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• Thanks to competition w LHC, Fermilab Antiproton 
Source is world’s most intense:

...even after FAIR@Darmstadt turns on

Future Antiproton Experiments at Fermilab

D. M. Kaplan – D R A F T 2.1 – 28 Aug. 2008
Illinois Institute of Technology, Chicago, IL 60616, USA

Fermilab operates the world’s most intense antiproton source. Newly proposed experiments can use those antiprotons

either parasitically during Tevatron Collider running or after the Tevatron Collider finishes in about 2010. In particular,

the annihilation of 8 GeV antiprotons might make the world’s most intense source of tagged D0 mesons, and thus the

best near-term opportunity to study charm mixing and, via CP violation, to search for new physics; a Penning trap

and atom interferometer could be used to measure for the first time the gravitational force on antimatter.

1. INTRODUCTION

Low- and medium-energy antiproton experiments have fruitfully addressed a variety of physics topics over many

years, starting at LEAR and continuing with the Fermilab Antiproton Source and CERN AD. Techniques and energies

used in these experiments have ranged from antiproton annihilation at rest up to 8GeV, as well as experiments using

trapped antiprotons. Physics issues have included the search for glueballs and hybrid mesons, precision studies of

hyperon decay and charmonium spectroscopy, and tests of CP and CPT symmetry. Starting in about 2015, the FAIR

project [1] at GSI will add to this list studies of strange matter, charm, and nuclei far from stability [2, 3].

Table I compares available antiproton intensities at CERN, Fermilab, and GSI. Because the Fermilab Antiproton

Source uses 120GeV protons on target and accumulates at 8GeV, it has a significant rate advantage with respect

to GSI. It also can potentially operate full-time, while at FAIR, the PANDA antiproton experiment [3] will have to

share time with other modes of operation at GSI. This intensity advantage could be maximized by building a new,

small storage ring at Fermilab in which fixed-target collisions would then take place, to allow the Accumulator to

stack antiprotons full-time; in this way a pp luminosity of ∼ 10
33

cm
−2

s
−1

could be supported. But even without

an accelerator upgrade, operation at L ≈ 10
33

cm
−2

s
−1

would be possible with 50% duty factor, and L ≈ 2 ×
10

32
cm

−2
s
−1

could be achieved with 85% duty factor using an upgrade of the Fermilab E835 detector.

Table I: Antiproton Intensities at Existing and Future Facilities

Stacking: Clock Hours p/Yr
Facility

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

13)

CERN AD 0.2

FNAL (Accumulator) 20 15% 5550 17

FNAL (New Ring) 20 90% 5550 100

GSI FAIR 3.5 90% 2780 9

2. PROPOSED ANTIPROTON EXPERIMENTS AT FERMILAB

2.1. Medium-Energy pp-Annihilation Experiment

By adding a small magnet and tracking and vertex detectors to the E835 calorimeter, plus a modern, high-

bandwidth triggering and data-acquisition system, several physics topics can be studied.

2.1.1. Charm Mixing and CP Violation

After a more than 20-year search, D0
–D0

mixing is now established at 6.7 standard deviations [4], thanks mainly

to the B Factories. The level of mixing is consistent with the wide range of Standard Model predictions [5]; however,

Insert PSN Here

FAIR (≥2016)

100% 3800 0.4

Physics Opportunity
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➡world’s best charm, charmonium & hyperon studies
• Could support dedicated expts after Tevatron ends
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Assume L ≈ 2 ×1032 cm-2 s-1 (10 × E835):

• Charm: total cross section ~1 µb? → ~1010 events/y?

• Hyperons:  1 mb inclusive  → ~1012 events/y
                60 nb ΩΩ̅ (est.)→ ~108 events/y

• Charmonium (& X3872): form 10,000s of non-1– – 
events with unique energy & mass precision

Physics Opportunity

• Note: dozens of thesis topics! 

➡ easiest way for Fermilab program to maintain some 
breadth after Tevatron

4
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• Partial list of potential papers & thesis topics:

Breadth of Program

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)

• We believe health of U.S. HEP needs such breadth
(used to be a given at Fermilab)

5
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Charmonium Rate Estimates

(based on plausible assumptions)
* neglecting (∆p/p)beam     † p ̅p width “best guess” used

6

From: Daniel Kaplan <kaplan@iit.edu>
Subject: Fwd: Charmonia Production Cross sections

Date: May 19, 2010 7:53:50 AM CDT

Begin forwarded message:

From: Keith Gollwitzer <gollwitz@fnal.gov>
Date: May 18, 2010 10:03:58 PM CDT
To: Daniel Kaplan <kaplan@iit.edu>
Subject: Re: Charmonia Production Cross sections

Hi Dan,
    Recap of assumptions:
1a) pbarp branching fraction to h_c and X are guesses that they are close to the chi_1.
1b) pbarp branching fraction to eta_c(2S) is the same as eta_c(1S) adjusted by the ratio of psi(2S) to J/psi pbarp branching fractions.
2a) branching fraction of h_c to eta_c is 40%
2b) final state branching fractions for eta_c(2S) = eta_c(1S)
2c) X final state branching fraction is a guess
3) Average of 10^32 cm^-2 s^-1 for 16hr per day
4) Acceptances are based upon E760/E835
5) Beam energy set to peak of mass resonance
6) Delta beam energy spread; finite beam spread affects the smaller resonance width (<0.5MeV); expect numbers to decrease for 
J/psi and psi(2S) by factors of 4.5 and 1.9, respectively.

Keith

State J M(MeV) B(pbarp ->cbarc) Production Cross 
Section (nb)

Final State Expected Observed 
Events per Day

eta_c 0 2980 1.3x10^-3 1200 gamma gamma
phi-phi (4K)

775
900

J/psi 1 3096 2.2x10^-3 5300 e+e- 650,000

chi_0 0 3415 2.2x10^-4 134 J/psi(e+e-) gamma
gamma gamma

pi0 pi0
phi-phi (4K)

200
85

1,300
30

chi_1 1 3511 6.7x10^-5 111 J/psi(e+e-) gamma 6,000

h_c 1 3525 5x10^-5 80 gamma eta_c(gamma gamma)
gamma eta_c( phi-phi)

15
20

chi_2 2 3556 6.6x10^-5 176 J/psi(e+e-) gamma
gamma gamma

pi0 pi0
phi-phi (4K)

5,800
100
500
90

eta_c(2S) 0 3637 1.6x10^-4 80 gamma gamma
phi-phi (4K)

50
60

psi(2S) 1 3686 2.6x10^-4 380 e+e-
J/psi (e+e-) anything

8,000
47,800

X 1 3872 4x10^-5 50 J/psi (e+e-) anything = 0.1% 100

Daniel Kaplan wrote:

*

Keith Gollwitzer, FNAL

†

†

†



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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SciFi

TOF

TOF
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One possibility:

• Once Tevatron shuts down (≈2011),

- Reinstall E760 EM spectrometer

}≈$4M

- Add small magnetic spectrometer 

- Add precision TOF system

- Add wire or pellet target

- and fast DAQ system

A Possible Approach

[existing
SciFi DAQ
from D0]

7

Superconducting 
solenoid

• Virtues: get “on the air” quickly

• Otherwise, hard to start major experiment for this 
physics now!
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BESS Solenoid

• Only 0.2 X0 thick
8

659 

B. Superconducting Magnet Design 

The features of the magnet are summarized as 

Aluminum stabilized conductor has 
remarkably larger stability margin than 
that of copper stabilized one when they are 
compared under the condition of same weight. 
Additionally transparency of aluminum is much 
h~ er than that of copper, so it enables the 
rgat ion thickness of the coil to  be minimum. 

fOllOWS [4] - [5]. 
Aluminum stabilized superconductor 

Pure aluminum strips for quench protection 
Pure aluminum strips, which are glued onto the inner 

surface of the CO$, may enhance. transverse quench 
propagation resulting m prevention of hot spot 
occurrences. 

A li uid helium reservoir tank is welded to one end of 
the CO!, which .is cooled by thermal conduction. T.his 
c o o h  method is more reliable than the forced c o o h g  
under%alloon fli t condition, because of no needs for 
active elements. %e bath p o h y ~  method is not applied 
due to disadvantages of a thlck w 1 of a cryostat. 

The outer vacuum c linder is made of an aluminum 
honeycomb plate whici has the advantage of larger 
stiffness t@ plain one when they are compared under the 
same condition of weight. 

Main parameters of the mapet  i s  summarized in TableTI , 
and the. cross section is shown in Fi ..2. The superconducting 
coil is installed into a double cyhfvcal vacuum vessel. The 
coil wound w t h  aluminum stabibed su erconductor is 
supported by an outer ylinder made OF high strength 
alumnum all0 ( 2219T-t85 ). 

A ri siaped liquid hehum reservoir tank is welded at 
one end 2 t h e  support *der. The coil is indirectly cooled 
by thermal conduction t ough the cylinder and the coil 
itself [SI. 

Static indirect cooling 

Aluminum honeycomb vacuum vessel 

_ _  
TABLE II 

MAIN PARAMETERS OF THE MAGNET 
Central magnet field 1.2 T 
Nominal current 520 A 
TUmS 3383 turns 
Stored energy 815 kJ 
Coil sue 1 . 0 m G  X1.3m 
Usefid warm bore 0.85m Q, X 1.0 m 
Overall magnet size 1.2mG X2.0m 

0.2 Rad. length 
0.04 Int. length 

LHe Capacity 150 1 

Total weight 430 kg 
Supconductor 

Transparency 

LHe life time 5-6days 

Superconductor ( m e  - wire ) 
Stabilizer 
Area ratio of ( NbTi/CdAl) 
R R R ( d )  
Cross section 
Critical current ( 63 3.8 T, 4.2 K ) 

NbTi/Cu 

1:1:7.3 
> 1000 
1.2 X 1.8m2 
930 A 

AI ( 99.999 % ) 

Fig. 2. Cross sectional view of the magnet 

C. Cryogenic gas flow control forflighi 
Atmospheric pressure is reduced according to the 

ascending payload. Some regulation is required to miuntam 
the cryogen to be stable in the tank, otherwise counter flow of 
air or water would enter through the vapor exhausting l i e  
during descending and would bre.& the system. Usual back 
pressure regulators cannot be ap lied for this system, because 
their operation depend on the regrence to the atmosphere for 
their standard pressure. 

A pressure regulation device consisting of absolute 
pressure relief valves provided by TAVCO Inc. is applied for 
this magnet s stem to keep the pressure in the reservoir tank 
constant at azout 0.1 MPa A.B.S.. This absolute relief valve 
has an evacuated cavity as a reference independent of 
circumstances. The regulating device was installed onto the 
end of the steady vapor gas line as shown in the flow diagram 
(Fig. 3). 

Unfortunately the simple absolute relief valve may not 
work perfect1 as a pressure regulator especially on the sky, 
because the Zaerence between the craclung pressure (0.106 
MPa) and reseat ressure (0.087 MPa) causes zero flow 
periods, which res$ in a temperature rise at the lower end of 
current leads and inducing a quench. On the ground, the 
balance between the flow rate of va or gas and the pressure 
drop at the relief valve is maintain4 so that the valve keeps 

9 ABSOLUTE R.V. 

DIFFERENTIAL R.V. 

Fig.3. Flow diagram of the magnet 

Authorized licensed use limited to: Fermilab contact x3401/library@fnal.gov for help. Downloaded on May 20,2010 at 17:11:19 UTC from IEEE Xplore.  Restrictions apply. 

• Available; fits in E760/835 calorimeter
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E760 Calorimeter

9

=
1.3 m

=
1.6 m
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E760 Calorimeter

10

=
1.3 m

=
1.6 m659 

B. Superconducting Magnet Design 

The features of the magnet are summarized as 
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h~ er than that of copper, so it enables the 
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coil wound wth aluminum stabibed su erconductor is 
supported by an outer ylinder made OF high strength 
alumnum all0 ( 2219T-t85 ). 

A ri siaped liquid hehum reservoir tank is welded at 
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by thermal conduction t ough the cylinder and the coil 
itself [SI. 

Static indirect cooling 

Aluminum honeycomb vacuum vessel 
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Fig. 2. Cross sectional view of the magnet 

C. Cryogenic gas flow control forflighi 
Atmospheric pressure is reduced according to the 

ascending payload. Some regulation is required to miuntam 
the cryogen to be stable in the tank, otherwise counter flow of 
air or water would enter through the vapor exhausting lie 
during descending and would bre.& the system. Usual back 
pressure regulators cannot be ap lied for this system, because 
their operation depend on the regrence to the atmosphere for 
their standard pressure. 

A pressure regulation device consisting of absolute 
pressure relief valves provided by TAVCO Inc. is applied for 
this magnet s stem to keep the pressure in the reservoir tank 
constant at azout 0.1 MPa A.B.S.. This absolute relief valve 
has an evacuated cavity as a reference independent of 
circumstances. The regulating device was installed onto the 
end of the steady vapor gas line as shown in the flow diagram 
(Fig. 3). 

Unfortunately the simple absolute relief valve may not 
work perfect1 as a pressure regulator especially on the sky, 
because the Zaerence between the craclung pressure (0.106 
MPa) and reseat ressure (0.087 MPa) causes zero flow 
periods, which res$ in a temperature rise at the lower end of 
current leads and inducing a quench. On the ground, the 
balance between the flow rate of va or gas and the pressure 
drop at the relief valve is maintain4 so that the valve keeps 

9 ABSOLUTE R.V. 

DIFFERENTIAL R.V. 

Fig.3. Flow diagram of the magnet 

Authorized licensed use limited to: Fermilab contact x3401/library@fnal.gov for help. Downloaded on May 20,2010 at 17:11:19 UTC from IEEE Xplore.  Restrictions apply. 
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Return Yoke
Study

2 g

1 T

Chuck Brown, 
FNAL
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• E760/835 used H2 cluster jet

- essential for small energy spread (Fermi 
motion, dE/dx)

- hard to fit within magnet & return yoke?

• Charm benefits from small, high-A target (say, 
30 µm Ti wire → A0.29 ≈ ×3 in cross section)

• P̅ANDA H2 cluster jet R&D

• Frozen-H2 target? (Jackson, Ishimoto)

• Aim for compatibility with all

12

Target Ideas



D. M. Kaplan, IIT  22 May 2010Antiproton Physics Workshop

Frozen-H2 Target?

13

Tb=20.3K
Tb=23.6K

Thin film SHT LHT

Tt (13.8K, 72mbar)

Windowless SHT

WSHT
2K

H2/D2 Vapor Pressure Shigeru Ishimoto, Shoji Suzuki KEK; 
Isao Tanihata; RCNP

and Daniel Kaplan; IIT

Diffuser Made from 20 m 
Sintered S-S Powder

Epoxy Adhesive

Stycast 1266 A/B

Pure-Silver Foil t=30 m
and Copper Block

Vacuum Chamber and Z-Stage for Diffuser

%;  orth-H2 fractions

orth-para conversion  to improve 
thermal conductivity 102

2K WSHT

Thermal Conductivity of 
para-SH2 at T=2K

n-SH2

p-SH2

LH2

0.5 (W/cmK)

0.5 (W/cmK)
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Frozen-H2 Target?
Shigeru Ishimoto, Shoji Suzuki KEK; 

Isao Tanihata; RCNP
and Daniel Kaplan; IIT

L S

L

Gas Para-H2

CRYOSTAT

SHT

2K

Gas Blowing of Para Hydrogen 

VAC. 10-7~10-8 mbar
when H2 blowing

DIFFUSER

Para-SH2 at T=2K
~ 0.5 (W/cmK)

example
T=0.2 K

S/L=1 cm 
Q=0.1 WMove L(cm) 

following SHT 
growing

CRYOSTAT

SHT

2K

BEAM 

VAC. < 10-10 mbar
at T=2K

Stick-type WSHT in Storage Ring

position 
control

CRYOSTAT

SHT

2K

BEAM 

VAC. < 10-10 mbar
at T=2K

Stick-type WSHT in Storage Ring

position 
control

See also S. Ishimoto et al., “Windowless solid 
hydrogen target,” NIM A 480 (2002) 304.

•                          :
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• Submitted to 
March ’09 PAC 
mtg

• PAC questions 
answered for 
June ’09 PAC mtg

• Upshot: physics 
interesting but 
no Fermilab 
effort can be 
provided at this 
time
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P-986 Letter of Intent:

Medium-Energy Antiproton Physics at Fermilab

David M. Asner

Carleton University, Ottowa, ON, Canada K1S 5B6

Thomas J. Phillips

Duke University, Durham, N. Carolina 27708 USA

Giorgio Apollinari, Daniel R. Broemmelsiek, Charles N. Brown,

David C. Christian, Paul Derwent, Keith Gollwitzer, Alan Hahn,

Vaia Papadimitriou, Ray Stefanski, Steven Werkema, Herman B. White

Fermilab, Batavia, IL 60510, USA

Wander Baldini, Giulio Stancari, Michelle Stancari

INFN, Sezione di Ferrara, Ferrara, Italy

Gerald P. Jackson

Hbar Technologies, LLC, West Chicago, IL 60185, USA

Daniel M. Kaplan,
∗
Yagmur Torun, Christopher G. White

Illinois Institute of Technology, Chicago, Illinois 60616, USA

HyangKyu Park

KyungPook National University, DaeGu, Korea

Todd K. Pedlar

Luther College, Decorah, IA 52101, USA

H. Richard Gustafson

University of Michigan, Ann Arbor, MI 48109, USA

Jerome Rosen

Northwestern University, Evanston, IL 60208, USA

Mitchell Wayne

Notre Dame University, Notre Dame, IN 46556, USA

Alak Chakravorty

St. Xavier University, Chicago, IL 60655, USA

E. Craig Dukes

University of Virginia, Charlottesville, Virginia 22903, USA

February 5, 2009
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Oddone Objections
1. Physics case weak

2. Proton “economics”

3. Too expensive to mount

4. Incompatible with g–2

5. Collaboration too weak

6. Too expensive to run

16

• Not according to PAC members 
I’ve asked

• P-986 needs only 2.5% of MI 
protons

• Reuse of existing equipment → 
cost only ≈$4M ≤ NSF MRI limit

• g–2 can be mounted at CDF 
Assembly Hall at similar cost

• One reason for this workshop!

• Only ≈2M$/y (≈15 FTEs)

?

?

?

?

?

?
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Summary

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

- including world’s most sensitive charm CPV study

- and unique studies of charmonium and hyperons

• pbar Source offers simplest way for Fermilab to have 
broad program in post-Tevatron era

➡  You can help!   Want to join?

(See http://capp.iit.edu/hep/pbar/)

17
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BACKUP...

18
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Charm!

D*D cross-section estimate (after E. 
Braaten, arXiv:0711.1854)

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

3.5 4 4.5 5

√s

si
g

m
a
 (
µ

b
)

• E. Braaten estimate of 
p ̅p X(3872) coupling 
assuming X is 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

(Expect good to factor ~3)

PRD 77, 034019)
̅

19
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Charm!

• Big question: 
New Physics or old?

➡ key is CP Violation!

• 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:

sc

s

W+

D0

u u

u

K–

K+

a)

D0

K–

K+
c

u

u

s

s

u

W+

d,s,b

g,!,Z

b)

sc

s

W+

D0

u u

u

K–

K+

a)

D0

K–

K+
c

u

u

s

s

u

W+

d,s,b

g,!,Z

b)

Singly Cabibbo-supressed (CS) D decays 
have 2 competing diagrams:

20
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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-

 

M (GeV/c2)

E
ve

nt
s 

pe
r 

1M
eV

/c
2

(a) D0→K+K-

q (GeV)

E
ve

nt
s 

pe
r 

0.
1M

eV (d) D0→K+K-

M (GeV/c2)

E
ve

nt
s 

pe
r 

1M
eV

/c
2

(b) D0→K-π+

σt (fs)

1/
N

 d
N

/d
σ t

fi

σi

(e)

M (GeV/c2)

E
ve

nt
s 

pe
r 

1M
eV

/c
2

(c) D0→π+π-

run period

τ K
π 

(f
s)

W.A.

408.7±0.6 fs(f)

10 2

10 3

10 4

1.82 1.84 1.86 1.88 1.9

10

10 2

10 3

10 4

0 0.005 0.01 0.015 0.02

10 2

10 3

10 4

10 5

1.82 1.84 1.86 1.88 1.9
0

0.02

0.04

0.06

0 100 200 300

10 2

10 3

1.82 1.84 1.86 1.88 1.9
400

405

410

415

420

1 2 3 4

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.
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• Compare with 1.22 x 106 total tagged evts
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.
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• Ballpark sensitivity estimate based on Braaten formula and 
assuming σ ∝ A1.0:

Belle
540 fb–1

(based on H.E. fixed-target)

(signal MC)
(MIPP & bkg MC)

(Al)
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• Have studied MIPP (FNAL E907) 20 GeV p ̅p data:

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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• Another possibility (E. Braaten): use the X
(3872) as a pure source of D*0D̅0 events

- the p ̅p equivalent of the ψ(3770)!?

- assuming current Antiproton Accumulator 
parameters (∆p/p) & Braaten estimate, 
produce ~108 events/year

- comparable to BES-III statistics

- could gain factor ~5 via AA e– cooling?

• Proposed expt will establish feasibility & reach

pbar Charm Factory?
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Charm Study
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Uniwersytet Slaski, Katowice, Poland
J. Holeczek, J. Kisiel, B. K�los,

Institute of Modern Physics, the Chinese Academy of Science, Lanzhou, P.R. China
R. Chen, L. Duan, Z. Hu W. Li, Z. Sun, G. Xiao, Z. Xiao, H. Xu, H. Xu

Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, Germany
P. Achenbach, J. Pochodzalla, A. Sanchez-Lorente

Politecnico di Milano (a), Physics Department, Università di Milano (b) and INFN, Sezione di
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Figure 1.3: Setup of the PANDA detector.

• The interaction point is surrounded by a micro
vertex detector (MVD) which has five barrel
shaped layers plus five disk-shaped detectors in
forward direction. The three innermost layers
are composed of pixel detectors to achieve best
resolution and to be able to easily detect decay
vertices displaced from the interaction point.
The outer layers are composed of microstrip
detectors which are easier to handle.

The baseline technology chosen for the pixel
detectors are hybrid active pixel sensors as used
by several LHC experiments. The electronics
still has to be modified to accommodate contin-
uous readout. As alternatives to silicon pixels,
GaAs based detectors are considered as well as
much thinner monolithic pixel sensors where
the problem of radiation hardness would have
to be solved.

• The MVD is surrounded by a cylindrical
tracker. Two options are currently discussed,
a straw tube tracker (STT) consisting of 15
double layers of self-supporting straws and a
time projection chamber (TPC) with continu-
ous readout.

The TPC is the technically more challenging
option since it requires an ungated charge col-
lection based on a GEM readout. However it
has the benefit of less material and offers in
addition particle identification via dE/dx.

On the other hand, the STT is seen as a safe
fall-back solution which should still fulfil the
basic tracking requirements.

In the forward direction circular or octagonal
mini drift chambers are used to track particles
with higher momenta before they enter the for-
ward spectrometer.

• The next detector is a Cherenkov counter based
on the DIRC principle as used in BaBar at
SLAC. It consists of quartz rods in which
Cherenkov light is internally reflected to an ar-
ray of photon detectors in the backwards di-
rection. The readout can be either done by
imaging a 2D pattern of reflections with a large
number of PMTs or APDs or by measuring just
one coordinate and the time of light propaga-
tion inside the quartz very precisely.

In forward direction a disk-shaped Cherenkov
counter with quartz radiator and detectors for
internally reflected light similar as for the bar-
rel DIRC is planned. Its readout should be
located between the solenoid coil and the re-
turn yoke to allow the calorimeter end cap to
be as close as possible.

• An electromagnetic calorimeter is placed out-
side the DIRC. It consists of a barrel part with
11 360 crystals, a forward end cap with 6 864
crystals and a backward end cap with 816 crys-
tals. As detector material PbWO4 is foreseen,
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Figure 4: PANDA (top) and “Upgraded-E835” (bottom) schematics drawn to approximately
the same scale.

quantities for which predictions with dynamical quarks are now available, with that of the
corresponding “quenched” predictions.) The charmonium system (Fig. 7) is an important
proving ground for QCD calculations in that the bound c and c quarks are moving slowly
enough that relativistic effects are significant but not dominant, and are sufficiently massive
that non-perturbative effects are well understood.

Fermilab experiments E760 and E835 made the world’s most precise measurements of
charmonium masses and widths [10]. The achieved precision (<∼ 100 keV) was made possible
by the extraordinarily narrow energy spread of the stochastically cooled antiproton beam
and the absence of Fermi motion and negligible energy loss in the hydrogen cluster-jet target.
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. Although charmonium has by now been extensively studied, a number
of questions remain, including the nature of the mysterious X(3872) state [6] and improved
measurement of hc and η�c parameters [9]. The unique precision of the pp energy-scan tech-
nique is ideally suited to making the precise mass and width measurements needed to test
the intriguing hypothesis that the X(3872) is a D∗0D0 molecule [41].
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• Charmonium (cc ̅) spectroscopy (mass, widths, branching ratios) 

• Establishment of the QCD-predicted gluonic excitations 
(charmed hybrids, glueballs) in the 3–5 GeV/c2 mass range

• Search for modifications of meson properties in the nuclear 
medium

• Precision γ-ray spectroscopy of single and double hypernuclei

• Extraction of generalized parton distributions from p ̅p 
annihilation

• D meson decay spectroscopy (rare decays)

• Search for CP violation in the charm and strangeness sector

P̅ANDA Physics Topics
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