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Introduction 

•  Have heard extensively about the anomalies that 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 decays   
–  Lepton-flavour universality ratios in b→clν decays   

•   … and the prospects of high pT experiments to probe 
any underlying new physics  

•  Will try and say something about the future of the LHCb 
measurements 

•  Clear that interplay between theory and experiment will 
remain critical  
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Outline 

•  Short term prospects  

•  Further into the future – LHCb upgrade phase I (2021-2030) 

•  Far future – LHCb upgrade phase II (2031... )  
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Short term prospects 
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•  Near term updates will add part of Run 2 data e.g. Run 1 
(3fb-1)+ 2015, 2016 (2fb-1 but with twice the cross-section)  

•  Can then expect legacy Run 2 analyses i.e. Run 1 (3fb-1) 
+(2x 2fb-1)2015/16 + (2x 1.8fb-1)2017 + (2x 2.0fb-1)2018 - total 
equivalent to 5x Run 1 dataset 



Angular measurements 

•  Updated angular measurements 
of B0→K*0µµ in progress and will 
remain statistically limited – can 
expect at least a ~√2 increase in 
precision cf Run I results 

•  Other µµ channels should follow, 
as should updated branching 
fraction measurements  

•  Work on B0→K*0ee also in 
progress but more challenging 
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Figure 5: Di↵erential branching fraction of B0! K⇤(892)0µ+µ� decays as a function of q2. The
data are overlaid with the SM prediction from Refs. [48,49]. No SM prediction is included in the
region close to the narrow cc̄ resonances. The result in the wider q2 bin 15.0 < q2 < 19.0GeV2/c4

is also presented. The uncertainties shown are the quadratic sum of the statistical and systematic
uncertainties, and include the uncertainty on the B0! J/ K⇤0 and J/ ! µ+µ� branching
fractions.

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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When will the RK update be ready? 

6 



RX – experimental challenges 
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RK update – 1.0<q2<6.0 GeV2  

•  Published RK analysis used 3fb-1 Run-I data and found  
~250 B+→K+e+e- candidates in 1.0<q2<6.0 GeV2  

 RK = 

8 

•  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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Once upon a time …
› LHCb tested Lepton Universality using B+→K+ll decays and observed a

tension with the SM at 2.6ss

› Consistent with observed BR(B+→K+µµ) if NP does not couple to electrons
› Observation of LFU violations would be a clear sign of NP

Simone Bifani 8

2.6ss form SM
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CERN Seminar

•  Work in progress to update with part of 
additional data have in-hand  
–  Improvements to offline processing 
–  Run-II data (2015,16) gives 0.3+1.6 fb-1 but,  

–   with nearly twice cross-section, and a better trigger :                                  
~250 → ~900 B+→K+e+e- candidates (1.1<q2<6.0 GeV2 ) 
assuming same value of RK is observed 

•   → Expect previous error of ~12% to shrink to ~7% if the 
central value of RK remains the same 



Systematics 

•  In the main trigger category, systematic effects are 
presently controlled at the 2-3% level  

•  Key contributions from  
–  Understanding of the trigger efficiency (derived from data)  
–  Understanding of the tracking efficiency (working on data-driven 

methods) 
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RK update – other q2 regions 

10 

•  (In SM) little B+→ K+e+e- signal 
with q2<1.0 GeV2 

•  Can add high q2 bin – difficulty 
same for RK and RK* 
–  Rare decays with higher K(*) 

resonances can leak into signal 
region from below in mKee 

–  ψ(2S)K* decays can leak into   
signal region on the upper side  

–  Signal sandwiched between 
these and hence difficult to fit 
reliably  

As shown in section 4.2.1, there is a broad resonance of the decay containing J/ and  (2S) in
the region 6 < q2 < 15GeV2. The project is focused on the study of the region q2 > 15GeV2.
This is a region that hasn’t been studied yet because despite of this cut on q2 it is still affected
by these backgrounds. It is the aim of this part of the project to study how this inconvenience
affects the identification of the signal. In figure 6 q2 as a function of the K+e+e� invariant
mass for the signal and the backgrounds for the cut q2 > 15GeV2 is shown. As one can observe,
for the backgrounds containing a J/ and a  (2S) only the right-sided tail survives. For the
decays containing an excited kaon K⇤, their right-sided tail affects the signal in a larger way,
whereas for KJ/ and K (2S) it is shifted on the right side of the B-meson mass.
The signal and the backgrounds samples are fitted. In figure 14 in appendix B the K+e+e�

invariant mass distributions for the signal and the backgrounds samples for the cut q2 > 15GeV2

are shown. The total fit is the red line and it is parameterised, when specified, by two other
functions, shown with blue and magenta lines. These functions, with respect to the shape
of the data we need to fit, were of the following type: Crystal Ball function, Breit-Wigner
distribution, Gaussian function or Chebyshev polynomials(for the combinatorial). Underneath
every graph its pull is shown. It represents the fit residuals normalised to the data uncertainty.
The number of expected events N exp

X

for the signal and each background is then computed with
equation 23. In table 2, N exp

X

for the different decays channel X is shown. The total PDF is
then parameterized with all the fits in figure 14 and weighted with the respective numbers of
events N exp

X

in table 2. In figure 7, the total PDF normalised is shown.
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Figure 7: The total PDF distribution of the K+e+e� invariant mass weighted with the re-
spective number of events N exp

X

and normalised. The total PDF is the grey line whereas the
different components are specified in the legend. The cut applied is q2 > 15GeV2.

The total PDF is the grey line, which represents the distribution of the K+e+e� invariant
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RK* update  

•  3fb-1 Run-I analysis found  
–  ~90 B0→K*0e+e- decay in 0.045<q2<1.1 GeV2 and          

~110 B0→K*0e+e- decays in 1.1<q2<6.0 GeV2  
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[JHEP 1708 (2017) 055] 	

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q2 < 1.1 GeV2/c4 ,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q2 < 6.0 GeV2/c4 .

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.

19

•  Analysis being updated with Run-II data 
–  Improvements to offline processing 

already included in most recent result  
–  Even with additional data still expect to 

be stat. limited  



Rφ

•  Can make analogous measurements using Bs→φl+l- 
decays → Rφ 

12 

T. Blake, C. Langenbruch, D. Loh & M. Kreps

What q2 range?
• So far analysis has focussed on the 

1 < q2 < 6 range. We are looking at 
expanding the analysis to include 
q2 < 1 and 15 < q2 < 19. 

• We have two interesting 
advantages over RK* at large q2: 

➡ Partially reconstructed 
backgrounds are small  
(and better separated). 

➡ There is no need to veto over-
reconstructed J/ѱK± decays.

3

part reco.

K`+`� veto

m(K⇡e+e�)

ѱ(2S)

K⇤0e+e�

ѱ(2S)

m(K+K�e+e�)part reco.

�e+e�

combinatorial  
bkg.

at large q2 

at large q2 
•  Signal suppressed by fs/fd~0.25 

and B(φ→K+K-)=½ but has 
experimental advantages:   
–  Narrow mass helps reduce 

partially reconstructed bkgrds  
–  Absence of higher resonances 

that decay to φπ suppresses 
backgrounds – largest involves 
missing K, rather than missing π in 
RK

(*) analyses  



Can we reach the tipping point? 
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7

B. Fits to RK , RK⇤ and Bs ! µµ

We now add BR(Bs ! µµ) to the data set.4 It is theoretically similarly clean to the LUV observables, with NNLO QCD
and NLO electroweak corrections known [53], and the sole hadronic parameter, the decay constant fBs , having been precisely
computed by different lattice QCD collaborations [54]. To simplify the fit, we consider the ratio

R =
BR(Bs ! µµ)

BR(Bs ! µµ)SM
=

����
Cµ

10

CSM

10

����
2

, (16)

in which theory uncertainties cancel and which, among the set (C`
9

, C`
10

), only depends on the coefficient Cµ
10

, such that it is
natural to add it to the fit of muon-specific Wilson coefficients. The experimental value is Rexp = 0.83(16), where the results
from CMS and LHCb including run I and run II data are averaged as in ref. [55]. The error includes, in quadrature, the theory
uncertainty on the SM rate, which is small compared to the experimental ones.

Including R increases the SM p-value marginally to 3.7 10�4 (3.56�). We next perform the same fits as in the previous
subsection, but to the extended data set. The results are shown in Tab. III and, for the fit of (�Cµ

9

, �Cµ
10

) fit, in Fig. 4.

TABLE III: Best fit values, goodness of fit, SM exclusion level, and confidence intervals for fits of single or pairs of Wilson coefficient, to
RK , RK⇤ and Bs ! µ

+
µ

� data, similar to Table II.

Coeff. best fit �2

min

p-value SM exclusion [�] 1� range 3� range
�Cµ

9

-1.64 5.65 0.130 3.87 [-2.31, -1.12] [<-4, -0.31]
�Cµ

10

0.91 4.98 0.173 3.96 [0.66, 1.18] [0.20, 1.85]
�Cµ

L -0.61 3.36 0.339 4.16 [-0.78, -0.46] [-1.14, -0.16]
Coeff. best fit �2

min

p-value SM exclusion [�] parameter ranges
(�Cµ

9

, �Cµ
10

) (-0.76, 0.54) 3.31 0.191 3.76 Cµ
9

2 [-1.50, -0.16] Cµ
10

2 [0.18, 0.92]

FIG. 4: Fits to RK , RK⇤ and BR(Bs ! µµ). The band for RK⇤ includes only the [1.1,6] GeV2 bin

Again, all four scenarios considered provide good fits. The main impact on the two-parameter fit is that the allowed region is
narrowed down considerably, with large positive correlated values of �Cµ

9

and �Cµ
10

no longer allowed. We note, in particular,

4 The overline refers to the fact that the experiments access the time-integrated branching ratio, which depends on the details of BsB̄s mixing [52].

[PRD96 (2017) 093006] 

3

representation CAB Relation RK(⇤)

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

CRR C0
9 = +C0

10 RK ' RK⇤ ' 1

V2 (3, 2,�5/6) CRL C0
9 = �C0

10 RK < 1, RK⇤ > 1

CLR C9 = +C10 RK ' RK⇤ ' 1

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

Table II: Vector leptoquarks and implications for RK⇤ assum-
ing RK < 1, as suggested by data (2), see Table I.

0.6 0.8 1.0 1.2 1.4
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1.8

RK

R K
*

Figure 2: RK versus RK⇤ in BSM scenarios. Solid red curve:
CNP

LL (CNP
9 = �CNP

10 ) corresponding to S3, V1 or V3, blue dot-
ted curve: CRL (S̃2 or V2), gray dashed curve: CRL = �CNP

LL

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

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

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

In these models [12, 13]

CNP`
LL =

kLQ⇡
p
2

GF�t↵

Y Y ⇤

M2
, kLQ = 1,�1,�1 forS3, V1, V3,

(14)

C`
RL =

kLQ⇡
p
2

GF�t↵

Y Y ⇤

M2
, kLQ = �1/2,+1 for S̃2, V2. (15)

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

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

We find for the dominant, SM-like chiral contribution

S3

YbµY ⇤
sµ � YbeY ⇤

se

M2
' 1.1

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

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

YbµY ⇤
sµ � YbeY ⇤

se

M2
' �0.1

(24TeV)2
. (S̃2) (17)

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

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

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

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

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

s` ⇠ �2 '
few⇥ 0.01. Eq. (16) implies M ⇠ 5� 10 TeV, accessible
at the LHC at least partly with single production.

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

mixing, induced at one loop through box diagrams and

[PRD96 (2017) 035003] 
•  Updates should be sufficient to confirm 

any discrepancy with real significance, 
indepn of combination with other data 
 

•  Expect step change from one or two 
isolated analyses to a series of related 
measurements from Run-II dataset 

•  Even in the absence of direct evidence 
can get model discrimination and 
statistically significant indication of BSM 
physics from channels that are clean  

           



Further experimental input 

•  CMS have on-tape from 2018 an unbiased 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. presumably no trigger effect and very different 
material distribution (and hence brem effects)  

14 



Further into the future 

15 



Further into the future 

•  Final year of Run-II data-taking 

•  LHC will then have a two year shutdown during which 
LHCb will install upgraded detector – from 2021-2030 
this will allow ~25 fb-1 to be accumulated 

•  On same timescale, Belle2 physics data-taking will start  

16 

Outlook
• Most LHCb results presented

are from Run1 data

• Updates from Run2 “soon”
Effects are (surprisingly?) large O(20%) so should be straightforward to verify

• The experiment will be upgraded during the next LHC shutdown (LS2)
to 40 MHz readout, a fully software trigger and 5 × higher luminosity

• Further upgrade of LHCb proposed for the 
HL-LHC era, to handle 10× more luminosity

• Looking forward to competition from Belle II: 
Super B factory has complementary strengths 
for neutral modes, full event reconstruction, etc.

Roger Forty Rare Decays and Flavour Anomalies 41



Phase I Upgrade 

•  Full software trigger to allow effective operation at higher 
luminosities with higher efficiency for hadronic decays  

•  Luminosity to be raised (x5) to 2x1033 cm-2s-1  
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Slide

LHCb upgrade I
11

Pixel 
VELO

UT

SciFi

All sub-detectors 

40 MHz readout

Upgrade scheduled in LS2, ready for data taking to start in Run-3.

1.Full software trigger to allow effective operation at higher 

luminosities with higher efficiency for hadronic decays.

2.Luminosity to be raised (x5) to 2x1033 cm-2s-1.



Future angular analysis 

•  Large dataset will enable us to parameterise and fit for 
form factors as part of fit to angular distribution, q2 

–  Could then simultaneously constrain BF(*) and angular 
observables to get Wilson coefficients  

–   (*) need Belle2 to improve knowledge of J/ψ normalisation 
modes  

•  Can help address residual questions about cc :  

18 

Charming interlude

⌘ Anomalies in b ! sµ+µ� have
shed doubt on control of theory
uncertainties related to the
“charm-loop”

⌘ Can extract the charm contribution directly from data
Lyon et al [1406.0566], Bobeth et al [1707.07305], Blake et al [1709.03921]

Left: Current theory uncertainty, Right: Expected theory uncertainty using data

Current precision Using Bristol’s method

Figure 1: Precision of prediction of the B0 ! K⇤0µ+µ� angular observable P 0
5 as a function of the dimuon

mass squared (q2) currently (left), and using the method developed by Petridis’ group [8] (right).

of more complex models that will determine the symmetries and dynamics of the new physics
underpinning the observed anomalies. The use of GPUs will be of even greater need for this task.

The outcome of this research project could unambiguously reveal a new particle
that addresses many of the outstanding questions in fundamental physics. If no new
particle is found, the proposed measurements will become the next generation bench-
mark test of the SM. The comprehensive nature of the project will also o�er real
insight into e�ects of the strong force that would otherwise require a breakthrough in
theory calculations.

III. Spending of funds: GPU cluster

The main technical resource necessary to carry out our programme is computing power. The com-
puting needs for analyses of such large datasets are rather specific and need specialised computing
infrastructure, beyond LHCb and CERN’s remit.

On a traditional computer, one single fit can take hours or even days, depending on the com-
plexity of the model and the size of the dataset. In order to optimise and test new amplitude
models, we will need to generate and analyse thousands of simulated experiments. Each step in the
amplitude fit requires a 5D normalisation integral to be calculated numerically, as well as numerical
convolutions to account for detector resolution e�ects.

Developing new models e�ciently requires quick turn-around time. We therefore need to make
use of modern, highly parallelised computing architectures. Amplitude analyses lend themselves
very well to parallelisation using Graphic Processor Units. Initial studies lead by Rademacker
show that amplitude fits that take hours or even days on a traditional computer, can be performed
in a few seconds or minutes with a su�ciently powerful GPU cluster.

We therefore request funding to purchase a GPU cluster. A suitable, good value GPU is the
PNY NVIDIA Tesla K80 Accelerator for approximately £3,800 (see https://tinyurl.com/ybhufy49
). Two such units will be su�cient to cover our needs for the proposed project, making use of the
current as well as the future LHCb dataset to be collected by 2023. Approximately £2,400 will
be needed for a rack server, such as DELL’s R740, to house these units with su�cient RAM and
CPU power (see https://tinyurl.com/ydfb59s6). Therefore, the total cost of this request is
£10,000.

References

[1] LHCb collaboration, R. Aaij et al., JHEP 11 (2016) 047, arXiv:1606.04731.
[2] LHCb collaboration, R. Aaij et al., Eur. Phys. J. C77 (2017) 161, arXiv:1612.06764.
[3] LHCb collaboration, R. Aaij et al., JHEP 02 (2016) 104, arXiv:1512.04442.
[4] LHCb collaboration, R. Aaij et al., JHEP 06 (2014) 133, arXiv:1403.8044.
[5] B. Capdevila et al., JHEP 01 (2018) 093, arXiv:1704.05340.
[6] M. Ciuchini et al., JHEP 06 (2016) 116, arXiv:1512.07157.
[7] J. Lyon and R. Zwicky, arXiv:1406.0566.
[8] K. Petridis et al., arXiv:1709.03921.

2

K.A. Petridis (UoB) EU strategy April 2018 EU strategy IPPP 15 / 21

[E
P

JC
 (2

01
8)

 7
8:

 4
53

] 



36.5% of the statistical error with 8.5% on average. Finally,
an error on the signal parametrization is considered by
repeating the fit with the signal shape parameters adjusted
by !1σ, leading to systematic uncertainties of order 10−4.
Signal cross feed is evaluated for all signal decay channels
and found to be insignificant. The parametrization in
Eq. (1) does not include a possible S-wave contribution
under the K"ð892Þ mass region. With the expected fraction
of 5% [2,20], we estimate the S-wave contribution for
each measurement to be less than one event and the
resulting effects to be negligible. Statistically equal num-
bers of B and B̄ candidates in the signal window are found;

consequently, CP-asymmetric contributions to the mea-
sured CP-even parameters are neglected. The total system-
atic uncertainty is calculated as the sum in quadrature of the
individual values.
The result of all fits is presented in Table I and

displayed in Fig. 2, where it is compared to SM
predictions from Ref. [9], which is based on the soft
form-factor method of Ref. [23]. Predictions for the
14.18 GeV2=c2 < q2 < 19.00 GeV2=c2 bin are calcu-
lated using lattice QCD with QCD form factors from
Ref. [24]. The predictions include the lepton mass,
leading to minor corrections between the SM values
for the electron and muon modes. For the electron mode,
fits in the region 10.09 GeV2=c2 < q2 < 12.90 GeV2=c2

are excluded because it overlaps with the ψð2SÞ veto
range, leading to insufficient statistics for stable fit
results. In total, all measurements are compatible with
SM predictions. The strongest tension of 2.6σ (including
systematic uncertainty) is observed in P0

5 of the muon
modes for the region 4 GeV2=c2 < q2 < 8 GeV2=c2; this
is in the same region where LHCb reported the so-called
P0
5 anomaly [2,20]. In the same region, the electron

modes deviate by 1.3σ and all channels combined by
2.5σ (including systematic uncertainty). All measure-
ments are compatible between lepton flavors. The Q4;5
observables are presented in Table II and Fig. 3, where
no significant deviation from zero is discerned.
In conclusion, the first lepton-flavor-dependent angular

analysis measuring the observables P0
4 and P0

5 in the
B → K"lþl− decay is reported, and the observables
Q4;5 are shown for the first time. The results are compatible
with SM predictions, where the largest discrepancy is 2.6σ
in P0

5 for the muon channels.
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TABLE II. Results for the lepton-flavor-universality-violating
observables Q4 and Q5. The first uncertainty is statistical and the
second systematic.

q2 in GeV2=c2 Q4 Q5

[1.00, 6.00] 0.498!0.527!0.166 0.656!0.485!0.103
[0.10, 4.00] −0.723!0.676!0.163 −0.097!0.601!0.164
[4.00, 8.00] 0.448!0.392!0.076 0.498!0.410!0.095
[14.18, 19.00] 0.041!0.565!0.082 0.778!0.502!0.065

FIG. 3. Q4 and Q5 observables with SM and favored NP
“Scenario 1" from Ref. [9].
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Future angular analysis 

•  Can make difference between P5’(µ) and P5’(e)  →  Q5 

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

RK and RK* 
• Assuming an irreducible 

systematic uncertainty of 
1% for RK* in the range 
1<q2<6 GeV2/c4. 

• For comparison Belle 2 
expects to reach a 
precision of 4-5% with a 
systematic uncertainty of 
0.4% with a 50ab-1 
dataset [From talk by S. 
Sandilya at CKM 2016] 
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Electron analyses 

•  Need to drive systematics 
down to ~1% level to get 
benefit from upgrade dataset 

•  Present largest systematic 
uncertainties will scale with 
luminosity, ditto data-derived 
corrections to simulation  

•  However, have to control sub-
dominant uncertainties from 
e.g. modelling of 
bremsstrahlung  
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B0
s→µ+µ− branching fractions 

•  Can explain anomalies with C9
NP= −C10

NP 

•  Would then expect to see an effect in B(B0
s→µ+µ−) decays 

•  No evidence for any deviation from SM so far…  
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T. Blake
]-9 10×) [−µ+µ→sBBR(

0 1 2 3 4

ATLAS, EPJC 76 (2016) 513

LHCb, PRL 118 (2017) 191801

CMS, PRL 111 (2013) 101804

CMS & LHCb, Nature 522 (2015) 68

Bs→!+!−

• Recent LHCb analysis using run 1 and 2 data (3fb-1 +1.4fb-1) provided 
the first single experiment observation ofBs→!+!− at more than 7". 
[LHCb, PRL 118 (2017) 191801] 

• Measurements are all consistent with the SM expectation. 

➡ Can exclude large scalar contributions.

28

Time integrated SM prediction !
[C. Bobeth et al. PRL112 (2014)101801]

• Branching fraction predicted 
precisely in the SM with a ~6% 
uncertainty. 

CKM elements

fBs decay constant 
from Lattice QCD Recent	

atlas	
update	
ATLAS-
CONF-2018
-046	



Far future 
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Phase-II Upgrade 

23 

•  Physics case for LHCb phase-II upgrade presented in 
August, CERN research board have approved to go 
towards TDRs 

•  Target 300fb-1 in runs 5,6 – requires v. significant 
upgrade to cope with 2x1034 cm-2s-1 

Figure 2.1: Luminosity projections for the original LHCb, Upgrade I, and Upgrade II experiments as
a function of time. The red points and the left scale indicate the anticipated instantaneous luminosity
during each period, with the blue line and right scale indicating the integrated luminosity accumulated.

Figure 2.2: Schematic side-view of the Upgrade II detector.

for the experiment as a function of time is shown in Fig. 2.1 and a diagram of the proposed
detector design in Fig. 2.2.

The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
large number of observables that are not expected to be limited by systematic uncertainties.
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The data sample collected by the end of the HL-LHC period will be more than a factor
thirteen higher than that collected in the pre-HL-LHC period, and at least a factor six higher
than that at the end of Run 4. This will lead to remarkable improvements in precision in the
large number of observables that are not expected to be limited by systematic uncertainties.
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Figure 7.3: Experimental sensitivity to the P 0
5 angular observable in the SM, Scenarios I and

II for (left) the Runs 1–3 and (right) the Upgrade II data sets. The sensitivity is computed
assuming that the charm-loop contribution is determined from the data.
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Figure 7.4: Expected sensitivity for the Wilson coe�cients C 0
9 and C 0

10 from the analysis of the
decay B0 ! K⇤0µ+µ�. The ellipses correspond to 3� contours for the SM, Scenario III and
Scenario IV for (left) the Runs 1–3 and (right) the Upgrade II data sets.

The major challenge for B! V `+`� decays is to disentangle NP e↵ects from SM contributions.
With a large data set it will be possible to probe the SM contributions, under the premise
that a genuine NP contribution is expected to have no q2 dependence, while e.g. a charm
loop contribution is expected to grow approaching the pole of the charmonia resonances. A
measurement using Breit-Wigner functions to parametrise the resonances, and their interference
with the short-distance contributions to the decay, is proposed in Ref. [338]. A similar technique
has already been applied to the Run 1 data for the B+ ! K+µ+µ� decay [339]. An alternative
approach using additional phenomenological inputs has also been proposed [340]. A precise
knowledge of the charm loop contribution and a parametric determination of the form factors,
will come from a combination of phenomenological and experimental methods and will allow C9

and C10 to be determined with great precision in b ! sµ+µ� transitions.

75

Upgrade projections (stat) 
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•  Improvements in observables will have potential to 
distinguish between different NP models 
 e.g. ΔC9= -ΔC10= -0.7    vs     ΔC9= -1.4        (SM) 

(3σ contours)	
300 fb-1 
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Table 7.2: Estimated yields of b ! se+e� and b ! de+e� processes and the statistical uncertainty
on RX in the range 1.1 < q2 < 6.0GeV2/c4 extrapolated from the Run 1 data. A linear
dependence of the bb production cross section on the pp centre-of-mass energy and unchanged
Run 1 detector performance are assumed. Where modes have yet to be observed, a scaled
estimate from the corresponding muon mode is used.

Yield Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

B+ ! K+e+e� 254 ± 29 [274] 1 120 3 300 7 500 46 000
B0 ! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+ ! ⇡+e+e� – 20 70 150 900
RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047
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Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
denote the corresponding constraints for the Upgrade II data set.

J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant backgrounds) and by the energy
resolution. A reduced amount of material before the magnet would reduce the amount of
bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the
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Upgrade projections (stat) 
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•  Difference between C9, C10 computed in electron and 
muon modes will discriminate between models 
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estimate from the corresponding muon mode is used.

Yield Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

B+ ! K+e+e� 254 ± 29 [274] 1 120 3 300 7 500 46 000
B0 ! K⇤0e+e� 111 ± 14 [275] 490 1 400 3 300 20 000
B0

s ! �e+e� – 80 230 530 3 300
⇤0

b ! pKe+e� – 120 360 820 5 000
B+ ! ⇡+e+e� – 20 70 150 900
RX precision Run 1 result 9 fb�1 23 fb�1 50 fb�1 300 fb�1

RK 0.745 ± 0.090 ± 0.036 [274] 0.043 0.025 0.017 0.007
RK⇤0 0.69 ± 0.11 ± 0.05 [275] 0.052 0.031 0.020 0.008
R� – 0.130 0.076 0.050 0.020
RpK – 0.105 0.061 0.041 0.016
R⇡ – 0.302 0.176 0.117 0.047

9C Re ∆
3− 2− 1− 0 1

10
C 

Re 
∆

1.5−

1−

0.5−

0

0.5

1

1.5

2

2.5
SM
scenario II
scenario I

Figure 7.6: Constraints on the di↵erence in the C9 and C10 Wilson coe�cients from electron
and muon modes with the Run 3 and Upgrade II data sets. The 3� regions for the Run 3 data
sample are shown for the SM (solid blue), a vector-axial-vector new physics contribution (red
dotted) and for a purely vector new physics contribution (green dashed). The shaded regions
denote the corresponding constraints for the Upgrade II data set.

J/ decays to µ+µ� and e+e�. This approach is expected to work well, even with very large
data sets.

Other sources of systematic uncertainty can be mitigated through design choices for the
upgraded detector. The recovery of bremsstrahlung photons is inhibited by the ability to
find the relevant photons in the ECAL (over significant backgrounds) and by the energy
resolution. A reduced amount of material before the magnet would reduce the amount of
bremsstrahlung and hence would increase the electron reconstruction e�ciency and improve the
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Upgrade-II measurements 
•  Step-change in experimental possibilities:  

–  Measure b→d transitions with better precision than current b→s  
–  e.g. angular analysis of Bs

0→K*0µµ, expect ~4300 candidates 

–  e.g. can measure Rπ to a few percent precision  
–  Can access Vub equivalents of RD(*) ratio  
–  Can determine B(B0→µ+µ−)/B(Bs

0→µ+µ−) ratio to 10%  
•  Plus searches for lepton flavour, number and baryon number violating 

decays and a wide programme of CKM/mixing/spectroscopy 
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Figure 7.5: Projected sensitivity for the RK , RK⇤ and R� measurements in di↵erent NP scenarios
with the Upgrade II data set. The existing Run 1 measurements of RK and RK⇤ are shown for
comparison.

SM, all deviating from predictions at the level of 2.1–2.6 standard deviations. Assuming the
current detector performance, approximately 46 000 B+ ! K+e+e� and 20 000 B0 ! K⇤0e+e�

candidates are expected in the range 1.1 < q2 < 6.0GeV2/c4 in the Upgrade II data set. The
ultimate precision on RK and RK⇤ will be better than 1%. The importance of the Upgrade II
data set in distinguishing between di↵erent NP scenarios is highlighted in Fig. 7.5. With this
data set all four NP scenarios could be distinguished at more than 5� significance.

The Upgrade II data set will also enable the measurement of other RX ratios e.g. R�, RpK

and the ratios in CKM suppressed decays. For example, with 300 fb�1, it will be possible to
determine R⇡ = B(B+ ! ⇡+µ+µ�)/B(B+ ! ⇡+e+e�) with a few percent statistical precision.
A summary of the expected performance for a number of di↵erent RX ratios is indicated in
Table 7.2.

In addition to improvements in the RX measurements, the enlarged Upgrade II data set will
give access to new observables. For example, the data will allow precise comparisons of the angular
distribution of dielectron and dimuon final-states. Di↵erences between angular observables in
B! Xµ+µ� and B! Xe+e� decays are theoretically pristine [349, 350] and are sensitive to
di↵erent combinations of Wilson coe�cients compared to the RX measurements. Figure 7.6 shows
that an upgraded LHCb detector will enable such decays to be used to discriminate between
di↵erent NP models, for example separating between Scenarios I and II [351]. Excellent NP
sensitivity can be achieved irrespective of the assumptions made about the hadronic contributions
to the decays.

In the present LHCb detector, electron modes have an approximately factor five lower
e�ciency than the corresponding muon modes, owing to the tendency for the electrons to lose a
significant fraction of their energy through bremsstrahlung in the detector. This loss impacts
on the ability to reconstruct, trigger and select the electron modes. The precision with which
observables can be extracted therefore depends primarily on the electron modes and not the
muon modes. In order for RX measurements to benefit from the large Upgrade II data samples,
it will be necessary to reduce systematic uncertainties to the percent level. These uncertainties
can be controlled by taking a double ratio between RX and the decays B! J/ X, where the
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Conclusions 
•  Near-term updates should clarify the situation with the 

anomalies 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  

•  Phase-I upgrade will give ~25fb-1 dataset and a wide 
range of new measurements on same timescale as Belle2  

•  LHCb collaboration targeting a further 300fb-1 phase-II 
upgrade beyond this  
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