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THE LHC SCHEDULE
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LHCb UPGRADE TARGETS
• Collect 50 fb-1

• Increase annual yield:
• leptonic channels: x5 

• hadronic channels: x10

• Reach experimental sensitivities 
comparable or better than 
theoretical uncertainties

• Physics reach beyond beauty and charm:
• Lepton flavour violation (Majorana neutrino, LFV in τ decays)

• Electroweak physics (sin2θefflept, MW)

• Exotic searches (hidden valleys, ...)

• QCD (central exclusive production, ...)
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TRIGGER UPGRADE
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Level 0
pT of h,μ,e,γ

High Level Trigger
Full event reconstruction:

tracking and vertexing
pT and impact parameter cuts
inclusive/exclusive selections

40 MHz

1 MHz
Custom electronics

CPU farm

4.5 kHz

Full detector readout

read out Pileup, 
Calorimeter, Muon

to storage

Low level trigger
pT of h,μ,e,γ

40 MHz

up to 40 MHz
Custom electronics

20 kHz

Full detector readout

read out Pileup, 
Calorimeter, Muon

to storage
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• Maintain current performance level:
• High momentum resolution
→ σp/p ~ 4x10-3

• High tracking efficiency
→ 90% for p>5 GeV

• Low ghost rate
→ ~10%

• Fast processing time in HLT
→ ~25ms

• Low material budget
→ similar to current

PILE UP AND TRACKING
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2012 upgrade



FULL 40 MHz FE READOUT
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Vertex Locator
a) New pixel detector

b) Improved strip detector

Tracking
New silicon trackers

Reduce straw coverage +
a) fiber tracker

b) larger silicon tracker

RICH
New photon detectors

Calorimeter+Muon
Remove M1, SPD, PS

New calorimeter FE electronics



• Letter of Intent submitted March 2011
→ Physics case fully endorsed by LHCC
→ Encouraged to proceed to detector 
TDRs with 40 MHz front-end electronics

• Framework TDR to be submitted in June 2012
→ Defining cost, milestones and institutes’ interests

• TDR in 2013
→ Decide on technical choices

• Production and QA in 2014-2017
• Installation and commissioning in 2018
→ Use LHC LS2

TIMELINE
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New institutes 
welcome!



• c c ̅-cross-section increases by 
1.8 from √s = 7 TeV to 14 TeV

• Expect roughly a factor of 2 in 
charm trigger efficiency for LHCb
→ multibody decays may benefit even more

• Charm signal yield per fb-1 to increase by a factor 3.6
• Luminosity per year to increase by about a factor 3-5
•→ Charm yield per year up by about an order of magnitude
• Example reach:
→ With 50 fb-1 expect ~4x1010 offline selected D0→Kπ decays
(use 50 fb-1 as luminosity beyond 2018, i.e. with upgrade detector)

CHARM AND THE FUTURE
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CHARM PRODUCTION AND 
SPECTROSCOPY
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AtlasLHCb



CHARMONIUM+DOUBLE 
CHARM

12

• Recent LHCb paper on double-charm production
→ observed as double-charmonium, charmonium+open 
charm, and double-open charm

• Extend studies to charmonium + bottomonium
• Onia+jets, onia+vector bosons

LHCb Atlas

Atlas

arXiv:1205.0975

c c ̅

c c

c c ̅ c

see P. Robbe

octet

singlet



• Production cross-sections for doubly- or triply heavy 
baryons are very low

• Need high luminosity plus 
efficient triggering

• Possibility of measuring lifetime,
branching ratios, excited states,
quantum numbers

HEAVY BARYONS
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LHCb

Atlas

Predicted cross sections in nb for 14 TeV LHC
(Chen, Wu arXiv:1106.0193) 

ATLAS-CONF
-2010-032



RARE DECAY SEARCHES AND 
ANALYSES
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LHCb



• D0→μμ 

• Very rare in SM; correlation with mixing in some models

• Current limit 1.1x10-8, can expect O(10-9) for 50 fb-1

• D±→h±(K±,π±)μ-μ+

• Study full m(μ-μ+) spectrum

• Look for sGoldstinos at low end of m(μ-μ+) spectrum, ...

• D±→h-/+μ±μ±

• Search for same-sign muon pairs: Majorana neutrinos, ... 

RARE DECAYS

15

best limit from LHCb

see F. Dettori



• D0→K-K+μ-μ+

• Assuming BF = 10-6, expect few 100 events per fb-1

• → Expect several thousand candidates with LHCb upgrade

• Clean channel for studying T-odd correlations

• Search for CP violation

• Can also perform model-dependent searches

• Study forward-backward asymmetry

• D0→K-K+π-π+

• Another channel for studying T-odd correlations

• Sensitivity expected for 50 fb-1 (BF = 2.4x10-3): 2.5 x 10-4

MORE RARE DECAYS
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sources that are all too often not really understood. While this sounds like a hopeless
proposition, astronomers have actually been quite successful in overcoming these odds.
Inspired by astronomers the Rio group [15] has made an intriguing suggestion: rather
than search for the customary asymmetry (N − N̄)/(N + N̄) in particle vs. anti-particle
populations N and N̄ , respectively, analyze

σ ≡
N − N̄√
N + N̄

(27)

It corresponds to standard procedure in astronomy – suggested in 1983 for gamma ray
astronomy and now adopted also by the Auger collaboration – when comparing on- vs.
off-source intensity. For a Poissonian distribution the standard deviation can be written
as σ = Non−αNoff√

Non+αNoff
. This is just one possible example for how we can learn from our

astronomer colleagues – I am sure there will be more.
While a proper Dalitz analysis requires a considerable ‘overhead’ in setting it up, it

offers – like T odd correlations addressed next – valuable ‘pay-offs’:

• Local asymmetries are bound to be larger than integrated ones.

• There are correlations in a Dalitz plot that a proper analysis has to exhibit. Such
correlations provide us with powerful validation tools in particular for smallish ef-
fects.

• Last, but certainly not least, CP asymmetries in a Dalitz plot can provide us with
information about the underlying operators – their Lorentz and chirality structure
etc. – that are not revealed in two-body modes.

2.3.3 T Odd Correlations

Going beyond three-body final states one has to deal with a ‘Calvinist’ situation. A priori
there are several paths to heaven, and heaven’s blessing is revealed a posteriori by the
success of one’s efforts; i.e. which distribution will provide the clearest CP asymmetry
depends on the specifics of the underlying dynamics.

Since under T both momenta "p and spin vectors "s change sign, the most elementary
T odd moments are given by expectation values of triple correlations like

〈"p1 · ("p2 × "p3〉 and/or 〈"s · ("p1 × "p2〉 (28)

Unless one has access to spin vectors one obviously needs at least a four-body final state
for a T odd moment.

There is a subtle, yet important distinction between T odd and, say, P odd moments.
Observing a P odd moment unequivocally establishes P violation unlike for the case of
a T odd moment. For the latter can be generated also with T invariant dynamics if one
goes beyond lowest order; i.e. FSI can fake a T violation. This complication is due to
time reversal being described by antilinear transformations. While FSI are a necessary

10

Ikaros BigiarXiv:0902.3048



MIXING AND CP VIOLATION 
MEASUREMENTS
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LHCb



• Mixing established 
→ but no precise determination of individual parameters

• Evidence of direct CP violation 
→ but source not identified

• No indication for direct CP violation in other charm decays
→ D+→ϕπ+ maybe, D+→KSπ+ shows no charm CPV

• Indirect CP violation still out of reach
→ although maybe only just

REALLY?   AND NOW?

18



• First LHCb mixing measurement published:

• Statistical uncertainty in ballpark of best measurements
• Systematic uncertainty limited by available statistics → will shrink
• Other measurements on the way
• Candidates:

• D0→KSππ: time-dependent Dalitz plot measurement: x, y
• D0→K+μ-ν: time-integrated WS/RS ratio: x2+y2

• D0→K+π-: time-dependent WS/RS ratio: x’2, y’
• D0→K+π-π0: time-dependent WS/RS Dalitz plot: x’’, y’’

MIXING

19
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Figure 5. Proper-time fit projections of (left) D0 → K+K− and (right) D0 → K+K− candidates
after application of the lnχ2(IPD) < 2 cut. Shown are data (points), the total fit (green, solid),
the prompt signal (blue, short-dashed), and the secondary signal (purple, long-dashed). The lower
two plot shows the pull distribution which is defined as the difference of data and model divided
by the uncertainty.

measurement, τ(D0) = 408.0± 2.4stat fs, this leads to the final result for yCP of

yCP = (5.5± 6.3stat ± 4.1syst)× 10−3.

The measurement of AΓ is performed based on the same dataset and applying the

same fitting method as used for the extraction of yCP . A control measurement is performed

using decays to the Cabibbo favoured mode D0→ K−π+ by forming a lifetime asymmetry

analogous to eq. 1.2. The measured flavour-tagged lifetimes are effective parameters since

the fitted distributions also include mistagged events. For the control measurement using

D0 → K−π+ decays this contamination is ignored as it is negligible due to the Cabibbo

suppression of the mistagged decays. The result for the asymmetry is AKπ,eff
Γ = (−0.9 ±

2.2stat)× 10−3 which is consistent with zero, according to expectations.

For the extraction of AΓ, the mistagged decays are taken into account by expressing

the measured effective lifetimes, τ eff , in terms of the flavour-tagged lifetimes, τ(D0) and

τ(D0), and the mistag rate, �±, where the sign is according to the sign of the tagging pion:

τ eff(D0) ≈ (1− �+) τ(D
0) + �+ τ(D0) (6.1)

τ eff(D0) ≈ (1− �−) τ(D
0) + �− τ(D0). (6.2)

The mistag rates are assumed to be independent of the final state and are extracted from

the favoured D0→ K−π+ decays as half the fraction of the random slow pion background

in the signal region of the ∆m distribution. They are found to be about 1.8%. The

systematic uncertainty due to this correction is negligible.

– 13 –

R. Aaij et al. (LHCb collaboration), 

JHEP04(2012)129

see J. Marks

2010



• Full upgrade sensitivity estimates (50 fb-1)
• Statistical uncertainties only
• Ratio-based measurements should have controllable systematics

MIXING - II

20

Decay Observable Expected sensitivity in 10-3

D0→K+K-

D0→π+π-

D0→K+π-

D0→KSπ+π-

D0→K+μ-ν

yCP* 0.04

yCP* 0.08

x’2, y’ 0.01, 0.1

x, y 0.15, 0.1

RM = x2+y2 0.0001
*from D*-tagged decayssee M. Sokoloff, 2nd LHCb-Theory workshop



• Time-dependent Dalitz plot 
measurement: 
→ x, y, |q/p|, ϕ

• Two approaches: 
• Model-dependent
• Using input from measurements 

at threshold 
→ CLEOc

• Need to improve on both fronts to avoid limiting sensitivity
• BESIII ideally placed to take over from CLEOc for making 

precision measurements of model-independent Dalitz structures

D0→KSππ

21

see H. Gordon

A. Bondar et al., 
PRD82 (2010) 034033



• Prime candidate: AΓ
• Almost clean measure of indirect CPV: AΓ = −aCPind − aCPdir·yCP

• Lifetime asymmetry measurements in CP eigenstates
• Systematically very clean measurements, provided mis-tagging is 

small and under control
• First LHCb measurement underlines potential at hadron collider

• Expectation for full upgrade luminosity:
σ(AΓ) = 0.04 (0.08) × 10-3 for KK (ππ) final state

INDIRECT CP VIOLATION

22

The projection of the decay-time fit to D0 and D0 candidates in D0→ K+K− decays

is shown in figure 5. After applying the mistag correction, the resulting value of AΓ is

AΓ = (−5.9± 5.9stat ± 2.1syst)× 10−3.

Both results on yCP and AΓ are compatible with zero and in agreement with previous

measurements [2, 8, 9]. Future updates are expected to lead to significant improvements

in the sensitivity. The systematic uncertainty is expected to be reduced by an improved

treatment of background events which will be possible for the data taken in 2011.
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• Relative uncertainty of x & y limits 
sensitivity to CP violation 
observables

• Aim at σ(x,y)/x,y < 10%
→ σ(x,y) = O(10-4)
→ matched by LHCb upgrade

• Need to measure both indirect and 
direct CP violation parameters

• Interpretation also requires precise 
theory predictions
→ establish how measurements can 
help reduce theory uncertainties

convention is chosen such that CP |D0� = −|D0� and CP |D0� = −|D0� which leads, in the

case of no CP violation (p = q), to |D1� being the CP odd and |D2� the CP even eigenstate,

respectively.

The parameter

λf =
qĀf

pAf
= −ηCP

����
q

p

����

����
Āf

Af

���� e
iφ, (1.3)

contains the amplitude Af (Āf ) of D0
(D0

) decays to the CP eigenstate f with eigenvalue

ηCP . The mixing parameters x and y are known to be at the level of 10
−2

while both

the phase and the deviation of the magnitude from unity of λf are experimentally only

constrained to about 0.2 [5]. The direct CP violation, i.e. the difference in the rates of

D0
and D0

decays, is constrained to the level of 10
−2

and has recently been measured by

LHCb [4]. Introducing |q/p|±2 ≈ 1 ± Am and |Āf/Af |±2 ≈ 1 ± Ad, with the assumption

that Am and Ad are small, and neglecting terms below 10
−4

according to the experimental

constraints, one obtains according to [6, 7]

yCP ≈
�
1− 1

8
Am

2

�
y cosφ− 1

2
Amx sinφ. (1.4)

In the limit of no CP violation yCP is equal to y and hence becomes a pure mixing parameter.

However, once precise measurements of y and yCP are available, any difference between y

and yCP would be a sign of CP violation.

Previous measurements of yCP have been performed by BaBar and Belle. The results

are yCP = (11.6 ± 2.2 ± 1.8) × 10
−3

[8] for BaBar and yCP = (13.1 ± 3.2 ± 2.5) × 10
−3

[2]

for Belle. They are consistent with the world average of y = (7.5± 1.2)× 10
−3

[5].

The study of the lifetime asymmetry of D0
and D0

mesons decaying into the singly

Cabibbo-suppressed final state K+K−
can reveal indirect CP violation in the charm sector.

The measurement can be expressed in terms of the quantity AΓ. Using the same expansion

as for yCP leads to

AΓ ≈
�
1

2
(Am +Ad)y cosφ− x sinφ

�
1

1 + yCP

≈ 1

2
(Am +Ad)y cosφ− x sinφ. (1.5)

Despite this measurement being described in most literature as a determination of indirect

CP violation by neglecting the term proportional to Ad, it is apparent that direct CP

violation at the level of 10
−2

can have a contribution to AΓ at the level of 10
−4

. There-

fore precise measurements of both time-dependent and time-integrated asymmetries are

necessary to reveal the nature of CP violating effects in the D0
system.

The measurement of AΓ requires tagging the flavour of theD0
at production, which will

be discussed in the following section. Previous measurements of AΓ were performed by Belle

and BaBar leading to AΓ = (0.1±3.0±1.5)×10
−3

[2] and AΓ = (2.6±3.6±0.8)×10
−3

[9],

respectively. They are consistent with zero, hence showing no indication of CP violation.

– 2 –



• General challenge at proton-proton collider :
→ Production asymmetries

• Need to also control detection asymmetries 
→ Either in tagging (D0 modes) or in final state (D(s)+, some D0)

• Use control modes to measure differences
→ Measure difference in CP violation: ΔACP

→ Assume no CP violation in Cabibbo-favoured modes
• Use other measurements of production/detection asymmetries
→ Usually not as precise

DIRECT CP VIOLATION

24



• Attempt measurements in as many modes as possible
• Dalitz plot integrated as well as sensitive to resonances
• Expected sensitivities with 50 fb-1

DIRECT CP VIOLATION - II

25

Decay Observable Expected sensitivity in 10-3

D0→K+K-,π+π-

D+→KSK+

D+→K-K+π+

D+→π-π+π+

D+→h-h+π+

D+→h-h+π+

ΔACP 0.15

ACP 0.1

ACP 0.05

ACP 0.08

CPV in phases (0.01-0.10)°

CPV in fractions 0.1-1.0
see M. Sokoloff, 2nd LHCb-Theory workshop



FUTURE INTERPLAY
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see A. Schwartz
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• LHC measurements have shown the feasibility of charm physics 
at a proton-proton collider

• Particularly sub-% precision measurements at LHCb show the 
way to a high precision future

• Significant steps in precision expected until 2017
• LHCb upgrade is needed to achieve precision not only to 

discover CP violation but also to determine its origin
• Many complementary analyses of mixing, indirect and direct CP 

violation will allow the extraction of underlying theory 
parameters

• Enormous reach for rare decay measurements
• Explore charm baryon spectrum and multi-charm production
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