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Capsule summary:

• Fermilab has the world’s best antiproton 
source ever

• After Tevatron shutdown, approved Fermilab 
physics program is very narrow

• Exploiting the Antiproton Source for low- and 
medium-energy antiproton physics can cost-
effectively provide a broad physics program

• Exciting discoveries are possible

3



D. M. Kaplan, IIT FNAL UEC 2/11/11Antiproton presentation

• Fermilab Antiproton Source is world’s most intense 
(and highest-energy)

Antiproton Sources

...even after GSI FAIR turns on (has yet to break 
ground)

1 Introduction

We propose to assemble a simple, cost-effective, yet powerful magnetic spectrometer at
the AP-50 experimental area of the Fermi National Accelerator Laboratory Antiproton
Source, by integrating and suitably augmenting existing equipment. This will capitalize on
Fermilab’s substantial investment in the Antiproton Source, by far the world’s best facility
for producing antiprotons. It will allow unique investigations of charm mesons, charmonium
states, and hyperons, studying and searching for rare decays and symmetry-violating effects
with world-leading sensitivities. It may also constitute the only hadron physics carried out
at Fermilab in the years immediately following the completion of the Tevatron program. As
such, it will substantially broaden the Lab’s physics program and multiply the number of
available thesis topics severalfold, thereby playing a valuable role in continuing to attract
talented U.S. physics students into our field.

Table 1 summarizes the parameters of current and future antiproton sources. It can be
seen that the highest-energy and highest-intensity antiproton source is at Fermilab. Having
formerly served medium-energy antiproton fixed-target experiments, including the charmo-
nium experiments E760 and E835, it is now dedicated entirely to the Tevatron Collider,
but could again be made available for dedicated antiproton experiments upon completion of
the Tevatron program (towards the end of 2011 according to the present schedule, although
the possibility of a Tevatron run extension is under consideration). The CERN Antiproton
Decelerator (AD) provides low-energy antiproton beams at a tiny fraction of the intensity
now available at Fermilab. Germany’s billion-Euro plan for the Facility for Antiproton and
Ion Research (FAIR) at Darmstadt includes construction —yet to be started — of 30 and
90 GeV rapid-cycling synchrotrons and low- and medium-energy antiproton storage rings [1].
Antiproton operation at FAIR is anticipated on or after 2018.

Table 1: Antiproton energies and intensities at existing and future facilities.
p Stacking: Operation:

Facility Kinetic Energy Rate Duty Hours p/yr
(GeV) (1010/hr) Factor /yr (1013)
0.005CERN AD
0.047

– – 3800 0.4

Fermilab Accumulator:
current operation 8 > 25 90% 5550 > 150
proposed here ≈ 3.5–8 20 15% 5550 17

FAIR (>∼ 2018*) 1–14 3.5 15%* 2780* 1.5

∗The lower number of operating hours at FAIR compared with that at other facilities arises
from the collection ring being shared between the antiproton and radioactive-beam programs.
Due to the modular staging of the FAIR facility, stacking of antiprotons will initially be done
in the experiment ring, leading to the small duty factor shown here. FAIR’s stacking ring is
planned for installation several years after initial operation.

2 Experiment Overview

In the flavor problem, nature presents us with a very challenging puzzle. In the more than 30
years since the Standard Model was established, our failure to discern what deeper theory
underlies it indicates the difficulty of this challenge. Our clues are few, and we cannot

1
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Apparatus
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• After Tevatron finishes,

Apparatus
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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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• After Tevatron finishes,

- Reinstall E760 barrel calorimeter

Return Yoke

- Add small magnetic spectrometer 

- Add precision TOF system

- Add thin targets

- Add fast trigger & DAQ systems
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• Very cost-effective:

• Thx to existing: calorimeter, solenoid, SciFi 
readout system, trigger & DAQ electronics

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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Figure 1: Sketch of “upgraded E835” appara-

tus as discussed in text: a 1T solenoid sur-

rounds fine-pitch scintillating-fiber detectors,

and is surrounded by precision TOF coun-

ters, all within the existing E760/835 Central

Calorimeter. A return yoke (not shown) is

needed for proper functioning of calorimeter

phototubes.
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Figure 2: World average of D0–D0 mix-

ing parameters x ≡ ∆m/Γ, y ≡ ∆Γ/2Γ:

best-fit values are x = (0.59 ± 0.20)%, y =

(0.80 ± 0.13)%, and no mixing (x = y = 0)

is disfavored by 10.2σ [32].

Table 3: Construction and Installation Budget Summary; see Sec. 6.2 for details.

Item Cost (k$) Contingency (k$)

Targets 430 160

Luminosity monitor 60 20

Scintillating-fiber tracking system 1,820 610

Time-of-Flight system*

Triggering 1,390 460

Data acquisition system 490 153

Infrastructure 1,350 550

TOTALS 5,540 1,950

∗
TOF cost estimates based on the University of Chicago “Large-Area Picosecond Photo-

Detectors” project are not yet available. We have costed as a possible fallback a commercial

alternative in Table 14.

We assume pp or pN luminosity of 2 × 1032 cm−2s−1, one order of magnitude beyond

that of E835, which can be accomplished by use of a denser internal target than the E835

hydrogen cluster-jet [33]. This could be a cryogenic, frozen-hydrogen target (already under

development, as discussed in Sec. 5.2) or a thin metal wire or pellet; these would be operated

in the halo of the antiproton beam.3

3
A denser cluster-jet target may also be a possibility and is under development by the PANDA collabo-

ration [34].
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Physics Case

• Hyperon CPV & rare decays

• Charm mixing, CPV, & rare decays

• Charmonium spectrum

• Charmonium-like mystery states (XYZ...)

• Other...
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• Differently sensitive to new 
physics than B CPV, ε′/ε 
(parity-conserving interactions)

- complementary to mu2e

• B factories have shown B 
mixing & CPV dominantly SM

⇒worth looking elsewhere!

Hyperon CP Violation
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                                                                         CP-odd

• p ̅ source can produce ~108 Ω– Ω̅+, 
& maybe ~1010 Ξ– Ξ̅+ (transition crossing)

• Leading potential signals are  AΛ,  AΞΛ,  BΞ,  ΔΩ:

  
A! !" +!"
!" #!"

, B! "" + ""
"" #""

, ! !
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$"% p# +$"%p#
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Table 5: Summary of predicted hyperon CP asymmetries.

Asymm. Mode SM NP Ref.
AΛ Λ→ pπ <∼ 10−5 <∼ 6× 10−4 [68]
AΞΛ Ξ∓ → Λπ, Λ→ pπ <∼ 0.5× 10−4 ≤ 1.9× 10−3 [69]
AΩΛ Ω→ ΛK, Λ→ pπ ≤ 4× 10−5 ≤ 8× 10−3 [36]
∆Ξπ Ω→ Ξ0π 2× 10−5 ≤ 2× 10−4 ∗ [35]
∆ΛK Ω→ ΛK ≤ 1× 10−5 ≤ 1× 10−3 [36]

∗
Once they are taken into account, large final-state interactions may increase this prediction [56].

Tandean and Valencia [35] have estimated ∆Ξπ ≈ 2 × 10−5 in the standard model but
possibly an order of magnitude larger with new-physics contributions. Tandean [36] has
estimated ∆ΛK to be ≤ 1 × 10−5 in the standard model but possibly as large as 1 × 10−3

if new physics contributes. (The large sensitivity of ∆ΛK to new physics in this analysis
arises from chromomagnetic penguin operators and final-state interactions via Ω → Ξπ →
ΛK [36].6) It is worth noting that these potentially large asymmetries arise from parity-
conserving interactions and hence are limited by constraints from �K ; they are independent
of AΛ and AΞ, which arise from the interference of parity-violating and parity-conserving
processes [56]. Table 5 summarizes predicted hyperon CP asymmetries.

Of course, the experimental sensitivities will include systematic components whose esti-
mation will require careful and detailed simulation studies, beyond the scope of this Letter
of Intent. Nevertheless, the potential power of the technique is apparent.

3.3 Study of FCNC hyperon decays

In addition to its high-rate charged-particle spectrometer, HyperCP had a muon detection
system aimed at studying rare decays of hyperons and charged kaons [45, 57, 5]. Among
recent HyperCP results is the observation of the rarest hyperon decay ever, Σ+ → pµ+µ− [5].
As shown in Figs. 5 and 6, based on the 3 observed events, the decay is consistent with being
two-body, i.e., Σ+ → pX0, X0 → µ+µ−, with X0 mass mX0 = 214.3 ± 0.5 MeV/c2. At
the current level of statistics this interpretation is of course not definitive: the probability
that the 3 signal events are consistent with the form-factor decay spectrum of Fig. 6a is
estimated at 0.8%. The measured branching ratio is [3.1 ± 2.4 (stat) ± 1.5 (syst)] × 10−8

assuming the intermediate Σ+ → pX0 two-body decay, or [8.6+6.6
−5.4 (stat)± 5.5 (syst)]× 10−8

assuming three-body Σ+ decay.
This result is particularly intriguing in view of the proposal by D. S. Gorbunov and

co-workers [58] that there should exist in certain nonminimal supersymmetric models a pair
of “sgoldstinos” (supersymmetric partners of Goldstone fermions). These can be scalar or
pseudoscalar and could be low in mass. A light scalar particle coupling to hadronic matter
and to muon pairs at the required level is ruled out by the failure to observe it in kaon decays;
however, a pseudoscalar sgoldstino with ≈ 214 MeV/c2 mass would be consistent with all
available data [59, 60, 61]. An alternative possibility has recently been advanced by He,
Tandean, and Valencia [62]: the X0 could be the light pseudoscalar Higgs boson in the next-

6
Large final-state interactions of this sort should also affect ∆Ξπ but were not included in that predic-

tion [35, 56].

13

• SM predicts small CP asymmetries in hyperon decay

• NP can amplify them by orders of magnitude:

Hyperon CP Violation
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Hyperon CP Violation
• Measurement history:

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; PRL in prep]
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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

021801-3

≈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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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
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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,
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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 !"
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agreement is found. Distributions of hit positions and
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events were compared with MC distributions, and were
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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: !"
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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 !"
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mentum distributions. The MC !"
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ated using the decay model in Ref. [7] for "0 ! e"e##
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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-
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showed good agreement.

In the simulation of the !"
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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.
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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
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≈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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Hyperon goals:

Predicted B ~10–6 
if P0 real

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

  !
+" pµ+µ#• Observe many more                     events and

confirm or refute SUSY interpretation

• Discover or limit                         and confirm or
refute SUSY interpretation

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

12
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What Else Can This Do?

13



D. M. Kaplan, IIT FNAL UEC 2/11/11Antiproton presentation

• 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?)

What Else Can This Do?

• Also hc mass & width, !c radiative-decay angular 
distributions, !c’  full and radiative widths,...

13
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What Else Can This Do?
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Charm!
• Braaten estimate of p ̅p 

X(3872) coupling 
assuming D*D 
molecule

- extrapolates from 
K*K data

14
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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

14

(Expect good to factor ~3)
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Charm!

15
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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

15
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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 may 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
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• Ballpark sensitivity estimate based on Braaten p ̅p → D*0D̅0 
formula, assuming σ ∝ A1.0:

(Ti)

16

Table 4: Example sensitivity estimate for D∗
-tagged D0 → Kπ decays (after Ref. [40]).

(Note that the reliability of some of these values remains to be confirmed in detail. They

are based on an exclusive cross-section estimate, 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/yr

Duty factor 0.8*

L 2× 10
32

cm
−2

s
−1

Annual integrated L 3.2 fb
−1

Target A 47.9

A0.29
3.1

σ(pp→ D∗+
+ anything) 1.25 µb

# D∗±
produced 2.5× 10

10
events/yr

B(D∗+ → D0π+
) 0.677

B(D0 → K−π+
) 0.0389

Acceptance 0.45

Efficiency 0.1

Total 2.8× 10
7

events/yr

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

4.1.4 Charm cross-section and sensitivity estimates

An example sensitivity estimate, which should be compared with 1.2×10
6

tagged D0
(D0

)→
K∓π± events observed in 0.54 ab

−1
of data at Belle [47], is given in Table 4. It is based on

Braaten’s formula [40],

σ[pp→ D∗0D0
; s] ≈

�
mD∗ + mD√

s

�6 λ1/2
(s1/2, mD∗ , mD)

[s(s− 4m2
p)]

1/2
× (4800 nb) , (6)

where

λ(x, y, z) = x4
+ y4

+ z4 − 2(x2y2
+ y2z2

+ z2x2
) . (7)

Equation 6 applies to the D∗0D0
exclusive final state, which however does not yield tagged

D0
decays, since the slow π0

or gamma emitted in the D∗0
decay to D0

is not flavor-

specific. To assess the reach in tagged-D0
events, we must consider such exclusive final states

as D∗+D−
, D∗+D∗−

, D∗+D−π0
, D∗+D0π−, D∗+D0π−π0

(and charge-conjugate modes).

Two-thirds of all D∗+
decays are in the flavor-specific π+D0

mode, in which the charge of

the slow pion tags the initial charm flavor of the D meson.

Braaten obtains Eq. 6 by relating the pp→ D∗0D0
cross section to that for pp→ K∗+K−

(see Fig. 4), for which measurements are available from the Crystal Barrel experiment at

LEAR [61] and from earlier bubble-chamber experiments [62]. This involves a kinematic

extrapolation from well above threshold (where the exclusive cross section is an order of

magnitude below its peak value) to the peak of the cross section. He estimates the uncer-

tainty as a factor of 3 in either direction. Following his example, the best way to estimate

the cross section for D∗±
production may be to relate it to measured pp-annihilation cross

sections to final states including K∗0
(see Fig. 5). Some of these are available in Ganguli et

al. [62]. As shown in Table 5, their sum of (860±60)µb substantially exceeds the size of the

10

Charm!

0.3–3 ! 108    tagged events/yr
0.1– 0.3

1.25– 4.5
0.3–3 ! 1011
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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

• Cf. 1.22 x 106 total tagged evts at Belle
[M. Staric et al., PRL 98, 211803 (2007)]

• Ballpark sensitivity estimate based on Braaten p ̅p → D*0D̅0 
formula, assuming σ ∝ A1.0:

Belle
540 fb–1

(based on H.E. fixed-target)

(signal MC)
(MIPP & bkg MC)

(Ti)
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Table 4: Example sensitivity estimate for D∗
-tagged D0 → Kπ decays (after Ref. [40]).

(Note that the reliability of some of these values remains to be confirmed in detail. They

are based on an exclusive cross-section estimate, 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/yr

Duty factor 0.8*

L 2× 10
32

cm
−2

s
−1

Annual integrated L 3.2 fb
−1

Target A 47.9

A0.29
3.1

σ(pp→ D∗+
+ anything) 1.25 µb

# D∗±
produced 2.5× 10

10
events/yr

B(D∗+ → D0π+
) 0.677

B(D0 → K−π+
) 0.0389

Acceptance 0.45

Efficiency 0.1

Total 2.8× 10
7

events/yr

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

4.1.4 Charm cross-section and sensitivity estimates

An example sensitivity estimate, which should be compared with 1.2×10
6

tagged D0
(D0

)→
K∓π± events observed in 0.54 ab

−1
of data at Belle [47], is given in Table 4. It is based on

Braaten’s formula [40],

σ[pp→ D∗0D0
; s] ≈

�
mD∗ + mD√

s

�6 λ1/2
(s1/2, mD∗ , mD)

[s(s− 4m2
p)]

1/2
× (4800 nb) , (6)

where

λ(x, y, z) = x4
+ y4

+ z4 − 2(x2y2
+ y2z2

+ z2x2
) . (7)

Equation 6 applies to the D∗0D0
exclusive final state, which however does not yield tagged

D0
decays, since the slow π0

or gamma emitted in the D∗0
decay to D0

is not flavor-

specific. To assess the reach in tagged-D0
events, we must consider such exclusive final states

as D∗+D−
, D∗+D∗−

, D∗+D−π0
, D∗+D0π−, D∗+D0π−π0

(and charge-conjugate modes).

Two-thirds of all D∗+
decays are in the flavor-specific π+D0

mode, in which the charge of

the slow pion tags the initial charm flavor of the D meson.

Braaten obtains Eq. 6 by relating the pp→ D∗0D0
cross section to that for pp→ K∗+K−

(see Fig. 4), for which measurements are available from the Crystal Barrel experiment at

LEAR [61] and from earlier bubble-chamber experiments [62]. This involves a kinematic

extrapolation from well above threshold (where the exclusive cross section is an order of

magnitude below its peak value) to the peak of the cross section. He estimates the uncer-

tainty as a factor of 3 in either direction. Following his example, the best way to estimate

the cross section for D∗±
production may be to relate it to measured pp-annihilation cross

sections to final states including K∗0
(see Fig. 5). Some of these are available in Ganguli et

al. [62]. As shown in Table 5, their sum of (860±60)µb substantially exceeds the size of the

10

LHCb will have comparable statistics but diff ’t systematics

Charm!

0.3–3 ! 108    tagged events/yr
0.1– 0.3

1.25– 4.5
0.3–3 ! 1011
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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

• Cf. 1.22 x 106 total tagged evts at Belle
[M. Staric et al., PRL 98, 211803 (2007)]

• Ballpark sensitivity estimate based on Braaten p ̅p → D*0D̅0 
formula, assuming σ ∝ A1.0:

Belle
540 fb–1

(based on H.E. fixed-target)

(signal MC)
(MIPP & bkg MC)

(Ti)
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Table 4: Example sensitivity estimate for D∗
-tagged D0 → Kπ decays (after Ref. [40]).

(Note that the reliability of some of these values remains to be confirmed in detail. They

are based on an exclusive cross-section estimate, 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/yr

Duty factor 0.8*

L 2× 10
32

cm
−2

s
−1

Annual integrated L 3.2 fb
−1

Target A 47.9

A0.29
3.1

σ(pp→ D∗+
+ anything) 1.25 µb

# D∗±
produced 2.5× 10

10
events/yr

B(D∗+ → D0π+
) 0.677

B(D0 → K−π+
) 0.0389

Acceptance 0.45

Efficiency 0.1

Total 2.8× 10
7

events/yr

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

4.1.4 Charm cross-section and sensitivity estimates

An example sensitivity estimate, which should be compared with 1.2×10
6

tagged D0
(D0

)→
K∓π± events observed in 0.54 ab

−1
of data at Belle [47], is given in Table 4. It is based on

Braaten’s formula [40],

σ[pp→ D∗0D0
; s] ≈

�
mD∗ + mD√

s

�6 λ1/2
(s1/2, mD∗ , mD)

[s(s− 4m2
p)]

1/2
× (4800 nb) , (6)

where

λ(x, y, z) = x4
+ y4

+ z4 − 2(x2y2
+ y2z2

+ z2x2
) . (7)

Equation 6 applies to the D∗0D0
exclusive final state, which however does not yield tagged

D0
decays, since the slow π0

or gamma emitted in the D∗0
decay to D0

is not flavor-

specific. To assess the reach in tagged-D0
events, we must consider such exclusive final states

as D∗+D−
, D∗+D∗−

, D∗+D−π0
, D∗+D0π−, D∗+D0π−π0

(and charge-conjugate modes).

Two-thirds of all D∗+
decays are in the flavor-specific π+D0

mode, in which the charge of

the slow pion tags the initial charm flavor of the D meson.

Braaten obtains Eq. 6 by relating the pp→ D∗0D0
cross section to that for pp→ K∗+K−

(see Fig. 4), for which measurements are available from the Crystal Barrel experiment at

LEAR [61] and from earlier bubble-chamber experiments [62]. This involves a kinematic

extrapolation from well above threshold (where the exclusive cross section is an order of

magnitude below its peak value) to the peak of the cross section. He estimates the uncer-

tainty as a factor of 3 in either direction. Following his example, the best way to estimate

the cross section for D∗±
production may be to relate it to measured pp-annihilation cross

sections to final states including K∗0
(see Fig. 5). Some of these are available in Ganguli et

al. [62]. As shown in Table 5, their sum of (860±60)µb substantially exceeds the size of the

10

LHCb will have comparable statistics but diff ’t systematics
Competitive with projected ca. 2021 SuperKEKB (5 y @ 10 ab–1/yr)

Charm!

0.3–3 ! 108    tagged events/yr
0.1– 0.3

1.25– 4.5
0.3–3 ! 1011
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• Main HEP utility to society: training students to innovate

• Now badly need cost-effective way to do this
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Breadth of Program

• Partial list of physics papers/thesis topics:

17

GeneralGeneral

1 Particle multiplicities in medium-energy pbar-p collisions

2 Particle multiplicities in medium-energy pbar-N collisions

3 Total cross section for medium-energy pbar-p collisions

4 Total cross section for medium-energy pbar-N collisions

CharmCharm

5 Production of charm in medium-energy pbar-p collisions

6 Production of charm in medium-energy pbar-N collisions

7 A-dependence of charm production in medium-energy pbar-N collisions

8 Associated production of charm baryons in medium-energy pbar-N collisions

9 Production of charm baryon-antibaryon pairs in medium-energy pbar-N collisions

10 Measurement of D0 mixing in medium-energy pbar-N collisions

11 Search for/Observation of CP violation in D0 mixing

12 Search for/Observation of CP violation in D0 decays

13 Search for/Observation of CP violation in charged-D decays

HyperonsHyperons

14 Production of Lambda hyperons in medium-energy pbar-p collisions

15 Production of Sigma0 in medium-energy pbar-p collisions

16 Production of Sigma- in medium-energy pbar-p collisions

17 Production of Xi- in medium-energy pbar-p collisions

18 Production of Xi0 in medium-energy pbar-p collisions

19 Production of Omega- in medium-energy pbar-p collisions

20 Production of Lambda Lambdabar pairs in medium-energy pbar-p collisions

21 Production of Sigma+ Sigmabar- pairs in medium-energy pbar-p collisions

22 Production of Xi- Xibar+ pairs in medium-energy pbar-p collisions

23 Production of Omega- Omegabar+ pairs in medium-energy pbar-p collisions

24 Rare decays of Sigma+

25 Rare decays of Xi-

26 Rare decays of Xi0

27 Rare decays of Omega-

28 Search for/Observation of CP violation in Omega- decay

CharmoniumCharmonium

29 Production of X(3872) in medium-energy pbar-p collisions

30 Precision measurement of X(3872) mass, lineshape, and width

31 Decay modes of X(3872)

32 Limits on rare decays of X(3872)

33 Production of other XYZ states in medium-energy pbar-p collisions

34 Precision measurement of the eta_c mass, line shape and width

35 Precision measurement of the h_c mass, line shape and width

36 Precision measurement of the eta_c' mass, line shape and width

37 Complementary scans of J/psi and psi'

38 Precise determination of the chi_c COG

39 Production of J/psi and Chi_cJ in association with pseudoscalar meson(s)

• Main HEP utility to society: training students to innovate

• Now badly need cost-effective way to do this
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• Best experiment ever on hyperons, charm, and 
charmonia may soon be feasible at Fermilab

- possibly world’s most sensitive study of charm mixing, charm 
& hyperon CPV & rare decays

• Existing equip’t enables quick, cost-effective effort

- could start data-taking by 2014

• Preserves options for antihydrogen experiments

- CPT, gravity tests

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

! Can Oddone’s mind be changed?

Summary
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