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#) JOLICH
Physics Program at COSY

Non-perturbative QCD in the up, down and strange sector

= Structure of hadrons
= nucleons
= hyperons
" mesons

= Dynamics and interactions

= nucleon-nucleon (NN)

* nucleon-hyperon (NY)

= nucleon-meson

= meson-nucleus, in medium effects
= Symmetries and symmetry breaking

= chiral symmetry
= isospin and charge symmetry in reactions
= discrete symmetries in meson decays
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COSY Facility
COoler SYnchroton
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spin manipulation HE Polarimeter
‘\. . EDDA PAX o

= Circumference: 184 m

= Beam momentum: 0.3GeV/c -
3.7GeV/c

= Stochastic and electron cooling

= (Un-)Polarized proton and
deuteron beams
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COSY-TOF: Physics Program

= Meson production in pp collisions
= Study of pp — ppy
» Exclusive hyperon production in pN — NKY with polarized
and unpolarized beams
= production mechanism of associated strangeness
= NY interaction through final state interaction (FSI)
= NA — NX coupled channel effect
= nucleon excited states (N* resonances)
= polarization observables

Recent studies:

= pp — pKA at ppeam = 2.7 GeV/c with =~ 78 % polarization
= pp — pKA at ppeam = 2.95 GeV/c with ~ 88 % polarization
= pn — NKA at ppeam = 2.95GeV/c
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COSY-TOF Detector

Time Of Flight
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Latest Measurements of pp — pKA:

= 2.95GeV/c with (61.0 £ 1.7) % polarization
= 2.95GeV/c with (87.5 4 2.0) % polarization
= 2.70GeV/c with (77.9 + 1.2) % polarization
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Features:
Full phase space coverage

Clear signature for
pKA — pK {pr}

(2 primary and

2 secondary tracks)
Primary and delayed

hyperon decay vertex
(cT(A\) =7.89cm)

— 42,000 events
— ~ 132,000 events
— ~ 220,000 events
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Physics of pp — pKA

= Described by meson exchange models (no perturbative QCD)
= Which kind of meson exchange
= Role of N* resonances

p— A P | p p , p
| |
| |
p———~=_¥%P p <A P —F A
K K K

2.95GeV/c n

~

pN — NX coupled channel (cusp)

Y . effect
ik
# % i

N/A/(2MeV/c?)
w

= pA final state interaction (FSI)

= Connection to pA interaction

— Parameter: scattering length a
2

)60 2080 2100 2120 2140 2160 2180 2200 2220 2240 2260 Ilm UP/\_”_,/\ = 47Ta
m,, [MeV/c?] k—0
M. Roeder, Eur. Phys. J. A49, 157 (2013)
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Determination of pA Scattering Length
Method from A. Gasparyan et al., Phys. Rev. C69, 034006 (2004)

= Extraction of pA scattering length a from the shape of the
final state interaction (FSI)

= No further theoretical assumption necessary

= Known theoretical precision (0.3 fm)

= Spin resolved measurement via suitable polarization observable

*} 205Gev/c | = COSY-TOF measurement at
" 2.95GeV/c (42,000 events)

h

f H

eeecdd

Pl "**t***"'*ﬁ“;mu-p.

i m;;;m.u M. Roeder et al., Eur. Phys. J. A49, 157 (2013)
i,

= Effective scattering length
deff = (_1.25 + 0.085tat4 + O~3theo.) fm

6020302100212021402150218022002220[2240/2%]U L] Large systematic error (1 fm) due to
M, [MeVic ) i .
kinematical reflection of N* resonance
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Dalitz Plot Dependence on Beam Momentum

FSI  NX

38 ; %
2 RIS
g e Cieso
Sy s ’,/\ b
E< ‘\ \\ 50
af T L 33GeVic N : |
\ \
LY 3.1GeVie © Ci710+ Ci72
N#(1720) * | Kis- R Ll L Y © 0
2.9GeV/c
28 | \ \ 10
N¥(1650) "k’hﬁf T
26 | \/ y e 02,8 285 29 295 3 305 31 315 32 325 33 33
N I T T D T P [GeVic]
I
my2/ Gevc COSY-TOF Coll., Phys. Lett. B688, 142 (2010)

= Contributions of N* change with beam momenta
= Expected smaller systematic effect on FSI for 2.7 GeV/c?

= Comparison of results from the recent data at 2.7 GeV/c (~
132,000 events) and 2.95GeV/c (~ 220,000 events)
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pp — pKNA Dalitz Plot

- preliminary

L L
4.2 43 a4

Hauenstein, PhD Thesis, 2014 ™

a5

a6 a7
[GeV?ic?]

Monte Carlo acceptance

2.7GeV/c

43 44
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@
N

- N(1720)

2o Preliminary USSR
42 43 4. 45 46 47 48 4.29 GSV‘/ ?.1
Jowzaee, PhD Thesis, 2014'"“[ oViIet

Full phase space acceptance

Reconstruction efficiency relatively

flat

Strong pA final state interaction for

both data sets

More substructures for 2.95 GeV/c
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Effective p\ Scattering Length

_ 2 7GeV/c
"2: X2 /de 4482136
; C, -0.1393 + 0.0317
) C, 1.211e+05 + 7.663e+03
= c, 4.158e+06 + 3.470e+03
5 100
g Sk
= donl™
-2 [ S  E——
g T de
S HP R 3 PS
o 50 +fit limit dmpa /
preliminary
I I M| L I L
075060 2080 2100 2120 2140 2160
m,  (Mevic?)

= Parametrization:

» a5 = (—1.3879%

0.05sta

dm

|AF (arb. units)

o
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2.7GeV/c

X2/NDF =1.25

C, =-1.39e-01 + 3.06e-02 - 3.25e-02
C, = 1.21€+05 + 7.99e+03 - 7.26€+03
C,=4.16e+06 + 3.32e+03 - 3.58+03

L fit limit

preliminary ™" e,

I
2060

dil\ — PS. ‘ /:5/)’ = PS - exp [Co +

= Compatible with the result at 2.95 GeV/c

(aeﬁ' - (_125 + 0-085tat. + 0-3theo.) fm)

L
2160

)

I L I
2100 2120 2140

m,, (Mevic?)

I
2080

. £0.1255. £ 0.3theo. ) fm (preliminary)

= Systematic error mainly due to influence of N* resonances
— but weaker than for 2.95GeV/c (1fm)
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Spin Triplet pA Scattering Length
see Appendix B in Gasparyan et al., Phys. Rev. C69, 034006 (2004)

= {pA} in S-wave and kaon in P-wave = {pA} in spin triplet
configuration due to parity and angular momentum conservation

= Kaon analyzing power Aj’f sensitive to kaon P-wave contribution
AY(X,mpn) & a(mpn) PL(X) + B(mpn) Py (X)

= Kaon P-wave contribution proportional to A (cosf = 0) = —«
— « gives relative contribution of spin triplet scattering
— Measurement of « dependence on mpp to determine spin triplet
scattering length using the formula

ACESD), (mpn)I? = —a(man) - [ACFSDesi(mpn)|
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Kaon Analyzing Power at 2.7 GeV /c

Fit with associated Legendre polynomials and dependence on mpp

[ X2/ NDF = 0.75 2 E Lo
oz~ full data 0t 014320005 §°4  preliminary -
5 N = L H
R e ol T H
S AT N T S 0'1:+ gt
N £ 0?_____‘1_"_}1*%* LWL P
Ea s T +
§ of A0 - :
§ [ —ft@repem) - © ;W ¢¢¢¢‘i¢¢¢¢¢¢¢ %
[ ---asP}(cos6) . . 2 i H
o I e ‘pre‘hm‘lna‘ry L ¢¢f¢‘§>¢‘
1708 106 04 02 0 02 04 06 08 1 5060 2080 2100 2120 2140 2160
cos(65"%) My (MeVic?)

= Reasonable fit of analyzing power by AX = aP{ + 3P}
= [3 decreases for higher m,p masses (expected due to lower
kaon momentum)

=« non zero for low mp,p mass — extraction of spin triplet
scattering length possible — publication in preparation
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Analyzing Power of Final State Particles

» 0 +« 0.1
g £ —— 2.95 GeVic [Jow14] 2 £ I 295 GeVic[Roett]
%o.osé —=— 27 GeVic ! g 0.15 :§;§§G§3/¥2° fpizon) } {'
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s-00s[- t i bt 005 ‘ T
s Eor It ]
F b ! | 0.1F ‘ i P
01— . . E . .
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0183 -&.5 6 015 1 '0'2-; -6.5 6 015
cos(65™) cos(6™)
» 0.3
l: J Ipreliminary = Proton and kaon analyzing
2 02 .
R [ | }' ‘ k ]' power: Same behavior for
5 o | i F different momenta
3 2 J B .
: P Tl = A analyzing power: for
H L —— ieV/c [Jow Tt
fz 0.1 Az:ggge\‘llllc[[éTO:;]IPixon ‘ COS(Q/?MS > 0) d|fferent
° [ = 270eVc ) )
3 ! 05 0 R, behavior
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A Polarization
Determination Principle
= A polarization along ng, axis
= Measurement via self
analyzing A decay
Nep = Pocam X P = Distribution of decay protons:
o = Io(1 + aPp cos 6**)
= a=0.642 £ 0.013 (weak
asymmetry parameter)

scattering
plane

= Determination by "weighted
sum method" [D. Besset et al., Nucl.

Instr. Meth. 166, 515 (1979)]

1 3N cos(6;%)
PA= GOSN —aipy
) iigcos?(67%)
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Results for the A Polarization
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< 0.4¢
e o 3i —— 2.95 GeV/c [Roe1]
“E —— 275 GeV/c [Piz07]
S 4 [Roel1]
0'2: 2.7 GeVic +ﬂ_ M. Roeder, PhD Thesis,
0'1; * } ++} University Bochum, 2012
05“"“ * } I ; ! ! [cPiT>07] I PhD Th
E R A U S B . Pizzolotto, esis,
-0 1%_‘ ‘ 1—*—-__*_ } i T } University Erlangen, 2007
“E e { 2.7GeV/c
-0.2 + + Hauenstein, PhD Thesis,
= . University Erlangen, 2014
03 preliminary
04E el L b L e L
04108 06 04 02 0 02 04 06 08 1
cos(65"5)
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» A polarization changes sign
= Further study by fitting of associated Legendre polynomials to
available COSY-TOF data
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03 2.95 GeV/c [Roe11]

A Polarization
Associated Legendre Polynomials Fits

2.7GeV/c
; %%/ NDF = 1.98
0.3
E C,=-0.0020.008
0.2
£ C,=+0.1330.006
o1l ¢

——fit(C,+P} + C,*P)
C,* P} (cos6)

rrrrr C, * P} (cos6)

LA
02 04 06 08
cos(65"9)

%%/ NDF =2.31

o= preliminary  ci-oom:oon

C,=0.066 +0.014

0.1 —fit(C,+P} + C,+P)
L C, * P} (cos6)
0.2 - C,* P} (cos6)
[ T P P T
-1 08 -06 -04 02 0 02 04 06 08 1
cos(65M%)

September 07, 2015

. 03 2.75 GeVi/c [Piz07]

M) JULICH

FORSCHUNGSZENTRUM

o —fit(C *P} + C,* P}
C,* P} (cos6)
-+ C, * P, (cos)

>

%2/ NDF = 0.79
C,=0.013+0.036
0.030 + 0.027

preliminary

| | | |
-08 -06 -04 -02 0

L L L L
02 04 06 08

cos(65"9)
3.2 GeV/c [Schr03]
L . %2/ NDF = 0.75
- preliminary  ci=oo:oms
r g C,=0.188 + 0.040

—lit(C‘OP: + C,oP)
r C, * P} (cos6)
04 e C, * P} (cos)

I I I I I
-1 -08 -06 -04 -02 0
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A Polarization
Associated Legendre Polynomials Contributions

g f c

€ 02 ~C,

s c

5 T

g 0.1j

T i

£ W Iy

o [\ R ST T T P

£ L

) 01:

T -0.1— imi

g o, preliminary

o C
. P N RO SO SR B B
0257 """28 2.9 3 3. 32

Pocam [GeV/c]

= As expected C; compatible with zero for all beam momenta
» ( strong variation with beam momentum. Linear increase?

= No theoretical calculations available
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Summary

= High statistics measurement with full phase space acceptance of the
pp — pKA reaction at 2.7 GeV/c and 2.95GeV/c
= Dalitz plot
= Strong pA final state interaction
= Strength of enhancement at NI threshold (cusp effect) varies
with beam momentum
= Scattering length at 2.7 GeV/c
" Qg = (—1.38f818§st3t. + 0.125¢. £ 0.3theo. ) fm (preliminary)
= Kaon analyzing power: « not vanishing for low m,x masses
= First model independent determination of a; possible
= A analyzing power
* Deviation for different beam momenta for cos ™5 > 0

= A polarization

= Strong variation with beam momentum
= Fit with Legendre polynomials — Solely described by Pi
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Outlook

= Detailed study of the NX cusp effect at 2.95GeV/c

= Combined Partial Wave Analysis of pp — pKA at different
beam momenta including data from DISTO and HADES/FOPI

= Publication of spin triplet scattering length a; from pA final
state interaction (September - October)

= Publication of polarization observables (Pa, Ay, Dyn)
— Method paper submitted to NIM (arXiv:1508.04908)
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pN — NX Cusp

COSY-TOF Coll., Eur. Phys. J. A49, 41 (2013)

140F 3.05 GeV/C
s 3 = Cusp described by Flatté
5 100 "J‘w N d t b t.
: L istribution
80F i‘”dm’"m i *#'Nv‘
£ 4 4, . . . .
oof- i = Angular distributions in cusp
L 3 . . .
aof- | region point to S-wave in
20 A K — pX and subsequent A — p
o 2.55 2}1 2.;5 2.‘2 2.55 2%3
M, [GeVre?] Jowzaee, EPJA, in preparation
= In preparation: Study of cusp at
2.95GeV/c P
o : i
Qa =z -
= Reasonable description of spectrum by s fok 2.95GeV/c
latté) + N* reflecti 3s Loy
FSI + cusp(Flatté) + reflections S S\
X . . 04r § B <<|<
= Further theoretical description necessary " 'nin’ary—\

invariant mass pA [GeVic?]
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Dalitz Plot Projections on mpp

2.7GeV/c

nx* threshold

@
8

“‘; v w px° threshold

1 MWW
[ AL
! M,

»
8

MM
! iy
M

preliminary %

1

L I
4.2 23 [ a5 46

Hauenstein, PhD Thesis, 2014

ar
m2, [GeViic']

Green: Scaled phase space
distribution

Small enhancement at NX
threshold
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o
S

2.95GeV/c

8

30 {y".‘{{'v”v‘”_»]y{{ T

N
S

I
107/

[

s/preliminary
43 44 45 46 47 48

Jowzaee, PhD Thesis, 2014

49 5
m2, [GeV?/cY]

Brown: Scaled phase space
distribution

Large enhancement at NX
threshold compared to
2.7GeV/c
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Effective pA\ Scattering Length for myp Regions
see M. Roeder et al., Eur. Phys. J. A49, 157 (2013)

2.95 GreXE/

= 3 = (—1.25 £ 0.084tat. & 0.3theo.) fM
(full data)

o 2t = (—2.06 % 0.1644a1. & 0.3¢heo.) fm
(upper region)
s 3o = (—0.86 £ 0.06stat. = 0.3theo.) fM

| | | | | | |
050 2060 2070 2080 2000 2100 7110
M [MeVict)

g:: + T s (lower region)
§ o {:%
b ps %fﬁ"k{f# . %
: i W = Strong influence of N* resonances
: i - = Error in the order of 1fm
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a Measurement at 2.95GeV/c
see M. Roeder et al., Eur. Phys. J. A49, 157 (2013)

X2INDF = 0.54

o
N
&

coefficients
)
I
i

o
N

o
o 2
B G
T T T T [T T T
T T T T T T

Analysing Power

°
&

0.4]
0.05] )
f 005
Associated Legendre Polys ,' [
-+ Pix(-0.14520013) 9 o
- Pix(006520010) ) ) et T S E WU I N B
1708 08 o4 02 0 02 04 o6 08 20 40 60 80 100 120 140 160 180 200 220
cos(8,") My - m, - m, MeV/c?]

= Unexpected: « is < 11% (30) for low invariant mass
— no sufficient precision for extraction of spin triplet pA
scattering length

= 3 behavior reasonable

— Work in progress: Analysis of additional measurement at
2.95GeV/c to reduce statistical error
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Results from the Measurement at 2.7 GeV/c
Dalitz Plot Slices
oo % 400
b pA
350 é 2. 0.5>cos GDK >0 1350
300 E 1300
250 1250
200 200
2.7
150 150
100 100
2.
50 50
L L L L I o E L L L L I o
4. 73 [x3 a5 a6 77 4. 73 £x3 75 76 77
mp, [GeV/c?] mp, [GeV2/c?]
A 00 % 400
Y pA % pA
82 0>cos epK >-0.5 350 §2 cos epK <-0.5 350
o o 300
250 2 1250
200 1200
S 2.7
i 150 150
<
s 100 100
2 2.6
] 50 50
2 L L L L L o L L L L L o
5 42 23 (X3 a5 a6 a7 42 23 (X3 [ 76 a7
3 m2, [GeV2/c?] m2, [GeV/c?]
5
=
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Effective pA\ Scattering Length for Dalitz Plot Slices

Likelihood Distributions

64 cos6f>05

likelihood probability [arb. units]

constant 6.495
mean [fm] -1.407
'. sigma [fm] 0.037

0> cos Oy >-0.5

likelihood probability [arb. units]
>
1

constant 6.861
mean [fm] -1.186

sigma [fm] 0.029
.

5
| o,

-11
a[fm]

likelihood probability [arb. units]

constant 7.635
mean [fm] -1.139

sigma [fm] 0.027
.

T
e oA ks
; 6d cos O < -0.5 /,'
8, I

2 .

g 4 i

3 ,

2 .

Q S

° 5

8 29 v

£ .

3

2 | prelinfinary
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constant 6.795
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CMS Distributions for 2.7 GeV/c

15? L p w,,‘»" . g’ o . A“ e
0] ‘ ”W‘TM.....,...%»W."»""“' 05 o
preliminary preliminary
é 0.5 0 0.5 é -1 0.5 0 05
cos g6 cos 658
Sttt it o = Distributions almost
- symmetric
preliminary -
z = Small deviations at boarders
g - , " due to acceptance correction

cos 65"

£
2
3
E
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Formulas for Scattering Length Extraction

= Parametrization of pA invariant mass spectrum

do
dmp/\

= a dependence on C; and G

hc m3 (m2.. — m})
G,G)=-—C g a0
(G, ) 2 \/(mpm/\> (M2, — G2)(mg — &2)3

max

with mg = mp + mp and mpyax = mg + 40 MeV /c?
= Spin Triplet Amplitude
- 2
Aeff(mpl\)‘

[A(mpn)? = ~a-
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Analyzing Power
Determination Principle

Angular distribution for particles with polarization Py:
(93)pol. = (§3)0 - (1 + AnPn) = (580 - (1 + AnPy cos ¢)

L

¢ g CMS
s An(cos M) = cur(cos9 77, 9)
fansnaandes R cos(9) - ps

= Azimuthal left-right asymmetry
L(OCMS ) _R(6SMS ¢
cLr(cos 0N, ¢) = LEoEJMS@;mEG?MS@;

= Count rates
L(OSMS, ¢)) = /N*+(¢) - N=(¢ + ) and
R(9EMS,¢ = /N*(¢+7) N-(¢)

= Beam polarization pg
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Experimental Setup
Straw Tube Tracker (STT)

September 07, 2015

#) JOLICH

FORSCHUNGSZENTRUM

2704 straw tubes (/ =1m, d = 1cm)
arranged in 13 double layers

Every double layer is shifted by 60° angle to
the other for 3D track reconstruction

Ar : CO; gas mixture with ratio 8 : 2 at
1.2 bar overpressure

Drift time information used for track to wire
distance

Obtained averaged spatial resolution
o= (137£9)um
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Event Reconstruction
Steps for pp — pKN reconstruction

Track finding (Hough transformation) and fitting
Vertex finding and fitting
Geometric fit of pp — pK event topology
Kinematic fit of pp — pKA

— Kinematically complete events

— pA mass resolution o = 1.1 MeV/c?

z [cm]

|
3 E 20 30 30 20 20 30
v’ fem] v [em] W fem]

£
2
s
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Event Selection

Selection criteria
2
Xicin.fit < 2
= A decay length > 3cm
= £(A,decayproton) > 2°

Monte Carlo simulations

= Low background from other
reactions (pp — pKX° < 1%) "

= Reconstruction efficiency
~ 15%

September 07, 2015
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£ E
o E
= 30000
g E — all selections
£ 25000— —— 12 /NDF <50
w c
200001
15000
10000/
5000
B T - —
800 80 60 40 20 0 20 40 60 80 1

Missing Energy [MeV]

arbitrary units
3,

—— pKA

— pKs®
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Future of COSY

= Test facility for FAIR (Facility for Antiproton and lon Research) at
GSI in Darmstadt, Germany

= Accelerator components — HESR at FAIR
= Detector components — PANDA, CBM, ...

= Measurement of charged particle EDM (Electric Dipole Moment)

T_u

— = EDMs are candidates to solve
dﬂﬂ P d¢ matter-antimatter asymmetry
s A = Measurement of proton and deuteron EDM
T " with one dedicated ring — JEDI collaboration
N
i = Precursor experiments with actual COSY ring
i
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Spin Triplet Scattering Length a;
Preliminary from Hauenstein, PhD Thesis, 2014

..f 22/ ndt 43/ z ¥/ ndf 9.086/5
s -0.1482 + 0.0432 c 204 po 0.7746 + 0.2730
> pt 1.3180405 + 1.1350404 3 p1 4.931e+04 + 4.625e+04
2 100- prissieestyscars P _I_ _l_ _I_ B e
3 &
£ ~
B Rebin e 'l‘ —l-'l' + 'l-_l_
£ —_—T =
T 501 . X(—ak) 107
] i fit limit s :l: ;
i £ ‘ -[«
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_ s TS —
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J N I PSP PO RS RPN TR T | S T RN R R BRI RRR N R
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= Parametrization: d‘;",\ = Phasespace - exp [po + mzp%pz}
p: oA

] = (-1 31“3J i%stat, + 0.3theo. £ 0.164yst.) fm (very preliminary)
= First direct determination of a;
= Comparison:

= a3, = (—1.6755) fm (Ap elastic scattering)

= 3 =—154 fm (theoretical calculation [npa 915, 24-55 (2013)])
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