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Table 1 Antiproton energies and intensities at existing and future facilities.

p K.E. Stacking: Hours p/Yr
Facility

(GeV) Rate (10
10/hr) Duty Factor /Yr (10

13
)

CERN AD 0.005, 0.047 – – 3800 0.4

FNAL (Accumulator) ≈ 3.5–8 20 15% 5550 17

FNAL (New Ring) 2–20? 20 90% 5550 100

FAIR (
>
∼ 2015) 2–15 3.5 90% 2780

∗
9

∗
The lower number of operating hours at FAIR compared with that at other facilities arises

from medium-energy antiproton operation having to share time with other programs.

2 Physics Overview

A number of intriguing recent discoveries can be elucidated at such a facility, foremost
among which is charm mixing [3]. The key question is whether there is new physics in
charm mixing; the signature for this is CP violation [4]. The search for new physics in
B and K mixing and decay has so far come up empty. Thus it behooves us to look
elsewhere as well. As pointed out by many authors, charm is an excellent venue for
such investigation: It is the only up-type quark for which such effects are possible, and
standard-model backgrounds to new physics in charm are suppressed by small CKM-
matrix elements and the fact that the b quark is the most massive one participating in
loop diagrams [5]. We argue below that a charm experiment at the Fermilab Antiproton
Source might be the world’s most sensitive.

Other topics of interest include such states as the X(3872) in the charmonium
region [6], observed by several groups, as well as the investigation of possible new-
physics signals observed in the HyperCP experiment at Fermilab: evidence for CP
violation [7] and flavor-changing neutral currents [8] in hyperon decay. In addition,
the hc mass and width, χc radiative-decay angular distributions, and η�c(2S) full and
radiative widths, important parameters of the charmonium system that remain to be
precisely determined [9], are well suited to the pp technique [10].

Charm particles can be pair-produced in pp or pN collisions at and above the
ψ(3770) resonance. There is an enormous cross-section advantage relative to e+e−

colliders: charm hadroproduction cross sections are typically O(10 µb), while e+e−

cross sections are O(1 nb). Against this must be weighed the e+e− luminosity advan-
tage, typically O(102), and the lower background rates in e+e− experiments. Charm
hadroproduction at high energies comes with the advantage of longer decay distances,
but the countervailing disadvantage of higher multiplicity (�nch� ∼ 10) in the un-
derlying event. We expect that the low charged-particle multiplicity (�nch� ≈ 2) in pp
collisions somewhat above open-charm threshold will enable charm samples with clean-
liness comparable to that at the B factories, with the application of only modest cuts,
and hence, high efficiency. The competition for this program is a possible “super-B
factory.”

By scanning the Antiproton Accumulator beam energy across the resonance, Fer-
milab experiments E760 and E835 made the world’s most precise measurements of
charmonium masses and widths [10]. Besides this precision, the other key advantage of
the antiproton-annihilation technique is its ability to produce charmonium states of all
quantum numbers, in contrast to e+e− machines which produce primarily 1−− states
and the few states that couple directly to them, or (with relatively low statistics) states
accessible in B decay or in 2γ production.
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• Fermilab Antiproton Source is world’s most intense 
(and highest-energy)
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Antiproton Sources

(! 2018)

...even after FAIR@Darmstadt turns on (has yet to 
break ground; will take time to reach this goal)
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• Differently sensitive to new 
physics than B & K (parity-
conserving interactions)

- complementary to mu2e

• B Factories have shown B 
mixing & CPV dominantly SM

⇒worth looking elsewhere!
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Hyperon CP Violation
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• p ̅ source can produce ~108 Ω– Ω̅+, 
& maybe ~1010 Ξ– Ξ̅+ (transition crossing)

• Leading potential signals are  AΛ,  AΞΛ,  BΞ,  ΔΩ:
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Theory & Experiment
Theory [Donoghue, He, Pakvasa, Valencia, et al.]

• SM: AΛ ~ 10–5

• Other models: O(10–3)
[e.g. SUSY gluonic dipole: X.-G.He et al., PRD 61, 071701 (2000)]

   0.006 – 0.015  

    E871 at Fermilab Ξ Λ Λ→ →π π, p ≈≈≈≈2 ××××    10–4

(HyperCP)

[K.B. Luk et al., PRL 85, 4860 (2000)] 

[P. Chauvat et al., PL 163B (1985) 273] 
273

[M.H. Tixier et al., PL B212 (1988) 523] 
273

[P.D. Barnes et al., NP B 56A (1997) 46] 

Hyperon CP Violation
• Theory & experiment:
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., e.g., PRL 55, 162 (1985); PRD 34, 833 
(1986);  PLB 272, 411 (1991)]

Theory & Experiment

Theory

• SM: A
!
 ~ 10–5

• Other models: can be O(10–3)
[e.g. SUSY gluonic dipole: X.-G.He et al., PRD 61, 071701 (2000)]

(A
!
 sensitive to parity-even operators, "#!" to parity-odd)

  0.006 0.015 

"""" E871 at Fermilab $ ! !% %& &, p ''''2 ####""""10
–4

(HyperCP)

(0.0 ± 6.7)    10#### –4

[K.B. Luk et al., PRL 85, 4860 (2000)] 

[projected] 

[T. Holmstrom et al., 
PRL 93. 262001 (2004)] 

''''2    10####
–4

[P. Chauvat et al., PL 163B (1985) 273] 

[M.H. Tixier et al., PL B212 (1988) 523]

[P.D. Barnes et al., NP B 56A (1997) 46] 

E871 at Fermilab

(–6 ± 2 ± 2) ! 10–4   [BEACH08 preliminary]

[J. Tandean, G. Valencia, Phys. Rev. D 67, 
056001 (2003)]

|A"#| < 5 $ 10–5
A# ~ 10–5    
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27 June 2008 Chad J Materniak 13

Previous Measurements

None of the pre-HyperCP
experiments had the
sensitivity to test theory

HyperCP probes well into
regions where BSM
theories predict nonzero
asymmetries

[J. Tandean, G. Valencia, Phys. Rev. D 67, 
056001 (2003)]

|A"#| < 5 $ 10–5
A# ~ 10–5    
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Results (from farm histos):Enormous HyperCP Dataset

6

• p ̅ source can produce ~108 Ω– Ω̅+/y & maybe ~1010 Ξ– Ξ̅+

Made possible by...
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Σ+→pµ+µ– Decay

Figure 4(a) compares the dimuon mass distribution of
the three signal candidates with that expected in the SM
with the form factors described below. The reconstructed
dimuon masses for the three candidates, 214.7, 214.3, and
213:7 MeV=c2, all lie within the expected dimuon mass
resolution of ! 0:5 MeV=c2. The dimuon mass distribu-
tion for !"

p!! decays is expected to be broad unless the
form factor has a pole in the kinematically allowed range
of dimuon mass.

The expected SM distribution was used to estimate the
probability that the dimuon masses of the three signal
candidates be within 1 MeV=c2 of each other anywhere
within the kinematically allowed range. The probability is
0.8% for the form-factor decay model and 0.7% for the
uniform phase-space decay model. The unexpectedly nar-
row dimuon mass distribution suggests a two-body decay,
!" ! pP0; P0 ! !"!# (!"

pP!!), where P0 is an un-
known particle with mass 214:3$ 0:5 MeV=c2. The di-
muon mass distribution for the three signal candidates is
compared with MC !"

pP!! decays in Fig. 4(b), and good
agreement is found. Distributions of hit positions and
momenta of the proton, !", and !# of the three candidate
events were compared with MC distributions, and were
found to be consistent with both decay hypotheses.

To extract the !"
p!! branching ratio, the !" !

p"0;"0 ! e"e## (!"
pee#) decay was used as the normal-

ization mode, where the # was not detected. (HyperCP had
no # detectors.) The trigger for the !"

pee# events was the
Left-Right trigger prescaled by 100. The proton and two
unlike-sign electrons were required to come from a single
vertex, as were the three tracks of the signal mode.

The proton was selected to be the positively-charged
track with the greatest momentum, and the event was
discarded if the proton candidate did not have at least
66% of the total three-track momentum, as determined
by a MC simulation of !"

pee# decays. The reconstructed
mass for the 3" hypothesis was required to be outside
$10 MeV=c2 of the K" mass. The cuts on $2=ndf,
DCA, and the total momentum were the same as for the

signal mode. However, the decay vertex had to be more
than 168 cm downstream of the entrance of the vacuum
decay region and more than 32 cm upstream of its exit.
Since the # momentum was not measured, the x and y
positions of the !" trajectory at the target were determined
using only the three charged tracks, and those positions had
to be consistent with that expected from a MC simulation
of !"

pee# decays. To significantly reduce contamination
from photon-conversion events, the dielectron mass was
required to be between 50 and 100 MeV=c2. After appli-
cation of the above selection criteria, a total of 211 events
remained, as shown in Fig. 5. We performed a binned
maximum-likelihood fit for the mass distributions for
data and three MC samples: !"

pee# decays, K" ! """0,
"0 ! e"e## (K"

"ee#) decays, and uniform background.
From the fit, the number of observed !"

pee# decays was
Nobs

nor % 189:7$ 27:4 events, where the uncertainty is sta-
tistical. To extract the total number of normalization
events, values of &51:57$ 0:30'% and &1:198$ 0:032'%
were used, respectively, for the !" ! p"0 and "0 !
e"e## branching ratios [6].

The kinematic parameters for !" production at the
target were tuned to match the data and MC !"

pee# mo-
mentum distributions. The MC !"

pee# decays were gener-
ated using the decay model in Ref. [7] for "0 ! e"e##
("0

ee#) decays, and the "0 electromagnetic form-factor
parameter a % 0:032$ 0:004 was taken from Ref. [6].
After tuning of the parameters, comparisons of the distri-
butions of the MC events with the data for !"

pee# decays,
the decay vertex positions, momentum spectra, recon-
structed mass, hit positions of each charged particle, etc.
showed good agreement.

In the simulation of the !"
p!! decays, we used the form-

factor model of Bergström et al. [1], although we found
little difference between results using it and a uniform
phase-space decay model. The form-factor model uses

FIG. 4. Real (points) and MC (histogram) dimuon mass dis-
tributions for (a) !"

p!! MC events (arbitrary normalization) with
a form-factor decay (solid histogram) and uniform phase-space
decay (dashed histogram) model, and (b) !"

pP!! MC events
normalized to match the data.

FIG. 5. The reconstructed pe"e# mass distribution for the
normalization mode after all cuts. The histogram is the sum of
MC samples of !"

pee#, K"
"ee# decays and a uniform background,

where the relative amounts of each were determined by a fit, and
the number of MC events was normalized to match the number
of data events. The hatched area shows the main background
source (uniform background).

PRL 94, 021801 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
21 JANUARY 2005
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Does the HyperCP Evidence for the Decay !! ! p!!!" Indicate
a Light Pseudoscalar Higgs Boson?
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The HyperCP Collaboration has observed three events for the decay !! ! p!!!" which may be
interpreted as a new particle of mass 214.3 MeV. However, existing data from kaon and B-meson decays
provide stringent constraints on the construction of models that support this interpretation. In this Letter
we show that the ‘‘HyperCP particle’’ can be identified with the light pseudoscalar Higgs boson in the
next-to-minimal supersymmetric standard model, the A0

1. In this model there are regions of parameter
space where the A0

1 can satisfy all the existing constraints from kaon and B-meson decays and mediate
!! ! p!!!" at a level consistent with the HyperCP observation.

DOI: 10.1103/PhysRevLett.98.081802 PACS numbers: 14.80.Cp, 12.60.Jv, 13.30.Ce, 14.20.Jn

Three events for the decay mode !! ! p!!!" with a
dimuon invariant mass of 214.3 MeV have been recently
observed by the HyperCP Collaboration [1]. It is possible
to account for these events within the standard model (SM)
[2], but the probability of having all three events at the
same dimuon mass, given the SM predictions, is less than
1%. This suggests a new-particle interpretation for these
events, for which the branching ratio is #3:1!2:4

"1:9 $ 1:5% &
10"8 [1].

The existence of a new particle with such a low mass
would be remarkable as it would signal the existence of
physics beyond the SM unambiguously. It would also be
very surprising because this low-energy region has been
thoroughly explored by earlier experiments studying kaon
and B-meson decays. The challenge posed by a new-
particle interpretation of the HyperCP events is therefore
manifold. It requires a new-physics model containing a
suitable candidate for the new particle, X, which explains
why it is light. It also requires an explanation of why X has
not been observed by other experiments that covered the
same kinematic range. Finally, it requires that the interac-
tions of X produce the rate implied by the HyperCP
observation.

In this Letter we show that there is a model, the next-to-
minimal supersymmetric standard model (NMSSM) [3],
containing a light pseudoscalar Higgs particle that can
satisfy all existing constraints and is therefore a candidate
explanation for the HyperCP events. The model contains
more than one Higgs particle, and it is the lightest one, the
A0
1, that can be identified with X.
The possibility that X mediated the HyperCP events has

been explored to some extent in the literature [4–6], where
it has been shown that kaon decays place severe constraints
on the flavor-changing two-quark couplings of X. It has

also been shown [7] that a light sgoldstino is a viable
candidate for X. It is well known in the case of light
Higgs boson production in kaon decay that, in addition to
the two-quark flavor-changing couplings, there are com-
parable four-quark contributions [8]. They arise from the
combined effects of the usual SM four-quark j"Sj ' 1
operators and the flavor-conserving couplings of X. We
have recently computed the analogous four-quark contri-
butions to light Higgs production in hyperon decay [9] and
found that they can also be comparable to the two-quark
contributions previously discussed in the literature.

The interplay between the two- and four-quark contri-
butions makes it possible to find models with a light Higgs
boson responsible for the HyperCP events that has not
been observed in kaon or B-meson decay. However, it is
not easy to devise such models respecting all the experi-
mental constraints. In most models that can generate #dsX
couplings, the two-quark operators have the structure
#d#1$ "5%sX. Since the part without "5 contributes sig-
nificantly to K ! #!!!", their data imply that these
couplings are too small to account for the HyperCP events
[4–6]. In some models, there may be parameter space
where the four-quark contributions mentioned above and
the two-quark ones are comparable and cancel sufficiently
to lead to suppressed K ! #!!!" rates while yielding
!! ! p!!!" rates within the required bounds.
However, since in many models the flavor-changing two-
quark couplings #qq0X are related for different #q; q0% sets,
experimental data on B-meson decays, in particular, B !
Xs!!!", also provide stringent constraints. For these
reasons, the light (pseudo)scalars in many well-known
models, such as the SM and the two-Higgs-doublet model,
are ruled out as candidates to explain the HyperCP events
[9].

PRL 98, 081802 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
23 FEBRUARY 2007

0031-9007=07=98(8)=081802(4) 081802-1  2007 The American Physical Society

≈2.4σ fluctuation of SM? or

HyperCP also → 1010 Σ+

- SUSY Sgoldstino?

- SUSY light Higgs?

- other pseudo-
scalar or axial-
vector state?
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One possibility:

How Follow Up?



Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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One possibility:

• Once Tevatron shuts down (≈2011?),

- Reinstall E835 EM spectrometer

- Run pp ̅ = 5.4 GeV/c (2mΩ < √ s ̅ < 2mΩ + mπ0) 
@ � ~ 1032 cm-2 s-1 

}<$10M

(10 ! E835)

+ ~1012 inclusive hyperon events!! ~108 Ω" Ω̅+/yr 

Return Yoke

- Add small magnetic spectrometer 

- Add precision TOF system

- Add wire or pellet target

- Add 2ndary-vertex trigger

How Follow Up?
TOF

TOF

+ number of Ξ– Ξ̅+ TBD (transition crossing)

[existing BESS 
magnet from 
KEK &
SciFi DAQ
from DØ]
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What Can This Do?

 

!+ " pµ +µ#• Observe many more                     events and 
confirm or refute SUSY interpretation

• Discover or limit CP violation in                 
and                 #  via partial-rate asymmetries               

 

!" #$0% "

 

!" #$K "

• Discover or limit                       and confirm or 
refute SUSY interpretation

 

!" #$"µ +µ"

Predicted B ~10–6 
if P0 real

Predicted ∆B ~10–5 
in SM, ~10–3 if NP <

9
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• Much interest lately in new states observed in 
charmonium region: X(3872), X(3940), Y(3940), 
Y(4260), and Z(3930)

! need very precise mass & width measurement to 
confirm or refute

! pp → X(3872) formation ideal for this

• X(3872) of particular interest: may be the first 
meson-antimeson (D0 D̅*0 + c.c.) molecule (or 
tetraquark or what?)

10

What Else Can This Do?

• Also hc mass & width, %c radiative-decay angular 
distributions, !c’  full and radiative widths,...
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• Width of ψ′:
- E835 measured 
Γ = (290 ± 25 ± 4) keV 
with 2,700 events

- used “complementary scans” 
to reduce systematics

⇒Best technique for X(3872) 
mass & (sub-MeV?) width 
measurement

11
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Fig. 1. Γ dependence on η for stacks 1 and 29, and from their combination,
when the phase-slip factor is a fixed parameter. The result of the global fit
with free η is represented by the cross. The value of the phase-slip factor from
the synchrotron-frequency measurement (vertical line) and its uncertainty (gray
band) are also shown.

5. Results

Both channels in both scans are fitted simultaneously, leav-
ing the phase-slip factor as a free parameter. The energy dis-
tributions are rescaled according to Eq. (7) for the ‘constant-
orbit’ scan and Eqs. (7) and (8) for the ‘constant-field’ scan.
The log-likelihood function is log(Λ) = ∑

i[logP(µee
i ,Nee

i )+
logP(µX

i ,NX
i )]. For each channel, the mean numbers of events

µee
i and µX

i are evaluated according to Eq. (1). We moni-
tor the efficiency of each data run and the efficiencies vary
less than 0.4% over a single scan. Both scans have the same
e+e− efficiency εee = 0.413 ± 0.015. For the J/ψ + X chan-
nel, the constant-field scan efficiency is εX

cf = 0.402 ± 0.011;
differences in detection efficiency between the two scans are
accounted for by the parameter (εX

co/ε
X
cf). They are due to a

different configuration of the tracking system, which does not
affect the e+e− channel. The likelihood maximization was per-
formed within the R package [10] and crosschecked with the
MINUIT code [11]. The results of the fit are shown in Figs. 1, 2,
and Table 3.3

The fitted value of η in Table 3 is consistent with the one
determined from the synchrotron frequency (Section 3). The
relative uncertainty in the phase-slip factor (6%) is equal to that
from the E760 double scans [4].

Possible statistical and systematic sources of uncertainty in
the width and area are considered. As discussed in Section 3,
each beam spectrum is a luminosity-weighted sum of individual
energy distributions within each run. Statistical fluctuations of
the BPM readings produce random variations of the measured
&L which systematically widen the beam spectrum, making

3 The ψ(2S) mass from Ref. [9] is used for the absolute calibration of L0.
The value of M in Table 3 is not an independent measurement.

Fig. 2. ψ(2S) resonance scans: the observed cross section for each channel
(filled dots); the expected cross section from the fit (open diamonds); the ‘bare’
resonance curves σBW from the fit (solid lines). The two bottom plots show the
normalized energy distributions Bi .

the resonance width narrower. The BPM noise is evaluated
from portions of runs with no energy drifts and its standard
deviation is 0.02 mm for both stacks. As a result of hard-
ware and software improvements, this is much lower than the
E760 value, 0.2 mm [4]. The effect on width and area due to
BPM noise is larger for small beam widths and for runs with
no energy drifts. In the worst case, it translates into a sys-
tematic uncertainty of < 8 keV in the width and < 2 meV in
the area. We do not correct for this systematic, but uncertain-
ties are assigned to the results of 4 keV and 1 meV, respec-
tively.

The systematic uncertainties in the luminosity (2.5%) and
e+e− efficiency (3.6%) directly affect the area, but not the
width. They are added to obtain an uncertainty of 6.1% or
35 meV.

The absolute energy calibration does not influence the res-
onance width and area. Instead, a systematic error in the &L

determination has the following effects: it shifts all runs in
stack 1; it shifts stack 29 with respect to stack 1. The system-
atic uncertainty of 0.05 mm discussed in Section 3 translates
into < 1 keV for the width and < 1 meV for the area, and it is

Andreotti et al., 
PLB654 (2007) 74

Example: precision p ̅p mass 
& width measurements
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Charm

12
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Charm
• Braaten estimate of p ̅p 

X(3872) coupling 
assuming D*D 
molecule

- extrapolates from 
K*K data

• By-product is D*0D̅0 
cross section

12
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Charm

D*D cross-section estimate (after E. 
Braaten, arXiv:0711.1854)
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• Braaten estimate of p ̅p 
X(3872) coupling 
assuming D*D 
molecule

- extrapolates from 
K*K data

• By-product is D*0D̅0 
cross section

• 1.3 µb → 5 !109/year

• Expect efficiency as at 
B factories

12

(Expect good to factor ~3)

PRD 77, 034019)
̅
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Charm

• Big question: 
New Physics or old?

• What’s so exciting about charm?

‣ D0’s mix! (c is only up-type quark that can)

10
.2σ
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Charm

• Big question: 
New Physics or old?

! key is CP Violation! 
Possible in CF, DCS 
only if New Physics

• B factories have ~109 
open-charm events

• p ̅p can produce ~1010/y

! world’s best sensitivity 
to charm CPV

• What’s so exciting about charm?

‣ D0’s mix! (c is only up-type quark that can)

10
.2σ

Singly Cabibbo-supressed (CS) D decays 
have 2 competing diagrams:
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avoid bias, details of the analysis procedure were finalized
without consulting quantities sensitive to yCP and A!.

The Belle detector is described in detail elsewhere [11]:
It includes, in particular, a silicon vertex detector [13], a
central drift chamber, an array of aerogel Cherenkov coun-
ters, and time-of-flight scintillation counters. We recon-
struct D!" ! D0!"

s decays with a characteristic slow pion
!s, and D0 ! K"K#, K#!", and !"!#. The charge of
the !$

s determines the flavor of the produced neutral D
meson. Each track is required to have at least two associ-
ated vertex detector hits in each of the two measuring
coordinates. To select pion and kaon candidates, we im-
pose standard particle identification criteria [14]. D0

daughter tracks are refitted to a common vertex, and the
D0 production vertex is found by constraining its momen-
tum vector and the !s track to originate from the e"e#

interaction region; confidence levels exceeding 10#3 are
required for both fits. A D! momentum greater than
2:5 GeV=c (in the c.m.) is required to reject D mesons
produced in B-meson decays and to suppress combinato-
rial background. The proper decay time of the D0 candi-

date is then calculated from the projection of the vector
joining the two vertices ~L onto the D0 momentum vector
t % mD0 ~L & ~p=p2, where mD0 is the nominal D0 mass. The
decay-time uncertainty "t is evaluated event by event from
the covariance matrices of the production and decay
vertices.

Candidate D0 mesons are selected using two kinematic
observables: the invariant mass of the D0 decay products M
and the energy released in the D!" decay q % 'MD! #
M#m!(c2. MD! is the invariant mass of the D0!s combi-
nation, and m! is the !" mass.

According to Monte Carlo (MC) simulated distributions
of t, M, and q, background events fall into four categories:
(i) combinatorial, with zero apparent lifetime; (ii) true D0

mesons combined with random slow pions (this has the
same apparent lifetime as the signal); (iii) D0 decays to
three or more particles; and (iv) other charm hadron de-
cays. The apparent lifetime of the latter two categories is
10%–30% larger than #D0 . Since we find differences in M
and q distributions between MC simulation and data
events, we perform fits to data distributions to obtain
scaling factors for the individual background categories
and signal widths and then tune the background fractions
and signal shapes in the MC simulation event by event.

The sample of events for the lifetime measurements is
selected using j"Mj="M, where "M ) M#mD0 , j"qj )
q# 'mD!" #mD0 #m!(c2, and "t. The invariant mass
resolution "M varies from 5:5–6:8 MeV=c2, depending
on the decay channel. Selection criteria are chosen to
minimize the expected statistical error on yCP, using the
tuned MC simulation: We require j"Mj="M < 2:3,
j"qj< 0:80 MeV, and "t < 370 fs. The data distributions
and agreement with the tuned MC distributions are shown
in Figs. 1(a)–1(d). We find 111* 103K"K#, 1:22*
106K#!", and 49* 103!"!# signal events, with purities
of 98%, 99%, and 92%, respectively.

The relative lifetime difference yCP is determined from
D0 ! K"K#, K#!", and !"!# decay-time distributions
by performing a simultaneous binned maximum likelihood
fit to the three samples. Each distribution is assumed to be a
sum of signal and background contributions, with the
signal contribution being a convolution of an exponential
and a detector resolution function:

 dN=dt % Nsig

#

Z
e#t0=#R't# t0(dt0 " B't(: (3)

The resolution function R't# t0( is constructed from the
normalized distribution of the decay-time uncertainties "t
[see Fig. 1(e)]. The "t of a reconstructed event ideally
represents an uncertainty with a Gaussian probability den-
sity: In this case, we take bin i in the "t distribution to
correspond to a Gaussian resolution term of width "i, with
a weight given by the fraction fi of events in that bin.
However, the distribution of ‘‘pulls,’’ i.e., the normalized
residuals 'trec # tgen(="t (where trec and tgen are recon-
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FIG. 1. M distribution of selected events (with j"qj<
0:80 MeV and "t < 370 fs) for (a) K"K#, (b) K#!", and
(c) !"!# final states. The histogram shows the tuned MC
distribution. (d) q distribution (with j"Mj="M < 2:3 and "t <
370 fs) for the K"K# final state. (e) Normalized distribution of
errors "t on the decay time t for D0 ! K#!", showing the
construction of the resolution function using the fraction fi in the
bin with "t % "i. (f) Fitted lifetime of D0 mesons in the K#!"

final state in four running periods with slightly different con-
ditions and the result of a fit to a constant. The world average
value (W.A.) is also shown.

PRL 98, 211803 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
25 MAY 2007

211803-3

• Compare with 1.22 x 106 tagged events at
Belle [M. Staric et al., PRL 98, 211803 (2007) ]

• LHCb will have comparable statistics but diff ’t systematics

Charm
Table 2: Assumed values and sensitivity-benchmark estimate of tagged

(
D

)0 → K∓π±

events per year. (Caveats: As discussed in text, the reliability of some of these values

remains to be established. They are based on exclusive cross-section estimates, so the

inclusive production rate could be significantly higher, but the cross section, luminosity, or

efficiency could also be lower.)

Quantity Value Unit

Running time 2× 10
7

s/y

Duty factor 0.8*

L 2× 10
32

cm
−2

s
−1

Target A 27

A0.29
2.6

σ(pp→ D∗+X) 1.25 µb

# D∗±
produced 2.1× 10

10
events/y

B(D∗+ → D0π+
) 0.677

B(D0 → K−π+
) 0.0389

Acceptance 0.5

Efficiency 0.1

Total 2.7× 10
7

events/y

∗Assumes ≈ 15% of running time is devoted to antiproton-beam stacking.

References

[1] E. Braaten, Phys. Rev. D 77, 034019 (2008).

[2] M. Staric et al. [Belle Collaboration], Phys. Rev. Let. 98, 211803 (2007).

[3] See e.g. D. M. Kaplan, hep-ex/0111044 (2001) and references therein.

[4] See http://www.slac.stanford.edu/xorg/hfag/charm/ICHEP08/results mix+cpv.html

and E. Barberio et al., arXiv:0808.1297 [hep-ex].

[5] S. K. Choi et al. [Belle Collaboration], Phys. Rev. Lett. 91, 262001 (2003).

[6] C. Amsler et al., Phys. Lett. B 639 (2006) 165.

[7] S. N. Ganguli et al., Nucl. Phys. B 183, 295 (1981).

[8] M. J. Leitch et al., Phys. Rev. Lett. 72, 2542 (1994).

[9] C. Amsler et al. [Particle Data Group], Phys. Lett. B 667, 1 (2008).
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• Ballpark sensitivity estimate using cross section based on
Braaten p ̅p → D*0D̅0 formula and assuming σ ∝ A1.0:

Belle
540 fb–1

(known from H.E. fixed-target)

(signal MC)
(MIPP study)
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• Up to 50 MHz of charged particles @ 10 MHz 
interaction rate @ KE p ̅ = 5–8 GeV

• Based on NA-48/2 KABES (tested to 70 MHz), 
TPC can handle this with MPGD readout 
(Micromegas, multi-GEM)

15

High-Rate Experiment!
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TPC Option 1?

Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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• Expected interaction rate ≈10 MHz @ 8 GeV p ̅ K.E.

• Expected track rate up to 50 MHz

⇒ ≈ 1 kB per event with SciFi tracking

• TPC, L ≈ 1 m ⇒ ≈20 µs memory ⇒ ≈200 events pile-up!

⇒ data per event ≈ 3 MB?!
16

TPC Option 1?

Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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• TPC, L ≈ 0.1 m ⇒ ≈2 µs memory ⇒ ≈20 events pile-up

⇒ data per event ≈ 30 kB?
17

TPC Option 2?

Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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• Expected interaction rate ≈10 MHz @ 8 GeV p ̅ K.E.

• Expected track rate up to 50 MHz

⇒ ≈ 1 kB per event with SciFi tracking
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• TPC, L ≈ 0.1 m ⇒ ≈2 µs memory ⇒ ≈20 events pile-up

⇒ data per event ≈ 30 kB?
17

TPC Option 2?

Figure 6: E835 apparatus layout (from [67]).

Figure 7: The DØ solenoid and central tracking system, drawn to the same scale as Fig. 6,
shown as currently installed within the DØ calorimeters (from [68]).
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Return Yoke
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TPC

• Expected interaction rate ≈10 MHz @ 8 GeV p ̅ K.E.

• Expected track rate up to 50 MHz

⇒ ≈ 1 kB per event with SciFi tracking

Too much multiple 
scattering?
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• Expect Level 1 Trigger Accept rate 100 kHz

• Pass tracker data to Level 2 Trigger

• SciFi option: needed bandwidth ≈ 100 MB/s

• TPC option 1: needed B/W ≈30 TB/s!

• TPC option 2: needed B/W ≈ 3 GB/s – OK

18

Data Rate
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• Best experiment ever on hyperons, charm, and 
charmonia may soon be feasible at Fermilab

- including world’s most sensitive charm CPV study?

• World’s best p ̅ source → simple way to broad 
physics program in (pre-)Project X era

• Can small high-rate TPC cost-effectively improve 
experiment performance?

19

Summary


