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3KCMEepUMEHTOB C AeTeKTOpPOM
Crystal Ball

A.CTapocTuH
(lNNabopaTtopusa UMUK me30HOB)



CunbHOE B3aUMOAEUCTBUE NMPU HU3KUX SHepruax

= 3aaauu PU3UKU GAPOHOB:
M3yuyeHue npupoabl U CBOUCTB KOH(PAMAMEHTA
OnpepeneHue cteneHeid ceoboabr KX npu HU3KUX 3Hepruax ux obnacrteid NpUMeHUMOCTU
M3yuyeHue LIBeTOBLIX KOppenaLuiA KBAPKOB U PONU FAFOOHOB B JlerkKUX aApoHax
OnpepeneHue CTpPYKTYpbI HYKIOHOB

m  Teopetuueckue meroabr KX npu HU3KUX 3Hepruax:
Lattice KXA.

Mopenu aanpoHHoro ssaumopeuicteua: constituent quark model, bag models, algebraic models, soliton
models, color-dielectric models, Skyrme models, 1.a.

m  OkcnepumeHTanbHere metoabt KX npu HU3KUX 3Hepruax:

CneKTpockonua GApOHOB:
= CnekTp u csoucTBa BO36yXAEHHBIX COCTOAHUIA Me30HOB U 6apuoHos
= Tlouck “"notepaHHbIX” pesoHaHcos
m  TTOUCK 3K30TUYECKUX COCTOAHUMA: MEeHTaKBapku, rubpuasr, rno6onbl, CBA3AHHLIE COCTOAHUA, T.A.

Pusuka pacnaaoe (me3oHoB)
=  M3yuyeHue me30H-Me30HHOrO B3AUMOAEUCTBUSA
= OnpeneneHue NapameTpoB AAPOHHLIX MoOAenei

= TTposepka AUCKpeTHLIX CUMMeTpUiA



Cnektpometep Crystal Ball

m  Crystal Ball qpoToHHbIV cnekTpomeTep cocTosawmiA us 672 kpuctannos
Nal u BbINOSIHEHHLIV B pOpMe ABYX Mnonycgep

s Tlonycgepbl repmeTUYHBI U OTKaYeHbI, BaKyym obecneuusaet
MeXaHUYECKyHO MPOYHOCTL MOSYCPep U HUSKYHO BIGKHOCTb BOKPYT
KpUCTannos.

m  CpepHee paspelseHue aetektopa: o(E)/E~0.02//E(GeV), o(O)~2°

MUcTtopua cnexktpometpa Crystal Ball:

1976: Crystal Ball 3anoxeH

1978-1981: SPEAR, e+e- collider (Ecm = 3-7 GeV)
1982-1986: DORIS, e+e- collider (Ecm = 9-10 GeV)
1987-1996: CB Ha xpaHeHuu B SLAC

1996-2002: BNL-AGS =, K* (Ecm = 1.2-1.53 GeV)
2002: CB nepeseseH 8 MAMI (Ecm = 1.2-2.0 GeV)
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Hetextop Crystal Ball 8 BNL/AGS

Participants

February 1995
AGS Proposal #213 3 March 1925

Baryon Spectroscopy with the Crystal Ball AGS Proposal

L. D. Isenhower, M. E. Sadler and students, Abilene Title Neutral Hyperon Spectroscopy
Christian University .. . . . .
Participants: M. Clajus, S. McDonald, T. Moriwaki, B.M.K. Nefkens
M. Clajus, $. McDonald, T. Moriwaki, B. M. K. Nafkens, W. B. W.B. Tippens, D.B. White, students, UCLA

Tippens, 0. B. White and students, UCLA

L.D. Isenhower, M.E. Sadler, students, Abilene Christian University
W.J. Briscoe, T. Morrison, Z. Papandreou and students,

George Washington University W.J. Briscoe, T. Morrison, students, George Washington University

A. Efendiev and others, Joint Institute for Nuclear

D.M. Manley, students, Kent State University
Research, Russia

L. Slaus, A. Svarc, M. Batinié, A. Marugi¢,

D. M. Manley and students, Kent State University Ruder Boscovié. Institute. Zagreh
. iic, Ins , Zagr

V. Abaev, V. Bekrenev, N. Kozlenko, § Kruglov, I. Lopatin, .
and A. Starostin, Petersburg Nuclear Physics Institute, A. Efendiev and others, JINR, Dubna
Russia
V. Abaev, V. Bekrenev, N. Kozlenko, S. Kruglov, I. Lopatin,
M. Batinic, A. Marusic, |. Slaus, | Supek and A, Swvarc, A. Starostin, St. Petersburg Nuclear Physics Institute, Gatchina
Rudjer Boskovic Institute, Croatia

CBOWCTBA HYKMOHHBIX pe3oHaHcos P11(1440), S11(1535), D13(1520) us
HEUTPAnNbHLIX peakuuit Tp->yn, T p->1n, T p->21°n, , Tp->31°n, mp->nn, u T.A4.

CsoucTea runepoHoe A(1405), A(1670), Z9(1385) u3 HelTpanbHbIX peakumii Kp->
oA, K'p-> mOZ, K'p-> n A, K'p-> 21OA, K'p-> 2m0Z, u 1.8.

SkcnepumeHT 3aseplieH B 2002 roay. bonee 50 nybnukaumii B pegpepupyemsrx
XypHanax
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m  About 800 new data points for the n-p->n°n and np->nn
diff. cross sections in the region of the S11(1535)

m  New parameters for the S11(1535) from the SAID SP06
solution which includes the CB data: M=1502 MeV, =95
MeV (the lower mass is consistent with the latest Bonn

PWA)
m  Observed cusp on CEX diff. cross sesctions at the
opening of the w p->nn channel

m  The total cross section for n-p->3n°n was used to
calculated the BR(S11(1535)->P11(1440))n° ~ 0.08

A.Starostin et al., PRC 72, 015205, 2005
A.Starostin et al., PRC 67, 068201, 2003
S.Prakhov et al., PRC 72, 025201, 2005



Ceovictea P11(1440) n p->21°n
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m  High statistics Dalitz plot for 15 beam momenta
m  Direct observation of the P11(1440) in the total cross section
s Important input to the Bonn-Gatchina analysis (Phys. Lett. B 659:94-100, 2008.)
m  New parameters of the Roper:
M = 1436 + 15MeV (Mpole = 1371 + 7MeV)
I = 335 + 40MeV (I'pole = 192 + 20MeV)
N = 205 + 25MeV; ToN = 71 + 17MeV; TnlA= 59 + 15MeV

S.Prakhov et al., Phys. Rev. C 69, 045202, 2004; K.Craig et al., PRC 69, 045202, 2004
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Ceouctea A(1670) n K-p->nA
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m  A(1670) - "strange” analog of the S11(1535)
in the flavor symmetry, but much narrower

(only M~25 MeV)

s A(1670) dominates K-p->nA near threshold,
mass and the width of the resonance can be

determined directly from

the total c.s.

s New properties of the A(1670):

1 M=1650+5 MeV
0 M=24+4 MeV

A.Starostin et al., PRC 64, 55205, 2001
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dkcnepumeHThl ¢ Crystal Ball 8 MAMI

m  [lerextop nepeseseH B MaiiHL B Hosb6pe 2002, nepeble AaHHbIe NosydeHsr netom 2004

Pusmuuyeckas nNporpamma:
OnpepeneHue MAarHUTHOrO AUNOMBHOrO MOMeHTa pe3oHaHcos A(1232) u S11(1535) nytem usmepeHus
peakuuis yp->n°yp u yp->npy
M3mepeHus nonsapusaumii U HabNrOAGEeMbIX C ABOUHOU nonspusauuen ¢ UCNonb3oBaHUeM POTOHHOrO
nyyka ¢ JIMHEWHOU U KPYroeou nonspusauuveu, a TaKxke NpoAOSNbHO U NepneHAUKYNAapHO
NONAPU3OBAHHLIX BOAOPOAHOU U AEUTEpUBOU MULLeHel
$u3mka pacnaaos N U n' mesoHos: npoeepka ChPT, EM qopm-@aKTopel, npoBepka CUMMeETpUiA
PaccesHue (pOTOHOM Ha aapax: usydeHUe 3(PEPEKTa BAUAHUA SAepHOM CpeAbl HA CBOUCTBA GAPOHOB

(Hanpumep w(782) n cuctema ABYX NMUOHOB), KOrrepeHTHOe poXAeHue Me3OHOB Ha AApax, era-
Me30HHbIe sapa
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Yckoputens MAMI

Coincidence *

Electron Ladder
Focal Pla

' Primary
Beam

Microscope
DETECTOR

- 1}
Y Radiator “aanmil Photon E,, arge
Maximum Electron Energy: 1.5 GeV
Maximum Intensity: 100 mkA

Resolution for photons : 1 MeV 2 | First run with 1508 MeV beam: spring 2007
First run with 1558 MeV beam: spring 2009

m  First run with 1604 MeV beam: winter 2010?



TTepebre pesynbtatel MAMI-C
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m  Properties of the A(1700)D33 from the
total and the diff. c.s. of yp->nn
(V.Kashevarov et al., accepted to Eur.
Phys. Jour. A)

m  Upper limits for the C forbidden decays
of w(782) (A.Starostin et al., Phys.
Rev. 79, 065201, 2009)

m  The total and the diff. cross sect. yp-
>np (in preparation)



“TTonHbIN Habop" n3mepeHU B POTOPOXAEHUMU
NCeBAOCKANAPHBIX Me30HOB

Usual Helicity Transversity Experiment Type
symbol representation representation required a)
dofdr  INP+1S,2 4182+ 1D1% 1,12 +1by) 2 +1b3 +1bgl? {~i—-}
T dofdt 2Re(S}S, — ND*) 112+ 1Bt — b1 — byl %‘_%;f’; -}

S
Tdo/dt 2Im(S;N* — S, D%) 1byl? —1by1? b3l % +1bgl? %L“(%"ﬂa)} 0.}
Pdo/d  2Im(S;N* —$,D%) 1%~ b1+ b31%  bal® %;(;;3;} b}
Gdo/dt —2Im(SyS,* + ND*) 2Im(byb% +baba*) {Lxim;z; -}
Hdo/dr --2Im(S,D* + S3N*) ~2Re(byb3* — baba*) {LEim;x; -} BT
Edo/dr 1822 — 1812 —IDI*+IN|>  —2Re(bybs* + byba*) {e;2; -}
Fdo/dt 2Re(S,D* + S1N*) 2Im(b1b3* — baba*) {e;x; -}
0,do/dt —2Im(S,D* + S1N*) —2Re(b1ba* — babs*) {L(edm; = x'}
0,do/dt —2Im(S2S;* + ND*) ~2Im(b bg* + byb3*) {Lgm; —2'} BR
Cydo/dt —2Re(SyN* +S1D¥) 2Im(b1ba* — bab3™) {e; —:x'}
C,do/dr 15312 —18,>—INP+IDI>  —2Re(b ba* + bab3*) {e;—;2'}
Tydo/dt 2Re(S;S;* + ND*) 2Re(b1by* — b3ba*) {—:x;x'}
T,do/dt 2Re(S;N* — §,D%) 2Im(b1by* — b3ba*) {=;x;:2'} IR
L,do/dt 2Re(S;N* — S1D*) 2Im(by by * + b3ba*) {~;z;x'}
L,do/dt 1Sy +#1S,2 ~IN?—IDI>  2Re(biby* + b3ba*) {-;z;2'}

al ..

P N |

".. a necessary and sufficient condition that
three measurements give complete
information up to an overall phase and
up to discrete ambiguities when taken
together with do/dt, Z, P and T is
that the three measurements are not
all taken from the same set.”

"To eliminate the discrete ambiguities ..
two further measurements will suffice,
provided that of the five double
polarization measurements .. no four
come from the same set.”

I.S.Berker, A.Donnachie, J.K.Storrow,
Nucl. Phys. B95 (1975) 347



Polarisation of

Observable Y target recoil
e e ______ -~

1. {do/dQ}/N =[b, >+ b, 12+ |b;[2+ b, |?
Single polarization
2. P p' =1b,[2— by |2+ b1 |2— b,
3. 3 p =|b, >+ |b,|>—|b,|2—|b,|?
4. T y =1[b,>—1b,[* = 1b;[*+ [b,[*]

Double polarizaton
Beam-target

5. E c z =2Re(b,b¥ +b,b¥) |
6. F c X =2Im(b,b* —b,b%) |
7. G t z =2Im(b,b* +b,0%) |
8. H f X =—2Re(b,by +b,b;) |
Beam-recoil
[9. C, ¢ x' =—2Im(b, b} —b,b¥) |
10. C, ¢ z' =2Re(b,b¥ +b,b%)
[11. o, 1 x’ =2Re(b,b¥ —b,b*) |
12. 0, t z' =2Im(b,b} +b,b¥)
Target-recoil
[13. T, x x’ =2 Re(b.h* —h,h¥) |
14. T, x z' =21Im(b,b¥ —bb¥)
[15. L, z x’ =—2Im(b, by +b:b5) |
16. L, z z' =2Re(b,bf +b,bF)
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TTonapusosaHaa muweHs MAMI

B=0.5T

M}H_

| o BULANON (C,H,OH) B=9 BT

[E.Dzyubak et al., NIM A 526 (2004) 132-137, OPERAS3D calculations]




TecToBbIU ceaHc B Aekabpe 2009 roaa

* Crystal Ball ycraHosneH Ha
nepeasUXHOU NNAT@OpMe

* dNeKTpPOHUKa YCTaHOBSIeHa Ha
nNNargopme U UCMNLITAHA

* MuweHbL ycTtaHoBMeHa X
3KCNepUMeHTanLHOM 3ane u
UcnbITaHA

* TTepebIM UUKN UMepeHUU B

qespane 2010 roaa




N3mepeHua n->myy Ha MAMI-C

Preliminary analysis of n—n’ywith the CB at MAMI-C
(data from April, June, July 2007)

'I'E > onp] Entrles 26239 - u AGS STGﬁSﬁCS: 500-1000 n“
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o oot i 30M eta’s total)
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T o, Mot T e Metn - 2 mix*y) MC(n - 17 statistics bY factor 5: to

Eovies 15857 about 10000 n->7°yy events.
8oof- |} sooj-EV=551.4165,1 500 '9r=(2.22,'.0.26)x10"
o wl * oYY This sample will be used to
aoaf cat wor J . . .
2uu.whm~me o0} » 1o ‘ ‘ investigate the Dalitz plot and

B o5 o5 o LI G the matrix element

m(nyy), Prompt-Rndm m{adyy), Prompt-Rndm-BG(n — 3%/ vy) m{n®yy), Prompt-BKGr-Sig(n—»a’yy)



n->31° Dalitz plot

Physical motivation: tests of ¥yPTh calculations

t
0.2

Data Integral 3302355 Data-BkGr Integral 3055853
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2} [

. 0 . . . . . 3 — (b)
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zZ = 6/(m“-3mm) Zi(E‘nu-mH/S) = p*/p* . Z, 2,
precise measurementﬂ of ais required for a better » ntogral 1907435 Siope Fit| 217 ASTTs
calculation of I'(n—3n"), needed for the m -m, g . 51-15:( pl 0,032 £ 0.0012
difference g (c) S (d)
0.6 81.05
* Analysis of the n’r’invariant mass in the vicinity of o4

1
0.95 \

0.9

the n'n threshold to search for a cusp, providing a
test of the xPTh prediction for the S-wave scattering . L . | L
length combination a0-a2 and comparison with the oo g oo et 0 0z 04 06 08 1
K'—n'n’n’ results

S. Prakhov et a/. Phys. Rev. € 79 035204 (2009)
M. Unverzagt et al. Eur. Phys. J. A39 169 (2009)



http://www.slac.stanford.edu/spires/find/hep/wwwauthors?key=8082545
http://www.slac.stanford.edu/spires/find/hep/wwwauthors?key=8090157

n->31° Dalitz plot

MC 1 — 31°, a=0

[ MC 1 - 37, 0=-0.032

Experiment Refs. o
Crystal Ball at BNL  [14] —0.031 % 0.004
KLOE [15]  —0.027 + 0.004+9:00
GAMS-2000 [17] —0.022 + 0.023
006k Crystal Barrel [18] —0.052 £0.017 £ 0.010
i SND [19]  —=0.010 % 0.021 4 0.010
P o4 CELSIUS/WASA [20]  —0.026 £ 0.010 £ 0.010
0.28 0.3 0.320.340.360.38 0.4 0.28 0.3 0.320.340.360.38 0.4 ‘V‘—\S:\_ at COSY' 12—1—] —0.027 £ 0.008 & 0.005

m(n°n%) [GeV/c?]

m(n°n%) [GeV/c?]

Crystal Ball at MAMI-C -0.032 + 0.003
Crystal Ball at MAMI-B -0.032 + 0.002 + 0.002
[Slope Fit ] | x?/ndf 102/18 [Slope Fit | [ x2/ndf 141/18 Calculation  Refs. o
po 1400 po 1£00
=3 p1 0.000359 £ 0.000711 = p1 -0.00292 £ 0.00073 ——
%’ LO4F () g LO4F (1) xPT L’;(;);) [11] 0
o102k o'102f XPT ¢ (»") [1_1] 0.015
S S o xPT Q%% 6] 0.013 £ 0.032
o 1 T-f-.*._*_ o 1 ettt =+ # . — -
2 @ -~ Dispersion (7] —0.007...-0.014
©, 0.8 ©,0.98f UCHPT [9] —0.031 4+ 0.003
0 0
= 0.96 = 0.96}
ooy oe et R B.Holstein at "MAMI and beyond” workshop, 2009
n— 3n n—3n



TTposepka
C-UHBAPUAHTHOCTU

Citation: C. Amsler et al. (Particle Data Group), PL B667, 1 (2008) (URL: http://pdg.Ibl.gov)

TESTS OF DISCRETE SPACE-TIME SYMMETRIES

CHARGE CONJUGATION (C) INVARIANCE

r(x0 — 39)/Tiotal

n C-nonconserving decay parameters
ata—#0 left-right asymmetry parameter
7T 7~ 70 sextant asymmetry parameter
rta— 1r0 quadrant asymmetry parameter
T left-right asymmetry parameter

7t 7™~ parameter 3 (D-wave)

> 11— 7°9)/Tiotal
—> T(n — 70709)/Tioral
— Mn— 70 wonoy)/rtom
> (1 —~ 37)/Total
——> (7~ 70eTe7)/Noal
> 10— Ot ) Nal
> 1((782) — 17°)/Tiopal
—y T(w(782) — 370) /M pa
c decay parameter of 7 (958)
asymmetry parameter for V]f(958) — aT 7~ 4 decay

—> 1(1/(958) — Vet e ) /Motal

—_— T((958) — met e )/Tiotal
> (/(958) — 37)/Tiotal
/
(

—eee> (1 (958) — putu~ WO)/Ftota|

—_— T(7(958) — 1 17 ) /Tiotal
F(J/¥(1S) = v7)/Ttotal

[a]

<3.1 %1078, CL = 90%
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Dalitz plot of n'-> nmu°n®

m  Substantial progress is achieved in understanding of the nn interaction and obtaining the
nr scattering length (K(e4) decay, D decays, cusp in K*->w*n%n® ..). Very little is known
about the nm scattering. n'-> nuw is a unique system to study nn

m  Theory predicts a substantial cusp in the n°n° invariant mass at the opening of the w%n°-
>w*n~ channel (8% effect may be compared to 13% for K*->n*n%n® and 2% for n->3n°)
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Fig. 2. The experimental form of the Dalitz diagram for the decay 5’ — na"x” in terms of the variables (a) M?(p={) and
M?(nnd) (two combinations perevent)and (b) X and Y.

A.M_Blik et al, Phys. Atom. Nucl., 72,
231 (2008)
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JLab 12 GeV upgrade

m  Maximum beam energy: 12 GeV
m  Major upgrade of the CLAS detector

m  New experimental hall and new major detector
- GlueX

m  Physics program (Halls B and D):

1 “establish spectrum of exotic meson
states” using linearly polarized photon
beam with maximum energy up to 12 GeV
(GlueX)

1 Baryon spectroscopy including baryon
exotics (GlueX)

1 Investigation of the structure of the
proton using DVCS and DVMP
(electroproduction CLAS12)

1 Continuation of the photoproduction
program: cascades spectroscopy, search
for exotics, etc (photoproduction CLAS12)




"

Crystal Ball + CLAS12?

Meson spectroscopy, search for the hybrids and other meson exotics in neutral decay modes
(vy, n%n%, 3n°, 4n°, nn® nn, N'n®, wnO, etc)

Baryon spectroscopy: Z*, A* and =* via Z*->n%, Z%->Ay, K -> n%n0, etc
Physics of eta and eta’ decays:

1 Tests of Chiral perturbation theory and other theories of strong interactions: n-

>1omon® . ' - >nuOn°

1 Tests of C invariance: n->3y, n->ny, n'->e+e-y, etc
1 Tests of P invariance: n->2x, n'->2n, n->4n, n'->4x«
1 Search for leptoquaks: n->p+p-, n->e+e-

And much more...

High detection efficiency and good energy
and spatial resolution for photons and
electrons.

Acceptance of CB+FEM for photons close to
4 n

Possibility to tag mesons via proton
detection in the FD




3aknroveHue

= CneKkTpockonua nerkux 6apuUOHOB OCTAETCA BAXHOW YACTbHO GAPOHHOU (PUUKMU
HeobxoaMMOU ANa NOHUMAHUA KOH@aAUMeHTa u csoicTe cummeTpu KX, 3ta obnactb
(PU3UKU YACTULL LIENTIUKOM 3aBUCUT OT HANUYUA AOCTOBEPHBIX U TOUHLIX
3KCMEepPUMEHTANbHLIX AGHHBIX ANA PA3NUYHLIX peakumuu U HabnroaaeMbIX.

m B skcnepumeHtax c petexktopom Crystal Ball Ha KQOHHBIX U MUOHHBEIX Nyykax AGS 6b1nU
NoJslyYeHLI BAXHbIe pe3ynbTaThl AN HECKOSIbKUX HeMATpanbHLIX peakuuii nossonsowue
AetanbHoe usyyeHue csoucte P11(1440), D13(1520), S11(1535), 2(1385), A(1670) n
APYrUX HYKNOHHBIX U MMNEpPOHHBIX Pe30HAHCOB.

= 3Jta nporpamma 6tina npoaonxeHa 8 MAMI Ha nyuyke meudeHbIX (POTOHOB C
MakcumanbHou 3Heprueid 1.6 MB. OaHou u3 ueneu skcnepumeHta CB@MAMI asnsetcs
nonyyeHue nonHoro Habopa Habnroaaembix Heo6XOAUMBIX AN OAHO3HAYHOrO
BOCCTGHOBJEHUS AMMJIUTYA paccesHUs B (POTOPOXAEHUU MCeBAOCKANAPHLIX ME3OHOB.

m  BaxHol uacTblo 3kcnepumeHta CB@MAMI aengeTtca nporpamma no UsyuvyeHUHO pacnaaos
n U n' mesoHos. TTonyyeHHbIe pe3ynbTaThl MOTFYT 6LITb UCNOMbL3OBAHBI ANA NpOBEpPKU
QAPOHHLIX Mofeneu U TeCTUPOBAHUA AUCKPETHLIX CUMMeTpUM Takux kak C, P, CP.

m  TIporpamma c paetektopom Crystal Ball moxer 6bITb NpoaonkeHa Ha POTOHHOM nyuke
JLab. YacTtbro 3TOU nporpammbr moru 6bI 6bITb MOUCK FMMOPUAHBLIX ME3OHHBIX COCTOSAHUM,
u3y4yeHUe CNeKTpa y3Kux = pe3OHAaHCOB, (PU3UKA pacnasos n U n'.
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