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The Charm sector is a unique and powerful 
probe of SM and beyond

2

‣Up-type quark
- complements searches done in K 

and B systems.

‣Huge data samples
- only recently reached sensitivity to 

probe BSM physics.

‣ SM predictions are hard
- push theory tools development.
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Figure 2. Current constraints of neutral meson oscillation measurements on new �F = 2
dimension six operator contributions, given in terms of the e↵ective operator scale (for generic
flavour structures on the left and in the MFV limit on the right) or Wilson coe�cients’ size (in
the centre). Bounds on the CP conserving and CP violating contributions are shown in blue
and red, respectively (see text for details).

operators involving only SM fields [4] via the matching procedure

LBSM ! L⌫SM +
X

d>4

Q(d)
i

⇤d�4
, (3)

where d is the canonical operator dimension. Below the EW breaking scale, these new
contributions can lead to (a) shifts in the Wilson coe�cients corresponding to Qi present in
Le↵

weak already within the SM; (b) the appearance of new e↵ective local operators. In both cases,
the resulting e↵ects on the measured flavour observables can be computed systematically. Given
the overall good agreement of SM predictions with current experimental measurements, such
procedure typically results in severe bounds on the underlying NP flavour breaking sources in
LBSM.

Let us consider the canonical example of NP in �F = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [5]). The leading (d = 6) NP operators
are of the form Q(6)

AB ⇠ z

ij [q̄i�A
qj ]⌦ [q̄i�B

qj ], where qi denote the SM quark fields, while �A,B

denote the Cli↵ord algebra generators. Assuming z

ij to be generic O(1) complex numbers,
z ⇠ exp(i�NP), the reach of current constraints in terms the probed NP scales ⇤ are shown
in Fig. 2 (left). It is important to stress that most of these constraints are currently limited
by theory (i.e. lattice QCD inputs [6]) and parametric uncertainties. Consequently, significant
future improvements will require a corroborative e↵ort of mostly lattice QCD methods on the
theory side, as well as improved experimental determinations of SM CKM parameters by flavour
experiments, most notably LHCb and Belle II. Among the few �F = 2 observables which
remain largely free from theoretical uncertainties are those related to CP violation in D

0 and
Bs oscillations. These are expected to remain e↵ective experimental null-tests of the SM in the
foreseeable future.

The current severe flavour bounds could be interpreted as a requirement on beyond SM
(BSM) degrees of freedom to exhibit a large mass gap with respect to the EW scale (if the
NP flavour and CP breaking sources are of order one and not aligned with Yu,d). Conversely,
TeV scale NP (c.f. Fig. 2 (centre)) can only be reconciled with current experimental results,
provided it exhibits su�cient flavour symmetry or structure, such that |zij | ⌧ 1 (the extreme
case being minimal flavour violation (MFV) [7], where one requires Yu,d to be the only sources
of flavour breaking even BSM) . However, even in this most minimalistic scenario, the suggestive
pattern of masses and mixing observed in both the quark and lepton (neutrino) sectors remains
largely unexplained. It thus remains as one of the ultimate goals of flavour physics to determine
whether the observed hierarchies and structures of flavour parameters are purely accidental, or

3

Figure 2. Current constraints of neutral meson oscillation measurements on new �F = 2
dimension six operator contributions, given in terms of the e↵ective operator scale (for generic
flavour structures on the left and in the MFV limit on the right) or Wilson coe�cients’ size (in
the centre). Bounds on the CP conserving and CP violating contributions are shown in blue
and red, respectively (see text for details).

operators involving only SM fields [4] via the matching procedure

LBSM ! L⌫SM +
X

d>4

Q(d)
i

⇤d�4
, (3)

where d is the canonical operator dimension. Below the EW breaking scale, these new
contributions can lead to (a) shifts in the Wilson coe�cients corresponding to Qi present in
Le↵

weak already within the SM; (b) the appearance of new e↵ective local operators. In both cases,
the resulting e↵ects on the measured flavour observables can be computed systematically. Given
the overall good agreement of SM predictions with current experimental measurements, such
procedure typically results in severe bounds on the underlying NP flavour breaking sources in
LBSM.

Let us consider the canonical example of NP in �F = 2 processes associated with oscillations
of neutral mesons (for recent extended discussion see [5]). The leading (d = 6) NP operators
are of the form Q(6)

AB ⇠ z

ij [q̄i�A
qj ]⌦ [q̄i�B

qj ], where qi denote the SM quark fields, while �A,B

denote the Cli↵ord algebra generators. Assuming z

ij to be generic O(1) complex numbers,
z ⇠ exp(i�NP), the reach of current constraints in terms the probed NP scales ⇤ are shown
in Fig. 2 (left). It is important to stress that most of these constraints are currently limited
by theory (i.e. lattice QCD inputs [6]) and parametric uncertainties. Consequently, significant
future improvements will require a corroborative e↵ort of mostly lattice QCD methods on the
theory side, as well as improved experimental determinations of SM CKM parameters by flavour
experiments, most notably LHCb and Belle II. Among the few �F = 2 observables which
remain largely free from theoretical uncertainties are those related to CP violation in D

0 and
Bs oscillations. These are expected to remain e↵ective experimental null-tests of the SM in the
foreseeable future.

The current severe flavour bounds could be interpreted as a requirement on beyond SM
(BSM) degrees of freedom to exhibit a large mass gap with respect to the EW scale (if the
NP flavour and CP breaking sources are of order one and not aligned with Yu,d). Conversely,
TeV scale NP (c.f. Fig. 2 (centre)) can only be reconciled with current experimental results,
provided it exhibits su�cient flavour symmetry or structure, such that |zij | ⌧ 1 (the extreme
case being minimal flavour violation (MFV) [7], where one requires Yu,d to be the only sources
of flavour breaking even BSM) . However, even in this most minimalistic scenario, the suggestive
pattern of masses and mixing observed in both the quark and lepton (neutrino) sectors remains
largely unexplained. It thus remains as one of the ultimate goals of flavour physics to determine
whether the observed hierarchies and structures of flavour parameters are purely accidental, or

3

[JPC Ser. 556 (2014) 012001]

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2016-005.html
http://iopscience.iop.org/article/10.1088/1742-6596/556/1/012001/meta;jsessionid=E52B75D65C4A4B453BB14C803CD09FA0.c4.iopscience.cld.iop.org


Flavour mixing in the Charm sector
is well established
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‣Mass eigenstates ≠ flavour eigenstates
|D1,2i= p |D0i±q |D̄0i

‣Mixing parameters ≲ O(10-2):

x = 2(m1-m2)/(𝝘1+𝝘2)     
y =     (𝝘1-𝝘2)/(𝝘1+𝝘2)
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No mixing
‣ SM predictions affected by large 

uncertainties ~ O(10-2 - 10-7)
1.5. C P violation formalism
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Figure 1.7 – Two diagrams contributing to the D0(cu)–D0(cu) mixing: (a) Feynman dia-
gram of short distance contribution, (b) long distance contribution.

sector.

1.5 C P violation formalism

The CP transformation law for a final state f is CP | f i=! f | f i and CP | f i=!§
f | f i, where ! f

is a complex phase (|! f | = 1). For the particular case of a final CP eigenstate, as K +K ° and
º+º°, where f = f , one obtains

CP | f i= ¥CP | f i,

with ¥CP =±1 for even (+1) and odd (°1) final states. In addition, for a D0 meson decaying to
a CP eigenstate f the decay amplitudes can be defined as

A f = h f |H |D0i, A f = h f |H |D0i,

where H is the decay Hamiltonian. It is important to discuss the phases that can arise in those
amplitudes since they are responsible for the phenomenon of CP violation. Usually, two types
of phases are present and are called: weak and strong phases.

Weak phases come from any complex term in the Lagrangian appearing as complex conju-
gated in the CP-conjugate amplitude. Thus, they have different signs between A f and
A f . Since in the Standard Model Lagrangian these phases occur only in the CKM matrix,
which is part of the electroweak sector, they are called “weak phases”.

Strong phases come from final state interactions and they contribute to the amplitudes
through the intermediate on-shell states in the decay process. These phases arise even
if the Lagrangian is real and are called “rescatting phases”. If there are hadrons in the
final state, they are generated by strong interactions and therefore are also called “strong
phases”. Strong phases do not change sign under CP transformation.
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Large theory uncertainties
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CKM and GIM suppressed in SM

[HFLAV arXiv:1612.07233]

http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/LHCb-CONF-2016-005.html
https://arxiv.org/abs/1612.07233


CP violation yet unobserved

4

‣ Small value expected from the SM of 
O(VubVcb*/VusVcs*) ≲ 10-3.

‣ Present sensitivity close to the SM 
expectation.

Charm CP violation
CPV in charm sector yet unobserved.
Á Small value expected from SM

O (VubV §
cb/VusV §

cs) º 10

°3.
Á Present sensitivity close to the SM expectation.
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A𝝘 is a golden observable to search for CPV 
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where Γ ̂is the effective decay width for D0→KK and D0→ππ. 

Time-dependent CP asymmetry at the first order in t/𝜏D (x,y 
~10-2)

neglecting CPV in the D0→f decay we obtain

Indirect CP violation
Time-dependent CP asymmetry at the first order in x,y · t/øD

ACP(t) =
°D0!f (t)°°D0!f (t)

°D0!f (t)+°D0!f (t)

º Adir

CP +Aind

CP
t

øD

Reminder: x,y < 10°2.
Assuming negligible1 CPV in the D0! f decay ) Aind

CP =°A°. Thus,

ACP(t) º Adir

CP °A°
t

øD

The A° parameter can be extracted through a linear fit to the ACP(t).

1

(∑O (10°3

), [arXiv:1610.09476],[arXiv:1602.03160], [HFAG])
Pietro Marino A° measurement 12/45
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A° parameter
A golden observable to search CPV in the charm sector

A° ¥
ˆ°(D0 ! f )° ˆ°(D0 ! f )
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2
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ØØØ
p

q

ØØØ
¥
y cos¡f °

≥ØØØ
q

p

ØØØ+
ØØØ
p

q

ØØØ
¥
x sin¡f

i

for D0 decaying into CP-eigenstate final state as f = K+K° or
f =º+º°. E�ective decay width defined as

1/

ˆ°= ˆø=
R

t°(t)dtR
°(t)dt

.

If CPV then A° is di�erent from zero.

CPV in the interference ¡f 6= 0,º

CPV in the mixing |q/p| 6= 1

Pietro Marino A° measurement 7/45

7

/

45Aind
CP = �A�



Flavour identification (tagging)
Á D0 meson flavour has to be determined;
Á K+K° and º+º° are CP-eigenstates ) D0 flavour cannot be

inferred from its decay products;
Á D0 mesons production is exploited.

~p(h+)

~p(h°)

~p(D0)

°!
I P (h+)

PV /D§+ DV~d
~p(º+

s )

D§+! D0

[! h+h0°
]º+

s
Prompt tag.

~p(h+)

~p(h°)

~p(D0)

°!
I P (D0)

~p(µ)

B DV

PV

~p(X )

B! D0

[! h+h0°
]`°∫`X

Semileptonic tag.

Pietro Marino A° measurement 8/45
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Flavour identification (tagging) 
is done through D*+ decays 

6

‣D0 meson flavour cannot be determined from the     
CP-eigenstate final states K+K– and π+π–.

‣D0 meson production mechanism is exploited.

[JHEP 04 (2015) 043]

https://link.springer.com/article/10.1007/JHEP04(2015)043


LHCb detector: excellent tracking 
and particle identification performances
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Figure 38: Reconstructed Cherenkov angle for isolated tracks, as a function of track momentum
in the C4F10 radiator [81]. The Cherenkov bands for muons, pions, kaons and protons are clearly
visible.

ring will generally overlap with several neighbouring rings. Solitary rings from isolated
tracks, where no overlap is found, provide a useful test of the RICH performance, since
isolated rings can be cleanly and unambiguously associated with a single track. Figure 38
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 populate distinct bands according to their mass.

4.2.2 Photoelectron yield

The average number of detected photons for each track traversing the Cherenkov radiator
media, called the photoelectron yield (Npe), is another important measure of the perfor-
mance of a RICH detector. The yields for the three radiators used in LHCb are measured
in data using two di↵erent samples of events [81]. The first sample is representative of
normal LHCb data taking conditions, and consists of the kaons and pions originating from
the decay D

0 ! K

�
⇡

+, where the D

0 is selected from D

⇤+ ! D

0
⇡

+ decays. The second
sample consists of low detector occupancy p p ! p p µ

+
µ

� events, which provide a clean
track sample with very low background levels. In both samples, only high-momentum
tracks are selected, to ensure that the Cherenkov angle is close to saturation.

51

RICH

π K p

4 Tm dipole
Magnet



Measurement of A𝝘 in D0→ h+h- decays at LHCb:
analysis strategy

8

‣Measure yield asymmetry in bins of D0 decay time

‣Correct for detection-induced charge asymmetries.

‣ Extract AΓ through a linear fit to decay asymmetry as 
function of D0 decay time.

Control sample: CF D0→K-π+ decay

Analysis strategy

Á Sideband subtraction of the random pions background using
¢m = m(hhº)°m(hh).

Á Split sample in bins of D0 decay time.
Á Calculate the raw asymmetry in each bin of decay time:

A
raw

(t) = N(t;D§+! D0º+
)°N(t;D§°! D0º°

)

N(t;D§+! D0º+
)+N(t;D§°! D0º°

)

º A
P

+A
D

+ACP(t)

D§ production asymmetry

Detection asymmetry

Our observable: Adir

CP °A°
t
øD

Á Correct for detection-induced charge asymmetries.
Á Extract A° through a linear fit to decay asymmetry as function of D0

decay time.

Pietro Marino A° measurement 13/45
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D* production asymmetry

Detection asymmetry º Adir

CP °A°
t

øD

Araw = AP + AD + Adir
CP



LHCb data at 7 and 8 TeV corresponding to 3/fb

9

Yields in Millions
√s sample D0→K-π+ D0→K+K- D0→π+π-

7 TeV 2011 Up 10.7 1.2 0.36
7 TeV 2011 Down 15.5 1.7 0.53
8 TeV 2012 Up 30.0 3.3 1.02
8 TeV 2012 Down 31.3 3.4 1.07

Total 87.5 9.6 2.98
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Control sample AΓ is incompatible with zero,
indication of a time-dependent detector asymmetry 
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‣AΓ(D0→K-π+) results are incompatible 
with zero and with each others.

‣Not even straight lines.

Clear indication of very dangerous 
detection effect.
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2011 Up +1.65 ± 0.30
2011 Dw -0.11 ± 0.25
2012 Up +0.77 ± 0.18
2012 Dw -0.06 ± 0.17
Average -0.41 ± 0.10
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How the momentum-dependent charge asymmetries
generate time-dependent charge asymmetries
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Time-dependent detection asymmetries

Momentum-dependent
charge asymmetries

Correlation
p(D0

) – t(D0

)

Time-dependent
charge asymmetries

X

c)<50 GeV/00<p(D c)<75 GeV/050<p(D c)>75 GeV/0p(D

]
-3

 [
1

0
π

K Γ
A

1−

0

1

2

3

4

5
2011Up 2011Down

2012Up 2012Down

fit

2/ndf = 46.05/11χ

 0.10±const. = 0.48 
Á Pseudo-A° values strongly

depend on the reconstructed D0

momentum.
Á Flat hypothesis excluded
¬2

/ndf = 46/11.
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Momentum-dependent charge asymmetries
Á LHCb detector nearly L/R symmetric by design.
Á Departures from the nominal geometry and variations of the

e�ciency produce small residual deviations from an ideally
symmetric detector acceptance.

Á We want to correct these residual asymmetries.

⇡�
s

(�p
x

)
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s

(p
x

)

Bending plane

Á Ideally: º+
s (px) =º°

s (°px)

Á Real word:
‰ di�erent e�ciencies of detectors,
‰ mis-alignment,
‰ matter e�ects,
‰ non homogeneous magnetic field,
‰ . . .
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Momentum dependency removed by 
reweighting the soft pion kinematics

12

‣ Remove any dependency making n+(k,θx,θy) =  n–(k,–θx,θy)

Correction procedure
Any charge-asymmetry ) n+

(k,µx,µy) = n°
(k,°µx,µy)
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q
p2

x +p2

z
µx = arctan(px/pz)

µy = arctan(py/pz)
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n+(k,θx) n–(k,–θx)n–(k,θx)

k = 1/√(px2+pz2) 

θx =arctan(px/pz)
θy =arctan(py/pz)

‣ Each subsample (2 magnet polarity x 2 centre of mass energy)  
is independently reweighted with the ratio

n+(k,θx,θy)
n–(k,–θx,θy)



The devised correction works perfectly
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‣ Results compatible with zero.

‣ Results compatible with each 
other.

Pseudo-A° results: D0! K°º+ control mode
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0.04± 0.25 (12/27)

−0.01± 0.18 (29/27)

0.23± 0.18 (30/27)

0.16± 0.10 (3.0/3)

Á Results are compatible with zero.
Á Compatibility improves a lot:
¢¬2 = 30 units.

Á Individual straight-line fits improve
as well.
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D0→K-π+D0→K-π+
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full Run 1 data sample are compared with fit results in Fig. 3.
The complementary analysis based on Eq. (2) follows a procedure largely unchanged

from the previous LHCb analysis [11], described in Refs. [19, 20] and briefly summarized
below. The selection requirements for this method di↵er from those based on Eq. (1)
only in the lack of a requirement on �

2

IP

(D0). A similar blinding procedure is used. This
analysis is applied to the 2 fb�1 subsample of the present data, collected in 2012, that was
not used in Ref. [11]. The 2012 data is split into three data-taking periods to account for
known di↵erences in the detector alignment and calibration after detector interventions.

Biases on the decay-time distribution, introduced by the selection criteria and detection
asymmetries, are accounted for through per-candidate acceptance functions, as described
in Ref. [20]. These acceptance functions are parametrized by the decay-time intervals
within which a candidate would pass the event selection if its decay time could be varied.
They are determined using a data-driven method, and used to normalize the per-candidate
probability density functions over the decay-time range in which the candidate would be
accepted.

A two-stage unbinned maximum likelihood fit is used to determine the e↵ective
decay widths. In the first stage, fits to the D

0 mass and �m spectra are used to
determine yields of signal decays and both combinatorial and partially reconstructed
backgrounds. In the second stage, a fit to the decay-time distribution together with
ln(�2

IP

(D0)) (Fig. 4) is made to separate secondary background. The finding of an
asymmetry consistent with zero in the control channel, A

�

(K�
⇡

+) = (�0.07±0.15)⇥10�3,
validates the method. Small mismodeling e↵ects are observed in the decay-time fits
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AΓ results in D0→K+K- and D0→π+π-

14

‣ Same procedure of control sample D0→K-π+

AΓ(D0→K+K-) = ( -0.30 ± 0.32 ± 0.10) x 10-3

AΓ(D0→π+π-)= (+0.46 ± 0.58 ± 0.12) x 10-3

‣Main systematic: contribution from secondaries (non-
prompt D*).

[PRL 118, 261803 (2017)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803


The most precise measurement of CP violation 
in the charm sector

15

‣ Yet no CPV observed at 2.6x10-4.

Final results [arXiv:1702.06490]
The world best measurement

−2 −1 0 1 2 3

AΓ [10−3]

Belle 2012

Babar 2012

CDF 2014

LHCb 2015 µ tag

LHCb 2016 D∗+ tag

World average

−0.30± 2.00± 0.80

0.88± 2.55± 0.58

−1.20± 1.20

−1.25± 0.73

−0.13± 0.28± 0.10

−0.32± 0.26

No sign of indirect CP violation at the level of 2.6£10°4.
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[PRL 118, 261803 (2017)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803


LHCb Upgrade and Beyond

16

‣ Precision measurements of mixing and CP violation are 
important tools to test the SM at energy scales and 
couplings unaccessible at the energy frontier. 

‣Analysis update with Run2 data in progress: already the 
statistics of the Run1. 

[CERN-LHCC-2017-003]
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Figure 2.5: A projection of the improvement in the knowledge of the charm sector that will come from
the Phase-II Upgrade: (a) mixing parameters (in a study that allows for CP violation); (b) the quantities
� and |q/p|, which parametrise indirect CP -violation in charm.

LHCb has a unique reach for rare decays of strange hadrons, and has already produced
world-best results in the search for K0

S ! µ+µ� [68] and made studies of the decay ⌃+ !
pµ+µ� [69]. The Phase-II Upgrade and the Phase-I/-II software trigger will allow LHCb to
observe K0

S ! µ+µ� down to its SM decay rate and make similarly sensitive measurements
for the decays of other charged hadrons. Possible improvements from augmenting the trigger
with additional downstream capabilities (see Sec. 5.7) may bring further gains in performance
over what is expected from the baseline Phase-I system. One additional very interesting physics
possibility [70] is to study the spin precision of particles in the dipole magnet and hence determine
the electric dipole moment (EDM) of the ⇤ baryon, and to measure the magnetic dipole moment
(MDM) of both ⇤ and ⇤̄ baryons as a test of CPT symmetry. Sensitivities at 10�19 e cm and
100 ppm will be achievable for the EDM measurement and CPT test, respectively, at the Phase-II
Upgrade. Even higher precision may be achievable by adding new tracking stations in the magnet
region, as discussed in Sec. 4.2.3.

2.5 Exotic hadrons and spectroscopy

The LHC is an extremely rich laboratory for the study of exotic hadrons, and this opportunity
has been exploited by LHCb to great e↵ect during Run 1. Highlights include the demonstration
of the four-quark nature of the Zc(4430)+ resonance [71] and the observation of the Pc(4380)+

and Pc(4450)+ pentaquark states [10]. These examples also show the need for a ‘critical mass’
of signal events, to allow for the thorough amplitude analyses which are essential to gain full
understanding of the observed resonant structures. A key priority for future LHCb data taking
is to establish other possible exotic multiplets, which can contain a large number of states in the
pentaquark picture. Neutral isospin partners of the P+

c resonances, however, cannot be detected
in J/ n final states, implying the need for studying the fully hadronic decay modes ⇤+

c D
(⇤)�

accessible through ⇤0
b ! ⇤+

c D
(⇤)�K⇤0 decays.
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HFLAV
HFLAV

‣Get ready for the LHCb Upgrade 
(Run3-4, 50fb-1).

‣ Phase2 upgrade is under discussion 
(Run5-…, 300 fb-1)

https://cds.cern.ch/record/2244311


Measurement of the CP violation 
parameter A𝝘 in D0→ h+h- decays at LHCb

Pietro Marino
23 August 2017

Thanks

[PRL 118, 261803 (2017)]

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.261803


Analysis validation

18

‣ Several pseudoexperiments have been performed 
injecting different fake values of AΓ

‣ The reconstructed value accurately tracks the input 
value of AΓ

Analysis validation II

Á Several pseudo-experiment has been done injecting di�erent fake
values for A°

Á The reconstructed value accurately tracks the input value of A°.
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AΓ(D0→K+K-) results
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A°(D0! K+K°
) results
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AΓ(D0→π+π-) results
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A°(D0!º+º°
) results
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