
CP violation in B decays at LHCb
Julián García Pardiñas1

(on behalf of the LHCb Collaboration)

Barcelona, Spain
July 23rd, 2018SUSY 2018 1Universität Zürich (UZH), Switzerland

CP violation in B decays at LHCb
Julián García Pardiñas1

(on behalf of the LHCb Collaboration)

Barcelona, Spain
July 23rd, 2018SUSY 2018 1Universität Zürich (UZH), Switzerland

Study of rare heavy flavour

decays at the LHC

Giulio Dujany

on behalf of the LHCb, CMS and ATLAS

collaborations

XXXIIe Rencontres de

Physique de la Vallée d’Aoste

Study of rare heavy flavour

decays at the LHC

Giulio Dujany

on behalf of the LHCb, CMS and ATLAS

collaborations

XXXIIe Rencontres de

Physique de la Vallée d’Aoste

Searches for NP with Rare, Semileptonic and Radiative 
Decays of Heavy Flavour Hadrons at the LHC

Julián García Pardiñas1

(on behalf of LHCb, CMS and ATLAS)
Vallée d’Aoste, Italy

March 13th, 2019La Thuile 2019 1Universität Zürich (UZH), Switzerland



Julián García Pardiñas (UZH) Search for NP in heavy-hadron decays La Thuile 2019

Overview of the situation
The study of heavy-flavour hadron decays allows the 
indirect search for beyond-the-SM physics at large 
mass scales.

Two sets of anomalies have been seen in the B sector.
 * They seem to form a coherent pattern.
 * They are flavour-dependent. → Connection with the
    flavour structure of the SM?

Proposed new models for a combined explanation: leptoquarks, Z’, charged Higgs, …

* Only occur in loops,
BR ≾ 10-6.
* New contributions can enhance 
SM-suppressed amplitudes.

* Tree level, BR ~ few %.

* Clean SM predictions.

Rare decays
(neutral currents)

Semileptonic decays
(charged currents)
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Phenomenological treatment

Rare decay observables

• (Differential) branching ratios
– q2 dependence for b → s l+ l-

• Di-lepton invariant mass
• E.g. !" → $∗&'&(

• Angular distributions
– * → +,',( decays

• Lepton flavour non-universality
– Compare the decay rates of e� and µ� modes

• BSM processes can modify the effective Hamiltonian by
– Modifying Wilson coefficients of operators present in SM
– Introducing new operators
– Making Wilson coefficients dependent on the lepton flavour

10 August 2018 L. Eklund 4

Invariant mass2 of di-leptons 

Plot from Prog. Part. Nucl.  Phys 92 (2017) 50

Introduction 7 / 41

NP contributions and relevant e↵ective couplings
⌅ Model independent description in e↵ective field theory
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The anomalies are studied in a common and model-independent framework, using 
the effective-Hamiltonian formalism:

2

Introduction 
• The amplitude of a hadron decay process can be described using OPE:

Hadronic Matrix 
Elements 

CKM 
couplings

Wilson 
Coefficients
(µ = scale)

"’

Electroweak scale ~ 1/MW  

New Physics scale ~ 1/M NP

Ci = CiSM + CiNP

C’i = C’iSM + C’iNP

Primed C’ → right handed currents:i
suppressed in SM

→ a series of effective vertices multiplied by effective coupling constants Ci .

07 "
09,10 08

q q’

01…6
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Experimental search at the LHC
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Experimental search at the LHC

3

The experiments

 σpT/pT ~ 0.7-1.5%
 σIP⊥ ~ 25-100µm

 σ /p ~ 0.5-1%
 σIP⊥ ~ 15-50 µm

|η|<2.4

Very good PID (fake < 0.1%)

2<η<5

Good PID (fake < 3%)

|η|<2.5

σpT/pT ~ 1.3-3.8% 
σIP⊥ ~ 25-100µm

Run 1: 2010-2012
Run 2: 2015-2018
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Study of b→sll: q2 spectrum
Expected d�/dq2

LLWC Alberta 12/02/19 D. Lancierini (University of Zürich) 7

4

Different regions of q2 = M(l+l-)2 give sensitivity to different Wilson Coefficients.

The regions of the J/𝜓 and 𝜓(2S) resonances correspond to tree-level decays, 
assumed to be SM-like. They are vetoed in the analyses and used as control regions.
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Study of b→sll: q2 spectrum
Expected d /dq2

LLWC Alberta 12/02/19 D. Lancierini (University of Zürich) 7

4

Different regions of q2 = M(l+l-)2 give sensitivity to different Wilson Coefficients.

The regions of the J/! and !(2S) resonances correspond to tree-level decays,
assumed to be SM-like. They are vetoed in the analyses and used as control regions.

FCNC: theoretical description

10 August 2018 L. Eklund 3

• Processes at many different energy scales

•
–
–

• BSM processes may modify these coefficients

0.2 GeV ...   4 GeV … 80 GeV … 10-100 TeV

ΛQCD Λb ΛEW ΛBSM

(non-perturbative) b mass W mass BSM scale Example of SM terms

C7

C9

C10
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Differential branching ratiosThe anomalies | b! sµµ decay rates 20 / 41

Similar to the rates of many other b! sµ+µ� decays!
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C. Langenbruch (RWTH), QCD@LHC Flavour Anomalies

B 0 ! K⇤0µ+µ�

JHEP 11 (2016) 047, LHCb JHEP 09 (2015) 179, LHCb JHEP 06 (2014) 133, LHCb

PLB 753,424 (2016), CMS JHEP 06 (2015) 115, LHCbJHEP 06 (2014) 133, LHCb

Data consistently below SM predictions, tensions at 1-3σ level.
Sizable hadronic theory uncertainties.

5

https://link.springer.com/article/10.1007/JHEP11(2016)047
https://link.springer.com/article/10.1007/JHEP09(2015)179
https://link.springer.com/article/10.1007/JHEP06(2014)133
https://www.sciencedirect.com/science/article/pii/S0370269315009685?via=ihub
https://link.springer.com/article/10.1007/JHEP06(2015)115
https://link.springer.com/article/10.1007/JHEP06(2014)133
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Evidence for the decay 

6

B0
s → K*0μ+μ−

JHEP 07 (2018) 020 (LHCb)
Bs counterpart of B0→K*0𝜇+𝜇-.

Heavily suppressed b→dll transition,
SM BR ∈ [3,4] x 10-8.

Run1 + part of Run2, 4.6 fb-1.

BR measured relative to                    .

First evidence at 3.4 𝜎, BR consistent 
with SM.

This study sets the ground for detailed 
analyses in the LHCb Upgrade.
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Figure 1: Distribution of reconstructed K�⇡+µ+µ� invariant mass of candidates outside the J/ 
and  (2S) mass regions, summing the three highest neural network response bins of each run
condition. The candidates are shown (left) over the full range and (right) over a restricted vertical
range to emphasise the B0

s

! K⇤0µ+µ� component. The solid line indicates a combination of
the results of the fits to the individual bins. Components are detailed in the legend, where they
are shown in the same order as they are stacked in the figure. The background from misidentified
B0! K⇤0µ+µ� decays is included in the B0! K⇤0µ+µ� component.
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Figure 2: Distribution of reconstructed J/ K�⇡+ invariant mass of the candidates in the J/ 
mass region summing the three highest neural network response bins of each run condition,
shown (left) over the full range and (right) over a restricted vertical range to emphasise the
B0

s

! J/ K⇤0 component. The solid line indicates a combination of the results of the fits to the
individual bins. Components are detailed in the legend, where they are shown in the same order
as they are stacked in the figure. The background from misidentified B0! J/ K⇤0 decays is
included in the B0! J/ K⇤0 component.

The e�ciency to trigger, reconstruct and select each of the decay modes is determined
from the simulation after applying the data-driven corrections. The e�ciency for the
B0

s

! K⇤0µ+µ� decay is corrected to account for events in the vetoed q2 regions following
the same prescription as Ref. [19]. The e�ciency corrected yields are further corrected
for contamination from decays with the K�⇡+ system in an S-wave configuration. For
the decay B0

s

! J/ K⇤0, the S-wave fraction of FS(B0! J/ K⇤0) = (6.4± 0.3± 1.0)%
determined in Ref. [43] is used. The S-wave contamination of the B0

s

! K⇤0µ+µ� decay
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and  (2S) mass regions, summing the three highest neural network response bins of each run
condition. The candidates are shown (left) over the full range and (right) over a restricted vertical
range to emphasise the B0

s

! K⇤0µ+µ� component. The solid line indicates a combination of
the results of the fits to the individual bins. Components are detailed in the legend, where they
are shown in the same order as they are stacked in the figure. The background from misidentified
B0! K⇤0µ+µ� decays is included in the B0! K⇤0µ+µ� component.
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The e�ciency to trigger, reconstruct and select each of the decay modes is determined
from the simulation after applying the data-driven corrections. The e�ciency for the
B0

s

! K⇤0µ+µ� decay is corrected to account for events in the vetoed q2 regions following
the same prescription as Ref. [19]. The e�ciency corrected yields are further corrected
for contamination from decays with the K�⇡+ system in an S-wave configuration. For
the decay B0

s

! J/ K⇤0, the S-wave fraction of FS(B0! J/ K⇤0) = (6.4± 0.3± 1.0)%
determined in Ref. [43] is used. The S-wave contamination of the B0
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B0
s → J/ψK *0

[PRD 98, 094012 (2018)]
[EPJ C73 (2013) 10, 2593]

[JHEP 07 (2018) 020]

https://link.springer.com/article/10.1007/JHEP07(2018)020
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.094012
https://link.springer.com/article/10.1140/epjc/s10052-013-2593-5
https://link.springer.com/article/10.1007/JHEP07(2018)020
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Angular analysis of B0 → K*0μ+μ−B  -> K mumu

A. Mauri (UZH) 17

K* infl. our K+ infl.

B -> K*µµ ANGULAR ANALYSIS

Study the full angular distribution (θl, θK,φ) of the 4 final state particles.


Described by eight independent observables:


10
Francesco Polci – CKM 2016	

B ! K⇤µµ angular observables

I P ! VV decay depends on q2 and three decay angles
I angular analysis allow to probe the observables FL, AFB, Si

I observables are sensitive to the Wilson coeffs.

The B0 !K ⇤0 (!K+⇡�)`+`� decay

⌅ CP-average di↵erential decay width as a function of
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5 of 31 F. Lionetto - Angular observables and LHCb upgrade - 22 March 2018

13 / 25

Decay rate described in terms of three helicity angles and q2:

FL, AFB and Si are combinations of polarization amplitudes and depend on 
Wilson coefficients (                    ) and form factors.C(′�)

7 , C(′�)
9 , C(′�)

10

B  -> K mumu

A. Mauri (UZH) 17

K* infl. our K+ infl.

B -> K*µµ ANGULAR ANALYSIS

Study the full angular distribution (θl, θK,φ) of the 4 final state particles.


Described by eight independent observables:


10
Francesco Polci – CKM 2016	

Optimized observables, where form 
factors cancel at leading order:

7

[JHEP, 1305:137 (2013)]

https://link.springer.com/article/10.1007/JHEP05(2013)137


Julián García Pardiñas (UZH) Search for NP in heavy-hadron decays La Thuile 2019

Measurements
JHEP 02 (2016) 104 (LHCb)

JHEP 10 (2018) 047 (ATLAS) PLB 781 (2018) 517541 (CMS)

PRL 118 (2017) 111801 (Belle)

B  -> K mumu

A. Mauri (UZH) 27

K* infl. our K+ infl.

B -> K*µµ ANGULAR ANALYSIS
Study the full angular distribution (θl, θK,φ) of the 4 final state particles.

Described by eight independent observables:

Observables (AFB, FL and Sj) are function of the Wilson coefficients.

A cleaner set of observables, where hadronic form factor uncertainties 
cancels at the leading order, can be defined (JHEP 1305(2013)137), ex:

10Francesco Polci – CKM 2016

B

0 æK

ú0 [æK

+fi≠ ]µ+µ≠ angular analysis [C7, C9, C10]

Angular decay fully described by the dilepton mass (q2) and the angles cos(◊
l

)
cos(◊

K

) and „:

3D fit to all three angles (in q

2 bins), exploiting the correlations between the S

i

,
F

L

and A

FB

terms to obtain their respective values (+ swave - see back-up).

4/24 Beauty 2018 (7-11 May 2018) Eluned Smith .

B → K*µµ angular analysis

5

✴ Study the full angular distribution of the 4 final state 
particles (                             ) in  

A. Mauri (UZH) 

cos✓l, cos✓K , �, q2

P 0
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S5p
FL(1� FL)

B0 ! K⇤µ+µ�
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SM from DHMV
SM from ASZB✴ Clean set of variables where hadronic form factor 

uncertainties cancels out (e.g. P’)

[JHEP 02 (2016) 104, ATLAS-CONF-2017-023 
   PRL 118 (2017),        PLB 781 (2018) 517541]

Local SM tension of 2.8 and 3.0 σ
Global (LHCb only) → 3.4 σ

5

Angular analysis of
                     , 20.5 fb-1

(CMS, 2018): results
consistent with the SM.

B+ → K+μ+μ−

PRD 98 (2018) 112011 (CMS)

Other recent studies of B decays

8

https://link.springer.com/article/10.1007/JHEP02(2016)104
https://link.springer.com/article/10.1007/JHEP10(2018)047
https://www.sciencedirect.com/science/article/pii/S0370269318303149?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.111801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.112011
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More angular analyses

6

✴

✤ Angular variables consistent with SM 
✤ P’  cannot be measured (decay not self-tagged) 

✴ New preliminary result!

✤ Angular distribution described by  
5 angles and q2

A. Mauri (UZH) 

Bs ! µ+µ�

⇤b ! ⇤µ+µ�

5

→

⇤0
b ! ⇤µ+µ� - angular analysis [LHCb-PAPER-2018-029]

• KiKiKi depend on q2, form
factors, long-and short
distance physics.

• K1K1K1 and K2K2K2 are 100%
correlated due to
normalisation.

• Moments K11-K34

depend on production
polarisation of ⇤0

b.

Asymmetries

Al
FB = 3

2K3, Alh
FB = 3

4K6

Ah
FB = K4 +

1
2K5

JHEP11(2017)138
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⇤0
b ! ⇤µ+µ� - angular analysis [LHCb-PAPER-2018-029]

• ⇤0
b can be produced polarised and ⇤ decays weakly leading to new

hadron-side observables.

• Angular distribution is described by 5 angles and dimuon invariant
mass squared (q2)(q2)(q2).

Adapted from PRD97(2018)072010

Georgios Chatzikonstantinidis Flavor anomalies at LHCb June 7, 2018 15 / 19

Angular analysis of 
* Run1 + 1/2 Run2 (5 fb-1) → 600 candidates.
* High q2 region [15-20] GeV2.
* Decay rate as a function of 5 angles and q2.
* First measurement of the full set of angular
  observables, determined with the
  method of moments.
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Figure 2. One-dimensional projections of the angular distributions of the candidates (black points),
combining Run 1 and Run 2 data, as well as candidates reconstructed in the long- and downstream-
track pπ− categories. The background is subtracted from the data but no efficiency correction is
applied. The projection of each angular distribution obtained from the moment analysis multiplied
by the efficiency distribution is superimposed. The large variation in φℓ is primarily due to the
angular acceptance.
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Observables combined afterwards to construct
asymmetries:
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and θb and on the angle between the decay planes of the Λ baryon and the dimuon system

(φℓ + φb). An illustration of this angular basis can be found in ref. [11].

The full angular distribution, averaged over the range 15 < q2 < 20GeV2/c4, can be

described by the sum of 34 q2-dependent angular terms [11],

d5Γ

dΩ⃗
=

3

32π2

34∑

i

Kifi(Ω⃗) , (2.1)

where Ω⃗ ≡ (cos θ, cos θℓ,φℓ, cos θb,φb) and the fi(Ω⃗) functions have different dependencies

on the angles. The Ki parameters depend on the underlying short-distance physics and on

the form factors governing the Λ0
b → Λ transition. The full form of the distribution is given

in appendix B. Equation 2.1 is normalised such that 2K1 + K2 = 1. Twenty-four of the

observables, K11 to K34, are proportional to the Λ0
b production polarisation and are zero

if the Λ0
b baryons are produced unpolarised. The reduced form of the angular distribution

in the case of zero production polarisation can be found in refs. [2, 13].

The Ki parameters can be determined from data by means of a maximum-likelihood

fit or via a moment analysis [14, 15]. The latter is preferred in this analysis due to the

small size of the available data sample and the large number of unknown parameters. To

determine the values of the Ki parameters, weighting functions gi(Ω⃗) are chosen to project

out individual angular observables. The gi(Ω⃗) functions, which are orthogonal to the fj(Ω⃗)

functions, are normalised such that

Ki =

∫
d5Γ

dΩ⃗
gi(Ω⃗)dΩ⃗ . (2.2)

The set of weighting functions used in this analysis can be found in refs. [11, 15] and listed

in appendix B. For the case of ideal detector response and in the absence of background,

the Ki parameters can be estimated from data by summing over the observed candidates.

In realistic scenarios, per-candidate weights are necessary to compensate for nonuniform se-

lection efficiency and background contamination. The Ki parameters are then estimated as

Ki =
∑

n

wn gi(Ω⃗n)
/∑

n

wn , (2.3)

where wn is the product of the two weights associated with candidate n. The background

is subtracted using weights based on the sPlot technique [16, 17]. The efficiency to re-

construct and select the candidates is determined using samples of simulated events. The

small effects of finite angular resolution are neglected in the analysis but are considered as

a source of systematic uncertainty.

3 Detector and simulation

The LHCb detector [12, 18] is a single-arm forward spectrometer covering the

pseudorapidity range 2 < η < 5, designed for the study of particles containing b or c

quarks. The detector includes a high-precision tracking system consisting of a silicon-strip

vertex detector (VELO) surrounding the pp interaction region [19], a large-area silicon-strip

– 3 –
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a bootstrapping technique [37]. In each step of the bootstrap, the process of subtracting

the background and the weighting of the candidates is repeated.

A χ2 comparison of the results from the two data-taking periods, taking into account

the correlations between the observables, yields a χ2 of 35.0 with 33 degrees of freedom.

This indicates an excellent agreement between the two data sets and suggests that the

production polarisation is consistent for the centre-of-mass energies studied. The Run 1

and Run 2 data samples are therefore combined and the observables are determined on

the combined sample. The results are given in table 1. The correlation between the

angular observables is presented in appendix D. Figure 2 shows the one-dimensional angular

projections of cos θℓ, cos θb, cos θ, φℓ and φb for the background-subtracted candidates.

The data are described well by the product of the angular distributions obtained from the

moment analysis and the efficiency model.

Figure 3 compares the measured observables with their corresponding SM predictions,

obtained from the EOS software [38] using the values of the Λ0
b production polarisation

measured in ref. [34]. The values of the observables K11 to K34 are consistent with zero.

This is expected from measurements of the angular distribution of the decay Λ0
b → J/ψΛ

by CMS [36] and LHCb [34], which indicate that the production polarisation of Λ0
b baryons

is small in pp collisions at 7 and 8TeV. The measurements are consistent with the SM

predictions for K1 to K10. The largest discrepancy is seen in K6, which is 2.6 standard de-

viations from the SM prediction. The angular observables result in an angular distribution

that is not positive for all values of the angles. To obtain a physical angular distribution,

K6 has to move closer to its SM value. The measured Ki values are also consistent with

the values predicted by new physics scenarios favoured by global fits to data from b to s

quark transitions [3–7]. These new physics scenarios result in only a small change of K1

to K10 in the low-recoil region.

The Ki observables can be combined to determine the angular asymmetries

Aℓ
FB =

3

2
K3 = −0.39± 0.04 ± 0.01 ,

Ah
FB = K4 +

1

2
K5 = −0.30± 0.05 ± 0.02 ,

Aℓh
FB =

3

4
K6 = +0.25± 0.04 ± 0.01 ,

where the first uncertainties are statistical and the second are the systematic uncertainties

that are discussed in the following section. The forward-backward asymmetries Aℓ
FB and

Ah
FB are in good agreement with the SM predictions. The asymmetry Aℓh

FB, which is

proportional to K6, is 2.6 standard deviations from its SM prediction. The value of Ah
FB

is consistent with that measured in ref. [10]. The value of Aℓ
FB is not comparable due to

an inconsistency in the definition of θℓ in that reference.4

4Under the definition of θℓ used in ref. [10], Aℓ
FB measured the asymmetry difference between Λ0

b and

Λ0
b decays rather than the average of the asymmetries.

– 8 –

2.6 σ from SM

Compatible
with SM

JHEP 09 (2018) 146 (LHCb)
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Angular and CP asymmetries in
PRL 121 (2018) 091801 (LHCb)* Run1 + 1/2 Run2 (5 fb-1).

* Two decays studied: D0→𝜋+𝜋-𝜇+𝜇- and D0→K+K-𝜇+𝜇-.
* c→u𝜇+𝜇- transitions, highly suppressed in the SM.

* Measure FB, triple-product and CP asymmetries.
* Asymmetries measured via fits to M(h+h-𝜇+𝜇-).

D0 → h+h−μ+μ−

Additionally, asymmetries determined in bins of q2. → Also consistent with SM.

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2018-162
LHCb-PAPER-2018-020

June 28, 2018

Measurement of angular and CP
asymmetries in D0 ! ⇡+⇡�µ+µ�

and D0 ! K+K�µ+µ� decays

LHCb collaboration†

Abstract
The first measurements of the forward-backward asymmetry of the dimuon pair
(AFB), the triple-product asymmetry (A2�), and the charge-parity-conjugation
asymmetry (A

CP

), in D0 ! ⇡+⇡�µ+µ� and D0 ! K+K�µ+µ� decays are reported.
They are performed using data from proton-proton collisions collected with the
LHCb experiment from 2011 to 2016, corresponding to a total integrated luminosity
of 5 fb�1. The asymmetries are measured to be

AFB(D0 ! ⇡+⇡�µ+µ�) = ( 3.3± 3.7± 0.6)%,

A2�(D0 ! ⇡+⇡�µ+µ�) = (�0.6± 3.7± 0.6)%,

A
CP

(D0 ! ⇡+⇡�µ+µ�) = ( 4.9± 3.8± 0.7)%,

AFB(D0 ! K+K�µ+µ�) = (0± 11± 2)%,

A2�(D0 ! K+K�µ+µ�) = (9± 11± 1)%,

A
CP

(D0 ! K+K�µ+µ�) = (0± 11± 2)%,

where the first uncertainty is statistical and the second systematic. The asymmetries
are also measured as a function of the dimuon invariant mass. The results are
consistent with the Standard Model predictions.

Published in Phys. Rev. Lett. 121 (2018) 091801.

c� 2018 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Authors are listed at the end of this paper.

ar
X

iv
:1

80
6.

10
79

3v
2 

 [h
ep

-e
x]

  3
1 

A
ug

 2
01

8

Consistent with zero
and with the SM.

Decays of charm hadrons into final states containing muon pairs may proceed via
the so-called short-distance c ! uµ+µ� flavor-changing neutral-current process. In the
Standard Model (SM) such process can only occur through electroweak loop transitions
that are highly suppressed by the Glashow-Iliopoulos-Maiani mechanism [1]. The short-
distance contribution to the inclusive D ! Xµ+µ� branching fraction, where X represents
one or more hadrons, is predicted to be O(10�9) [2]. The branching fraction can be greatly
enhanced if new particles are exchanged in the loop, making these decays interesting for
searches for physics beyond the SM. However, the SM branching fraction can increase
up to O(10�6) [2–5] because of long-distance contributions occurring through tree-level
amplitudes involving intermediate resonances that subsequently decay into µ+µ�. Hence,
the sensitivity to the short-distance amplitudes is greatest for dimuon masses away from the
peaks of the resonances, although resonances populate the entire dimuon-mass spectrum
due to their long tails. Additional discrimination between short- and long-distance
contributions can be obtained by studying kinematic correlations between final-state
particles of multibody decays and charge-parity (CP ) conjugation asymmetries. These
asymmetries are predicted to be negligibly small in the SM but could be as large as O(1%)
in scenarios of physics beyond the SM [4–11].

The semileptonic four-body decays D0 ! h+h�µ+µ� (charge-conjugated decays are
implied unless stated otherwise), where h is either a pion or a kaon, are described by
five independent kinematic variables (Fig. 1): the dimuon invariant mass, m(µ+µ�); the
dihadron invariant mass, m(h+h�); the angle ✓

µ

between the µ+ (µ�) direction and the
direction opposite to the D0 (D0) meson in the dimuon rest frame; the angle ✓

h

between
the h+ (h�) direction and the direction opposite to the D0 (D0) meson in the dihadron
rest frame; and the angle � between the two planes formed by the dimuon and the
dihadron systems in the rest frame of the D0 meson (the angle � is zero if the two planes
are parallel). Among all the possible angular observables that can be constructed, the
forward-backward asymmetry of the dimuon system,

AFB =
�(cos ✓

µ

> 0)� �(cos ✓
µ

< 0)

�(cos ✓
µ

> 0) + �(cos ✓
µ

< 0)
, (1)

µ�

µ+

�
�

µ

h+

h�

D0 �
h

Figure 1: Diagram showing the topology of a D0 ! h+h�µ+µ� decay, with the definition of the
angles that are relevant for the measurement.
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Figure 9: Measured values of (left) AFB, (center) A2� and (right) ACP for (top)D0 ! ⇡+⇡�µ+µ�

and (bottom) D0 ! K+K�µ+µ� decays in the dimuon-mass regions. No measurement is
performed in the regions indicated by the vertical gray bands. The horizontal blue line corresponds
to the measurement integrated in the full dimuon-mass range, with the hatched area representing
the ±1� band. The uncertainties include both statistical and systematic sources.
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Lepton-flavour-universality tests

 LHCb is much better at muons than at electrons.
 
 - Less efficient trigger for electrons.
 - Bremsstrahlung strongly affects the resolution.
 - Partial energy recovery adding photons.

Decays involving electrons:

• LHCb is far better with muons than electrons

• Trigger, reconstruction, selection and particle  
identification are harder with electrons
• Mass resolution affected by e bremsstrahlung
→ need energy recovery

• Mass shape modelled according to the  
number of bremsstrahlung recovered

Data-MC for the number of γ recovered by triggercategory

0γ
1γ 2γ 0γ 1γ

B → K* J/Ψ (→e+e-) B → K* γ (→e+e-)

ECAL

B
e+

K

π

e-

L0Hadron

L0Electron

L0Indep.  
of signal

10

Analysis of b→s"" events

Clean observables: LFU tests

10A. Mauri (UZH) 

✴ SM implies lepton universality:  
✤ lepton flavours are identical to one other       electroweak couplings are the same 
✤ Amplitude processes involving e, µ, τ should be the same once the effects

depending on the different mass are factorised out 

Lepton non-universality would be a clear sign of NP

taking the ratio cancels 
most uncertainties in 

QCD transitions

✴ SM prediction:
EPJ C76 (2016) 8 440

✴ Experimentally measured as double ratio:

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)e+e�)
= 1±O(10�2)

RK(⇤) =
B(B ! K(⇤)µ+µ�)

B(B ! K(⇤)J/ (! µ+µ�))

. B(B ! K(⇤)e+e�)

B(B ! K(⇤)J/ (! e+e�))

most of the 
systematics 
cancel out

The SM is lepton universal: electroweak couplings are the same for e/μ/τ.
This can be different if NP is present.
Ratios of branching fractions represent clean tests of LFU.
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Measurements
JHEP 08 (2017) 055, LHCbPRL 113,151601 (2014), LHCb
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18 review of b-anomalies

In conclusion, the ratios RX are very clean observables both form
the theoretical and the experimental point of view, and can give an
unquestionable hints of New Physics.

3.3.1 The RK and RK⇤ anomalies

The LHCb experiment recently published two measurements - RK
and RK⇤ - analysing the two decays B+ ! K+`+`� and B0 ! K⇤`+`�

respectively [50, 51]. The observed values are

RK = 0.745+0.090
�0.074 ± 0.036 , (21)

in the range 1 < q2 < 6 GeV2, and

RK⇤0 =

(

0.66+0.11
�0.07 ± 0.03 for 0.045 < q2 < 1.1 GeV2 ,

0.69+0.11
�0.07 ± 0.05 for 1.1 < q2 < 6.0 GeV2 ,

(22)

where the first uncertainty is statistical and the second systematic.
These measurements are in tension with the Standard Model predic-

tion at a level of 2.6 standard deviations (RK) and 2.1 and 2.4 standard
deviations (RK⇤) for the low and central q2 bin respectively.

3.4 global fits

[52]
in B0 ! K⇤0`+`�

[24, 26, 46]

2.1 (2.4) σ tension with the SM
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3.3.1 The RK and RK⇤ anomalies

The LHCb experiment recently published two measurements - RK
and RK⇤ - analysing the two decays B+ ! K+`+`� and B0 ! K⇤`+`�

respectively [50, 51]. The observed values are

RK = 0.745+0.090
�0.074 ± 0.036 , (21)

in the range 1 < q2 < 6 GeV2, and

RK⇤0 =

(

0.66+0.11
�0.07 ± 0.03 for 0.045 < q2 < 1.1 GeV2 ,

0.69+0.11
�0.07 ± 0.05 for 1.1 < q2 < 6.0 GeV2 ,

(22)

where the first uncertainty is statistical and the second systematic.
These measurements are in tension with the Standard Model predic-

tion at a level of 2.6 standard deviations (RK) and 2.1 and 2.4 standard
deviations (RK⇤) for the low and central q2 bin respectively.

3.4 global fits

[52]
in B0 ! K⇤0`+`�

[24, 26, 46]

2.1 (2.4) σ tension with the SM

12

PRD 86, 032013 (2012), BaBar
PRL 103, 171801 (2009), Belle

https://link.springer.com/article/10.1007/JHEP08(2017)055
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.032012
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.171801
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LFU in semileptonic decays
 - Tree-level decays in the SM.
 - Very large data samples.
 - Theoretically very clean.
 - μ/τ deviations observed by three
   experiments (LHCb, Belle, BaBar).

Aim of this talk: two-front LFU

R
⇣
D(⇤)

⌘
⇤ B(B ! D(⇤)⌧�⌫⌧)/B(B ! D(⇤)µ�⌫µ)R

⇣
D(⇤)

⌘
⇤ B(B ! D(⇤)⌧�⌫⌧)/B(B ! D(⇤)µ�⌫µ)R

⇣
D(⇤)

⌘
⇤ B(B ! D(⇤)⌧�⌫⌧)/B(B ! D(⇤)µ�⌫µ) [b ! cl⌫][b ! cl⌫][b ! cl⌫]

} Tree level in the SM.

} Abundant decay.

} Potential NP contributions that
mainly couples to the third family.

R
⇣
K(⇤)

⌘
⇤ B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�)R

⇣
K(⇤)

⌘
⇤ B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�)R

⇣
K(⇤)

⌘
⇤ B(B ! K(⇤)µ+µ�)/B(B ! K(⇤)e+e�) [b ! sll][b ! sll][b ! sll]

} FCNC process, rare decay,
forbidden at tree level in the SM.

} Very sensitive to either tree or
loop NP contributions.

�
Julián García Pardiñas (USC) Rencontres du Vietnam August ��, ����

LHCb: Difficult decay reconstruction due to missing neutrinos.
Rest-frame approximation:

18% resolution on the B momentum.
Components separated in multi-dimensional fits (q2, missing mass, muon energy …).

First LHCb measurement of R(D⇤)

Data: � fb�1 (Run �), using ⌧ and µ (no electrons), muonic decay of the ⌧.

R
�
D⇤+�

⇤
B(B ! D⇤+⌧�⌫⌧)
B(B ! D⇤+µ�⌫µ)

with ⌧� ! µ�⌫µ⌫⌧

Measure semileptonic decays to the same visible final state D⇤+µ�D⇤+µ�D⇤+µ�.

} Separate ⌧ and µ components via a �D binned template fit on the
m2

miss , E⇤
µ and q2 variables.

Rest-frame approximation:
B boost along z >> boost of decay
products in B frame.

LHCb muonic R(D*) 

06/06/17 A. Romero Vidal 12 

2)2c (GeV/miss
2m

0 5 10

A
rb

itr
ar

y 
un

its

0

0.05

0.1

0.15

)2c (MeV/muE
500 1000 1500 2000 2500

A
rb

itr
ar

y 
un

its

0

0.02

0.04

0.06

0.08

2)2c (GeV/2q
0 5 10

A
rb

itr
ar

y 
un

its

0

0.2

0.4

0.6
reconstructed 

•  First measurement of  R(D*) in a 
hadron collider. 

•  τ reconstructed with τ→µνν. 

•  Difficult, due to missing kinematic 
constraints (ϒ(4S)). 

•  B boost along z >> boost of  decay 
products in B rest frame. 

•  The B momentum approximated by: 

•  18% resolution on pB good enough to 
preserve signal and background 
discrimination in m2

miss , Eµ* and q2. 

(γβz )B = (γβ)D*µ ⇒ (pz )B =
mB

m(D*µ)
(pz )D*µ

[Phys. Rev. Lett. 115, 111803 (2015)] 

[LHCb-PAPER-2015-025] 
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B0→D*-µν 

B0→D*-τν 

B momentum direction: PV ! SV.

��% resolution on pB ! enough to
separate the components.

�

Phys. Rev. Lett. ���, ������ (����)

Julián García Pardiñas (USC) Rencontres du Vietnam August ��, ����
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Results

R(D⇤) ⇤ 0.285 ± 0.019(stat) ± 0.025(sysy) ± 0.014(ext)
- Dominant systematics: size of simulated samples.
- Room for progress both in the internal and external sources.

�

LHCb-PAPER-����-���, in preparation

Julián García Pardiñas (USC) Rencontres du Vietnam August ��, ����

LHCb measurements of R(D*)

PRD 115,111803 (2015), LHCb

PRD 97,072013 (2018), LHCbPRL 120,171802 (2018), LHCb

Two complementary measurements with different methods and systematic uncertainties.

Results

Fit components:
} ⌧ signal and µ normalisation.
} Backgrounds: feed-down from excited D states, double charm DD

(where one D decays semileptonically), combinatoric, muon mis-ID.

R(D⇤) ⇤ 0.336 ± 0.027(stat) ± 0.030(sysy) 2.1� from SM
(RSM(D⇤) ⇤ 0.252 ± 0.003 [Phys.Rev.D��(����) ������])

- Comparable statistical and systematic uncertainties.
- Dominant syst.: size of the simulated samples (template shape ...).

�

Phys. Rev. Lett. ���, ������ (����)

Julián García Pardiñas (USC) Rencontres du Vietnam August ��, ����

Beatriz	García	Plana	(IGFAE-USC) Mainz Model Builders 2019

[Phys.	Rev.	Lett.	115,	111803	(2015)]
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• ML		fit	to	m2
miss,	Eµ,	q2		distributions	with	3D	templates	representing	

B0àD*tn,		B0àD*µn and	background	sources.	
• Templates	validated	with	separate	fits	on	data	control	samples

D*tn

D*µn

PRL 115, 11804 (2015)

2.1	s higher		than	SM					

R(D*)	=	0.336	± 0.027	(stat) ± 0.030	(syst)
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• Templates	validated	with	separate	fits	on	data	control	samples

D*tn
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PRL 115, 11804 (2015)

2.1	s higher		than	SM					

R(D*)	=	0.336	± 0.027	(stat) ± 0.030	(syst)

Result:	separate	τ	and μ components	
via a	3D	binned	template	fit	to	the	q2,	
m2miss and	E*! distributions

B
0

D⇤+

µ�

m2
miss

10

q2 = (pB � pD⇤)2 = m2
W⇤

m2
miss = (pB � pD⇤ � pµ)

2 = m2
3⌫

E⇤
µ

R(D⇤) = 0.336± 0.027(stat)± 0.030(syst)

m2 miss E*μ q2

[PRD	115,	111803	(2015)]

~2.1	σ	from	SM

R(D*)	muonic at	LHCb

[Run	1	data]

Muonic R(D*)

Hadronic R(D*)

τ− → μ−ντν̄μ

τ− → π+π−π−(π0)

LHCb: RD⇤ muonic [PRL115(2015)111803]
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LHCb: RD⇤ muonic [PRL115(2015)111803]
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LHCb: RD⇤ hadronic [PRD97(2018)072013]

I ⌧ ! ⇡⇡⇡⌫: normalize to B ! D⇤⇡⇡⇡
– use known ratio

B (B ! D⇤⇡⇡⇡) /B (B ! D⇤µ⌫)
to calculate RD⇤

– additional source of uncertainty
(external B’s)

I huge BG from prompt decays
=) require displacement of ⌧

I 3D fit of kinematic variables

I RD⇤ = 0.286 ± 0.019 ± 0.025 ± 0.021
1� above the SM

B0 →D*−τ +ντ

π −

π +

π +

ντ

D0

B0

π −

p

PV

p

B0 →D*−τ +ντ
π −K +

τ +

Δz > 4σ Δz

ντ
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LHCb: RD⇤ hadronic [PRD97(2018)072013]

I ⌧ ! ⇡⇡⇡⌫: normalize to B ! D⇤⇡⇡⇡
– use known ratio

B (B ! D⇤⇡⇡⇡) /B (B ! D⇤µ⌫)
to calculate RD⇤

– additional source of uncertainty
(external B’s)

I huge BG from prompt decays
=) require displacement of ⌧

I 3D fit of kinematic variables

I RD⇤ = 0.286 ± 0.019 ± 0.025 ± 0.021
1� above the SM
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14

without. Due to the limited size of the simulation samples
used to build the templates (the need to use templates from
inclusive b -hadron decays requires extremely large sim-
ulation samples), the existence of empty bins in the
templates introduces potential biases in the determination
of the signal yield that must be taken into account. To study
this effect, a method based on the use of kernel density
estimators (KDE) [48] is used. For each simulated sample,
a three-dimensional density function is produced. Each
KDE is then transformed in a three-dimensional template,
where bins that were previously empty may now be filled.
These new templates are used to build a smoothed fit
model. The fit is repeated with different signal yield
hypotheses. The results show that a bias is observed for
low values of the generated signal yield that decreases
when the generated signal yield increases. For the value
found by the nominal fit, a bias ofþ40 decays is found, and
is used to correct the fit result.
The statistical contribution to the total uncertainty is

determined by performing a second fit where the param-
eters governing the templates shapes of the double-charmed
decays, fDþ

s
, fD"þ

s0
, fDþ

s1
, fDþ

s X, fðDþ
s XÞs and fv1v2D0 , are fixed

to the values obtained in the first fit. The quadratic
difference between the uncertainties provided by the two
fits is taken as systematic uncertainty due to the knowledge
of the B → D"−Dþ

s X and B → D"−D0X decay models, and
reported in Table VII.

VI. DETERMINATION OF
NORMALIZATION YIELD

Figure 7 shows the D"−3π 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 5400 MeV=c2.
The signal component is described by the sum of a
Gaussian function and a Crystal Ball function [49]. An
exponential function is used to describe the background.
The result of the fit is shown in Fig. 19. The yield obtained
is 17808% 143.
The fit is also performed with alternative configurations,

namely with a different fit range or requiring the common
mean value of the signal functions to be the same in the 7
and 8 TeV data samples. The maximum differences
between signal yields in alternative and nominal configu-
rations are 14 and 62 for the 7 and 8 TeV data samples,
respectively, and are used to assign systematic uncertainties
to the normalization yields.
Figure 20 shows the mð3πÞ distribution for candidates

with D"−3π mass between 5200 and 5350 MeV=c2 for the
full data sample. The spectrum is dominated by the
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FIG. 16. Projections of the three-dimensional fit on the (a) 3π
decay time, (b) q2 and (c) BDT output distributions. The fit
components are described in the legend.

TABLE VI. Fit results for the three-dimensional fit. The
constraints on the parameters fDþ

s
, fD"þ

s0
, fDþ

s1
, fDþ

s X and
fðDþ

s XÞs are applied taking into account their correlations.

Parameter Fit result Constraint

Nsig 1296% 86
fτ→3πν 0.78 0.78 (fixed)
fD""τν 0.11 0.11 (fixed)
Nsv

D0 445% 22 445% 22

fv1v2D0 0.41% 0.22
NDs

6835% 166
fDþ 0.245% 0.020
NB→D"3πX 424% 21 443% 22
fDþ

s
0.494% 0.028 0.467% 0.032

fD"þ
s0

0þ0.010
−0.000 0þ0.042

−0.000
fDþ

s1
0.384% 0.044 0.444% 0.064

fDþ
s X 0.836% 0.077 0.647% 0.107

fðDþ
s XÞs 0.159% 0.034 0.138% 0.040

NB1B2 197 197 (fixed)
NnotD" 243 243 (fixed)

TEST OF LEPTON FLAVOR UNIVERSALITY BY THE … PHYS. REV. D 97, 072013 (2018)

072013-15

External
branching

ratios

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.111803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.072013
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.171802
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World average for 

Beatriz	García	Plana	(IGFAE-USC) Mainz Model Builders 2019
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o R(D*)	world	average	is	in	
tension	with	the	SM	at	the	
level	of	3.0	σ
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o WA	combination	of	R(D)	and	
R(D*)	is	in	tension	with	SM	at	
the	3.8	σ	level

[HFLAV	2018]

R(D(*))	global	picture

Beatriz	García	Plana	(IGFAE-USC) Mainz Model Builders 2019
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o R(D*)	world	average	is	in	
tension	with	the	SM	at	the	
level	of	3.0	σ
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o WA	combination	of	R(D)	and	
R(D*)	is	in	tension	with	SM	at	
the	3.8	σ	level

[HFLAV	2018]

R(D(*))	global	picture

R(D(*))

Tension with SM prediction:

2.3σ in R(D)
3.0σ in R(D*)
3.8σ combined
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Measurement of R(J/ψ)

PRL 120,121801 (2018), LHCb

RJ/ [PRL120(2018)121801]

I Test LU in Bc decays:

RJ/ ⌘ B (Bc ! J/ ⌧⌫)
B (Bc ! J/ µ⌫)

I FFs not constrained by B factories,
RSM

J/ 2 [0.25, 0.28]

I LHCb analysis:
– ⌧ ! µ⌫⌫
– J/ ! µµ
– RJ/ = 0.71 ± 0.17 ± 0.18

I ⇠ 2� above SM

I More RXc measurements coming!
RD+ , R⇤c , R⇤⇤

c ...
[see M. Smith’s presentation]
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Map of the anomalies

Study of the
anomalies

Rare decays Semileptonic
decays

Fully leptonic
decays

LFU

LFUBranching
ratios
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distributions
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The very-rare-decay B0
(s) → μ+μ−

Loop and helicity suppressed. Theoretically 
very clean. Only C10 contributes in the SM.

Nature 522,68-72 (2015) (LHCb+CMS)

PRL 118,191801 (2017) (LHCb)

17

arXiv:1812.03017 (2018) (ATLAS)

26.3 fb-1 from Run II, combined with Run I.

Results compatible with the SM.

4.6σ significance for the Bs decay.

The maximum of the combined likelihood corresponds to

B(B0
s

! µ+µ�) = (2.8 ± 0.7) ⇥ 10�9 ,

B(B0 ! µ+µ�) = (�1.9 ± 1.6) ⇥ 10�10 .

Figure 10 shows the likelihood contours for the combined Run 1 and Run 2 result for B(B0
s

! µ+µ�)
and B(B0 ! µ+µ�), for values of �2� ln (L) equal to 2.3, 6.2 and 11.8, relative to the maximum of the
likelihood. The contours for the result from 2015–2016 Run 2 data are overlaid for comparison.
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]9− [10)− µ +µ → s
0BB(
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0.2
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B(

SM

ATLAS 2015-2016  data

Run 1 + 2015-2016 data

Likelihood contours for 
) = 2.3, 6.2, 11.8Lln(∆-2 

Figure 10: Likelihood contours for the combination of the Run 1 and 2015–2016 Run 2 results (shaded areas). The
contours are obtained from the combined likelihoods of the two analyses, for values of �2� ln (L) equal to 2.3, 6.2
and 11.8. The empty contours represent the result from 2015–2016 Run 2 data alone. The SM prediction with
uncertainties is indicated.

When applying the one-dimensional Neyman construction described in Section 11 to this combined
likelihood, whose maximum is unconstrained and allowed to access the unphysical (negative) region, the
68.3% confidence interval obtained for B(B0

s

! µ+µ�) is

B(B0
s

! µ+µ�) =
⇣
2.8+0.8

�0.7

⌘
⇥ 10�9 .

The upper limit at 95% CL on B(B0 ! µ+µ�) is determined with the same Neyman procedure, yielding

B(B0 ! µ+µ�) < 2.1 ⇥ 10�10 .
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The very-rare decay B0
(s) → μ+μ−

Loop and helicity suppressed. Theoretically very clean. Only C10 contribute in the SM.

The anomalies | Tests of lepton universality 51 / 41

A simple example: The very rare decay B0
(s) ! µ+µ�

b̄

s

µ+

µ�

B0
s t

Z0

W

b̄

s

µ+

µ�

B0
s t

W

W

⌫µ

⌅ Loop and additionally helicity suppressed
⌅ Purely leptonic final state: Theoretically and experimentally very clean
⌅ Very sensitive to NP:
Possible scalar and pseudoscalar enhanced wrt. SM axialvector

B / |VtbVtq|2[(1 � 4m2
µ

M2
B

)|CS � C 0
S |2 + |(CP � C 0

P ) + 2mµ

M2
B

(C10 � C 0
10)|2]

⌅ SM prediction [C. Bobeth et al.,
PRL 112, 101801 (2014)]

B(B0
s ! µ+µ�) = (3.65 ± 0.23) ⇥ 10�9

B(B0! µ+µ�) = (1.06 ± 0.09) ⇥ 10�10

C. Langenbruch (RWTH), QCD@LHC Flavour Anomalies

!(#)% → '(') branching ratio

• Very precise predictions available
– Only C10 contribute in the SM:

– BSM scalar & pseudo-scalar operators may contribute
• Change in decay rate
• Mixing induced CP violation

• LHCb & CMS: Run 1 dataset
– Observation of !#% → '(') (6.2 σ)

– Evidence for !% → '(') (3.0 σ)
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Nature 522,68-72 (2015) (LHCb+CMS)
!(#)% → '(') branching ratio

• ATLAS: 25 fb-1 run I
– First ATLAS result on !(#)% → '(')

• LHCb 3+1.4 fb-1 run I+II
– First single experiment observation

• 7.9σ significance !(#)% → '(')

– Effective lifetime of !(#)% → '(')

10 August 2018 8
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arXiv:1812.03017 (2018) (ATLAS)

New result from ATLAS.
26.3 fb-1 from Run II:

ℬ(B0
s → μ+μ−) = (2.8+0.8

−0.7) × 10−9

ℬ(B0 → μ+μ−) < 2.1 × 10−10

Results compatible with the SM.

Combination with Run I:

ℬ(B0
s → μ+μ−) = (3.2+1.1

−1.0) × 10−9

ℬ(B0 → μ+μ−) < 4.3 × 10−10

(4.6σ significance for this decay)
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Results compatible with the SM.

Combination with Run I:

ℬ(B0
s → μ+μ−) = (3.2+1.1

−1.0) × 10−9

ℬ(B0 → μ+μ−) < 4.3 × 10−10

(4.6σ significance for this decay)

categories with the highest S/(S 1 B) value for CMS and LHCb, as well
as displays of events with high probability to be genuine signal decays,
are shown in Extended Data Figs 2–4.

The combined fit leads to the measurements B(B0
s?mzm{)~

(2:8z0:7
{0:6) |10{9 and B(B0?mzm{)~(3:9z1:6

{1:4)|10{10, where the
uncertainties include both statistical and systematic sources, the latter
contributing 35% and 18% of the total uncertainty for the B0

s and B0

signals, respectively. Using Wilks’ theorem29, the statistical signifi-
cance in unit of standard deviations, s, is computed to be 6.2 for the
B0

s?mzm{ decay mode and 3.2 for the B0 R m1m2 mode. For each
signal the null hypothesis that is used to compute the significance
includes all background components predicted by the SM as well as
the other signal, whose branching fraction is allowed to vary freely. The
median expected significances assuming the SM branching fractions
are 7.4s and 0.8s for the B0

s and B0 modes, respectively. Likelihood
contours forB(B0 R m1m2) versusB(B0

s?mzm{) are shown in Fig. 3.
One-dimensional likelihood scans for both decay modes are displayed
in the same figure. In addition to the likelihood scan, the statistical
significance and confidence intervals for the B0 branching fraction are
determined using simulated experiments. This determination yields a
significance of 3.0s for a B0 signal with respect to the same null hypo-
thesis described above. Following the Feldman–Cousins30 procedure,

61s and 62s confidence intervals for B(B0 R m1m2) of [2.5, 5.6] 3
10210 and [1.4, 7.4] 3 10210 are obtained, respectively (see Extended
Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM
predictions yieldsSB0

s
SM~0:76z0:20

{0:18 andSB0

SM~3:7z1:6
{1:4. Associated like-

lihood contours and one-dimensional likelihood scans are shown in
Extended Data Fig. 6. The measurements are compatible with the SM
branching fractions of the B0

s?mzm{ and B0 R m1m2 decays at the
1.2s and 2.2s level, respectively, when computed from the one-
dimensional hypothesis tests. Finally, the fit for the ratio of branching
fractions yieldsR~0:14z0:08

{0:06, which is compatible with the SM at the
2.3s level. The one-dimensional likelihood scan for this parameter is
shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advant-
age of their full statistical power, establishes conclusively the existence
of the B0

s?mzm{ decay and provides an improved measurement of its
branching fraction. This concludes a search that started more than
three decades ago (see Extended Data Fig. 7), and initiates a phase of
precision measurements of the properties of this decay. It also pro-
duces three standard deviation evidence for the B0 R m1m2 decay. The
measured branching fractions of both decays are compatible with SM
predictions. This is the first time that the CMS and LHCb collabora-
tions have performed a combined analysis of sets of their data in order
to obtain a statistically significant observation.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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Figure 4: Corrected mass distribution of the selected B+! µ+µ�µ+⌫
µ

candidates with the fit
overlaid. Samples with low and high corrected mass uncertainty are fitted as individual samples
but are merged in the figure. The fit has components for (green) combinatorial background,
(blue) misidentified candidates and (orange) partially reconstructed candidates. The signal
component is not visible as the fitted signal yield is negative. The best fit is the solid red line
while the dashed line shows how the total would have looked like if the signal had the branching
fraction predicted in Ref. [11].

fit component being slightly below the sum of the background contributions. As there is
no significant signal component, a limit on the branching fraction,

B(B+! µ+µ�µ+⌫
µ

) < 1.6⇥ 10�8

at 95% confidence level is set using the CL
s

method [34]. From pseudoexperiments, the
expected upper limit is found to be 2.8⇥10�8 and the present result represents a downward
fluctuation of 1.4�. Systematic uncertainties are included in this limit and are discussed
in the following section.

7 Systematic uncertainties

A summary of the systematic uncertainties is given in Table 1, yielding a total relative
uncertainty of 16% on the normalisation of the branching fraction of the signal.

The largest systematic uncertainty arises due to the choice of the shape for the
combinatorial background. If the combinatorial background is allowed to have two
components with di↵erent exponential slope, the upper limit on the branching fraction
changes by 14.2%. While the fit does not improve from adding in an extra component, its
existence cannot be excluded from the fit to the data.

In simulation, the nominal signal model, as described in Sec. 2, creates a photon
pole, increasing the branching fraction in the low dimuon mass region. The associated

8

Search for B+ → μ+μ−μ+νμ

arXiv:1812.06004 (2018) LHCb

* Veto J/ψ and ψ(2S), and require                                                 

LHCb analysis:
* Run1+2016: 4.7 fb-1

* Reconstruct B meson using

Analysis Strategy for B

+ ! µ+µ�µ+⌫µ F NEW
LHCb-PAPER-2018-037 in preparation

• dataset: full Run I (2011+2012) and 2016 ! 4.7 fb�1 pp data
• performed blinded analysis
• normalize branching fraction to B

+ ! J/ (! µ+µ�)K+

• reconstruct B meson using corrected mass variable:
m

B

corr

=
q

m

2
3µ + p

02
T

+ p

0
T

with m3µ is invariant mass of 3 muons,
p

0
T

missing momentum transverse to flight direction of B candidate

S. Braun (Heidelberg University) B ! 3µ⌫ September 19, 2018 6 / 18

Selection

LHCb-PAPER-2018-037 in preparation
Choice of q

2 region
• Two combinations of invariant mass squared are possible with two opposite sign muons
• restrict search into region with min(q(µ+, µ�)) < 960 MeV/c

2

• reduces combinatorial background
• expected signal yield outside of region is minimal
• remove backgrounds from J/ and  (2S) decays using mass vetos

MC simulation B

+ ! µ+µ�µ+⌫µ decay
• nominal model: photon pole for one of the muon pair and flat mass distribution for third muon

and neutrino
• phase space model for systematic checks
• vector meson dominance (VMD) model as proposed in [Phys. Atom. Nucl. 81 (2018) 34]

S. Braun (Heidelberg University) B ! 3µ⌫ September 19, 2018 8 / 18

* Normalise to                                    B+ → J/ψ ( → μ+μ−)K+

corrected mass:

(yield from invariant-mass fit).

No signal is seen. Set upper limit of 1.6 x 10-8 at 95% CL.
In tension with the prediction of BR ≈ 1.3 x 10-7, based on the vector-dominance model.

[PAN (2018) 81:347]

18

Highly-suppressed decay,                .BR ∝ |Vub |2

https://arxiv.org/abs/1812.06004
https://link.springer.com/article/10.1134/S1063778818030092
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Map of the anomalies
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Combined explanation for rare decays

19

Interpretation 

SM

New Physics hypothesis preferred over SM by more than 4 - 5σ
Main effect on the C9µ coefficient: 4.27SM -1.1NP

Triggered models with Z’, leptoquarks (LQ), and composite Higgs 

Matias et al, 
JHEP 1801 (2018) 093

SM SM

• Global fits (some cases with more than 100 observables)

Straub et al, 
PRD 96, (2017) 055008

Grinstein et al,
PRD 96(2017) 093006

27

The pattern of deviations is consistent with a shift of Wilson coefficients
C9 and C10, which deviate from the SM values by around 5𝜎.

Independent fits made by many groups favor 𝛥C9 = -1 or 𝛥C9 = -𝛥C10.

See the talks from Javier Virto and Javier Fuentes Martín.
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Rare decays:
 - Run 2 R(K) (coming very soon!)
 - Run 2 R(K*)
 - New ratios: R(K𝜋𝜋), R(φ), R(pK), …
 - Updated B0→K*0𝜇+𝜇- angular analysis
 - Radiative decays: mixing-induced CP violation in                 (coming soon!)
 - Studies of LFV in beauty- and charm-hadron decays

Semileptonic decays:
 - New ratios (muonic-𝜏): R(D0), R(D+), R(𝛬c), R(Ds), …
 - Hadronic-𝜏 versions: R(D), R(D*), R(𝛬c), …

}
B0

s → ϕγ

Near-term prospects

20

Rare decays:
 - Fit of the full angular distribution of B0→K*0𝜇+𝜇-, including S-wave
 - R(K) and R(K*)

LHCb

CMS

1.5 - 1.8 improved precision



Julián García Pardiñas (UZH) Search for NP in heavy-hadron decays La Thuile 2019

Conclusions

21

Very interesting set of deviations in the B system.
 - Rare decays (b→sll transitions)
 - Semileptonic decays (b→cl𝜈 transitions)

No significant deviation from a single measurement, but the combination points 
to a coherent pattern.

Some analyses using part of Run2 data presented, but many more to come.
 - The increased precision can turn hints into strong evidences.

Some long-term prospects

Charge-current decays in LHCb: move from the measurement of integrated R 
ratios to the study of angular distributions.

Belle II and upgraded LHCb: perform very precise measurements of the 
relevant observables.
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Angular and CP asymmetries in D0 → h+h−μ+μ−
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Figure 9: Measured values of (left) AFB, (center) A2� and (right) ACP for (top)D0 ! ⇡+⇡�µ+µ�

and (bottom) D0 ! K+K�µ+µ� decays in the dimuon-mass regions. No measurement is
performed in the regions indicated by the vertical gray bands. The horizontal blue line corresponds
to the measurement integrated in the full dimuon-mass range, with the hatched area representing
the ±1� band. The uncertainties include both statistical and systematic sources.

7

Asymmetries as a function of q2

22
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The very-rare-decay B0
(s) → μ+μ−

Loop and helicity suppressed. Theoretically very clean. Only C10 contributes in the SM.

The anomalies | Tests of lepton universality 51 / 41

A simple example: The very rare decay B0
(s) ! µ+µ�

b̄

s

µ+

µ�

B0
s t

Z0

W

b̄

s

µ+

µ�

B0
s t

W

W

⌫µ

⌅ Loop and additionally helicity suppressed
⌅ Purely leptonic final state: Theoretically and experimentally very clean
⌅ Very sensitive to NP:
Possible scalar and pseudoscalar enhanced wrt. SM axialvector

B / |VtbVtq|2[(1 � 4m2
µ

M2
B

)|CS � C 0
S |2 + |(CP � C 0

P ) + 2mµ

M2
B

(C10 � C 0
10)|2]

⌅ SM prediction [C. Bobeth et al.,
PRL 112, 101801 (2014)]

B(B0
s ! µ+µ�) = (3.65 ± 0.23) ⇥ 10�9

B(B0! µ+µ�) = (1.06 ± 0.09) ⇥ 10�10

C. Langenbruch (RWTH), QCD@LHC Flavour Anomalies

!(#)% → '(') branching ratio

• Very precise predictions available
– Only C10 contribute in the SM:

– BSM scalar & pseudo-scalar operators may contribute
• Change in decay rate
• Mixing induced CP violation

• LHCb & CMS: Run 1 dataset
– Observation of !#% → '(') (6.2 σ)

– Evidence for !% → '(') (3.0 σ)

10 August 2018 7
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CMS and LHCb (LHC run I)

L. Eklund

Nature 522, 68–72

Prog. Part. Nucl.  Phys 92 (2017) 50

Nature 522,68-72 (2015) (LHCb+CMS)
!(#)% → '(') branching ratio

• ATLAS: 25 fb-1 run I
– First ATLAS result on !(#)% → '(')

• LHCb 3+1.4 fb-1 run I+II
– First single experiment observation

• 7.9σ significance !(#)% → '(')

– Effective lifetime of !(#)% → '(')

10 August 2018 8
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Eur. Phys. J. C (2016) 76:513

PRL 118, 191801 (2017)

PRL 118,191801 (2017) (LHCb)
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arXiv:1812.03017 (2018) (ATLAS)

New result from ATLAS.
26.3 fb-1 from Run II:

ℬ(B0
s → μ+μ−) = (2.8+0.8

−0.7) × 10−9

ℬ(B0 → μ+μ−) < 2.1 × 10−10

Results compatible with the SM.

Combination with Run I:

ℬ(B0
s → μ+μ−) = (3.2+1.1

−1.0) × 10−9

ℬ(B0 → μ+μ−) < 4.3 × 10−10

(4.6σ significance for this decay)

https://www.nature.com/nature/journal/v522/n7554/full/nature14474.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.191801
https://arxiv.org/abs/1812.03017
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ATLAS study of
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Figure 8: Dimuon invariant mass distributions in the unblinded data, in the four intervals of BDT output. Superim-
posed is the result of the maximum-likelihood fit. The total fit is shown as a continuous line, with the dashed lines
corresponding to the observed signal component, the b ! µµX background, and the continuum background. The
signal components are grouped in one single curve, including both the B

0
s

! µ+µ� and the (negative) B

0 ! µ+µ�
component. The curve representing the peaking B

0
(s) ! hh

0 background lies very close to the horizontal axis in all
BDT bins.

11 Branching fraction extraction

The branching fractions for the decays B

0
s

! µ+µ� and B

0 ! µ+µ� are extracted from data using a
maximum-likelihood fit. The likelihood is obtained from the one used for N

s

and N

d

by replacing the fit
parameters with the corresponding branching fractions divided by normalisation terms in Eq. (1), and
including Gaussian multiplicative factors for the normalisation uncertainties. All results are obtained
profiling the fit likelihood with respect to all parameters involved other than the branching fraction(s) of
interest.

The normalisation terms include external inputs for the B

+ branching fraction and the relative hadronisation
probability. The branching fraction is obtained from world averages [29] as the product of B(B+ !
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Figure 8: Dimuon invariant mass distributions in the unblinded data, in the four intervals of BDT output. Superim-
posed is the result of the maximum-likelihood fit. The total fit is shown as a continuous line, with the dashed lines
corresponding to the observed signal component, the b ! µµX background, and the continuum background. The
signal components are grouped in one single curve, including both the B

0
s

! µ+µ� and the (negative) B

0 ! µ+µ�
component. The curve representing the peaking B

0
(s) ! hh

0 background lies very close to the horizontal axis in all
BDT bins.

11 Branching fraction extraction

The branching fractions for the decays B

0
s

! µ+µ� and B

0 ! µ+µ� are extracted from data using a
maximum-likelihood fit. The likelihood is obtained from the one used for N

s

and N

d

by replacing the fit
parameters with the corresponding branching fractions divided by normalisation terms in Eq. (1), and
including Gaussian multiplicative factors for the normalisation uncertainties. All results are obtained
profiling the fit likelihood with respect to all parameters involved other than the branching fraction(s) of
interest.

The normalisation terms include external inputs for the B

+ branching fraction and the relative hadronisation
probability. The branching fraction is obtained from world averages [29] as the product of B(B+ !

20

B0
(s) → μ+μ−

Invariant-mass plots in four BDT bins.
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Long-term prospects
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Figure 24: Projected uncertainty for various RHc ratios from the Belle-II and LHCb experiments
(years are indicative). The Belle-II uncertainties include estimates of the evolution of the
systematic uncertainties. The systematic uncertainties at LHCb are assumed to scale with the
accumulated statistics until they reach limits at 0.003, 0.004 and 0.012 for RD⇤ , RD and RJ/ ,
and 0.006 for both RDs and R

⇤c .

Figure 25: Projected uncertainty for various RHs ratios from the Belle-II and LHCb experiments
(years are indicative) in the range ⇠ 1 < q2 < 6 GeV2/c4. The Belle-II values include estimates
of the evolution of the systematic uncertainties (for RK⇤ , the charged and neutral channels have
been combined). The LHCb uncertainties are statistical only (the precision of all measurements
will be dominated by the size of the available data samples except for RK and RK⇤ at 300 fb�1).
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accumulated statistics until they reach limits at 0.003, 0.004 and 0.012 for RD⇤ , RD and RJ/ ,
and 0.006 for both RDs and R
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Figure 25: Projected uncertainty for various RHs ratios from the Belle-II and LHCb experiments
(years are indicative) in the range ⇠ 1 < q2 < 6 GeV2/c4. The Belle-II values include estimates
of the evolution of the systematic uncertainties (for RK⇤ , the charged and neutral channels have
been combined). The LHCb uncertainties are statistical only (the precision of all measurements
will be dominated by the size of the available data samples except for RK and RK⇤ at 300 fb�1).
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