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Survey on pp-reactions

LEAR Low and medium energy antiprotons
@ pp-atoms as initial state
Final states: Only Annihilation (2m,3m pm,f,m,..)
ook @ Precision measurements in the cc-system
Rare process (nb)
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= * o @ Discovery of W*, Z°
Incident lab. ketentum (Fel/c) Rare process (nb): Drell-Yan-Production

@ Discovery of t-quark
Rare process (pb): Pair (1t )-Production
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Historical Survey on experiments with Antiprotons

1955:

Discovery of the antiproton @ Bevatron/Berkeley

1960-1990:

Experiments with conventional, secondary beams @ CERN, BNL, KEK, Serpukhov, ...

Bubble chamber experiments: Very precise, but low statistics
Several meson-resonances firstly seen in
pp-annihilation reactions, others confirmed

Electronic detectors: More data on rare channels, Discovery of p-atoms
Search for resonant and deeply bound
NN-states (Baryonium)

1972-1986:

Invention of stochastic cooling, ICE-Test facility, SPSC-Project/CERN

1983-1984:

Formation of cc-states at ISR

1983:

Discovery of W*, Z% @ SPSC (UA1, UA2 - Detectors)

1984-1996:

LEAR: NN interaction, Meson/Exotics-spectroscopy,
p-Nucleus interactions, Exotic atoms (pp, pHe),

T/CP-violation in K°, K°-decay, Trapped Antiprotons

1985-:

Tevatron at FNAL

1996-2000:

cc-Spectroscopy at Fermilab

1996-1997:

First H signal at LEAR and Fermilab

1995:

Discovery of the top-quark at Fermilab

2000:

Physics with AD

? HESR
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Discovery of the Top-Quark (FNAL, 1995)

Detectors : CDF, DI

Tevatron : J; =18 TeV

(from p) ¢
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Discovery of the Intermediate Vector Bosons W*, Z° (CERN, 1983)

SPSC: s = 630 GeV
Detectors:  UAl, UA2

wt z0 759
Production/Decay E o c =(1-5)nb (High p,)
e,
(Drell-Yan) ! or =50 mb (7 o.m. bigger) (<p,>=0.4 GeV)
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M= = Iy <54 Gev/ic . JW)=T
(82.7 £+ 1.0+ 2.7) GeV/c? (UA2) FNAL- and
12 LEP- data not
Moo = (93.1+1.0 + 3.1) GeV/c? (UA1) © oo = (27 1, £13) GeV/c? (UA1) considered
Z (91.4 + 1.2 +1.7) GeV/c? (UA2) A (2.7 + 2.0 + 1.0) GeV/ 2 (UA2)
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cc-Spectroscopy (1)
¢ c-system (QCD) corresponds to e*e -system (QED)
e'e’- collisions Drawback:
Gevie EE_ Only J*¢ =17 states are directly produced in e*e”
me Other states are only visible in y-transitions,
e 1 e.g. X1, %2, %0, Ne, M c.ev
1o o ) G £ Data with moderate mass resolution
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cc-Spectroscopy (2)

Experimental method
Scan with p-beam with adjustable momenta (3.4 - 6.3 6eV/c)

TN

Resonance cross G('B’D —(cc)»e'e )~ nb— pb
section Background:
O1,+ = D0mb —Trigger on e'e”, u'u-, vy,..

Beam profiles . .
during scanning Resonance parameters from excitation curve
ot Critical:

" |'\ Measured rate Excellent knowledge of beam energy

Very good p-beam energy resolution (O ~ 107)

:PF

Experiments:
CERN/ISR: R 704 (Demonstration of method)
Fermilab/p-Cooler-Ring (< 8 GeV/c): E 760, E 835
Many beautiful results
But: Much is to be done
- Search for missing states
- Specific decay modes
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Low and medium energy pp (n) - Reactions (1)

00 T
Total = Elastic + CEX + Annihilation cross section = R
Gest. < 0.5 61+ — No diffractive scattering L NS e
(dominates for p; > 3.5 GeV/c) T, B
P e *,3-_#1'
No structures near threshold — No narrow E AN Mg,
. L S * L
Baryonium states g | ol s
% e
o0 H'II"-- ~ - L .‘ﬂ‘rﬁﬂ.‘-‘.?
0 o T N R e A,
n ‘_"L"'I_.‘I'ﬂ';‘" T AT R T hk e ke ek b A A
200 200 w0 = [ 1]
Elastic + CEX - scattering BEAM MOMENTUN  (MeV/c)

Z—;(O), Analyzing Power (6), measured from 180(70) - 1940 MeV/c

Forward peak like in diffractive scattering
Strong p-wave already at threshold
(Strong s-wave absorption, # pp )

G W W w0 W N0 TE e
B (degrees)
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Low and medium energy pp (n) - Reactions (2)

Interpretation of data (Elastic + CEX)
Often in terms of a potential-model

Real part (Long range): No problem, Meson-exchange picture
(G-parity transformation from W)
Real part (Short range): Problem | Annihilation region

Several (phenomenological) ansaetze:
- ¢q - interactions
- Cut - of f parameters

Imaginary part:  Short range strong absorption (annihilation)

E o, v E_ Vir), Wir)
Resumee: PV | e
Good description of data, but not from first o | NN
principles oy

L No unambiguous statements on
quark-distributions inside nucleon

K=
N
— 5

=

.1
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Low and medium energy pp(n) - Reactions (3)

Kaons (2%)
3n* 31 3n° (2%)
3n"3n (2%)
2n*2n"3n° (4%)

Annihilation Reactions 12 12 3 1
4 2
3
4
5 2n*2n 21° (17%)
6
7
8
9

Global picture: 5
Oann(E), Multiplicities,
Dominant at threshold ((ﬁp) Afom)

2nt2n 10 (20%)
2t o (7%)
' 4n° (3%)
n*n 3n° (23%)

Interpretation of Data
Hot gas model (T = 100 MeV) 9

dN , . _ .
——(r*) of >n+X
dE( ) of pp

8 7 10 ntn 2r° (9%)
Isospin statistical model (Pais) 11 ntnn® (7%)
c(pp > nm) < n.ln_lnol(n=n_.+n_+nyo) 12 Neutrals (4%)

Threshold Dominance model (Vandermeulen), Valid up to 3.5 Gel/c
1/2
BR (nhon strange meson pair) = p-Cy, exp [—A (Efm —(m, + mb)z) }

L Production Rate the higher the higher the mass of a, b
Annihilation prefers to produce mass, not energy
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Low and medium energy pp(n) - Reactions (4)

Specific annihilation channels

Many data at rest — BR's
- Dynamical selection rules
- Strong OZI - violations

1940 Mel/e

160
140
120
1060
B0
&0
40
20

Few data in flight:

pp — n'n”, n°rn°(up to 20 p - momenta)
Angular distributions change rapidly with
p - momentum
L Dominating partial waves

(Resonances in Formation processes) jﬂ ; | l

e "i; + | 4=0, /" ’ |

Recent results: EE 20 - v 2 |
pp — or’, on, oo, 1°nn (9 p - momenta) EE 15 | . ';-,‘ '-,x 1
) v g E¥ ol NREL AN LN
Unambiguous GE ;| .*;;4. I x._\fj’f”‘*”‘f:j “»H '|

analysis ) !:‘Fh“m___w,i o .f-—r.. A 1
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Low and medium energy pp(n) - Reactions (5)

Particularly well investigated: pp — AA,Z°A, 2 X7, 2*2°

Measured quantities: 1000 g T
do . :
o (ps), =y Polarisations (Self analyzing decay), 100 pp—AA Cee s o mee
- a o
Spin - Correlations, Spin Transfer = e oo ]
z o pp—E I3
© , ﬁp—}ft}'kr!—f.c. % ;
Observations: e, Y T,
- Strong p - wave contribution near threshold -
- A and A spins are alighed o S=1 [ % | T PN PRI SPI I B
(Reflection of ss in the nucleon?) 4 15 16 17 13 1% 2
' Momentum [&eV/c]
do
- — strongly forward peaked _ — 0
dQ Total cross sections for the pp > AA,Z°A
and ¥~ X" - reactions
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Low and medium energy pp(n) - Reactions (6)

Interpretation of data
Only possible (yet) in ferms of models (Highly non perturbative QCD-sector)

Meson/Baryon - exchange picture
Exchange of m, K, Baryons (Single or multiple)

Quark/Gluon - picture

Quark Line Rule

SU(3) - Symmetry

Quark Rearrangement/Quark Annihilation (°P,, 3S;-Vertices)
Polarized intrinsic Strangeness

Resumee: Data can be well described by models.
Observables sensitive on nucleon structure (s5-content, Diquarks,...).
Differentiation between models needs more and better data.
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Antiprotonic X-rays (1) - pp(d)-System

Shark mixging

'] '\'_
CRLLOTHN TELF N

_— 7«,& =
~

CHFSTAL SFUCTROW TR I_.I'II '- "'n. .
' |:::
2,
R

i
1

7 e

~ 2—1 transition (* 10 keV): pn-CCD
Shifts and widths due to strong interaction: 3—2 transition (¥ 2 keV): Crystal Spectrom.
g1s =(-730+£20) eV
I, =(1122+57)eV
I, =(34.0+29)eV
Separation of 2 3P, :

e (2 °Po) = (140 £ 30) meV/ } Sensitive on specific NN interaction
I'(2°P,)=( 80+60)meV

| spin
inverﬂgad

= a, (pp) = (-0.88 £0.03) +i(0.67 £ 0.04) fm
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Antiprotonic X-rays (2) - pHe - System

Metastable states (t = us), deexcited by Laser-injection

= Measurements on AE with extreme precision b He' P R
— T Metostoble Coscode o
i= = u—
. s} k] Eg | —_l_.—r\mh:- v = p=] 1—3 Mﬁm‘:;: 'E'ﬁ"' =08 us™
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—_— . Pulsed excimer-pumped tunable Dye-Laser Reso-
- nant enhancement of annihilation, Ak/xo = 0.5 ppm
— " u_qd- . L= H‘l.‘..'ll. (5 )

ol

— Very stringent fest of calculations in the
three-body Coulomb system

mg —my

<5x1077

m

P

_ | e <5x1077

e

oo

Kermalized nussber of snnlbbsllass par B0 =

Future (AD): Increase of precision, [Lg
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Antiprotonic X-rays (3) - p-nucleus - System
X-rays of ftransitions between various energy levels measured in many nuclei

Levels, not affected by strong interaction = mg, u; ;{:Iihm
|
m -
:
£
&
E 00
1g = (2.8005 + 0.0090) U,y (Best value) <
1] 1 i I
185 iyl Py’ 00
Elkey] —=

Levels, affected by strong interaction = (g, I')s: (last accessible level)

Interpretation:
€+ "% o< J(app “Pp T Apn Pn)"lf'z dt
Only nuclear surface contributes = Neutron halo established, e.g. 1, - 1, = 0.6fm ("74Yb)
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p-induced nuclear reactions

Ps-hrp :
Interaction only with nuclear periphery
Discrimination between pn and pp annihilations in single nucleon interactions (quite rare)
Idenftification of residual nuclei from y-ray spectra — N(pn)/N (pp)

e
I
H
1763 |y
N(pn) Z Im(a,) 8 Wy
Neutron Halo factor = () Z P N asa el
N(pp) N Im(a,) : S LR [T
Jd T8 :m[ fh,., | | Large for nuclei with low B8,
e e e
" ""r»:i;'& t ﬁi"“ﬂ" £ Neutron Halo
L]
X 154 ) HHIF![IH id“l‘a
z i . Illq“ EHI
1 "Ru kg o
A . .. " N
. ® . 2 7 8 L' L] " 1 13
p @ higher energies: Ba[MeV]

Bulk annihilation, Heating of nuclei to > 800 MeV, Soft heating = No dramatic density increase, No
violent collective effects (High-Spins, Deformation), Formation of five pions in average (A-matter ?)
Experimental results:
1 GeV: Particle spectra in good agreement with INC-calculations, Fission important,

No Multi-Fragmentation

8 GeV (ideal energy): INC-model works, Higher particle multiplicities than in m-induced reactions,
Multi-Fragmentation observed
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CP/T/CPT - Tests (1)

CP-Lear: Investigation of CP-/T-/CPT-symmetries in the neutral Kaon system
- Measurement of time dependent decay asymmetries for the main K°, K°-decay modes

- Tagging of Strangeness of K°, K° at production time (pp — EH; )
T

- Tagging of Strangeness of k?, K° at decay time

e - e n*'n- decay rate as functien of eigentime
0¢rts¢ 20t (KO—me'v, K—n'eVv,, AS=AQ) N\ “
s . 16 s K
(For semileptonic decays only) ol "-.._* . o
i \
0 _ Ciyst - iyt oy 100
K (T)ZGL |/<5>e”’5 +C15|/<L>em‘ E
_ : , w0t
KO = a | Ks)e ™" —ag | K, J ™ £ :
i @ 17 3,
YsL=MsL—51s, e
+ 1 11 ':*'4-"1-“ Lrd
aS,L - \_2(1 i £S,L) ",1_ ":'!“L‘Th
“ I 't .
85 L = 8 i 6 mI.F.I._.:.. é, T ]IE !; fﬁ.—u-i_lg_"-I
' 2 4
g #0: T and CP violation Decay time [ts]

0 #0: T and CPT violation

R(K° = f)-R(K° — f)
R(K° = f)+R(K° = f)

= Parameters of CP-violation: |n,|, ¢,_ (Best Value !), Ingol, g0, ...

f=nn, n%r%° ntnn®, n°nOx°

Measurement of asymmetries A(t) =
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CP/T/CPT - Tests (2)
Semileptonic decays: f = mev, —
?1. 0.04 [
- Direct Test of T-violation (e # 0 ?) 0.03 £ .
R(/?O - /<°(n‘e+v)) —~ R(Ko — /?O(TC*e‘V)) 002 | .
Ar (1) = —— — LA S SR ZFUh PP I S S
R(KO - Ko(n_e+v))+R(Ko - Ko(n+e_V)) 0 i ........ R SR TR !
:4Re(8) (fOf‘ T >> ’Cs) :z; E-;'-I1[-I-II-5|IL1I§'lq L..Ill-_l.h..{lj.._ﬁl;
Measurement: 4Re(e)=(6.2+1.4+1.0)x103«0 Il ~ Meutral-koon decoy time 7y}
ie: [R(K®— K% >R(K°— KO
- Direct Test of CPT-violation (§ #0 ?) < . |
R(/?O — /?O(Tc+e‘ve)) - R(KO - Ko(n‘e+ve)) o | :-+|i|
A= Bttt G LT
R (KO - Ko(n+e‘ve))+R(K° — Ko(n‘e+ve)) ot ++ ' |
=8Re(8)  (for t>>1s) o '
Measurement: Re(3) = (24 +28)x107° Il o r
(Jmd = (2.4 + 5.0) x107°, Unit. Relat.)
CPT-Invariance proven
£ 1| cP-Invariance in K-decays due to T-violation !
(Furthermore: No violation of AS = AQ in semilept. decays)
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Meson/Exotics-Spectroscopy (1)
Mesons/Mesonic resonances: §g@ Asterix (1 LEAR period)

Exotics: Glueballs (gg, ggg9). Hybrids (ggg) Crystal Barrel Jetset

Multi quark-states (gggqq, ...)
(Exotic g.-n. combinations, like J7¢ =17, ..)

pp - annihilation:
- Production mode (E; fixed)
eg. pp—(n'n),n°
— (M), (1500) n’

— ((n*n‘)p(n%")p) T
f4(1500)

[Unique feature: Psiop — (BP)atom GS initial state]

0

- Formation mode (£ variied)
e.g. pp—E(2220) - ¢ —» KK KK~
Mass/Width determination: Invariant masses

(Dalitz Plot)

J™ determination: Partial wave analysis
(Angular distribution)

Prax (LEAR) = 1.94 GeV/c = Masses < 2.3 GeV/c?
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Meson/Exotics-Spectroscopy (2)

Experiments — High statistics and clean data, mostly on pgy,,

Results:

Pstop*

- Most of the already known light mesons very clearly seen

- Discovery of new states, particularly with J%=0**

- Confirmation of two states with exotic quantum numbers (1)
- at 1400 and 1600 MeV/c?.

Clarification of the 0 *-sector (1400-1500 MeV/c?) (E/))

PHEghtr momenta *

Fixed momentum: - Confirmation of results obtained with p,,
- Interesting structures at Fermilab (8 GeV/c)

p —scan: - High sensitivity scans in the pp-threshold region
(— No narrow Baryonium states above or below threshold)
- Coarse scans at a few higher momenta (Not finished)

see
before

Interpretation of results:
Evidence for exotic (gluonic) states
For further clarification more and accurate data @ higher energies needed.
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Trapped Antiprotons

Low energy Antiprotons (5.4 MeV') are cooled down (meV) and trapped in magn./electr. field

Cyclotron/Magnetron rotations Frequences
Axial oscillations } coupled

Cyclotron Frequency:

ho, =" B--& (0, ¥ 90 MH2)
c my

Resonance (o = ®.) detected

from change in axial oscillation
(20 MHZ)

Comparison between p and H-ions:

( o/ )p/( o )p= 0.999 999 999 1 + 0.000 000 000 09

Formation and Investigation of H at AD: Simular technique
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Formation of Antihydrogen (H) in Flight
Idea: Munger, Brodsky, Schmitt

PS 210 (LEAR)
Production of H in Coulomb field of Xe-(cluster) target (1.94 GeV/c antiprotons)

i ?|EE-_@"-F
e
)

Z - z

Stripping in Si-counter — e* (stopped—yy (511 keV)) +p (Spectrometer)

I DA I 3. 2my 1'

11 events identified

(Background estimate: 2 + 1) D D H sel Nal i
T H H Si L
—— :1.::.:.'.:1: | 5.’ | !H I e o E
Bt ||_] m I Iﬁ“ g
E 862 (Fermilab) TL -

Production of H in H,-cluster target by 5.2-6.2 GeV/c antiprotons
67 events identified

Continuation @ AD: H - Formation at low energies
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Conclusions

pp reactions very useful for investigations in many areas of particle and nuclear physics

Annihilation process has no restrictions in quantum numbers and is gluon rich, so that
conventional and exotic quark/gluon states are easily produced

Experiments with antiprotons are easily performed, as antiprotons can be cooled down (tiny
primary vertex, detectable secondary vertices)

The physics with antiprotons has just started. Look ahead to HESR!
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