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Outline

Introduction

* Qverview of the program
* Experimental facilities

SPIN physics program: recent results

* Nucleon-nucleon scattering (ANKE, WASA)
®* Meson production (ANKE, WASA)
* Spin-filtering (PAX)

Future plans
* EDM project (JEDI)
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Introduction: Physics case
Non-perturbative QCD in the (u,d,s) sector

=

nucleon, mesons, hyperons

Structure of hadrons l-

Dynamics & interactions
nucleon-nucleon, meson-nucleon, hyperon-nucleon
meson-nucleus, medium effects

Symmetries and symmetry breaking
chiral symmetry

Isospin & charge symmetry in reactions
discrete symmetries in meson decays



A jOLICH

FORSCHUNGSZENTRUM

Introduction: SPIN program

Goal:
Extract the basic spin-dependent two-body scattering
information via the study of 3-body final states

Tools:

e Hadronic probes (p,d)

* Double polarization (beam and target)
Topics:
1. NN scattering < pp- and np-amplitudes, nuclear forces
2. Meson production < NNt amplitudes (ChPT), FSI

3. Strangeness production <« YN interaction, SU(3) symmetry

COSY proposal:
arXiv: nucl-ex/0511028




Introduction: COSY storage ring
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COSY (COoler SYnchrotron) at Julich (Germany)

» Hadronic probes: protons, deuterons

» Polarization: beam and targets

Energy range:

0.045 — 2.8 GeV (p)

0.023 — 2.3 GeV (d)

Max. momentum ~ 3.7 GeV/c
Energy variation (ramping mode)
Electron and stochastic cooling
Internal and external beams
High polarization (p,d)

Spin manipulation
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Introduction: COSY facility <) JULICH

Hadron physics with hadronic probes

 m
......
nity

» EDDA
(STEDM/JEDI)

» PAX

>

ANKE: magnetic spectrometer, polarized targets i
WASA: electromagnetic calorimeter, pellet target U the maChlﬂe fOr

PAX: polarized targets, silicon telescopes hadron Spin phySiCS




Apparatus: ANKE spectrometer

Tm
TOF -stop T TOF —stop
D 1 [m 1} D 3
TOF —start ND ) ......
o - : MWPC ]
o Target L G
COoSsY 5 e i | Y Ry O
' — A
beam || e )
TOF-start
MWPC scintillation

counters

S. Barsov et al., NIM A 462, 364 (1997)

Main features:

»  Excellent kaon identification (positive and negative)
»  Low energy proton (spectator) detection (STT)

»  Di-proton ({pp}.) selection (by FD)

»  Polarized (unpolarized) dense targets
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NN scattering: Motivation (pp)
g 180 : - ; . .
¢ Description of nucleon-nucleon 2 10t do/dQ (pp)
interaction requires precise data for g’ ol :
Phase Shift Analysis (PSA) =y
120 |-
100 :-_':' .l e
* COSY-EDDA collaboration produced "
wealth of data (35°<6,<90°) for "
pp elastic scattering
| i A (PP)

* Large impact on PSA > 0.5 GeV: 2 ol
significantly reduced ambiguities in EDDA S '“;500[Mef/c;°°
phase shifts (I=1) L =N °

100—*3--=’::- ; -‘ _

2 i

=0t L
* No exp. data at smaller angles o L
(6,<35°) above T,=1.0 GeV ' == D E i

40 ."

- 'ﬂtﬁ-" -..- * -:-
F. Bauer et al., PRL 90, 142301 (2003) 20 f2 1 I T s 8
M. Altmeier et al., PRL 85, 1819 (2000) 8 P i I
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NN scattering: Motivation (np)

E- 180 = = = 3y
E 160 £ h charge- eichangel
R. Arndt: “Gross misconception within the 8 140 12
community that np amplitudes are known up 120 .
to a couple of GeV. np data above 800 MeV 100 SR
is a DESERT for experimentalists.” 20 g
60 ; »; o 3
40
= 180 e —————— 20 pia
S :
® 160 1 E“L‘l np charge-exchange - 0 o - i ——
= b '4:::0L.------ I —. | 0 500 1000 1500 2000 2500 3000
o Wp e = ) Tiab [MeV]
©  EmpEs L
“liE 2A,(p) ‘
oo | L Ll i
0 - 4§ '; . ANKE is able to provide the
60 .t i experimental data for both:
or =4 R ------i‘ pp and np systems and improve
27 1~ npforward 1 our understanding of NN interaction
o LLLLLLLLLLLLLLYL
0 500 1000 1500 2000 2500 3000

Tlab [MeV]
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NN scattering: Measurements at ANKE

» np system: different isospin channel \

> via Charge-Exchange deuteron breakup: _ \

=

deuteron beam: ap—>{pp}S (09)+n
deuteron target: pa—>{pp}s(1800)+n

dp observables: do/dQ, Ty, T,,, Cy
I

guasi-free

|
np observables: A, A, C,,, C

XY,y

14m || E,p < 3 MeV, {pp}.

» Transition fromd — (pp)lSO:
pn — np spin flip
» np spin-dependent ampl.s:

do
_da:Tzo’ T22 =>|7‘2 +|IB|2’MZ’~‘9

D.Bugg & C.W., Nucl. Phys. A 467, 575 (1987) it

2

Cluster target

windows | / /B4
-y g

“Hodoscope
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NN scattering: pp elastic
Single polarized pp elastic: analyzing power A,

Z. Bagdasarian et al., arXiv:0145.9014

>

“os- ANKE EDDA | oo ANKE EDDA
0.4—
T v SAID (partial
ol 0.8 GeV 01— wave analysis)
. L N, & description of

L EIN NN world data

0.3 e £ 0.3 .
A\ __—without and

0.2 K oA 0.2 with
o7 16Gev f oA ANKE results

See talk G. Macharashvili

great potential impact on NN phase shifts (SAID group)

fundamental quantities for nuclear physics




NN scattering: pp elastic

do/dQ [mb/sr]

do/dQ at 8 beam energies: Tp = 1.0, 1.6,
1.8,2.0,2.2,2.4,2.6, 2.8

Precision measurements:
» Luminosity by Schottky technique ~ 2%
* Absolute cross section ~ 5%

Details: J.Steinetal., PR ST-AB 11, (2008)
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NN scattering: np system

Di-proton program: {pp}in 1S, state

—>
Deuteron breakup: dp = {pp}.n (polarized beam)

> np-dataat T, =1.2 GeV:
Proof of method !

» theory: Impulse approximation with current
SAID input

Achievements:
* Method works at T, = 1.2 GeV
« Application to higher energies

T,~=1.6, 1.8, 2.27 GeV (for an angular
range up to 6, ,, < 359)

A jOLICH

FORSCHUNGSZENTRUM

D.Chiladze et al. EPJA 40, 23 (2009)

T T T . _,_t———_:
Axx (ngfz,-/ .
=

Ayy (TZO) ) -"--H"I’_"""'*“——_;

Tensor analysing powers

—

T,=1.2GeV

50 100 150

g [MeV/c]

do/dq [mb / (GeVic)]

Goal: deduce the energy dependence of the
spin-dependent np-elastic amplitudes

T,=600 MeV
= SAID np amplitudes

1 1 1 1 1 |
0.05 0.1 0.15

q [GeV/c]
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NN scattering: np system (do/dq, A;)

D.Mchedlish. et al., EPJA 49, 49 (2013)

o ¢ dp > {pp}n = .
Q - ~= L i
g 05t Axx % i : ) ]
Q - 2 2_ ! 1 —
o 0‘ ~ B I ]
A 3 I SAID ]
= 051 "é r " ]
g 05 o O ANKE RN
< C o B i
_1_— 5 _ :

r o] }
0.55— 2:_ _:
0F - -
-0.5F 1 .
a : 1
2L N

- BLIRE )
1} s L] N
<g(q) reduced by 25% L H
0 50 100 150 200 0 50 100 150 200

q [MeV/c] q [MeV/c]
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NN scattering: np system (A,, C;))

D.Mchedlish. et al., EPJ A 49, 49 (2013)

N
. b — T 1 — T
dp— PPN g [Ty=12GeV ;
- Di-proton system, E, < 3 MeV % ol ; s
- New: measurements for C, and C, E ]
£ i
5 [ S I 5
S ol Ty=12Gev _ [ ]
o [ Ty=227GeV bl I ]
£ - } XX
c_lg'r - 1 4 ; _1_. — ]
e ry 1 ! [T, =2.27 GeV ]
T 0 I "
s T . A
o - 4
o \+\
0.1+ -
P S S N T S SR SN SO SO SR IR
0 50 100 150
( ) g [MeV/c] 1—_ ]
problem with 7(Q e T
£(q) reduced by 25% P 50 100 150
g [MeV/c]

Challenge: put info (about np spin-dependent amplitudes) into the SAID program !
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NN scattering: Extension of np-program

B. Gou et al., nucl-ex/1408.1909

pd = {pp}n, pn —=> pn (quasi-free)

@ AT
Qo B ]
Proton beam: extend to higher energies - § o5k A, T, = 600 MeV _
require polarized deuteron target ! 2 r M )
Select {pp} system in 1S, state - both protons §‘ of .
in the same STT (E,, < 3 MeV) c - 1
Compatible with results from lower g from g 051
ANKE, proof of principle ! .
Agrees with theoretical predictions K - g
P P ! PR R T RN |
Next: on-going double polarized exp.'s at 0 100 200 300 400
_ g [MeV/c]
1.0-16Gev . . T
l i '
. 0.1 ~ -
[ A =0 ] l ]
T
| 01 T, =600 MeV
GQ%‘( See (alk BOXING (GO LI | S SIS S -
150 200 250 300 350 400

q [MeVic]
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Apparatus: WASA-at-COSY (o: )))

Pellet line Rl Absorber | o A ; 8 |\
Solenoid : MDbC FTH oA ; |
SEC : EPC ‘
FWC
““ II )
: COosY
= ||I| beam
. . 50 cm . FRH
Central Detector Forward Detector

See talk M. Zieleinski
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NN scattering: Exotic np resonance ?
g 06sovector 1 o(pp — d ') Isospin decomposition of ABC resonancelike structure
Phys. Lett. B 721, 229 (2013)
0.4 @ WASA — pure isoscalar effect, M=2.38 GeV; =70 MeV ‘ O )))
l # ]A'Cha””e' — consistent with 1(JP)=0(3*) assignment
0.2 Y
| E,ggﬁ[ Coem Origin of structure: 6 quark bound state ?
022" 22 25 28 3

5 [GeV] — effect should be present in elastic np scattering

 [mb]

L 0
r i 2c6(pn—> dn n®
0.6isoscalar ; ) (p )

Y Most sensitive observable in np scattering:
04l ;?,;m ® WASA — analyzing power A, and its energy dependence near
[ L Bcm =90°

f s-channel res.

0.2;— ﬁ / np — np

_ Mﬁfj » | First results: 0™ = 83 deg
07322 28 3 PRL 112, 202301 (2014) & 02
o R S R
5 == * corresponding signal T [GeV]
E g isovector o(pn - dn'r) at resonance position - ]
u4:_isosca|ar LA ® WASA ° impact on elastic I
! o lﬁ[ . np-scattering : | 154
02l 2 [ 1 PRC 90, 035204 (2014) 02
IS ! I SAID SP07 ]
Ongoing: PWA, cross-check L oot

(=]
N -
T

H_._:f:.
N -
B
N -
[ ;]
N -
o
O

] 3 e m R R
s [GeV] using new ANKE observables 2.2 24 26 2.8
(s [GeV]
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Meson production: Physics case (pion)

Extension of ChPT to the NN—NNTT process

° Afull data set of all observables in pp — {pp}n® and np — {pp}

¢ Extract the relevant PW amplitudes and test the ChPT predictions
(T is in a p-wave, initial & final NN-pairs in S-wave, di-proton {pp}, in 1S, state)

pp — {pp}sn® includes 3P,— 1S;s, 3P, — 1S,d and 3F,— 1S,d
np — {pp};t adds 35, —1Syp and °D; —1S,p

* p-wave amp.s (M ,°, M P) give access to the 4N contact operator,
controlled by the Low Energy Constant (LEC) d

3N
NN-> NNz scattering --=- See talk V. Baru

LEC d connects different low-energy reactions: pp—de*v, pd—pd, yd—nn1r*

Final goal is to establish that the same LEC controls NN—NNrTT !
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Meson production: mr°channel
. 0 D. Tsirkov et al., PLB 712, 370 (2012)
do/dQ and A, in pp—{pp}TT e
Near threshold at Tp=353 MeV E
&
1 k B 0
ay B 3
(dﬂ) " (a() + as cos® 0, + aycos® O, + - ) q.?
do k 9
A, sin 0 cos 0, (bg +bycos O + - ) -50
dQ 4-p +
53005 """"""""""""""" ] 00 60 9020 "'éér(%dmo
2250;— = o [deg]
g 200- E < 04{ A, is large due to s-d interference ! -
s | : |
T 150 7 - 1
: ] 0.2~ ]
100? i B 7
50; o) CELSIUS _i 0? 777777777777777777777777777777777777777777 7_
E IIIII | | L Lo E 02__ __
% 30 60 90 120 1%(])1 180 - )
9 [deg] 0.4:_ _:
0" 3060 0 i 150 180
0% [deg]

* well represented by retaining only pion s and d waves, no evidence for high PW’s;

* assuming coupling between NN-channels and invoking Watson theorem allows to
estimate corresponding amplitudes with their phases: M."”, M~ and M "
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Meson production: r~ channel

do/dQ and A, in pn—{pp} T~ T,=353 MeV

S. Dymov et al., PLB 712, 375 (2012)

p L 'E 0.2? T \ \ ‘ \ 1 3

o . - ]

— ) =— ap cos" O, = a) .

(dﬂ)o 4p g o 01 -

do k % ]

Ay d_ﬂ 419 —sinf,. an+1 cos’ 0, -i, ol .

= 1ol < F --- best fit ]

s * ANKE o1 — global fit E

a W A TRIUMF - F | | s ] ]

NS Ly < - A -

S osl- H. Hahnetal, PRL 82 (1999) ~b) i

- F. Duncan et al., PRL 80 (1998) 05— -

0.6 .

i L 1 — -

0.4F C ]

r 0.5 . —

L L * —

0.2/~ N + i ]

L '1; ‘\H““m H‘\H‘..\Hw‘l.”“;
0 0 30 60 90 120 150 1800

0;" [deg]




Meson production: it~ channel

A and A in Np—{pp}.Tr (T,=353 MeV)

Ayyz 1 conservation laws

< ;—*—;_'f'_ _________________________________ 4
0.5- + ] Yas +—+—
o 10 + ]
-0-5; f -0.5- ]
50100 150 “50 100 150
6, [deg] 0, [deg]

A, , measurement in:

* pp—{pp}.1° will test the PWA assumptions

* pn—{pp} T will choose between the solutions
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All Observables in np—{pp}. T (ANKE data)

o >

0.5f

T
0, [deg]
S. Dymov et al., PRC 88, 014001 (2013)

150
0, [deg]

Data will allow a robust PW decomposition for both channels and determine relevant
pion p-wave production strength making contact with ChPT theory !




Eta Meson production: n-3He (FSI)

d+p—3He+n: Total C.S.

cross section g [nb]

P, [MeVic]

#) )OLICH

FORSCHUNGSZENTRUM

80 100
E'Dn __ T T I I I I T T | T I | T T T |
E + T. Mersmann et al., PRL 98, 242301 (2007)
500 — |
a0
300 — [ b)
- ? 4001- W Berger et al. (SPES-IV, 1988)
200 — : e Mayer et al. (SPESII, 1996)
[ - ¥ quasi- bound state within
100 — < 1MeV of threshold 2 Mersmann et al. (ANKE, 2007)
- Smyrski et al. (COSY-1 1, 2007)
n — i e Sl e Rt e [ Wl e et it
= @5 4 S oy by
4 6 8 10 12

excess energy Q [MeV]

 Precision data, “step function”: 0— 400 nb w/i 0.5 MeV
« Strong FSI ! implies large Hen scattering length (~ 10 fm)



Eta Meson production: Bound state ?

e d+p— 3He+n: Angular distribution

A strong phase variation of the s-wave at low Q
<>
indication for a quasi-bound state?

Data can be described well by assumption of
a pole close to threshold

i

¢ d+p— SHe+n: Analyzing power T,,

_ f[ of - ]

A +2Jef

P, do Py 1
—(1- 2T20_ s 20—
pﬂ( Tyt pﬂ( L)
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C. Wilkin et al., PLB 654, 92 (2007)

asymmetry factor o
[=]

Re( f.C) oo

|
r w/ phase variation

20 40 60 80 100
N momentum P, [MeVic]

Determination of the energy dependence of the amplitudes A and B by measurement of T,,
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Eta Meson production: Role of spin
T 06 M. Papenbrock et al., PLB 734 , 333 (2014)
§tudies with polarized deuterons: RA
dp — 3He+n: 02
-0.0 % %
* Role of the spin of the entrance channel % ﬁ
— —_ 0.2 k } i + -
Sep =12 0r Sy, =3/2 - T 1 % f
« Data close to threshold consistent with 0.4 } { } *
T,,=constant
0.6
08 | | | | | | | | | |
S-wave amplitudes are of similar size: ¢ 1 & B 4 9 8 T & 2 N
|AI2(p;) and |B|2(p;) can be calculated . Q [MeV]

M. Papenbrock et al., PLB 734 , 333 (2014)

* No significant different energy dependence of
|AJ? and |BJ?

« Rapid variation of the amplitudes with energy
near threshold is due to an S-wave FSI:
common to the 2 diiferent spin states

|A]?

amplitude squared [ub/sr]

=N
(6)]

G
o

« Data are valuable input for model development

©
(&

| | | |
0 10 20 30 40 50 60 70 80 90 100
pn [MeV/c]

o
(@)




PAX: Physics case 0 JULICH

* Investigation of Drell-Yan processes in scattering of polarized proton-antiproton
beams at HESR (FAIR)

« The transfersity distribution is directly accessible uniquely via the double transferse
spin asymmetry (Ap) in the Drell-Yan production of lepton pairs

t'f-t‘.Tr - tf-f.T - Z El U- }@ target

fh'—'p =—FF—=4ar

do!! + dol! Zq qqial M?) g(zy, M?) ol
But
» Polarized proton beams
» Polarized antiproton beams @ Drell-Yan
process

See PAX Proposal: arXiv: hep-ex/0505054




PAX: Polarization of antiprotons (method) O JULICH

« Too small spin-flip cross section for polarization build-up by ep scattering
D. Oellers et al., Phys. Lett. B 674, 269 (2009)

 Anti(proton) polarization by spin-filtering process is very promising
W. Augustyniak et.al., PLB 718, 64 (2012)

UnpalatiE T O,y = Oy P Q)+ 0, (P-k)(Q-k)

P: Beam particle spin orientation
Q: Target particle spin orientation
K: Beam momentum direction

tJzt.g-l.Q.dt.f

polarlzed H Target P(t) _ —Ni _ tanh(—
(A “y

Reduces beam intensity

See talk P. Lenisa



PAX: Transverse polarization buildup 0JULICH
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Experiment with COSY / schematic _oots Results
g0.0151
- ﬁ r 0 target polarization -
L J T E 0_01:_ W tarpget polarization -
ELECTRON — o r + ________
COOLER . - sanet - ®
O cLysTER oows- -
. DETECTORS E et
Spin- ofd
flipper T
POLARIZED -0.005:— T +
H - GAS TARGET I L TP, i
- I
—— 0.01—
C. Weidemannet al., arXiv:0145.9014 T N N I R
. 0 5000 10000 15000 20000
Milestones for the Field: = o fiter time ()
T
= Confirms understanding of spin-filtering as a =i
H H - cosy
viable method to polarize a stored beam e SAID prediction
= Confirms complete control of the systematics of ot
the experiment ao:— + FILTEX
= Does not cover for the lack of knowledge of the Aoy tbesagia s ebes e el ebes sl
pbar-p interaction T (Mev)

W. Augustyniak et.al., PLB 718, 64 (2012)

See talk G. Ciullo



PAX: Next — Long. polarization buildup

Experiment with COSY / schematic

Siberian Snake

/ ELECTRON L—‘igéﬁ
COOLER = .
Spin- S
flipper
POLARIZED
H - GAS TARGET
I O
-

 Spin filtering with
 Longitudinal polarized gas target
 Longitudinal polarized beam

Ot = Op +O—1(|S (j) IS ' lz)((j k\)

» Superconducting solenoid ordered
» Longitudinal beam polarimeter (in progress)

First ever longitudinal spin-filtering test:
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ANKE
| ." l
N
L
B
N
3
™
.
e
. . "1
Siberian T
!l
Snake =
<)
Bg A
S =Ny
_- o - Fode=ldl

could be reached !




A jOLICH

FORSCHUNGSZENTRUM

Future: EDM project — Physics Case

- |
. . _ B ,'~‘ w 3 .‘.?
- Baryon asymme

N =N

N oS

Nature seems to*
R \ violate CP.
' ~_much stronger
o "\, &  ___thanthe.
. L ard. I\ odel predlcts

-

not accountedrf | ™ e
Standard Model ~ 10 1 ., R o

~

New sources of CP-violation (CPV) required!

Electric Dipole Moments (EDM) of
fundamental particles:

> Compelling physics case CPV

» Sensitivity; discovery potential
See also talk D. Eversheim




Future: EDM project — Charged particles #) J0LICH

Why charged particles?
> Highest sensitivity (goal 102 e cm)
> ldentification of the CPV-source

How? A new method:
» Polarized particles in precision storage ring
» Tracking of spin rotation due to torque in radial electric field

|

Where? Forschungszentrum Jilich

Storage ring (COSY) and polarized beams

Accelerator and experimental experience in spin physics
Strong environment (FZJ infrastructure, cooperations (JARA))
JEDI (Julich Electric Dipole moment Investigations) collaboration has formed;
> 100 members (11 countries world-wide)

YV VYV



. . #) JULICH
JEDI: EDM project- New findings

- EDMs are sensitive to new sources of CP violation

- COSY: ideal starting point for R&D and pre-cursor experiment
- Atime marking system with EDDA detector has been setup

- Best SCT until now: tgo1= 400 s — Maximize SCT to = 1000 s
- Precision of Spin Tune measurement: o, = 1010

Next steps:
- Pre-cursor experiment at COSY: See talks:
proof of principle with limited sensitivity planned near future
- Use RF Wien filter to generate a net EDM effect A. Lehrach
. . : E. Stephenson
- Use Spin Tune as precision tool to study systematic errors A Saleey
- Dedicated storage ring: S: Mey

different option are currently under investigation, S. Chekmenev
conceptual design report end of 2018
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Summary

COSY - unique opportunities for hadron physics with polarized
hadronic probes (beam & target) — High precision + Spin

ANKE, WASA, PAX - state-of-the art facility to investigate a broad
and exciting field of hadron physics

Physics: “NN interaction, ChPT, FSI " — selected examples and
further plans at COSY

Transition phase from precision to ultimate precision spin physics:

J

New opportunities to explore spin manipulations at COSY: ideal
starting point for R&D and a pre-cursor experiment for EDM search




