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Quick history of classical physics
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XVII century XVIII century XIX century
Classical Physics

“It seems probable that most of the grand 
underlying principles have been firmly 

established...  
An eminent physicist remarked that the 

future truths of physical science are to be 
looked for in the 6th place of decimals"

Michelson in 1894

Newton's 
laws

Maxwell 
equations

Coulomb’s 
law

Statistical 
mechanics

2nd law 
thermo

Kinetic 
theory of 

heat
Conservation 

of energy

Light 
interference, 
diffraction

Ultraviolet 
catastrophe

“The beauty and clearness of the 
dynamical theory, which asserts heat 
and light to be modes of motion, is at 

present obscured by two clouds” 

THE 

LONDON, EDINBURGH, ,~I} DUBLIN 

P H I L O S O P H I C A L  
AND 

J O U R N A L  OF 

MAGAZINE 

SCIENCE 

[SIXTH SERIES . ]  

J U L  Y 1901. 

I..Nineteenth Century Clouds over the Dynamical Theory of 
Heat and Light *. By The Right. Hen. Lord KELVlS, 
G.C.V.O., D.C.L., LL.D., F.R.S., ~[.R.L t. 

[I~ the present article, the substance of the lecture is 
reproduced--with large additions, in which work com- 
menced at the beginning of last year and continued after 
the lecture, during thirteen months up to the present tim% 
is described--with results confirming the conclusions and 
largely extending the illustrations which were given in the 
lecture. [ desire to take this opportunity of expressing my 
obligations to Mr. William Anderson, my secretary and 
assistant, for the mathematical tact and skil!, the accuracy 
of geometrical drawing, and the unfailingly faithful per- 
severance in the long-continued and varied series of drawings 
and algebraic and arithmetical calculations, explained in the 
following pages. The whole of this work, invoh, ing the 
determination of results due to more than five thousand 
individual impacts~ has been performed by Mr. Anderson.-- 
K., Feb. 2~ 1901.] 

w 1. T H E  beauty and clearness of the dynamical theory, 
J _  which asserts heat and light to be modes of 

motion, is at present obscured by two clouds. I. The first 
came into existence with the undulatory theory of light, and 

~* Lectm'e delivered at the Royal Institution of Great Britain, o1~ 
Friday, April 27, 1900. 

t Communicated by the Author. 
Phil. Mag. S. 6. Vol. 2. :No. 7. July 1901. B 

Lord Kelvin in 1901

Michelson-
Morley 

experiment

https://books.google.com/books?id=HysXAAAAYAAJ&pg=PA159#v=onepage
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Standard Model of 
particle physics

 
symmetry

SU(3) × SU(2)L × U(1)

Quantum Field Theory
+

+

Standard Model of 
particle physics

Quick history of modern fundamental physics
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XIX century XX century XXI century
Classical Physics Modern Physics

 → 
Quantum 
physics

E = hν

Special 
Relativity

Schrödinger 
equation

QED Higgs 
mechanism

QCD

Positron 
discovery

Particle 
zoo

General 
Relativity

General 
Relativity Gμν + Λgμν =

8πG
c4

Tμν

Top 
quark

Higgs 
discovery

Gravitational 
waves

W/Z 
bosons

Ultraviolet 
catastrophe

Michelson-
Morley 

experiment
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10th[order!Feynman!diagrams�
!
12,672!vertex!Feynman!diagrams!can!be!divided!into!32!gauge[invariant!sets:�

I(a) I(b) I(c) I(d) I(e)

I(f) I(g) I(h) I(i) I(j)

II(a) II(b) II(c) II(d) II(e)

II(f) III(a) III(b) III(c) IV

V VI(a) VI(b) VI(c) VI(d) VI(e)

VI(f) VI(g) VI(h) VI(i) VI(j) VI(k)
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10th[order!Feynman!diagrams�
!
12,672!vertex!Feynman!diagrams!can!be!divided!into!32!gauge[invariant!sets:�

I(a) I(b) I(c) I(d) I(e)

I(f) I(g) I(h) I(i) I(j)

II(a) II(b) II(c) II(d) II(e)

II(f) III(a) III(b) III(c) IV

V VI(a) VI(b) VI(c) VI(d) VI(e)

VI(f) VI(g) VI(h) VI(i) VI(j) VI(k)

ge − 2
2 exp

= 0.001 159 652 180 73 (28)
Phys. Rev. Lett. 100, 120801 (2008)

ge − 2
2 SM

= 0.001 159 652 181 606 (230)
Atoms 7, 28 (2019)

Most precise and comprehensive 
theory in the history of mankind

http://dx.doi.org/10.1103/PhysRevLett.100.120801
https://www.mdpi.com/2218-2004/7/1/28
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Matter  

Antimatter
≫

Some clouds today
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NASA 
CXC 

M. Weiss Dark 
energy

astro-ph/9909252

Dark 
matter

GR-SM 
unification

Gμν + Λgμν =
8πG
c4

Tμν

SU(3) × SU(2)L
× U(1)

γ

e+

e−

Z0

μ+

μ−

https://arxiv.org/abs/astro-ph/9909252
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Also hoped to see 
supersymmetric particles

Searching for new physics
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Direct searches 
Produce and detect new physics

At LHCb, we focus on measurements that 
give us access to mass scales beyond the 

reach of current particle accelerators

Indirect searches  
Compare precision SM measurements to 

predictions looking for new virtual contributions

For instance, the study of the decays of neutral 
kaon mesons (~ 0.5 GeV) predicted 
•The charm quark and that its mass was ~ 1.5 GeV 
•The bottom (4.2 GeV) and top (173 GeV) quarks

Colliding protons hard 
enough, we produced 

Higgs bosons at the LHC

H
p

p

CMS  (13 TeV)-1138 fb
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Focus on Flavor physics
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mashed.com

“The term flavor was first used in particle physics in the context 
of the quark model of hadrons. It was coined in 1971 by Murray 

Gell-Mann and his student at the time, Harald Fritzsch, at a 
Baskin-Robbins ice-cream store in Pasadena. 

Just as ice cream has both color and flavor so do quarks.”                               
. RMP 81, 1887 (2009)

d

u

s

c

b

t

d

u

s

c

b

t

d

u

s

c

b

t

Color

Flavor

https://www.mashed.com/462408/the-most-popular-ice-cream-flavor-might-surprise-you/
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.81.1887


2. The machines

LHC
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B factories

9

Optimized for clean  productione+e− → BB̄

Photo of a  event!B → D(*)τντ

Accelerator Lab Country From To
BaBar PEP-II SLAC USA 1999 2008
Belle KEKB KEK Japan 1999 2010

Belle II KEKB KEK Japan 2018 ~2035
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B factories

10

Optimized for clean  productione+e− → BB̄

Since 100% of  collision energy goes 
to , can reconstruct ν 4-momentum

e+e−

BB̄

ν (1.2 GeV)

Drift  
chamber Vertex  

detector

Electromagnetic 
calorimeter

Cherenkov 
detector

Accelerator Lab Country From To
BaBar PEP-II SLAC USA 1999 2008
Belle KEKB KEK Japan 1999 2010

Belle II KEKB KEK Japan 2018 ~2031
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The Large Hadron Collider

27 km rings colliding protons 
➡ CERN laboratory in Geneva, Switzerland 

 ATLAS and  CMS 
➡ Discovered Higgs boson in 2012 
➡ Direct searches for new physics 

 LHCb 
➡ Precision flavor measurements 
➡ Indirect searches for new physics 

 Alice 
➡ Heavy ion measurements 
➡ Focus on quark-gluon plasma

11

Large Hadron Collider

Proton-proton (pp) collisions at 13 Tera Electron-Volts, 
highest-energy particle accelerator ever
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A large collaboration 
➡ 25 countries, 105 institutes, 1808 members 

US participation 
➡ Currently 8 institutes, 82 members 

✦ Significant growth in the last years

LHCb collaboration

12
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The LHCb detector

13

100k b-hadrons per second 
➡ 25% of  with 4% of solid angle 

➡ Neutral particles only seen in 
calorimeters 

➡ Charged particles leave charge 
deposits in trackers 
✦ Momentum from magnet bending 

➡ Muon station are trackers   
shielded by steel

bb̄

VELO TT Magnet T-layers ECAL HCAL
Muon 

stationsRICH1 RICH2

M1
M3

M2
M4 M5

RICH2

HCALECAL
SPD/PS

Side View

Magnet

z5m

y

5m

10m 15m 20m

TT
RICH1

T1
T2

T3

Vertex
Locator

2008 - 2018

TT

M2
M3 M4 M5

Muon stations

HCAL
Calorimeters

Magnet
M1
ECAL

T1 T2T3

T-layers

Photon

Electron
Charged hadron pKπ

pKπ

Neutral hadronALPS2017, 17-21 April 2017, Austria 

Current LHCb detector

Federico Alessio 2

Atlas/CMS

LHCb

Acceptance

LHCb proved itself to be the Forward General-Purpose Detector at the LHC:

• forward arm spectrometer with unique coverage in pseudorapidity
(2 < η < 5, 4% of solid angle)

• catching 40% of heavy quark production cross-section

• precision measurements in beauty and charm sectors
9 Δp / p = 0.4% at 5 GeV/c  to 0.6% at 100 GeV/c

9 impact parameter resolution 20 μm for high-pT tracks

9 decay time resolution 45 fs for Bs Æ J/ψ φ and Bs Æ Ds π

Muon
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Vertexing is key to LHCb
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B mesons lifetime  
➡ Most other particles have  

They can fly cms before 
decaying thanks to large 
speed and time dilation 

Superb vertexing by VELO 
➡ Can reconstruct decay vertices with 13 
μm resolution in transverse plane

∼ 10−12 s
∼ 10−21 s

PV
SV

Marco Santimaria /22LHC seminar 03/2021
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0B

−µ+µ→0B
γ−µ+µ→s

0B
−'h+h→B

µνµh→bX
−µ+µ)+0(π→

0(+)B
Combinatorial

LHCb
1−9 fb

 0.5≥BDT 

Figure 1: Mass distribution of the selected B0
(s)! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid and the di↵erent components are detailed: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b ! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed
line).

The correlation between the B0! µ+µ� and B0
s ! µ+µ�� branching fractions is �23%,183

while the correlations with B0
s ! µ+µ� are below 10%. The mass distribution of the184

B0
(s)! µ+µ� candidates with BDT > 0.5 is shown in Fig. 1, together with the fit result.185

An excess of B0
s ! µ+µ� candidates with respect to the expectation from background186

is observed with a significance of 10 standard deviations (�), while the significance of the187

B0! µ+µ� signal is 1.7 �, as determined using Wilks’ theorem [45] from the di↵erence188

in likelihood between fits with and without the specific signal component.189

Since the B0! µ+µ� and B0
s ! µ+µ�� signals are not significant, an upper limit on190

each branching fractions is set using the CLs method [46] with a profile likelihood ratio as191

a one-sided test statistic [47]. The likelihoods are computed with the nuisance parameters192

Gaussian-constrained to their nominal values. The test statistic is then evaluated on193

an ensemble of pseudo-experiments where the nuisance parameters are floated according194

to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at195

95% CL, obtained without constraining the B0
s ! µ+µ�� yield. Similarly, the upper limit196

on B(B0
s ! µ+µ��)mµµ>4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.197

The e�ciency of B0
s ! µ+µ� decays depends on the lifetime, introducing a model-198

dependence in the measured time-integrated branching fraction. In the fit the SM value199

for ⌧µ+µ� is assumed, corresponding to Aµµ
��s

= 1. The model dependence is evaluated200

5

Mass fit result

18

ℬ(B0
s → μ+μ−) = (3.09+0.46+0.15

−0.43−0.11) × 10−9 (10.8σ)

[LHCB-PAPER-2021-007]

Preliminary

•  and  compatible with background only at  and B0 → μ+μ− B0
s → μ+μ−γ 1.7σ 1.5σ

µ+

µ-

pp → XbB0
s X

B0
s → μ+μ−

B0
s

How do we make sense 
of this mess?
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 oscillations: the most beautiful plotB0
s

15
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FIG. 5: The B0
s -B̄

0
s oscillation signal measured in five bins of proper decay time modulo the measured oscillation period

2π/∆ms. The figure is described in the text.

[3] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963); M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49, 652 (1973).
[4] A. Abulencia et al. (CDF Collaboration), Phys. Rev. Lett. 97, 062003 (2006).
[5] The symbol Bs refers to the combination of B̄0

s and B0
s decays. References to a particular process imply that the charge

conjugate process is included as well.
[6] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71, 032001 (2005); R. Blair et al. (CDF Collaboration), Fermilab

Report No. FERMILAB–PUB–96–390–E, 1996; C. S. Hill et al., Nucl. Instrum. Methods Phys. Res., Sect. A 530, 1 (2004);
S. Cabrera et al., Nucl. Instrum. Methods Phys. Res., Sect. A 494, 416 (2002); W. Ashmanskas et al., Nucl. Instrum. Meth-
ods Phys. Res., Sect. A 518, 532 (2004).

[7] The transverse momentum pT is the magnitude of the component of the momentum perpendicular to the proton beam
direction.

[8] J. Piedra, Ph.D. thesis, University of Cantabria (Fermilab Report No. FERMILAB-THESIS-2005-27, 2005).
[9] T. Sjöstrand et al., Computer Phys. Commun. 135, 238 (2001). We use version 6.216.

[10] N. Leonardo, Ph.D. thesis, Massachusetts Institute of Technology (Fermilab Report No. FERMILAB-THESIS-2006-18,
2006).

[11] H. G. Moser and A. Roussarie, Nucl. Instrum. Methods Phys. Res., Sect. A 384, 491 (1997).
[12] D. Acosta et al. (CDF Collaboration) Phys. Rev. Lett. 96, 202001 (2006).
[13] W.-M. Yao et al. J. Phys. G 33, 1 (2006).
[14] M. Okamoto, Proc. Sci. LAT2005 (2005) 013 [hep-lat/0510113].

PRL 97, 242003 (2006)
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Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The vertical bars correspond to the statistical uncertainty on the number
of observed candidates in each bin. The horizontal bars represent the bin width. In the left plot,
the horizontal bin width is indicated on the vertical axis legend. The three components, unmixed,
mixed and untagged, are shown in blue, red and gray, respectively. The insert corresponds to a
zoom of the region delineated in grey. The fit described in the text is overlaid.

momentum scale of the detector, obtained by comparing the reconstructed masses of known
particles with the most accurate available values [37]; residual detector misalignment and
length scale uncertainties; and uncertainties due to the choice of mass and decay-time
fit models, determined using alternate parametrisations and pseudoexperiments. To
verify the robustness of the measurement to variations in �ms as a function of the decay
kinematics, the data sample is split into mutually disjoint subsamples, each having the
same statistical significance, in relevant kinematic quantities, such as the B0

s momentum,
and the �ms values obtained from each subsample are compared. The largest observed
variation is included as a systematic uncertainty. The total systematic uncertainty is
0.0032 ps�1, with the leading contribution due to residual detector misalignment and
detector length scale uncertainties.

The value of the B0

s–B
0

s oscillation frequency determined in this article:

�ms = 17.7683± 0.0051 (stat)± 0.0032 (syst) ps�1

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [9, 12]. Reference [9] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [12] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. Due
to aging of the detector and di↵erent alignment procedures used in Run 1 and Run 2,
the e↵ect of residual detector misalignment is larger in measurements using Run 2 data.
Given the precision of the measurement described in this paper, a detailed study of the
detector misalignment e↵ects is performed and the related uncertainty due to the decay
time bias has been reduced significantly compared to previous measurements using the
Run 2 data. The values of the fixed parameters ��s and �s used as inputs to the previous
analyses have evolved over time as additional measurements have been made. However as

5

Nature Phys. 18, 1 (2022)

t [ps]

Flavor (tagging) of  
gives original flavor of 

Xb̄
B̄0

s

P(t) ∼ e−Γst [cosh ( ΔΓst
2 ) ± cos(Δmst)]

With 2nd order perturbation theory and 
 mixing, easy to show that  

decay-time distribution is given by
B̄0

s − B0
s B0

s → D−
s π+

https://arxiv.org/abs/hep-ex/0609040v1
https://arxiv.org/abs/2104.04421
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Lepton Flavor Universality (LFU)

17

W−
, , e− μ− τ−

, , ν̄e ν̄μ ν̄τ

gW

γ
, , e− μ− τ−

, , e+ μ+ τ+

ge

LFU 
couplings

Can test SM by testing LFU

, , e− μ− τ−

, , e+ μ+ τ+

H0
, , e− μ− τ−

, , e+ μ+ τ+

gW
mℓ

mW

Z
gZ

SM assumption 
Electroweak gauge couplings to three 

fermion generations are identical1st gen 2nd gen 3rd gen
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LFU tested to great precision*
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LFU tests with e/µ (1st/2nd gen.)

To 0.28% in 
Z decays

ΓZ→μμ

ΓZ→ee
= 1.0009 ± 0.0028

LEP, Phys. Rept. 427 (2006) 257 

To 0.8% in 
W decays

𝓑(W → eν)
𝓑(W → μν)

= 1.004 ± 0.008
CDF + LHC, JPG: NPP, 46, 2 (2019) 

ΓJ/ψ→μμ

ΓJ/ψ→ee
= 1.0016 ± 0.0031
PDG (BESIII), RPP, Chin. Phys. C40 (2016) 100001 

To 0.14% in 
τ → ℓνν

gμ/ge = 1.0018 ± 0.0014
PDG, A. Pich, Prog. Part. Nucl. Phys. 75 (2014) 41 

LFU tests with τ (3rd gen.)

To 0.32% in 
Z decays

ΓZ→ττ

ΓZ→ee
= 1.0019 ± 0.0032

LEP, Phys. Rept. 427 (2006) 257 

To 6.1% in 
 decaysDs

ΓDs→τν

ΓDs→μν
= 9.95 ± 0.61

HFLAV, Eur. Phys. J. C77 (2017) 895 

To 0.15% in 
 (with )τ → ℓνν ττ

gτ /gμ = 1.0030 ± 0.0015
PDG, S. Pich, Prog. Part. Nucl. Phys. 75 (2014) 41 

2.6σ tension in 
W decays

ΓW→τν

ΓW→μν
= 1.070 ± 0.026

LEP, Phys. Rept. 532, 119 (2013) 

PiENu, Phys. Rev. Lett. 115, 071801 (2015) 

To 0.2% in 
meson decays

Γπ→eν

Γπ→μν
= (1.234 ± 0.003) × 10−4

Γ1.1−6
B→K+μμ

Γ1.1−6
B→K+ee

= RK = 0.846+0.043
−0.040

LHCb, Nature Phys. 18, 3 (2022)

3.1σ 
tension

https://arxiv.org/abs/hep-ex/0509008
https://arxiv.org/abs/1809.06229
http://Review%20of%20particle%20physics,%20Chin.%20Phys.%20C40%20(2016)%20100001
http://dx.doi.org/10.1016/j.ppnp.2013.11.002
http://dx.doi.org/10.1140/epjc/s10052-017-5058-4
https://arxiv.org/abs/hep-ex/0509008
http://dx.doi.org/10.1016/j.ppnp.2013.11.002
http://dx.doi.org/10.1016/j.physrep.2013.07.004
http://dx.doi.org/10.1103/PhysRevLett.115.071801
https://arxiv.org/abs/2103.11769
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LFU tested to great precision
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LFU tests with e/µ (1st/2nd gen.) LFU tests with τ (3rd gen.)

To 0.28% in 
Z decays

ΓZ→μμ

ΓZ→ee
= 1.0009 ± 0.0028

LEP, Phys. Rept. 427 (2006) 257 

To 0.32% in 
Z decays

ΓZ→ττ

ΓZ→ee
= 1.0019 ± 0.0032

LEP, Phys. Rept. 427 (2006) 257 

To 0.8% in 
W decays

𝓑(W → eν)
𝓑(W → μν)

= 1.004 ± 0.008
CDF + LHC, JPG: NPP, 46, 2 (2019) 

To 6.1% in 
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Signal vs Normalization

The  lepton in signal decays can be 
reconstructed as  

Signal has same visible particles as 
normalization decays

τ
τ− → ℓ−ντ ν̄ℓ

21

B → D(*)τ ( → ℓνν̄) ν̄
Signal

Neutrinos are undetectable, so how do 
we tell signal and normalization apart?

Many experimental uncertainties 
cancel on  ratios𝓡(D(*))
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neutrinos ν Bsig

ν̄τ
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One 
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VI. FIT PROCEDURE

As explained above, the low-M2
miss region is dominated

by the lepton normalization and has essentially no sensi-
tivity to the tau signal; in contrast, the high-M2

miss region,
where the tau signal is concentrated, exhibits little dis-
crimination power in M2

miss between the tau signal and the
other backgrounds—in particular, the D!! background.
Therefore, we fit simultaneously the M2

miss distribution
below 0.85 GeV2=c4 to constrain the lepton normalization
and lepton cross-feed yields and a neural-network output
oNB above 0.85 GeV2=c4 to constrain the yields of the
other components. (In fact, all components are fit in both
regions.) The partition at M2

miss ¼ 0.85 GeV2=c4 mini-
mizes the expected uncertainty on RðDÞ and RðD!Þ.

The aforementioned neural network is trained for each of
the four data samples with simulated events to distinguish
the tau signal from the backgrounds in the high-M2

miss
region: mainly D!! background but also the wrong-charge
cross-feed, fake lepton, Ds decay, and rest components.
The neural network incorporates M2

miss and several other
observables that provide the desired signal-to-background
separation. The most powerful observable is EECL, the
unassociated energy in the ECL that aggregates all clusters
that are not associated with reconstructed particles (includ-
ing bremsstrahlung). A nonzero EECL value indicates a
missing physical process in the event, such as a decay mode
with a π0 in which only a single daughter photon is
reconstructed. Two additional network inputs are q2 and
p!
l; their additional discriminating power is limited by their

strong correlation with M2
miss. Other input variables, which

provide marginally more discrimination, are the number of
unassigned π0 candidates with jSγγj < 5.0; the cosine of the
angle between the momentum and vertex displacement of
the Dð!Þ meson; and the decay-channel identifiers of the B
and Dð!Þ mesons.
For use in the fit, the neural-network output oNB is

transformed into

TABLE II. Yields for the fixed components in the four data
samples.

Dþl− D0l− D!þl− D!0l−

Fake Dð!Þ 350 1330 180 2220
Fake l 20.9 69 13.7 12.9
Ds decay 22.0 112 21.0 20.7
Rest 23.6 77 4.3 4.2
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FIG. 1 (color online). Fit projections and data points with statistical uncertainties in the Dþl− (top) and D0l− (bottom) data samples.
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miss > 0.85 GeV2=c4.
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o0NB ≡ log
oNB − omin

omax − oNB
; ð7Þ

where the parameters omin and omax are the minimum and
maximum network output values, respectively, in the
elected data sample. The o0NB distributions have smoother
shapes and can be described well with bifurcated Gaussian
functions, which makes their parameterizations more
robust.
For each fit component within a selected data sample,

two PDFs are determined: in M2
miss for M2

miss <
0.85 GeV2=c4 and in o0NB for M2

miss > 0.85 GeV2=c4.
The PDFs ofM2

miss are represented by smoothed histograms
and are constructed by applying a smoothing algorithm
[30] to the respective MC distributions. Each bifurcated-
Gaussian PDF in o0NB is parameterized by the mean, left
width and right width, which are determined by an
unbinned maximum likelihood fit to the MC distribution.
In the fit, each component has a total yield, defined in
Table I, with partial yields in the lower- and upper-M2

miss
regions that are fixed MC-determined fractions of the
total yield.

We maximize the extended likelihood function

L ¼
Y

i

!
QðNi; KiÞ

YKi

ki¼1

PiðxkiÞ
"
; ð8Þ

where i ∈ fDþl−; D0l−; D%þl−; D%0l−g is the data-
sample index, QðNi; KiÞ is the Poisson probability to
observe Ki events for an expectation value of Ni ¼P

jYi;j events (with Yi;j being the yield of component j
in data sample i), and the vector xki holds the values for
M2

miss and o
0
NB of candidate ki. The PDF Pi of data sample i

is given by

PiðM2
miss; o

0
NBÞ ¼

1

Ni
·
X

j

Yi;j½fi;j;lowPi;j;lowðM2
missÞ

þ ð1 − fi;j;lowÞPi;j;highðo0NBÞ': ð9Þ

The index j runs over the components and fi;j;low is the
fraction of events of the component j that are in the lower
M2

miss range. The one-dimensional probability density
function Pi;j;low (Pi;j;high) represents the M2

miss (o
0
NB) dis-

tribution in the low- (high-)M2
miss region.
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miss > 0.85 GeV2=c4.
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VI. FIT PROCEDURE

As explained above, the low-M2
miss region is dominated

by the lepton normalization and has essentially no sensi-
tivity to the tau signal; in contrast, the high-M2

miss region,
where the tau signal is concentrated, exhibits little dis-
crimination power in M2

miss between the tau signal and the
other backgrounds—in particular, the D!! background.
Therefore, we fit simultaneously the M2

miss distribution
below 0.85 GeV2=c4 to constrain the lepton normalization
and lepton cross-feed yields and a neural-network output
oNB above 0.85 GeV2=c4 to constrain the yields of the
other components. (In fact, all components are fit in both
regions.) The partition at M2

miss ¼ 0.85 GeV2=c4 mini-
mizes the expected uncertainty on RðDÞ and RðD!Þ.

The aforementioned neural network is trained for each of
the four data samples with simulated events to distinguish
the tau signal from the backgrounds in the high-M2

miss
region: mainly D!! background but also the wrong-charge
cross-feed, fake lepton, Ds decay, and rest components.
The neural network incorporates M2

miss and several other
observables that provide the desired signal-to-background
separation. The most powerful observable is EECL, the
unassociated energy in the ECL that aggregates all clusters
that are not associated with reconstructed particles (includ-
ing bremsstrahlung). A nonzero EECL value indicates a
missing physical process in the event, such as a decay mode
with a π0 in which only a single daughter photon is
reconstructed. Two additional network inputs are q2 and
p!
l; their additional discriminating power is limited by their

strong correlation with M2
miss. Other input variables, which

provide marginally more discrimination, are the number of
unassigned π0 candidates with jSγγj < 5.0; the cosine of the
angle between the momentum and vertex displacement of
the Dð!Þ meson; and the decay-channel identifiers of the B
and Dð!Þ mesons.
For use in the fit, the neural-network output oNB is

transformed into

TABLE II. Yields for the fixed components in the four data
samples.

Dþl− D0l− D!þl− D!0l−

Fake Dð!Þ 350 1330 180 2220
Fake l 20.9 69 13.7 12.9
Ds decay 22.0 112 21.0 20.7
Rest 23.6 77 4.3 4.2
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FIG. 1 (color online). Fit projections and data points with statistical uncertainties in the Dþl− (top) and D0l− (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85 GeV2=c4; right: o0NB distribution for M2

miss > 0.85 GeV2=c4.

MEASUREMENT OF THE BRANCHING RATIO OF … PHYSICAL REVIEW D 92, 072014 (2015)

072014-7

o0NB ≡ log
oNB − omin

omax − oNB
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where the parameters omin and omax are the minimum and
maximum network output values, respectively, in the
elected data sample. The o0NB distributions have smoother
shapes and can be described well with bifurcated Gaussian
functions, which makes their parameterizations more
robust.
For each fit component within a selected data sample,

two PDFs are determined: in M2
miss for M2

miss <
0.85 GeV2=c4 and in o0NB for M2

miss > 0.85 GeV2=c4.
The PDFs ofM2

miss are represented by smoothed histograms
and are constructed by applying a smoothing algorithm
[30] to the respective MC distributions. Each bifurcated-
Gaussian PDF in o0NB is parameterized by the mean, left
width and right width, which are determined by an
unbinned maximum likelihood fit to the MC distribution.
In the fit, each component has a total yield, defined in
Table I, with partial yields in the lower- and upper-M2

miss
regions that are fixed MC-determined fractions of the
total yield.

We maximize the extended likelihood function

L ¼
Y

i

!
QðNi; KiÞ

YKi

ki¼1

PiðxkiÞ
"
; ð8Þ

where i ∈ fDþl−; D0l−; D%þl−; D%0l−g is the data-
sample index, QðNi; KiÞ is the Poisson probability to
observe Ki events for an expectation value of Ni ¼P

jYi;j events (with Yi;j being the yield of component j
in data sample i), and the vector xki holds the values for
M2

miss and o
0
NB of candidate ki. The PDF Pi of data sample i

is given by

PiðM2
miss; o

0
NBÞ ¼

1

Ni
·
X

j

Yi;j½fi;j;lowPi;j;lowðM2
missÞ

þ ð1 − fi;j;lowÞPi;j;highðo0NBÞ': ð9Þ

The index j runs over the components and fi;j;low is the
fraction of events of the component j that are in the lower
M2

miss range. The one-dimensional probability density
function Pi;j;low (Pi;j;high) represents the M2

miss (o
0
NB) dis-

tribution in the low- (high-)M2
miss region.
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FIG. 2 (color online). Fit projections and data points with statistical uncertainties in theD%þl− (top) andD%0l− (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85 GeV2=c4; right: o0NB distribution for M2

miss > 0.85 GeV2=c4.
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where the parameters omin and omax are the minimum and
maximum network output values, respectively, in the
elected data sample. The o0NB distributions have smoother
shapes and can be described well with bifurcated Gaussian
functions, which makes their parameterizations more
robust.
For each fit component within a selected data sample,

two PDFs are determined: in M2
miss for M2

miss <
0.85 GeV2=c4 and in o0NB for M2

miss > 0.85 GeV2=c4.
The PDFs ofM2

miss are represented by smoothed histograms
and are constructed by applying a smoothing algorithm
[30] to the respective MC distributions. Each bifurcated-
Gaussian PDF in o0NB is parameterized by the mean, left
width and right width, which are determined by an
unbinned maximum likelihood fit to the MC distribution.
In the fit, each component has a total yield, defined in
Table I, with partial yields in the lower- and upper-M2

miss
regions that are fixed MC-determined fractions of the
total yield.

We maximize the extended likelihood function

L ¼
Y

i

!
QðNi; KiÞ

YKi

ki¼1

PiðxkiÞ
"
; ð8Þ

where i ∈ fDþl−; D0l−; D%þl−; D%0l−g is the data-
sample index, QðNi; KiÞ is the Poisson probability to
observe Ki events for an expectation value of Ni ¼P

jYi;j events (with Yi;j being the yield of component j
in data sample i), and the vector xki holds the values for
M2

miss and o
0
NB of candidate ki. The PDF Pi of data sample i

is given by

PiðM2
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NBÞ ¼

1
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·
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Yi;j½fi;j;lowPi;j;lowðM2
missÞ

þ ð1 − fi;j;lowÞPi;j;highðo0NBÞ': ð9Þ

The index j runs over the components and fi;j;low is the
fraction of events of the component j that are in the lower
M2

miss range. The one-dimensional probability density
function Pi;j;low (Pi;j;high) represents the M2

miss (o
0
NB) dis-

tribution in the low- (high-)M2
miss region.
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FIG. 2 (color online). Fit projections and data points with statistical uncertainties in theD%þl− (top) andD%0l− (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85 GeV2=c4; right: o0NB distribution for M2

miss > 0.85 GeV2=c4.
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The simultaneous fit over all four data samples has
twelve free parameters: the lepton normalization yield per
sample, the lepton cross-feed yield per Dl− sample, the
D!! background yield per sample, and the branching-
fraction ratios RðDÞ and RðD!Þ. Here, we assume isospin
symmetry and use the same RðDÞ and RðD!Þ parameters
for the B̄0 and B− samples.

VII. CROSS-CHECKS

The implementation of the fit procedure is tested by
applying the same procedure to multiple subsets of the
available simulated data. The fit accuracies are evaluated
using sets of 500 pseudoexperiments and show no signifi-
cant bias in any measured quantity. These are used also to
test the influence on the fit result of the value of M2

miss ¼
0.85 GeV2=c4 that is used to partition the samples:
variation of this value reduces the precision of the fit result
but does not introduce any bias.
Further tests address the compatibility of the simulated

and recorded data. To test resolution modelling, we use a
sample of events with q2 < 3.5 GeV2=c2, dominated by
B̄ → Dð!Þl−ν̄l decays. As theD!! background is one of the
most important components—with a large potential for

flaws in its modeling—we evaluate its distributions in more
depth by reconstructing a data sample with enriched B̄ →
D!!l−ν̄l content by requiring a signal-like event but with
an additional π0. The background-enriched data samples
are fit individually in four dimensions separately: M2

miss,
M2

miss;no π0 , EECL, and p!
l, where M2

miss;no π0 is the missing
mass of the candidate, calculated without the additional π0.
The shapes of the components are extracted from simulated
data. In each of the four Dð!Þl−π0 samples, consistent
yields are obtained from the fits to all four variables,
indicating that the simulation describes faithfully the
distribution in all tested dimensions.

VIII. RESULTS

The fit to the entire data sample gives

RðDÞ ¼ 0.375% 0.064 ð10Þ

RðD!Þ ¼ 0.293% 0.038; ð11Þ

corresponding to a yield of 320 B̄ → Dτ−ν̄τ and 503 B̄ →
D!τ−ν̄τ events; the errors are statistical. Projections of the
fit are shown in Figs. 1 and 2. The high-M2

miss distributions
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FIG. 3 (color online). Projections of the fit results and data points with statistical uncertainties for the high M2
miss region. Top left:
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where the parameters omin and omax are the minimum and
maximum network output values, respectively, in the
elected data sample. The o0NB distributions have smoother
shapes and can be described well with bifurcated Gaussian
functions, which makes their parameterizations more
robust.
For each fit component within a selected data sample,

two PDFs are determined: in M2
miss for M2

miss <
0.85 GeV2=c4 and in o0NB for M2

miss > 0.85 GeV2=c4.
The PDFs ofM2

miss are represented by smoothed histograms
and are constructed by applying a smoothing algorithm
[30] to the respective MC distributions. Each bifurcated-
Gaussian PDF in o0NB is parameterized by the mean, left
width and right width, which are determined by an
unbinned maximum likelihood fit to the MC distribution.
In the fit, each component has a total yield, defined in
Table I, with partial yields in the lower- and upper-M2

miss
regions that are fixed MC-determined fractions of the
total yield.

We maximize the extended likelihood function

L ¼
Y

i

!
QðNi; KiÞ

YKi

ki¼1

PiðxkiÞ
"
; ð8Þ

where i ∈ fDþl−; D0l−; D%þl−; D%0l−g is the data-
sample index, QðNi; KiÞ is the Poisson probability to
observe Ki events for an expectation value of Ni ¼P

jYi;j events (with Yi;j being the yield of component j
in data sample i), and the vector xki holds the values for
M2

miss and o
0
NB of candidate ki. The PDF Pi of data sample i

is given by

PiðM2
miss; o

0
NBÞ ¼

1

Ni
·
X

j

Yi;j½fi;j;lowPi;j;lowðM2
missÞ

þ ð1 − fi;j;lowÞPi;j;highðo0NBÞ': ð9Þ

The index j runs over the components and fi;j;low is the
fraction of events of the component j that are in the lower
M2

miss range. The one-dimensional probability density
function Pi;j;low (Pi;j;high) represents the M2

miss (o
0
NB) dis-

tribution in the low- (high-)M2
miss region.
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Figure 9 Projections of the signal fits for the BABAR (Lees et al., 2012) and Belle (Huschle et al., 2015) measurements of
R(D(⇤)) with hadronic tagging. (a-b) Full m

2
miss projections of the BABAR fit showing the normalization components for

the D` and D
⇤
` samples (combination of D

(⇤)0
` and D

(⇤)+
`). (c-d) m

2
miss projections of the BABAR fit focusing on the

signal contributions at high m
2
miss. (e-h) Full projections of the fit to the neural network output o

0
NB by Belle in the region

m
2
miss > 0.85 GeV2 for the four D

(⇤)
` samples.

Table VI Comparison of the total yields extracted by the
isospin-constrained fits from BABAR (Lees et al., 2012) and
Belle (Huschle, 2015). The “✏ ratio” column corresponds to
the ratio of the Belle to the BABAR fitted yields normalized
by the datasets, 471 million of BB pairs for BABAR and 772
million for Belle.

Sample Contribution BABAR Belle ✏ ratio

D`

B ! D⌧⌫ 489 320 0.40

B ! D`⌫ 2981 3147 0.64

B ! D
⇤⇤

l⌫ 506 239 0.29

Other bkg. 1033 2005 1.18

D
⇤
`

B ! D
⇤
⌧⌫ 888 503 0.35

B ! D
⇤
`⌫ 11953 12045 0.61

B ! D
⇤⇤

l⌫ 261 153 0.36

Other bkg. 404 2477 3.74

rest frame, E
⇤
`
, while Belle fits the m

2

miss
distribution for

m
2

miss
< 0.85 GeV2 and the output of the classifier at

high m
2

miss
. Figure 9 shows some of the relevant pro-

jections for both fits. The narrow peaks in Fig. 9(a-b),
including that of the feed-down B ! D

⇤
`⌫ decays recon-

structed in the D` sample with a broader m
2

miss
distri-

bution, illustrate the power of hadronic tagging in dis-
criminating signal from normalization decays. Table VI
shows a comparison of their fitted yields. Although the
Belle dataset is 64% larger, the signal yields are about
40% smaller due to the lower reconstruction e�ciency.
The di↵erences in the background yields are primarily
due to BABAR placing a requirement on the multivariate
classifier and Belle fitting its output instead.

The most challenging background contribution arises
from B ! D

⇤⇤
`⌫ and B ! D

⇤⇤
⌧⌫ decays. The B !

D
⇤⇤

`⌫ processes are estimated in control samples with
the same selection as the signal samples, except for the
addition of a ⇡

0 meson. In these control samples, decays
of the form B ! D

(⇤)
⇡

0
`
�

⌫` have values of m
2

miss
close to

zero, so that their yields are easily determined with fits to
this variable. This fit is performed simultaneously with
the fits to the signal samples, and the B ! D

⇤⇤
l⌫ con-

tribution to both is linked by the ratio of expected yields
taken from the simulation. Additional backgrounds from
continuum and combinatorial B processes are estimated
from data control samples, and are fixed in the fits.

Table VII summarizes all the sources of uncertainty
in the measured R(D(⇤)) ratios by both analyses. The
largest uncertainties come from the B ! D

⇤⇤
l⌫ contri-

butions and the limited size of the simulated samples
(“MC stats”). The latter uncertainty a↵ects primarily
the PDFs describing the kinematic distributions of all
the components in the fit. The branching fraction ratios
are calculated as

R(D(⇤)) =
Nsig

Nnorm

✏norm

✏sig
, (47)

where Nsig and Nnorm are the number of signal and nor-
malization events determined by the fit, respectively, and
✏sig/✏norm is the ratio of e�ciencies taken from simula-
tion. Since the signal and normalization decays are re-
constructed with the same particles in the final state,
many uncertainties cancel in the ratio leading to a rela-
tively small 2–3% overall uncertainty on this quantity.

Table VIII shows the results from the BABAR and Belle
analyses, which are compatible within uncertainties. The
isospin-unconstrained results from BABAR (Table XIX
in Sec. VI.A) show good agreement with the expected
percent-level degree of isospin breaking. The total uncer-
tainty on R(D(⇤)) in these measurements is dominated by
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Figure 1: Distributions of (left) missing mass squared, (middle) lepton energy, and (right) q2,
overlaid with the projections of the fit model in the D0µ→ signal region.
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Figure 2: Distributions of (left) missing mass squared, (middle) lepton energy, and (right) q2,
overlaid with the projections of the fit model in the D→µ↑ signal region.

0 5 10
)4c/2 (GeVmiss

2m

 

20

40
310×) 4 c/2

C
an

d.
 / 

(0
.3

 G
eV

LHCb
−µ0D

4c/2 [-0.4, 2.85] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 0 5 10

)4c/2 (GeVmiss
2m

 

50

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV

LHCb
−µ0D

4c/2 [2.85, 6.1] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 0 5 10

)4c/2 (GeVmiss
2m

 

50

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV

LHCb
−µ0D

4c/2 [6.1, 9.35] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 0 5 10

)4c/2 (GeVmiss
2m

 

20

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV

LHCb
−µ0D

4c/2 [9.35, 12.6] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 

1000 2000
 (MeV)*µE

 

5

10 310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [-0.4, 2.85] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

20

310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [2.85, 6.1] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

50
310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [6.1, 9.35] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

20

310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [9.35, 12.6] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 

0

0

0

0

0

0

0

0

)1−Data (3 fb  ντ*D→B ντD→B D X(*)D→B νµ
**D→B

Comb. + misID νµ0D→B νµ*0D→B νµ*+D→B

Figure 3: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D0µ↑ signal region, in the four bins of q2.
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Figure 2: Distributions of (left) missing mass squared, (middle) lepton energy, and (right) q2,
overlaid with the projections of the fit model in the D→µ↑ signal region.
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VI. FIT PROCEDURE

As explained above, the low-M2
miss region is dominated

by the lepton normalization and has essentially no sensi-
tivity to the tau signal; in contrast, the high-M2

miss region,
where the tau signal is concentrated, exhibits little dis-
crimination power in M2

miss between the tau signal and the
other backgrounds—in particular, the D!! background.
Therefore, we fit simultaneously the M2

miss distribution
below 0.85 GeV2=c4 to constrain the lepton normalization
and lepton cross-feed yields and a neural-network output
oNB above 0.85 GeV2=c4 to constrain the yields of the
other components. (In fact, all components are fit in both
regions.) The partition at M2

miss ¼ 0.85 GeV2=c4 mini-
mizes the expected uncertainty on RðDÞ and RðD!Þ.

The aforementioned neural network is trained for each of
the four data samples with simulated events to distinguish
the tau signal from the backgrounds in the high-M2

miss
region: mainly D!! background but also the wrong-charge
cross-feed, fake lepton, Ds decay, and rest components.
The neural network incorporates M2

miss and several other
observables that provide the desired signal-to-background
separation. The most powerful observable is EECL, the
unassociated energy in the ECL that aggregates all clusters
that are not associated with reconstructed particles (includ-
ing bremsstrahlung). A nonzero EECL value indicates a
missing physical process in the event, such as a decay mode
with a π0 in which only a single daughter photon is
reconstructed. Two additional network inputs are q2 and
p!
l; their additional discriminating power is limited by their

strong correlation with M2
miss. Other input variables, which

provide marginally more discrimination, are the number of
unassigned π0 candidates with jSγγj < 5.0; the cosine of the
angle between the momentum and vertex displacement of
the Dð!Þ meson; and the decay-channel identifiers of the B
and Dð!Þ mesons.
For use in the fit, the neural-network output oNB is

transformed into

TABLE II. Yields for the fixed components in the four data
samples.

Dþl− D0l− D!þl− D!0l−

Fake Dð!Þ 350 1330 180 2220
Fake l 20.9 69 13.7 12.9
Ds decay 22.0 112 21.0 20.7
Rest 23.6 77 4.3 4.2
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FIG. 1 (color online). Fit projections and data points with statistical uncertainties in the Dþl− (top) and D0l− (bottom) data samples.
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miss distribution for M2
miss < 0.85 GeV2=c4; right: o0NB distribution for M2

miss > 0.85 GeV2=c4.
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o0NB ≡ log
oNB − omin

omax − oNB
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where the parameters omin and omax are the minimum and
maximum network output values, respectively, in the
elected data sample. The o0NB distributions have smoother
shapes and can be described well with bifurcated Gaussian
functions, which makes their parameterizations more
robust.
For each fit component within a selected data sample,

two PDFs are determined: in M2
miss for M2

miss <
0.85 GeV2=c4 and in o0NB for M2

miss > 0.85 GeV2=c4.
The PDFs ofM2

miss are represented by smoothed histograms
and are constructed by applying a smoothing algorithm
[30] to the respective MC distributions. Each bifurcated-
Gaussian PDF in o0NB is parameterized by the mean, left
width and right width, which are determined by an
unbinned maximum likelihood fit to the MC distribution.
In the fit, each component has a total yield, defined in
Table I, with partial yields in the lower- and upper-M2

miss
regions that are fixed MC-determined fractions of the
total yield.

We maximize the extended likelihood function

L ¼
Y

i

!
QðNi; KiÞ

YKi

ki¼1

PiðxkiÞ
"
; ð8Þ

where i ∈ fDþl−; D0l−; D%þl−; D%0l−g is the data-
sample index, QðNi; KiÞ is the Poisson probability to
observe Ki events for an expectation value of Ni ¼P

jYi;j events (with Yi;j being the yield of component j
in data sample i), and the vector xki holds the values for
M2

miss and o
0
NB of candidate ki. The PDF Pi of data sample i

is given by

PiðM2
miss; o

0
NBÞ ¼

1

Ni
·
X

j

Yi;j½fi;j;lowPi;j;lowðM2
missÞ

þ ð1 − fi;j;lowÞPi;j;highðo0NBÞ': ð9Þ

The index j runs over the components and fi;j;low is the
fraction of events of the component j that are in the lower
M2

miss range. The one-dimensional probability density
function Pi;j;low (Pi;j;high) represents the M2

miss (o
0
NB) dis-

tribution in the low- (high-)M2
miss region.
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VI. FIT PROCEDURE

As explained above, the low-M2
miss region is dominated

by the lepton normalization and has essentially no sensi-
tivity to the tau signal; in contrast, the high-M2

miss region,
where the tau signal is concentrated, exhibits little dis-
crimination power in M2

miss between the tau signal and the
other backgrounds—in particular, the D!! background.
Therefore, we fit simultaneously the M2

miss distribution
below 0.85 GeV2=c4 to constrain the lepton normalization
and lepton cross-feed yields and a neural-network output
oNB above 0.85 GeV2=c4 to constrain the yields of the
other components. (In fact, all components are fit in both
regions.) The partition at M2

miss ¼ 0.85 GeV2=c4 mini-
mizes the expected uncertainty on RðDÞ and RðD!Þ.

The aforementioned neural network is trained for each of
the four data samples with simulated events to distinguish
the tau signal from the backgrounds in the high-M2

miss
region: mainly D!! background but also the wrong-charge
cross-feed, fake lepton, Ds decay, and rest components.
The neural network incorporates M2

miss and several other
observables that provide the desired signal-to-background
separation. The most powerful observable is EECL, the
unassociated energy in the ECL that aggregates all clusters
that are not associated with reconstructed particles (includ-
ing bremsstrahlung). A nonzero EECL value indicates a
missing physical process in the event, such as a decay mode
with a π0 in which only a single daughter photon is
reconstructed. Two additional network inputs are q2 and
p!
l; their additional discriminating power is limited by their

strong correlation with M2
miss. Other input variables, which

provide marginally more discrimination, are the number of
unassigned π0 candidates with jSγγj < 5.0; the cosine of the
angle between the momentum and vertex displacement of
the Dð!Þ meson; and the decay-channel identifiers of the B
and Dð!Þ mesons.
For use in the fit, the neural-network output oNB is

transformed into

TABLE II. Yields for the fixed components in the four data
samples.

Dþl− D0l− D!þl− D!0l−

Fake Dð!Þ 350 1330 180 2220
Fake l 20.9 69 13.7 12.9
Ds decay 22.0 112 21.0 20.7
Rest 23.6 77 4.3 4.2
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FIG. 1 (color online). Fit projections and data points with statistical uncertainties in the Dþl− (top) and D0l− (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85 GeV2=c4; right: o0NB distribution for M2

miss > 0.85 GeV2=c4.
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where the parameters omin and omax are the minimum and
maximum network output values, respectively, in the
elected data sample. The o0NB distributions have smoother
shapes and can be described well with bifurcated Gaussian
functions, which makes their parameterizations more
robust.
For each fit component within a selected data sample,

two PDFs are determined: in M2
miss for M2

miss <
0.85 GeV2=c4 and in o0NB for M2

miss > 0.85 GeV2=c4.
The PDFs ofM2

miss are represented by smoothed histograms
and are constructed by applying a smoothing algorithm
[30] to the respective MC distributions. Each bifurcated-
Gaussian PDF in o0NB is parameterized by the mean, left
width and right width, which are determined by an
unbinned maximum likelihood fit to the MC distribution.
In the fit, each component has a total yield, defined in
Table I, with partial yields in the lower- and upper-M2

miss
regions that are fixed MC-determined fractions of the
total yield.

We maximize the extended likelihood function

L ¼
Y

i

!
QðNi; KiÞ

YKi

ki¼1

PiðxkiÞ
"
; ð8Þ

where i ∈ fDþl−; D0l−; D%þl−; D%0l−g is the data-
sample index, QðNi; KiÞ is the Poisson probability to
observe Ki events for an expectation value of Ni ¼P

jYi;j events (with Yi;j being the yield of component j
in data sample i), and the vector xki holds the values for
M2

miss and o
0
NB of candidate ki. The PDF Pi of data sample i

is given by

PiðM2
miss; o

0
NBÞ ¼

1

Ni
·
X

j

Yi;j½fi;j;lowPi;j;lowðM2
missÞ

þ ð1 − fi;j;lowÞPi;j;highðo0NBÞ': ð9Þ

The index j runs over the components and fi;j;low is the
fraction of events of the component j that are in the lower
M2

miss range. The one-dimensional probability density
function Pi;j;low (Pi;j;high) represents the M2

miss (o
0
NB) dis-

tribution in the low- (high-)M2
miss region.
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FIG. 2 (color online). Fit projections and data points with statistical uncertainties in theD%þl− (top) andD%0l− (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85 GeV2=c4; right: o0NB distribution for M2

miss > 0.85 GeV2=c4.
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where the parameters omin and omax are the minimum and
maximum network output values, respectively, in the
elected data sample. The o0NB distributions have smoother
shapes and can be described well with bifurcated Gaussian
functions, which makes their parameterizations more
robust.
For each fit component within a selected data sample,

two PDFs are determined: in M2
miss for M2

miss <
0.85 GeV2=c4 and in o0NB for M2

miss > 0.85 GeV2=c4.
The PDFs ofM2

miss are represented by smoothed histograms
and are constructed by applying a smoothing algorithm
[30] to the respective MC distributions. Each bifurcated-
Gaussian PDF in o0NB is parameterized by the mean, left
width and right width, which are determined by an
unbinned maximum likelihood fit to the MC distribution.
In the fit, each component has a total yield, defined in
Table I, with partial yields in the lower- and upper-M2

miss
regions that are fixed MC-determined fractions of the
total yield.

We maximize the extended likelihood function

L ¼
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QðNi; KiÞ

YKi

ki¼1

PiðxkiÞ
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; ð8Þ

where i ∈ fDþl−; D0l−; D%þl−; D%0l−g is the data-
sample index, QðNi; KiÞ is the Poisson probability to
observe Ki events for an expectation value of Ni ¼P

jYi;j events (with Yi;j being the yield of component j
in data sample i), and the vector xki holds the values for
M2

miss and o
0
NB of candidate ki. The PDF Pi of data sample i

is given by
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The index j runs over the components and fi;j;low is the
fraction of events of the component j that are in the lower
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function Pi;j;low (Pi;j;high) represents the M2
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FIG. 2 (color online). Fit projections and data points with statistical uncertainties in theD%þl− (top) andD%0l− (bottom) data samples.
Left: M2

miss distribution for M2
miss < 0.85 GeV2=c4; right: o0NB distribution for M2

miss > 0.85 GeV2=c4.
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The simultaneous fit over all four data samples has
twelve free parameters: the lepton normalization yield per
sample, the lepton cross-feed yield per Dl− sample, the
D!! background yield per sample, and the branching-
fraction ratios RðDÞ and RðD!Þ. Here, we assume isospin
symmetry and use the same RðDÞ and RðD!Þ parameters
for the B̄0 and B− samples.

VII. CROSS-CHECKS

The implementation of the fit procedure is tested by
applying the same procedure to multiple subsets of the
available simulated data. The fit accuracies are evaluated
using sets of 500 pseudoexperiments and show no signifi-
cant bias in any measured quantity. These are used also to
test the influence on the fit result of the value of M2

miss ¼
0.85 GeV2=c4 that is used to partition the samples:
variation of this value reduces the precision of the fit result
but does not introduce any bias.
Further tests address the compatibility of the simulated

and recorded data. To test resolution modelling, we use a
sample of events with q2 < 3.5 GeV2=c2, dominated by
B̄ → Dð!Þl−ν̄l decays. As theD!! background is one of the
most important components—with a large potential for

flaws in its modeling—we evaluate its distributions in more
depth by reconstructing a data sample with enriched B̄ →
D!!l−ν̄l content by requiring a signal-like event but with
an additional π0. The background-enriched data samples
are fit individually in four dimensions separately: M2

miss,
M2

miss;no π0 , EECL, and p!
l, where M2

miss;no π0 is the missing
mass of the candidate, calculated without the additional π0.
The shapes of the components are extracted from simulated
data. In each of the four Dð!Þl−π0 samples, consistent
yields are obtained from the fits to all four variables,
indicating that the simulation describes faithfully the
distribution in all tested dimensions.

VIII. RESULTS

The fit to the entire data sample gives

RðDÞ ¼ 0.375% 0.064 ð10Þ

RðD!Þ ¼ 0.293% 0.038; ð11Þ

corresponding to a yield of 320 B̄ → Dτ−ν̄τ and 503 B̄ →
D!τ−ν̄τ events; the errors are statistical. Projections of the
fit are shown in Figs. 1 and 2. The high-M2

miss distributions
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FIG. 3 (color online). Projections of the fit results and data points with statistical uncertainties for the high M2
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where the parameters omin and omax are the minimum and
maximum network output values, respectively, in the
elected data sample. The o0NB distributions have smoother
shapes and can be described well with bifurcated Gaussian
functions, which makes their parameterizations more
robust.
For each fit component within a selected data sample,

two PDFs are determined: in M2
miss for M2

miss <
0.85 GeV2=c4 and in o0NB for M2

miss > 0.85 GeV2=c4.
The PDFs ofM2

miss are represented by smoothed histograms
and are constructed by applying a smoothing algorithm
[30] to the respective MC distributions. Each bifurcated-
Gaussian PDF in o0NB is parameterized by the mean, left
width and right width, which are determined by an
unbinned maximum likelihood fit to the MC distribution.
In the fit, each component has a total yield, defined in
Table I, with partial yields in the lower- and upper-M2

miss
regions that are fixed MC-determined fractions of the
total yield.

We maximize the extended likelihood function
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where i ∈ fDþl−; D0l−; D%þl−; D%0l−g is the data-
sample index, QðNi; KiÞ is the Poisson probability to
observe Ki events for an expectation value of Ni ¼P

jYi;j events (with Yi;j being the yield of component j
in data sample i), and the vector xki holds the values for
M2

miss and o
0
NB of candidate ki. The PDF Pi of data sample i

is given by
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0
NBÞ ¼

1

Ni
·
X

j

Yi;j½fi;j;lowPi;j;lowðM2
missÞ

þ ð1 − fi;j;lowÞPi;j;highðo0NBÞ': ð9Þ

The index j runs over the components and fi;j;low is the
fraction of events of the component j that are in the lower
M2

miss range. The one-dimensional probability density
function Pi;j;low (Pi;j;high) represents the M2

miss (o
0
NB) dis-

tribution in the low- (high-)M2
miss region.
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miss distribution for M2
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miss > 0.85 GeV2=c4.
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Figure 9 Projections of the signal fits for the BABAR (Lees et al., 2012) and Belle (Huschle et al., 2015) measurements of
R(D(⇤)) with hadronic tagging. (a-b) Full m

2
miss projections of the BABAR fit showing the normalization components for

the D` and D
⇤
` samples (combination of D

(⇤)0
` and D

(⇤)+
`). (c-d) m

2
miss projections of the BABAR fit focusing on the

signal contributions at high m
2
miss. (e-h) Full projections of the fit to the neural network output o

0
NB by Belle in the region

m
2
miss > 0.85 GeV2 for the four D

(⇤)
` samples.

Table VI Comparison of the total yields extracted by the
isospin-constrained fits from BABAR (Lees et al., 2012) and
Belle (Huschle, 2015). The “✏ ratio” column corresponds to
the ratio of the Belle to the BABAR fitted yields normalized
by the datasets, 471 million of BB pairs for BABAR and 772
million for Belle.

Sample Contribution BABAR Belle ✏ ratio

D`

B ! D⌧⌫ 489 320 0.40

B ! D`⌫ 2981 3147 0.64

B ! D
⇤⇤

l⌫ 506 239 0.29

Other bkg. 1033 2005 1.18

D
⇤
`

B ! D
⇤
⌧⌫ 888 503 0.35

B ! D
⇤
`⌫ 11953 12045 0.61

B ! D
⇤⇤

l⌫ 261 153 0.36

Other bkg. 404 2477 3.74

rest frame, E
⇤
`
, while Belle fits the m

2

miss
distribution for

m
2

miss
< 0.85 GeV2 and the output of the classifier at

high m
2

miss
. Figure 9 shows some of the relevant pro-

jections for both fits. The narrow peaks in Fig. 9(a-b),
including that of the feed-down B ! D

⇤
`⌫ decays recon-

structed in the D` sample with a broader m
2

miss
distri-

bution, illustrate the power of hadronic tagging in dis-
criminating signal from normalization decays. Table VI
shows a comparison of their fitted yields. Although the
Belle dataset is 64% larger, the signal yields are about
40% smaller due to the lower reconstruction e�ciency.
The di↵erences in the background yields are primarily
due to BABAR placing a requirement on the multivariate
classifier and Belle fitting its output instead.

The most challenging background contribution arises
from B ! D

⇤⇤
`⌫ and B ! D

⇤⇤
⌧⌫ decays. The B !

D
⇤⇤

`⌫ processes are estimated in control samples with
the same selection as the signal samples, except for the
addition of a ⇡

0 meson. In these control samples, decays
of the form B ! D

(⇤)
⇡

0
`
�

⌫` have values of m
2

miss
close to

zero, so that their yields are easily determined with fits to
this variable. This fit is performed simultaneously with
the fits to the signal samples, and the B ! D

⇤⇤
l⌫ con-

tribution to both is linked by the ratio of expected yields
taken from the simulation. Additional backgrounds from
continuum and combinatorial B processes are estimated
from data control samples, and are fixed in the fits.

Table VII summarizes all the sources of uncertainty
in the measured R(D(⇤)) ratios by both analyses. The
largest uncertainties come from the B ! D

⇤⇤
l⌫ contri-

butions and the limited size of the simulated samples
(“MC stats”). The latter uncertainty a↵ects primarily
the PDFs describing the kinematic distributions of all
the components in the fit. The branching fraction ratios
are calculated as

R(D(⇤)) =
Nsig

Nnorm

✏norm

✏sig
, (47)

where Nsig and Nnorm are the number of signal and nor-
malization events determined by the fit, respectively, and
✏sig/✏norm is the ratio of e�ciencies taken from simula-
tion. Since the signal and normalization decays are re-
constructed with the same particles in the final state,
many uncertainties cancel in the ratio leading to a rela-
tively small 2–3% overall uncertainty on this quantity.

Table VIII shows the results from the BABAR and Belle
analyses, which are compatible within uncertainties. The
isospin-unconstrained results from BABAR (Table XIX
in Sec. VI.A) show good agreement with the expected
percent-level degree of isospin breaking. The total uncer-
tainty on R(D(⇤)) in these measurements is dominated by
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Figure 2: Distributions of (left) missing mass squared, (middle) lepton energy, and (right) q2,
overlaid with the projections of the fit model in the D⇤µ� signal region.

0 5 10
)4c/2 (GeVmiss

2m

 

20

40
310×) 4 c/2

C
an

d.
 / 

(0
.3

 G
eV

LHCb
−µ0D

4c/2 [-0.4, 2.85] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 0 5 10

)4c/2 (GeVmiss
2m

 

50

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV
LHCb

−µ0D
4c/2 [2.85, 6.1] GeV∈2q

 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 
Pu

ll 0 5 10
)4c/2 (GeVmiss

2m

 

50

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV

LHCb
−µ0D

4c/2 [6.1, 9.35] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 0 5 10

)4c/2 (GeVmiss
2m

 

20

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV

LHCb
−µ0D

4c/2 [9.35, 12.6] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 

1000 2000
 (MeV)*µE

 

5

10 310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [-0.4, 2.85] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

20

310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [2.85, 6.1] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

50
310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [6.1, 9.35] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

20

310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [9.35, 12.6] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 

0

0

0

0

0

0

0

0

)1−Data (3 fb  ντ*D→B ντD→B D X(*)D→B νµ
**D→B

Comb. + misID νµ0D→B νµ*0D→B νµ*+D→B

Figure 3: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D0µ� signal region, in the four bins of q2.
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Figure 2: Distributions of (left) missing mass squared, (middle) lepton energy, and (right) q2,
overlaid with the projections of the fit model in the D⇤µ� signal region.
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Figure 2: Distributions of (left) missing mass squared, (middle) lepton energy, and (right) q2,
overlaid with the projections of the fit model in the D⇤µ� signal region.
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Figure 3: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D0µ� signal region, in the four bins of q2.
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Figure 2: Distributions of (left) missing mass squared, (middle) lepton energy, and (right) q2,
overlaid with the projections of the fit model in the D⇤µ� signal region.

0 5 10
)4c/2 (GeVmiss

2m

 

20

40
310×) 4 c/2

C
an

d.
 / 

(0
.3

 G
eV

LHCb
−µ0D

4c/2 [-0.4, 2.85] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 0 5 10

)4c/2 (GeVmiss
2m

 

50

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV

LHCb
−µ0D

4c/2 [2.85, 6.1] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 0 5 10

)4c/2 (GeVmiss
2m

 

50

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV

LHCb
−µ0D

4c/2 [6.1, 9.35] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 

Pu
ll 0 5 10

)4c/2 (GeVmiss
2m

 

20

310×) 4 c/2
C

an
d.

 / 
(0

.3
 G

eV

LHCb
−µ0D

4c/2 [9.35, 12.6] GeV∈2q
 

0 5 10
)4c/2 (GeVmiss

2m
4−
2−
0
2

 
Pu

ll 

1000 2000
 (MeV)*µE

 

5

10 310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [-0.4, 2.85] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

20

310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [2.85, 6.1] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

50
310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [6.1, 9.35] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 1000 2000

 (MeV)*µE

 

20

310×

C
an

d.
 / 

(7
5 

M
eV

) 4c/2 [9.35, 12.6] GeV∈2q LHCb
−µ0D

 

1000 2000
 (MeV)*µE

2−
0
2

Pu
ll 

0

0

0

0

0

0

0

0

)1−Data (3 fb  ντ*D→B ντD→B D X(*)D→B νµ
**D→B

Comb. + misID νµ0D→B νµ*0D→B νµ*+D→B

Figure 3: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D0µ� signal region, in the four bins of q2.
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Figure 6: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D→+µ↑ with exactly one extra pion consistent
with the B vertex, in the four bins of q2.
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Figure 7: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D0µ↑ region with exactly two extra opposite-
sign pions consistent with the B vertex, in the four bins of q2.
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Figure 4: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D⇤+µ� signal region, in the four bins of q2.
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Figure 5: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D0µ� with exactly one extra pion consistent
with the B vertex, in the four bins of q2.
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Figure 8: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D→+µ↑ region with exactly two extra
opposite-sign pions consistent with the B vertex, in the four bins of q2.
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Figure 9: Distributions of (top row) missing mass squared and (bottom row) lepton energy
overlaid with the projections of the fit model in the D0µ↑ region with at least one kaon of either
sign and no restrictions on the number of additional tracks consistent with the B vertex, in the
four bins of q2.
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Currently working on update based on 
LHCb’s Run 2 data 

➡ 2 times more luminosity 
➡ 2 times higher  cross section 
➡ 50-100% higher efficiency 

✦ Better trigger, selection 

Update will have 5-10 times more  
mesons than Run 1 result! 

➡ Working on refining background model to take 
advantage of high statistics 

Potential to become best 
measurement in the world 

➡ Depending on final systematic uncertainties

bb̄

B

3.8σ

Extraordinary claims require         
extraordinary evidence 

Even if we reach  in the challenging 
 measurements, we will probably 

need a correlated pattern of anomalies    
beyond  to believe the New Physics

5σ
𝓡 (D(*))

𝓡 (D(*))the Legendre polynomial moments computed as functions
of the above three angles. The D!þπ− mass spectrum
weighted by Legendre polynomial moments expressed as
functions of cos θ is shown in Fig. 16 for L between 1 and 6
and reveals a rich structure. Higher moments are consistent
with zero. Equations (15) relate the moments with orbital

angular momentum between the D!þ and π− mesons,
assuming only partial waves between L ¼ 0 and L ¼ 3.
Here S, P, D and F indicate the magnitudes of the
amplitudes with angular momenta L ¼ 0, 1, 2, 3 and ϕ
denotes their relative phases.

ffiffiffiffiffiffi
4π

p
hY0

0i ¼ S2 þ P2 þD2 þ F2

ffiffiffiffiffiffi
4π

p
hY0

1i ¼ 2SP cosϕSP þ 1.789PD cosϕPD þ 1.757DF cosϕDF
ffiffiffiffiffiffi
4π

p
hY0

2i ¼ 2SD cosϕSD þ 0.894P2 þ 1.757PF cosϕPF þ 0.639D2 þ 0.596F2

ffiffiffiffiffiffi
4π

p
hY0

3i ¼ 2SF cosϕSF þ 1.757PD cosϕPD þ 1.193DF cosϕDF
ffiffiffiffiffiffi
4π

p
hY0

4i ¼ 1.746PF cosϕPF þ 0.857D2 þ 0.545F2

ffiffiffiffiffiffi
4π

p
hY0

5i ¼ 1.699DF cosϕDF
ffiffiffiffiffiffi
4π

p
hY0

6i ¼ 0.840F2: ð15Þ

A comparison with Table I allows for the identification
of the resonant contributions to each distribution, listed in
Table VI.
Significant interference effects between 1þ amplitudes

can be observed in the Y0
2 distribution and a clean 2

þ signal

due to D!
2ð2460Þ can be seen in the Y0

4 distribution. Other
moments show rather complex structures. An overall good
description of the data is obtained, although some small
discrepancy can be seen in Y0

3 and Y0
5. This is expected,

given the large number of physical contributions
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Other  transitionsb → cτν
If NP in , we should see anomalies in related decays 

➡ LHCb has access to b-hadrons with different spectator quarks
b → cτν

26

We will need much 
larger data 

samples to access 
all LFU ratios as 
well as kinematic 

distributions
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Proof-of-concept 
measurements of 

 and  
already published
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c )
PRL 120, 121801 (2018)

PRL 128, 191803, (2022)

http://dx.doi.org/%2010.1103/PhysRevLett.120.121801
http://dx.doi.org/10.1103/PhysRevLett.128.191803


4. Building the UT and future 
prospects with upgraded LHCb

RMP, 94, 015003 (2022)

https://arxiv.org/abs/2101.08326
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Limitations of LHCb until 2018

28
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42 The LHCb detector at the LHC

(a) (b)

Figure 2.7: (a) Instantaneous luminosity during a long (15h) LHC fill comparison between ATLAS,CMS
and LHCb. (b) Pile-up µvis and peak luminosity recorded at LHCb during Run I data taking period.
The violet dashed line corresponds to the designed value (µvis = 0.6); it has been demonstrated that
performances are not degraded if the value is kept at 1.6 (at

p
s = 8 TeV) [63], which is the value used

for data taking corresponding to a peak luminosity of 4 ⇥ 1032cm�2 s�1. Figures taken from [63].

of the vertex signature as mentioned before and of the final state high transverse momentum
(pT). Therefore, an excellent tracking system, particle identification and trigger strategy are
the key ingredients for LHCb. The LHCb tracking system is composed by a VErtex LOcator
(VELO, details given in Sec. 2.3.1) positioned at few mm from the pp interaction point, a dipole
magnet (see Sec. 2.3.2) and tracking stations placed upstream and downstream of the dipole
(see Sec. 2.3.3,Sec. 2.3.4 and Sec. 2.3.5). The tracking system is designed to reconstruct different
types of tracks among which the so called long tracks are the most relevant for physics
analysis. Long tracks leave signatures in the whole spectrometer and they are associated
to charged particles produced close to the interaction point flying throughout the whole
detector. Other important tracks in LHCb are the downstream tracks and they are associated
to the large fraction of tracks originating from long-lived particles decay (such as KS and
⇤0). Downstream tracks are produced outside the VELO, therefore they can be reconstructed
using only the upstream and the downstream trackers.

Details on the tracking system are provided in Sec. 2.3 while tracking strategies will be pro-
vided in the dedicated upgrade section (see Sec. 4.1) when describing the track reconstruction
for the upgrade phase. Particle identification (see Sec. 2.4) is ensured for electrons and photons
by a silicon pad detector (SPD), a preshower (PS) and an electromagnetic calorimeter (ECAL),
while for charged hadrons the hadronic calorimeter is used (HCAL) (see Sec. 2.4.2). Different
types of hadrons are distinguished through the two Ring Imaging CHerenkov detectors (see
Sec. 2.4.1) placed upstream and downstream of the dipole magnet covering different hadron
momentum ranges. Muons are identified by muons stations composed of alternating layers of
iron and multiwire proportional chambers (see Sec. 2.4.3) placed downstream the calorimeter
system.

Leveling luminosity at 
4×1032 cm-2s-1 since 2011

74 The LHCb upgrade

leading to a huge boost of the physics capabilities of the experiment.

3.2 Detector Upgrade: motivations and plans
In order to fully exploit the LHC capabilities, LHCb detector optimal running conditions
should try to fully benefit from the large cross-sections for b� and c� quark productions, be
able to perform analysis in a clean environment (e.g. high signal purity and significance) and
maximise as much as possible the trigger efficiencies and capabilities. These three aspects
have a strong interplay among each others. For example, one could run LHCb at higher lumi-
nosities and take advantages of larger pile-up (µ, measured as the average number of visible
interactions per crossing) to increase the physics yield. Nevertheless, the previous statement
implies an increased background contamination as well as higher detector occupancies which
lead to drop in track reconstruction efficiencies.

The studies performed in 2010 for the proposal of the LHCb upgrade were not yet account-
ing for the excellent performance shown by the LHCb experiment in Run I. At that time, the
nominal luminosity decided for the LHCb upgrade was 1033 cm�2 s�1 with a pile-up of 2.5 and
extrapolations were made to account for the spill-over effects of 25 ns bunch spacing, which
has been reached only in Run II. At that time also the technological solutions to adopt for the
detector upgrade were not yet decided as well as a trigger strategy. Nonetheless, it was already
clear that to fully benefit from higher luminosities the LHCb hardware trigger would represent
a serious bottleneck to perform optimal triggering of events, especially for hadronic modes.
Another important aspect taken into account was the increase of the sub-detector occupancy

Figure 3.1: Evaluation of the trigger yields as a function of the instantaneous luminosity at LHCb for
some selected decay modes. The green triangles represents the trigger yields scaling as a function of the
luminosity for the Bs ! J/ � mode for which the muon L0 trigger is used. For all the other modes, the
hadronic L0 trigger selection is used. It is clear that the hardware (HW) based L0 trigger for hadronic
decays efficiency flattens out at higher luminosity implying an important loss in physics yield. Figure
taken from [95].
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Have been luminosity 
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2011-2018 detector cannot 
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Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The vertical bars correspond to the statistical uncertainty on the number
of observed candidates in each bin. The horizontal bars represent the bin width. In the left plot,
the horizontal bin width is indicated on the vertical axis legend. The three components, unmixed,
mixed and untagged, are shown in blue, red and gray, respectively. The insert corresponds to a
zoom of the region delineated in grey. The fit described in the text is overlaid.

momentum scale of the detector, obtained by comparing the reconstructed masses of known
particles with the most accurate available values [37]; residual detector misalignment and
length scale uncertainties; and uncertainties due to the choice of mass and decay-time
fit models, determined using alternate parametrisations and pseudoexperiments. To
verify the robustness of the measurement to variations in �ms as a function of the decay
kinematics, the data sample is split into mutually disjoint subsamples, each having the
same statistical significance, in relevant kinematic quantities, such as the B0

s momentum,
and the �ms values obtained from each subsample are compared. The largest observed
variation is included as a systematic uncertainty. The total systematic uncertainty is
0.0032 ps�1, with the leading contribution due to residual detector misalignment and
detector length scale uncertainties.

The value of the B0

s–B
0

s oscillation frequency determined in this article:

�ms = 17.7683± 0.0051 (stat)± 0.0032 (syst) ps�1

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [9, 12]. Reference [9] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [12] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. Due
to aging of the detector and di↵erent alignment procedures used in Run 1 and Run 2,
the e↵ect of residual detector misalignment is larger in measurements using Run 2 data.
Given the precision of the measurement described in this paper, a detailed study of the
detector misalignment e↵ects is performed and the related uncertainty due to the decay
time bias has been reduced significantly compared to previous measurements using the
Run 2 data. The values of the fixed parameters ��s and �s used as inputs to the previous
analyses have evolved over time as additional measurements have been made. However as
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Figure 1: Mass distribution of the selected B0
(s)! µ+µ� candidates (black dots) with BDT > 0.5.

The result of the fit is overlaid and the di↵erent components are detailed: B0
s ! µ+µ� (red solid

line), B0! µ+µ� (green solid line), B0
s ! µ+µ�� (violet solid line), combinatorial background

(blue dashed line), B0
(s) ! h+h0� (magenta dashed line), B0 ! ⇡�µ+⌫µ, B0

s ! K�µ+⌫µ,

B+
c ! J/ µ+⌫µ and ⇤0

b ! pµ�⌫µ (orange dashed line), and B0(+)! ⇡0(+)µ+µ� (cyan dashed
line).

The correlation between the B0! µ+µ� and B0
s ! µ+µ�� branching fractions is �23%,183

while the correlations with B0
s ! µ+µ� are below 10%. The mass distribution of the184

B0
(s)! µ+µ� candidates with BDT > 0.5 is shown in Fig. 1, together with the fit result.185

An excess of B0
s ! µ+µ� candidates with respect to the expectation from background186

is observed with a significance of 10 standard deviations (�), while the significance of the187

B0! µ+µ� signal is 1.7 �, as determined using Wilks’ theorem [45] from the di↵erence188

in likelihood between fits with and without the specific signal component.189

Since the B0! µ+µ� and B0
s ! µ+µ�� signals are not significant, an upper limit on190

each branching fractions is set using the CLs method [46] with a profile likelihood ratio as191

a one-sided test statistic [47]. The likelihoods are computed with the nuisance parameters192

Gaussian-constrained to their nominal values. The test statistic is then evaluated on193

an ensemble of pseudo-experiments where the nuisance parameters are floated according194

to their uncertainties. The resulting upper limit on B(B0 ! µ+µ�) is 2.6⇥ 10�10 at195

95% CL, obtained without constraining the B0
s ! µ+µ�� yield. Similarly, the upper limit196

on B(B0
s ! µ+µ��)mµµ>4.9GeV/c2 is evaluated to be 2.0⇥ 10�9 at 95% CL.197

The e�ciency of B0
s ! µ+µ� decays depends on the lifetime, introducing a model-198

dependence in the measured time-integrated branching fraction. In the fit the SM value199

for ⌧µ+µ� is assumed, corresponding to Aµµ
��s

= 1. The model dependence is evaluated200

5

Mass fit result

18

ℬ(B0
s → μ+μ−) = (3.09+0.46+0.15

−0.43−0.11) × 10−9 (10.8σ)

[LHCB-PAPER-2021-007]

Preliminary

•  and  compatible with background only at  and B0 → μ+μ− B0
s → μ+μ−γ 1.7σ 1.5σ

LHCb, P. Koppenburg

Tetraquarks 
Pentaquarks

Run 1 LS1 Run 2
2011 2012 2013 2014 2015 2016 2017 2018

Beautiful results 
with Runs 1 and 2

9 fb-1 (450 billion  mesons)B

https://www.nikhef.nl/~pkoppenb/particles.html
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Upgrade I

29

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

9 fb-1 (450 billion  mesons)B

L0
Hardware

HLT
Software

12.5 kHz (0.6 GB/s)
Events on disk

1 MHz
Detector 
readout

40 MHz
pp 

collisions

Runs 1 and 2

Goal: 50 fb-1 (2,500 billion  mesons)BUpgrade I

HLT
Software

 𝓞(100 kHz) [𝓞(10 GB/s)]
Events on disk

40 MHz
pp 

collisions
Detector 
readout

Upgrade I CERN-LHCC-2012-007

1st hadron collider detector with no HW trigger! 
All electronics upgraded to send every hit to                  

flexible software trigger (GPUs + CPUs)

2021 - 2029

UT

M2
M3 M4 M5

Muon stations

HCAL
ECAL

Calorimeters

SciFi 
Tracker

Magnet

CERN-LHCC-2012-007

3 new trackers: Pixel VELO, UT, SciFi 
Upstream Tracker (UT) with US leadership 

http://cds.cern.ch/record/001443882?ln=en
http://cds.cern.ch/record/001443882?ln=en
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The Upstream Tracker (UT)

30

2021 - 2029

UT

M2
M3 M4 M5

Muon stations

HCAL
ECAL

Calorimeters

SciFi 
Tracker

Magnet 4 layers of silicon strips with 40 Mhz readout 
➡ Crucial for triggering and long-lived particle reconstruction 
➡ Vertical (x)/stereo (u) layers give x-y u

x

Figure 12.2: Illustration of the measurement of x-y track hit positions with two silicon-strip
sensors. The second sensor is rotated by an angle. The intersection between the red and
blue strip is the measured position of a track.

PEPI

Detector box

Service bay

Figure 12.3: Overall UT configuration in the LHCb cavern. Taken from [61].

12.1.1 Stave

Staves consist of four flexible cables (flexes), two on each side, with sensors and hybrid

readout boards wire-bonded on each flex. These flexes are laid out on a carbon fiber core

with CO2 cooling pipes. The front and back sensors are mounted in a staggered manner to

147

Staves

Flex cable

Hybrid

ASICs

Silicon sensor

66.8 mm 

13
38

 m
m

 

1528 mm 

1719 mm 
UTbX 

UTaU 

UTbV 

UTaX 

Y 

X 
Z 

Figure 2.7: Overview of UT geometry looking downstream. The di↵erent sensor geometries are
colour coded.

1526mm in X and 1336mm in Y, corresponding to ✓x between ± 317mrad, and ✓y between
± 279mrad. The UTbX plane covers wider in X of 1717 mm. Its angular coverage is
± 314mrad and ± 248mrad in X and Y directions, respectively.

The radius of the circular cutout in the innermost sensors is determined by the size
of the beam-pipe, the thickness of thermal insulation layer, and the clearance required.
The outer radius of the existing beam-pipe at UTbX is 27.4mm. The current design of
thermal insulation, presented in Ref. [19] is 3.5mm thick aerogel heat shield. We allow
for 2.5mm clearance. These considerations lead to an inner radius of the silicon sensor of
33.4mm. Due to the 0.8mm guard ring, the active area starts at 34.2mm. The central
hole leads to an acceptance starting at roughly 14mrad for straight tracks from the centre
of the interaction region. We have verified by simulation that for the typical B decay of
interest, we lose only about 5% of the events because one track is in the beam-pipe hole,
when compared with tracks reconstructed in the VELO and the outer tracker.

Each UT sensors is composed of 250 µm thick silicon and a 10 µm metalisation layer.
The sensors positions are shown as coloured squares in Fig. 2.7. In the central area the
track density is very high. To deal with the high density, sensors of thinner strips, and
also shorter lengths are used. Sensors shaded in yellow have nominal length, and 95µm
pitch, half that of the nominal sensor. Sensors shaded in pink have both half the nominal
pitch and the half nominal length, being about 5 cm long in Y direction. Thus, the central
two staves have sixteen sensors each, instead of fourteen. Each of these fine pitch sensors

14
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UT readout electronics

31

Readout chain 
➡ Stave → Pigtail → Backplane → DCB → Fibers → LHCb DAQ

Power cables 
carry current

LVR

Precise voltages/currents 
provided by LVRs 
➡ Remote sensing accounts for           

Volt. drops on cables

ASIC

ASIC

ASIC

ASIC

Master 
GBTx

6×Data 
GBTx

12×DCBs

Backplane

VTTx

VTRx

Pigtail flex cable

Flex cableHybrid

Si
lic

on
 s

en
so

r

Stave

Fibers
LHCb DAQ
Tell40/Sol40

Monitoring and control

Data E-links

Sense lines 
monitor voltage 

(no current)
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UMD's in-kind contributions

32

270 DCBs
Rad-hard slow control and 

6×4.8 Gb/s optical transmission

295 LVRs
Precise DC voltages/currents 
with rad-hard LV regulator ASIC

Which of these boards was the most challenging?

30 Backplanes
Distribution of signals to 
balance the data load

Plus 3,000+ 
ancillary boards!

GBTx GBTx

GBTx GBTx

VTTx VTTx VTTxVTRx

GBT-SCA

LV regulator 
chips

FPGA

Power

Data output (DCBs)
Data input (staves)



SlideNew physics in heavy quark decays? Challenges to LFU and future prospectsManuel Franco Sevilla

The backplane!

33

30 Backplanes
Distribution of signals to 
balance the data load

Ultra-high trace 
density 

necessitated 28 
layer PCB

Bottom connectors 
have 500 pins with 
800 μm pitch led to 

150 μm vias

Board/via =  
2.8 mm/150 µm → 

18.7 ratio, not 
manufacturable!
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2014-2019: design and validation

Several design iterations 
during 2014-2019 
Full functionality 
validated in 2019

34

LVR 
validation

DCB 
validation 
with stave

Validation of DCB signal 
quality (eye is open)

Engineers: 
O’bannon, 

Lutz, 
Hamilton
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DCB and LVR assembly

35

DCB
thermal 

gap

Heat pipes

DCB 
aluminum 

heat 
spreader

Measuring 
temperature 

with FLIR

Applying 
thermal 
paste to 

LVR

Including 8 
mezzanines

Aluminum 
heat spreader

Installing 
wedge 
locks

Good 
thermals

Tricky tiny 
screws!

Optical transceiver
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2020: trained 10 undergrads

36

In preparation 
for immense 

effort of 
assembly + 

burn in + QA
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but then... COVID-19
Lab closed March-June 

➡ Lost all undergrads 😭 

For several months, could only work on 
documentation, software, LVR firmware

37

LVR firmware 
development home 

station during 
COVID-19

Summer shifts by 
grad students, 
postdocs, 
faculty 

➡ In September 4 
undergrads returned
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All boards underwent rigorous burn-in procedure 
➡ Aim to detect cases of infant mortality 

Backplanes subject to 50 cold/hot cycles for 23h 

DCBs and LVRs uninterrupted running for 2 days

2021: burn in and shipping to CERN!

38

Slide19 Apr. 2021 PEPI and LVR report

Final Shipment

2

Final PEPI Shipment en route
➡All detector boards and CERN spares
➡5/10/10 BP/DCB/LVR spares kept at UMD 

for testing and debugging
➡Expect to arrive in 1-2 weeks

Backplane DCB LVR
Ordered 30 Ordered 270 Ordered 295
Received 30 Received 270 Received 295

Burned-in 30 Assembled 270 Set up/QA 293

Initial QA 29 Set up/QA 269 Assembled 293

Assembled 29 Burned-in 269 Burned-in 292

Final QA 29 Final QA 268/269 = 268 Final QA 290
Shipped 25 Shipped 260 Shipped 285

LVR burn in
Backplane burn in



SlideNew physics in heavy quark decays? Challenges to LFU and future prospectsManuel Franco Sevilla

2020-2021: UT infrastructure

Infrastructure at CERN was set to ramp up in 2020 
COVID-19 big blow to UT (primarily non-Europe) 

➡ Very difficult to send people to CERN, limitations to work in the lab 
➡ Delays from contractors 
➡ No senior leadership until 2022 
➡ UMD's Yipeng Sun stuck in China Jan-Oct 

UT infrastructure in 2020-2021 
➡ Boards received and re-qualified 
➡ Immense cable production effort 
➡ Clean room installed in March 2021

39

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Expected 
schedule

UT assembly,
installation

UT construction, 
infrastructure

Plate Install & Survey | Move To 
Clean Room

�New UT box plates installed & surveyed. Box 

moved upstairs to the clean room on Sept. 16th

�See Joao¶V talk for details

Survey of UT C-Side in clean room

9/20/2021
S. Ely - UT Parallel Session

3
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2022: "History has its eyes on us"

40

UT report
Marina Artuso

for the UT detector team

12/8/21 LHCb Week December 2021

Dec 8, 2021

Pressure to deliver the UT in 2022 
➡ Can LHCb survive without the UT? 

✦ Not happily

Some progress in 1st half of 2022 
➡ Cables, fibers, and mechanics for half of UT 
➡ Installed 7 staves out of 68 total 

In June, UT installation 
coordinator had to leave CERN

UT project management 
Marina Artuso (Syracuse)


Deputy: Nicola Neri (INFN Milano) 
Deputy: Manuel Franco Sevilla (Maryland)

Installation coordination 
Manuel Franco Sevilla (Maryland) 


Deputy: Federico de Benedetti (INFN Milano)

Firmware coordination 
Carlos Abellán Beteta (Zurich)


Deputy: MariaPilar Peco Regales (AGH)

Software coordination 
Tomasz Skwarnicki (Syracuse)


Tomasz Szumlak (AGH)

Upgrade II 
Jianchun Wang (IHEP)

LV/HV 
Dimitra Andreou (Syracuse)

Phoebe Hamilton (Maryland)

CO2 
Hangyi Wu (Syracuse)


Elisa Minucci (Syracuse)

DSS 
Nathaniel Grieser (Cincinnati)

Underground 
Joao Batista Lopes (CERN)


Petr Gorbounov (CERN)

ECS 
Mark Tobin (IHEP)

Staves 
Hangyi Wu (Syracuse)


Joseph Shupperd (Syracuse) Engineering support 
Staves: Raymond Mountain (Syracuse)

Mechanics: Joao Batista Lopes (CERN)


CO2: Simone Coelli (INFN Milano)

SALT: Krzysztof Swientek (AGH)

Monitoring 
Violaine Belle (Zurich)

Elevated to deputy 
project leaderIn charge of 

installation at 
CERN



SlideNew physics in heavy quark decays? Challenges to LFU and future prospectsManuel Franco Sevilla

Optimized stave installation sequence I

41

Bottleneck was convoy 
➡ Required 3 people + spotter

HV, PT, CO2 prep 
15 min - 30 min 

2 people

Stave prep 
15 min - 1h 
2-3 people

Stave convoy 
15 min - 30 min 

4 people
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Optimized stave installation sequence II

42

In the end, 
we could do 
3 staves/day

HV, PT, CO2 prep 
15 min - 30 min 

2 people

Stave prep 
15 min - 1h 
2-3 people

Stave convoy 
15 min - 30 min 

4 people

HV plugging + validation 
30 min - 1h 

2 people

PT plugging 
30 min - 2h 

2 people

CO2 pipes plugging 
30 min - 1h 

2 people
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Intense six months

43

Checking 
if position 
of beam 

pipe 
cutout

Measured 
with µm 

precision

Cable/fiber 
infrastructure 
for 2nd half of 

UT

Finished installing 
last stave on 

Saturday Dec 10
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Careful transport

44
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Down the 100 m LHCb shaft

45
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Hoisted over LHCb and installed

46
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UT in its resting place until 2033

47
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Cabling through Christmas break
After installation, lots of cabling to be done 

➡ Committed volunteers defied European customs and 
worked through break

48
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UT working well after joining 
LHCb data taking in 2024

Excellent performance of upgraded detector

49

4Elena Dall’OccoElena Dall’Occo 4

Current detector: operations

08/05/2025

collected more pp data in 2024 than in Run 1 + Run 2 combined!

nominal luminosity

• upgrades overview 
• current detector  

• operations 
• performance 

• why Upgrade II 
• Upgrade II detector 

• fluence 
• timing  

• VELO 
• UP & Magnet Side 

Stations 
• Mighty Tracker 

• Mighty SciFi 
• Mighty Pixel 

• RICH 
• TORCH 
• PicoCal 
• Muon 
• outlook

More data in 
2024 than 
Runs 1+2 
combined

Figure 1: Comparison of the Lipschitz Neural Network and the Correlated �2 operators.

Figure 2: Dimuon candidates selected with the Lipschitz NN as muon identification criteria with
the Hlt1DiMuonNoIPLine.
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LHCB-FIGURE-2024-029

Lipschitz constrained NN in HLT1

(a) TOS e�ciencies in B+! J/ (e+e�)K+. (b) TOS e�ciencies in B0! J/ (e+e�)K⇤0.

Figure 2: Combined HLT1(Two)TrackMVA TOS in B decays containing electrons, computed in
bins of B transverse momentum in 2024 data, shown in red. The combined TOS e�ciencies
of L0Electron and HLT1TrackMVA/HLT1TwoTrackMVA calculated in Run 2 (from Ref. [4]) are
shown in blue for comparison. Run 2 TOS e�ciencies were calculated in B0! J/ (e+e�)K⇤0

and are assumed to be consistent with the Run 2 TOS e�ciencies in B+! J/ (e+e�)K+.
Generator-level distributions of pT (B)for MC events within the LHCb acceptance are shown in
grey.

4

L0Electron
B → J/ψ(ee) K*0

(a) TOS e�ciencies in B+! D0 (K+⇡�)⇡+. (b) TOS e�ciencies in B0! D� (K+⇡�⇡�)⇡+.

Figure 3: Combined HLT1(Two)TrackMVA TOS in B decays to light hadrons, computed in bins
of B transverse momentum in 2024 data, shown in red. The combined TOS e�ciencies of
L0Hadron and HLT1TrackMVA/HLT1TwoTrackMVA calculated in Run 2 (from Ref. [4]) are shown
in blue for comparison. Generator-level distributions of pT (B) for MC events within the LHCb
acceptance are shown in grey.

5

L0Hadron
B → D−(Kππ) π

LHCB-FIGURE-2024-030

Larger trigger efficiency

VELO UT Magnet SciFi ECALRICH1 RICH2

Λ0 p

π−

 efficiency 
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η → μ+μ−

https://cds.cern.ch/record/2912183?ln=en
https://cds.cern.ch/record/2912743?ln=en
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Upgrade II

Given LHCb’s performance, clear case for 
further upgrade to fully exploit HL-LHC

50

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

250 fb-1
Upgrade IIEnhancement

ASIC will be designed in 28 nm technology. New radiation-hard silicon sensors will be
also developed, with R&D results identifying 3D sensors as a promising candidate for this
purpose.

For the tracking stations, high-granularity pixel sensors provide a solution to cope
with the high particle density in the UP and in the central MT region, and to minimise
the incorrect matching of upstream and downstream track segments. The emerging

Side View
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Figure 5: Schematic side-view of the Upgrade II baseline detector. The x-direction is defined to
form a right-handed coordinate set, together with y (pointing vertically upwards) and z pointing
along the beamline in the direction from the VELO to the Muon detector.
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Figure 6: (Left) Tracks produced in a bunch crossing with 42 pp collisions, as seen from a
detector with no timing capability. (Right) Tracks selected in a 30 ps time window, showing a
drastic reduction of the vertex multiplicity to O(1). Tracks are coloured according to time of
production.

20

2036 - 2041
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M2
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9 fb-1

Upgrade I
50 fb-1

UMD group gearing up to 
again make critical PicoCal 

contributions in LS3 and LS4

Starting 2026-27 we will be 
recruiting undergraduates!
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Prospects for LFU

Upgrades will allow us to measure  
with 1-5% uncertainty 

➡ Sufficient to establish observation for current central values

𝓡(Xc)
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spectrum of !B ! D!!" !"! decays is largely independent
of tan#=mH# .

The measured q2 spectra agree with the SM expecta-
tions within the statistical uncertainties. For !B ! D!" !"!

decays, there might be a small shift to lower values,
which is indicated by the increase in the p value for
tan#=mH# ¼ 0:30 GeV"1. As we showed in Sec. II B,
the average q2 for tan#=mH# ¼ 0:30 GeV"1 shifts to
lower values because the charged Higgs contribution to
!B ! D!" !"! decays, which always proceeds via an
S-wave, interferes destructively with the SM S-wave.
As a result, the decay proceeds via an almost pure
P-wave and is suppressed at large q2 by a factor of p2

D,
thus improving the agreement with data. The negative
interference suppresses the expected value of RðDÞ as
well, however, so the region with small tan#=mH# is
excluded by the measured RðDÞ.

The two favored regions in Fig. 22 with SR þ SL (
"1:5 correspond to tan#=mH# ¼ 0:45 GeV"1 for !B !
D!" !"! decays. However, as we saw in Fig. 3, the charged
Higgs contributions dominate !B ! D!" !"! decays for
values of tan#=mH# > 0:4 GeV"1 and the q2 spectrum
shifts significantly to larger values. The data do not
appear to support this expected shift to larger values
of q2.

To quantify the disagreement between the measured
and expected q2 spectra, we conservatively estimate the
systematic uncertainties that impact the distributions shown
in Fig. 23 (Appendix). Within these uncertainties, we find
the variation that minimizes the $2 value of those distribu-
tions. Table IX shows that, as expected, the conservative

uncertainties give rise to large p values in most cases.
However, the p value is only 0.4% for !B ! D!" !"! decays
and tan#=mH# ¼ 0:45 GeV"1. Given that this value of
tan#=mH# corresponds to SR þ SL ("1:5, we exclude
the two solutions at the bottom of Fig. 22 with a significance
of at least 2:9%.
The other two solutions corresponding to SR þ SL ( 0:4

do not impact the q2 distributions of !B ! D!" !"! to the
same large degree, and, thus, we cannot exclude them with
the current level of uncertainty. However, these solutions
also shift the q2 spectra to larger values due to the
S-wave contributions from the charged Higgs boson, so
the agreement with the measured spectra is worse than in
the case of the SM. This is also true for any other solutions
corresponding to complex values of SR and SL.
On the other hand, contributions to !B ! D!" !"! decays

proceeding via P-wave tend to shift the expected q2

spectra to lower values. Thus, NP processes with spin 1
could simultaneously explain the excess in RðDð!ÞÞ
[21,45] and improve the agreement with the measured q2

distributions.
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FIG. 23 (color online). Efficiency corrected q2 distributions for !B ! D!" !"! (top) and !B ! D!!" !"! (bottom) events with m2
miss >

1:5 GeV2 scaled to the results of the isospin-constrained fit. Left: SM. Center: tan#=mH# ¼ 0:30 GeV"1. Right: tan#=mH# ¼
0:45 GeV"1. The points and the shaded histograms correspond to the measured and expected distributions, respectively. The B0 and
Bþ samples are combined and the normalization and background events are subtracted. The distributions are normalized to the number
of detected events. The uncertainty on the data points includes the statistical uncertainties of data and simulation. The values of $2 are
based on this uncertainty.

TABLE IX. Maximum p value for the q2 distributions in
Fig. 23 corresponding to the variations due to the systematic
uncertainties.

!B ! D!" !"!
!B ! D!!" !"!

SM 83.1% 98.8%
tan#=mH# ¼ 0:30 GeV"1 95.7% 98.9%
tan#=mH# ¼ 0:45 GeV"1 0.4% 97.9%

J. P. LEES et al. PHYSICAL REVIEW D 88, 072012 (2013)

072012-26

spectrum of !B ! D!!" !"! decays is largely independent
of tan#=mH# .

The measured q2 spectra agree with the SM expecta-
tions within the statistical uncertainties. For !B ! D!" !"!

decays, there might be a small shift to lower values,
which is indicated by the increase in the p value for
tan#=mH# ¼ 0:30 GeV"1. As we showed in Sec. II B,
the average q2 for tan#=mH# ¼ 0:30 GeV"1 shifts to
lower values because the charged Higgs contribution to
!B ! D!" !"! decays, which always proceeds via an
S-wave, interferes destructively with the SM S-wave.
As a result, the decay proceeds via an almost pure
P-wave and is suppressed at large q2 by a factor of p2

D,
thus improving the agreement with data. The negative
interference suppresses the expected value of RðDÞ as
well, however, so the region with small tan#=mH# is
excluded by the measured RðDÞ.

The two favored regions in Fig. 22 with SR þ SL (
"1:5 correspond to tan#=mH# ¼ 0:45 GeV"1 for !B !
D!" !"! decays. However, as we saw in Fig. 3, the charged
Higgs contributions dominate !B ! D!" !"! decays for
values of tan#=mH# > 0:4 GeV"1 and the q2 spectrum
shifts significantly to larger values. The data do not
appear to support this expected shift to larger values
of q2.

To quantify the disagreement between the measured
and expected q2 spectra, we conservatively estimate the
systematic uncertainties that impact the distributions shown
in Fig. 23 (Appendix). Within these uncertainties, we find
the variation that minimizes the $2 value of those distribu-
tions. Table IX shows that, as expected, the conservative

uncertainties give rise to large p values in most cases.
However, the p value is only 0.4% for !B ! D!" !"! decays
and tan#=mH# ¼ 0:45 GeV"1. Given that this value of
tan#=mH# corresponds to SR þ SL ("1:5, we exclude
the two solutions at the bottom of Fig. 22 with a significance
of at least 2:9%.
The other two solutions corresponding to SR þ SL ( 0:4

do not impact the q2 distributions of !B ! D!" !"! to the
same large degree, and, thus, we cannot exclude them with
the current level of uncertainty. However, these solutions
also shift the q2 spectra to larger values due to the
S-wave contributions from the charged Higgs boson, so
the agreement with the measured spectra is worse than in
the case of the SM. This is also true for any other solutions
corresponding to complex values of SR and SL.
On the other hand, contributions to !B ! D!" !"! decays

proceeding via P-wave tend to shift the expected q2

spectra to lower values. Thus, NP processes with spin 1
could simultaneously explain the excess in RðDð!ÞÞ
[21,45] and improve the agreement with the measured q2

distributions.
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FIG. 23 (color online). Efficiency corrected q2 distributions for !B ! D!" !"! (top) and !B ! D!!" !"! (bottom) events with m2
miss >

1:5 GeV2 scaled to the results of the isospin-constrained fit. Left: SM. Center: tan#=mH# ¼ 0:30 GeV"1. Right: tan#=mH# ¼
0:45 GeV"1. The points and the shaded histograms correspond to the measured and expected distributions, respectively. The B0 and
Bþ samples are combined and the normalization and background events are subtracted. The distributions are normalized to the number
of detected events. The uncertainty on the data points includes the statistical uncertainties of data and simulation. The values of $2 are
based on this uncertainty.

TABLE IX. Maximum p value for the q2 distributions in
Fig. 23 corresponding to the variations due to the systematic
uncertainties.

!B ! D!" !"!
!B ! D!!" !"!

SM 83.1% 98.8%
tan#=mH# ¼ 0:30 GeV"1 95.7% 98.9%
tan#=mH# ¼ 0:45 GeV"1 0.4% 97.9%

J. P. LEES et al. PHYSICAL REVIEW D 88, 072012 (2013)

072012-26
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spectrum of !B ! D!!" !"! decays is largely independent
of tan#=mH# .

The measured q2 spectra agree with the SM expecta-
tions within the statistical uncertainties. For !B ! D!" !"!

decays, there might be a small shift to lower values,
which is indicated by the increase in the p value for
tan#=mH# ¼ 0:30 GeV"1. As we showed in Sec. II B,
the average q2 for tan#=mH# ¼ 0:30 GeV"1 shifts to
lower values because the charged Higgs contribution to
!B ! D!" !"! decays, which always proceeds via an
S-wave, interferes destructively with the SM S-wave.
As a result, the decay proceeds via an almost pure
P-wave and is suppressed at large q2 by a factor of p2

D,
thus improving the agreement with data. The negative
interference suppresses the expected value of RðDÞ as
well, however, so the region with small tan#=mH# is
excluded by the measured RðDÞ.

The two favored regions in Fig. 22 with SR þ SL (
"1:5 correspond to tan#=mH# ¼ 0:45 GeV"1 for !B !
D!" !"! decays. However, as we saw in Fig. 3, the charged
Higgs contributions dominate !B ! D!" !"! decays for
values of tan#=mH# > 0:4 GeV"1 and the q2 spectrum
shifts significantly to larger values. The data do not
appear to support this expected shift to larger values
of q2.

To quantify the disagreement between the measured
and expected q2 spectra, we conservatively estimate the
systematic uncertainties that impact the distributions shown
in Fig. 23 (Appendix). Within these uncertainties, we find
the variation that minimizes the $2 value of those distribu-
tions. Table IX shows that, as expected, the conservative

uncertainties give rise to large p values in most cases.
However, the p value is only 0.4% for !B ! D!" !"! decays
and tan#=mH# ¼ 0:45 GeV"1. Given that this value of
tan#=mH# corresponds to SR þ SL ("1:5, we exclude
the two solutions at the bottom of Fig. 22 with a significance
of at least 2:9%.
The other two solutions corresponding to SR þ SL ( 0:4

do not impact the q2 distributions of !B ! D!" !"! to the
same large degree, and, thus, we cannot exclude them with
the current level of uncertainty. However, these solutions
also shift the q2 spectra to larger values due to the
S-wave contributions from the charged Higgs boson, so
the agreement with the measured spectra is worse than in
the case of the SM. This is also true for any other solutions
corresponding to complex values of SR and SL.
On the other hand, contributions to !B ! D!" !"! decays

proceeding via P-wave tend to shift the expected q2

spectra to lower values. Thus, NP processes with spin 1
could simultaneously explain the excess in RðDð!ÞÞ
[21,45] and improve the agreement with the measured q2

distributions.
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FIG. 23 (color online). Efficiency corrected q2 distributions for !B ! D!" !"! (top) and !B ! D!!" !"! (bottom) events with m2
miss >

1:5 GeV2 scaled to the results of the isospin-constrained fit. Left: SM. Center: tan#=mH# ¼ 0:30 GeV"1. Right: tan#=mH# ¼
0:45 GeV"1. The points and the shaded histograms correspond to the measured and expected distributions, respectively. The B0 and
Bþ samples are combined and the normalization and background events are subtracted. The distributions are normalized to the number
of detected events. The uncertainty on the data points includes the statistical uncertainties of data and simulation. The values of $2 are
based on this uncertainty.

TABLE IX. Maximum p value for the q2 distributions in
Fig. 23 corresponding to the variations due to the systematic
uncertainties.

!B ! D!" !"!
!B ! D!!" !"!

SM 83.1% 98.8%
tan#=mH# ¼ 0:30 GeV"1 95.7% 98.9%
tan#=mH# ¼ 0:45 GeV"1 0.4% 97.9%

J. P. LEES et al. PHYSICAL REVIEW D 88, 072012 (2013)

072012-26

PRD 88, 
072012 
(2013) 

Also measure 
kinematic 

distributions, 
sensitive to 
New Physics

Bernlochner, MFS, Robinson, Wormser, RMP, 94, 015003 (2022)

https://arxiv.org/abs/2101.08326
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Summary

Excellent performance by LHCb detector 
Persistent anomalies in  and  

➡ LHCb recently published competitive measurements 
➡ Update with 5-10x more data coming soon 

Exciting prospects with upgraded LHCb 
➡ UMD had critical contributions to Upgrade I 

✦ Working really well 
➡ Gearing up for Upgrade II, will be taking in students! 

𝓡(D) 𝓡(D*)
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Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

Upgrade I
50 fb-1 250 fb-1

Upgrade IIEnhancement
9 fb-1

Thank you, and let me know if you have any questions!


