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Introduction 

•  Rare decays are excellent candidates for indirect 
searches for new physics (NP) e.g. b→sl+l− decays 

 
•  But these conditions do not necessarily apply to physics 

beyond the SM! 
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•  Strongly suppressed in the SM as 
–  involve Flavour Changing Neutral Currents 

(FCNC) - arise only at the loop level 
–  quark-mixing is hierarchical (off-diagonal 

CKM elements ≪ 1) 
–  GIM mechanism 
–  only the left-handed chirality participates in 

flavour-changing interactions 

Flavour Changing Neutral Currents

• FCNC transitions, such as b ! s(d)l+l� decays, are excellent candidates

for indirect NP searches

Strongly suppressed in the SM because

• arise only at the loop level

• quark-mixing is so hierarchical (o↵-diagonal CKM elements ⌧ 1)

• the GIM mechanism

• only the left-handed chirality participates in flavour-changing interactions

But these conditions do not necessarily apply to physics beyond the SM!
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Outline 

•  Theoretical framework 

•  Status of rare decay measurements 

•  Impact on global picture and connection to other processes 

•  Future prospects and conclusions 
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Choosing observables 

•  Observe hadronic decay, not the quark-level transition     
⇒ Need to compute hadronic matrix elements (form-
factors and decay constants) 

•  b → sµµ = ⇒ B+ → K+µ+µ−, B0 → K∗0µ+µ−, Bs → φµ+µ−...  

•  Hadronic uncertainties cancel in certain observables, 
making them more sensitive to New Physics 
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Exclusive decays

Unfortunately, we do not observe the quark-transition, but the hadron decay

) We need to compute hadronic matrix elements (form-factors and decay

constants)

b ! sµµ =) B+ ! K+µ+µ�, B0 ! K⇤0µ+µ�, Bs ! �µ+µ�...

! Non-pertubative QCD, i.e. these

are di�cult to compute.

(Lattice QCD, QCD factorisation, Light-
Cone sum rules... )

! Certain observables will profit from cancellation of these hadronic

nuisances, making them more sensitive to New Physics contributions.
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→ Non-perturbative QCD, i.e. 
difficult to compute 
 

(Lattice QCD, QCD factorisation, 
Light-cone sum rules... ) 



Theoretical framework 
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•  Interactions described in terms of an effective Hamiltonian 
that describes the full theory at lower energies (µ)  

 
•   → Contributions from New Physics will modify the 

measured values of WC’s or introduce new operators  

Theoretical framework - E↵ective theory
• Can describe these interactions in terms of an e↵ective Hamiltonian that

describes the full theory at lower energies (µ)

He↵ ⇠
X

i

Ci(µ)Oi(µ)

Ci(µ) ! Wilson coe�cient

(perturbative, short-distance physics, sensitive
to E > µ)

Oi ! Local operators

(non-perturbative, long-distance physics, sen-
sitive to E < µ)

! Contributions from New Physics will modify the measured value of the

Wilson coe�cients present in the SM or introduce new operators
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Oi → Local operators 
(non-perturbative, long-distance 
physics, sensitive to E < µ)  

Ci(µ) → Wilson coefficients 
(perturbative, short-distance 
physics, sensitive to E > µ)  



Outline 

•  Theoretical framework 

•  Status of rare decay measurements 

•  Impact on global picture and connection to other processes 

•  Future prospects and conclusions 
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Branching fraction measurements 

•  Branching fractions for several b→sµµ processes are 
below the SM prediction at low q2 = [m(l+l−)]2 

•  SM predictions suffer from large uncertainties   
8 

Branching fraction measurements

• Branching fractions consistently below the SM prediction at low
q2 = [m(`+`�)]2 for many b ! sµµ processes

• SM predictions su↵er from large hadronic uncertainties
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Angular observables 
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0-crossing point 

NP models 

•  Angular observables have reduced 
dependence on hadronic effects 

•  Best studied decay B0→K*0µµ
–  Dynamics can be described by 

three angles (θl, θK, φ) and di-µ 
invariant mass squared, q2 

•  Large number of observables 
where theoretical uncertainties 
cancel to some extent e.g. 
Forward-backward asymmetry AFB 
of θl distn 



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 

10 

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.

[JHEP 10 (2018) 047] [PLB 753 (2016) 31] 



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

•  In the region 1<q2<6 GeV2, relations reduce the seven 
B0→K*0µµ form-factors to just two – allows to form e.g. 

•   which is 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)  

12 

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



Angular observables 

Angular observables - B0 ! K⇤0µ+µ�
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• Complementary constraints on NP & orthogonal experimental systematics
compared to BR’s

• Give access to observables with reduced dependence on hadronic e↵ects
[JHEP 1204 (2012) 104]
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[LHCb, JHEP 02 (2016) 104]
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•  Form-factor “independent” P5’ has a local discrepancy in 
two bins 

 
•  BF and angular data consistent, best fit prefers shifted 

vector coupling C9 (or C9 and axial-vector C10) 

 
 

Global fits to b ! sµ+µ� observables

• Best fit prefers shifted vector
coupling C9

(or C9 and axial-vector C10)

• Branching fractions and angular
observables consistent

[S. Descotes-Genon et al. JHEP06 (2016) 092]

[W. Altmannshofer et al. Phys. Rev. D96 (2017) 055008,

B. Capdevila et al. JHEP 01 (2018) 093, T. Hurth et al. Phys. Rev. D96 (2017) 095034,

G. DAmico et al. JHEP 09 (2017) 010, L.-S. Geng et al. Phys. Rev. D96 (2017) 093006,

M. Ciuchini et al. Eur. Phys. J. C77 (2017) 688,

S. Jäger and J. Martin Camalich, Phys. Rev. D93 (2016) 014028 and many others]
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[PRL 118 (2017) 111801]	
[JHEP 02 (2016) 104] [JHEP 10 (2018) 047] 

[PLB 781 (2018) 517] [JHEP06 (2016) 092] 
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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  q2 . 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 Si [38] within the q2 bins in the region
1  q2 . 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
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bi2
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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
CSM

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 q2

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

14 

Could the SM predn be wrong? 

•  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 
–  Look for q2 dependence of C9 shift 
[EPJC 77 (2017) 377]  

–  Parameterisation to theory and auxiliary 
data to try and determine cc effect  
[EPJC 78 (2018) 451] 

 
•  No consensus in theory community 

about the size of such effects 



Lepton flavour universality tests  

•  In the Standard Model, couplings of the gauge bosons to 
leptons are independent of lepton flavour 
 

•  Ratios of the form:  

•   free from QCD uncertainties that affect other observables  
–  hadronic effects cancel, error is O(10−4) [JHEP 07 (2007) 040] 
–  QED corrections can be O(10−2) [EPJC 76 (2016) 440]  

•  [Theorists in unison:] Any sign of lepton flavour non-
universality would be an unambiguous sign for New Physics  

15 

Lepton flavour universality tests

• In the Standard Model, couplings of the gauge bosons to leptons are

independent of lepton flavour

! branching fractions of e, µ and ⌧ di↵er only by phase space and

helicity-suppressed contributions

• Ratios of the form:

RK =
BR(B+ ! K+µ+µ�)

BR(B+ ! K+e+e�)

SM⇠= 1

! Free from QCD uncertainties that may a↵ect other observables
(hadronic e↵ects cancel in the ratio, error is O(10�4) [JHEP 07 (2007) 040])

! QED corrections can be O(10�2) [EPJC 76 (2016) 8,440]

• Any sign of lepton flavour non-universality would be a direct sign for New

Physics

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 12/43
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Status of LFU tests 

 

•  Intriguing picture : both RK and RK* results below the SM 
expectation, although significance low  

•  Tensions can be explained with anomalous b→sµµ 
measurements in a coherent NP picture 

16 

[LHCb, PRL 122 (2019) 191801] 



Outline 

•  Theoretical framework 

•  Status of rare decay measurements 

•  Impact on global picture and connection to other 
processes 

•  Future prospects and conclusions 
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Impact on global fits First estimation of the impact on Global Fits

! Best fit point still in tension with the SM

! Worse compatibility between R(⇤)
K & b ! sµ+µ� observables

! Muonic NP: Best fit closer to the SM, C9 = �C10 still preferred

! Adding LFU NP: Slight preference for universal shift in C9

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 38/43
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David M. Straub, Moriond EW 2019

[M. Algueró et al., arXiv:1903.09578, A. K. Alok et al., arXiv:1903.09617,

M. Ciuchini et al., arXiv:1903.09632, Guido D’Amico et al., arXiv:1704.05438]
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•  Best fit point still in tension with the SM 

•  Muonic NP: best fit closer to the SM, C9=−C10 still preferred 

•  Allowing LFU NP: slight preference for universal shift in C9  
[M. Alguero et al., arXiv:1903.09578, A. K. Alok et al., arXiv:1903.09617, M. 
Ciuchini et al., arXiv:1903.09632, Guido D’Amico et al., arXiv:1704.05438] 

[arX
iv:1903.10434]	



Leptonic decays - B0→µ+µ− 

•  Many single-particle explanations of anomalies predict 
C9

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

19 

•  If this were the case would 
expect to see effect in 
B0→µ+µ− decays 
–  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 
(CS,P) [high tan β SUSY] 

 

 



Leptonic decays - B0→µ+µ− 

•  Many single-particle explanations of anomalies predict 
C9

NP = −C10
NP (data still compatible with such a soln) 
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•  No evidence for any deviation from 
SM so far… 

 

Olya Igonkina Moriond EW 2019

Results

9

ATLAS, 
arXiv:1812.03017

 SM :
Br(Bs→μμ) =(3.65±0.23)x10-9 
Br(B0→μμ) =(1.06±0.09)x10-10

Best fit of Run 2 data :
Br(Bs→μμ) =(3.2±0.9)x10-9 
Br(B0→μμ) =(-1.3±2.1)x10-10

Run 1 + Run 2 result @ 95% CL
Br(Bs→μμ) =(2.8±0.8)x10-9 
Br(B0→μμ) < 2.1x10-10

B0 limit is most stringent at the moment

[J
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E
P 
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01
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 0
98

]	



Semileptonic decays 

•  A ~3σ tension with SM also seen in b→c charged current 
processes (cf. b→s neutral current processes)  
–  Tree-level processes in SM  
–  Again use lepton universality ratio, RX  

21 

What we want to measure

3

ത𝐵0𝐷∗+
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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]

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
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(*) Recent LHCb B→τµ result [arXiv:1905.06614]   

•  Can accommodate anomalies with 
O(TeV)-O(10TeV) new physics  

•  e.g. Vector LeptoQuark (LQ), coupled 
mainly to third-generation fermions, 
able to give pattern anomalies 
–  Potentially within reach of direct searches 
–  Expect effects in e.g. B→τµ, B→Kττ etc., 

which can be huge  
–  While need LFUV, LFV is not mandatory 

[arXiv:1505.05164] 

(*)	
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•  Can accommodate anomalies with 
O(TeV)-O(10TeV) new physics  

•  e.g. Vector LeptoQuark (LQ), coupled 
mainly to third-generation fermions, 
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–  Potentially within reach of direct searches 
–  Expect effects in e.g. B→τµ, B→Kττ etc., 
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•  Pattern of anomalies can be linked 
to hierarchical structure of quark 
and lepton mass matrices through 
dynamical breaking of flavour 
symmetry [JHEP 1810 (2018) 148] 

•  Can also connect to portal models 
of dark matter [arXiv:1503.06077, 
PRD 96 (2017) 075041] 

[arXiv:1505.05164]	



Outline 

•  Theoretical framework 

•  Status of rare decay measurements 

•  Impact on global picture and connection to other processes 

•  Future prospects and conclusions 
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Future experimental input 

 
 
 
 
 
 

•  CMS has collected a sample of 1010 B decays 
–  With an effective low pT electron reconstruction, should get a 

very competitive number of e.g. B+→K+e+e- signal candidates  
–  Expect systematics will be very different to those at LHCb e.g. no 

trigger effect and very different material distribution 

•   ATLAS pursuing similar strategy 

•  Belle2 data-taking starting in earnest 26 

•  LHCb data from 2017,18 will 
effectively double the existing 
dataset  
–  Improved and additional LFU 

analyses 
–  Updated angular observables 



The future of direct searches 

•  A single rare decay measurement gives constraints on only 
the mass, coupling plane of any new physics 

•  In simple NP models, accumulation of constraints from 
multiple decay modes can break this degeneracy  

•  Could have implications for the case for a future accelerator 
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Conclusions 

•  Intriguing anomalies seen in rare B decays 
–  Branching fractions  
–  Angular observables 

•   but debate about control of theory uncertainties  

•  Lepton universality tests give theoretically clean input 
–  Latest measurements yet to provide a definitive picture 

•  Good prospects for resolution with new measurements 

•  Should anomalies persist, expect to see correlated 
effects in a number of decay modes    

28 


