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Introduction
• Interesting set of anomalies have appeared in 

measurements of B decays : 
– Angular observables in B0→K*0µµ
– Branching fractions of several of b→sll processes
– Lepton-flavour universality ratios in b→sll and b→cln decays

• Extent of discrepancies depends on several theoretical 
issues
– will try and highlight these issues
– point out where experiment can provide some future input

• B-decays of interest when well-calculable process, sensitive 
to new physics can be measured…
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A historical example – Bd
0→K*0g

• In SM : occurs through a dominating W-t loop 
• Possible NP diagrams :
• Observed by CLEO in 1993, two years before 

the direct observation of the top quark
– BF was expected to be (2-4)×10-4

→ measured BF = (4.5±1.7)×10-4
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Theoretical Foundation
• The Operator Product Expansion is the theoretical tool that 

underpins rare decay measurements – rewrite SM Lagrangian as :

– “Wilson Coefficients” Ci
• Describe the short distance part, can compute perturbatively in given theory
• Integrate out the heavy degrees of freedom that can't resolve at some scale µ

– “Operators” Oi
• Describe the long distance, non-perturbative part involving particles below scale µ
• Account for effects of strong interactions and are difficult to calculate reliably

→ Form a complete basis – can put in all operators from NP/SM

• Mixing between different operators : Ci → Ci
effective 

• In certain observables the uncertainties on the operators cancel out –
are then free from theoretical problems and measuring the Ci tells us 
about the heavy degrees of freedom – independent of model 
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LHCb data-taking

• Have analysed 3fb-1 of data taken during 2011,12 
– Analysis of further ~2fb-1 (with ~1.5 cross-section) in progress
– Have taken further 1.7fb-1 in 2017    
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Outline
• Angular observables in B0→K*0µµ and b→sll BFs

• Lepton-flavour universality ratios in b→sll decays 

• Semileptonic b→cln decays

• Some remarks about the future
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b→sll decays  
• b→sll decays involve flavour 

changing neutral currents → loop 
process

• Best studied decay B0→K*0µµ

• Large number of observables: BF, 
ACP and angular observables –
dynamics can be described by 
three angles (ql, qK, f) and di-µ
invariant mass squared, q2
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Bd
0→K*0µµ Ci and form factors
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• Amplitudes that describe the Bd
0→K*0µµ decay involve 

– The (effective) Wilson Coefficients: C7
eff (photon),      

C9
eff (vector), C10

eff (axial-vector) 
– Seven (!) form factors – primary origin of theoretical 

uncertainties 

→ BFs have relatively large theoretical uncertainties



B0→K*0µµ

• Try to use observables where theoretical uncertainties 
cancel e.g. Forward-backward asymmetry AFB of ql distn

0-crossing point

NP models

T. Blake

B0→K*0!+!! decay
• Large number of 

observables: branching 
fractions, CP asymmetries 
and angular observables. 

• Sensitive to new vector or 
axial-vector currents and 
virtual photon polarisation. 

• Reconstructed as a four 
track final state containing 
a kaon, pion and dimuon 
pair.  
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B0→K*0µµ angular analysis
• LHCb performed first full angular analysis [JHEP 02 (2016) 104]

– Extracted the full set of CP-avg’d angular terms and correlations
– Determined full set of CP-asymmetries

• Vast majority of observables in agreement with SM predns, 
giving some confidence in theory control of form-factors
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Angular analysis of the B0⇤ K ⇥0µ+µ� decay

[LHCb, JHEP 02 (2016) 104, arXiv:1512.04442]
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B0→K*0µµ angular analysis
• CMS and ATLAS confirm these findings
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Figure 4: Measured values of FL, AFB, and dB/dq2 versus q2 for B0 ! K⇤0µ+µ�. The statistical
uncertainty is shown by the inner vertical bars, while the outer vertical bars give the total
uncertainty. The horizontal bars show the bin widths. The vertical shaded regions correspond
to the J/y and y0 resonances. The other shaded regions show the two SM predictions after rate
averaging across the q2 bins to provide a direct comparison to the data. Controlled theoretical
predictions are not available near the J/y and y0 resonances.

[ATLAS-CONF-2017-023]	[Phys. Lett. B 753 (2016) 424]	



• At low and high q2, (leading order) relations between the 
various form factors allow a number of form-factor 
“independent” observables to be constructed 

• E.g. in the region 1<q2<6 GeV2, relations reduce the 
seven form-factors to just two – allows to form quantities 
like

• which are form-factor independent at leading order

• In fact, can form a complete basis (P(’) series) in which 
there are six form-factor independent and two form-
factor dependent observables (FL and AFB) 

13

Form-factor independent obs.

Constructing observables with smaller form-factor
dependence

� At low (q2 < 8 GeV2) and high q2 > 15 GeV2 relations between vector and
tensor form-factors at Leading Order, allow to:
⇥ Construct observables (e.g P ⇥

5) with reduced form-factor dependence at
LO and estimate theory errors
⇥ Also motivated due to lack of publicly available correlations between form
factor uncertainties (until recently [BSZ15])

� For example: for 1 < q2 < 6 GeV2 form-factor relations result in AL,R
⇤ and

AL,R
⇧ to depend on the same single form-factor (�⇤), and AL,R

⇤ to depend on
a single other one (�⇧)

P ⇥
5 � Re(AL

0A
L⇥
⇤ �AR

0A
R⇥
⇤ )q

(|AL
0|2+|AR

0 |2)(|AL
⇤|2+|AR

⇤|2+|AL
⌅|2+|AR

⌅|2)

⇥ P ⇥
5 is form-factor independent at LO

⇥ Angular distribution can be described by 6 form-factor independent and 2
form-factor dependent observables (the Pi basis)

K.A. Petridis (UoB) B0 � K⇥0µ+µ� Tuesday meeting 4 / 13



B0→K*0µµ angular analysis 
• Form-factor “independent” P5’ has a local discrepancy in 

two bins – (subsequently confirmed by Belle)
→ 3.4s discrepancy with the vector coupling ∆C9 = −1.04±0.25
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[PRL 118 (2017) 111801]
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Figure 8: The optimised angular observables in bins of q2, determined from a maximum likelihood
fit to the data. The shaded boxes show the SM prediction taken from Ref. [14].
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Table 2: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays in bins of q2. The first
uncertainty is statistical, the second systematic and the third due to the uncertainty on the
B0! J/ K⇤0 and J/ ! µ+µ� branching fractions.

q

2 bin (GeV2

/c

4) dB/dq2 ⇥ 10�7 (c4/GeV2)

0.10 < q

2

< 0.98 1.016+0.067

�0.073

± 0.029± 0.069

1.1 < q

2

< 2.5 0.326+0.032

�0.031

± 0.010± 0.022

2.5 < q

2

< 4.0 0.334+0.031

�0.033

± 0.009± 0.023

4.0 < q

2

< 6.0 0.354+0.027

�0.026

± 0.009± 0.024

6.0 < q

2

< 8.0 0.429+0.028

�0.027

± 0.010± 0.029

11.0 < q

2

< 12.5 0.487+0.031

�0.032

± 0.012± 0.033

15.0 < q

2

< 17.0 0.534+0.027

�0.037

± 0.020± 0.036

17.0 < q

2

< 19.0 0.355+0.027

�0.022

± 0.017± 0.024

1.1 < q

2

< 6.0 0.342+0.017

�0.017

± 0.009± 0.023

15.0 < q

2

< 19.0 0.436+0.018

�0.019

± 0.007± 0.030
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b→sll branching fractions
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BFs too low in b⇥ sµ+µ� decays?
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• Several b→sll branching fractions measured at LHCb
show some tension with predictions, particularly at low q2

B0→K*0µµ B0
s→fµµ L0
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Figure 2: Di�erential branching fraction results for the B+⇤ K+µ+µ�, B0⇤ K0µ+µ� and
B+ ⇤ K⇥+µ+µ� decays. The uncertainties shown on the data points are the quadratic sum
of the statistical and systematic uncertainties. The shaded regions illustrate the theoretical
predictions and their uncertainties from light cone sum rule and lattice QCD calculations.

Table 3: Integrated branching fractions (10�8) in the high q2 region. For the B ⇤ Kµ+µ�

modes the region is defined as 15� 22GeV2/c4, while for B+⇤ K⇥+µ+µ� it is 15� 19GeV2/c4.
Predictions are obtained using the form factors calculated in lattice QCD over the same q2

regions. For the measurements, the first uncertainty is statistical and the second systematic.

Decay mode Measurement Prediction

B+⇤ K+µ+µ� 8.5± 0.3± 0.4 10.7± 1.2

B0⇤ K0µ+µ� 6.7± 1.1± 0.4 9.8± 1.0

B+⇤ K⇥+µ+µ� 15.8 +3.2
�2.9 ± 1.1 26.8± 3.6

measurements are all individually consistent with their respective predictions, they all
have values below those.

9

→ 3.3s discrepancy 

→ 2.6s discrepancy 



Global fits
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• Several theory groups have 
interpreted results by 
performing global fits to b→sll
data e.g. [arXiv:1704.05340, 
EPJC(2017)77:377]

• Consistent picture, tensions 
solved simultaneously by a 
modified vector coupling (∆C9
!= 0) at >3s but discussion of 
residual hadronic
uncertainties (…) 



Introduction Anomalies LFU violation Outlook Flavour: Outlook

Charm loops in B → K∗μ+μ−

! Culprit: matrix element of O1,2

⟨K̄∗|T{jμem(x)C1,2O1,2(0)}|B̄⟩

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

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

How can we disentangle hλ from C9?

O2 = (s̄LγμcL)(c̄Lγ
μbL)

David Straub (Universe Cluster) .
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• Largest individual uncertainty on P5’
from cc-loop effects 

• Theorists have started to look critically 
at their predictions – O1,2 operators 
have a component that could mimic a 
NP effect in C9 through cc loop

4

0 2 4 6 8 10 12 14

q2 2

�0.8

�0.4

0.0

0.4

0.8

P
� 5

B ! K

⇤
 n

FIG. 2. Prior and posterior predictions for P 0
5 within the SM

and the NP C9 benchmark, compared to LHCb data.

dictions for all observables of interest within the range
0  q

2 . 14 GeV2. One of them is the angular observable
P

0
5 [34], which is the visible face of the “B ! K

⇤
µ

+
µ

�

anomaly” [35]. Our SM prediction for P

0
5 is represented

by the gray band in Fig. 2. We find relatively small
uncertainties and a clearly apparent tension with LHCb
data (represented by purple boxes in Fig. 2).

Another interesting SM prediction that we obtain from
our analysis is:

BR(B0 ! K

⇤0
�) = (4.2+1.7

�1.3) · 10�5
,

(11)

in agreement with the world average [36]. The larger
uncertainties as compared to Ref. [37] are due to our
doubling of the form factor uncertainties. SM predictions
for all other observables will be given elsewhere.

VI. NEW PHYSICS ANALYSIS

We now perform a fit to B ! K

⇤
µ

+
µ

� data using
as prior information the SM predictions derived in Sec-
tion V. We include the branching ratio and the angu-
lar observables S

i

[38] within the q

2 bins in the region
1  q

2 . 14 GeV2. We use the latest LHCb measure-
ments [39, 40], and perform di↵erent separate fits, using
the results from the maximum-likelihood fit excluding
(LLH) and including (LLH2) the inter-resonance bin, or
using the results from the method of moments [41] (MOM
and MOM2), and both including (NP fit) and not includ-
ing (SM fit) a floating NP contribution to C9.

The fits provide posterior distributions for the correla-
tor, for B ! K

⇤
µ

+
µ

� and B ! K

⇤
� observables, and

for C9. We first discuss some illustrative results of the
LLH2 fit. The posteriors for the real part of H?(q2) are
shown in Fig. 1, both for the SM and the NP fits. In this
case it is reassuring that both are consistent within errors

1.5 2.0 2.5 3.0 3.5 4.0 4.5
C9

6.1 �

4.9 �

4.0 �

3.4 �

C9

FIG. 3. Posterior distributions for C9 from the NP fits and
their respective pulls. Dark and light shaded regions corre-
spond to 68% and 99% probability.

with the result of the prior fit, indicating that modifying
the long-distance contribution does not lead to improve-
ment in the SM fit, and so the long-distance contribution
is not likely to mimic a NP contribution.

The posterior NP prediction for P

0
5 (corresponding to

the LLH2 fit) is shown in Fig. 2, exhibiting a much better
agreement with the experimental measurements than the
SM (prior) prediction.

The main conclusion of the fits is the following. The
SM fits are relatively ine�cient in comparison with the
NP fits, with posterior odds [42] ranging from ⇠ 2.7 to
⇠ 10 (on the log scale) in favor of the NP hypothesis.
The one-dimensional marginalized posteriors yield:

(LLH) : C9 = 2.51 ± 0.29 , (12)

(LLH2) : C9 = 3.01 ± 0.25 , (13)

(MOM) : C9 = 2.81 ± 0.37 , (14)

(MOM2) : C9 = 3.20 ± 0.31 . (15)

The corresponding pulls with respect to the SM point
C

SM
9 (µ = 4.2 GeV) = 4.27 range from 3.4 to 6.1 standard

deviations, and are illustrated in Fig. 3. These results,
from a fit to B ! K

⇤
µ

+
µ

� data only, are in qualitative
agreement with global fits [42–48], but rely on a more
fundamented theory treatment.

VII. CONCLUSIONS

Analyticity provides strong constraints on the hadronic
contribution to B ! K

⇤
`` observables, and fixes the q

2

dependence up to a polynomial, which under some cir-
cumstances is an expansion in a small kinematical pa-
rameter. In this letter we have exploited this idea to
propose a systematic approach to determine the non-local
contributions, which at this time are the main source of

• Recent paper fits 
parameterisation to theory 
and auxiliary data to try and 
determine cc effect 

[arXiv:1707.07305] 
18

Could the SM predn be wrong?



Could the SM predn be wrong?

• Effect can be parameterised as function of three helicity
amplitudes, h+-0
– Absorb effect of these amplitudes into a helicity dependent shift in C9

C9
SM + DC9

+-0(q2) cf.   C9
SM + DC9

NP

– → Look for q2 and helicity dependence of shift in C9 

19

[EPJC (2017) 77: 377]

Global fits

Include 70-100 observables

C9 in global fits is subject to hadronic uncertainties!

I Results in the (�Cµ
9 , �Cµ

10) plane

Altmannshofer et al. arXiv:1704.05435

J. Martin Camalich (CERN) LUV in B decays November 16th 2017 19 / 23

“The absence of a q2 and helicity
dependence is intriguing, but cannot 
exclude a hadronic effect as the 
origin of the apparent discrepancies”  

Factor 5 increase in non-FF hadronic
uncert. cannot account for effect seen

[PRD 96 (2017) 055008]



Could the SM predn be wrong? 

• What about the form factors, could they be wrong? 
- Would give a correlated effect in other observables
- Even if double errors, don’t get close to explaining anomalies 

- An experimental problem? 

20

This image cannot currently be displayed.

Angular analysis of the B0⇤ K ⇥0µ+µ� decay

[LHCb, JHEP 02 (2016) 104, arXiv:1512.04442]
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from MC and validated on
B0⇤ J/⇥K ⇥ decays.
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Observables consistent with SM,
except S5

Patrick Koppenburg Recent highlights on heavy quarks 24/08/2016 — QCD@LHC, Zürich [46 / 70]

Angular analysis of the B0⇤ K ⇥0µ+µ� decay

[LHCb, JHEP 02 (2016) 104, arXiv:1512.04442]

]4c/2 [GeV2q
0 5 10 15

LF

0

0.2

0.4

0.6

0.8

1

LHCb
SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

FBA

-0.5

0

0.5

LHCb
SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

4S

-0.5

0

0.5
LHCb

SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

4S

-0.5

0

0.5
LHCb

SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

5S

-0.5

0

0.5
LHCb

SM from ABSZ

]4c/2 [GeV2q
0 5 10 15

7S

-0.5

0

0.5
LHCb

]4c/2 [GeV2q
0 5 10 15

8S

-0.5

0

0.5
LHCb

]4c/2 [GeV2q
0 5 10 15

9S

-0.5

0

0.5
LHCb

Update of [JHEP 08 (2013) 131] and [PRL 111 (2013)

191801] to 3 fb�1. Now S-wave is taken
into account, we have finer bins, and
no ⇤ folding is needed.

Angular acceptance obtained
from MC and validated on
B0⇤ J/⇥K ⇥ decays.

Max Likelihood fit: 4D fit to
m(K+��) and three angles in
bins of q2. Here
1.1 < q2 < 6 GeV2/c4

Observables consistent with SM,
except S5

Patrick Koppenburg Recent highlights on heavy quarks 24/08/2016 — QCD@LHC, Zürich [46 / 70]
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What if SM predn are correct?
• Need a new vector contribution → adjusts C9 Wilson 

Coefficient; C9
NP=-C10

NP (V-A) also still compatible with fits 

• Very difficult to generate in SUSY models :

• Models with composite Higgs/UED have same problem

• Could generate observed deviation with a Z’ or LQ 

21

“[C9 remains] SM-like throughout 
the viable MSSM parameter 
space, even if we allow for 
completely generic flavour 
mixing in the squark section”

[arXiv:1308.1501]



What if SM predn are correct?
• Discrepancies have got enough interest st model 

builders have started to step-in

• For a review see, e.g. D.Straub @ Instant workshop on 
B meson anomalies 

22

Model building requirements Possible Models Summary Model building overview

General considerations
Three logical possibilities:

! Z′

! SU(2)L singlet or
triplet

Talk by J. Fuentes-Martin

! Leptoquark
! Spin 0 or 1

Talk by I. Nisandzic, B. Gripaios

! New scalars/vectors,
also leptoquarks
possible

Talk by Y. Soreq

NB, tree exchanges can also involve (1PR) loops cf. Bélanger et al. 1507.06660,

Kamenik et al. 1704.06005

David Straub (Universe Cluster) .
.
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Direct searches
• Measurements give constraints 

on mass, coupling plane – in 
order to understand how heavy 
e.g. LQ might be, need a model 
for couplings
– Couple only to b-s (and hence avoid 

lots of other expt’al constraints)? 
– → LQ can be ~TeV but then very 

difficult to measure directly 
– Invent full model with coupling to 

other quarks?  
– → LQ can then be ~30TeV and 

even a 100TeV future collider might 
not be able to do the job (!)

23



Outline
• Angular observables in B0→K*0µµ and b→sll BFs

• Lepton-flavour universality ratios in b→sll decays 

• Semileptonic b→cln decays

• Some remarks about the future

24



The plot thickens: RK

• The ratio of b→sµµ and b→see branching fractions, R, is a 
theoretically pristine quantity, precisely predicted in the SM

• Whatever hadronic uncertainties affect b→sll decays, they 
should cancel in this ratio

25

BaBar PRD86 (2012) 032012 
Belle PRL 103 (2009) 171801

RK*0,K = BF(B0,+→K*0,+µµ) / BF(B0,+→K*0,+ee)

• 2014 LHCb measurement of RK,

RK =
• already generated some excitement, 

despite being consistent with SM at    
2.6s level 

•  Correct for bremsstrahlung using 
calorimeter photons (ET>75MeV) 

•  Migration of events into/out of 
the 1 < q2 < 6 GeV2 region  
corrected using MC 

•  Double ratio with resonant decay 
B+ ! J/#(e+e-) K+ measured 

•  In 3fb-1 LHCb determines 
 
 
(consistent with SM at 2.6") 

 

Johannes Albrecht 

Test of lepton universality 
Lepton universality?

Correct for bremstrahlung using
calorimeter photons
(with ET > 75MeV).

Migration of events into/out-of the
1 < q2 < 6GeV2/c4 window is
corrected using MC.

Take double ratio with
B+� J/⇥K+ decays to cancel
possible systematic biases.

In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)
+0.036
�0.036(syst)

which is consistent with SM at 2.6�.
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LHCb

LHCb-PAPER-2014-024 [Preliminary],

Belle [PRL 103 (2009) 171801] ,

BaBar [PRD 86 (2012) 032012]

T. Blake Rare FCNC decays 34 / 43

Lepton universality?

Correct for bremstrahlung using
calorimeter photons
(with ET > 75MeV).

Migration of events into/out-of the
1 < q2 < 6GeV2/c4 window is
corrected using MC.

Take double ratio with
B+� J/⇥K+ decays to cancel
possible systematic biases.

In 3 fb�1 LHCb determines
RK = 0.745+0.090

�0.074(stat)
+0.036
�0.036(syst)

which is consistent with SM at 2.6�.
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LHCb-PAPER-2014-024 [Preliminary],

Belle [PRL 103 (2009) 171801] ,

BaBar [PRD 86 (2012) 032012]

T. Blake Rare FCNC decays 34 / 43
8. July 2014 

3fb-1 
arXiv:1406.6482 

24/33 

- Measured value is what would result from DC9
ee=0, DC9

µµ=-1
i.e. could account for angular data, BFs and this RK ratio by 
changing only C9

µµ 



Lepton universality measurements
• Have recently added analogous 

measurement using K*0ll instead 
of K+ll → RK*0

• Find,
– low q2: 2.1-2.3s below SM predn
– ctl q2: 2.4-2.5s below SM predn

• [JHEP 08 (2017) 055] 

• Cue a new wave of global fits (…)

26

[JHEP 08 (2017) 055]

low	q2 ctl q2



RK*0 – experimental issues

27



Cross-checking R ratios
• RX measurements made exploiting double ratio wrt

equivalent J/y decay modes in order to cancel 
experimental systematic uncertainties

• Need observed yield of each decay mode and (ratio of) 
selection efficiencies 
– Bremsstrahlung and trigger give main differences between 
– Cancel effect by comparing to J/y modes with similar issues 

28

Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.

bin at 6.0 GeV2/c4 is chosen to reduce contamination from the radiative tail of the J/ 
resonance.

The measurement is performed as a double ratio of the branching fractions of the
B0! K⇤0`+`� and B0! K⇤0J/ (! `+`�) decays

RK⇤0 =
B(B0! K⇤0µ+µ�)

B(B0! K⇤0J/ (! µ+µ�))

�
B(B0! K⇤0e+e�)

B(B0! K⇤0J/ (! e+e�))
,

where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `+`� is measured to be consistent with LU [24]. In order to
avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details

2



Cross-checking R ratios
• Test control of the absolute scale of the efficiencies by 

instead measuring the single ratio, 

• where we do not benefit from this cancellation 

• rJ/y known to be lepton universal at ~% level

• Measure  rJ/y = 1.043±0.006 (stat) ±0.045 (syst), result is 
independent of the decay kinematics, binning in 
quantities that would expect bremsstrahlung and trigger 
to depend on see completely uniform result

29
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Figure 7: Fit to the m(K+⇡�e+e�) invariant mass of (top) B0! K⇤0e+e� in the low- and
central-q2 bins and (bottom) B0! K⇤0J/ (! e+e�) candidates. The dashed line is the signal
PDF, the shaded shapes are the background PDFs and the solid line is the total PDF. The fit
residuals normalised to the data uncertainty are shown at the bottom of each distribution.

the low- and central-q2 regions, respectively.
The e�ciency ratios between the nonresonant and the resonant modes, "`+`�/"J/ (`+`�)

,
which directly enter in the RK⇤0 measurement, are reported in table 3. Besides a depen-
dence on the kinematics, the di↵erence between the ratios in the two q2 regions is almost
entirely due to the di↵erent requirement on the neural-network classifier. The relative
fraction of the electron trigger categories is checked using simulation to depend on q2 as
expected: the fraction of L0E decreases when decreasing in q2, while L0H increases; on
the other hand, the fraction of L0I only mildly depends on q2.

9 Cross-checks

A large number of cross-checks were performed before unblinding the result. The control
of the absolute scale of the e�ciencies is tested by measuring the ratio of the branching
fractions of the muon and electron resonant channels

rJ/ =
B(B0! K⇤0J/ (! µ+µ�))

B(B0! K⇤0J/ (! e+e�))
,

which is expected to be equal to unity. This quantity represents an extremely stringent
test, as it does not benefit from the large cancellation of the experimental systematic

13



Cross-checking R ratios
• Extent of the cancellation of residual systematics verified 

by measuring the double ratio, Rψ(2S), where B0→ 
K∗0ψ(2S)(→l+l−) decays used in place of B0 → K∗0l+l−

• Find compatible with unity, sstat~2% 

• Further check at low q2 : measure BF(B0 → K∗0γ) where 
γ converts to e+e-, again result compatible with PDG

• Various data-driven adjustments made to simulation in 
order to reproduce trigger-, PID-, tracking- efficiencies 
observed with data control channels, even if turn these 
off completely, result shifts by <5% 

30



Global fits revisited
• Using just the theoretically clean observables, RK, RK*

and BF(B→µµ), fits exclude SM at 3.6s level 

• NB: have more than twice data again in-hand 
31

Fits with clean observables only

Assume NP is µ-specific

I Deviation of the SM: p-value of 3.7 ⇥ 10�4 (3.6�)
I Best fit suggests a leptonic left-handed scenario �Cµ

L

J. Martin Camalich (CERN) LUV in B decays November 16th 2017 18 / 23



Global fits revisited
• Adding the angular and branching fractions observables to 

the LFU ratios, the size of the discrepancy → >5s [see e.g. 
arXiv:1704.05340] 

… but community understandably still reluctant to call this NP
32



Outline
• Angular observables in B0→K*0µµ and b→sll BFs

• Lepton-flavour universality ratios in b→sll decays 

• Semileptonic b→cln decays

• Some remarks about the future
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Semileptonic anomaly

• A further anomaly is seen in semileptonic B decays
– Tree-level process in SM 
– Good theoretical control due to factorisation of hadronic and 

leptonic parts but again use lepton universality ratio to access 
theoretically pristine quantity e.g. in case of b→cln transition,

– SM predictions 
• R(D) = 0.300(8) [EPJ C77 (2017)112] 
• R(D*)=0.252(3) [PRD 85 (2012) 094025]

– Recent updates take into account alternative extrapolation for 
form-factors and differential distributions from Belle data,

• R(D)=0.258(5) [arXiv:1707.09977]
• R(D*)=0.260(8) [arXiv:1707.09509]

34

Semileptonic B decays

o “Beta decay” of B hadrons – signature is lepton (μ or e (or 𝜏!)) , recoiling hadronic 
system, and missing momentum

◦ Tree-level transition in SM – strong V-A structure

o Theoretically under good control due to factorization of hadronic and leptonic part
oHadronic matrix element ത𝐵 𝒪 𝐻𝑐 decomposed in terms of Lorentz structure with 

nonperturbative scalar functions of momentum transfer (“form factors”)

o Charged lepton universality implies branching fractions for semileptonic decays to 
𝑒, 𝜇, 𝜏 differ only by explicit mass-dependence

2

ത𝐵0 → 𝐷+ → 𝐾+𝐾−𝜋+ 𝜇− ҧ𝜈𝜇 candidate

𝑊+

ℓ
ҧ𝜈ℓ

ത𝐵 𝐷

What we want to measure

3

ത𝐵0𝐷∗+

𝜇−

𝜋+
𝐾−

𝜋+

𝜈

ത𝐵0𝐷∗+

𝜏−

𝜋+
𝐾−

𝜋+

𝐷0

ത𝐵0 → 𝐷∗+𝜇− ҧ𝜈𝜇
“normalization”

ത𝐵0 → 𝐷∗+𝜏− ҧ𝜈𝜏
“signal”

PV

PV

𝐷0
𝑅 𝐷 ∗ ≡

ℬ ത𝐵0 → 𝐷(∗)𝜏− ҧ𝜈𝜏
ℬ ത𝐵0 → 𝐷(∗)ℓ− ҧ𝜈ℓ

o Theoretically clean due to cancellation of 
form factor uncertainties
• Poorly-measured helicity suppressed 

amplitudes give dominant uncertainty
• SM predictions are precise. HFLAV global 

fits currently use: 
𝑅 𝐷 = 0.300(8)

[EPJ C77 112 (2017)](Lattice/FLAG)
𝑅 𝐷∗ = 0.252(3)

[PRD 85 094025 (2012)] (CLN)
• Alternate prediction with BGL z-

expansion FFs plus Belle unfolded 𝐵 →
𝐷∗ℓ𝜈 differential distributions

𝑅 𝐷∗ = 0.258(5)
[arXiv 1707.09977]

𝑅 𝐷∗ = 0.260(8)
[arXiv 1707.09509]



LHCb result – leptonic t
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• 3D fit to (mmiss
2, Eµ*,q2)

• R(D*) = 0.336±0.027±0.030 

• 2.1s above SM prediction

• Dominant systematics from 
MC statistical uncertainty and 
background from hadrons 
misidentified as muons

LHCb result

15

•3D fit to 𝑚𝑚𝑖𝑠𝑠
2 , 𝐸𝜇∗, 𝑞2

•Result: 𝑅 𝐷∗ = 0.336 ± 0.027 ± 0.030
◦ (2.1 sigma from CLN prediction)
◦ First measurement of a 𝑏 → 𝑋𝜏𝜈 decay at a 

hadron collider

• Dominant systematics from MC statistical 
uncertainty and background from hadrons 
misidentified as muons

PRL 115 111803(2015)

[PRL 115 (2015) 111803]



LHCb result – 3-prong t
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• Largest residual background 
B→D*DS[→3𝜋X]

• Train BDT to separate from signal 
using 3𝜋 dynamics, visible mass, 
momenta etc.

• 3D fit to (BDT, tt, q2)

• R(D*) = 
0.286±0.019±0.025±0.021 
– 3rd uncertainty from B(B0→D*-p+p-p+) 

and B(B0→D*-µ+n)

• 0.9s above SM prediction
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Figure 16: Projections of the three-dimensional fit on the (top) 3⇡ decay time, (middle) q2 and
(bottom) BDT output distributions. The fit components are described in the legend.

6 Determination of normalization yield

Figure 7 shows the D⇤�3⇡ mass after the selection of the normalization sample. A clear
B0 signal peak is seen. In order to determine the normalization yield, a fit is performed
in the region between 5150 and 5400MeV/c2. The signal component is described by the
sum of a Gaussian function and a Crystal Ball function [44]. An exponential function
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Global fit to semileptonic decays
• Combination of results with those from Babar/Belle 

shows excellent agreement 
• World average value SM predictions shows a 4.1s

tension – updated theory can change this by ~0.5s

37

𝑅(𝐷 ∗ ) world average

• Combination of all experimental results shows excellent agreement

• World average value vs CLN(2012)+Lattice SM predictions shows a 4.1𝜎 tension
◦ New theory predictions can change this by 𝒪(0.5𝜎)
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Simultaneous explanation of 
the anomalies? 

• Number of theory papers try and find a simultaneous 
explanation for the RD and b→sll anomalies
– Possible with both tree level mediator and with tree- and loop-

level mediators
– Reduces the NP scale of b→sμμ to <9 TeV
– Options include scalar and vector LQ and some colourless

vector 
– Constraints from B-mixing, limits on B→Knn important 
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One Leptoquark to Rule Them All:
A Minimal Explanation for RD(⇤), RK and (g � 2)µ
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We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptoquark
with the quantum numbers of a right-handed down quark, one can explain in a natural way three of
the most striking anomalies of particle physics: the violation of lepton universality in B̄ ! K̄`+`�

decays, the enhanced B̄ ! D(⇤)⌧ ⌫̄ decay rates, and the anomalous magnetic moment of the muon.
Constraints from other precision measurements in the flavor sector can be satisfied without fine-
tuning. Our model predicts enhanced B̄ ! K̄(⇤)⌫⌫̄ decay rates and a new-physics contribution to
Bs�B̄s mixing close to the current central fit value.

Introduction. Rare decays and low-energy precision
measurements provide powerful probes of physics beyond
the Standard Model (SM). During the first run of the
LHC, many existing measurements of such observables
were improved and new channels were discovered, at rates
largely consistent with SM predictions. However, a few
anomalies observed by previous experiments have been
reinforced by LHC measurements and some new anoma-
lous signals have been reported. The most remarkable
example of a confirmed e↵ect is the 3.5� deviation from
the SM expectation in the combination of the ratios

R
D

(⇤) =
�(B̄ ! D(⇤)⌧ ⌫̄)

�(B̄ ! D(⇤)`⌫̄)
; ` = e, µ. (1)

An excess of the B̄ ! D(⇤)⌧ ⌫̄ decay rates was first noted
by BaBar [1, 2], and it was shown that this e↵ect can-
not be explained in terms of type-II two Higgs-doublet
models. The relevant rate measurements were consis-
tent with those reported by Belle [3–5] and were recently
confirmed by LHCb for the case of R

D

⇤ [6]. Since these
decays are mediated at tree level in the SM, relatively
large new-physics contributions are necessary in order to
explain the deviations. Taking into account the di↵eren-
tial distributions d�(B̄ ! D⌧ ⌫̄)/dq2 provided by BaBar
[2] and Belle [7], only very few models can explain the ex-
cess, and they typically require new particles with masses
near the TeV scale and O(1) couplings [8–17]. One of the
interesting new anomalies is the striking 2.6� departure
from lepton universality of the ratio

R
K

=
�(B̄ ! K̄µ+µ�)

�(B̄ ! K̄e+e�)
= 0.745+0.090

�0.074 ± 0.036 (2)

in the dilepton invariant mass bin 1GeV2  q2  6 GeV2,
reported by LHCb [18]. This ratio is essentially free from
hadronic uncertainties, making it very sensitive to new
physics. Equally intriguing is a discrepancy in angu-
lar observables in the rare decays B̄ ! K̄⇤µ+µ� seen
by LHCb [19], which is however subject to significant
hadronic uncertainties [20–22]. Both observables are in-
duced by loop-mediated processes in the SM, and assum-
ing O(1) couplings one finds that the dimension-6 opera-

tors that improve the global fit to the data are suppressed
by mass scales of order tens of TeV [23–26].

In this letter we propose a simple extension of the SM
by a single scalar leptoquark � transforming as (3,1,� 1

3 )
under the SM gauge group, which can explain both the
R

D

(⇤) and the R
K

anomalies with a low mass M
�

⇠
1 TeV and O(1) couplings. The fact that such a particle
can explain the anomalous B̄ ! D(⇤)⌧ ⌫̄ rates and q2

distributions is well known [13, 17]. Here we show that
the same leptoquark can resolve in a natural way the R

K

anomaly and explain the anomalous magnetic moment of
the muon. Reproducing R

K

with a light leptoquark is
possible in our model, because the transitions b ! s`+`�

are only mediated at loop level. Such loop e↵ects have
not been studied previously in the literature. We also
discuss possible contributions to B

s

�B̄
s

mixing, the rare
decays B̄ ! K̄(⇤)⌫⌫̄, D0 ! µ+µ�, ⌧ ! µ�, and the
Z-boson couplings to fermions. We focus primarily on
fermions of the second and third generations, leaving a
more complete analysis for future work.

The leptoquark � can couple to LQ and e
R

u
R

, as well
as to operators which would allow for proton decay and
will be ignored in the following. Such operators can be
eliminated, e.g., by means of a discrete symmetry, under
which SM leptons and � are assigned opposite parity.
The leptoquark interactions follow from the Lagrangian

L
�

= (D
µ

�)†D
µ

�� M2
�

|�|2 � g
h�

|�|2|�|2
+ Q̄c�Li⌧2L�

⇤ + ūc

R

�Re
R

�⇤ + h.c. ,
(3)

where � is the Higgs doublet, �L,R are matrices in fla-
vor space, and  c = C ̄T are charge-conjugate spinors.
Note that our leptoquark shares the quantum numbers of
a right-handed sbottom, and the couplings proportional
to �L can be reproduced from the R-parity violating su-
perpotential. The above Lagrangian refers to the weak
basis. Switching to the mass basis for quarks and charged
leptons, the couplings to fermions take the form

L
�

3 ūc

L

�L

ue

e
L

�⇤�d̄c
L

�L

d⌫

⌫
L

�⇤+ūc

R

�R

ue

e
R

�⇤+h.c. , (4)

where

�L

ue

= UT

u

�LU
e

, �L

d⌫

= UT

d

�L , �R

ue

= V T

u

�
R

V
e

, (5)
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Outline
• Angular observables in B0→K*0µµ and b→sll BFs

• Lepton-flavour universality ratios in b→sll decays 

• Semileptonic b→cln decays

• Some remarks about the future
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A glimpse of the future – Bd
0→K*0µµ

• Measure the effect of cc loops

• At low q2, DC9
+-0(q2) term 

arises mainly from interference 
rare decay and J/y

• Measure phase of interference 
by fitting differential rate (and 
angles)

• LHCb has performed such a fit 
for B+→K+μ+μ− [EJPC (2017) 
77:161], considerably more 
complex for B0→K*0µµ but 
principle the same
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A glimpse of the future – B0→μ+μ−

• Many single-particle explanations of anomalies predict 
C9

NP = −C10
NP (data still compatible with such a soln)

41

• If this were the case would 
expect to see effect in
B0→μ+μ− decays
– Helicity and GIM suppressed
– Dominant contribution from Z-

penguin diagram
– Precise predictions for BFs : 

B(Bs
0→µµ)=(3.66±0.23)×10

-9    

B(Bd
0→µµ)=(1.06±0.09)×10

-10

– Can be altered by modified C10
or new scalar/pseudoscalar
(C ) [high tan b SUSY]



A glimpse of the future – B0→μ+μ−

• Many single-particle explanations of anomalies predict 
C9

NP = −C10
NP (data still compatible with such a soln)

42

• No evidence for any deviation from 
SM so far… but this measurement 
will be important for the future! 



A glimpse of the future – RX

• Programme of additional RX
measurements just starting :
– Update RK and RK* – with new data 
– Add high q2 regions  
– Add new measurements R(f), R(Kpp), 

R(Λ)... 
– Add CKM-suppressed decays e.g. R(p)

• Can also widen search for lepton-
flavour violating decays e.g. ll’, Kll’ 
expected for LQ models 
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Figure 1. Tree-level contributions to B ! K⇤µ+µ� (left diagram) and Bs– ¯Bs mixing (right
diagram) from Z 0-boson exchange.

A straightforward matching calculation gives

�C�
7

' 8s2W
27

�
1 � 4s2W

� M2

W

M2

Z0
,

�C`
9

= � 2⇡

3↵

1 + 8s2W
1 � 4s2W

M2

W

M2

Z0
,

�C`
10

=

2⇡

3↵

M2

W

M2

Z0
,

(4.3)

in agreement with the results presented in [21]. To obtain the result for �C�
7

we have only
kept the terms that are not CKM suppressed. The tree-level diagram giving rise to �C`

9,10

is shown on the left-hand side in Figure 1. Interestingly, our 3-3-1 model predicts �C`
9

< 0

and �C`
10

/�C`
9

= �(1 � 4s2W )/(1 + 8s2W ) ⌧ 1.
Employing ↵ = ↵(MZ) ' 1/128, s2W = s2W (MZ) ' 0.23 and MW ' 80.4 GeV, it hence

follows that the 68% confidence level (CL) range

�C`
9

2 [�1.9,�1.3] , (4.4)

found in [7] from a fit to the present b ! s�, µ+µ� data, can be achieved for Z 0-boson
masses

MZ0 2 [5.7, 6.9] TeV . (4.5)

Such large Z 0-boson masses lead to new-physics effects of

�C�
7

= O(10

�4

) , (4.6)

i.e. negligible corrections with respect to (C�
7

)

SM

' �0.19 [22]. Likewise, the Z 0-boson
contributions to the semi-leptonic axial-vector operator are very small, amounting to

�C`
10

2 [0.04, 0.05] . (4.7)

The smallness of the coefficient �C�
7

(�C`
10

) is of course a result of the one-loop suppression
of dipole interactions (the vector-like nature of the Z 0-boson couplings to charged leptons).
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A glimpse of the future – P5’

• Can make ratio of P5’(e) and P5’(µ) → Q5

• Thus far, only done by Belle – full angular analysis of 
B0→K*0ee in progress at LHCb

44

[PRL 118 (2017) 111801]



A glimpse of the future – semilep.

• Working on a simultaneous 
measurement of R(D), R(D*), as 
well as R(D+), R(Lc) in both 
leptonic and 3-prong cases 

• Cabibbo suppressed decay 
LB→pln experimentally difficult 
at LHCb, as no vertex to give B 
decay point that is needed for t
reconstruction  
– B+→ppln an experimentally viable 

alternative 
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Extrapolations
o 𝑒+𝑒−

◦ Belle:
◦ R(D) semileptonic tag in progress
◦ Revisit old inclusive-tag measurements

◦ Belle-II / Super-KEKB:
◦ Instantaneous Lumi increase by 50x Belle
◦ Ultimate dataset goal: 50ab−1 ≈ 6 × 1010 𝐵 ത𝐵 pairs
◦ Could reach 2% sensitivity on R(D*) with final dataset
◦ Improved vertexing resolution can open up 3-prong 

channel

o 𝑝𝑝
◦ LHCb Upgrade:

◦ 40MHz synchronous readout + all-software trigger
◦ 50fb−1 ≈ 6 × 1012 𝑏ത𝑏 in acceptance
◦ LHCb Upgrade expects to remain competitive with 

final Belle-II sensitivity
◦ Clear path to continuously reduce background 

systematics with more and better control samples
◦ Challenge will be computing

◦ Phase-II upgrade luminosity likely needed to get 
ultimate sensitivity on other 𝑏-hadrons
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P. Owen LHCb Beyond Phase 1 Upgrade workshop

G. De Nardo CKM 2014
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Fig. 3. Differential branching fractions for (a) pp̄K+ and (b) pp̄π+ modes as a func-
tion of proton-antiproton pair mass. The solid curves are theoretical predictions [11]
that are scaled to the observed charmless branching fractions. The two shaded mass
bins, 2.85 < Mpp̄ < 3.128 GeV/c2 and 3.315 < Mpp̄ < 3.735 GeV/c2, are not
counted in the charmless signal yields since they contain contributions from the
intermediate resonances ηc, J/ψ and ψ′,χc0,χc1 mesons, respectively.

Systematic uncertainties are determined using high-statistics control data sam-
ples. For proton identification, we use a Λ → pπ− sample, while for K/π iden-
tification we use a D∗+ → D0π+, D0 → K−π+ sample. The average efficiency
difference for hadron identification between data and MC has been corrected
to obtain the final branching fraction measurements. The corrections are about
9% and 14% for the pp̄K+ and pp̄π+ modes, respectively. The uncertainties
associated with the hadron identification corrections are estimated to be 4.2%
for two protons and 1% for one kaon/pion. Tracking uncertainty is determined
with fully and partially reconstructed D∗ samples. It is about 1% per charged
track. The R continuum suppression uncertainty is estimated from control
samples with similar final states, B+ → J/ψK+ with J/ψ → µ+µ−. The un-
certainties for R selection are 2.5% and 4% for the pp̄K+ and pp̄π+ modes,
respectively. A systematic uncertainty of 2% in the fit yield is determined by

8

Belle ppp data
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Conclusions



Conclusions
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• Interesting set of anomalies observed in B decays –
given experimental precision and theoretical 
uncertainties, none of them are yet compelling

• Near-term updates should clarify the situation and can 
help constrain some of the theoretical issues

• Wide range of new measurements will be added to 
broaden the constraints on the underlying physics 

• At LHCb, full Run-2 dataset will give factor ~4 more data 
than Run-I on timescale that Belle-2 will start running


