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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 (1010/hr) Duty Factor /Yr (1013)

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.

D. M. Kaplan, IIT DPF2009New Experiments with Antiprotons

• Fermilab’s is world’s most intense
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Antiproton Sources

(≥ 2016)

...even after FAIR turns on at GSI, Darmstadt

• Only 2 antiproton sources currently operating; 1 more 
planned for future:
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• Differently sensitive to new 
physics than in B & K (parity-
conserving interactions) CPV

• B Factories have so far failed 
to find new physics

⇒worth looking elsewhere!
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Hyperon CP Violation
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                                                                         CP-oddAΛ ≡
αΛ +αΛ

αΛ −αΛ

, BΛ ≡
βΛ + βΛ

βΛ − βΛ

, ΔΛ ≡
ΓΛ→Pπ − ΓΛ→Pπ

ΓΛ→Pπ + ΓΛ→Pπ

• p ̅ source can produce few x 108 Ω– Ω̅+ (dep. on σ assumed) 
& maybe 1010 Ξ– Ξ̅+ (dep. on transition crossing)

• Leading potential signals are AΛ,  AΞΛ,  BΞ,  ΔΩ: [Donoghue, Pakvasa,
 He, Valencia, Tandean]
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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]
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)]

|AΞΛ| < 5 × 10–5
AΛ ~ 10–5    
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Made possible by...Results (from farm histos):Enormous HyperCP Dataset
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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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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
- SUSY Sgoldstino?

- SUSY light Higgs?

HyperCP also → 1010 Σ+
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What Next?

• Tevatron fixed-target is no more

• CERN fixed-target not as good (energy, duty factor)

• Main Injector fixed-target not as good (same reasons)

• AND HyperCP was already rate-limited

Is There a Future for Hyperon CP Violation?

• Regardless of HyperCP measurement outcome, desirable to push another
order of magnitude in sensitivity (⇒ x100 in sample size!)

• Fixed-target H.E. hyperon-beam approach up against severe detector rate
limitations:

– HyperCP: 13-MHz 2ndary-beam rate in several cm2 of MWPC

→ ≈1% MWPC efficiency drop due to electronics deadtime

⇒ x100 extrapolation hard to conceive

• May be more headroom in LEAR-PS185 approach:

– PS185 limit was p flux

– GSI upgrade could give some orders of magnitude in flux

– FNAL p source @ O (1011 p/hr) already ~104 beyond LEAR

– Further upgrades under discussion in context of Proton Driver (~MW p-beam) project

• L ~ 1033 pp experiment thinkable (w/ small, dedicated p storage ring and H2

gas-jet target)

– Inexpensive (at least on LHC scale...)

→ ~1011 ΛΛ events per y of running!

⇒ Can detector, trigger, DAQ, & systematics issues be handled???

• Big collider experiments can’t trigger 
efficiently

➡What else is there?

8



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
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Low-Energy Antiprotons!
• Until “HyperCP era,” world’s best limit on hyperon 

CP violation came from PS185 at LEAR:

9

(6 ± 2 ± 2) × 10–4   [BEACH08 preliminary]
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• PS185 was limited by LEAR p ̅ flux (<105/s)~
(FNAL)

1 hour’s stacking at 1011/hour 
→ circulating p ̅ flux of 1017/s

Low-Energy Antiprotons!

10

• p ̅p → Λ̅Λ study desirable but pp ̅ ≈1.5 GeV/c too low

 ⇒ do p ̅p → Ω̅Ω, pp ̅ ≈5 GeV/c (& maybe Ξ̅Ξ also)



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]).

15

SciFi

TOF

TOF
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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) 
@ L ~ 1032 cm-2 s-1 

}<$10M

(10 × E835)

+ ~1012 inclusive hyperon events!➡ ~ few108 Ω− Ω̅+/yr 

- Add small magnetic spectrometer 

- Add precision TOF system

- Add wire or pellet target

- and fast DAQ system

How?

[existing
SciFi DAQ
from D0]
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What Can This Do?

� 

Σ+ → pµ +µ−• Observe many more                      events and 
confirm or refute SUSY interpretation

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

� 

Ω− →Ξ0π −

� 

Ω− →ΛK −

• Discover or limit                        and confirm or 
refute SUSY interpretation

� 

Ω− →Ξ−µ + µ−

Predicted B ~10–6 
if P0 real

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

12
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• Much interest lately in new states observed in 
charmonium region: X(3872), X(3940), Y(3940), 
Y(4260), Z(3930)...

➡ need very precise mass measurement to 
confirm or refute

➡ pp → X(3872) formation ideal for this

• X(3872) of particular interest because may be the 
1st clear meson-antimeson (D0 D̅*0 + c.c.) molecule

13

What Else Can This Do?

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

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, “confirmed” by
 Titov & Kampfer, PRC 78, 025201 (2008)

PRD 77, 034019)
̅
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Charm?

32

• 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

• D0’s mix! (c is only up-type quark that can)
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u u
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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 theD0 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 total 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× 107 s/y
Duty factor 0.8*

L 2× 1032 cm−2s−1

Target A 27
A0.29 2.6

σ(pp→ D∗+X) 1.25 µb
# D∗± produced 2.1× 1010 events/y
B(D∗+ → D0π+) 0.677
B(D0 → K−π+) 0.0389

Acceptance 0.5
Efficiency 0.1

Total 2.7× 107 events/y
∗Assumes ≈ 15% of running time is devoted to antiproton-beam stacking.
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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
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• Have studied MIPP (FNAL E907) 20 GeV p ̅p data:

17

Background Study

MIPP 20 GeV p ̅p
(h+h–h+ and h–h+h– 

comb’s w/ pt1 < pt2,pt3)

mD0 
(GeV)

mD*± (GeV)

D*,D mass 
window

• Conclusion:

Thanks to low 
multiplicity at 
8 GeV, clean 
sample can likely 
be obtained with 
reasonable (~0.1) 
efficiency

Preliminary
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...and now 
for something 

completely different!

18
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Antihydrogen
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Observation of Atomic Antihydrogen

G. Blanford,1 D.C. Christian,2 K. Gollwitzer,1 M. Mandelkern,1 C. T. Munger,3 J. Schultz,1 and G. Zioulas1
1University of California at Irvine, Irvine, California 92697

2Fermilab, Batavia, Illinois 60510
3SLAC, Stanford, California 94309
(Received 26 November 1997)

We report the background-free observation of atomic antihydrogen, produced by interactions of an
antiproton beam with a hydrogen gas jet target in the Fermilab Antiproton Accumulator. We measure
the cross section of the reaction pp ! He2p for p beam momenta between 5203 and 6232 MeV!c to
be 1.12 6 0.14 6 0.09 pb. [S0031-9007(98)05685-3]

PACS numbers: 36.10.–k, 11.30.Er, 13.75.Cs, 25.43.+t

The CPT theorem states that the product of the charge
conjugation (C), parity (P), and time reversal (T ) opera-
tions is an exact symmetry of nature. CPT invariance is
a property of any quantum field theory that is constructed
from fields which form a finite-dimensional representation
of the Lorentz group, have local interactions invariant un-
der the proper Lorentz group, and are described by a Her-
mitian Lagrangian [1]. This includes all of the elements of
the standard model of particle physics, but not all possible
extensions to it. Notably, string theories may not require
CPT invariance [2]. Consequently, tests of CPT invari-
ance are of fundamental importance.

CPT invariance implies that every particle state must
have a corresponding antiparticle state, with equal mass,
spin, and lifetime, and equal but opposite charge and
magnetic moment. The hydrogen atom is the best studied
of all physical systems; antihydrogen is therefore the ideal
system for the study of CPT in atomic interactions. A
program is underway at CERN to construct a facility
dedicated to low energy p and H experiments [3]. The
goal is to produce H in a magnetic trap, and to perform
spectroscopic measurements of comparable precision to
those made using H [4].
In this Letter, we report an observation of atomic H.

Both this experiment and the only previous experiment to
report H (CERN PS-210 [5]) were based on a suggestion
of Munger, Brodsky, and Schmidt [6] that H atoms are
formed in the collisions of high energy p’s with nuclei.
These atoms are made at large momenta and can be
identified through ionization into components.
The layout of our experiment, Fermilab E862, is shown

in Fig. 1. The experiment was run parasitically to E835,
a study of pp resonant annihilation into charmonium us-
ing the Fermilab Antiproton Accumulator and an internal
hydrogen gas jet target [7]. The energy of the p beam
and the density of the target were determined by E835.
The results presented here are based on data collected be-
tween November 1996 and September 1997 with p beam
momentum above 5200 MeV!c.
Atoms of antihydrogen were formed in the reaction

pp ! He2p when a positron, created as a member of
an e1e2 pair by a beam p in the Coulomb field of a tar-

get p, was captured by the beam p. This process involves
momentum transfer of order mec, so the H atoms were
produced with *0.9995 of the beam momentum, and did
not separate from the p beam until the beam was deflected
87 mrad by the storage ring dipole magnet 18 m down-
stream of the gas jet target. The vacuum pipe through this
magnet was modified to allow the neutralH to exit the stor-
age ring [8]. Six meters downstream, the atom was ionized
in a thin carbon foil that was mounted on a wheel so that
it could be removed from the beam line by remote control.
The components e1 and p each retained the velocity of
the atom (although the e1 direction was changed by mul-
tiple scattering in the foil); the momentum was shared in
the ratio of the masses (0.511!938). The e1 and p were

FIG. 1. Experimental apparatus.

0031-9007!98!80(14)!3037(4)$15.00 © 1998 The American Physical Society 3037

• Was formed spontaneously in E835 H gas-jet 
target

• Detected in “parasitic” E862 
[G. Blanford et al., PRL 80:3037 (1998)]

• Cross section grows with Ebeam, Ztgt

⇒ can do better with Au at 8 GeV
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• Parasitic running appears feasible 

• High-Z foil just installed on moveable fork in 
Antiproton Accumulator

- could serve as monitor of Accumulator beam halo

• Will begin shakedown and operation once beam 
returns

• Hope to assemble Lamb-shift apparatus (magnets, 
laser, detectors) subsequently

20

Antihydrogen



CPT test using relativistic antihydrogen

• Antihydrogen is produced in the gas-jet target - exits the Accumulator in the 
ground state.

– 99 antihydrogen atoms were observed by E862 with 0 background.

• The atoms enter a 7kG magnet and a large fraction are excited to N=2 long-
lived Stark state by laser light.

• Atoms exit magnet & pass through a field-free region, then enter a second 
magnet with field 6-8 kG.  The mixture of N=2 Stark states in the second 
magnet depends on the time spent in the field-free region, the fine structure, 
and the Lamb shift.

• Distribution of field ionization in the second magnet reflects probability of 
being in each of the three N=2 Stark states.

• Monte Carlo !!>  an experiment in which 100 atoms exit the first magnet in 

N=2,L will yield a 1% measurement of the fine structure and a 5% 
measurement of the Lamb shift.  Assuming that only the 2S level is shifted 

by a CPT violating force, the 1" sensitivity is 50 parts per billion of the 2S 

binding energy.

D. M. Kaplan, IIT DPF2009New Experiments with Antiprotons

• From D. Christian:

21
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Antimatter Gravity
• Experimentally, unknown whether antimatter falls up or 

down!

- in principle a simple interferometric measurement with 
slow H̅ beam [T. Phillips, Hyp. Int. 109 (1997) 357]:

Or whether g - g— = 0 or ε

• Not nutty!

→ g— = –g gives natural 
explanations for baryon 
asymmetry & dark energy

→ g— = g + ε natural in 
quantum gravity due to 
scalar & vector terms

→ tests for 
possible 
“5th forces”
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• Deceleration from 8 GeV to < 20 keV:

- MI from 8 GeV to <~ 400 MeV (TBD), then “reverse 
linac” or “particle refrigerator,” then degrade

- efficiency ~>10–4 looks feasible

⇒10–4  ḡ measurement in ~ month’s dedicated 
running

- eventually, add small synchrotron → eff ~1

• Requires completion of antiproton deceleration/
extraction facility planned for Hbar Technologies

23

Antimatter Gravity



3.2 Raman Interferometer 9

Time A t  

Figure 5: Phase space diagrams, in the presence and absence of gravity, for atom
interferometer based upon 1

2π − π − 1
2π pulse sequence. The first laser pulse splits

the atoms into superpositions of two momentum states which separate spatially. The
second pulse brings these split states back together, and the third pulse recombines
them with a phase shift that depends upon local g. (From reference [13].)

since they fall off with a high power of distance. Note that there will necessarily be
substantial field gradients as the antihydrogen exit the Penning trap, but these do not
affect the gravity measurement. The only field gradients that are relevant to the gravity
measurement are those between the gratings of the interferometer. We will take three
approaches to limiting the effects of stray fields on the gravity measurement: shielding
and measuring the stray fields, making the antihydrogen as tightly bound as possible,
and eliminating high Rydberg states from the beam.

3.2 Raman Interferometer

High-precision measurements of the local gravitational acceleration g have been made
by Chu et al. [13] using an atomic Raman interferometer. They have measured local
g to better than one part in 1010. The same technique can be used with hydrogen and
antihydrogen to measure ḡ.

The principle of the interferometer, illustrated in Figure 5, is to use two ground
state hyperfine levels of an atom and to drive two-photon stimulated Raman transitions
between those states by tuning the frequency difference between the lasers to match
the hyperfine splitting. The configuration of counter-propagating beams for the Raman
transition maximizes Doppler sensitivity, and the use of m = 0 magnetic sublevels
minimizes the effect of stray magnetic fields. The geometry for gravity measurements
is such that the two Raman beams are aligned along the vertical direction. The first

t

y

!y
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• “Ultimate” measurement:

- instead of material gratings, use 
lasers à la S. Chu, M. Kasevich

- slow down and trap the H̅ 
atoms using “coilgun” (M. Raizen)

- low-field seekers are 
repulsed by magnetic field

- estimate 10–9 g̅ measurement feasible
24
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Abstract

We propose to make the first direct measurement of the gravitational accelera-
tion of antimatter by taking advantage of Fermilab’s unique ability to accumulate
large numbers of antiprotons. Such a measurement will be a fundamental test
of gravity in a new regime, directly testing both the equivalence principle and
the prediction of General Relativity that matter and antimatter behave identi-
cally in the gravitational field of the earth. We propose to decelerate antiprotons
in the Main Injector and transfer them into an antihydrogen-production Pen-
ning trap. The antihydrogen will emerge from the trap in a low-velocity beam.

1Also at Muons, Inc.
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Summary
• Best experiment ever on hyperons, charm, and charmonia 

may soon be feasible at Fermilab

- possibly including world’s most sensitive charm CPV 
study

• H̅ exp’ts also proposed:

- Antihydrogen spectrum in flight

- Antimatter Gravity Experiment

• World’s best p ̅ source → simple way to broad physics 
program in post-Tevatron era

• Status: P981, P986 LoIs under consideration by PAC

• New collaborators welcome!
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• New collaborators welcome! (see http://capp.iit.edu/hep/pbar/)




