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Perché il CHARM?

• Una sonda unica per la Fisica del sapore BSM.

• Unico quark di tipo up che oscilla: 

✦ complementare a sistemi B e K

✦ i più stringenti limiti per un generico modello di NP 
dopo il mixing del sistema K

• Enormi campioni di dati (l’era del Gev), 

✦ LHCb ha i campioni i più grandi campioni di charm 
al mondo.

• Predizioni nel charm sono complicate:

✦ sprona e aiuta la comprensione della QCD non 
pertubativa.

P. Marino (SNS & INFN-Pi)
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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

[J. Phys. Conf. Ser. 556 (2014) 012001]

http://iopscience.iop.org/article/10.1088/1742-6596/556/1/012001/meta;jsessionid=E52B75D65C4A4B453BB14C803CD09FA0.c4.iopscience.cld.iop.org
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Sistema dei mesoni D0

• Soluzione: due autostati di massa, combinazioni lineari degli autostati dell’interazione forte:

P. Marino (SNS & INFN-Pi)

• Il sapore del mesone oscilla tra D0 e D̅0
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Violazione di CP nel Charm
• Non ancora osservata sperimentalmente!

• Valore aspettato dal SM 𝓞(VubVcb*/VusVcs*) ~ 𝓞(10-3) 

✦ ottimo luogo dove cercare NP (buon rapporto segnale(NP)/fondo(SM))

P. Marino (SNS & INFN-Pi)
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LHCb 

P. Marino (SNS & INFN-Pi)
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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
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Fisica del Charm a LHCb

Tanta fisica del Charm a LHCb, qui solo i “golden modes” (D0→hh).



7

31/3/2016

Identificazione del sapore
• Nelle misure del mixing e della violazione di CP è necessario determinare il sapore del D0.

• Due metodi vengono sfruttati a LHCb:

✦ D*+→ D0 π+ (decadimento forte: la carica del pione identifica il sapore del D0)

✦ decadimenti semi-leptonici del B

P. Marino (SNS & INFN-Pi)
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CPV diretta in D0→h+h-

• Asimmetria di CP integrata nel tempo:

P. Marino (SNS & INFN-Pi)

• Sperimentalmente misuriamo gli yields: 

AC P ( f ) = °(D0 ! f )°°(D
0 ! f )

°(D0 ! f )+°(D
0 ! f )

Araw( f ) = N (D§+ ! D0(! f )º+)°N (D§° ! D
0

(! f )º°)

N (D§+ ! D0(! f )º+)+N (D§° ! D
0

(! f )º°)

º AC P ( f )+ AD ( f )+ AD (º)+ AP (D§)

8
><

>:

AD ( f ) asimmetria di detector dello stato finale f = K +K °
,º+º°

AD (º) asimmetria di detector del pione soffice (tag)

AP (D§
) asimmetria di produzione del D§

dove
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CPV diretta in D0→h+h-

• Asimmetria di CP integrata nel tempo:

P. Marino (SNS & INFN-Pi)

• Sperimentalmente misuriamo gli yields: 

AC P ( f ) = °(D0 ! f )°°(D
0 ! f )

°(D0 ! f )+°(D
0 ! f )

Araw( f ) = N (D§+ ! D0(! f )º+)°N (D§° ! D
0

(! f )º°)

N (D§+ ! D0(! f )º+)+N (D§° ! D
0

(! f )º°)

º AC P ( f )+ AD ( f )+ AD (º)+ AP (D§)

• Parametri, difficilmente misurabili (a queste precisioni), che non ci interessano per la CPV, si 
sfrutta la differenza ACP(KK) e ACP(ππ):

Araw(K K ) º AC P (K K )+ AD (K K )+ AD (º)+ AP (D§)

Araw(ºº) º AC P (ºº)+ AD (ºº)+ AD (º)+ AP (D§)

¢AC P = Araw(K K )° Araw(ºº) = AC P (K K )° AC P (ºº)

¢AC P =¢adir
C P

µ
1+ hti

ø(D0)

∂
yC P + ¢hti

ø(D0)
aind

C P
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ΔACP in D0→h+h-

• Misure precedenti:

✦ usando 0.6/fb (D*-tag):

✦ 3/fb (tag semi-leptonico):

• Nuova misura con tutto il campione del RunI di LHCb 3/fb:

✦ decadimenti del D0 identificando il sapore dal D*+.

P. Marino (SNS & INFN-Pi)

Direct CP violation with �A
CP

arXiv:1602.03160

• New measurement using 3 fb≠1 of D

ú+-tagged D

0 decays
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[arXiv:1602.03160]¢AC P = (°0.10±0.08(stat.)±0.03(syst.))%
(submitted to PRL)

¢AC P = (°0.82±0.21(stat.)±0.11(syst.))%

¢AC P = (+0.14±0.16(stat.)±0.08(syst.))%

[PRL 108 (2012) 111602]

[JHEP 07 (2014) 041]

Poster Federico Betti

http://arxiv.org/pdf/1602.03160v1.pdf
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.111602
http://link.springer.com/article/10.1007/JHEP07(2014)041
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Stato dell’arte su ΔACP

P. Marino (SNS & INFN-Pi)
E.Gersabeck, CP violation searches in the charm sector at LHCb

Current experimental status

46

 [%]CPA∆
-1 0 1

-0.5

5.8

World average

(pion tagged)LHCb 

(muon tagged)LHCb 

prelim.Belle 

CDF

BaBar

1−3.0 fb

1−3.0 fb
NEW

Phys. Rev. Lett. 109, 111801

Phys. Rev. Lett. 100, 061803

JHEP 07 (2014) 041

arXiv:1212.5320 

LHCb-PAPER-2015-055
to be submitted to PRL

naive WA ignoring the indirect CPV contribution = -0.129 ± 0.072%

Phys. Rev. Lett. 100 061803

Phys. Rev. Lett. 109 111801

arXiv:1212.5320

JHEP 07 (2014) 041

arXiv:1602.03160

Media (ignorando il contributo della CPV indiretta) = (-0.129 ± 0.072)%
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Aᴦ: violazione indiretta di CP D0→h+h- 
• Asimmetria di CP dipendente dal tempo:

P. Marino (SNS & INFN-Pi)

AC P (t ) = °(D0(t ) ! f )°°(D
0

(t ) ! f )

°(D0(t ) ! f )+°(D
0

(t ) ! f )
' adi r

C P ° t
øD0

A°

• Misura dell’asimmetria in m bin del tempo di decadimento del D0:

Ai
raw = ni (D0 ! f )°ni (D

0 ! f )

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

; i = 1, . . . ,m
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Figure 1: Invariant mass distributions for (a) D0! K�K+, (b) D0! ⇡�⇡+ and (c) D0! K�⇡+

candidates. The results of the fits are overlaid. Underneath each plot the pull in each mass bin
is shown, where the pull is defined as the di↵erence between the data point and total fit, divided
by the corresponding uncertainty.

as is verified by simulating many experiments with large samples.
The measured asymmetries in bins of decay time are shown in Fig. 2, including the

result of the time-dependent fit. The results in the three decay channels are

A

�

(K�
K

+) = (�0.134± 0.077)% ,

A

�

(⇡�
⇡

+) = (�0.092± 0.145)% ,

A

�

(K�
⇡

+) = ( 0.009± 0.032)% ,

where the uncertainties are statistical only. The values for A
�

are compatible with the
assumption of no indirect CP violation. The fits have good p-values of 54.3% (D0 !
K

�
K

+), 30.8% (D0! ⇡

�
⇡

+) and 14.5% (D0! K

�
⇡

+). The measured values for the raw
time-integrated asymmetries, which are sensitive to direct CP violation, agree with those
reported in Ref. [13].
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Figure 1: Invariant mass distributions for (a) D0! K�K+, (b) D0! ⇡�⇡+ and (c) D0! K�⇡+

candidates. The results of the fits are overlaid. Underneath each plot the pull in each mass bin
is shown, where the pull is defined as the di↵erence between the data point and total fit, divided
by the corresponding uncertainty.

as is verified by simulating many experiments with large samples.
The measured asymmetries in bins of decay time are shown in Fig. 2, including the

result of the time-dependent fit. The results in the three decay channels are

A

�

(K�
K

+) = (�0.134± 0.077)% ,

A

�

(⇡�
⇡

+) = (�0.092± 0.145)% ,

A

�

(K�
⇡

+) = ( 0.009± 0.032)% ,

where the uncertainties are statistical only. The values for A
�

are compatible with the
assumption of no indirect CP violation. The fits have good p-values of 54.3% (D0 !
K

�
K

+), 30.8% (D0! ⇡

�
⇡

+) and 14.5% (D0! K

�
⇡

+). The measured values for the raw
time-integrated asymmetries, which are sensitive to direct CP violation, agree with those
reported in Ref. [13].
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campione di controllo D0→Kπ
pseudo-Aᴦ(D0→Kπ) = 0

2.34x106 0.79x106
11.31x106

[JHEP 1504 (2015) 043]

3/fb 3/fb 3/fb

Aᴦ è collegata alla violazione di CP nel 
mixing (Am) e nel decadimento (Ad):

A° '
h

1

2

(A

m

+ A

d

)y cos¡°x sin¡
i

http://link.springer.com/article/10.1007/JHEP04(2015)043
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Figure 2: Raw CP asymmetry as function of D0 decay time for (a) D0! K�K+, (b) D0! ⇡�⇡+

and (c) D0! K�⇡+ candidates. The results of the �2 fits are shown as blue, solid lines with the
±1 standard-deviation (�) bands indicated by the dashed lines. The green, dashed lines indicate
one D0 lifetime (⌧ = 410.1 fs). Underneath each plot the pull in each time bin is shown.
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Aᴦ: violazione indiretta di CP D0→h+h- 
• Fit dell’asimmetria in funzione di 

P. Marino (SNS & INFN-Pi)
[JHEP 1504 (2015) 043]
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Figure 2: Raw CP asymmetry as function of D0 decay time for (a) D0! K�K+, (b) D0! ⇡�⇡+

and (c) D0! K�⇡+ candidates. The results of the �2 fits are shown as blue, solid lines with the
±1 standard-deviation (�) bands indicated by the dashed lines. The green, dashed lines indicate
one D0 lifetime (⌧ = 410.1 fs). Underneath each plot the pull in each time bin is shown.
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Figure 2: Raw CP asymmetry as function of D0 decay time for (a) D0! K�K+, (b) D0! ⇡�⇡+

and (c) D0! K�⇡+ candidates. The results of the �2 fits are shown as blue, solid lines with the
±1 standard-deviation (�) bands indicated by the dashed lines. The green, dashed lines indicate
one D0 lifetime (⌧ = 410.1 fs). Underneath each plot the pull in each time bin is shown.
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Araw(t ) = A0 °
t

øD0
A°;

termine noto:
asimmetria globale (indipendente dal tempo di decadimento)

pendenza della retta: 
asimmetria dipendente dal tempo di decadimento

A°(K °º+) = (0.009±0.032)%

A°(º°º+) = (°0.092±0.145+0.025
°0.033)%A°(K °K +) = (°0.134±0.077+0.026

°0.034)%

campione di controllo D0→Kπ

http://link.springer.com/article/10.1007/JHEP04(2015)043
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Stato dell’arte su Aᴦ

P. Marino (SNS & INFN-Pi)

-0.2 -0.1 -0 0.1 0.2 0.3

 AΓ (%)

World average -0.059 ± 0.040 %

LHCb 2015 KK+ππ -0.125 ± 0.073 %

CDF 2014 KK+ππ -0.120 ± 0.120 %

LHCb 2013 ππ  0.033 ± 0.106 ± 0.014 %

LHCb 2013 KK -0.035 ± 0.062 ± 0.012 %

BaBar 2012  0.088 ± 0.255 ± 0.058 %

Belle 2012 -0.030 ± 0.200 ± 0.080 %

   HFAG-charm 
  CHARM 2015 

[JHEP 1504 (2015) 043]

Phys.Rev. D90 (2014) 111103

Phys.Rev.Lett. 112 (2014) 041801

arXiv:1212.3478 

Phys.Rev. D87 (2013) 012004

• La misura migliore è di LHCb D*-tag su 1/fb.

http://link.springer.com/article/10.1007/JHEP04(2015)043
http://arxiv.org/abs/arXiv:1212.3478
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Violazione di CP in D0→Ks
0Ks

0

• L’ampiezza di decadimento è dominata  da “long-distance 
contribution”:

✦ i termini “short-distance” si cancellano visto VcdVud
* ⋍ – VcsVus

*,

✦ i termini di interferenza possono dare un grosso contributo 𝓞(1%) 

✦ aiuta la comprensione del contributo dei diagrammi a pinguino 

P. Marino (SNS & INFN-Pi)

• Sperimentalmente complicata: ricostruzione di 
vertici di particelle a lunga vita media (Ks

0→π
+π-), anche fuori la regione del VELO. 

✦ Difficile da “triggerare”

• Solo una misura precedente da CLEO:

AC P = (23±19)%

[PRD 63 (2011) 071101]

c
D0

s̄
K 0

d̄
K

0

W

s

ū d

c
D0

d̄
K

0

s̄
K 0

W

d

ū s

[Phys. Rev. D87 (2013) 014024]
[Phys. Rev. D92 (2015) 054036]

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.63.071101
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.014024
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.054036
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ACP in D0→Ks
0Ks

0

• Misura dell’asimmetria di CP 

P. Marino (SNS & INFN-Pi)

Araw(K 0
s K 0

s ) º AC P (K 0
s K 0

s )+ AD (º)+ AP (D§)

• Tag dal decadimento del D*.

• Asimmetrie di detector, AD(π), e 
produzione AP(D*), determinate da campioni 
di controllo (D0→Kπ), entrambi dell’𝓞(1%).

• Circa 600 eventi nell’intero campione del 
RunI:

AC P =°0.029±0.052(stat.)±0.022(syst.)

[JHEP  10 (2015) 055]

CP violation in D0→KSKS

• Flavour tagging provided by D*+→D0π+


• Candidates separated according to 
where the two KS decay


• Total of ~600 candidates in full Run 1 
dataset 
 

• Significant improvement over previous 
measurement, though with no  
indication of CP violation


• Run 2 sensitivity will greatly improve 
thanks to more dedicated trigger lines
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Figure 3: Distributions of �m split into (left) D⇤+, (right) D⇤� and (top) LD, (bottom) DD,
including the fit function. The solid (black) line corresponds to the total fit, the dashed (grey)
line corresponds to the background, while the dash-dotted (blue) line represents the signal
contribution.

are determined using the control channel. However, the control channel contains charged
kaons which introduce an additional detection asymmetry, as the interaction cross-sections
of K+ and K� with the detector material are di↵erent. In Ref. [24], the charged kaon
detection asymmetry has been measured to be in the range 0.008 to 0.012. Assuming
the pion detection asymmetry to be negligible, and including possible trigger e↵ects, a
correction of �0.010± 0.005 is applied to the observed asymmetry in the control channel,
resulting in a corrected value of �0.009± 0.005. The absolute value of this number and
its uncertainty are added in quadrature and assigned as a conservative estimate of the
systematic uncertainty due to production and detection asymmetries.

Other checks have been performed but found to have statistically insignificant e↵ects.
These tests include the split into di↵erent trigger types, di↵erent run periods, and di↵erent

6

D*–

D*–

D*–

ACP = (�2.9± 5.2± 2.2)⇥ 10�2

4.3. Track reconstruction 51

VELO track

upstream track

T-track

long track

downstream track

VELO
TT

T-stations

Figure 4.6: Sketch of the di↵erent types of tracks. Figure taken from Ref. [53].

4.3 Track reconstruction

The track reconstruction is performed in three di↵erent stages. First, the pattern
recognition tries to identify measurements in the tracking detectors which one charged
particle initiates. All tracking detectors are either located outside of the magnetic
field (VELO) or inside the fringe field (TT and T -stations). Thus, the trajectories of
charged particles are to a good approximation straight lines in the tracking systems of
the LHCb detector. This and that they originate from the primary interaction region is
exploited by the pattern recognition algorithms. The momentum of a charged particle
is determined by measuring the slopes of its trajectory before and after the magnet.
The reconstructed tracks can be categorised into five distinct types, see Figure 4.6:

Long tracks are associated to particles which traverse the whole tracking system.
They contain measurements from the VELO, the T stations and optionally from
the TT. They have the best possible momentum and impact parameter6 resolution
and are the basis of most reconstructed decays. The momentum resolution varies
from 0.4% at 2GeV/c to 0.6% at 100GeV/c. The impact parameter resolution is
about 20µm for particles with p

T

> 2GeV/c.

Downstream tracks are built out of measurements from the TT and the T stations.
Their momentum resolution is comparable to long tracks for low momentum
particles but gets worse for high momentum particles. The impact parameter
resolution is significantly worse as the trajectory has to be propagated through
a part of the magnetic field. They are important to reconstruct the decays of
K0

S mesons and ⇤ baryons as these often decay outside of the VELO due to their
relatively long lifetime.

Upstream tracks contain measurements from the VELO and the TT and belong to
charged particles that are bent out of the detector due to their relatively small

6The impact parameter is defined as the distance of closest approach between a particle trajectory
and the primary vertex. In the case of multiple primary vertices, usually the nearest is taken.

51

LHCb-PAPER-2015-030  
[arXiv:1508.06087]

• Significativo miglioramento rispetto alla 
misura precedente (circa un fattore 4).

• Run2 trigger dedicato.
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Figure 1. Distribution of ∆m for the control channel D0→ K−π+ in (left) linear and in (right) log-
arithmic scale. The solid (black) line corresponds to the total fit, the dashed (blue) line corresponds
to the background, and the dash-dotted (red) line represents the signal contribution.

 [MeV]m∆

140 145 150 155

E
n

tr
ie

s 
/ 

(0
.3

3
 M

eV
)

0

10

20

30

40

50 LHCb LL

Data

Total fit

Signal

Background

+*D

 [MeV]m∆

140 145 150 155

E
n

tr
ie

s 
/ 

(0
.3

3
 M

eV
)

0

10

20

30

40

50 LHCb LL
−*D

 [MeV]m∆

140 145 150 155

E
n

tr
ie

s 
/ 

(0
.3

3
 M

eV
)

0

10

20

30

40

50

60

70
LHCb LLtrig

+*D

 [MeV]m∆

140 145 150 155

E
n

tr
ie

s 
/ 

(0
.3

3
 M

eV
)

0

10

20

30

40

50

60

70
LHCb LLtrig

−*D

Figure 2. Distributions of ∆m split into (left) D∗+, (right) D∗− and (top) LL, (bottom) LLtrig,
including the fit function. The solid (black) line corresponds to the total fit, the dashed (blue) line
corresponds to the background, and the dash-dotted (red) line represents the signal contribution.

– 5 –

http://link.springer.com/article/10.1007/JHEP10(2015)055
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Sommario e prospettive per il futuro
• Misure di precisione sul charm con gli enormi campioni di 

LHCb del RunI

✦ La violazione di CP nel charm ancora non osservata;

✦ vicini ai valori aspettati dalla teoria.

• Alcune analisi di punta in fase di preparazione sul RunI.

✦ Presto Aᴦ (D*-tag) su 3/fb: precisione 
Aᴦ(D0→KK)~4x10-4

• Ancora più charm nel RunII e nell’upgrade di LHCb.

P. Marino (SNS & INFN-Pi)

aind
C P = (+0.56±0.40)£10°3

¢adir
C P = (°1.37±0.70)£10°3

HFAG

Analysis Obs. LHCb (3 fb�1) LHCb (50 fb�1) Belle (1 ab�1) BelleII (50 ab�1)
K0

S⇡+⇡� x 2 ⇥ 10�3 4 ⇥ 10�4 1.9 ⇥ 10�3 8 ⇥ 10�4

y 2 ⇥ 10�3 4 ⇥ 10�4 1.5 ⇥ 10�3 5 ⇥ 10�4

|q/p| 0.2 0.04 0.16 0.06
' 15� 3� 11� 4�

K+K�, yCP 3 ⇥ 10�4 2 ⇥ 10�5 2.2 ⇥ 10�3 4 ⇥ 10�4

⇡+⇡� A� 3 ⇥ 10�4 2 ⇥ 10�5 2.0 ⇥ 10�3 3 ⇥ 10�4

K+⇡� x02 5 ⇥ 10�5 1 ⇥ 10�5 2.2 ⇥ 10�4 3 ⇥ 10�5

y0 1 ⇥ 10�3 2 ⇥ 10�4 3.4 ⇥ 10�3 4 ⇥ 10�4

|q/p| 0.25 0.05 0.6 0.06
AD 0.02 4 ⇥ 10�3 - -
' - - 25� 2.3�

Table 15: Expected sensitivities to mixing and CP violation parameters foreseen at LHCb upgrade and BelleII
are compared with the present uncertainties. LHCb and BelleII use different variables in the fit for CP violation
parameters of wrong-sign D0 ! K+⇡� decays. See the text for a discussion of theoretical uncertainties.

rate asymmetry and is affected by very small systematic uncertainties [573]. Table 16 summarizes these
channels with their expected experimental sensitivities.

Decay LHCb (50 fb�1) BelleII (50 ab�1)
D0 ! K+K� 1.0 ⇥ 10�4 3 ⇥ 10�4

D0 ! ⇡+⇡� 1.5 ⇥ 10�4 5 ⇥ 10�4

D0 ! ⇡0⇡0 - 9 ⇥ 10�4

D+ ! K0
SK+ 1.0 ⇥ 10�4 5 ⇥ 10�4

D+ ! �⇡+ 8.0 ⇥ 10�5 4 ⇥ 10�4

D+ ! ⇡+⇡�⇡+ 8.0 ⇥ 10�5 -
D0 ! K+K�⇡+⇡� 2.5 ⇥ 10�4 -

Table 16: Expected sensitivities to CP -violating asymmetries for different charm decay modes. For the decay
D0 ! K+K�⇡+⇡� the reported sensitivity is relative to the CP -violating asymmetry based on T -odd correla-
tions. The - sign indicates that no sensitivity prediction is available. See the text for a discussion of theoretical
uncertainties.

6.3.4 Rare Decays
In the charm sector the GIM cancellation in loop processes is very effective. Branching ratios that are
mediated by FCNC are not expected to exceed O(10�10) in the SM. However, contributions from beyond
SM physics could enhance the values by several order of magnitudes with respect to SM expectations.
Among the most interesting signals, the rare decay D0 ! µ+µ� is dominated in the SM by long
distance contributions. The largest contribution comes from the two-photon unitarity component. In
particular, we can write the relation B(D0 ! µ+µ�) ' 2.7 ⇥ 10�5 · B(D0 ! ��) [574]. The expected
branching ratio for D0 ! �� is at the level of 10�8 in the SM, therefore we anticipate a branching ratio
B(D0 ! µ+µ�) ' 3 ⇥ 10�13. The values can be dramatically enhanced in R-parity violating SUSY,
which allows for branching ratios for (D0 ! µ+µ�) up to the level of 10�6 [574]. The present limit is
B(D0 ! µ+µ�) < 7.6 ⇥ 10�9 at 95% C.L. [575] — it is expected to improve by about a factor 10 with
the LHCb upgrade (50 fb�1). Other interesting rare decays include D+ ! ⇡+µ+µ�, D+

s ! ⇡+µ+µ�

and D0 ! ⇡+⇡�µ+µ�. The present upper limits at 95% C.L. from LHCb are at the level of 8.3⇥10�8,

144

[W
hi

te
 p

ap
er

 o
f C

SN
1]

http://www.lnf.infn.it/sis/frascatiseries/Volume60/Volume60.pdf
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Prospettive per il futuro 

P. Marino (SNS & INFN-Pi)

Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B0
s mixing 2�s (B0

s ! J/ �) 0.10 [138] 0.025 0.008 ⇠ 0.003
2�s (B0

s ! J/ f0(980)) 0.17 [214] 0.045 0.014 ⇠ 0.01
as
sl 6.4 ⇥ 10�3 [43] 0.6 ⇥ 10�3 0.2 ⇥ 10�3 0.03 ⇥ 10�3

Gluonic 2�e↵
s (B0

s ! ��) – 0.17 0.03 0.02
penguins 2�e↵

s (B0
s ! K⇤0K̄⇤0) – 0.13 0.02 < 0.02

2�e↵(B0 ! �K0
S) 0.17 [43] 0.30 0.05 0.02

Right-handed 2�e↵
s (B0

s ! ��) – 0.09 0.02 < 0.01
currents ⌧ e↵(B0

s ! ��)/⌧B0
s

– 5% 1% 0.2%
Electroweak S3(B0 ! K⇤0µ+µ�; 1 < q2 < 6GeV2/c4) 0.08 [67] 0.025 0.008 0.02
penguins s0 AFB(B0 ! K⇤0µ+µ�) 25% [67] 6% 2% 7%

AI(Kµ+µ�; 1 < q2 < 6GeV2/c4) 0.25 [76] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�) 25% [85] 8% 2.5% ⇠ 10%

Higgs B(B0
s ! µ+µ�) 1.5 ⇥ 10�9 [13] 0.5 ⇥ 10�9 0.15 ⇥ 10�9 0.3 ⇥ 10�9

penguins B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) – ⇠ 100% ⇠ 35% ⇠ 5%

Unitarity � (B ! D(⇤)K(⇤)) ⇠ 10–12� [244,258] 4� 0.9� negligible
triangle � (B0

s ! DsK) – 11� 2.0� negligible
angles � (B0 ! J/ K0

S ) 0.8� [43] 0.6� 0.2� negligible
Charm A� 2.3 ⇥ 10�3 [43] 0.40 ⇥ 10�3 0.07 ⇥ 10�3 –

CP violation �ACP 2.1 ⇥ 10�3 [18] 0.65 ⇥ 10�3 0.12 ⇥ 10�3 –

122



CP violation in D0→KSKS

• Flavour tagging provided by D*+→D0π+


• Candidates separated according to 
where the two KS decay


• Total of ~600 candidates in full Run 1 
dataset 
 

• Significant improvement over previous 
measurement, though with no  
indication of CP violation


• Run 2 sensitivity will greatly improve 
thanks to more dedicated trigger lines
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Figure 3: Distributions of �m split into (left) D⇤+, (right) D⇤� and (top) LD, (bottom) DD,
including the fit function. The solid (black) line corresponds to the total fit, the dashed (grey)
line corresponds to the background, while the dash-dotted (blue) line represents the signal
contribution.

are determined using the control channel. However, the control channel contains charged
kaons which introduce an additional detection asymmetry, as the interaction cross-sections
of K+ and K� with the detector material are di↵erent. In Ref. [24], the charged kaon
detection asymmetry has been measured to be in the range 0.008 to 0.012. Assuming
the pion detection asymmetry to be negligible, and including possible trigger e↵ects, a
correction of �0.010± 0.005 is applied to the observed asymmetry in the control channel,
resulting in a corrected value of �0.009± 0.005. The absolute value of this number and
its uncertainty are added in quadrature and assigned as a conservative estimate of the
systematic uncertainty due to production and detection asymmetries.

Other checks have been performed but found to have statistically insignificant e↵ects.
These tests include the split into di↵erent trigger types, di↵erent run periods, and di↵erent

6

D*–

D*–

D*–

ACP = (�2.9± 5.2± 2.2)⇥ 10�2

4.3. Track reconstruction 51

VELO track

upstream track

T-track

long track

downstream track

VELO
TT

T-stations

Figure 4.6: Sketch of the di↵erent types of tracks. Figure taken from Ref. [53].

4.3 Track reconstruction

The track reconstruction is performed in three di↵erent stages. First, the pattern
recognition tries to identify measurements in the tracking detectors which one charged
particle initiates. All tracking detectors are either located outside of the magnetic
field (VELO) or inside the fringe field (TT and T -stations). Thus, the trajectories of
charged particles are to a good approximation straight lines in the tracking systems of
the LHCb detector. This and that they originate from the primary interaction region is
exploited by the pattern recognition algorithms. The momentum of a charged particle
is determined by measuring the slopes of its trajectory before and after the magnet.
The reconstructed tracks can be categorised into five distinct types, see Figure 4.6:

Long tracks are associated to particles which traverse the whole tracking system.
They contain measurements from the VELO, the T stations and optionally from
the TT. They have the best possible momentum and impact parameter6 resolution
and are the basis of most reconstructed decays. The momentum resolution varies
from 0.4% at 2GeV/c to 0.6% at 100GeV/c. The impact parameter resolution is
about 20µm for particles with p

T

> 2GeV/c.

Downstream tracks are built out of measurements from the TT and the T stations.
Their momentum resolution is comparable to long tracks for low momentum
particles but gets worse for high momentum particles. The impact parameter
resolution is significantly worse as the trajectory has to be propagated through
a part of the magnetic field. They are important to reconstruct the decays of
K0

S mesons and ⇤ baryons as these often decay outside of the VELO due to their
relatively long lifetime.

Upstream tracks contain measurements from the VELO and the TT and belong to
charged particles that are bent out of the detector due to their relatively small

6The impact parameter is defined as the distance of closest approach between a particle trajectory
and the primary vertex. In the case of multiple primary vertices, usually the nearest is taken.
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D0→Ks
0Ks

0

P. Marino (SNS & INFN-Pi)

J
H
E
P
1
0
(
2
0
1
5
)
0
5
5

 [MeV]m∆

140 145 150

E
n
tr

ie
s 

/ 
(0

.3
3
 M

eV
)

0

50

100

150

200

250

300

350

400

310×

LHCb Data

Total fit

Signal

Background

 [MeV]m∆

140 145 150

E
n
tr

ie
s 

/ 
(0

.3
3
 M

eV
)

210

310

410

510 LHCb

Figure 1. Distribution of ∆m for the control channel D0→ K−π+ in (left) linear and in (right) log-
arithmic scale. The solid (black) line corresponds to the total fit, the dashed (blue) line corresponds
to the background, and the dash-dotted (red) line represents the signal contribution.
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Figure 2. Distributions of ∆m split into (left) D∗+, (right) D∗− and (top) LL, (bottom) LLtrig,
including the fit function. The solid (black) line corresponds to the total fit, the dashed (blue) line
corresponds to the background, and the dash-dotted (red) line represents the signal contribution.
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Figure 3. Distributions of ∆m split into (left) D∗+, (right) D∗− and (top) LD, (bottom) DD,
including the fit function. The solid (black) line corresponds to the total fit, the dashed (blue) line
corresponds to the background, while the dash-dotted (red) line represents the signal contribution.

to the signal extraction is estimated by comparing the nominal fit with an alternative

one, where outside of the signal region of ±1.5MeV around the known ∆m-value, only the

background component is fitted. The signal yield is obtained by subtracting the background

extrapolated into the signal region from the total observed yield. For the combined CP

asymmetry a difference of 0.019 is found, which is assigned as a systematic uncertainty.

The systematic effects that arise due to the slow pion charge asymmetry in the detector

and a possible charge asymmetry of D∗ production in pp collisions in the LHCb acceptance

are determined using the control channel. However, the control channel contains charged

kaons which introduce an additional detection asymmetry, as the interaction cross-sections

of K+ and K− with the detector material are different. In ref. [26], the charged kaon

detection asymmetry has been measured to be in the range 0.008 to 0.012. Assuming

the pion detection asymmetry to be negligible, and including possible trigger effects, a

correction of −0.010± 0.005 is applied to the observed asymmetry in the control channel,

resulting in a corrected value of −0.009 ± 0.005. The absolute value of this number and

its uncertainty are added in quadrature and assigned as a conservative estimate of the

systematic uncertainty due to production and detection asymmetries.
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Category N+ N− ACP

LL 86± 11 86± 12 0.00± 0.09

LD 82± 14 83± 13 −0.00± 0.11

DD 29± 14 66± 14 −0.39± 0.23

LLtrig 96± 11 99± 11 −0.02± 0.08

combined −0.029± 0.052

Table 2. Number of signal candidates and CP asymmetry obtained from the fits in the four
categories.

channel candidates, which is much larger than needed for this analysis, 1% of candidates

are accepted at random.

4 Asymmetry measurement

The CP asymmetry is obtained as

ACP =
N+ −N−

N+ +N− (4.1)

for each category, where N+ (N−) is the yield determined from a fit to the data for a

positive (negative) charge of the slow pion.

The yields are determined from an extended unbinned maximum likelihood fit to the

∆m distribution. In the fit model, the signal is described by a sum of three Gaussian

functions, where the two narrower ones are required to have the same mean value. The

parameters of the narrowest Gaussian function and the mean value of the widest one are

allowed to float, while the ratios between widths, as well as those between normalisations,

of all three are constrained to the values found in the simulation. The background is

parametrised by the product of an exponential function and a power law for the phase-

space threshold at the pion mass

fbg = Cbg(∆m−mπ+)pe−(∆m−mπ+ )α . (4.2)

Here Cbg, p and α are determined by the fit. Independent fits are performed for the four

categories. In each category, the background parameters and the shape parameters of the

signal component are shared between the two charges of the slow pion.

The ∆m distribution for the control channel, summed over both charges of the slow

pion with the fit function overlaid is shown in figure 1. Figures 2 and 3 show the ∆m distri-

butions and the fit for each of the four categories and the two slow-pion charges. Table 2 lists

the yields from the nominal fits and the resulting asymmetries. To obtain the final result,

the asymmetries of the four signal categories are combined by taking the weighted mean.

5 Systematic uncertainties

The main sources of systematic effects are due to production and detection asymmetries

and possible biases in the signal extraction method. The systematic uncertainty related

– 4 –



21

31/3/2016

Aᴦ: CPV indiretta D0→h+h-: sistematici

P. Marino (SNS & INFN-Pi)

J
H
E
P
0
4
(
2
0
1
5
)
0
4
3

Source of uncertainty D0→ K−K+ D0→ π−π+

constant scale constant scale

Mistag probability 0.006% 0.05 0.008% 0.05

Mistag asymmetry 0.016% 0.016%

Time-dependent efficiency 0.010% 0.010%

Detection and production asymmetries 0.010% 0.010%

D0 mass fit model 0.011% 0.007%

D0 decay-time resolution 0.09 0.07

B0–B0 mixing 0.007% 0.007%

Quadratic sum 0.026% 0.10 0.025% 0.09

Table 1. Contributions to the systematic uncertainty of AΓ(K−K+) and AΓ(π−π+). The constant
and multiplicative scale uncertainties are given separately.

where the uncertainties are statistical only. The values for AΓ are compatible with the

assumption of no indirect CP violation. The fits have good p-values of 54.3% (D0 →
K−K+), 30.8% (D0→ π−π+) and 14.5% (D0→ K−π+). The measured values for the raw

time-integrated asymmetries, which are sensitive to direct CP violation, agree with those

reported in ref. [13].

6 Systematic uncertainties and consistency checks

The contributions to the systematic uncertainty on AΓ are listed in table 1. The largest

contribution is due to the background coming from random combinations of muons and

D0 mesons. When the muon has the wrong charge compared to the real D0 flavour, this

is called a mistag. The mistag probability (ω) dilutes the observed asymmetry by a factor

(1 − 2ω). This mistag probability is measured using D0 → K−π+ decays, exploiting the

fact that the final state determines the flavour of the D0 meson, except for an expected

time-dependent wrong-sign fraction due to D0–D0 mixing and doubly Cabibbo-suppressed

decays. The mistag probability before correcting for wrong-sign decays is shown in figure 3.

After subtracting the (time-dependent) wrong-sign ratio [3], the mistag probability as

function of D0 decay time is obtained. The mistag probability is small, with an average

around 1%, but it is steeply increasing, reaching 5% at five D0 lifetimes. This is due to the

increase of the background fraction from real D0 mesons from b-hadron decays combined

with a muon from the opposite-side b-hadron decay. This random-muon background is

reconstructed with an apparently longer lifetime. The time-dependent mistag probability

is parameterised by an exponential function, which is used to determine the shift in AΓ.

The systematic uncertainty from this time-dependent mistag probability is 0.006% for

the D0 → K−K+ and 0.008% for the D0 → π−π+ decay mode, with a supplementary,

multiplicative scale uncertainty of 0.05 for both decay modes.

The mistag probabilities can potentially differ between positive and negative muons.

Such a mistag asymmetry would give a direct contribution to the observed asymmetry.
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Figure 3. Mistag probability, before subtracting the contribution from wrong-sign (WS) decays,
determined with D0 → K−π+ candidates. The result of the fit to the data points with an expo-
nential function is overlaid (solid, blue line). The red, dashed line indicates the expected mistag
contribution from WS decays.

The slope of the mistag asymmetry is also obtained from D0→ K−π+ decays. This slope

is consistent with no time dependence, and its statistical uncertainty (0.016%) is included

in the systematic uncertainty on AΓ.

The selection of signal candidates, in particular the topological software trigger, is

known to introduce a bias in the observed lifetime. Such a bias could be charge dependent,

thus biasing the measurement of AΓ. It is studied with the D0 → K−π+ sample and a

sample of D− → K+π−π− decays from semileptonic b-hadron decays. No asymmetry of

the topological triggers in single-muon-triggered events is found within an uncertainty of

0.010%. This number is propagated as a systematic uncertainty.

The detection and production asymmetries introduce a constant offset in the raw time-

dependent asymmetries. Since these asymmetries depend on the muon or b-hadron mo-

mentum, they can also introduce a time dependence in case the momentum spectrum varies

between decay-time bins. This effect is tested by fitting the time-dependent asymmetry

after weighting the events so that all decay-time bins have the same D0 or muon momen-

tum distribution. The observed shifts in AΓ are within the statistical variations. The shift

(0.010%) observed in the larger D0→ K−π+ sample, which has the same production asym-

metry and larger detection asymmetry, is taken as a measure of the systematic uncertainty.

An inaccurate model of the mass distribution can introduce a bias in AΓ. The effect

on the observed asymmetries is studied by applying different models in the fits to the

invariant mass distributions. For the signal, a sum of two Gaussian functions with and

without an exponential tail, and for the background a first and a second-order polynomial

are tested. The maximum variation from the default fit for each decay mode (0.011% for

D0→ K−K+; 0.007% for D0→ π−π+) is taken as a systematic uncertainty on AΓ.

The D0 decay-time resolution affects the observed time scale, and therefore changes

the measured value of AΓ. For each decay mode, the resolution function is obtained from

the simulation, which shows that for the majority of the signal (90%) the decay time is
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Figure 4. Measured values of AΓ for different magnet polarities and data-taking periods for
(a) D0→ K−K+, (b) D0→ π−π+ and (c) D0→ K−π+ decays. The vertical line and error band
indicate the average AΓ obtained from the combined data set. The error bars indicate the statistical
uncertainty only.

the effective lifetimes are measured to be

AΓ(K
−K+) =

(
−0.134± 0.077 +0.026

−0.034

)
% ,

AΓ(π
−π+) =

(
−0.092± 0.145 +0.025

−0.033

)
% ,

where the first uncertainty is statistical and the second systematic. Assuming that indirect

CP violation in D0 decays is universal [10], and accounting for the correlation in the

systematic uncertainties, the average of the two measurements becomes AΓ = (−0.125 ±
0.073)%. The results in this paper are uncorrelated with the time-integrated asymmetries

reported in ref. [13]. The results are consistent with other AΓ measurements [1, 11, 12], and

independent of the AΓ measurements [11] from LHCb using D0 mesons from D∗+ → D0π+

decays. They are consistent with the hypothesis of no indirect CP violation inD0→ K−K+

and D0→ π−π+ decays.
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Figure 3: The raw asymmetry, Araw, in bins of (p
z

, p
x

) of the soft pion with the polarity of
the magnet up (left) and down (right). The solid lines show the boundaries corresponding to
the baseline selection. The dashed lines represent the edges of the selection used for systematic
uncertainty estimation. Candidate D

0 ! K

�
K

+ decays are shown as an example; however a
similar distribution is obtained for D0 ! ⇡

�
⇡

+ decays1.
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Figure 4: The raw asymmetry, Araw, in bins of (p
z

, p
x

) of the soft pion with the up (left) and
down (right) polarity of the magnetic field. The fiducial requirements (non-instrumented beam
pipe region) are superimposed as solid black lines. Only candidates close to the beam pipe
region are shown. Candidate D

0 ! K

�
K

+ decays are shown as an example; however a similar
distribution is obtained for D0 ! ⇡

�
⇡

+ decays.

1The LHCb coordinate system is a right-handed coordinate system, with the z axis pointing along the
beam axis, y the vertical direction, and x the horizontal direction. The (x, z) plane is the bending plane
of the dipole magnet.
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Cross-checks
• Anno di presa dati (= differente energia 

7/8 TeV)

• Polarità del magnete

• Configurazione del trigger

✦ TOS: trigger on signal

✦ TIS: trigger independent from signs

• Vari cross-checks:

✦ cinematica π-soft, D0

✦ run numbers

✦ richieste di PID

✦ qualità del vertice del D*

✦ …

P. Marino (SNS & INFN-Pi)

23!ỎACP in D0→h+h– 

Going to sub-per-mill precision.






Analysis of 8 disjoint subsamples

Split by:



magnet polarity: test cancellation 

of detector-related asymmetries






year: data taking condition





L0 trigger: different kinematic 


of the decays




Numerous stability checks. 
Asymmetries as a function of
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Analysis done in 8 
disjoint subsamples 

Split by 
• magnet polarity: test 

the cancellation of 
detector related 
effects 

• year: different data 
taking conditions 

• hardware-level 
trigger: different 
kinematics of the 
decays LHCb-PAPER-2015-055

to be submitted to PRL

Results for the subsamples
χ2 = 6.3 (7 ndf)
p-value = 0.50.

number of primary vertices

quality of the D*vertex

π soft kinematics

D0 kinematics


PID requirements

D0 mass 

time (run numbers)

… 


arXiv:1602.03160



