approach to NP. However, the full set of WCs contains
redundancy, which makes the fit unstable. For instance,
the deviations in RK and R⇤

K can be explained with non
zero values of Cµ

LL or non-zero values of Cµ
RL = Cµ0

9 �Cµ0
10.

Here we are not interested in interpreting the best NP di-

4.3 σ

• Compare distribution of SM toys to one 
seen in data. Integrate to get significance.
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Importance of non-exclusive LFU ratios
• Several LFU ratios contain decays with broad, overlapping resonances whose hadronic 

structure is unknown.


• Most prominent example: RpK

• If RpK deviates significantly from unity then its NP. However, translating that into into WC 
space is tricky for such a large mass range.


• Experimental/theoretical progress would help in this particular case.


• However, the LFU ratio is likely to stay inclusive, as it maximises the precision. 


• Can we include these measurements already in a combination?

 LHCB-PAPER-2019-040 
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https://cds.cern.ch/record/2704709


Inclusion of non-exclusive LFU ratios
• Neglecting lepton masses (q2 >> ml2 ), no interference between left and right handed lepton 

currents. [Hiller, Schmaltz, 2014]

Get general formula, applicable to any LFU ratio, but only used for non-exclusive modes. 
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Parameter Limits
default 4q-ops

⌦
⌘0
X

↵
[-2,2]

⌦
⌘79
X

↵
[-12,12] [-20,20]

⌦
⌘790
X

↵
[-4,4] [-10,10]

⌦
⌘77
pK

↵
[0,120] [0, 160]

⌦
⌘77
K⇡,K⇡⇡

↵
[0,60] [0,100]

TABLE I. Limits placed on the hadronic nuisance parameters.
The default values are determined by a conservative extrapo-
lation fromB0 ! K⇤(892)0 matrix elements (see section II.a).
The larger interval for

⌦
⌘77
pK

↵
compared to

⌦
⌘77
K⇡,K⇡⇡

↵
takes

into account the di↵erent q2 ranges in the experimental mea-
surements [14]. The values in the last column correspond
to an extremely conservative extrapolation assuming large
non-local matrix elements of four-quark operators (see sec-
tion II.b).

irreducible theoretical uncertainty in LFU conserving ob-
servables. However, four-quark operators cannot induce
a violation of LFU and modify only the vector-part of the
amplitude, i.e. they can be described as an e↵ective q2-
dependent (and channel-dependent) modification of C9

with respect to its short-distance value. In turn, this im-
plies that the e↵ect of four-quark operators in RX can
still be described in full generality by Eq. (18) simply
re-defining the

⌦
⌘iX

↵
.

To understand the last statement, consider the fol-
lowing modification in Eq. (14): C`

9 ! C`
9 + YX(q2),

where YX(q2) is a lepton-indpendent function of q2 that
describes the e↵ect of the four-quark operators in a
given hadronic transition. Then the expression of RX

in Eq. (18) remains valid provided we shift the
⌦
⌘iX

↵
as

follows

⌦
⌘79X

↵
!

⌦
⌘79X

↵
+

⌦
⇣1X

↵

C7
, (22)

⌦
⌘790X

↵
!

⌦
⌘790X

↵
+

⌦
⇣2X

↵

C7
, (23)

⌦
⌘77X

↵
!

⌦
⌘77X

↵
+

⌦
⇣3X

↵

C7
+

⌦
⇣4X

↵

C2
7

, (24)

where

⌦
⇣1X

↵
=

2

FX

Z
fX(q2)YX(q2)dq2 , (25)

⌦
⇣2X

↵
=

1

FX

Z
fX(q2)YX(q2)⌘0X(q2)dq2 , (26)

⌦
⇣3X

↵
=

1

FX

Z
fX(q2)YX(q2)⌘79X (q2)dq2 , (27)

⌦
⇣4X

↵
=

1

FX

Z
fX(q2)|YX(q2)|2dq2 . (28)

Assuming |YX(q2)|  1, i.e. up to 25% corrections to C9

from four-quark operators, which is a very conservative
assumption, the previously determined ranges for

⌦
⌘iX

↵

are enlarged as shown in the last column in Table I. As

FIG. 1. Integrated hadronic parameters
⌦
⌘i
X

↵
, defined in

Eq. (16), extracted from B0 ! K⇤0(! K⇡)µ+µ� as a func-
tion of q2min, setting q2max = 6 GeV2.

we shall discuss in the following, this modification has
an almost irrelevant impact in the numerical analysis of
the significance of the NP hypothesis. This provides a
clear demonstration of the marginal role played by the
four-quark operators in RX .

We conclude this section two additional observations:

• The parameter ⌘0X weights the relative contribu-
tion of vector and axial currents in the hadronic
transition, and is maximal for hadronic final states
with well-defined parity. In the B ! K case, where
only the vector current contributes, ⌘0K = 2; in the
B ! K⇤ case, which is dominated by the axial-
current contribution, �2 < ⌘0K⇤ < �1; in the fully
inclusive case ⌘0X ⇡ 0.

• As pointed first in [26] (see also [29]), in the mo-
tivated class of NP models where the lepton non-
universal amplitudes have a pure left-handed struc-
ture, the value of RX is expected to be the same
for any Hb ! Xs`+`� transition:

(RX � 1)|�CL 6=0 ⇡ (RK � 1)|�CL 6=0 . (29)

III. GLOBAL COMBINATION OF CURRENT

MEASUREMENTS

In this section we present a combination of b ! s`+`�

measurements following the procedure described in
Ref. [22]. We include the following three sets of ob-
servables: i) the LFU ratios RK [15], RK⇤ [13] and
RpK [30], ii) the branching ratio for the rare dilepton
mode B0

s ! µ+µ� [5, 6, 31, 32] and, iii) the normalised
angular distribution in B0

! K⇤0µ+µ� decays [3, 4].
In the case of RK and RK⇤ , where the structure of the
hadronic matrix elements is well understood, we use the

The η parameters encode hadronic information

https://arxiv.org/abs/2110.09882


• Inclusion of RpK slightly decreases significance. 


• Why?


• Not perfectly aligned with other R ratios.


• Quite consistent with SM.


• Lots of hadronic uncertainty.


• Projecting precision from full run II shows substantial improvement in discovery 
potential.


• Non-exclusive ratios can have a large impact here.


• Fixing the hadronic parameters has reasonably small impact on significance (<0.5σ).

Impact on the significance
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3

D
⌘i,`X

E
=

1

F `
X

Z q2max

q2min

f `
X(q2)⌘iX(q2)dq2. (16)

The normalization factor f `
X(q2) depends on the lepton

mass via kinematic e↵ects, which are sizeable only close
to the endpoint (i.e. for q2 ! 4m2

`). If the q2 range of
the measurement extends well above the di-lepton mass
threshold, the lepton mass dependence is safely neglected

and we can set

Fµ
X = F e

X ⌘ FX ,
D
⌘i,`X

E
⌘

⌦
⌘iX

↵
. (17)

In this limit the overall normalization factor drops out
in RX and the same hadronic parameters appear in both
numerator and denominator:

RX =

n
|Cµ

L|
2
+
��Cµ0

L

��2 +Re
⇥⌦
⌘0X

↵
Cµ⇤

L Cµ0
L + C⇤

7

�⌦
⌘77X

↵
C7 +

⌦
⌘79X

↵
Cµ

L +
⌦
⌘790X

↵
Cµ0

L

�⇤ o
+

n
L ! R

o

n
|Ce

L|
2 + |Ce0

L |
2 +Re [h⌘0XiCe⇤

L Ce0
L + C⇤

7 (h⌘
77
X iC7 + h⌘79X iCe

L + h⌘790X iCe0
L )]

o
+

n
L ! R

o . (18)

This implies that in the SM, and in all models where the
Wilson coe�cients are lepton universal, RX ⇡ 1 up to
corrections due to QED and/or residual kinematic e↵ects
which are at most of O(1%) [24, 25].

The key observation of the present work is that RX

retains a significant discriminating power with respect to
NP models even in the absence of a precise knowledge
of the hadronic parameters, i.e. even when treating the⌦
⌘iX

↵
as nuisance parameters. This statement emerges

quite clearly by the following two observations:

• Sizeable deviations of RX from unity can only
be attributed to non-universal Wilson coe�cients,
i.e. |RX�1| 6= 0 only if |�Ci| 6= 0 for some i, where

�Ci = Cµ
i � Ce

i , i = L,L0, R,R0 . (19)

• Other observables constrain NP e↵ects to be a
small perturbation over the SM: this implies that
large NP e↵ects in RX can arise only by non-
vanishing �Ci interfering with the SM amplitude.
The latter has a peculiar structure,

|CSM
L | = O(10) � |CSM

7 |, |CSM
R |,

|C`0
L,R|

SM = 0 , (20)

hence only a very limited set of NP amplitudes can
lead to |RX � 1| � 0.

These two observations become evident when linearis-
ing the theoretical expression of RX with respect to the
�Ci and neglecting the interference of �Ci with sup-
pressed SM amplitudes. In this limit we obtain

RX � 1 ⇡

Re
⇣
2�CL

CSM
L

+
⌦
⌘0X

↵�C0
L

CSM
L

⌘

1 + h⌘77X i

���C
SM
7

CSM
L

���
2
+Re

h
h⌘79X i

CSM
7

CSM
L

i . (21)

As can be seen, only two types of NP e↵ects can lead
to a sizeable deviation of RX from one: a lepton non-
universal shift in either C`

L or C`0
L . Note also that the only

hadronic parameter with direct impact on the extraction
of NP constraints from RX is ⌘0X , which is bounded by
Eq. (15). The ⌘77X and ⌘79X parameters have a minor role:
they control the dilution of the LFU violation in the rate
due to the lepton-universal contribution by O7. Finally,
the e↵ect of ⌘790X is always subleading.
a. Numerical estimate of the

⌦
⌘iX

↵
. The approxi-

mate expression in Eq. (21) is shown for illustrative pur-
poses only, in the following numerical analysis we use the
complete expression in Eq. (18), treating all the

⌦
⌘iX

↵
as

nuisance parameters. In order to define a range for the⌦
⌘7iX

↵
, we use a channel where we are able to compute

the values of the
⌦
⌘iX

↵
parameters explicitly and where

the impact of the dipole operator is maximal, namely the
B0

! K⇤(892)0`+`� decay. In this mode, characterised
by a spin-one final state, the dipole operator is maximally
enhanced by the q2 ! 0 pole. In multi-body channels,
such as B0

! K+⇡�`+`� and B+
! K+⇡�⇡+`+`�,

with a sizeable S-wave component of the hadronic final
state, we expect a significantly smaller contribution of
O7 to the total decay rate.
The values for the

⌦
⌘iK⇤

↵
as a function of q2min, set-

ting q2max = 6 GeV2, are shown Fig. 1.2 These param-
eters are determined numerically as a function of q2min
by means of Eq. (16), using the B ! K⇤ form-factors
and non-local charm contributions from the Flavio soft-
ware package [28]. The ranges derived from these figures,
used in the numerical analysis for the other observables,
are shown in Table I (default column). These range are
calculated for the cut on q2min used in the corresponding
existing analyses.
b. Impact of four-fermion operators. In Eq. (14) we

have neglected the contribution to the rate of four-quark
operators. Via non-local hadronic matrix elements, the
latter produce non-vanishing corrections to the decay am-
plitudes of dilepton modes. These are responsible for an

2 Note that the large value of
⌦
⌘
77
X

↵
is largely compensated by the

smallness of C7: even if
⌦
⌘
77
X

↵
= O(100),

⌦
⌘
77
X

↵
|C7|2 = O(10) ⌧

|CSM
L |2 = O(100).

Linearising the expression w.r.t. Δ(Ci) and 
neglecting interference with suppressed 
amplitudes (e.g. Ci’).
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Discussion points
• Inclusion of upper limits on Bq—>ee and b—>sττ

• How to treat C9?

• Currently included as SM nuisance parameter.

• Comments to make it q2/helicity dependent. 
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• Finally, a more general one…
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