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2.  CP violation in charm decays
3.  Pentaquarks
4.  Lepton Flavour Universality test with RK



The LHCb experiment1.
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The LHCb experiment
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https://cds.cern.ch/record/1708847

• LHCb is located at IP8 ~100m underground in the Geneva area
• One of the four big LHC experiments (>1200 members), it’s primarily devoted to b and c 

physics 
• Main topics concern CKM parameters, CP violation, rare decays: search for New Physics via 

precision measurements → high discovery potential
• LHC Run 2 at √s =13 TeV ended in 2018, now upgrade phase towards Run 3 (2021)

LHCb public page

https://cds.cern.ch/record/1708847
http://lhcb-public.web.cern.ch/lhcb-public/
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THE LHCb DETECTOR @ LHC
• B meson boost ~ 1 cm

Excellent tracking to separate 
displaced secondary vertex:  
ẟ(IP) ~ 25 μm @ pT = 2 GeV/c

• !(Mμμ) ~ 23 MeV/c2

Very good momentum resolution 
ẟp/p ~ 0.4%-0.6% (p = 5-100 
GeV/c): narrow dimuon mass 
region

• Particle identification (PID)

To reduce the hadron to muon 
misidentification rates: combine 
RICH+CALO+MUON informations

• Large b cross-section

!(pp->bb) ~ 600 μb @ 13 TeV

• Large acceptance and efficient muon trigger

Acceptance x reconstruction ~ 10% 
Overall trigger efficiency ~ 90%
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2 CHAPTER 1. OVERVIEW
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Figure 1.1: Reoptimized LHCb detector layout, showing the Vertex Locator (VELO), the dipole magnet,
the two RICH detectors, the four tracking stations TT and T1–T3, the Scintillating Pad Detector (SPD),
Preshower (PS), Electromagnetic (ECAL) and Hadronic (HCAL) calorimeters, and the five muon stations
M1–M5. It also shows the direction of the y and z coordinate axes; the x axis completes the right-handed
framework.

introduced compared to the TDR [4]. The ma-
terial budget has been reduced by optimizing the
thickness of the silicon sensors and the number of
stations. The thickness of the sensors has been re-
duced from 300 to 220µm, and the number of sta-
tions from 25 to 21 without significantly affecting
its performance, as shown in this document.

The dipole magnet has not been modified from
the TDR design [5] and its construction is advanc-
ing. Compared to the TP spectrometer layout, no
shielding plate is placed upstream of the magnet.
This change has been made in order to introduce
magnetic field between the VELO and the magnet,
i.e. in the region of RICH1, for the Level-1 trigger
improvement.

Compared to the TP, the number of tracking
stations is reduced to four in order to reduce the
material budget, without introducing performance
losses, as demonstrated in this document2. The
first station after the VELO, referred to as the
Trigger Tracker (TT), is in front of the magnet
and just behind RICH 1. It consists of four planes
of silicon strip detectors. They are split into two
pairs of planes separated by 30 cm. Together with

2In the track reconstruction the VELO is now used as an
integral part of the the tracking system.

the VELO, the TT is used in the Level-1 trigger.
Large impact parameter tracks found in the VELO
are extrapolated to the TT and the magnetic field
in the RICH1 region allows their momenta to be
measured. The three remaining stations are placed
behind the magnet with equal spacing. Each sta-
tion consists of an Inner Tracker (IT) close to the
beam pipe and an Outer Tracker (OT) surrounding
the IT. The OT is made of straw tubes and the IT
of silicon strip detectors. Their designs remain un-
changed from those described in the corresponding
TDR’s [6, 2].

The RICH1 material has been reduced, largely
by changing the mirror material and redesigning
the mirror support. The mirror will be made from
either carbon-composite or beryllium. The mirror
support has been moved outside of the acceptance.
Further reduction of the material has been achieved
by removing the entrance window, by connecting
the front face of RICH1 to the flange of the VELO
exit window. Iron shielding boxes for the photon
detectors have been introduced for two reasons.
Firstly, they protect the photon detectors from the
magnetic field. Secondly, they help to focus the
magnetic field in the region where it is needed for
the momentum measurement of the Level-1 trigger.

• Large b and c production cross-sections (2<η<5)
𝜎(pp→bb̅) ~ 144 μb @ 13 TeV
𝜎(pp→cc)̅ ~ 2840 μb @ 13 TeV
B0:Λb:Bs production ratio is ~ 4:2:1

JINST 3 (2008) S08005

PRL 118 (2017) 052002

JHEP 03 (2016) 159

JHEP 08(2014) 143

• Production of all b hadrons
B factory energies ~ up to Bs mass

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/pdf
https://arxiv.org/pdf/1612.05140.pdf
https://arxiv.org/abs/1510.01707
https://arxiv.org/abs/1405.6842
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The LHCb strengths 
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• B meson boost ~ 1 cm

Clear separation of displaced 
secondary vertex ẟ(IP) up to 20 μm

• Particle identification detectors
Typical performances:
• 5% pion misID rate @ 95% kaon ID efficiency
• <1% hadron misID rate @ 99% muon ID 

efficiency

• Excellent momentum resolution
ẟp/p ~ 0.4%-0.6% (p = 5-100 GeV/c)

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 26Angelo$Carbone

The$LHCb detector

VELO$PRECISION$VERTEXING
• 20$!" impact$parameter$resolution,$corresponding$to$$
~0.1×((*+) decayFtime$resolution$for$a$2Fbody$charm$decay$

26

Int.$J.$Mod.$Phys.$$A30$(2015)$07

2008 JINST 3 S08005
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Figure 6.1: Cherenkov angle versus particle momentum for the RICH radiators.
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ⇠8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.

– 73 –
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Figure 14: Reconstructed Cherenkov angle as a function of track momentum in the C4F10

radiator

ring does not overlap with any other ring from the same radiator.
Figure 14 shows the Cherenkov angle as a function of particle momentum using information

from the C4F10 radiator for isolated tracks selected in data (⇠ 2% of all tracks). As expected, the
events are distributed into distinct bands according to their mass. Whilst the RICH detectors
are primarily used for hadron identification, it is worth noting that a distinct muon band can
also be observed.

5.3 PID calibration samples

In order to determine the PID performance on data, high statistics samples of genuine K±
, ⇡

±,
p and p̄ tracks are needed. The selection of such control samples must be independent of PID
information, which would otherwise bias the result. The strategy employed is to reconstruct,
through purely kinematic selections independent of RICH information, exclusive decays of
particles copiously produced and reconstructed at LHCb.

The following decays, and their charge conjugates, are identified: K0

S
! ⇡

+
⇡

�, ⇤ !p⇡
�,

D⇤+ ! D0(K�
⇡

+)⇡+. This ensemble of final states provides a complete set of charged particle
types needed to comprehensively assess the RICH detectors hadron PID performance. As
demonstrated in Fig. 15, the K0

S
, ⇤, and D⇤ selections have extremely high purity.

While high purity samples of the control modes can be gathered through purely kinematic
requirements alone, the residual backgrounds present within each must still be accounted for.
To distinguish background from signal, a likelihood technique, called sPlot [23], is used, where
the invariant mass of the composite particle K0

S
, ⇤, D0 is used as the discriminating variable.

The power of the RICH PID can be appreciated by considering the �logL distributions for
each track type from the control samples. Figures 16(a-c) show the corresponding distributions
in the 2D plane of �logL(K � ⇡) versus �logL(p � ⇡). Each particle type is seen within a
quadrant of the two dimensional �logL space, and demonstrates the powerful discrimination
of the RICH.

19

µµ ⇡ K p

(b)

Figure 2.15: (a) Side view of the RICH1 detector. (b) Reconstructed Cherenkov
angle as a function of track momentum in RICH1 [119].

Detectors (HPDs) in the wavelenght range 200-600 nm, as shown in Fig. 2.15a. An
iron shield provides a strong reduction of the residual magnetic field to ensure the
correct operation of the HPDs, without a↵ecting the field integral in the region
between the VELO and the TT.
Fig. 2.15b shows how particles populate distinct bands in the ✓c � p plane accord-
ing to their masses. Even though RICH detectors are primarly used for hadron
identification, a muon band can also be distinguished. The kaon identification
e�ciency and pion to kaon misidentification e�ciency are shown in Fig. 2.16 as a
function of the particle momentum.

2.4.2 The Calorimeters

The calorimeters [121] complement the RICH PID by identifying and measuring
the position of photons, electrons and hadrons thanks to their di↵erent energy
deposits and shower shapes. In addition, the CALO selection based on energy
deposit is used in the Level-0 trigger and is performed within 4 µs from the inter-
action. Starting from the interaction point, the calorimeter system is composed of
a Scintillator Pad Detector (SPD), a lead converter, a Preshower (PS), an electro-
magnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL), all positioned
after the RICH2 and the first muon station (M1), as shown in Fig. 2.8. All the sub-
detectors share the same principle of operation: the scintillation light produced

49

The VELO active area starts at 8 
mm from the beam!

Eur. Phys. J. C73 (2013) 2431

Int. J. Mod. Phys. A30 no. 07, (2015) 1530022

https://arxiv.org/abs/1211.6759
https://arxiv.org/abs/1412.6352
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The muon detector
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The chambers worked very efficiently for 10 years, and most of them will keep going in 2021!

• Muons have a primary role in a lot of LHCb analyses
• About half of the 1368 MWPC on the muon detector have been built here in Frascati back 

in 2004, together with the development of their readout electronics boards
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The LHCb data taking
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• High LHC availability and efficient data-
taking (ε~91%)

• Run 2 instantaneous luminosity levelled to 
4.4x1032 cm-2s-1 (> 2 x design value) 

• Average number of interactions per bunch 
cross is ~ 1.1

Figure 3: Development of the instantaneous luminosity for ATLAS, CMS and LHCb during
LHC fill 2651. After ramping to the desired value of 4 ⇥ 1032cm�2s�1 for LHCb, the luminosity
is kept stable in a range of 5% for about 15 hours by adjusting the transversal beam overlap.
The di↵erence in luminosity towards the end of the fill between ATLAS, CMS and LHCb is due
to the di↵erence in the final focusing at the collision points, commonly referred to as the beta
function, �⇤.

the end of stable beams. This deferred triggering method allowed LHCb to increase the
data sample available for physics analysis.

The integrated luminosity recorded by LHCb was 38 pb�1 in 2010, 1.11 fb�1 in 2011
and 2.08 fb�1 in 2012. The evolution of the integrated luminosity for the years 2010 to
2012 is shown in Figure 4.

Luminosity calibrations were carried out with the LHCb detector for the various centre-
of-mass energy

p
s at which data has been taken. Both the ”van der Meer scan” and

”beam-gas imaging” luminosity calibration methods were employed [27]. For proton-proton
interactions at

p
s = 8 TeV a relative precision of the luminosity calibration of 1.47% was

obtained using van der Meer scans and 1.43% using beam-gas imaging, resulting in a
combined precision of 1.12%. Applying the calibration to the full data set determines
the luminosity with a precision of 1.16%. This represents the most precise luminosity
measurement achieved so far at a bunched-beam hadron collider.

The average operational e�ciency, defined as the ratio of recorded over delivered
luminosity, was 93% during LHC Run I, reaching 95% on average in 2012. The ine�ciency
contains two irreducible sources. The first one is the detector-safety procedure for the
VELO closing, amounting to 0.9%, which is in line with expectations. The second originates

9

Figure 2.2: Development of the instantaneous luminosity for ATLAS, CMS and
LHCb during a typical LHC fill in Run 1 [90]. On the lower side of the figure a
cartoon shows how the LHCb luminosity is levelled by adjusting the transverse
beam overlap for about 15 hours, after which the beams are colliding head-on.
After almost 20 h, the beam is eventually dumped.

34

• ~ 60 KHz of bb̅ pair in 
acceptance @ 13 TeV     
~104 more than B factories

• LHCb Run 1 + Run 2 =         
3 + 6 fb-1 (2 x b production)

LHCb operations plots webpage

Int. J. Mod. Phys. A30 no. 07, (2015) 1530022

https://lbgroups.cern.ch/online/OperationsPlots/index.htm
https://arxiv.org/abs/1412.6352
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The LHCb Upgrade I (2021)
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• Production of 30 spare MWPC chambers
• Design and production of the new muon readout 

electronics board: from 1 to 40 MHz
• Development of the new muon software trigger
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Three main logical blocks can be identified: 

1. TFC and  ECS electronics stage 

2. FE and  DATA electronics stage 

3. Power stage 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 nODE functional block diagram 
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Fig. 3 Node prototype (left) and its main components (right) 

LNF group is deeply involved in the upgrade:

JINST 14 P04006

V. V. Gligorov, CNRS/LPNHE 

RTA meeting, CERN, 17.05.2019 

RTA general meeting 
Introduction & News

• 5 x more luminosity: 4x1032 → 2x1033 cm-2s-1

• LHCb will feature a fully software trigger running at 40 MHz (Real Time Analysis)
• Several detector changes

https://arxiv.org/abs/1903.01360


2. CPV in charm
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History of CP violation
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• D meson allow to probe CP violation on up type quarks → complementarity to B and K mesons
• SM prediction burdened by low energy QCD, but tiny asymmetries are foreseen: 10-3 - 10-4

• Never observed before
ArXiv:1111.5000

LHC$CERN$Seminar,$21$March$2019$$$$$$$$$$$$$$$$$$$$$ 7Angelo$Carbone

CP#violation#key#dates

1956
Parity violation
T. D. Lee,
C. N. Yang and
C. S. Wu et al.

1964
Strange particles:
CP violation in !
meson decays
J. W. Cronin,
V. L. Fitch et al.

2001
Beauty particles:
CP violation in "#
meson decays
BaBar and Belle 
collaborations

1963
Cabibbo Mixing
N. Cabibbo

1973
The CKM matrix
M. Kobayashi and 
T. Maskawa

2019
Charm particles:
CP violation in $#
meson decays
LHCb collaboration

TODAY

https://cds.cern.ch/record/2668391

[A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5 (1967) 32.]

Violation of the CP symmetry is an ingredient to explain matter dominance in the universe.

Charming CP violation:

https://arxiv.org/abs/1111.5000
https://cds.cern.ch/record/2668391
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Types of CP violation
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• Direct CP violation: 

• Indirect CP violation

1.  In mixing:

Direct and indirect CP violation

• Direct CP violation when !"
# ≠ !̅ ̅"

#

• For oscillating neutral mesons &|(),# = , ⟩|(. ± 0 ⟩| 1(.

oCP violation in mixing when , ≠ |0|
oCP violation in interference

between decay and mixing when

arg 0
,
!̅"
!"

≠ −arg 0
,
!̅"̅
!"̅

4Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna

6 = 7) −7#
Γ 9 = Γ) − Γ#

2Γ

≠
2 2;. < 1;. ̅<

≠
2 2;. < 1;. ̅<1;. ;.

Γ = Γ) + Γ#
2

Parameter Avg value (HFLAV 2018) [%]
6 0.36!".$%&".'$

9 0.67!".$(&"."%

|Af |2 6= |Af |
2
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≠
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|p| 6= |q|

2.  In interference between mixing and decay: arg
✓
q

p

Af

Af

◆
6= �arg

 
q

p

Af

Af

!

ACP (f ; t) ⌘
�(D0(t) ! f)� �(D

0
(t) ! f)

�(D0(t) ! f) + �(D
0
(t) ! f)

|D1,2i = p|D0i± q|D0i

The time-dependent CP asymmetry is defined as
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Definition of ΔACP
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A cleaner observable can be build as the difference between D0→K-K+ and D0→π-π+ asymmetries:

and it’s mostly sensitive to the direct CPV component

D0
! ⇡�⇡+ decays is

�ACP ⌘ ACP (K
�K+)� ACP (⇡

�⇡+)

⇡ �adirCP

 
1 +

hti

⌧(D0)
yCP

!
+

�hti

⌧(D0)
aindCP , (3)

where �adirCP ⌘ adirCP (K
�K+)� adirCP (⇡

�⇡+), hti is the arithmetic average between the mean
decay times ht(K�K+)i and ht(⇡�⇡+)i, and �hti is their di↵erence.

The D0 mesons considered in this analysis are produced either promptly at a pp
collision point (primary vertex, PV) in the strong decay of D⇤(2010)+ mesons (hereafter
referred to as D⇤+) to a D0⇡+ pair or at a vertex displaced from any PV in semileptonic
B ! D0µ�⌫̄µX decays, where B denotes a hadron containing a b quark and X stands for
potential additional particles. The flavor at production of D0 mesons from D⇤+ decays is
determined from the charge of the accompanying pion (⇡-tagged), whereas that of D0

mesons from semileptonic b-hadron decays is obtained from the charge of the accompanying
muon (µ-tagged). The raw asymmetries measured for ⇡-tagged and µ-tagged D0 decays
are defined as

A⇡-tagged
raw (f) ⌘

N (D⇤+
! D0(f)⇡+)�N

�
D⇤�

! D0(f)⇡��

N (D⇤+ ! D0(f)⇡+) +N
�
D⇤� ! D0(f)⇡�

� ,

Aµ-tagged
raw (f) ⌘

N(B ! D0(f)µ�⌫̄µX)�N(B ! D0(f)µ+⌫µX)

N(B ! D0(f)µ�⌫̄µX) +N(B ! D0(f)µ+⌫µX)
,

(4)

where N is the measured signal yield for the given decay. These can be approximated as

A⇡-tagged
raw (f) ⇡ ACP (f) + AD(⇡) + AP(D

⇤),

Aµ-tagged
raw (f) ⇡ ACP (f) + AD(µ) + AP(B),

(5)

where AD(⇡) and AD(µ) are detection asymmetries due to di↵erent reconstruction e�-
ciencies between positive and negative tagging pions and muons, whereas AP(D⇤) and
AP(B) are the production asymmetries of D⇤ mesons and b hadrons, arising from the
hadronization of charm and beauty quarks in pp collisions [37]. Owing to the smallness of
the involved terms, which are O(10�2) or less [37–40], the approximations in Eqs. (5) are
valid up to corrections of O(10�6). The values of AD(⇡) and AP(D⇤), as well as those of
AD(µ) and AP(B), are independent of the final state f , and thus cancel in the di↵erence,
resulting in

�ACP = Araw(K
�K+)� Araw(⇡

�⇡+). (6)

This simple relation between �ACP and the measurable raw asymmetries in K�K+ and
⇡�⇡+ makes the determination of �ACP largely insensitive to systematic uncertainties.

The LHCb detector is a single-arm forward spectrometer designed for the study of
particles containing b or c quarks, as described in detail in Refs. [41, 42]. The LHCb
tracking system exploits a dipole magnet to measure the momentum of charged particles.
The magnetic-field polarity is reversed periodically during data taking to mitigate the
di↵erences of reconstruction e�ciencies of particles with opposite charges.

The online event selection is performed by a trigger, which consists of a hardware
stage based on information from the calorimeter and muon systems, followed by two

2

The time-integrated asymmetry can be written as

The noninvariance of fundamental interactions under the combined action of charge
conjugation (C) and parity (P ) transformations, so-called CP violation, is a necessary
condition for the dynamical generation of the baryon asymmetry of the universe [1]. The
Standard Model (SM) of particle physics includes CP violation through an irreducible
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [2, 3].
The realization of CP violation in weak interactions has been established in the K- and
B-meson systems by several experiments [4–12], and all results are well interpreted within
the CKM formalism. However, the size of CP violation in the SM appears to be too
small to account for the observed matter-antimatter asymmetry [13–15], suggesting the
existence of sources of CP violation beyond the SM.

The observation of CP violation in the charm sector has not been achieved yet, despite
decades of experimental searches. Charm hadrons provide a unique opportunity to
measure CP violation with particles containing only up-type quarks. The size of CP
violation in charm decays is expected to be tiny in the SM, with asymmetries typically
of the order of 10�4–10�3, but due to the presence of low-energy strong-interaction
e↵ects, theoretical predictions are di�cult to compute reliably [16–34]. Motivated by
the fact that contributions of beyond-the-SM virtual particles may alter the size of CP
violation with respect to the SM expectation, a number of theoretical analyses have been
performed [19, 27,32,35].

Unprecedented experimental precision can be reached at LHCb in the measurement
of CP -violating asymmetries in D0

! K�K+ and D0
! ⇡�⇡+ decays. The inclusion of

charge-conjugate decay modes is implied throughout except in asymmetry definitions.
Searches for CP violation in these decay modes have been performed by the BaBar [36],
Belle [37], CDF [38,39] and LHCb [40–44] collaborations. The corresponding CP asym-
metries have been found to be consistent with zero within a precision of a few per
mille.

This Letter presents a measurement of the di↵erence of the time-integrated CP
asymmetries in D0

! K�K+ and D0
! ⇡�⇡+ decays, performed using pp collision data

collected with the LHCb detector at a center-of-mass energy of 13TeV, and corresponding
to an integrated luminosity of 5.9 fb�1.

The time-dependent CP asymmetry, ACP (f ; t), between states produced as D0 or D0

mesons decaying to a CP eigenstate f at time t is defined as

ACP (f ; t) ⌘
�(D0(t) ! f)� �(D0(t) ! f)

�(D0(t) ! f) + �(D0(t) ! f)
, (1)

where � denotes the time-dependent rate of a given decay. For f = K�K+ or f = ⇡�⇡+,
ACP (f ; t) can be expressed in terms of a direct component associated to CP violation in
the decay amplitude and another component associated to CP violation in D0–D0 mixing
or in the interference between mixing and decay.

A time-integrated asymmetry, ACP (f), can be determined, and its value will exhibit a
dependence on the variation of the reconstruction e�ciency as a function of the decay
time. To first order in the D0–D0 mixing parameters, it can be written as [38, 45]

ACP (f) ⇡ adirCP (f)�
ht(f)i

⌧(D0)
A�(f), (2)

where ht(f)i denotes the mean decay time of D0
! f decays in the reconstructed sample,

incorporating the e↵ects of the time-dependent experimental e�ciency, adirCP (f) is the direct

1

A� ⇡ �aindCP

CP asymmetry, ⌧(D0) the D0 lifetime and A�(f) the asymmetry between the D0
! f

and D0
! f e↵ective decay widths [46,47]. In the limit of U-spin symmetry, the direct

CP asymmetry is equal in magnitude and opposite in sign for K�K+ and ⇡�⇡+, though
the size of U-spin-breaking e↵ects at play is uncertain [19]. Taking A� to be independent
of final state [19, 48, 49], the di↵erence in CP asymmetries between D0

! K�K+ and
D0

! ⇡�⇡+ decays is

�ACP ⌘ ACP (K
�K+)� ACP (⇡

�⇡+)

⇡ �adirCP �
�hti

⌧(D0)
A�, (3)

where �adirCP ⌘ adirCP (K
�K+) � adirCP (⇡

�⇡+) and �hti is the di↵erence of the mean decay
times ht(K�K+)i and ht(⇡�⇡+)i.

The D0 mesons considered in this analysis are produced either promptly at a pp
collision point (primary vertex, PV) in the strong decay of D⇤(2010)+ mesons (hereafter
referred to as D⇤+) to a D0⇡+ pair or at a vertex displaced from any PV in semileptonic
B ! D0µ�⌫̄µX decays, where B denotes a hadron containing a b quark and X stands for
potential additional particles. The flavor at production of D0 mesons from D⇤+ decays is
determined from the charge of the accompanying pion (⇡-tagged), whereas that of D0

mesons from semileptonic b-hadron decays is obtained from the charge of the accompanying
muon (µ-tagged). The raw asymmetries measured for ⇡-tagged and µ-tagged D0 decays
are defined as

A⇡-tagged
raw (f) ⌘

N (D⇤+
! D0(f)⇡+)�N

�
D⇤�

! D0(f)⇡��

N (D⇤+ ! D0(f)⇡+) +N
�
D⇤� ! D0(f)⇡�

� ,

Aµ-tagged
raw (f) ⌘

N(B ! D0(f)µ�⌫̄µX)�N(B ! D0(f)µ+⌫µX)

N(B ! D0(f)µ�⌫̄µX) +N(B ! D0(f)µ+⌫µX)
,

(4)

where N is the measured signal yield for the given decay. These can be approximated as

A⇡-tagged
raw (f) ⇡ ACP (f) + AD(⇡) + AP(D

⇤),

Aµ-tagged
raw (f) ⇡ ACP (f) + AD(µ) + AP(B),

(5)

where AD(⇡) and AD(µ) are detection asymmetries due to di↵erent reconstruction e�-
ciencies between positive and negative tagging pions and muons, whereas AP(D⇤) and
AP(B) are the production asymmetries of D⇤ mesons and b hadrons, arising from the
hadronization of charm and beauty quarks in pp collisions [50]. Owing to the smallness of
the involved terms, which averaged over phase space for selected events are O(10�2) or
less [50–53], the approximations in Eqs. (5) are valid up to corrections of O(10�6). The
values of AD(⇡) and AP(D⇤), as well as those of AD(µ) and AP(B), are independent of
the final state f , and thus cancel in the di↵erence, resulting in

�ACP = Araw(K
�K+)� Araw(⇡

�⇡+). (6)

This simple relation between �ACP and the measurable raw asymmetries in K�K+ and
⇡�⇡+ makes the determination of �ACP largely insensitive to systematic uncertainties.

The LHCb detector is a single-arm forward spectrometer designed for the study of
particles containing b or c quarks, as described in detail in Refs. [54, 55]. The LHCb

2

To extract this component from ΔACP one also needs: 

Symmetry under the combined operations of charge conjugation and parity (CP ) was
found to be violated in flavor-changing interactions of the s quark [1], and later in processes
involving the b quark [2, 3]. Within the Standard Model, violation of CP symmetry in
the charm sector is predicted at a level below O(10�3) [4, 5]. Charm hadrons are the
only particles where CP violation involving up-type quarks is expected to be observable,
providing a unique opportunity to detect e↵ects beyond the Standard Model that leave
down-type quarks una↵ected.

A sensitive probe of CP violation in the charm sector is given by decays of D0

mesons into CP eigenstates f , where f = ⇡+⇡� or f = K+K�. The time-integrated CP
asymmetries and the charm mixing parameters x ⌘ (m2�m1)/� and y ⌘ (�2��1)/(2�) [6],
where m1,2 and �1,2 are the masses and widths of the mass eigenstates |D1,2i, are known
to be small [7–9]. As a result, the time-dependent CP asymmetry of each decay mode can
be approximated as [8]

ACP (t) ⌘
�(D0(t)! f) � �(D0(t)! f)

�(D0(t)! f) + �(D0(t)! f)
' af

dir � A�
t

⌧D
, (1)

where �(D0(t) ! f) and �(D0(t) ! f) indicate the time-dependent decay rates of an
initial D0 or D0 decaying to a final state f at decay time t, ⌧D = 1/� = 2/(�1 + �2) is
the average lifetime of the D0 meson, af

dir is the asymmetry related to direct CP violation
and A� is the asymmetry between the D0 and D0 e↵ective decay widths,

A� ⌘
�̂D0!f � �̂D0!f

�̂D0!f + �̂D0!f

. (2)

The e↵ective decay width �̂D0!f is defined as
R1
0 �(D0(t) ! f) dt/

R1
0 t�(D0(t) ! f) dt,

i.e. the inverse of the e↵ective lifetime.
Neglecting contributions from subleading amplitudes [5, 10], af

dir vanishes and A� is
independent of the final state f . Furthermore, in the absence of CP violation in mixing, it
can be found that A� = �x sin�, where � = arg ((qAf )/(pAf )), Af (Af ) is the amplitude
of the D0

! f (D0
! f) decay, and p and q are the coe�cients of the decomposition of

the mass eigenstates |D1,2i = p|D0
i ± q|D0

i. This implies that |A�| < |x| <
⇠ 5 ⇥ 10�3 [6].

This Letter presents a measurement of A� with pp collision data collected by LHCb in
Run 1, corresponding to an integrated luminosity of 3 fb�1, with 1 fb�1 collected during
2011 at a center-of-mass energy of 7TeV and 2 fb�1 collected during 2012 at 8TeV. The
measurements presented are independent of the center-of-mass energy, but the two periods
are analyzed separately to account for di↵erences in cross-sections and in the general
running conditions. The charge of the pion from the D⇤+

! D0⇡+ (D⇤�
! D0⇡�) decay is

used to identify the flavor of the D0 (D0) meson at production. Two di↵erent approaches
are used to perform the measurement of A�. The first is a new method based on Eq. (1)
and provides the more precise results. This is described in the following text, unless
otherwise stated. The other method, based on Eq. (2), has been described previously in
Ref. [11] and is only summarized here. In the following, inclusion of charge-conjugate
processes is implied throughout, unless otherwise stated.

The LHCb detector [12, 13] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector, surrounding the pp interaction region and allowing c hadrons to be

1

1. The indirect CPV component

2. The mean decay times of the reconstructed samples �hti = htiKK � hti⇡⇡

but it’s experimentally hard to measure because of production asymmetry (see later).

https://arxiv.org/abs/1111.6515v2

https://arxiv.org/abs/1111.6515v2
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To identify the flavour of the D meson we look at the charge of the tagging particle in two samples:

1. Prompt

2. Semileptonic

Flavour tagging

• Look at the charge of the 
accompanying particle
• Prompt charm: !∗± → !%&±

o!% points to PV
oDecay time acceptance

• Semileptonic charm: ' → !%(±)
o!% does not point to PV
oAccess all !% decay times
oLower yield
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• Prompt charm: !∗± → !%&±

o!% points to PV
oDecay time acceptance
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o!% does not point to PV
oAccess all !% decay times
oLower yield
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• The D0 points to the Primary Vertex

• Displaced vertex

https://cds.cern.ch/record/2668398

Huge charm production at LHCb: > 1 billion of D0→K-π+ decays in the full LHCb sample! 
→ complete event reconstruction and selection is performed online (Turbo stream)

Comput. Phys. Commun. 208 (2016) 35

D⇤+!D0⇡+

D⇤�!D
0
⇡�

B+!D
0
µ+X

B�!D0µ�X

https://cds.cern.ch/record/2668398
https://www.sciencedirect.com/science/article/pii/S0010465516302107
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The raw asymmetry Araw(f) ⌘
N(D0 ! f)�N(D

0 ! f)

N(D0 ! f) +N(D
0 ! f)

(prompt)
(semileptonic)

D0
! ⇡�⇡+ decays is

�ACP ⌘ ACP (K
�K+)� ACP (⇡

�⇡+)

⇡ �adirCP

 
1 +

hti

⌧(D0)
yCP

!
+

�hti

⌧(D0)
aindCP , (3)

where �adirCP ⌘ adirCP (K
�K+)� adirCP (⇡

�⇡+), hti is the arithmetic average between the mean
decay times ht(K�K+)i and ht(⇡�⇡+)i, and �hti is their di↵erence.

The D0 mesons considered in this analysis are produced either promptly at a pp
collision point (primary vertex, PV) in the strong decay of D⇤(2010)+ mesons (hereafter
referred to as D⇤+) to a D0⇡+ pair or at a vertex displaced from any PV in semileptonic
B ! D0µ�⌫̄µX decays, where B denotes a hadron containing a b quark and X stands for
potential additional particles. The flavor at production of D0 mesons from D⇤+ decays is
determined from the charge of the accompanying pion (⇡-tagged), whereas that of D0

mesons from semileptonic b-hadron decays is obtained from the charge of the accompanying
muon (µ-tagged). The raw asymmetries measured for ⇡-tagged and µ-tagged D0 decays
are defined as

A⇡-tagged
raw (f) ⌘

N (D⇤+
! D0(f)⇡+)�N

�
D⇤�

! D0(f)⇡��

N (D⇤+ ! D0(f)⇡+) +N
�
D⇤� ! D0(f)⇡�

� ,

Aµ-tagged
raw (f) ⌘

N(B ! D0(f)µ�⌫̄µX)�N(B ! D0(f)µ+⌫µX)

N(B ! D0(f)µ�⌫̄µX) +N(B ! D0(f)µ+⌫µX)
,

(4)

where N is the measured signal yield for the given decay. These can be approximated as

A⇡-tagged
raw (f) ⇡ ACP (f) + AD(⇡) + AP(D

⇤),

Aµ-tagged
raw (f) ⇡ ACP (f) + AD(µ) + AP(B),

(5)

where AD(⇡) and AD(µ) are detection asymmetries due to di↵erent reconstruction e�-
ciencies between positive and negative tagging pions and muons, whereas AP(D⇤) and
AP(B) are the production asymmetries of D⇤ mesons and b hadrons, arising from the
hadronization of charm and beauty quarks in pp collisions [37]. Owing to the smallness of
the involved terms, which are O(10�2) or less [37–40], the approximations in Eqs. (5) are
valid up to corrections of O(10�6). The values of AD(⇡) and AP(D⇤), as well as those of
AD(µ) and AP(B), are independent of the final state f , and thus cancel in the di↵erence,
resulting in

�ACP = Araw(K
�K+)� Araw(⇡

�⇡+). (6)

This simple relation between �ACP and the measurable raw asymmetries in K�K+ and
⇡�⇡+ makes the determination of �ACP largely insensitive to systematic uncertainties.

The LHCb detector is a single-arm forward spectrometer designed for the study of
particles containing b or c quarks, as described in detail in Refs. [41, 42]. The LHCb
tracking system exploits a dipole magnet to measure the momentum of charged particles.
The magnetic-field polarity is reversed periodically during data taking to mitigate the
di↵erences of reconstruction e�ciencies of particles with opposite charges.

The online event selection is performed by a trigger, which consists of a hardware
stage based on information from the calorimeter and muon systems, followed by two

2

which is independent of the detection and production asymmetries.

Detection 
asymmetry is 0 
for symmetric 
final states

Physical CP 
asymmetry

Detection asymmetry of the 
tagging particle and production 
asymmetry of the mother particle

can be written as

After weighting the KK kinematics to match that of the ππ, ΔACP simply reads:

(The detection regions where the raw asymmetries of the tagging particles are large are 
anyway removed in the event selection)

Araw(f) ' ACP (f) +AD(f) +

⇢
AD(⇡s) +AP (D⇤)
AD(µ) +AP (B)
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!"#$ measurement
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• Fit % &'
distribution
• ()*+ parameter of 
the fit shared
between ,- and .,-
• About 9 million
signal events for 
/0/1 and 3 
million for 2021

SL
LHCb-PAPER-2019-006

NEW

9 M 3 M

1. Prompt
• Fit to m(D0π)
• Araw parameter 

shared between 
D*+ and D*-

• 44M K-K+ and 
14M π-π+ events

2. Semileptonic
• Fit to m(D0)
• Araw parameter 

shared between 
D0 and D̅0

• 9M K-K+ and 3M 
π-π+ events

ArXiv:1903.08726

https://arxiv.org/abs/1903.08726
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as of the tagging pions or muons; the �2 of the D⇤+ and B vertex fits; the track quality
of the tagging pion and the charged-particle multiplicity in the event. Furthermore, the
total sample is split into subsamples taken with opposite magnetic-field polarities and
in di↵erent run periods. No evidence for unexpected dependences of �ACP is found
in any of these tests. A check using more stringent PID requirements is performed,
and all variations of �ACP are found to be compatible within statistical uncertainties.
An additional check concerns the measurement of �Abkg, that is the di↵erence of the
background raw asymmetries in K�K+ and ⇡�⇡+ final states. As the prompt background
is mainly composed of genuine D0 candidates paired with unrelated pions originating from
the PV, �Abkg is expected to be compatible with zero. A value of �Abkg = (�2±4)⇥10�4

is obtained.
The di↵erence of time-integrated CP asymmetries of D0

! K�K+ and D0
!⇡�⇡+

decays is measured using 13TeV pp collision data collected with the LHCb detector and
corresponding to an integrated luminosity of 6 fb�1. The results are

�A⇡-tagged
CP = [�18.2± 3.2 (stat.)± 0.9 (syst.)]⇥ 10�4,

�Aµ-tagged
CP = [�9± 8 (stat.)± 5 (syst.)]⇥ 10�4.

Both measurements are in good agreement with world averages [50] and previous LHCb
results [31, 32].

By combining previous LHCb measurements [31, 32] with these results, the following
value of �ACP is obtained

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes statistical and systematic contributions. The significance of
the deviation from zero corresponds to 5.3 standard deviations. This is the first observation
of CP violation in the decay of charm hadrons.

The interpretation of �ACP in terms of direct and indirect CP violation requires
knowledge of the reconstructed mean decay times for D0

! K�K+ and D0
! ⇡�⇡+

decays, as shown in Eq. (3). The relevant values corresponding to the present mea-
surements are �hti⇡-tagged /⌧(D0) = 0.135± 0.002, �htiµ-tagged /⌧(D0) = �0.003± 0.001,
hti⇡-tagged/⌧(D0) = 1.74 ± 0.10 and htiµ-tagged/⌧(D0) = 1.21 ± 0.01, whereas those cor-
responding to the combination with previous LHCb measurements are � hti /⌧(D0) =
0.115 ± 0.002 and hti/⌧(D0) = 1.71 ± 0.10. The uncertainties include statistical and
systematic contributions, and the world average of the D0 lifetime is used [51].

By using in addition the LHCb averages yCP = (5.7 ± 1.5) ⇥ 10�3 [52, 53]
and A� = (�2.8± 2.8)⇥ 10�4

' �aindCP [54, 55], from Eq. (3) it is possible to derive
�adirCP = (�15.6± 2.9)⇥ 10�4, which shows that, as expected, �ACP is primarily sen-
sitive to direct CP violation. The overall improvement in precision brought by the present
analysis to the knowledge of �adirCP is apparent when comparing with the value obtained
from previous measurements, �adirCP = (�13.4± 7.0)⇥ 10�4 [50].

In summary, this Letter reports the first observation of a nonzero CP asymmetry
in charm decays, using large samples of D0

! K�K+ and D0
! ⇡�⇡+ decays collected

with the LHCb detector. The result is consistent with, although at the upper end of,
SM expectations, which lie in the range 10�4–10�3 [8–13]. Beyond the SM, the rate of
CP violation could be enhanced. Unfortunately, present theoretical understanding does
not allow very precise predictions to be made, due to the presence of strong-interaction
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→ CP violation in charm observed at 5.3𝜎!

The fitted raw asymmetry yields

From this result, the indirect CP component is measured to be

in the upper-end of the SM prediction, but more precision is needed.

By making a full combination with previous LHCb measurements [42,43], the following
value of �ACP is obtained

�ACP = (�15.4± 2.9)⇥ 10�4,

where the uncertainty includes statistical and systematic contributions. The significance of
the deviation from zero corresponds to 5.3 standard deviations. This is the first observation
of CP violation in the decay of charm hadrons.

The interpretation of �ACP in terms of direct CP violation and A� requires knowledge
of the di↵erence of reconstructed mean decay times for D0

! K�K+ and D0
! ⇡�⇡+

decays normalized to the D0 lifetime, as shown in Eq. (3). The values corresponding to the
present measurements are �hti⇡-tagged /⌧(D0) = 0.135± 0.002 and �htiµ-tagged /⌧(D0) =
�0.003 ± 0.001, whereas that corresponding to the full combination is � hti /⌧(D0) =
0.115± 0.002. The uncertainties include statistical and systematic contributions, and the
world average of the D0 lifetime is used [66].

By using in addition the LHCb average A� = (�2.8± 2.8)⇥ 10�4 [46,47], from Eq. (3)
it is possible to derive

�adirCP = (�15.7± 2.9)⇥ 10�4,

which shows that, as expected, �ACP is primarily sensitive to direct CP violation. The
overall improvement in precision brought by the present analysis to the knowledge of
�adirCP is apparent when comparing with the value obtained from previous measurements,
�adirCP = (�13.4± 7.0)⇥ 10�4 [65].

In summary, this Letter reports the first observation of a nonzero CP asymmetry in
charm decays, using large samples of D0

! K�K+ and D0
! ⇡�⇡+ decays collected with

the LHCb detector. The result is consistent with, although in magnitude at the upper end
of, SM expectations, which lie in the range 10�4–10�3 [16–34]. In particular, the result
challenges predictions based on first-principle QCD dynamics [19,33]. It complies with
predictions based on flavor-SU(3) symmetry, if one assumes a dynamical enhancement
of the penguin amplitude [16,26–30,32]. In the next decade, further measurements with
charmed particles, along with possible theoretical improvements, will help clarify the
physics picture, and establish whether this result is consistent with the SM or indicates
the presence of new dynamics in the up-quark sector.
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New World Average

27Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna

Courtesy
of HFLAV

Including new !"# and 
Δ%"# measurements:

Δ&"#'() = −16.4 ± 2.8 ×1056
&"#(7' = 2.8 ± 2.6 ×1056

Consistency with 
NO CPV hypothesis: 
5.4×1059 (5.44:)

World average: no 
CPV hypothesis 
rejected at 5.44𝜎

Table 6.5: Extrapolated signal yields and statistical precision on direct CP violation observables for the
promptly produced samples.

Sample (L) Tag Yield Yield �(�ACP ) �(ACP (hh))
D0 !K�K+ D0 !⇡�⇡+ [%] [%]

Run 1–2 (9 fb�1) Prompt 52M 17M 0.03 0.07
Run 1–3 (23 fb�1) Prompt 280M 94M 0.013 0.03
Run 1–4 (50 fb�1) Prompt 1G 305M 0.01 0.03
Run 1–5 (300 fb�1) Prompt 4.9G 1.6G 0.003 0.007

6.2.1 Measurement of ACP in D0! K+K� and D0! ⇡+⇡� and CP violation
in other two-body modes

The singly Cabibbo-suppressed D0 ! K�K+ and D0 ! ⇡�⇡+ decays discussed in Sect. 6.1.4
for indirect CP violation studies, also play a critical role in the measurement of time-integrated
direct CP violation. The amount of CP violation in these decays is expected to be below the
percent level [241–248], but large theoretical uncertainties due to long-distance interactions
prevent precise SM predictions. In the presence of physics beyond the SM, the expected CP
asymmetries could be enhanced [249], although an observation near the current experimental
limits would be consistent with the SM expectation. The direct CP violation is associated with
the breaking of CP symmetry in the decay amplitude. It is measured through the time-integrated
CP asymmetry in the h�h+ decay rates

ACP (D0 ! h�h+) ⌘ �(D0 ! h�h+) � �(D0 ! h�h+)

�(D0 ! h�h+) + �(D0 ! h�h+)
. (6.5)

The sensitivity to direct CP violation is enhanced through a measurement of the di↵erence in CP
asymmetries between D0 !K�K+ and D0 !⇡�⇡+ decays, �ACP = ACP (K�K+)�ACP (⇡�⇡+),
in which detector asymmetries largely cancel.

The individual asymmetries ACP (K�K+) and ACP (⇡�⇡+) can also be measured. A mea-
surement of the time-integrated CP asymmetry in D0 ! K�K+ has been performed at LHCb
with 3 fb�1 collected at centre-of-mass energies of 7 and 8 TeV. The flavour of the charm meson
at production is determined from the charge of the pion in D⇤+ ! D0⇡+ decays, or via the
charge of the muon in semileptonic b-hadron decays (B ! D0µ�⌫µX). The analysis strategy
so far relies on the D+ ! K�⇡+⇡�, D+ ! K0

s ⇡+ and D⇤+ ! D0(! K�⇡+)⇡+ decays as
control samples [250]. In this case, due to the weighting procedures aiming to fully cancel the
production and reconstruction asymmetries, the e↵ective prompt signal yield for ACP (K�K+)
is reduced. The expected signal yields and the corresponding statistical precision in Upgrade II
are summarised in Table 6.5.

The �ACP observable is robust against systematic uncertainties. The main sources of system-
atic uncertainties are inaccuracies in the fit model, the weighting procedure, the contamination
of the prompt sample with secondary D0 mesons and the presence of peaking backgrounds.
There are no systematic uncertainties which are expected to have irreducible contributions which
exceed the ultimate statistical precision. This channel is already entering the upper range of the
physically interesting sensitivities, and will likely continue to provide the world’s best sensitivity
to direct CP violation in charm in Upgrade II. The power of these two-body CP eigenstates at
LHCb Upgrade II is illustrated in Fig. 6.4, which shows the indirect (see Sect. 6.1.4) and direct
CP constraints that will come from these modes.

There are a significant number of other two-body modes of strong physics interest where
Upgrade II will also make important contributions. These include the decay modes D0 ! K0

S
K0

S

(0.28%), D0 ! K0
S
K⇤0 (0.21%), D0 ! K0

S
K⇤0 (0.15%), D+

s ! K0
S
⇡+ (3.2⇥10�4), D+ ! K0

S
K+

59

The measurement is 
statistically limited: large 
improvement is foreseen 
with more data

https://cds.cern.ch/record/2320509

https://cds.cern.ch/record/2320509


3. Pentaquarks



Marco Santimaria /38LNF seminar 23/05/2019
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Semi-relativistic potential quite accurate in describing cc ̅and bb̅ states in the 70’s

Quarkonia spectroscopy

The excitation spectrum of a [QQ] state is well described by a semi-relativistic
phenomenological potential (e�ective Cornell potential)

V (r) = ≠4
3

–s(r)
r

+ ‡r + ”(1/r2)

A short-distance colour potential
A long-distance confinement term
Spin-spin and spin-orbit corrections

Developed in the 70’s, particularly accurate to describe and predict the
spectrum of [cc] and [bb] states.

[Phys. Rev. D 21, 203 (1980)]
Lorenzo Capriotti - Pentaquarks 2 / 29

Hadrons are built up with 
minimal quark content in the 
theory by Gell-Mann and Zweig, 
but nothing forbids multi-quark 
states

Quarkonia spectroscopy

The excitation spectrum of a [QQ] state is well described by a semi-relativistic
phenomenological potential (e�ective Cornell potential)

V (r) = ≠4
3

–s(r)
r

+ ‡r + ”(1/r2)

A short-distance colour potential
A long-distance confinement term
Spin-spin and spin-orbit corrections

Developed in the 70’s, particularly accurate to describe and predict the
spectrum of [cc] and [bb] states.

[Phys. Rev. D 21, 203 (1980)]
Lorenzo Capriotti - Pentaquarks 2 / 29
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Charmonium spectrum
In the last 15 years a large number of states have been discovered which
contain a cc pair but do not fit in the expected spectrum
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FIG. 65 The current status of the charmonium-like spectrum. The dashed (red) horizontal lines indicate the expected states and their
masses based on recent calculations (39) based on the Godfrey-Isgur relativized potential model (40), supplemented by the calculations
in ref. (332) for high radial excitations of the P-wave states. The solid (black) horizontal lines indicate the experimentally established
charmonium states, with masses and spin-parity (JPC) quantum number assignments taken from ref. (9), and labeled by their spectroscopic
assignment. The open-flavor decay channel thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic
charmonium-like states are also shown with shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly
used names. All states are organized according to their quantum numbers given on horizontal axis. The last column includes states with
unknown quantum numbers, the two pentaquark candidates and the lightest charmonium 2�� state. The lines connecting the known
states indicate known photon or hadron transitions between them: dashed-green are � transitions; (thick E1, thin M1), solid-magenta are
⇡; thin (thick) dashed-blue are ⌘ (�); dashed-red are p; dotted-blue are ⇢

0 or !; and solid-blue other ⇡⇡ transitions, respectively.

lar states are expected to be near the masses of their
constituent hadrons and have appropriate S-wave J

PC

quantum numbers. This is the case for the Zb(10610)
and the Zb(10650), which are within a few MeV of the
BB̄

⇤ and B
⇤
B̄

⇤ thresholds, respectively, and applies rea-
sonably well to the Zc(3900) and Zc(4020), which are
' 10 MeV above the DD̄

⇤ and D
⇤
D̄

⇤ thresholds, re-
spectively. However, the interpretation of these states
as molecules is controversial. Peaks at masses that are
slightly above threshold are dangerously similar to expec-
tations for kinematically induced cusps (146; 147; 148)
(see Fig. 8b and related text). Anomalous triangle singu-
larities are another mechanism that can produce above-

threshold peaks that are not related to a physical res-
onance (372). Moreover, unlike the X(3872), no evi-
dence for these states have been found in lattice QCD
calculations (373; 374; 375; 376). On the other hand,
detailed studies of the BESIII’s Zc(3900) ! J/ ⇡ and
DD̄

⇤ signals (149) and Belle’s corresponding Zb sig-
nals (157; 377; 378) show that the observed peaks can
be identified as virtual states with associated poles in
the complex scattering t-matrices.

The J
P = 1+ Z(4430) (now with a mass near

4478 MeV) has been proposed as a radial excitation of the
Zc(3900), comprised of a molecule-like DD̄

⇤(2S) configu-
ration (379; 380), where the D

⇤(2S) is the radial excita-

Adapted from [Rev. Mod. Phys. 90, 15003 (2018)]
Lorenzo Capriotti - Pentaquarks 3 / 29

http://cds.cern.ch/record/2673732

Many states (—, —, — ) outside the prediction (---) have been discovered in the past 15 years

Labelled as “exotic” states: can help us understanding QCD interactions

Belle 2003

Charged states 
decaying to J/ѱ: 
minimal quark 
content is ccd̅ū, a 
tetraquark!

JPC

http://cds.cern.ch/record/2673732
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• Pentaquark searches started in the 70’s, no convincing evidence until 2002 with the 
Θ(1540)+ (by 3 experiments!) but ruled out by high-statistics runs 

• 2013: something strange in Λb→pKJ/ѱ at LHCb
• 2015: dedicated analysis on Run 1 data reveals a peak in the J/ѱp mass!

[EPJH 37 1 (2012)]

[PRL 111 102003 (2013)]

[PRL 115 (2015) 072001]

[JHEP 07 103 (2014)]

Introduction and summary

The prospect of hadrons with more than the minimal quark content (qq or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2], followed by a quantitative model for two
quarks plus two antiquarks developed by Ja↵e in 1976 [3]. The idea was expanded upon [4]
to include baryons composed of four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of pentaquark states have been shown to
be spurious [6], although there is at least one viable tetraquark candidate, the Z(4430)+

observed in B0
!  0K�⇡+ decays [7–9], implying that the existence of pentaquark baryon

states would not be surprising. States that decay into charmonium may have particularly
distinctive signatures [10].

Large yields of ⇤0
b ! J/ K�p decays are available at LHCb and have been used for

the precise measurement of the ⇤0
b lifetime [11]. (In this Letter mention of a particular

mode implies use of its charge conjugate as well.) This decay can proceed by the diagram
shown in Fig. 1(a), and is expected to be dominated by ⇤⇤

! K�p resonances, as are
evident in our data shown in Fig. 2(a). It could also have exotic contributions, as indicated
by the diagram in Fig. 1(b), that could result in resonant structures in the J/ p mass
spectrum shown in Fig. 2(b).

Figure 1: Feynman diagrams for (a) ⇤0
b ! J/ ⇤⇤ and (b) ⇤0

b ! P+
c K� decay.
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Figure 2: Invariant mass of (a) K�p and (b) J/ p combinations from ⇤0
b ! J/ K�p decays.

The solid (red) curve is the expectation from phase space. The background has been subtracted.
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Amplitude analysis with 
all known Λ* resonances 
reproduces m(pK) but 
fails on m(J/ѱp). 

Table 1: The ⇤⇤ resonances used in the di↵erent fits. Parameters are taken from the PDG [12].
We take 5/2� for the JP of the ⇤(2585). The number of LS couplings is also listed for both
the “reduced” and “extended” models. To fix overall phase and magnitude conventions, which
otherwise are arbitrary, we set B0, 12

= (1, 0) for ⇤(1520). A zero entry means the state is excluded

from the fit.

State JP M0 (MeV) �0 (MeV) # Reduced # Extended

⇤(1405) 1/2� 1405.1+1.3
�1.0 50.5± 2.0 3 4

⇤(1520) 3/2� 1519.5± 1.0 15.6± 1.0 5 6
⇤(1600) 1/2+ 1600 150 3 4
⇤(1670) 1/2� 1670 35 3 4
⇤(1690) 3/2� 1690 60 5 6
⇤(1800) 1/2� 1800 300 4 4
⇤(1810) 1/2+ 1810 150 3 4
⇤(1820) 5/2+ 1820 80 1 6
⇤(1830) 5/2� 1830 95 1 6
⇤(1890) 3/2+ 1890 100 3 6
⇤(2100) 7/2� 2100 200 1 6
⇤(2110) 5/2+ 2110 200 1 6
⇤(2350) 9/2+ 2350 150 0 6
⇤(2585) ? ⇡2585 200 0 6
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Figure 6: Results for (a) mKp and (b) mJ/ p for the extended ⇤⇤ model fit without P+
c states.

The data are shown as (black) squares with error bars, while the (red) circles show the results of
the fit. The error bars on the points showing the fit results are due to simulation statistics.

9

TWO Pc+ states are needed to describe the data!

In practice resonances decaying strongly into J/ p must have a minimal quark content
of ccuud, and thus are charmonium-pentaquarks; we label such states P+

c , irrespective of
the internal binding mechanism. In order to ascertain if the structures seen in Fig. 2(b)
are resonant in nature and not due to reflections generated by the ⇤⇤ states, it is necessary
to perform a full amplitude analysis, allowing for interference e↵ects between both decay
sequences.

The fit uses five decay angles and the K�p invariant mass mKp as independent variables.
First we tried to fit the data with an amplitude model that contains 14 ⇤⇤ states listed by
the Particle Data Group [12]. As this did not give a satisfactory description of the data,
we added one P+

c state, and when that was not su�cient we included a second state. The
two P+

c states are found to have masses of 4380± 8± 29 MeV and 4449.8± 1.7± 2.5 MeV,
with corresponding widths of 205± 18± 86 MeV and 39± 5± 19 MeV. (Natural units are
used throughout this Letter. Whenever two uncertainties are quoted the first is statistical
and the second systematic.) The fractions of the total sample due to the lower mass and
higher mass states are (8.4± 0.7± 4.2)% and (4.1± 0.5± 1.1)%, respectively. The best fit
solution has spin-parity JP values of (3/2�, 5/2+). Acceptable solutions are also found
for additional cases with opposite parity, either (3/2+, 5/2�) or (5/2+, 3/2�). The best
fit projections are shown in Fig. 3. Both mKp and the peaking structure in mJ/ p are
reproduced by the fit. The significances of the lower mass and higher mass states are 9
and 12 standard deviations, respectively.
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Figure 3: Fit projections for (a) mKp and (b) mJ/ p for the reduced ⇤⇤ model with two P+
c states

(see Table 1). The data are shown as solid (black) squares, while the solid (red) points show the
results of the fit. The solid (red) histogram shows the background distribution. The (blue) open
squares with the shaded histogram represent the Pc(4450)+ state, and the shaded histogram
topped with (purple) filled squares represents the Pc(4380)+ state. Each ⇤⇤ component is also
shown. The error bars on the points showing the fit results are due to simulation statistics.

2

valence quarks: uudcc ̅

[PRL 115 (2015) 072001]

Fit projections and results
To have an acceptable fit two new P +

c states need to be included

146 free parameters from the helicity couplings alone. The
masses and widths of the Λ! states are fixed to their PDG
values, since allowing them to float prevents the fit from
converging. Variations in these parameters are considered
in the systematic uncertainties.
The cFit results without any Pþ

c component are shown in
Fig. 6. While the mKp distribution is reasonably well fitted,
the peaking structure in mJ=ψp is not reproduced. The same
result is found using sFit. The speculative addition of Σ!

resonances to the states decaying to K−p does not change
this conclusion.
We will demonstrate that introducing two Pþ

c → J=ψp
resonances leads to a satisfactory description of the data.
When determining parameters of the Pþ

c states, we use a
more restrictive model of the K−p states (hereafter referred

to as the “reduced” model) that includes only the Λ!

resonances that are well motivated, and has fewer than half
the number of free parameters. As the minimal LΛ!

Λ0
b
for the

spin 9=2 Λð2350Þ equals JΛ! − JΛ0
b
− JJ=ψ ¼ 3, it is

extremely unlikely that this state can be produced so close
to the phase space limit. In fact L ¼ 3 is the highest orbital
angular momentum observed, with a very small rate, in
decays of B mesons [35] with much larger phase space
available (Q ¼ 2366 MeV, while here Q ¼ 173 MeV),
and without additional suppression from the spin counting

factors present in Λð2350Þ production (all three ~JΛ! , ~JΛ0
b

and ~JJ=ψ vectors have to line up in the same direction to
produce the minimal LΛ!

Λ0
b
value). Therefore, we eliminate it

TABLE I. The Λ! resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5=2− for
the JP of the Λð2585Þ. The number of LScouplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B0;12

¼ ð1; 0Þ for Λð1520Þ. A zero
entry means the state is excluded from the fit.

State JP M0 (MeV) Γ0 (MeV) Number Reduced Number Extended

Λð1405Þ 1=2− 1405.1þ 1.3
−1.0 50.5 & 2.0 3 4

Λð1520Þ 3=2− 1519.5 & 1.0 15.6 & 1.0 5 6
Λð1600Þ 1=2þ 1600 150 3 4
Λð1670Þ 1=2− 1670 35 3 4
Λð1690Þ 3=2− 1690 60 5 6
Λð1800Þ 1=2− 1800 300 4 4
Λð1810Þ 1=2þ 1810 150 3 4
Λð1820Þ 5=2þ 1820 80 1 6
Λð1830Þ 5=2− 1830 95 1 6
Λð1890Þ 3=2þ 1890 100 3 6
Λð2100Þ 7=2− 2100 200 1 6
Λð2110Þ 5=2þ 2110 200 1 6
Λð2350Þ 9=2þ 2350 150 0 6
Λð2585Þ ? ≈2585 200 0 6
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FIG. 6 (color online). Results for (a)mKp and (b)mJ=ψp for the extended Λ! model fit without Pþ
c states. The data are shown as (black)

squares with error bars, while the (red) circles show the results of the fit. The error bars on the points showing the fit results are due to
simulation statistics.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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Black points: data
Red points: amplitude fit
Pc(4380)+, JP = 3/2≠, � = 205 ± 18 MeV, significance 9‡

Pc(4450)+, JP = 5/2+, � = 39 ± 5 MeV, significance 12‡
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Fit projections and results
To have an acceptable fit two new P +

c states need to be included

146 free parameters from the helicity couplings alone. The
masses and widths of the Λ! states are fixed to their PDG
values, since allowing them to float prevents the fit from
converging. Variations in these parameters are considered
in the systematic uncertainties.
The cFit results without any Pþ

c component are shown in
Fig. 6. While the mKp distribution is reasonably well fitted,
the peaking structure in mJ=ψp is not reproduced. The same
result is found using sFit. The speculative addition of Σ!

resonances to the states decaying to K−p does not change
this conclusion.
We will demonstrate that introducing two Pþ

c → J=ψp
resonances leads to a satisfactory description of the data.
When determining parameters of the Pþ

c states, we use a
more restrictive model of the K−p states (hereafter referred

to as the “reduced” model) that includes only the Λ!

resonances that are well motivated, and has fewer than half
the number of free parameters. As the minimal LΛ!

Λ0
b
for the

spin 9=2 Λð2350Þ equals JΛ! − JΛ0
b
− JJ=ψ ¼ 3, it is

extremely unlikely that this state can be produced so close
to the phase space limit. In fact L ¼ 3 is the highest orbital
angular momentum observed, with a very small rate, in
decays of B mesons [35] with much larger phase space
available (Q ¼ 2366 MeV, while here Q ¼ 173 MeV),
and without additional suppression from the spin counting

factors present in Λð2350Þ production (all three ~JΛ! , ~JΛ0
b

and ~JJ=ψ vectors have to line up in the same direction to
produce the minimal LΛ!

Λ0
b
value). Therefore, we eliminate it

TABLE I. The Λ! resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5=2− for
the JP of the Λð2585Þ. The number of LScouplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B0;12

¼ ð1; 0Þ for Λð1520Þ. A zero
entry means the state is excluded from the fit.

State JP M0 (MeV) Γ0 (MeV) Number Reduced Number Extended

Λð1405Þ 1=2− 1405.1þ 1.3
−1.0 50.5 & 2.0 3 4

Λð1520Þ 3=2− 1519.5 & 1.0 15.6 & 1.0 5 6
Λð1600Þ 1=2þ 1600 150 3 4
Λð1670Þ 1=2− 1670 35 3 4
Λð1690Þ 3=2− 1690 60 5 6
Λð1800Þ 1=2− 1800 300 4 4
Λð1810Þ 1=2þ 1810 150 3 4
Λð1820Þ 5=2þ 1820 80 1 6
Λð1830Þ 5=2− 1830 95 1 6
Λð1890Þ 3=2þ 1890 100 3 6
Λð2100Þ 7=2− 2100 200 1 6
Λð2110Þ 5=2þ 2110 200 1 6
Λð2350Þ 9=2þ 2350 150 0 6
Λð2585Þ ? ≈2585 200 0 6
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FIG. 6 (color online). Results for (a)mKp and (b)mJ=ψp for the extended Λ! model fit without Pþ
c states. The data are shown as (black)

squares with error bars, while the (red) circles show the results of the fit. The error bars on the points showing the fit results are due to
simulation statistics.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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b → J=ψK−p decays. The solid (red) curve is the
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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Black points: data
Red points: amplitude fit
Pc(4380)+, JP = 3/2≠, � = 205 ± 18 MeV, significance 9‡

Pc(4450)+, JP = 5/2+, � = 39 ± 5 MeV, significance 12‡
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Fit projections and results
To have an acceptable fit two new P +

c states need to be included

146 free parameters from the helicity couplings alone. The
masses and widths of the Λ! states are fixed to their PDG
values, since allowing them to float prevents the fit from
converging. Variations in these parameters are considered
in the systematic uncertainties.
The cFit results without any Pþ

c component are shown in
Fig. 6. While the mKp distribution is reasonably well fitted,
the peaking structure in mJ=ψp is not reproduced. The same
result is found using sFit. The speculative addition of Σ!

resonances to the states decaying to K−p does not change
this conclusion.
We will demonstrate that introducing two Pþ

c → J=ψp
resonances leads to a satisfactory description of the data.
When determining parameters of the Pþ

c states, we use a
more restrictive model of the K−p states (hereafter referred

to as the “reduced” model) that includes only the Λ!

resonances that are well motivated, and has fewer than half
the number of free parameters. As the minimal LΛ!

Λ0
b
for the

spin 9=2 Λð2350Þ equals JΛ! − JΛ0
b
− JJ=ψ ¼ 3, it is

extremely unlikely that this state can be produced so close
to the phase space limit. In fact L ¼ 3 is the highest orbital
angular momentum observed, with a very small rate, in
decays of B mesons [35] with much larger phase space
available (Q ¼ 2366 MeV, while here Q ¼ 173 MeV),
and without additional suppression from the spin counting

factors present in Λð2350Þ production (all three ~JΛ! , ~JΛ0
b

and ~JJ=ψ vectors have to line up in the same direction to
produce the minimal LΛ!

Λ0
b
value). Therefore, we eliminate it

TABLE I. The Λ! resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5=2− for
the JP of the Λð2585Þ. The number of LScouplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B0;12

¼ ð1; 0Þ for Λð1520Þ. A zero
entry means the state is excluded from the fit.

State JP M0 (MeV) Γ0 (MeV) Number Reduced Number Extended

Λð1405Þ 1=2− 1405.1þ 1.3
−1.0 50.5 & 2.0 3 4

Λð1520Þ 3=2− 1519.5 & 1.0 15.6 & 1.0 5 6
Λð1600Þ 1=2þ 1600 150 3 4
Λð1670Þ 1=2− 1670 35 3 4
Λð1690Þ 3=2− 1690 60 5 6
Λð1800Þ 1=2− 1800 300 4 4
Λð1810Þ 1=2þ 1810 150 3 4
Λð1820Þ 5=2þ 1820 80 1 6
Λð1830Þ 5=2− 1830 95 1 6
Λð1890Þ 3=2þ 1890 100 3 6
Λð2100Þ 7=2− 2100 200 1 6
Λð2110Þ 5=2þ 2110 200 1 6
Λð2350Þ 9=2þ 2350 150 0 6
Λð2585Þ ? ≈2585 200 0 6
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FIG. 6 (color online). Results for (a)mKp and (b)mJ=ψp for the extended Λ! model fit without Pþ
c states. The data are shown as (black)

squares with error bars, while the (red) circles show the results of the fit. The error bars on the points showing the fit results are due to
simulation statistics.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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Black points: data
Red points: amplitude fit
Pc(4380)+, JP = 3/2≠, � = 205 ± 18 MeV, significance 9‡

Pc(4450)+, JP = 5/2+, � = 39 ± 5 MeV, significance 12‡
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Fit projections and results
To have an acceptable fit two new P +

c states need to be included

146 free parameters from the helicity couplings alone. The
masses and widths of the Λ! states are fixed to their PDG
values, since allowing them to float prevents the fit from
converging. Variations in these parameters are considered
in the systematic uncertainties.
The cFit results without any Pþ

c component are shown in
Fig. 6. While the mKp distribution is reasonably well fitted,
the peaking structure in mJ=ψp is not reproduced. The same
result is found using sFit. The speculative addition of Σ!

resonances to the states decaying to K−p does not change
this conclusion.
We will demonstrate that introducing two Pþ

c → J=ψp
resonances leads to a satisfactory description of the data.
When determining parameters of the Pþ

c states, we use a
more restrictive model of the K−p states (hereafter referred

to as the “reduced” model) that includes only the Λ!

resonances that are well motivated, and has fewer than half
the number of free parameters. As the minimal LΛ!

Λ0
b
for the

spin 9=2 Λð2350Þ equals JΛ! − JΛ0
b
− JJ=ψ ¼ 3, it is

extremely unlikely that this state can be produced so close
to the phase space limit. In fact L ¼ 3 is the highest orbital
angular momentum observed, with a very small rate, in
decays of B mesons [35] with much larger phase space
available (Q ¼ 2366 MeV, while here Q ¼ 173 MeV),
and without additional suppression from the spin counting

factors present in Λð2350Þ production (all three ~JΛ! , ~JΛ0
b

and ~JJ=ψ vectors have to line up in the same direction to
produce the minimal LΛ!

Λ0
b
value). Therefore, we eliminate it

TABLE I. The Λ! resonances used in the different fits. Parameters are taken from the PDG [12]. We take 5=2− for
the JP of the Λð2585Þ. The number of LScouplings is also listed for both the reduced and extended models. To fix
overall phase and magnitude conventions, which otherwise are arbitrary, we set B0;12

¼ ð1; 0Þ for Λð1520Þ. A zero
entry means the state is excluded from the fit.

State JP M0 (MeV) Γ0 (MeV) Number Reduced Number Extended

Λð1405Þ 1=2− 1405.1þ 1.3
−1.0 50.5 & 2.0 3 4

Λð1520Þ 3=2− 1519.5 & 1.0 15.6 & 1.0 5 6
Λð1600Þ 1=2þ 1600 150 3 4
Λð1670Þ 1=2− 1670 35 3 4
Λð1690Þ 3=2− 1690 60 5 6
Λð1800Þ 1=2− 1800 300 4 4
Λð1810Þ 1=2þ 1810 150 3 4
Λð1820Þ 5=2þ 1820 80 1 6
Λð1830Þ 5=2− 1830 95 1 6
Λð1890Þ 3=2þ 1890 100 3 6
Λð2100Þ 7=2− 2100 200 1 6
Λð2110Þ 5=2þ 2110 200 1 6
Λð2350Þ 9=2þ 2350 150 0 6
Λð2585Þ ? ≈2585 200 0 6
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FIG. 6 (color online). Results for (a)mKp and (b)mJ=ψp for the extended Λ! model fit without Pþ
c states. The data are shown as (black)

squares with error bars, while the (red) circles show the results of the fit. The error bars on the points showing the fit results are due to
simulation statistics.
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higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are

shown as solid (black) squares, while the solid (red) points show the results of the fit. The solid (red) histogram shows the background
distribution. The (blue) open squares with the shaded histogram represent the Pcð4450Þþ state, and the shaded histogram topped with
(purple) filled squares represents the Pcð4380Þþ state. Each Λ" component is also shown. The error bars on the points showing the fit
results are due to simulation statistics.
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Black points: data
Red points: amplitude fit
Pc(4380)+, JP = 3/2≠, � = 205 ± 18 MeV, significance 9‡

Pc(4450)+, JP = 5/2+, � = 39 ± 5 MeV, significance 12‡

[Phys. Rev. Lett. 115, 072001 (2015)]
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LHCb Run 1 + Run 2 (2019)
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Update with full Run 1 and Run 2 statistics
Latest LHCb result on pentaquark searches: update of 2015 analysis
Integrated luminosity 9 fb≠1, better data selection, increase in production
cross-section (13 TeV instead of 7 and 8 TeV)
9 times more statistics =∆ improved resolution on mass spectra

and pT > 250 MeV for hadrons. Each hadron must have an
impact parameter χ2 with respect to the primary pp
interaction vertex larger than 9, and must be positively
identified in the particle identification system. The K−p
system must form a vertex with χ2 < 16, as must the two
muons from the J=ψ decay. Requirements on the Λ0

b
candidate include a vertex χ2 < 50 for 5 degrees of free-
dom, and a flight distance of greater than 1.5 mm. The
vector from the primary vertex to the Λ0

b vertex must align
with the Λ0

b momentum so that the cosine of the angle
between them is larger than 0.999. Candidate μþμ−

combinations are constrained to the J=ψ mass for sub-
sequent use in event selection.
The BDTG technique involves a “training” procedure

using sideband data background and simulated signal
samples. (The variables used are listed in the
Supplemental Material [20].) We use 2 × 106 Λ0

b →
J=ψK−p events with J=ψ → μþμ− that are generated
uniformly in phase space in the LHCb acceptance, using
PYTHIA [21] with a special LHCb parameter tune [22], and
the LHCb detector simulation based on GEANT4 [23],
described in Ref. [24]. The product of the reconstruction
and trigger efficiencies within the LHCb geometric accep-
tance is about 10%. In addition, specific backgrounds from
B̄0
s and B̄0 decays are vetoed. This is accomplished by

removing combinations that when interpreted as J=ψKþK−

fall within"30 MeV of the B̄0
s mass or when interpreted as

J=ψK−πþ fall within "30 MeV of the B̄0 mass. This
requirement effectively eliminates background from these
sources and causes only smooth changes in the detection
efficiencies across the Λ0

b decay phase space. Backgrounds
from Ξb decays cannot contribute significantly to our
sample. We choose a relatively tight cut on the BDTG
output variable that leaves 26 007" 166 signal candidates
containing 5.4% background within "15 MeV ("2σ) of
the J=ψK−p mass peak, as determined by the unbinned
extended likelihood fit shown in Fig. 4. The combinatorial
background is modeled with an exponential function and
the Λ0

b signal shape is parametrized by a double-sided
Hypatia function [25], where the signal radiative tail
parameters are fixed to values obtained from simulation.
For subsequent analysis we constrain the J=ψK−p four-
vectors to give theΛ0

b invariant mass and the Λ0
b momentum

vector to be aligned with the measured direction from the
primary to the Λ0

b vertices [26].
In Fig. 5 we show the “Dalitz” plot [27] using the K−p

and J=ψp invariant masses-squared as independent vari-
ables. A distinct vertical band is observed in the K−p
invariant mass distribution near 2.3 GeV2 corresponding to
the Λð1520Þ resonance. There is also a distinct horizontal
band near 19.5 GeV2. As we see structures in both K−p
and J=ψp mass distributions we perform a full amplitude
analysis, using the available angular variables in addition
to the mass distributions, in order to determine the

resonances present. No structure is seen in the J=ψK−

invariant mass.
We consider the two interfering processes shown in

Fig. 1, which produce two distinct decay sequences:
Λ0
b→ J=ψΛ%, Λ% → K−p and Λ0

b → Pþ
c K−, Pþ

c → J=ψp,
with J=ψ → μþμ− in both cases. We use the helicity
formalism [28] in which each sequential decay A → BC
contributes to the amplitude a term

HA→BC
λB;λC

DJA
λA;λB−λCðϕB; θA; 0Þ%RAðmBCÞ

¼ HA→BC
λB;λC

eiλAϕBdJAλA;λB−λCðθAÞRAðmBCÞ; ð1Þ

where λ is the quantum number related to the projection of
the spin of the particle onto its momentum vector (helicity)
and HA→BC

λB;λC
are complex helicity-coupling amplitudes

describing the decay dynamics. Here, θA and ϕB are the
polar and azimuthal angles of B in the rest frame of A (θA is
known as the “helicity angle” of A). The three arguments of
Wigner’s D matrix are Euler angles describing the rotation
of the initial coordinate system with the z axis along the
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Improved signal selection

ArXiv 1904.03947

The mass fit with the old model works fine…

Consistency check

First check: using the new dataset, the new selection and the same amplitude
model we get compatible results

4 4.2 4.4 4.6 4.8 5
 [GeV]pψ/Jm

0

200

400

600

800

1000

C
an

di
da

te
s/

(1
5 

M
eV

)

and other
*sΛ

PRL 115, 072001 (2015)

Run 1 (old selection)
LHCb

data
total fit
background

(4450)cP
(4380)cP

(1405)Λ

(1520)Λ

(1600)Λ

 allKpm

4.2 4.4 4.6 4.8 50

50

100

150

200

250

C
an

di
da

te
s/

(2
0 

M
eV

) 

 GeV>2Kpm

4 4.2 4.4 4.6 4.8 5
 [GeV]pψ/Jm

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

C
an

di
da

te
s/

(1
5 

M
eV

)

and other
*sΛ Run 1 + 2 (new selection)

LHCb

data
total fit
background

(4450)cP
(4380)cP

(1405)Λ

(1520)Λ

(1600)Λ

 allKpm

4.2 4.4 4.6 4.8 50
200
400
600
800

1000
1200
1400
1600
1800
2000

C
an

di
da

te
s/

(2
0 

M
eV

) 

 GeV>2Kpm

[arXiv:1904.03947]
Lorenzo Capriotti - Pentaquarks 25 / 29

9 x statistics wrt Run 1 only!

More data with ~2 x b 
production rate @ 13 TeV

+

=

Run 1

Run 1 + Run 2

https://arxiv.org/abs/1904.03947
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Table 1: Summary of P+
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV ] � [MeV ] (95% CL) R [%]

Pc(4312)+ 4311.9± 0.7+6.8
�0.6 9.8± 2.7+ 3.7

� 4.5 (< 27) 0.30± 0.07+0.34
�0.09

Pc(4440)+ 4440.3± 1.3+4.1
�4.7 20.6± 4.9+ 8.7

�10.1 (< 49) 1.11± 0.33+0.22
�0.10

Pc(4457)+ 4457.3± 0.6+4.1
�1.7 6.4± 2.0+ 5.7

� 1.9 (< 20) 0.53± 0.16+0.15
�0.13

to all three versions of the mJ/ p distribution, each configuration of the P+
c interference,

all variations of the background model, and each of the additional fits just described. The
masses, widths, and the relative contributions (R values) of the three narrow P+

c states,
including all systematic uncertainties, are given in Table 1.

To obtain estimates of the relative contributions of the P+
c states, the ⇤0

b candidates
are weighted by the inverse of the reconstruction e�ciency, which is parametrized in
all six dimensions of the ⇤0

b decay phase-space (Eq. (68) in the Supplemental Material
to Ref. [26]). The e�ciency-weighted mJ/ p distribution, without the mKp > 1.9GeV
requirement, is fit to determine the P+

c contributions, which are then divided by the
e�ciency-corrected and background-subtracted ⇤0

b yields. This method makes the re-
sults independent of the unknown quantum numbers and helicity structure of the P+

c

production and decay. Unfortunately, this approach also su↵ers from large ⇤⇤ back-
grounds and from sizable fluctuations in the low-e�ciency regions. In these fits, the
P+
c terms are added incoherently, absorbing any interference e↵ects, which can be large

(see, e.g., Fig. S2 in the Supplemental Material), into the BW amplitudes. Therefore,
the R ⌘ B(⇤0

b ! P+
c K�)B(P+

c ! J/ p)/B(⇤0
b ! J/ pK�) values reported for each P+

c

state di↵er from the fit fractions typically reported in amplitude analyses, since R includes
both the BW amplitude squared and all of its interference terms. Similar fit variations
are considered here as above, e.g., di↵erent background models and selection criteria are
all evaluated. The resulting systematic uncertainties on R are large, as shown in Table 1.

The narrow widths of the P+
c peaks make a compelling case for the bound-state

character of the observed states. However, it has been pointed out by many authors [16–19]
that peaking structures in this J/ p mass range can also be generated by triangle diagrams.
The Pc(4312)+ and Pc(4440)+ peaks are unlikely to arise from triangle diagrams, due to a
lack of any appropriate hadron-rescattering thresholds as discussed in more detail in the
Supplemental Material. The Pc(4457)+ peaks at the ⇤+

c (2595)D
0 threshold (JP = 1/2+

in S-wave) [18], and the Ds1(2860)� meson is a suitable candidate to be exchanged in the
corresponding triangle diagram. However, this triangle-diagram term does not describe
the data nearly as well as the BW does (Fig. S5 in the Supplemental Material). This
possibility deserves more scrutiny within the amplitude-analysis approach.

Narrow P+
c states could arise by binding a narrow baryon with a narrow meson, where

the separation of c and c̄ into distinct confinement volumes provides a natural suppression
mechanism for the P+

c widths. The only narrow baryon-meson combinations with mass
thresholds in the appropriate mass range are p�cJ , ⇤+

c D̄
(⇤)0, and ⌃cD̄(⇤) (both ⌃+

c D̄
(⇤)0

and ⌃++
c D̄(⇤)� are possible, the threshold for the latter is about 5MeV higher than the

former). There is no known S-wave binding mechanism for p�cJ combinations [27] and
⇤+

c D̄
(⇤)0 interactions are expected to be repulsive, leaving only the ⌃cD̄(⇤) pairs expected

to form bound states [28–30]. The masses of the Pc(4312)+ and Pc(4457)+ states are

7

But wait… there’s more!
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Figure 6: Fit to the cos ✓Pc-weighted mJ/ p distribution with three BW amplitudes and a
sixth-order polynomial background. This fit is used to determine the central values of the masses
and widths of the P+

c states. The mass thresholds for the ⌃+
c D

0 and ⌃+
c D

⇤0 final states are
superimposed.

approximately 5MeV and 2MeV below the ⌃+
c D

0 and ⌃+
c D

⇤0 thresholds, respectively, as
illustrated in Fig. 6, making them excellent candidates for bound states of these systems.
The Pc(4440)+ could be the second ⌃cD⇤ state, with about 20MeV of binding energy, since
two states with JP = 1/2� and 3/2� are possible. In fact, several papers on hidden-charm
states created dynamically by charmed meson-baryon interactions [31–33] were published
well before the first observation of the P+

c structures [1] and some of these predictions
for ⌃+

c D
0 and ⌃+

c D
⇤0 states [28–30] are consistent with the observed narrow P+

c states.
Such an interpretation of the Pc(4312)+ state (implies JP = 1/2�) would point to the
importance of ⇢-meson exchange, since a pion cannot be exchanged in this system [10].

In summary, the nine-fold increase in the number of ⇤0
b ! J/ pK� decays recon-

8

• Previous state at 4450 MeV is now 
resolved into two adjacent states

• Also a third narrow state is visible at 
4312 MeV

• 1D mass fit performed, full amplitude 
analysis is ongoing to determine JP 

• All states are very close to the 
Σc+D̅(*)0 thresholds (---, ---) 

ArXiv 1904.03947

https://arxiv.org/abs/1904.03947
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Theoretical interpretations

!26

1. Tightly bound 2. Loosely bound
• Decay by fall-apart
• Confining potential: many 

states expected

L. Maiani, A. D. Polosa, V. 
Riquer, PL B749 (2015) 289

Guo,Meissner,Wang,Yang 
PRD92 (2015) 071502

3. Rescattering 

• Confinement partner exchange then 
fall-apart: narrower states

• Potential well: few states expected

Narrow states just below the Σc+D̅*0 threshold seem to favour hypothesis #2.

Figure S3: Triangle diagram for the ⇤0
b ! J/ pK� decay. The figure defines the symbols used

in the formulae in the text.

The triangle-diagram hypothesis is more plausible for the Pc(4457)+ state. An example
fit using two BW terms and one triangle-diagram amplitude is shown in Fig. S5. The
fit quality is lower than that obtained using three BW amplitudes. However, further
investigation of this interpretation of the Pc(4457)+ state is warranted within an amplitude
analysis, which will provide greater discrimination between the triangle-diagram and BW
amplitudes.
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Figure S5: Fit of two BW amplitudes, one triangle-diagram amplitude, and a sixth-order
polynomial background to the cos ✓Pc-weighted distribution. The width of the excited D⇤

s state
exchanged in the triangle loop is set to �(Ds1(2860)�) = 159MeV [25,42]. The predicted width
for this D⇤

s state, interpreted as the 13D1 sc̄ excitation in the quark model, is 197MeV [43].

15

Worse fit with two BW 
+ 1 triangle-diagram 
amplitude: further 
investigation with 
amplitude analysis is 
needed
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.071502
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Understanding QCD
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• JP determination and search for isospin partners will drive the theoretical interpretation of 
pentaquark states

• Start of a new era in understanding QCD binding mechanisms 
• LHCb dominating the scene, Belle II to join on some exotic channels
• Many states to be discovered with enhanced statistics from Run 3!Table 9.1: Expected data samples at LHCb Upgrade II and Belle II for key decay modes for

the spectroscopy of heavy flavoured hadrons. The expected yields at Belle II are estimated by
assuming similar e�ciencies as at Belle.

LHCb Belle II
Decay mode 23 fb�1 50 fb�1 300 fb�1 50 ab�1

B+ ! X(3872)(! J/ ⇡+⇡�)K+ 14k 30k 180k 11k
B+ ! X(3872)(!  (2S)�)K+ 500 1k 7k 4k
B0 !  (2S)K�⇡+ 340k 700k 4M 140k
B+

c ! D+
s D0D0 10 20 100 —

⇤0

b ! J/ pK� 340k 700k 4M —
⌅�

b ! J/ ⇤K� 4k 10k 55k —
⌅++

cc ! ⇤+
c K�⇡+⇡+ 7k 15k 90k <6k

⌅+

bc ! J/ ⌅+
c 50 100 600 —

109

https://cds.cern.ch/record/2320509
(Run 1-3) (Run 1-4) (Run 1-5)

https://cds.cern.ch/record/2320509
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Probing new physics with rare b decays
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Indirect searches have access to New Physics at very high energies wrt direct searches

Precision measurement of a well-predicted observable: b→sl+l- are FCNC processes that only 
occur via loop in the SM:  BF / angular observables can be altered by new particles

Interaction described by an effective hamiltonian 

high energy, the strong coupling is small enough to allow for a perturbative ap-
proach, but at the low energy scale of the meson binding processes, where quarks
are confined, non-perturbative methods such as lattice calculations are needful.
Fortunately, the high and low energy scales can be disentangled in many cases [41].
A stratagem to separate short-distance (perturbative) and long-distance (gener-
ally non-perturbative) e↵ects is used in the E↵ective Field Theory (EFT). Let
us consider the simplest case of the neutron �-decay. The Feynman diagram in

1 Introduction

1.1 General View

The basic starting point for any serious phenomenology of weak decays of hadrons is the

e↵ective weak Hamiltonian which has the following generic structure

Heff =
GFp

2

X

i

V i

CKM
Ci(µ)Qi . (1.1)

Here GF is the Fermi constant and Qi are the relevant local operators which govern the

decays in question. The Cabibbo-Kobayashi-Maskawa factors V i

CKM
[1, 2] and the Wilson

Coe�cients Ci [3, 4] describe the strength with which a given operator enters the Hamiltonian.

In the simplest case of the �-decay, Heff takes the familiar form

H(�)

eff
=

GFp
2

cos �c[ū�µ(1 � �5)d ⌦ ē�µ(1 � �5)⌫e] , (1.2)

where Vud has been expressed in terms of the Cabibbo angle. In this particular case the Wilson

Coe�cient is equal unity and the local operator, the object between the square brackets, is

given by a product of two V � A currents. This local operator is represented by the diagram

(b) in fig. 1. Equation (1.2) represents the Fermi theory for �-decays as formulated by

W

d u

ν e

(a)

d u

ν e

(b)

Figure 1: �-decay at the quark level in the full (a) and e↵ective (b) theory.

Sudarshan and Marshak [5] and Feynman and Gell-Mann [6] forty years ago, except that

in (1.2) the quark language has been used and following Cabibbo a small departure of Vud

from unity has been incorporated. In this context the basic formula (1.1) can be regarded

as a generalization of the Fermi Theory to include all known quarks and leptons as well as

their strong and electroweak interactions as summarized by the Standard Model. It should

be stressed that the formulation of weak decays in terms of e↵ective Hamiltonians is very

suitable for the inclusion of new physics e↵ects. We will discuss this issue briefly in these

lectures.

1

Figure 1.5: Neutron �-decay at the quark level in the full (a) and e↵ective (b)
theory.

Fig. 1.5a with full W-propagator represents the situation at very short distance
scales of O(MW ), whereas the true picture of a decaying neutron, whose mass
is Mn ⌧ MW , is more properly described by e↵ective point-like vertices which
are represented by the local operator of Fig. 1.5b. An e↵ective Hamiltonian can
therefore be written as [42]

H(�)

eff
=

GFp
2

cos ✓c [ū�µ(1 � �5)d ⌦ ē�
µ(1 � �5)⌫e] , (1.18)

which is the familiar Fermi theory for �-decays.
Analogously to Fermi theory, a generic e↵ective weak Hamiltonian can be written
as

Heff =
GFp

2

X

i

V
i

CKM
Ci(�)Oi(�), (1.19)

where Oi are the local operators relevant for the decay and Ci are called Wilson
coe�cients, which, together with the CKM matrix elements, describe the strength
with which a given operator enters the Hamiltonian. Heff is thus represented
as a series, known as Operator Product Expansion (OPE), of e↵ective vertices
multiplied by e↵ective coupling constants Ci.

11

The Wilson Coefficients Ci are sensitive to NP contributions:

A factorization scale � decouples the high energy and low energy contributions
in the process. The non-perturbative, i.e. long-distance part is described by the
operators Oi(�), while Ci(�) encode the physics contributions at scales higher than
�, i.e. short-distance, and can be calculated in perturbation theory as long as � is
not too small.
With the Hamiltonian (1.19), the decay amplitude of a meson M into a final state
F is given by

A(M ! F ) = hF |Heff |Mi =
GFp

2

X

i

V
i

CKM
Ci(�) hF |Oi(�)|Mi , (1.20)

where the hadronic matrix elements hF |Oi(�)|Mi are usually computed with lat-
tice QCD and generally represent the largest source of uncertainty in the amplitude
evaluation.
The scale � is customarily set to the order of the decaying hadron mass, � = O(mb)
for B-decays. As the choice of the scale must not a↵ect the amplitude, the �-
dependence of the Wilson coe�cients Ci(�) has to cancel the �-dependence of the
hadronic matrix elements. When the energy scale is lowered from � = O(MW ),
some high energy contributions are transferred from the hadronic matrix elements
into the Ci(�): in other words, it is a matter of choice what exactly belongs to
Ci(�) and what to Oi(�). In addition, renormalisation of the local operators is
necessary when QCD or QED corrections, i.e. higher order processes, are taken
into account. Therefore, as for �, the hadronic matrix element dependence on the
renormalisation scheme must be cancelled out by the one of the Ci(�), so that the
physical amplitude is independent from the chosen scheme.
The values of Wilson coe�cients are calculated by matching the decay amplitude
in the e↵ective theory onto the one evaluated in the full theory. This matching is
performed at � = O(MW ), to get rid of the large logarithms ln MW /�, and the
Ci(�) are afterwards evolved down to the O(mb) scale by means of renormalisa-
tion group equations. Such procedure is known under the name of renormalisation
group improved perturbative expansion [43]. It is important to notice that the con-
struction of Heff is fully done in the perturbative framework, irrespective of the
complicated momentum configuration of the quarks bound in a meson state. The
Ci coe�cients are in fact independent on the external states.
Concerning B

0

q
! µ

+
µ

� processes (q = d, s), the only operators giving non-
vanishing contributions to the decay amplitudes are [44]:

O10 = (q̄�µPLb)(µ̄�
µ
�5µ),

OS = mb(q̄PRb)(µ̄µ),

OP = mb(q̄PRb)(µ̄�5µ). (1.21)

12

the hadronic matrix element is parametrised as a form factor and represents the largest 
source of error in the SM prediction due to non-perturbative QCD.

Flavour Changing Neutral Currents

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

for indirect NP searches

Strongly suppressed in the SM because

• arise only at the loop level

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

• the GIM mechanism

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

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

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 4/43
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C9 and C10 relevant 
for b→sl+l-

https://cds.cern.ch/record/2668971

https://cds.cern.ch/record/2668971
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RK as a test for Lepton Flavour Universality
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The RK ratio is free from hadronic uncertainties

and predicted to be 1 with O(1%) uncertainty (Lepton Flavour Universality)

Decays involving b! s`
+
`
� transitions, where ` represents a lepton, are mediated by

flavour-changing neutral currents. Such decays are suppressed in the Standard Model (SM),
as they proceed only through amplitudes that involve electroweak loop diagrams. These
processes are sensitive to virtual contributions from new particles, which could have masses
that are inaccessible to direct searches for resonances, even at Large Hadron Collider
experiments.

Theoretical predictions for exclusive b! s`
+
`
� decays rely on the calculation of

hadronic e↵ects, and recent measurements have therefore focused on quantities where the
uncertainties from such e↵ects are reduced to some extent, such as angular observables
and ratios of branching fractions. The results of the angular analysis of the decay
B

0
! K

⇤0
µ
+
µ
� [1–9] and measurements of the branching fractions of several b! s`

+
`
�

decays [10–13] are in some tension with SM predictions [14–19]. However, the treatment
of the hadronic e↵ects in the theoretical predictions is still the subject of considerable
debate [20–29].

The electroweak couplings of all three charged leptons are identical in the SM and,
consequently, the decay properties (and the hadronic e↵ects) are expected to be the same
up to corrections related to the lepton mass, regardless of the lepton flavour (referred to
as lepton universality). The ratio of branching fractions for B! Hµ

+
µ
� and B! He

+
e
�

decays, where H is a hadron, can be predicted precisely in an appropriately chosen range
of the dilepton mass squared q

2
min < q

2
< q

2
max [30, 31]. This ratio is defined by

RH =

Z
q
2
max

q
2
min

d�[B! Hµ
+
µ
�]

dq2
dq2

Z
q
2
max

q
2
min

d�[B! He
+
e
�]

dq2
dq2

, (1)

where � is the q2-dependent partial width of the decay. In the range 1.1 < q
2
< 6.0GeV2

/c
4,

such ratios are predicted to be unity with O(1%) precision [32]. The inclusion of charge-
conjugate processes is implied throughout this Letter.

The most precise measurements of RK in the region 1.0 < q
2
< 6.0GeV2

/c
4 and

RK⇤0 in the regions 0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4 have been

made by the LHCb collaboration and, depending on the theoretical prediction used,
are 2.6 [33], 2.1–2.3 and 2.4–2.5 standard deviations [34] below their respective SM
expectations [20, 21, 32, 35–42]. These tensions and those observed in the angular and
branching-fraction measurements can all be accommodated simultaneously in models with
an additional heavy neutral gauge boson [43–46] or with leptoquarks [47–51].

This Letter presents the most precise measurement of the ratio RK in the range
1.1 < q

2
< 6.0GeV2

/c
4. The analysis is performed using 5.0 fb�1 of proton-proton collision

data collected with the LHCb detector during three data-taking periods in which the
centre-of-mass energy of the collisions was 7, 8 and 13TeV. The data were taken in
the years 2011, 2012 and 2015–2016, respectively. Compared to the previous LHCb
RK measurement [33], the analysis benefits from a larger data sample and an improved
reconstruction; moreover the lower limit of the q

2 range is increased, in order to be
compatible with other LHCb b! s`

+
`
� analyses and to suppress further the contribution

from B
+
! �(! `

+
`
�)K+ decays. The results supersede those of Ref. [33].

Throughout this Letter B
+
! K

+
`
+
`
� refers only to decays with

1.1 < q
2
< 6.0GeV2

/c
4, which are denoted nonresonant, whereas B+

! J/ (! `
+
`
�)K+

1

Tests of LFU in b decays are a hot topic due to many anomalies observed at Belle, BaBar and LHCb:Previous RKú and RK results (LHCb Run 1 data)

LHCb: PRL113(2014)151601

BaBar: PRD86(2012)032012

Belle: PRL103(2009)171801

LHCb: JHEP08(2017)055

All LHCb results below SM expectations:

I RK = 0.745
+0.090

≠0.074
± 0.036 for 1.0 < q2 < 6.0 GeV2

, ≥ 2.6 ‡ from SM;

I RKú = 0.66
+0.11

≠0.07
± 0.03 for 0.045 < q2 < 1.1 GeV2

, ≥ 2.2 ‡ from SM;

I RKú = 0.69
+0.11

≠0.07
± 0.05 for 1.1 < q2 < 6.0 GeV2

, ≥ 2.4 ‡ from SM;

Together with b æ sµµ results, RK and RKú constitute an interesting pattern of anomalies,

but the significance is still low.

3 Thibaud Humair

Previous RKú and RK results (LHCb Run 1 data)
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I RKú = 0.69
+0.11

≠0.07
± 0.05 for 1.1 < q2 < 6.0 GeV2

, ≥ 2.4 ‡ from SM;

Together with b æ sµµ results, RK and RKú constitute an interesting pattern of anomalies,

but the significance is still low.

3 Thibaud Humair

Run 1 measurements 
at LHCb are 
systematically below 
the SM expectations

Previous RKú and RK results (LHCb Run 1 data)

LHCb: PRL113(2014)151601

BaBar: PRD86(2012)032012

Belle: PRL103(2009)171801

LHCb: JHEP08(2017)055

All LHCb results below SM expectations:

I RK = 0.745
+0.090

≠0.074
± 0.036 for 1.0 < q2 < 6.0 GeV2

, ≥ 2.6 ‡ from SM;

I RKú = 0.66
+0.11

≠0.07
± 0.03 for 0.045 < q2 < 1.1 GeV2

, ≥ 2.2 ‡ from SM;

I RKú = 0.69
+0.11

≠0.07
± 0.05 for 1.1 < q2 < 6.0 GeV2

, ≥ 2.4 ‡ from SM;

Together with b æ sµµ results, RK and RKú constitute an interesting pattern of anomalies,

but the significance is still low.

3 Thibaud Humair

Also R(D)-R(D*) 
anomalies (tree level) 
at ~4𝜎

Many theoretical models with Z’ or LQ can accomodate the “deviations” simultaneously

EPJC 76 (2016) 8,440

https://arxiv.org/abs/1903.11517

https://arxiv.org/pdf/1605.07633.pdf
https://arxiv.org/abs/1903.11517
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RK at LHCb
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Strategy (II)

d�
dq2

q2[4m(`)2]

B+ ! K+ (2S)(`+`�)

B+ ! K+J/ (1S)(`+`�)

B+ ! K+`+`�

Resonant and nonresonant are separated in q2

! However, good overlap between B+ ! K+`+`� and

B+ ! K+J/ (`+`�) in the variables relevant to the detector response

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 19/43
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At LHCb, RK is measured as a double ratio:*
RK measurement at LHCb

Need two inputs to measure RK : yields and e�ciencies.

RK =
B(B+ æ K+µµ)

B(B+ æ K+ee)

?
B(B+ æ K+J/Â(µµ))

B(B+ æ K+J/Â(ee))

=
N(K+µµ)

N(K+J/Â(µµ))
· N(K+J/Â(ee))

N(K+ee)
· Á(K+J/Â(µµ))

Á(K+µµ)
· Á(K+ee)

Á(K+J/Â(ee))

Electron and muon tracks very di�erent in LHCb:

I Electrons interact with material and emit

bremsstrahlung;

I worse mass and q2 resolution;
I lower reconstruction e�ciency.

I Better PID and trigger performances for muons.

e track

µ track

Critical aspect in the analysis: get the electron e�ciencies fully under control.

∆ use double ratio to cancel out most systematic uncertainties.

4 Thibaud Humair

to cancel most of the systematic effects.

Rare and resonant modes:
- Same event selection
- Separated by q2

https://cds.cern.ch/record/2668971

* LFU holds in J/psi decays up to 0.4% [PDG]

ArXiv:1903.09252

A new measurement is presented 
here on Run 1 + 2fb-1 of Run 2 data

https://cds.cern.ch/record/2668971
https://arxiv.org/abs/1903.09252
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Muons vs Electrons
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RK measurement at LHCb

Need two inputs to measure RK : yields and e�ciencies.

RK =
B(B+ æ K+µµ)

B(B+ æ K+ee)

=
N(K+µµ)

N(K+ee)
· Á(K+ee)

Á(K+µµ)

Electron and muon tracks very di�erent in LHCb:

I Electrons interact with material and emit

bremsstrahlung;

I worse mass and q2 resolution;
I lower reconstruction e�ciency.

I Better PID and trigger performances for muons.

e track

µ track

Critical aspect in the analysis: get the electron e�ciencies fully under control.

∆ use double ratio to cancel out most systematic uncertainties.

4 Thibaud HumairHowever, reconstruction + trigger efficiency and q2 resolution are lower for electrons

https://cds.cern.ch/record/2668557

Supplemental Material for LHCb-PAPER-2019-009

The two-dimensional distributions of [m(K+
`
+
`
�), q2] for muon and electron candidates

are shown in Fig. S1. For the muon sample, nonresonant candidates can be seen to
accumulate in a vertical band around the B

+ meson mass. For the electron candidates,
only some of the bremsstrahlung energy is recovered by the procedure described in the
Letter and this results in a worse mass resolution and a long tail to lower K+

e
+
e
� masses.

The vertical band of signal candidates is then more di�cult to discern. The resonant
signals from B

+
! J/ (! `

+
`
�)K+ and B

+
!  (2S)(! `

+
`
�)K+ decays are visible as

diagonal bands, where the extended tails originate from both radiative and resolution
e↵ects, which are especially marked for the electron decay modes. As the energy loss
a↵ects both m(K+

`
+
`
�) and q

2 measurements, the angle of these bands is fixed and it is
not possible for candidates to migrate into the bulk of the signal region in [m(K+

`
+
`
�), q2].

For the electron mode, the lower radiative tail of B+
! J/ (! e

+
e
�)K+ decays enters

the 1.1 < q
2
< 6.0GeV2

/c
4 region only at the lower part of the m(K+

e
+
e
�) fit range

around 4.9GeV/c2 (see also the left side of the B
+
! K

+
e
+
e
� fit projection in Fig. 2 of

the Letter).
The reconstructed properties of simulated decays are shown in Fig. S2. The distribu-

tions for resonant and nonresonant decays are similar and consequently the determination
of the e�ciency of each nonresonant decay with respect to its corresponding resonant
decay results in the cancellation of systematic e↵ects.

Figure S3 shows the m(K+
e
�) mass distribution for B+

! K
+
e
+
e
� signal decays and

for several cascade background decays. For the mass reconstructed taking into account
the bremsstrahlung correction, signal candidates are required to satisfy m(K+

e
�) > mD0 ,

suppressing the majority of cascade backgrounds to negligible levels. However, for cascade
backgrounds involving D

0
! K

+
⇡
� decays, where the ⇡+ is misidentified as an electron,

the bremsstrahlung correction gives rise to a long tail of candidates with m(K+
e
�) > mD0 .
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Figure S1: Two-dimensional distributions of [m(K+`+`�), q2] for (left) muon and (right) electron
candidates after the application of the pre-selection and trigger requirements but not the
multivariate selection.

1

Electrons emit significant bremsstrahlung photons at LHCb: to improve the momentum 
resolution, a photon cluster in the calorimeter is searched for

Electron Bremsstrahlung

Electrons lose a large fraction of their energy through Bremsstrahlung radiation

Bremsstrahlung recovery procedure to improve momentum measurement for
electrons
! Look for photon clusters in the calorimeter (ET > 75MeV) compatible with
electron direction before magnet

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 16/43
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https://cds.cern.ch/record/2668971

ArXiv:1903.09252

https://cds.cern.ch/record/2668557
https://cds.cern.ch/record/2668971
https://arxiv.org/abs/1903.09252
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Controlling efficiencies
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Efficiency ratios are computed from simulations and corrected from data concerning:

Cross-check 1: rJ/Â in 1D

To check e�ciencies are correct, check:

rJ/Â =
B(B æ K+J/Â(µµ))

B(B æ K+J/Â(ee))
= 1.0,

Result:

rJ/Â = 1.014 ± 0.035 (stat. + syst.)

I Check that e�ciencies are understood as a

function of any variable:

∆ di�erential rJ/Â demonstrates it is the

case: rJ/Â is flat for all variables examined.

]c)) [MeV/−l(
T
p), +l(

T
pmin(

1000 2000 3000 4000 5000
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ψ
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) spectra,

bias expected on RK if deviations are genuine

rather than fluctuations is 0.1%.
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Even stronger check vs kinematics:

uncertainties are accounted for through constraints on the e�ciency values used in the fit
to determine RK , taking into account the correlations between di↵erent trigger categories
and data-taking periods. The combined statistical and systematic uncertainty is then
determined from a profile-likelihood scan. In order to isolate the statistical contribution
to the uncertainty, the profile-likelihood scan is repeated with the e�ciencies fixed to their
fitted values. For the subsamples of the electron-mode data where the trigger is based
on the kaon or on other particles in the event that are not part of the signal candidate,
the dominant systematic uncertainties come from the (data-derived) calibration of the
trigger e�ciencies. For the electron trigger, there are comparable contributions from the
statistical uncertainties associated with various calibration samples and the calibration of
data-simulation di↵erences.

The migration of events in q
2 is studied in the simulation. The e↵ect of the di↵ering

q
2 resolution between data and simulation, which alters the estimate of the migration,
gives a negligible uncertainty in the determination of the ratio of e�ciencies. The
uncertainties on parameters used in the simulation decay model (Wilson coe�cients, form
factors, other hadronic uncertainties etc.) a↵ect the q2 distribution and hence the selection
e�ciencies determined from simulation. The variation caused by the uncertainties on these
parameters is propagated to an uncertainty on RK using predictions from the flavio
software package [41]. The resulting systematic e↵ect on RK is negligible, even when
non-SM values of the Wilson coe�cients are considered.

Several cross-checks are used to verify the analysis procedure. The single ratio
rJ/ = B(B+

! J/ (! µ
+
µ
�)K+)/B(B+

! J/ (! e
+
e
�)K+) is known to be compatible

with unity at the 0.4% level [52, 53]. This ratio does not benefit from the cancellation of
systematic e↵ects that the double ratio used to measure RK exploits, and is therefore a
stringent test of the control of the e�ciencies. The corrections applied to the simulation
do not force rJ/ to be unity and some of the corrections shift rJ/ in opposing directions.
The value of rJ/ is found to be 1.014±0.035, where the uncertainty includes the statistical
uncertainty and those systematic e↵ects relevant to the RK measurement. It does not
include additional subleading systematic e↵ects that should be accounted for in a complete
measurement of rJ/ . As a further cross-check, the double ratio of branching fractions,

R
 (2S)
K

, defined by

R
 (2S)
K

=
B(B+

!  (2S)(! µ
+
µ
�)K+)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

!  (2S)(! e
+
e
�)K+)

B(B+
! J/ (! e

+
e
�)K+)

,

is determined to be 0.986 ± 0.013, where again the uncertainty includes the statistical
uncertainty but only those systematic e↵ects that are relevant to the RK measurement.
This ratio provides an independent validation of the analysis procedure.

Leptons from B
+
! J/ K

+ decays have a di↵erent q
2 value than those from the

nonresonant decay modes. However, the detector e�ciency depends on laboratory-frame
variables rather than on q

2, e.g. the momenta of the final-state particles, opening angles, etc.
In these laboratory variables there is significant overlap between the nonresonant and
resonant modes, even if the decays do not overlap in q

2 (see the Supplemental Material [70]).
The rJ/ ratio is examined as a function of a number of reconstructed variables. Any trend
would indicate an uncontrolled systematic e↵ect that would only partially cancel in the
double ratio. For each of the variables examined, no significant trend is observed. Figure 1
shows one example and others are provided in the Supplemental Material [70]. Assuming
the deviations that are observed indicate genuine mismodelling of the e�ciencies, rather

6

is also compatible with 1 within 1𝜎.

1.  PID 
2.   Mass resolution

The effectiveness of the correction is checked by measuring

→ stringent test as it requires 
muon and electron efficiencies 
to be controlled individually C
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Figure S6: (Top) distributions of the spectra of (left) the B+ transverse momentum and (right)
the minimum pT of the leptons. (Bottom) the single ratio rJ/ relative to its average value⌦
rJ/ 

↵
as a function of these variables.
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3.  B+ kinematics
4.  Trigger
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Invariant mass fits

!34

A simultaneous fit to rare+resonant electron and muon channels is performed to extract RK
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Figure 2: Fits to the m(J/ )(K
+`+`�) invariant mass distribution for (left) electron and

(right) muon candidates for (top) nonresonant and (bottom) resonant decays. For the electron
(muon) nonresonant plots, the red-dotted line shows the distribution that would be expected
from the observed number of B+

! K+µ+µ� (B+
! K+e+e�) decays and RK = 1.

the di↵erent data-taking periods and trigger categories. A fit to just the 7 and 8TeV data
gives a value for RK compatible with the previous LHCb measurement [33] within one
standard deviation. This consistency test takes into account the large correlation between
the two data samples, which are not identical due to di↵erent reconstruction and selection
procedures. The result from just the 7 and 8TeV data is also compatible with that from
only the 13TeV data at the 1.9 standard deviation level.

The branching fraction of the B
+
! K

+
e
+
e
� decay is determined in the nonresonant

signal region 1.1 < q
2
< 6.0GeV2

/c
4 by combining the value of RK with the value of

B(B+
! K

+
µ
+
µ
�) from Ref. [12], taking into account correlated systematic uncertainties.

This gives

dB(B+
! K

+
e
+
e
�)

dq2
(1.1 < q

2
< 6.0GeV2

/c
4) = (28.6 +2.0

�1.7 ± 1.4)⇥ 10�9
c
4
/GeV2

.

The dominant systematic uncertainty is from the limited knowledge of the B
+
! J/ K

+

branching fraction [53]. This is the most precise measurement to date and is consistent
with predictions based on the SM [41,77].

In summary, in the dilepton mass-squared region 1.1 < q
2
< 6.0GeV2

/c
4, the ratio

of the branching fractions for B+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decays is measured to

be RK = 0.846 +0.060
� 0.054

+0.016
� 0.014. This is the most precise measurement of this ratio to date

and is consistent with the SM prediction at the level of 2.5 standard deviations. Further

8

Fit to B+ æ K +µ+µ≠
and B+ æ K +e+e≠

A single fit to the m(K+¸+¸≠
) distributions is performed to determine RK from the entire

2011-2016 dataset, taking into account all correlations (LHCb-Paper-2019-009):
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Partially 
reconstructed 
background and 
tail from resonant 
mode are 
significant in ee

Dilepton mass 
constrained to the 
J/ѱ mass to 
improve the 
resolution

Rare modes:

Resonant modes:
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RK result with 2011 to 2016 data LHCb-Paper-2019-009

Using 2011 and 2012 LHCb data, RK was:

RK = 0.745
+0.090

≠0.074
(stat.) ± 0.036(syst.),

≥ 2.6 ‡ from SM (PRL113(2014)151601).

Adding 2015 and 2016 data, RK becomes:

RK = 0.846 +0.060
≠0.054(stat.) +0.016

≠0.014(syst.)

≥ 2.5 ‡ from SM.
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Old Run 1 analysis New Run 1 + Run 2 (2 fb-1) analysis
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By fitting Run 1 and Run 2 data separately:

Branching fractions and other results LHCb-Paper-2019-009

If instead the Run 1 and Run 2 were fitted separately:

Rnew
K Run 1 = 0.717

+0.083

≠0.071

+0.017

≠0.016
, RK Run 2 = 0.928

+0.089

≠0.076

+0.020

≠0.017
,

Rold
K Run 1 = 0.745

+0.090

≠0.074
± 0.036 (PRL113(2014)151601) ,

Compatibility taking correlations into account:

I Previous Run 1 result vs. this Run 1 result (new reconstruction selection): < 1 ‡;

I Run 1 result vs. Run 2 result: 1.9 ‡.

B+ æ K+µ+µ≠ branching fraction:

I Compatible with previous result (JHEP06(2014)133) at < 1 ‡;

I Run 1 and Run 2 results compatible at < 1 ‡.

B+ æ K+e+e≠ branching fraction:

dB (B+ æ K+e+e≠
)

dq2
(1.1 < q2 < 6.0 GeV2

) = (28.6+2.0
≠1.7 ± 1.4) ◊ 10

≠9 GeV≠2
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compatible at 1.9𝜎 

ArXiv:1903.09252

The new analysis on Run 1 data (new reconstruction and selection) agrees with the old one 
within 1𝜎

https://arxiv.org/abs/1903.09252
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Implications of RK
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New LHCb measurement has significantly improved precision wrt previous result

Muonic C9 vs. C10
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! Perfect agreement

between RK(∗) &
b → sμμ

! Pull towards C10 > 0
mostly from
Bs → μ+μ−

! Excellent for models
with LH leptons
(C9 = −C10)

Now
! Agreement between

RK(∗) & b → sμμ no
longer perfect

! Fit closer to SM,
C9 = −C10 still
preferred

David Straub 12
Straub, Moriond EW 2019

PRD 96, 093006 (2017)

7

B. Fits to RK , RK⇤ and Bs ! µµ

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

R =
BR(Bs ! µµ)

BR(Bs ! µµ)SM
=

����
Cµ

10

CSM
10

����
2

, (16)

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

`
10), only depends on the coefficient Cµ

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

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

9 , �C
µ
10) fit, in Fig. 4.

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

Coeff. best fit �2
min p-value SM exclusion [�] 1� range 3� range

�Cµ
9 -1.64 5.65 0.130 3.87 [-2.31, -1.12] [<-4, -0.31]

�Cµ
10 0.91 4.98 0.173 3.96 [0.66, 1.18] [0.20, 1.85]

�Cµ
L -0.61 3.36 0.339 4.16 [-0.78, -0.46] [-1.14, -0.16]

Coeff. best fit �2
min p-value SM exclusion [�] parameter ranges

(�Cµ
9 , �C

µ
10) (-0.76, 0.54) 3.31 0.191 3.76 Cµ

9 2 [-1.50, -0.16] Cµ
10 2 [0.18, 0.92]

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

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

9 and �Cµ
10 no longer allowed. We note, in particular,

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

• New RK, RK* and Bs→μ+μ- measurements with full statistics are ongoing, stay tuned!

• “Golden channel” Bs→μ+μ- is driving 
C10, leading role of the LNF group in 
the analysis

• Best fit on Wilson coefficients C9 and C10 a 
bit closer to SM wrt pre-Moriond 2019 (---)

http://moriond.in2p3.fr/2019/EW/slides/6_Friday/2_afternoon/4_straub-moriond-2019.pdf
https://arxiv.org/abs/1704.05446
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Future prospects
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• Belle II will take data during LHCb Run 3, aiming at 50ab-1 at the end of 2025

1 Executive summary

1.1 Overview

2021	 2022	 2023	 2024	 2025	 2026	 2027	 2028	 2029	 2030	 2031	 …	

LHC	

Upgrade	Ia	 Upgrade	Ib	 Upgrade	II	

Run	3	 LS3	 LS4	

HL-LHC	 Run	4	 Run	5	LS3	 LS4	

Figure 1.1: Timeline of accelerator and experiment operations over the decade 2021 to 2031. The periods
of operations of the LHC and HL-LHC are indicated and the long shutdowns (LS). The LHCb operational
periods are shown with gaps where the detector consolidation and upgrades discussed in this document
occur. The running period of Belle II, the other major international flavour-physics facility, is also shown.

It is widely recognised in the particle physics community that the complementary approaches
of the energy and intensity frontier must both be utilised in the search for physics beyond the
Standard Model. The European Strategy for Particle Physics in 2013 emphasised the need for
flavour physics as a key element of the programme. The LHCb experiment has demonstrated
emphatically that the LHC is an ideal laboratory for quark-flavour physics.

The LHCb Upgrade II programme [1] aims to make full use of the capabilities of a forward
acceptance detector during the High Luminosity LHC (HL-LHC) operational period. Foremost
in the physics programme, are the possibilities of the experiment in its core areas of CP violation
and rare decays in flavour physics. Two chapters of the document are also dedicated to its
capabilities in forward and high-pT physics and in spectroscopy. Opportunities in other areas of
physics are described in an appendix.

The timeline of operations and major shutdowns of the LHC, HL-LHC, LHCb and Belle II
are illustrated in Fig. 1.1. The LHCb Upgrade I is currently under construction and will start
data taking in 2021 after LHC Long Shutdown 2 (LS2). LHCb Upgrade II will be installed
during LS4, with operations beginning in LHC Run 5 which is scheduled to start in 2031. This
Upgrade II experiment will operate at instantaneous luminosities of up to 2 ⇥ 1034 cm�2 s�1, an
order of magnitude above Upgrade I. LHCb will accumulate a data sample corresponding to
a minimum of 300 fb�1. New attributes, installed in LS3 and LS4, will enhance the detector’s
capabilities to a wider range of physics signatures.

Consolidation of the LHCb Upgrade I detector is required during LS3. Preparatory work for
Upgrade II will be performed at this time making best use of the extended shutdown period.
These changes are known as Upgrade Ib. LHCb will continue data taking at an instantaneous
luminosity of 2 ⇥ 1033 cm�2 s�1 until LS4.

The HL-LHC starts operations after LS3. It is expected that the Belle II experiment [2] will

1

LHCb-PUB-2018-009

• Direct competition with LHCb on charged modes, with Belle II having the same efficiency 
on electrons and muons

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

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

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

s ! �e+e� – 80 230 530 3 300
⇤0

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

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

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

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

78

• Belle II also has the advantage on inclusive modes and leptons other than muons (e.g. b→sνν)
• Next years will be crucial to understand the LFU picture

9 Radiative and Electroweak Penguin B Decays

Table 67: The Belle II sensitivities to B ! K(⇤)`+`� observables that allow to test lepton

flavour universality. Some numbers at Belle are extrapolated to 0.71 ab�1.

Observables Belle 0.71 ab�1 Belle II 5 ab�1 Belle II 50 ab�1

RK ([1.0, 6.0] GeV2) 28% 11% 3.6%

RK (> 14.4 GeV2) 30% 12% 3.6%

RK⇤ ([1.0, 6.0] GeV2) 26% 10% 3.2%

RK⇤ (> 14.4 GeV2) 24% 9.2% 2.8%

RXs
([1.0, 6.0] GeV2) 32% 12% 4.0%

RXs
(> 14.4 GeV2) 28% 11% 3.4%

QFL
([1.0, 2.5] GeV2) 0.19 0.063 0.025

QFL
([2.5, 4.0] GeV2) 0.17 0.057 0.022

QFL
([4.0, 6.0] GeV2) 0.14 0.046 0.018

QFL
(> 14.2 GeV2) 0.088 0.027 0.009

Q1 ([1.0, 2.5] GeV2) 0.59 0.24 0.078

Q1 ([2.5, 4.0] GeV2) 0.53 0.21 0.071

Q1 ([4.0, 6.0] GeV2) 0.43 0.17 0.057

Q1 (> 14.2 GeV2) 0.33 0.12 0.040

Q2 ([1.0, 2.5] GeV2) 0.32 0.12 0.040

Q2 ([2.5, 4.0] GeV2) 0.30 0.11 0.036

Q2 ([4.0, 6.0] GeV2) 0.24 0.090 0.029

Q2 (> 14.2 GeV2) 0.086 0.034 0.011

Q3 ([1.0, 2.5] GeV2) 0.32 0.12 0.040

Q3 ([2.5, 4.0] GeV2) 0.30 0.11 0.036

Q3 ([4.0, 6.0] GeV2) 0.24 0.090 0.029

Q3 (> 14.2 GeV2) 0.18 0.068 0.022

Q4 ([1.0, 2.5] GeV2) 0.50 0.18 0.056

Q4 ([2.5, 4.0] GeV2) 0.45 0.15 0.049

Q4 ([4.0, 6.0] GeV2) 0.34 0.12 0.040

Q4 (> 14.2 GeV2) 0.26 0.099 0.032

Q5 ([1.0, 2.5] GeV2) 0.47 0.17 0.054

Q5 ([2.5, 4.0] GeV2) 0.42 0.15 0.049

Q5 ([4.0, 6.0] GeV2) 0.34 0.12 0.040

Q5 (> 14.2 GeV2) 0.23 0.088 0.027

Q6 ([1.0, 2.5] GeV2) 0.50 0.17 0.054

Q6 ([2.5, 4.0] GeV2) 0.45 0.15 0.049

Q6 ([4.0, 6.0] GeV2) 0.36 0.12 0.040

Q6 (> 14.2 GeV2) 0.27 0.10 0.032

Q8 ([1.0, 2.5] GeV2) 0.51 0.19 0.061

Q8 ([2.5, 4.0] GeV2) 0.47 0.17 0.056

Q8 ([4.0, 6.0] GeV2) 0.38 0.14 0.045

Q8 (> 14.2 GeV2) 0.27 0.10 0.032

247/688

BELLE2-PAPER-2018-001

https://cds.cern.ch/record/2320509
http://inspirehep.net/record/1692393/files/fermilab-pub-18-398-t.pdf
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Three new exciting results from LHCb Run 2 across different physics sectors:

1. First observation of CP violation in charm

• 3 new states discovered, many more to come
2. New pentaquark states

3. Updated RK
• Towards the final word on LFU

• Another bit in matter asymmetry 

And many more interesting measurements are ongoing!



4. backup
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Detection asymmetries

!40

• For some regions of phase 
space, the soft pion of a 
specific charge is kicked out 
from the detector acceptance 
by the magnetic field
• In such regions very large 
values of the raw 
asymmetries are found

Fiducial selection

14Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna

!!/#!

slow #"

x

z

slow #!

$ field

!"/#"

LHCb-PAPER-2019-006

NEW

• Remove soft pion kinematic regions when the raw
asymmetry is very high
• Similarly for the muon in the SL sample

Fiducial selection

15Moriond EW 2019 - 21/03/2019F. Betti - INFN Bologna, University of Bologna
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Figure 3: Background-subtracted distributions of momentum (p), transverse momentum (pT),
azimuthal angle (') and pseudorapidity (⌘) of D⇤+ mesons for the prompt sample: (left col-
umn) before and (right column) after the weighting procedure for D0

! K�K+ and D0
! ⇡�⇡+

decays, as indicated in the legends. The distributions are normalized to unit area.
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Figure 4: Background-subtracted distributions of momentum (p), transverse momentum (pT),
azimuthal angle (') and pseudorapidity (⌘) of D0 mesons for the semileptonic sample: (left col-
umn) before and (right column) after the weighting procedure for D0

! K�K+ and D0
! ⇡�⇡+

decays, as indicated in the legends. The distributions are normalized to unit area.
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Table 1: Systematic uncertainties on �ACP for ⇡- and µ-tagged decays (in 10�4). The total
uncertainties are obtained as the sums in quadrature of the individual contributions.

Source ⇡-tagged µ-tagged
Fit model 0.6 2
Mistag – 4
Weighting 0.2 1
Secondary decays 0.3 –
B fractions – 1
B reco. e�ciency – 2
Peaking background 0.5 –
Total 0.9 5

Systematic uncertainties of 0.2 ⇥ 10�4 and 1 ⇥ 10�4 accounting for the knowledge
of the weights used in the kinematic weighting procedure are assessed for ⇡-tagged and
µ-tagged decays, respectively. Although suppressed by the requirement that the D0

trajectory points back to the PV, a fraction of D0 mesons from B decays is still present
in the final ⇡-tagged sample. As D0

! K�K+ and D0
! ⇡�⇡+ decays may have di↵erent

levels of contamination, the value of �ACP may be biased because of an incomplete
cancellation of the production asymmetries of b hadrons. The fractions of D0 mesons
from B decays are estimated by performing a fit to the distribution of the D0-candidate
impact parameter in the plane transverse to the beam direction. The corresponding
systematic uncertainty is estimated to be 0.3⇥ 10�4. A systematic uncertainty associated
to the presence of background components peaking in m(D0⇡) and not in m(D0) is
determined by fits to the m(D0) distributions, where these components are modeled using
fast simulation [49]. The main sources are the D0

! K�⇡+⇡0 decay for the K+K� final
state, and the D0

! ⇡�µ+⌫µ and D0
! ⇡�e+⌫e decays for the ⇡+⇡� final state. Yields

and raw asymmetries of the peaking-background components measured from the fits
are then used as inputs to pseudoexperiments designed to evaluate the corresponding
e↵ects on the determination of �ACP . A value of 0.5⇥ 10�4 is assigned as a systematic
uncertainty.

In the case of µ-tagged decays, the fractions of reconstructed B decays can be slightly
di↵erent between the K�K+ and ⇡�⇡+ decay modes, which could lead to a small bias
in �ACP . Using the LHCb measurements of the b-hadron production asymmetries [37],
the systematic uncertainty on �ACP is estimated to be 1⇥ 10�4. The combination of a
di↵erence in the B reconstruction e�ciency as a function of the decay time between the
D0

! K�K+ and D0
! ⇡�⇡+ modes and the presence of neutral B-meson oscillations

may also cause an imperfect cancellation of AP(B) in �ACP . The associated systematic
uncertainty is estimated to be 2⇥ 10�4.

All individual contributions are summed in quadrature to give total systematic un-
certainties on �ACP of 0.9⇥ 10�4 and 5⇥ 10�4 for the ⇡-tagged and µ-tagged samples,
respectively. A summary of all systematic uncertainties is reported in Table 1. Other
possible systematic uncertainties are investigated and found to be negligible.

Numerous additional robustness checks are carried out. The measured value of �ACP

is studied as a function of several variables, notably including: the azimuthal angle, �2
IP,

transverse momentum and pseudorapidity of ⇡-tagged and µ-tagged D0 mesons as well

6
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Are the Pc+ states reflections?
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Model-independent confirmation

In practise, the Legendre moments include
all contributions in K≠p with spin 2Jmax

or less, depending on the given mKp range,
up to Jmax = 9/2.

Dalitz variables, ðm2
Kp;m

2
J=ψpÞ, or equivalently, in

ðmKp; cos θΛ# Þ, where θΛ# is the helicity angle of the
K−p system, defined as the angle between the ~pK and
−~pΛ0

b
(or −~pJ=ψ ) directions in the K−p rest frame.

The ðmKp; cos θΛ# Þ plane is particularly suited for
implementing constraints stemming from the H0 hypoth-
esis by expanding the cos θΛ# angular distribution in
Legendre polynomials Pl,

dN=d cos θΛ# ¼
Xlmax

l¼ 0

hPU
l iPlðcos θΛ# Þ;

where N is the efficiency-corrected and background-
subtracted signal yield, and hPU

l i is an unnormalized
Legendre moment of rank l,

hPU
l i ¼

Z
þ 1

−1
d cos θΛ#Plðcos θΛ# ÞdN=d cos θΛ# :

Under the H0 hypothesis, K−p components cannot con-
tribute to moments of rank higher than 2Jmax, where Jmax is
the highest spin of any K−p contribution at the given mKp
value. This requirement sets the appropriate lmax value,
which can be deduced from the lightest experimentally
known Λ# resonances for each J, or from the quark model,
as in Fig. 1. An lmaxðmKpÞ function is formed, guided by
the values of resonance masses (M0) lowered by two units
of their widths (Γ0): lmax ¼ 3 for mKp up to 1.64 GeV, 5 up
to 1.70 GeV, 7 up to 2.05 GeV, and 9 for higher masses as
visualized in Fig. 1.
Reflections from other channels, Λ0

b → Pþ
c K−, Pþ

c →
J=ψp or Λ0

b → Z−
csp, Z−

cs → J=ψK−, would introduce both
low and high rank moments (see the Supplemental Material
[16] for an illustration). The narrower the resonance,
the narrower the reflection, and the higher the rank l of
Legendre polynomials required to describe such a structure.
Selection criteria and backgrounds can also produce

high-l structures in the cos θΛ# distribution. Therefore, the
data are efficiency corrected and the background is sub-
tracted. Even though testing the H0 hypothesis involves
only two dimensions, the selection efficiency has some
dependence on the other phase-space dimensions, namely
the Λ0

b and J=ψ helicity angles, as well as angles between
the Λ0

b decay plane and the J=ψ and Λ# decay planes.
Averaging the efficiency over these additional dimensions
(Ωa) would introduce biases dependent on the exact
dynamics of the Λ# decays. Therefore, a six-dimensional
efficiency correction is used. The efficiency parametriza-
tion, ϵðmKp; cos θΛ# ;ΩaÞ, is the same as that used in the
amplitude analysis and is described in Sec. V of the
supplement of Ref. [3].
In order to make the analysis as model independent as

possible, no interpretations are imposed on the mKp
distribution. Instead, the observed efficiency-corrected

and background-subtracted histogram of mKp is used.
To obtain a continuous probability density function,
F ðmKpjH0Þ, a quadratic interpolation of the histogram
is performed, as shown in Fig. 2. The essential part of
this analysis method is to incorporate the l≤lmaxðmKpÞ
constraint on the Λ# helicity angle distribution:
F ðmKp; cos θΛ# jH0Þ ¼ F ðmKpjH0ÞF ðcos θΛ# jH0; mKpÞ,
where F ðcosθΛ# jH0;mKpÞ is obtained via linear inter-
polation between neighboring mKp bins of

F ðcos θΛ# jH0; mKp
kÞ ¼

XlmaxðmKp
kÞ

l¼ 0

hPN
l ikPlðcos θΛ# Þ;

where k is the bin index. Here, the Legendre moments hPN
l ik

are normalized by the yield in the corresponding mKp bin,
since the overall normalization ofF ðcos θΛ# jH0; mKpÞ to the
data is already contained in the F ðmKpjH0Þ definition. The
data are used to determine

hPU
l ik ¼

Xncandk

i¼ 1

ðwi=ϵiÞPlðcos θiΛ# Þ:

Here, the index i runs over selected J=ψpK− candidates in
the signal and sideband regions for the kth bin of mKp
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FIG. 1. Excitations of the Λ baryon. States predicted in Ref. [8]
are shown as short horizontal bars (black) and experimentally
well-established Λ# states are shown as green boxes covering the
mass ranges from M0 − Γ0 to M0 þ Γ0. The mKp mass range
probed in Λ0

b → J=ψpK− decays is shown by long horizontal
lines (blue). The lmaxðmKpÞ filter is shown as a stepped line (red).
All contributions from Λ# states with JP values to the left of the
red line are accepted by the filter. The filter works well also for
the excitations of the Σ baryon [8,12] (not shown).
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(ncandk is their total number), ϵi ¼ ϵðmKp
i; cos θΛ# i;Ωa

iÞ is
the efficiency correction, and wi is the background sub-
traction weight, which equals 1 for events in the signal
region and −βnsigcand=nsidecand for events in the sideband region.
Values of hPU

l ik are shown in Fig. 3.
Instead of using the two-dimensional (2D) distribution of

ðmKp; cos θΛ# Þ to evaluate the consistency of the data with
the H0 hypothesis, now expressed by the l ≤ lmaxðmKpÞ
requirement, it is more effective to use the mJ=ψp (mJ=ψK)
distribution, as any deviations fromH0 should appear in the

mass region of potential pentaquark (tetraquark) resonan-
ces. The projection of F ðmKp; cos θΛ# jH0Þ onto mJ=ψp

involves replacing cos θΛ# with mJ=ψp and integrating over
mKp. This integration is carried out numerically, by
generating large numbers of simulated events uniformly
distributed in mKp and cos θΛ# , calculating the correspond-
ing value of mJ=ψp, and then filling a histogram with
F ðmKp; cos θΛ# jH0Þ as a weight. In Fig. 4, F ðmJ=ψpjH0Þ is
compared to the directly obtained efficiency-corrected and
background-subtracted mJ=ψp distribution in the data.
To probe the compatibility of F ðmJ=ψpjH0Þ with the

data, a sensitive test can be constructed by making a
specific alternative hypothesis (H1). Following the method
discussed in Ref. [14], H1 is defined as l ≤ llarge, where
llarge is not dependent on mKp and large enough to
reproduce structures induced by J=ψp or J=ψK contribu-
tions. The significance of the lmaxðmKpÞ ≤ l ≤ llarge
Legendre moments is probed using the likelihood ratio
test,

Δð−2 lnLÞ ¼
Xnsigcandþ nsidecand

i¼1

wi ln
F ðmJ=ψp

ijH0Þ=IH0

F ðmJ=ψp
ijH1Þ=IH1

;

with normalizations IH0;1
determined via Monte Carlo

integration. Note that the explicit event-by-event efficiency
factor cancels in the likelihood ratio, but enters the like-
lihood normalizations. In order for the test to have optimal
sensitivity, the value llarge should be set such that the
statistically significant features of the data are properly
described. Beyond that the power of the test deteriorates.
The limit llarge → ∞ would result in a perfect description of
the data, but a weak test since then the test statistic would
pick up the fluctuations in the data. For the same reason,
it is also important to choose llarge independently of the
actual data. Here, llarge ¼ 31 is taken, one unit larger
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FIG. 2. Efficiency-corrected and background-subtracted mKp
distribution of the data (black points with error bars), with
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the data by construction.
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By looking at mJ/Âp it is clear that the
distribution cannot be explained using
only reflections.
The discrepancy is more than 9‡.

[Phys. Rev. Lett. 117, 082002 (2016)]
Lorenzo Capriotti - Pentaquarks 12 / 29

PRL 117 082202 (2016)

Model-independent confirmation
To confirm the previous result, the analysis is repeated using a di�erent,
model-independent approach.

Minimal assumptions on the excited �ú spin and shapes
Can include also nonresonant K≠p and �ú contributions

The strategy is to describe the 2D plane (mKp,cos ◊�ú) expanding the helicity
angle ◊�ú in Legendre polynomials:

dN/d(cos ◊�ú) =
lmaxÿ

l=0

+
P U

l

,
Pl(cos ◊�ú)

where
+
P U

l

,
=

⁄ +l

≠l
d cos ◊�úPl(cos ◊�ú)dN/d(cos ◊�ú)

and it is extracted from the mKp distribution in data.
If no exotic contribution is present and the structures in mJ/Âp are due to
reflections, then this expansion will be enough to describe the mJ/Âp spectrum

[Phys. Rev. Lett. 117, 082002 (2016)]
Lorenzo Capriotti - Pentaquarks 11 / 29
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To confirm the previous result, the analysis is repeated using a di�erent,
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Can include also nonresonant K≠p and �ú contributions

The strategy is to describe the 2D plane (mKp,cos ◊�ú) expanding the helicity
angle ◊�ú in Legendre polynomials:

dN/d(cos ◊�ú) =
lmaxÿ

l=0

+
P U

l

,
Pl(cos ◊�ú)

where
+
P U

l

,
=

⁄ +l

≠l
d cos ◊�úPl(cos ◊�ú)dN/d(cos ◊�ú)

and it is extracted from the mKp distribution in data.
If no exotic contribution is present and the structures in mJ/Âp are due to
reflections, then this expansion will be enough to describe the mJ/Âp spectrum

[Phys. Rev. Lett. 117, 082002 (2016)]
Lorenzo Capriotti - Pentaquarks 11 / 29

If the structures in m(J/ѱp) are reflections, the expansion will be able to describe the spectrum 

• Minimal assumptions on pK- resonances
• Helicity angle expansion up to J=9/2 with coefficient from m(pK) data

• The model fits the m(pK) spectrum
• … but still can’t describe m(J/ѱp)!

• Discrepancy > 9𝜎

Model independent analysis: check if a sum of pK- resonances can explain the observed spectrum

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.082002
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Analysis strategy for RK
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Figure S3: Simulated K+e� mass distributions for signal and various cascade background
samples. The distributions are all normalised to unity. (Left) the bremsstrahlung correction to
the momentum of the electron is taken into account, resulting in a tail to the right. (Right) the
mass is computed only from the track information (mtrack). The notation ⇡[!e] (e[!⇡]) is used
to denote an electron (pion) that is misidentified as a pion (electron).

figures show the projections from the simultaneous fit that is used to obtain RK . The
total yields for the resonant and nonresonant decays obtained from these fits are given in
Table S1.

The distributions of the ratio rJ/ as a function of the B
+ transverse momentum and

the minimum pT of the leptons are shown in Fig. S6, together with the spectra expected
for the resonant and nonresonant decays. This single ratio does not benefit from the
cancellation of systematic e↵ects that the double ratio exploits in the measurement of
RK , and is therefore a stringent test of the control of the e�ciencies. No significant
trend is observed in either rJ/ distribution and the results are compatible with rJ/ = 1.
Assuming the deviations observed indicate genuine mismodelling of the e�ciencies, rather
than fluctuations, and taking into account the spectrum of the relevant variables in the
nonresonant decay modes of interest, a total shift of RK at the level 0.002 would be
expected for the B

+
pT and lepton minimum pT. This variation is compatible with the

estimated systematic uncertainties on RK . Similarly, the variations seen in all other
reconstructed quantities are compatible with the systematic uncertainties assigned. The
ratio rJ/ is also computed in two- and three-dimensional bins of reconstructed quantities.
An example is shown in Fig. S7. Again, no significant trend is seen and the distributions
are compatible with rJ/ = 1.

Table S1: Total yields of the decay modes B+
! K+e+e�, B+

! K+µ+µ�,
B+

! J/ (! e+e�)K+ and B+
! J/ (! µ+µ�)K+ obtained from the fits to the data.

Decay Mode Event Yield

B
+
! K

+
e
+
e
� 766± 48

B
+
! K

+
µ
+
µ
� 1 943± 49

B
+
! J/ (! e

+
e
�)K+ 344 100± 610

B
+
! J/ (! µ

+
µ
�)K+ 1 161 800± 1 100

3

• Using Run 1 + 2 fb-1 of Run 2 data (with improved reconstruction)
• Same selection for rare and resonant modes
• Exploit Particle Identification + mass vetoes to wipe out peaking backgrounds 

(cascade decays and misID backgrounds)

• A Boosted Decision Tree algorithm trained on right data sideband + simulated signal 
retains 85% of the signal while rejecting 99% of the combinatorial events

ArXiv:1903.09252

https://arxiv.org/abs/1903.09252
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Mass fits for each trigger category
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Figure S4: Fit to the m(K+`+`�) invariant-mass distribution of nonresonant candidates in the
(left) 7 and 8TeV and (right) 13TeV data samples. The top row shows the fit to the muon
modes and the subsequent rows the fits to the electron modes triggered by (second row) one of
the electrons, (third row) the kaon and (last row) by other particles in the event.
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Figure S5: Fit to the mJ/ (K
+`+`�) invariant-mass distribution of resonant candidates in the

(left) 7 and 8TeV and (right) 13TeV data samples. The top row shows the fit to the muon
modes and the subsequent rows the fits to the electron modes triggered by (second row) one of
the electrons, (third row) the kaon and (last row) by other particles in the event. Some large
pulls are observed but have a negligible impact on the yields extracted.
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