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® An old topic:
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Hyperon CP Violation!?

® An old topic:

PHYSICAL REVIEW VOLUME 184, NUMBER 5§ 25 AUGUST 1969

Final-State Interactions in Nonleptonic Hyperon Decay
O. E. OVErSETH*
The University of Michigan, Ann Arbor, Michigan 48104
AND

S. Pakvasat
University of Hawaii, Honolulu, Hawaii 96822
|(Received 1 April 1969)|

E. Tests for CP and CPT Invariance

Thus in hyperon decay, & —a implies CP violation
in this process independent of the validity of the CPT
theorem. This is also true if 83 —8.

Also, as usual, CPT invariance implies equality of A°
and A° lifetimes, whereas CP invariance implies equality
of partial rates =19 and I'"=T+, This is also true
when final-state interactions are included in the
analysis.
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Hyperon CPVlolatlon7

® Example Feynman diagrams (SM):

W- u
8 > - u
A decay: A u > > u P
d - - d

A penguin decay: N
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Hyperon CPVlolatlon7

® Example Feynman diagrams (SM):

A decay:

A penguin decay:

® New Physics (SUSY, etc.) could also contribute!
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Hyperon CP Violation!?

® CP-odd observables:
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Hyperon CP Violation!

® CP-odd observables:

» Decay amplitude for AS = 1 decay of spin-1/2 strange baryon
into spin-1/2 baryon and meson (e.g., A = p 7-):

M=S§S+PG-q,
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Hyperon CP Violation!

® CP-odd observables:

» Decay amplitude for AS = 1 decay of spin-1/2 strange baryon
into spin-1/2 baryon and meson (e.g., A = p 7-):
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M=/S+/P(7-qp

S-wave amplitude

P-wave amplitude
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Hyperon CP Violation!

® CP-odd observables:

» Decay amplitude for AS = 1 decay of spin-1/2 strange baryon
into spin-1/2 baryon and meson (e.g., A = p 7-):

M=S+Po-
VA,

qp\

P-wave amplitude

S-wave amplitude

proton-momentum
unit vector
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Hyperon CP Violation!

® CP-odd observables:

» Decay amplitude for AS = 1 decay of spin-1/2 strange baryon
into spin-1/2 baryon and meson (e.g., A = p 7-):

M = S+PG qp\

S-wave am I|tude proton-momentum
P P-wave amplitude unit vector
— Nonuniform proton angular distribution in A rest frame:
dN 1
—~=—(+a,P,-q,)
dQ 4
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® CP-odd observables:

» Decay amplitude for AS = 1 decay of spin-1/2 strange baryon
into spin-1/2 baryon and meson (e.g., A = p 7-):

M = S+PG qp\

S-wave am ||tude proton-momentum
P P-wave amplitude unit vector
— Nonuniform proton angular distribution in A rest frame:
dN 1
—=—{+0,P ) (parity violation)
dQ 4r
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Hyperon CP Violation!

® CP-odd observables:

» Decay amplitude for AS = 1 decay of spin-1/2 strange baryon
into spin-1/2 baryon and meson (e.g., A = p 7-):

M = S+PG qp\

S-wave amplltude P. prc?ton-momentum
-wave amplitude unit vector
— Nonuniform proton angular distribution in A rest frame:
dN 1
—=—{+0,P ) (parity violation)
dQ) 4r
2ReS'P 2ImS'P
where o, = B, = ~ [Lee & Yang, 1957]
S|"+1 P Nigaly
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Hyperon CP Violation!

® CP-odd observables:

» Decay amplitude for AS = 1 decay of spin-1/2 strange baryon
into spin-1/2 baryon and meson (e.g., A = p 7-):

M = S+PG qp\

S-wave amplltude

proton-momentum
P-wave amplitude unit vector

— Nonuniform proton angular distribution in A rest frame:

1
d_N =—({1+a,P ) (parity violation)
/[

_ 2ReSP 2ImS'P
where «, = =, B, = ST+ [P [Lee & Yang, 1957]

=, A,
O, — O, :BA o ﬁA rAePn A—Pr
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Hyperon CP Violation!

=}A EOCA_l_&A B ﬂA_I_[EA A FA—>Pn_1jA—>Pn
A o, " +T

s A
O, — O, :BA o ﬁA FA%P% A—Pr
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Hyperon CP Violation!

=}A OCA+&A B EﬁA—I_éA A FA%Pn_le—)Pn
A A +T

— ’ A =
o, — o, :BA _ ﬁA FA—)P% A—Pr
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Hyperon CP Violation!?

o, +0a B, +p r, , —-T
A A A B = A _A A A—Pr _A—)Pn
= A A +T

— ’ A =
o, — o, :BA _ ﬁA FA—)Pn A—Pr

® p , distribution in A rest frame:

=1+a,P, cosf
dcosB@ ATA

slope =o, P,

slope = o P;
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Hyperon CP Violation!?

A =OCA+&A B =ﬁA+ﬁA A =FA+P75_FA—>P7I
— A, = — > DA< 3°ATT T
Oy — 0y IBA__[i\ aspr T L ASpPr
® p . distribution in A rest frame: =1+a, P, cos
dcos6
sh:pe ::(XA}i\ Sh}pe ::(ZK[%

dN
dcosf
=) 0 1 -1 0 1
cos@ cos6
® CP conserved < slope = — slope
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Hyperon CP Violation!

® For precise measurement of A, need excellent
knowledge of relative A and A polarizations!
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Hyperon CP Violation!?

® For precise measurement of A, need excellent
knowledge of relative A and A polarizations!

B HyperCP “trick”: == — ATT decay gives PA = — Pa

D. M. Kaplan, IIT

p— -}
|—|

—
= S AT s pr — An" — pr'm
glope = 0,0z slope =00z
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Hyperon CP Violation!?

® For precise measurement of A, need excellent
knowledge of relative A and A polarizations!

B HyperCP “trick”: == — ATT decay gives PA = — Pa

p— -}
— |—|

= > AnT > prn — An* — pr'n’
glope = 0,0z Slope =00z

dN
dcos

9 0 1
cos@

® Unequal slopes = CP violated!
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Hyperon CP Violation!?

® Theory & experiment:
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Hyperon CP Violation!?

® Theory & experiment:

Theory [Donoghue, He, Pakvasa, Valencia, et al., e.g., PRL 55, 162 (1985); PRD 34, 833

Aa~10-5  (1986); PLB 272,411 (1991)]
* SM: IAzal < 5 x 10-5 [J. Tandean, G. Valencia, Phys. Rev. D 67,
e Other models: 0(107) 056001 (2003)]

[e.g. SUSY gluonic dipole: X.-G.He et al., PRD 61, 071701 (2000)]
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Hyperon CP Violation!

® Theory & experiment:

Theory [Donoghue, He, Pakvasa, Valencia, et al., e.g., PRL 55, 162 (1985); PRD 34, 833

Aa~10-5  (1986); PLB 272,411 (1991)]
* SM: IAzal < 5 x 10-5 [J. Tandean, G. Valencia, Phys. Rev. D 67,

e Other models: 0(107) 056001 (2003)]
[e.g. SUSY gluonic dipole: X.-G.He et al., PRD 61, 071701 (2000)]

Experiment Decay Mode A

R608 at ISR pp = AX,pp = AX  -0.02 & 0.14 [P. Chauvat et al., PL 163B (1985) 273]
DM2 at Orsay ete” = J/U — AA 0.01 & 0.10 [M.H. Tixier et al., PL. B212 (1988) 523]
PS185 at LEAR pp — AA 0.006 £ 0.015[P.D. Barnes et al., NP B 56A (1997) 46]

Experiment Decay Mode A= + Ap

E756 at Fermilab = — An, A — pw 0.012 + 0.014 [K.B. Luk et al., PRL 85, 4860 (2000)]

—4 |[T. Holmst t al.,
ES7L at Fermilab  E—> Az,A— pr (0067 x 107 L Mg ERF o5,
@ (62 +2)x 104 [BEACHOS preliminary|
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ion?

excluded by & for LR=RL case

Hyperon CP Violat

. 10°
® Theory & experiment: |
Theory [Donoghue, He, Pakvasa, Valencia, et al.,e.g., % .
. M- Ar~105 g7 10" :
) [Azal <5 x 105 - g
e Other models: 0(107) =
[e.g. SUSY gluonic dipole: X.-G.He et al., PRD 61, 071701 (200C  10°°
Experiment Decay Mode Ap S : ——
10 10 107
_ . I(E7€) sysyl
R608 at ISR pp = AX,pp = AX -0.02 £ 0.14 |P. Chauvat et al., PL 1638 (1985) 2/3]

DM2atOrsay ete” — J/¥ — AA  0.01 & 0.10 [M.H. Tixier et al., PL B212 (1988) 523]
PS185 at LEAR pp — AA 0.006 == 0.015[P.D. Barnes et al., NP B 56A (1997) 46]

Experiment Decay Mode A= + Ap

E756 at Fermilab = — An, A — pw 0.012 + 0.014 [K.B. Luk et al., PRL 85, 4860 (2000)]

—_ —4 [T. Holmst tal.,
E871 at Fermilab = > AJ'L’,A — DI (0.0 £ 6.7) x_ 10 ! {DRL 83?2861‘;6?)16(;004)]
@ (62 +2)x 104 [BEACHOS preliminary|

D. M. Kaplan, IIT New Experiments with Antiprotons ICL HEP Seminar 8




Made possible by...

D. M. Kaplan, IIT New Experiments with Antiprotons

ICL HEP Seminar

9




Made possible by... Enormous HyperCP Dataset

x 102

1400

1200

1000

800

600

Events / 0.25 MeV/c?

8
=)

200

=", 2.07 billion
=*. 0.46 billion
o==1.6 MeV/c?

0
1.310

1315 1.320 1325 1.330
Invariant mass of pnm [GeVﬁcz]

1.335

"

-

o
o

2250
2000
1750
1500
1250
1000

750

Events / 0.27 MeV/c?

500
250

K*, 394 million
K . 164 million
Og= 2.0 MeV/c?

0
0.480

D. M. Kaplan, IIT

| =L T . - !
0.485 0490 0.495 0.500 0.505
Invariant mass of Tw [Gercz]

New Experiments with Antiprotons

x 102

10000

Events / 024 MeV/c?

Events / 0.35 MeV/c?

2 & 8

:

= 103
1200

1000

300

€, 14.6 million
" 5.0 million
Go= 1.5 MeV/c?

0
1.660

1.665 1.670 1.675 1.680
Invariant mass of Kpm [GercQ]

K°®, (+)2.04 billion
K°, (-) 0.72 billion

Oy = 2.9 MeV/c”

i
1

Lo L Ly, e L
85 0.490 0.495 0.500 0.505 0.510
Invariant mass of mm [GeV,-’cz]

ICL HEP Seminar

9




Made possible by... Enormous HyperCP Dataset

x 102

1400

1200

1000

800

600

Events / 0.25 MeV/c?

8
=)

200

0
1.310

1315 1.320 1325 1.330
Invariant mass of pnm [GeVﬁcz]

1.335

"

-

o
o

2250
2000
1750
1500
1250
1000

750

Events / 0.27 MeV/c?

500
250

K*, 394 million
K . 164 million
Og= 2.0 MeV/c?

0
0.480

D. M. Kaplan, IIT

| =L T . - !
0.485 0490 0.495 0.500 0.505
Invariant mass of Tw [Gercz]

New Experiments with Antiprotons

x 102

10000

Events / 024 MeV/c?

Events / 0.35 MeV/c?

2 & 8

:

= 103
1200

1000

300

€, 14.6 million
" 5.0 million
Go= 1.5 MeV/c?

0
1.660

1.665 1.670 1.675 1.680
Invariant mass of Kpm [GercQ]

K°®, (+)2.04 billion
K°, (-) 0.72 billion

Oy = 2.9 MeV/c”

i
1

Lo L Ly, e L
85 0.490 0.495 0.500 0.505 0.510
Invariant mass of mm [GeV,-’cz]

ICL HEP Seminar

9




Made possible by... Enormous HyperCP Dataset

x 102

1400

1200

1000

800

600

Events / 0.25 MeV/c?

8
=)

200

0
1.310

1315 1.320 1325 1.330
Invariant mass of pnm [GeVﬁcz]

1.335

"

-

o
o

2250
2000
1750
1500
1250
1000

750

Events / 0.27 MeV/c?

500
250

K*, 394 million
K . 164 million
Og= 2.0 MeV/c?

0
0.480

D. M. Kaplan, IIT

| =L T . - !
0.485 0490 0.495 0.500 0.505
Invariant mass of Tw [Gercz]

New Experiments with Antiprotons

x 102

10000

Events / 024 MeV/c?

Events / 0.35 MeV/c?

2 & 8

:

= 103
1200

1000

300

€2, 14.6 million
()* 5.0 million
Co=1.5 MeV/c?

0
1.660

1.665 1.670 1.675 1.680
Invariant mass of Kpm [GercQ]

K°®, (+)2.04 billion
K°, (-) 0.72 billion

Oy = 2.9 MeV/c”

i
1

Lo L Ly, e L
85 0.490 0.495 0.500 0.505 0.510
Invariant mass of mm [GeV,-’cz]

ICL HEP Seminar

9




| | HyperCP Spectrometer Beasm Hodo
Elevation View L

| cs IE
C6
o% 19.5 mrad |
S . e I
— -1 1 f
il

co
|

N

cl C3

— - .
Same-Sign Opposite-Sign ! uon
gﬂ;ﬂ - Vacuum Hodoscope Hodoscope Calorimeter  Sygtem
Ii]dyperon Dec:ay
agnet Region Analyzing
Magnets
Same-Sign
g 2 Hodoscope I
Plan View :
[J
x [
TRV
1
= o I
x® 0
o []
Z []
8.0m 0 i
Vacuum n [] s f Beam Hodo
_ i adron
Target [R):;?O}?n i _/ % Calorimeter Ig&‘;?;lm E]
al [ i
_\..~ _____________________ | N J' _______
Proton e |
Beam P

Amnalvzing
Magnets

Opposite-Sign
Hodoscope

D. M. Kapla 2minar 10




D. M. Kaplan, IIT

..and Fast HyperCP DAQ System
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~20,000 channels of MWPC latches

o
: 3

..and Fast HyperCP DAQ System
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..and Fast HyperCP DAQ System

~20 OOO channels of MWPC latches

~ 100 kHz of triggers
..written to 32 tapes in parallel
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HyperCP Collaboratlon

F.*"Jﬁ hE‘I E:,rr HEH

mT_ll
N :

A Chan Y.-C. Chen, C. Ho, P -K. Teng
Academia Sinica, Taiwan

K. Clark, M. Jenkins
University of South Alabama, USA

W.-S. Choong, Y. Fu, G. Gidal, T. D. Jones, K.-B. Luk*, P. Gu, P. Zyla
University of California, Berkeley, USA

C. James, J. Volk
Fermilab, USA

J. Felix, G. Moreno, M. Sosa
University of Guanajuato, Mexico

R. Burnstein, A. Chakravorty, D. Kaplan, L. Lederman, D. Rajaram, H. Rubin, N. Solomey, C. White
lllinois Institute of Technology, USA

N. Leros, J.-P. Perroud
University of Lausanne, Switzerland

H. R. Gustafson, M. Longo, F. Lopez, H. Park
University of Michigan, USA

E. C. Dukes*, C. Durandet, T. Holmstrom, M. Huang, L. C. Lu, K. S. Nelson
University of Virginia, USA *co-spokespersons
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Some HyperCP Discoveries:
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Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.
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Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

® ao= 0.0175+0.0024 =0 = Q7 > AK™ violates parity
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Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

® ao= 0.0175+0.0024 =0 = Q7 — AK™ violates parity
o L[X(AK)+(AK*)] = -0.004 + 0.040  (but conserves CP)
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Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

® ao= 0.0175+0.0024 =0 = Q7 — AK™ violates parity
o L[X(AK)+(AK*)] = -0.004 + 0.040  (but conserves CP)

® Az, =(00x5.1%+44) %10 = =~ — Am conserves CP
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Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

® ao= 0.0175+0.0024 =0 = Q7 > AK™ violates parity
o L[X(AK)+(AK*)] = -0.004 + 0.040  (but conserves CP)

® Az, =(00x5.1%+44) %10 = =~ — A conserves CP
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(I°t =5% of sample - full analysis still in progress)
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Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

® ao= 0.0175+0.0024 =0 = Q7 — AK™ violates parity
o L[X(AK)+(AK*)] = -0.004 + 0.040  (but conserves CP)

® Az, =(00x5.1%+44) %10 = =~ — Am conserves CP
(I°t =5% of sample - full analysis still in progress)

e X" — pu'u:smallest baryon BR ever seen!
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Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

® ao= 0.0175+0.0024 =0 = Q7 > AK™ violates parity
o L[X(AK)+(AK*)] = -0.004 + 0.040  (but conserves CP)

® Az, =(00x5.1%+44) %10 = =~ — A conserves CP
(I°t =5% of sample - full analysis still in progress)

e X" = putUT B=9x 1038 (or )
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® (o=

Events/1 MeV/c?

0.0175 +0.0024 =0

(@)

I T T
220 240
M, (MeV/c?)

New Experiments with Antiprotons

Events/0.5 MeV/c?

o

Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

= Q7 — AK™ violates parity

o L[X(AK)+(AK*)] = -0.004 + 0.040  (but conserves CP)
© A=A=(0.0%5.11£44) %10

= =~ = A conserves CP

(I°t =5% of sample - full analysis still in progress)

e X" = putUT B=9x 1038 (or

)

N
|

T T I T T
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217.5
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® (o=

Events/1 MeV/c?

0.0175 + 0.0024 = 0
o L[o(AK)+a(AK*)] = —0.004 + 0.040
® Aza=(0.0£5.1 +44)x |0

(@)

I T T
220 240
M, (MeV/c?)

New Experiments with Antiprotons

Events/0.5 MeV/c?

o

e X" = putUT B=9x 1038 (or

Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

= Q7 — AK™ violates parity

(but conserves CP)

= &~ — Am” conserves CP
(I°t =5% of sample - full analysis still in progress)

N
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)

~2.40 fluctuation of SM
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® (o=

Events/1 MeV/c?

0.0175 + 0.0024 = 0
o L[o(AK)+a(AK*)] = —0.004 + 0.040
® Aza=(0.0£5.1 +44)x |0

(@)

I T T
220 240
M, (MeV/c?)

New Experiments with Antiprotons

Events/0.5 MeV/c?

o

Some HyperCP Discoveries:

® ¢z =(-2.39+0.64+0.64)° = == 0 2" non-zero transverse asymm.

= Q7 — AK™ violates parity

(but conserves CP)

= =~ = A conserves CP

(I°t =5% of sample - full analysis still in progress)

e X" = putUT B=9x 1038 (or

N
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~2.40 fluctuation of SM

- SUSY Sgoldstino?
= SUSY light Higgs!?
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week endin
PRL 98, 081802 (2007) PHYSICAL REVIEW LETTERS 23 FEBRUARYg2007

Does the HyperCP Evidence for the Decay 2" — pu™ u~ Indicate
a Light Pseudoscalar Higgs Boson?

Xiao-Gang He*

Department of Physics and Center for Theoretical Sciences, National Taiwan University, Taipei, Taiwan

Jusak Tandean’
Departments of Mathematics, Physics, and Computer Science, University of La Verne, La Verne, California 91750, USA

G. Valencia®

Department of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA
(Received 2 November 2006; published 22 February 2007)

The HyperCP Collaboration has observed three events for the decay %" — pu™ u~ 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 A. In this model there are regions of parameter
space where the AY can satisfy all the existing constraints from kaon and B-meson decays and mediate
2T — puTu” at a level consistent with the HyperCP observation.
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Does the HyperCP Evidence for the Decay 2" — pu™ u~ Indicate
a Light Pseudoscalar Higgs Boson?

Xiao-Gang He*

Department of Physics and Center for Theoretical Sciences, National Taiwan University, Taipei, Taiwan

Jusak Tandean’
Departments of Mathematics, Physics, and Computer Science, University of La Verne, La Verne, California 91750, USA
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Department of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA
(Received 2 November 2006; published 22 February 2007)

The HyperCP Collaboration has observed three events for the decay %" — pu™ u~ 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 A. In this model there are regions of parameter
space where the AY can satisfy all the existing constraints from kaon and B-meson decays and mediate
2T — puTu” at a level consistent with the HyperCP observation.
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® Holmstrom et al., PRL 93,2620 (2004):

= analysis of =5% of == sample, 10% of =+
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=* CPViolation
® Holmstrom et al., PRL 93,2620 (2004):

= analysis of =5% of == sample, 10% of =+
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Ratio (negative/positive)
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=* CPViolation
® Holmstrom et al., PRL 93,2620 (2004):

= analysis of =5% of == sample, 10% of =+
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=* CPViolation
® Holmstrom et al., PRL 93,2620 (2004):

= analysis of =5% of == sample, 10% of =+
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production spectra, etc.:
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=* CPViolation

® Holmstrom et al., PRL 93,2620 (2004):

= analysis of =5% of == sample, 10% of =+
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® C.Materniak, BEACHOS:

Ratio (negative/positive)

=* CPViolation
® Holmstrom et al., PRL 93,2620 (2004):

= analysis of =5% of == sample, 10% of =+
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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
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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 1 ;

0.96 |

Efficiceney

0.94 |

® Big collider experiments can’t trigger
efficiently 052 |

D_E}ﬂ_lllllllll
0 100

I A
200 300
C2X wire number

B \Vhat else is there?
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Low-Energy Antiprotons!
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Low-Energy Antiprotons!

e Until “HyperCP era,” world’s best limit on hyperon
CP violation came from PS185 at LEAR:
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Low-Energy Antiprotons!

e Until “HyperCP era,” world’s best limit on hyperon
CP violation came from PS185 at LEAR:

Experiment Decay Mode A

R608 at ISR pp = AX,pp = AX -0.02 + 0.14 [P. Chauvat et al., PL 163B (1985) 273]
DM2atOrsay ete” — J/U — AA  0.01 £ 0.10 [M.H. Tixier et al., PL B212 (1988) 523

PS185 at LEAR pp — AA 0.006 &= 0.015[P.D. Barnes et al., NP B 56A (1997) 46]

Experiment Decay Mode Az + Ap

E756 at Fermilab = — An, A — p7 0.012 £ 0.014 [K.B. Luk et al., PRL 85, 4860 (2000)]

T. Holmst t al.
E871 at Fermilab Z — An,A — pnr  (0.0+6.7) x‘ 107 I[DRL 8{“561%? (221()(’)4)]

(HyperCP) (6 +2 %2) x 104 [BEACHOS preliminary]
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Low-Energy Antiprotons!

e Until “HyperCP era,” world’s best limit on hyperon
CP violation came from PS185 at LEAR:

Experiment Decay Mode A

R608 at ISR pp = AX,pp = AX -0.02 + 0.14 [P. Chauvat et al., PL 163B (1985) 273]

DM2atOrsay ete™ — J/T — AA  0.01 & 0.10 [M.H. Tixier et al., PL B212 (1988) 523]

PS185 at LEAR pp — AA 0.006 &= 0.015[P.D. Barnes et al., NP B 56A (1997) 46]

Experiment Decay Mode Az + Ap

E756 at Fermilab = — An, A — p7 0.012 £ 0.014 [K.B. Luk et al., PRL 85, 4860 (2000)]

T. Holmst t al.
E871 at Fermilab Z — An,A — pnr  (0.0+6.7) x‘ 107 I[DRL 83?2861‘;{)?)16 (221()(’)4)]

(HyperCP) (6 £2 %2) x 104 [BEACHOS preliminary]
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Low-Energy Antiprotons!

® PSI85 was limited by LEAR p flux (<10°/s)
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Low-Energy Antiprotons!

® PS185 was limited by LEAR p flux (<10°/s)

Average Pbar Accumulation Rate (FNAL)

Average Accumulation Rate (e10/hour)

D. M. Kaplan, IIT
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Low-Energy Antiprotons!

® PSI85 was limited by LEAR p flux (<10°/s)

Average Pbar Accumulation Rate (FNAL)

( )
| hour’s stacking at 10''/hour —

circulating p flux of 6 x10'¢/s

]
=
[

._.
i
LA

._.
il
(=1
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10.0

b pﬂm i

Average Accumulation Rate (e10/hour)

2.5

0.0
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Low-Energy Antiprotons!

® Also good for charmonium:

p Thanks to superb precision of antiproton beam energy
and momentum spread, E760/835 @ Fermilab
Antiproton Accumulator made very precise
measurements
of charmonium
parameters, e.g.:
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Low-Energy Antiprotons!

® Also good for charmonium:

p Thanks to superb precision of antiproton beam energy

and momentum spread, E760/835 @ Fermilab

Antiproton Accumulator made very precise
IG(JPC) = ot(t™)

measurements
of charmonium
parameters, e.g.:

D. M. Kaplan, IIT

VALUE (MeV)

EVTS

XcO(]-P) MASS

DOCUMENT ID

TECN

COMMENT

3414.76+ 0.35 OUR AVERAGE Error includes scale factor of 1.2.

3414.21+ 0.394+0.27

34147 T 07 0.2

34155 + 04 +0.4

3417.4 T 18 0.2

34141 £ 0.6 £0.8
3417.8 = 0.4 +4

392

ABLIKIM
1 ANDREOTTI
2 BAGNASCO

05G BES2
03 EB835
02 EB835

1 AMBROGIANI 998 E835

BAI
1 GAISER

New Experiments with Antiprotons
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Low-Energy Antiprotons!

® Also good for charmonium:

p Thanks to superb precision of antiproton beam energy
and momentum spread, E760/835 @ Fermilab

Antiproton Accumulator made very precise
IG(JPC) = ot(t™)

measurements

IXco(l'D)I

of charmonium Yeo(1P)

parameters, e.g.:

D. M. Kaplan, IIT

Xc0(1P) Listings.

IG(JPC) _ 0+(2++)

See the Review on "y(2S) and x. branching ratios” before the

VALUE (MeV) EVTS
3556.20 + 0.09 OUR AVERAGE
3555.70 + 0.59 +0.39
3556.173+ 0.1234+0.020

3559.9 4+ 2.9

3556.4 £ 0.7

3556.22 + 0.1314+0.020 585
New Experiments with Antiprotons

Xe2(1P) MASS

DOCUMENT ID TECN

COMMENT

ABLIKIM 05G BES2
ANDREOTTI 05A E835
EISENSTEIN 01 CLE2

BAI 998 BES
1 ARMSTRONG 92 E760

P(2S) — X2
pp— etTe v

e+ e —
e+ e_Xc2
P(2S) — X

pp— ete v
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Low-Energy Antiprotons!

® Also good for charmonium:

p Thanks to superb precision of antiproton beam energy
and momentum spread, E760/835 @ Fermilab
Antiproton Accumulator made very precise
measurements
of charmonium
parameters, e.g.:

- best measurements of various 7, ¥, h. masses,
widths, branching ratios,...

- interference of continuum & resonance signals

® GS|-Darmstadt upgrading to similar facility, done =2015
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Low-Energy Antiprotons!

® Fermilab Antiproton Source is world’s highest-energy

and most intense

Table I: Antiproton Intensities at Existing and Future Facilities

Stacking: Clock Hours p/Yr
Facility 10 13
Rate (107" /hr) Duty Factor /Yr (107°)
CERN AD 3800 04
FNAL (Accumulator) 20 15% 5550 17
FNAL (New Ring) 20 90% 5550 100
FAIR (>2015) 3.5 90% 2780 9

...even after FAIR turns on

D. M. Kaplan, IIT New Experiments with Antiprotons
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A Possible Scheme

® Once Tevatron shuts down (=2010),

= Reinstall E835 EM spectrometer
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® Once Tevatron shuts down (=2010), ij% %wﬂ:*—é%?am%

= Reinstall E835 EM spectrometer

«— LUMINOSITY
MONITOR

2.63m

k
3
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® Once Tevatron shuts down (=2010), ﬂﬂ ﬁ‘"‘\ h||||| iEEEE

= Reinstall E835 EM spectrometer

= Add small magnetic spectrometer

D. M. Kaplan, IIT

A Possible Scheme

INTERACI'IO\I

New Experiments with Antiprotons
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SiPix
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S ciFi

® Once Tevatron shuts down (=2010),

= Reinstall E835 EM spectrometer

= Add small magnetic spectrometer
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S ciFi

IIIIIIIIIII

® Once Tevatron shuts down (=2010), -=lIIHIiE-.=

i
= Reinstall E835 EM spectrometer

= Add small magnetic spectrometer
= Add TOF system
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® Once Tevatron shuts down (=2010),

= Reinstall E835 EM spectrometer

= Ad
= Ad
= Ad

D. M. Kaplan, IIT

d
d

C

small magnetic spectrometer
TOF system
wire or pellet target

New Experiments with Antiprotons

S ciFi

IIIIIIIIIII
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'l iy
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® Once Tevatron shuts down (=2010),

= Reinstall E835 EM spectrometer

= Add small magnetic spectrometer
= Add TOF system

= Add wire or pellet target

- Adc

2ndary.yertex trigger
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S ciFi

IIIIIIIIIII
SiPi i

® Once Tevatron shuts down (=2010), -ElllHliE—-.=

= Reinstall E835 EM spectrometer

- Ad
- Ad
- Ad
- Ad

small magnetic spectrometer
TOF system
wire or pellet target

d
d
d
d

2ndary.yertex trigger
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® Once Tevatron shuts down (=2010),

Reinstall E835 EM spectrometer

Add small magnetic spectrometer
Add TOF system

Adc

Add 2"%".vertex trigger
Run p5 = 5.4 GeV/c 2ma < /s < 2mq + mm)
@ L~ 1032 cm?s! (10 x E835)

wire or pellet target

D. M. Kaplan, IIT New Experiments with Antiprotons
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® Once Tevatron shuts down (=2010), .iiiiiiiE_E b 1
X

SiPix

= Reinstall E835 EM spectrometer

= Add small magnetic spectrometer

= Add TOF system

- Adc

- Add 2"%".-vertex trigger

- Run p5 = 5.4 GeV/c 2ma <+/s < 2mq + mmo)
@ L~ 1032 cm?s! (10 x E835)

= ~08Q) Q'fyr

wire or pellet target
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® Once Tevatron shuts down (=2010), :::::::: IMSHEY

x|
SiP

= Reinstall E835 EM spectrometer

= Add small magnetic spectrometer

= Add TOF system

- Adc

- Add 2"%".-vertex trigger

- Run p5 = 5.4 GeV/c 2ma <+/s < 2mq + mmo)
@ L~ 1032 cm?s! (10 x E835)

= ~]08 Q" Q*yr + ~10'2 inclusive hyperon events!

wire or pellet target
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What Can This Do?

e Observe many more X" — pl’ i~ events and
confirm or refute SUSY interpretation
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What Can This Do?

e Observe many more X" — pl’ i~ events and
confirm or refute SUSY interpretation

e Discover or limit Q~ — EZ 1"t and confirm or
refute SUSY interpretation
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What Can This Do?

e Observe many more X" — pl’ i~ events and
confirm or refute SUSY interpretation

e Discover or limit Q~ — EZ 1"t and confirm or

refute SUSY interpretation @ed B

D. M. Kaplan, IIT

—~ I 0—6
if PO real
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What Can This Do?

e Observe many more X" — pu’ [l events and
confirm or refute SUSY interpretation

e Discover or limit Q~ — EZ 1"t and confirm or
refute SUSY interpretation

® Discover or limit CP violation in Q™ — AK™
and Q™ — Z°7” via partial-rate asymmetries
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What Can This Do?

e Observe many more X" — pu’ [l events and
confirm or refute SUSY interpretation

e Discover or limit Q~ — EZ 1"t and confirm or
refute SUSY interpretation

® Discover or limit CP violation in Q™ — AK™
and Q™ — Z°7” via partial-rate asymmetries
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What Else Can This Do!?
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What Else Can This Do!?

® Much interest lately in new states observed in
charmonium region: X(3872), X(3940), Y(3940),
Y(4260),and Z(3930)
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What Else Can This Do!?

® Much interest lately in new states observed in
charmonium region: X(3872), X(3940), Y(3940),

Y(4260), and Z(3930)

® X(3872) of particular interest b/c may be the
first hadron-antihadron (D° D™ + c.c.) molecule
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What Else Can This Do!?

e Belle,Aug.2003: BT — X + KT X — J/yp mtm

/

‘ l f l ‘ l l l l 12000 ‘ l l l ‘ l l
i ¥ a) data : 7 b) MC
300
o
3 - 1 8000
2 200 — .
2 0 | x@3872) 1 |
2
2 I ]
o — / 1 4000 —
@ 100
.0 JW ; JM/I

N
0.40 0.80 1.20 0.40 0.80 1.20

® Since confirmed by CDF DO, & BaBar
® Not consistent with being charmonium state

® Very near D° D threshold (Amc = -0.35+0.69 MeV)
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XYZ hadronic transitions
O Many new states : ?

: Decay Modes Production Modes
PC
ﬂﬂ e i MM

Belle,CDF, DO, . maJ/P, mrntd/y,
X(3872) Cleo, BaBar 3871.210.5 + i(<2.3) 1+ Y37y B decays, ppbar
Belle 3875.4+0.712 5 DODOO B decays
BaBar 3875.6+0.7% 5 m
Z(3930) Belle 392945+2 + i(29+10+2) 2+t DODO, D*D- YY
Belle 3943411413 + i(87+22+26)
Y(3940) BaBar 39143385, +1.6+ (33725 £0.60) | I w3I/p B decays
X(3940) Belle 3942746 + i(37+26_518) JP+ DD* e*e” (recoil against J/Y)
Y(4008) Belle 4008+40%72 55 + i(226+44+87 75) 1- I/ P ete” (ISR)
X(4160) Belle 415625 50415+ i(139+11 ¢ +21) JP+ D*D* ete” (recoil against J/P)
BaBar 4259488 ¢ + i(88+23+6.,) e 0.0
Y(4260) Cleo 4284"7 14 +4 + i(73%39_p5%5) 1-- e 3{( ?Kg/fp J/ P, ete” (ISR), ete-
Belle 424741217 35 + i(108£19+10)
BaBar 4324424 + i(172433) . ) ]
Y(4350) Belle 43614949 + i(74+15£10) 1 mrr(2s) e'e” (ISR)
Z+(4430) Belle 44331411+ i(447 13730 ) JP mrP(29) B decays
Y(4620) Belle 4664+11%5 + i(48+15+3) 1- mrP(2S) e*e” (ISR)

E. Eichten QWG -- 5th International Workshop on Heavy Quarkonia  DESY October 17-20, 2007




What Else Can This Do!?

® Much interest lately in new states observed in
charmonium region: X(3872), X(3940), Y(3940),

Y(4260), and Z(3930)

® X(3872) of particular interest b/c may be the
first hadron-antihadron (D° D™ + c.c.) molecule
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What Else Can This Do!?

® Much interest lately in new states observed in
charmonium region: X(3872), X(3940), Y(3940),

Y(4260), and Z(3930)

® X(3872) of particular interest b/c may be the
first hadron-antihadron (D° D™ + c.c.) molecule

B nced very precise mass measurement to
confirm or refute

=) pbp — X(3872) formation ideal for this
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What Else Can This Do!?

Also,...
p Study other XY, Z states

» Worthwhile measurements that E835 could have
made but didn’t...

(lack of beam time for precision scans when one didn’t
know exactly where to look)

- hc mass & width, y radiative-decay angular
distributions, 77.” full and radiative widths,...

» ..improved limits on p lifetime and branching ratios
(APEX),...
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What Else Can This Do!?
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Charm!

PHYSICAL REVIEW D 77, 034019 (2008)

Estimate of the partial width for X(3872) into pj ® Braaten estimate of pp
Eric Braaten X(3 872) Coupling

Physics Department, Ohio State University, Columbus, Ohio 43210, USA
(Received 13 November 2007; published 25 February 2008)

We present an estimate of the partial width of X(3872) into pp under the assumption that it is a weakly a.S S U I I I I ng D D

bound hadronic molecule whose constituents are a superposition of the charm mesons D*°D" and D" D*0,

The pp partial width of X is therefore related to the cross section for pjp — D' D" near the threshold. m O I e C u I e
That cross section at an energy well above the threshold is estimated by scaling the measured cross section

for pp— K*"K'. It is extrapolated to the D**D" threshold by taking into account the threshold

resonance in the 177 channel. The resulting prediction for the pp partial width of X(3872) is proportional

to the square root of its binding energy. For the current central value of the binding energy, the estimated

partial width into pp is comparable to that of the P-wave charmonium state y,,.
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Charm!

PHYSICAL REVIEW D 77, 034019 (2008)

Estimate of the partial width for X(3872) into pj ® Braaten estimate of pp
Eric Braaten X(3 872) Coupling

Physics Department, Ohio State University, Columbus, Ohio 43210, USA
(Received 13 November 2007; published 25 February 2008)

We present an estimate of the partial width of X(3872) into pp under the assumption that it is a weakly a.S S U I I I I ng D D

bound hadronic molecule whose constituents are a superposition of the charm mesons D*°D" and D" D*0,

The pp partial width of X is therefore related to the cross section for pjp — D' D" near the threshold. m O I e C u I e
That cross section at an energy well above the threshold is estimated by scaling the measured cross section
for pp— K*"K'. It is extrapolated to the D**D" threshold by taking into account the threshold
resonance in the 177 channel. The resulting prediction for the pp partial width of X(3872) is proportional

to the square root of its binding energy. For the current central value of the binding energy, the estimated I f
partial width into pp is comparable to that of the P-wave charmonium state y,,. - eXt raPO ates rOI I l
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Charm!

PHYSICAL REVIEW D 77, 034019 (2008)

Estimate of the partial width for X(3872) into pj ® Braaten estimate of pp
Eric Braaten X(3 872) Coupling

Physics Department, Ohio State University, Columbus, Ohio 43210, USA
(Received 13 November 2007; published 25 February 2008)

We present an estimate of the partial width of X(3872) into pp under the assumption that it is a weakly a.S S U I I I I ng D D

bound hadronic molecule whose constituents are a superposition of the charm mesons D*°D" and D" D*0,

The pp partial width of X is therefore related to the cross section for pjp — D' D" near the threshold. m O I e C u I e
That cross section at an energy well above the threshold is estimated by scaling the measured cross section
for pp— K*"K'. It is extrapolated to the D**D" threshold by taking into account the threshold
resonance in the 177 channel. The resulting prediction for the pp partial width of X(3872) is proportional

to the square root of its binding energy. For the current central value of the binding energy, the estimated
artial width i p is comparabl hat of the P-wave ch: i : -— eX r e r
partial width into pp is comparable to that of the P-wave charmonium state Y. I I l

® By-product is D*D
Cross section
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Charm!

PHYSICAL REVIEW D 77, 034019 (2008)

Estimate of the partial width for X(3872) into pp

Eric Braaten

Physics Department, Ohio State University, Columbus, Ohio 43210, USA
(Received 13 November 2007 nuhlished 25 Fehrarv 20081
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Charm!

PHYSICAL REVIEW D 77, 034019 (2008)

Estimate of the partial width for X(3872) into pj ® Braaten estimate of pp
Eric Braaten X(3 872) CO u PI i ng

Physics Department, Ohio State University, Columbus, Ohio 43210, USA
(Received 13 November 2007: nublished 25 Fehrnarv 2008)
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® | ong quest at LEAR, then AD (ATRAP,

hydrogen

ATHENA, ALPHA), to study antihydrogen

and test CPT

- e.g,is Lamb shift identical for H and H?

® Struggling with difficulty of combining

antiprotons with positrons in a Penning trap

and winding up in (or near) ground state
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Antihydrogen

® But over 10 years ago, LEAR PS2]0 & FNAL E835
produced oodles of H!
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Antihydrogen

® But gver 10 years ago, LEAR PS210 & FNAL E835

ics ctiors B 368 (1996) 251-258

produced oodles of H!

Production of antihydrogen

G. Baur?, G. Boero?®, S. Brauksiepe?, A. Buzzo®, W. Eyrich®, R. Geyer?, D. Grzonka?,
J. Hauffe, K. Kilian?®, M. LoVetere ®, M. Macri®, M. Moosburger ¢, R. Nellen ?,
W. Oelert?, S. Passaggio®, A. Pozzo®, K. Rohrich?, K. Sachs?, G. Schepers®, T. Sefzick?,
R.S. Simon9, R. Stratmann?, F. Stinzing ¢, M. Wolke?

4 IKF, Forschungszentrum Jiilich GmbH, Germany
b Genoa University and INFN, Italy
¢ Pi, Universiitit Erlangen—Niirnberg, Germany
4 GSI Darmstadt, Germany
& IKP, Universitit Miinster, Germany

Received 8 December 1995, revised manuscript received 21 December 1995
Editor: L. Montanet

Abstract

Results are presented for a measurement for the production of the antihydrogen atom H” = pe*, the simplest atomic
bound state of antimatter.

A method has been used by the PS210 collaboration at LEAR which assumes that the production of H is predominantly
mediated by the e’e™ -pair creation via the two-photon mechanism in the antiproton—nucleus interaction. Neutral H’ atoms
are identified by a unique sequence of characteristics. In principle H° is well suited for investigations of fundamental CPT
violation studies under different forces, however, in our investigations we concentrate on the production of this antimatter
object, since so far it has never been observed before.

The production of 11 antihydrogen atoms is reported including possibly 2-4-1 background signals, the observed yield
%rees with theoretical predictions.
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Antihydrogen

® But over 10 years a)gsJ_bLEAR SZ & F AL E835

VOLUME 80, EUMBERJ4 _" “ “AL REVIEW LETTER 6 APRIL 1998
pi‘Ouuceu OOLHE:S O

Observation of Atomic Antihydrogen

G. Blanford,! D.C. Christian,> K. Gollwitzer,! M. Mandelkern,! C.T. Munger,? J. Schultz,! and G. Zioulas'
YWniversity 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 — He ™ p for p beam momenta between 5203 and 6232 MeV/c to
be 1.12 = 0.14 = 0.09 pb. [S0031-9007(98)05685-3]

D. M. Kaplan, IIT New Experiments with Antiprotons ICL HEP Seminar 33




Antihydrogen

® But over |0 years a)gSJ_bLEAR SZ & F AL E835

VOLUME 80, EUMBER 14 _" “ “AL REVIEW LETTER 6 APRIL 1998
pi‘Ouuceu OOLHE:S O

Observation of Atomic Antihydrogen

G. Blanford,! D.C. Christian,> K. Gollwitzer,! M. Mandelkern,! C.T. Munger,? J. Schultz,! and G. Zioulas'
YWniversity 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 — He™ p for p beam momenta between 5203 and 6232 MeV/c to
be 1.12 = 0.14 = 0.09 pb. [S0031-9007(98)05685-3]

® Formed automatically e.g. in E835 gas-jet
target,detected in “parasitic”’ E862
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Antihydrogen

ears a)gSJ_bLEAR SZ & F AL E835

1.'| ||AL REVIEW ETTER 6 APRIL 1998

® But over

VOLUME &0, NUMBER j4 -”
pluuuc_eu OOLHE:S

Observation of Atomic Antihydrogen

G. Blanford,! D.C. Christian,> K. Gollwitzer,! M. Mandelkern,! C.T. Munger,? J. Schultz,! and G. Zioulas'
YWniversity of California at Irvine, Irvine, California 92697
2Fermilab, Batavia, Illinois 60510
3SLAC, Stanford, California 94309
(Received 26 November 1997) + Gas ot

We report the background-free observation of atomic antihydrogen, produced by 7 L Ema
antiproton beam with a hydrogen gas jet target in the Fermilab Antiproton Accumule  circuaing -

the cross section of the reaction pp — He™ p for p beam momenta between 5203 an / &

be 1.12 = 0.14 = 0.09 pb. [S0031-9007(98)05685-3]

® Formed automatically e.g. in E835 gas-jet - AN
target,detected in “parasitic”’ E862 d

Nal(Tl)
93 mrad dipole

PWC #2
\

142 mrad dipole

PWC #3 \%7

Counter (C2)

. . . FIG. 1. Experimental apparatus.
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Antihydrogen
® But over |0

VOLUME 80, NUMBER 1 14 ears ay%_y_tLEAR Sz & F AI— E835

_] _|| 1:| ||AL REVIEW LETTER 6 APRIL 1998
pi‘Ouuceu OOLHE:S O

Observation of Atomic Antihydrogen

G. Blanford,! D.C. Christian,> K. Gollwitzer,'! M. Mandelkern,! C.T. Munger,’ J. Schultz,' and G. Zioulas
YWniversity 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
antiproton beam with a hydrogen gas jet target in the Fermilab Antiproton Accumule

the cross section of the reaction pp — He ™ p for p beam momenta between 5203 an
be 1.12 £ 0.14 = 0.09 pb. [S0031-9007(98)05685-3]

® Formed automatically e.g. in E835 gas-jet
target,detected in “parasitic”’ E862

= 93 mrad dipole

Qﬂ mrad dipole

® Cross section grows with Epeam, Zigt

PWC#S\%
Counter (C2)
. . . FIG. 1. Experimental apparatus.
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Antihydrogen

® Subsequently worked out technique to measure Lamb
shift of relativistic H in flight:
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Antihydrogen

® Subsequently worked out technique to measure Lamb
shift of relativistic H in flight:

PHYSICAL REVIEW D VOLUME 57, NUMBER 11 1 JUNE 1998

Measuring the antihydrogen Lamb shift with a relativistic antihydrogen beam

G. Blanford, K. Gollwitzer, M. Mandelkern, J. Schultz, G. Takei, and G. Zioulas
University of California at Irvine, Irvine, California 92717

D. C. Christian
Fermilab, Batavia, Illinois 60510

C. T. Munger
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309
(Received 18 December 1997; published 4 May 1998)

We propose an experiment to measure the Lamb shift and fine structure (the intervals 2s,,—2p;, and
2p1»—2p3p) 1n antihydrogen. A sample of 10 000 antihydrogen atoms at a momentum of 8.85 GeV/c suffices
to measure the Lamb shift to 5% and the fine structure to 1%. Atomic collisions excite antihydrogen atoms to
states with n=2; field ionization in a Lorentz-transformed laboratory magnetic field then prepares a particular
n=72 state, and is used again to analyze that state after it is allowed to oscillate in a region of zero field. This
experiment is feasible at Fermilab. [S0556-2821(98)04711-0]
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Antihydrogen

® Further parasitic running appears feasible

® Hope to install high-Z foil operable in Antiproton
Accumulator beam halo at upcoming shutdown

® Can then assemble Lamb-shift apparatus (magnets,
laser; detectors) and begin shakedown and
operation
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® From D. Christian:

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 1c sensitivity is 50 parts per billion of the 2S5
binding energy.
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Antimatter Gravity

® Experimentally, unknown whether antimatter falls up or
down!
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Antimatter Gravity

® Experimentally, unknown whether antimatter falls up or
down! Or whether g-g =0or ¢

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

D. M. Kaplan, IIT

New Experiments with Antiprotons

ICL HEP Seminar 37




Antimatter Gravity

® Experimentally, unknown whether antimatter falls up or
down! Or whether g-g =0 or ¢

= in principle a simple interferometric measurement with
slow H beam [T. Phillips, Hyp. Int. 109 (1997) 357]:
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Antimatter Gravity

® Experimentally, unknown whether antimatter falls up or

down! Or whether g-g =0 or ¢

= in principle a simple interferometric measurement with

slow H beam [T. Phillips, Hyp. Int. 109 (1997) 357]:

SRRCLECEERTEEE,. (TP

e Not nutty!
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Antimatter Gravity

® Experimentally, unknown whether antimatter falls up or
down! Or whether g-g =0 or ¢

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

SRECLEEEEEREREy N

e Not nutty!

—>» g = —g gives natural
explanations for baryon
asymmetry & dark energy
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Antimatter Gravity

® Experimentally, unknown whether antimatter falls up or
down! Or whether g-g =0 or ¢

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

SREEL EEEEEEEEEr. ¥

e Not nutty!

—>» g = —g gives natural —>» g = g + ¢ natural in
explanations for baryon quantum gravity due to
asymmetry & dark energy  scalar & vector terms
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Antimatter Gravity

® Experimentally, unknown whether antimatter falls up or
down! Or whether g-g =0or ¢

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

SREEL EEEEEEEEEr. ¥

e Not nutty! |

—>» g = —g gives natural —» g = g + e natural in — tests for
explanations for baryon quantum gravity due to  possible
asymmetry & dark energy  scalar & vector terms “5th forces”
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Antimatter Gravity

® |ol presented to FNAL PAC in March

® Emphasized practicality of 15t g meas’t to 102
- req’s just 1% of | day’s p production

e PAC & PO (June):
|. interesting physics!
2. but 1072 meas’t not worthwhile (nucl. B.E.)
3. need matter demo

® We're now developing techs. for 10~ meas’t &
assembling matter demo
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® From T. Phillips:

Hydrogen i; Beam at Fermilab

1d

Cold multichannel nozzle
Excited to 2S with pulsed cat
Detected by quenching 2S,
observing Lyman-a photon

1 ;
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Antimatter Gravity

* Requires development of deceleration techniques
from 8 GeV to <20 keV:

- Ml from 8 GeV to £400 MeV (TBD)

- from ~400 MeV to 20 keV, application of py-cooling-
inspired technique looks highly promising!

- efficiency 210~ looks feasible
=10~ g meas’t in ~3 months’ dedicated running

* Requires completion of antiproton deceleration/
extraction facility planned for Hbar Technologies
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HBAR 1275 W. Roosevelt Rd., Suite 130, West Chicago IL, 60185
Technologies, LLC www.hbartech.com

Making Antimatter Matter ®

MI Deceleration
Below 1 GeV/c

T e, €4 sy

2/22/08 * Project-X Physics Workshop 9

v Nov. 16-17, 2007
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® From G.Jackson:

HBAR
Technologies, LLC

Making Antimatter Matter ®

1275 W. Roosevelt Rd., Suite 130, West Chicago IL, 60185
www.hbartech.com

The HIPAT trap

2/21/08

D. M. Kaplan, IIT

New Experiments with Antiprotons

* Designed to hold 1E12
antiprotons

« Designed to be portable

» Traditional super-
conducting solenoid
requiring liquid helium for
the superconductors and
liquid nitrogen for the heat
shield

« Good vacuum lifetime

« Comes with proton and H-
linacs for commissioning

« Still at NASA MSFC

rrrrrrrr A New Pbar Experiment 3
;%’; for Fermilab
d n

ICL HEP Seminar
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Is There an Interested
Collaboration?

® | am drafting Lol
and soliciting
collaborators

- so far:
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Is There an Intereste
Collaboration?

Letter of Intent:
Low- and Medium-Energy Antiproton Physics at

® | am drafting Lol Fermilab

Thomas J. Phillips

and SOIiCiti ng Duke University, Durham, N. Carolina 27708 USA

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

COI Iabo rato r'S David C. Christian, Paul Derwent, Keith Gollwitzer, Alan Hahn,

Vaia Papadimitriou, Steven Werkema, Herman B. White
Fermilab, Batavia, IL 60510, USA

- So fa-r . Wander Baldini, Giulio Stancari, Michelle Stancari
INFN, Sezione di Ferrara, Ferrara, Italy

D k Gerald P. Jackson
- n RIVERSIDE L{lﬂ@ Hbar Technologies, LLC, West Chicago, IL 60185, USA
) Daniel M. Kaplan,* Howard A. Rubin, Yagmur Torun, Christopher G. White

lllinois Institute of Technology, Chicago, Illinois 60616, USA

- _INFN  fiHear
3¢ Fermilab (i F¥Technologies, Lic

\ 7 HyangKyu Park
O o e hotosy R ICSTATE KyungPook National University, DaeGu, Korea

Transforming Lives.Inventing the Fulure. wwwiiit.edy Kansas State University

Todd K. Pedlar
_[L”HERCOLLEGE Luther College, Decorah, IA 52101, USA

: Jerome Rosen
UNIVERSITY OF MICHIGAN OO SanT- XA Usvirsiy— Northpestern University, Evanston, IL 60208, USA

- . , WAYNE STATE UNIVERSITY Alak Chakravorty
NN RSP VR St. Xavier University, Chicago, IL 60655, USA

E. Craig Dukes

Universy, Virginia, Charlottesville, Virginig 22903, USA .
D. M. Kaplan, IIT TS by Experiments with Antiprotons ICL HEP Seminar

43




Is There an Interested
Collaboration?
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Summary

® Best experiment ever on hyperons, charm, and
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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

® Unique tests of CPT symmetry & antimatter gravity
may be starting up soon

e BUT...fighting uphill battle for approval!
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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

® Unique tests of CPT symmetry & antimatter gravity
may be starting up soon

e BUT...fighting uphill battle for approval!
B You can help! Want to join?
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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

® Unique tests of CPT symmetry & antimatter gravity
may be starting up soon

e BUT...fighting uphill battle for approval!
B You can help! Want to join?

And, please, help spread the word!
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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

® Unique tests of CPT symmetry & antimatter gravity
may be starting up soon

e BUT...fighting uphill battle for approval!
B You can help! Want to join?
And, please, help spread the word!

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

o L. C. Lu et al., “Measurement of the asymmetry in the decay QT — AKT — prtK*.”
Phys. Rev. Lett. 96, 242001 (2006).

e D. Rajaram et al., “Search for the Lepton-Number-Violating Decay == — pu~—pu—,
Phys. Rev. Lett. 94, 181801 (2005).

e C. G. White et al., “Search for Delta AS = 2 Nonleptonic Hyperon Decays,” Phys.
Rev. Lett. 94, 101804 (2005).

e H. K. Park et al., “Evidence for the Decay X" — putu~,” Phys. Rev. Lett. 94, 021801
(2005).

e M. Huang et al., “New Measurement of == — An~ Decay Parameters,” Phys. Rev.
Lett. 93, 011802 (2004);

® M. J. Longo et al., “High-Statistics Search for the ©1(1.54) Pentaquark,” Phys. Rev.
D 70, 111101(R) (2004);

e T. Holmstrom et al., “Search for C'P Violation in Charged-= and A Hyperon Decays,”
Phys. Rev. Lett. 93, 262001 (2005);

® Y. C. Chen et al., “Measurement of the Alpha Asymmetry Parameter for the Q— — AK~
Decay,” Phys. Rev. D 71, 051102(R) (2005);

e L. C. Lu et al., “Observation of Parity Violation in the Q= — AK ™ Decay,” Phys. Lett.
B 617, 11 (2005).

e R. A. Burnstein et al., “HyperCP: A High-Rate Spectrometer for the Study of Charged
Hyperon and Kaon Decays,” Nucl. Instrum. Methods A 541, 516 (2005).
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Backup

Table 5: Summary of predicted hyperon CP asymmetries.

Asymm. Mode SM NP Ref.
Ap A — pr S 107° S6x107*%  [68]
Az EF - Am, A —pr S05x107% <1.9x1073 [69]
Aqa QO —AK, A —pr <4x107° <8x107° [36]
A=, Q — =07 2x107°  <2x107**  [35]
Ark O — AK <1x107° <1x107%  [36]

*Once they are taken into account, large final-state interactions may increase this prediction
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Backup

® Some Hyperon CP references:

[32] A. Pais, Phys. Rev. Lett. 3, 242 (1959); O. E. Overseth and S. Pakvasa, Phys. Rev.
184, 1663 (1969); J. F. Donoghue and S. Pakvasa, Phys. Rev. Lett. 55, 162 (1985).

[33] J. F. Donoghue, X.-G. He, S. Pakvasa, Phys. Rev. D 34, 833 (1986); X.-G. He, H.
Steger, G. Valencia, Phys. Lett. B 272, 411 (1991).

[34] G. Valencia, Proc. p2000 Workshop, D. M. Kaplan and H. A. Rubin, eds., Illinois
Institute of Technology, Chicago, IL 60616, USA, Aug. 3—5, 2000.

[35] J. Tandean, G. Valencia, Phys. Lett. B 451, 382 (1999).
[36] J. Tandean, Phys. Rev. 70, 076005 (2004).
[68] D. Chang, X.-G. He, and S. Pakvasa, Phys. Rev. Lett. 74, 3927 (1995).

[69] X.-G. He, H. Murayama, S. Pakvasa, G. Valencia, Phys. Rev. D 618, 071701(R)
(2000).
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