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Properties of the n

Light pseudoscalar, mass m, =547.853 +0.024 MeV/c*!!
Simple quantum numbers JPC = -+
All strong and EM decays forbidden on the first order

« Rare processes experimentally accessible

Decay Studies

Test fundamental symmetries
« C-symmetry in 1 — ne’e
« CP-symmetry inn — n'we'e
Study structure of the 1 meson
« EM transition form factor measurements 1 — e‘ey, N1 — e'ee’e
Provide precise tests of theoretical predictions (ChPT)
« n— nnn’, n— n'n'n’
L e 07
* Mo mTy
Search for new physics outside standard model
e nN—e'e

[1] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012).
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Properties of the n

- Light pseudoscalar, mass m, =547.853 +0.024 MeV/c*!!
« Simple quantum numbers J*C=( -+
« All strong and EM decays forbidden on the first order

« Rare processes experimentally accessible

Decay Studies

Test fundamental symmetries

« C-symmetry inn — =22

« CP-symmetry inn — n'me'e
Study structure of tic 1| wieson

« EM transition form factor measurements 1 — e‘ey, N1 — e'ee’e
Provids precise tests of theoretical predictions (ChPT)

e n—ornnn’, v, — n'n'n’

* N alyy

* N Ty
Search for new physics outside standard model

) y
s nN—oee

This Talk

[1] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012).
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G))) The WASA-at-COSY Experiment

WASA-at-COSY

* Meson production via. pd — *Hen
Pp— PpPM

* Measurement of recoil particles in forward detector
* Tagging of n-mesons via missing mass

Missing Mass= \/E —E,)—(P,—P,.f

a0 Inclusive spectrum, p-d »“Inclusive” spectrum, p-p

X
=
=)

‘o [ pd2008+2009 3 [ [mne Tl

% 6000/ 1:0 GeV E 800 pp — pp 3t

= D 700 —e— Data

N c |— Data-MCTotal |
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§ O 50 pp 2010
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046 048 05 052 054 056 058 ,
Missing Mass *He [GeV/c ]

0.45 0.5 0.55 0.6
Missing Mass Proton Proton [GeV/c?]

proton-deuteron proton-proton
» Lower backgrounds » Higher backgrounds
* Unbiased trigger » Selective trigger
e 10 n/s produced * 100 n/s produced
4
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G))) The WASA-at-COSY Experiment

WASA-at-COSY

« Selection of a final state — measurement of decay
products of the n in central detector

* Full reconstruction of charged and neutral particles
« Total ~4m acceptance

__ Channel selection, p-d Channel Selection, p-p
§1°°°°: Selection of :,{ 4500 [ smuaton pp  pp e ;
2 [ nornn . ao00F-| 3
28000 2008 1.0 GeV * 3500}
§ - ptd b s000F- Selection of s !
6000; 2500; n — n+n-n0 s .
M ool 2210 1.4 GeV v
C 1500 pTp R .
2000 j 1000 i— _,-'. .
E e 500F = ~.
0048 05 052 054 086 058 07028 0.5 0.52 0.54 0.56 0.58
Invariant Mass ©*7'yy [GeV/c?] Missing Mass Protons [GeV/c?]
proton-deuteron proton-proton
* Analysis of main * Analysis of rare
channels channels
* Train analyses of * 10° n produced
rare decays
30 Million n on disk
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« Isospin-violating process, proceeds due to difference in masses of the light quarks
« Measurement of this channel sensitive to quark mass ratio

QD 4— mi_%(mu-i-md)z
I'=—|T where o= .

2_
0 i

« Current challenge: investigate theoretical predictions including pion final state

0,=242

interactions
« Expand decay rate around X =Y = 0 in Dalitz plot
d;l(% o |A(X,Y)] o 1+aY +bY*+dX + f7+...
X:\/g T Y—3T0 -1 Qﬂ: T++T-+T0
Qn QT]

Recent Experimental Results from KLOE

« Dalitz plot based on 1.34 million
events

« b and f parameters difficult to
reproduce theoretically

« Important to produce an
independent Dalitz plot
measurement

il

F. Ambrosino et al. (KLOE Collaboration) JHEP 05, 006 (2008) 6
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 Analysis of 10 x 10° ) mesons sum: 320 000 e
from pd — *He 1

« 200,000 events in Dalitz plot

« Dalitz plot parameters
pending

« Final thesis writing currently B ”
n progress Bin-by-bin signal extraction

—— e

.
- A,

e

-]

500 600
(MeV)

x10°

x and y projections of Dalitz plot

35

______

—] + WASA

——LO parameters
——-NNLO parameters
—=-KLOE parameters

151

Acceptance Corrected Events

-

05¢

‘‘‘‘‘

-1 -05 0 05 1 -1 -05 0 05 1
X Y

Analysis: P. Adlarson

In addition:
Analysis of proton proton data — over 1 million events expected in Dalitz Plot

Analysis of ® — '’ Dalitz plot in proton-deuteron and proton-proton interactions
\ P p p P L
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« Rare decays are also analyzed at WASA-at-COSY

+ Example: non'me’'e  BRm—n'mwe'e) =(2.680.11) x 10+ {ehar e Pt

« Special analysis procedures necessary for rare channels (2012).

Particle Identification Photon Conversion Pair Rejection

 Energy bands separate electrons frgm pions « Signal N — m'Te’e mimicked by channels
* Momentum vs. energy deposit with photon converting to e"e” pairs
e Ny —->nmwee
e nonnn’ >aTyy—> e ey
* Contribution minimized by beryllium beam
pipe to ~1%
 Still significant for rare processes

Energy Deposit SEC [GeV]

e Reconstruct e'e” vertex

-
o
o

NI AT AVENE AR L1
02 03 04 05

[}
(=]

Conversion

/ Events

Beam Pipe Radius

Chargé * Momentum [GeV/c]

2]
(=]

Neural networks trained with simulated
electron/pion signals

Information from all particles used
« Reduces ambiguities

High efficiency: ~95% correct identifications
for signal channel

Radius of Closest Approach ée” [mm]

Il |
001 002 003 004 005 006 °
Invariant Mass e*e” at Beam Pipe [GeV/c?] 8
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WASA-at-COSY

Branching Ratio Extraction

« Recent measurements of BR(n — n'ny)
disagree with older experiments [1,2]

« Measure branching ratios in 1 — 'y

and N1 — n'mre’e at WASA-at-COSY
« Analysis in proton-deuteron reactions
« (263+24 ) event candidates

« Several new sources of systematic error
investigated and corrected

« Reproduced branching ratios for
several known channels within same
analysis

N — a'ne’e at WASA-at-COSY

#) jOLICH
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BackgroundSubtracted
:

- l —— Data
H
501~ : H & Simulations Total
_ .

Counts a/, MeV/c?
o

Y
(=)
TTT ‘ TTTT | LI ‘ LU | TTTT | TTTT | TTTT | T

W
o

N
o

10

# \ﬂ+|\|||\i||\|
0.5 0.52 0.54 0.56 0.58

Invariant Mass n*me*e [GeV/c?]

BR(—n'me'e) =(3.10 £0.27, £0.22 ) x 10~

» Result in agreement with theoretical and
experimental values

« Higher precision necessary to confirm
compatibility with KLOE measurement

[1] Lopez et. al. (CLEO Collaboration) Phys. Rev. Lett. 99 (2007) 122001.
[2] Ambrosino et. al.(KLOE Collaboration) arXiv:1107.5733v1 (2011)

: :
1
CMD-2 ; -
Phys.Rev.146:933(1966) : :
1
CELSIUS-WASA : -
Phys.Lett.B501:191-199(2001) 1 1
1 1
KLOE ' '
Phys.Lett.B675:293-288(2009) HT :
1 1
1 1
WASA-at-COSY e
Preliminary ! ! Theory
1
1 —— ! T.Petri (arXiv:1010.2378v1)2010
1! T.Petri (arXiv:1010.2378v1)2010
1 ' R.Borasoy,R.Nissler.Eur.Phys.J.A33:95(2007)
: ) Faessler et al.Phys.Rev.C:035206(2000)
} ————+ C.Piccioto,S.Richardson.Phys.Rev.D48:3395(1993) 3
1 | 1 1 1 L | 1 1 [ ] | 1 ML 1 | 1 1 1 1 | 1 1 1 1 | 1 X1 0
0.1 0.2 0.3 04 0_|._5 0.6
(M- 'me*e’)/T'(n)
9
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« In some unconventional cases, amplitude
could include a CP-violating component
[1,2]

« No CP-violation expected in this
decay by Standard Model

=4
o
X}

Invariant Mass n*e*e’ [GeV/c?]

........ N R W
043 0 0.1 02 3 04
sind® cos®
o o o[- X
350: sindcosd <0 H E : sindcosd > 0 ‘
N F Sum Peak : 200 + 17,,, H Sso:— Sum Peak : 201+ 17, H
@ 40 2k
CP-allowed, and possible CP-forbidden amplitudes 5 [ | somalrosi, ‘ 8| sonazwenr,, [
©% breliminar I af preliminar |
rp Yy ] Fp y ‘_{

« Would cause an asymmetry in the
electron/pion decay planes of up to 1% [2]

Invariant Mass t*re*e’ [GeV/c?] Invariant Mass n*we*e” [GeV/c?]

_ Count (sin ® cos ®>0)— Count (sin ® cos P <0)
nt ®™ Count (sin ® cos ®>0)+Count (sin ® cos P<0)

Ap=(04£9.0 28 )x107 preliminary

KLOE value: A =(-0.6+25 +1.8 )x107

1. Mod. Phys. Lett. A 17 (2002) 1489. Phys.Lett.B675:283-288,2009

10
2. Mod. Phys. Lett. A 17 (2002) 1583.
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portion of the data

» Several channels 1dentified via
kinematic fit of various hypotheses 40

» 20 times higher n production cross
section than pd

a
o

o n— ame'e
(&)
. S . 2010 p+p 1.4 GeV, 4 Weeks
« 17 weeks of pp — ppn data on disk 270 ’
* Preliminary analysis performed on a %:60
€
=
]
o

30

» But higher beam energy, larger 20 + ﬁ h
Lorentz boost, lower 10 % ¢ }
acceptance
* In practice 5 times higher .4 0.45 05 'o.'s:r,'+ o 02.|6
statistics available than p-d Invariant Mass r*re"e’ [GeV/c]
 Extrapolation to full data set predicts 4 weeks p+p data, (222 + 22) events

competitive statistics available
Scales to (1,117 £49) events in full data

11
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* Analysis of  — aw*an’ is nearly completed in pd with 200,000 events in the

Dalitz plot

* The rare decay n — m'me*e has been analyzed and the branching ratio and
dihedral asymmetry have been measured

Branching Ratio: | BRm—mme'e) =(3.10 £0.27,, +0.22_ ) x 10~ preliminary

Decay Plane Asymmetry:

Ap=(04£9.0, +28 )x10?

preliminary

« Analysis of higher statistics in proton-proton data is in progress

» This is just a part of an extensive light meson decay program at WASA-at-COSY

12
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n—onmwe'e

~
o

2010 p+p 1.4 GeV, 4 Weeks l

[<2]
o

 Preliminary analysis performed
on a portion of the data

o Several channels 1dentified via
kinematic fit of various
hypotheses

* 10 times higher n production
cross section

» But higher beam energy,

3 N .‘... LX_X e N TR
larger Lorentz boost, lower o M o GeV
acceptance nvarlant ass t'n'e*e [Ge /c]

* In practice 5 times higher Data Expected in Full
statistics available than p-d Sl LT Analyzed =~ Data Sample

» Extrapolation to full data set
predicts competitive statistics

Counts / 2 MeV/c?
N w B ()]
o o o o
TT17T TTTT TTTT TTTT TTTT TTTT TTTT TTT
[ [ [ I [ [ [

-
o

available nomry  (14406£336) 1 Week (290,013 1,508)
n—e'ey (2,973 £72) 1 Week (59,850 + 323)
nomwmete (222+22) 4 Weeks (1,117 +49)

Current PhD theses focus on this data. Shown here — results from a preliminary analysis

13
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n — m'me’e in proton-proton Reactions n — nt'ra’in
== nrOoton-proton Reactions
. Expect >1100 %70 - Expect ~1 Million events in

events in complete [ final Dalitz plot
data set 3% « Topic of two dedicated PhD
- Analysis steps from [ theses
pd successfully sof ahrvk el ol oo  Build on methods learned
applied wf b3S Ny iridd from proton-deuteron
o ' analysis

1 1 1 1 1 l L 1 |
05 0.55 0.6
Invariant Mass n*we*e” [GeV/c?]

170 1
o — '’ in pd and pp
6000
4000 s ) 5000;._ :
O au g 5 « Exploratory analysis wood
R 4 : 1
30005 15% of available data + i t(i measure Dalitz 30001
25007~ L 1.7 :
: - plot parameters 20001 .
o o » Dedicated PhD topic =~ 1000}
1000; N f . 1n pd and pp o - —
sun; e - A ++ :
a.iﬁ%"ﬁ;:r:?ﬁ I IO‘G — 0.‘7 e IOF;M |‘m.|‘("‘|-|gl)g
Analysis: L. Heijkenskjold, S. Sawant Analysis: M. Zielinski, W. Bardan 14
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Study of Anomalous QCD

« At chiral limit, proceeds via QCD

T
I
box-anomaly
« In reality, signal obscured by M v
resonant contributions N
« Two experimental observables
T

« Kinematic spectra
Adlarson et al. Phys. Lett. B707 (2012) 243-249.

« Branching ratio

Branching Ratio

8 Y . « CLEO measured BR(n—n'ny) about
q -~ a0 ¢ 10% lower than PDG value
: [1PDGOS Global Fit Lopez et. al. Phys. Rev. Lett. 99 (2007) 122001.
* L « Discrepancy later confirmed by KLOE
—e— + Ty Ambrosino et. al. arXiv:1107.5733v1 (2011)
g « Dedicated PhD thesis topic at WASA-
Lo 1 I?I R |e|+le|_FY| P TR T T N T T I.I Ly o 15 at-COSY
08 09 1 11 12 13 14 15 16 17 « Also investigating closely-related
'/ Tppaos process o wEe’e

Reproduced from: Lopez et. al. Phys. Rev. Lett. 99 (2007) 122001.
15
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pd — *He n

E. =1.0GeV

k

o, = 0.4 ub — ~10 1/s produced
Trigger just on *He unbiased w.r.t. n
decay

Low direct-pion cross section

30 million n on disk

Well suited for measurement of common channels

PP — PP

E_ =14GeV

« 0, =98 ub — >100 n/s produced

 Selective trigger required

» High cross-section of multi pion
production

* 1 x 10° n produced

Well suited for measurement of rare decays

N

#) jOLICH
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(3}
;1 0000 | Backgroun — Data :
é’ | so0oLsubtracted ¥
=~ .l I MC n—n*nn® &
¢ 800060001
e
: L L
g L4000 ¥
o ~ L
60002000 *
[ F £
0 T T R R R
4000 [ 052 0.53 0.54 0.55 0.56 0.57 0.58 0.59
- Selection of * *
T n—onnn’ . .
2000 2008 1.0 GeV . .
L ptd - .
L ..""""'** wm e
ollllllllllllllll||J||Illlllllllllllllllllllll
49 05 051 0.52 0.53 0.54 0.55 0.56 0.57
Invariant Mass n*nyy [GeV/c?]
4500 ;_ Simulation pp — pp wnn°®
3 ,
4000 — 3
£ | —*— Data P
3500 — .
3000 Selection of . *
F oo’
2500 2010 1.4 GeV e
E pt *
2000/ PP .
1500 . .
1000F- -._-' ’,
5000 ot ~,
0™ 0.48 0.5 0.52 0.54 0.56 0.58

Missing Mass Protons [GeV/c?]
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Pellet line

TOF Detector

Tracking Detectors \

Solenoid

Thin Plastic Scintillators

EM Calorimeter : Range Hodoscope
50 cm
Ll o L . L
Forward Detector Electromagnetic Calorimeter Mini Drift Chamber
x10° - — oo RRes TEsoe,
) C | 0 asoF : o o e 2 232 Bgoo
o [ pd 2008+2009 S % H 7000 Boe. 7o
> C 1.0 GeV © : 2 % 8
© 6000 = 400k : = s 0 G
s o =7 : So00 S %0, %0 %
~ r a . : @ § & gy
» C = 350 : - § 85 & %89
£ 2% 5 | : Soo00 i 23
g C O 300F 8 g % C:;
O 4000/~ ; : 4000f $8E 5
C 250F- : 18 S
- : 3000 8% % o
3000— 200F B oo%%c%o
- ‘ 150 — 2000¢ 00020232%
2000 : i g
- : 100:_ . 1000: e
- 1 r H r
1000—_ i 50: . 0:..
C 'm i : :
0.‘.1...|...|...|...|.:..n|.. C b Ll ook L L 1 1.
0.46 0.48 0.5 052 0.54 0.56

0 0.2 0.4 0.6 0.8 04 05 06 07 08 17

P
0.58 0.6
Missing Mass *He [GeV/c?] Invariant Mass yy [GeV/c?] Invariant Mass yy [GeV/c?]
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The WASA-at-COSY Experiment #) )0LICH
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n — T
n — T
n— Ty
n—ye'e

n — mlyy

n— mme’e

n— e‘ee'e
n — mlete

n— e‘e

(32.57 £ 0.23) x 102
(22.74 £ 0.28) x 102
(4.60 £ 0.16) x 102
(6.9+£0.4)x 103
(2.7 £0.5) x 10
(2.68 £ 0.11) x 10
(2.40 £ 0.22) x 10°®
<4 x10°

<5.6x10°

G-parity,

Dalitz plot parameter,
Quark masses

Box anomaly
Transition form factor
ChPT

CP-Violation
Transition form factor

C-Violation

New physics?

19
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The n meson:
« Is a light pseudoscalar with mass:
m = 547.853 + 0.024 MeV/c* !
« Quantum numbers:
JCc=0-+
 All strong and electromagnetic
decays suppressed in first order
» Rare processes
experimentally accessible

Brancing Ratio of  — a'me’e

* C(Closely related ton — n'my
e Based on same underlying,
anomalous processes

* Relative branching ratios
well-established

* Possible experimental discrepancy in
absolute branching ratio of both channels
* Recent measurements of 1 — 'y find
a value about 10% lower than previous

» Both final states can be investigated at
WASA-at-COSY

#) jOLICH
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Branching Ratios for a Few n Decays!!!

3931
3256
2274
046
007

n—vy

n — 1'n'n’
n—o 't n°
n—nmwy
n—eey

(2.68 +0.11) x 10-4 1

n—oame'e

| Branching Ratios forn - w're‘e |

CMD-2

Phys.Lett.B501:191-199(2001)

CELSIUS-WASA

Phys.Lett.B644:299(2007)

KLOE

Phys.Lett.B675:293-288(2009)

Theory

—a— T.Petri (arXiv:1010.2378v1)2010
—_— T.Petri (arXiv:1010.2378v1)2010
-— R.Borasoy,R.Nissler.Eur.Phys.J.A33:95(2007)
Faessler et al.Phys.Rev.C:035206(2000)

|
—_— C.Piccioto,S.Richardson.Phys.Rev.D48:3395(1993)
1 1 1 1 1 1 I 1

1 | 1 1 I 1 1 I 1 1
0.3 0.4 0.5 0.6

01 02 _ _
Branching Ratio

x10°

[1] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012).
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CP-Violation in the Standard Model

In Weak Interactions
Well-established in kaon and B-meson decays
Quantified via a single phase in flavor-changing reactions

Relatively small effect, considering cosmological expectations
In Strong Interactions

QCD naturally contains a CP-violating component

Highly constrained by experimental measurements

CP-Violation in  — a'me’e

» No CP-violation predicted for this channel by Standard Model

» (CP-violation would cause an asymmetry in the angle between
electron and pion decay planes:

#) jOLICH

FORSCHUNGSZENTRUM

- Theoretical upper limit A ~ 2% %!
« Measurement requires high statistics

[2] D.N. Gao, Mod. Phys. Lett. A 17 (2002) 1583.
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w
=1
S
T
{o]

250
200
150

100

50 O "+ 13

0 L | - L ,mnn: 1 ) L | L 1 L | L
0 0.2 0.4 0.6 0.8 04 05 06 07 08
Invariant Mass vy [GeV/c?] Invariant Mass yy [GeV/c“]

[3] R. Bilger et al. Phys.Rev.C65(4):1-6, March 2002.

Experimental Conditions

Beam: Protons with p = 1.7 GeV/c
Target: Deuterium pellets (6-8 kHz)
Luminosity: Average 3.1 x10°! cm™?s!
6, =(0.413+0.015) pb

~10 n/s produced
Production Reaction: pd — *He 1

Reconstructed n-mesons: 30 x 10° in
12 weeks of data tagged via missing
mass technique

Pellet line TOF Detector

Solenoid : Tracking Detectors

COSY e IIII
.:beam >

Thin Plastic Scintillators
EM Calorimeter : Range Hodoscope
50 cm
Electromagnetic Calorimeter Mini Drift Chamber

- e —
N‘>\) 450;— ; N§70005— - Data
g a0of- _ § — MC n—yy
=T : Soo00
-2 3s0f- ‘2
3 ¢ 55000
o

Forward Detector

x10°

[ pd 2008+2009
[ 1.0 GeV

Counts / MeV/c?
[4)] (2]
o (=]
o (=]
o o

H
(=
(=]
(=]

3000

2000

1000

cm,

L L oo e b by by |
046 048 05 052 054 056 058 0.6,
Missing Mass “He [GeV/c?]
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Particle  p
Selection

Four-vector
Reconstruction

Particle
Identification

— p» Kinematic  p Final Selection
Fitting Criteria

Particle Identification

» Energy bands separate electrons from pions
* Momentum from Mini Drift Chamber

* Energy from plastic scintillators
and calorimeter

e o @©

o
-

50

—40

Energy Deposit SEC [GeV]
o

30

20

10

I ol by b b by b b by B
05 -04 03 -02 -01 O 01 02 03 04 05
Charge * Momentum [GeV/c]

0

« Neural networks trained with simulated
electron/pion signals

« Information from all particles used
« Reduces ambiguities

« High efficiency: ~95% correct identifications
for signal channel

Photon Conversion Pair Rejection
* Signal n — n'mwe’e mimicked by channels with
photon converting to e*e” pairs
e N—OTATY > AT
e nonntn’ ->aTyy->aT Yy
e Contribution minimized by beryllium beam
pipe to ~1%
 Still significant for rare processes

» Suppression based on reconstruction of
primary vertex, ~90% effective

iy
o
o

[o2]
o

Conversion

/ Events

Beam Pipe Radius

[<2]
o

S
o

N
o

£
E
‘O
)
<
o
]
o
1.
-y
o
<
-
7]
)
»n
o
(&)
e
[5)
»
3
£
]
oc

(=)
o

R |
0.02 0.03 0.04
Invariant Mass e*e” at Beam Pipe [GeV/c?]
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Rest Gas

« Evaporated gas from pellets interacts with
beam particles

—e— Experimental Data

Simulations

Counts / mm

« Rest Gas events look similar to beam-pellet events 10
« Different reconstruction efficiency

« Certain information relies on primary vertex,
will be incorrectly reconstructed

|Tq IHIIHIl \IIIIIII| IIIIIIII| IIHIIIII TT

T T TTIT

« Quantify rest gas via w'n vertex position e

o o o -200 III-100|“lOIIII1(‘)0‘ __|2(|)0II
« Include rest gas in simulations Vertex Z Position [mm]

Luminosity Effects

} ——n > o

o
©

* Yield of all channels decreases with luminosity

—~N—=>%

* Inefficiency to number of photons in event to
first order

o
)

IITIIIIIITIIYIIIIIIIIII
o

* Photon efficiency correction derived using two
independent channels

e
\l

» Function used to correct efficiencies for other
channels

e
()

Efficiency Correction Per Photon

--------- Slope = (-5.177+0.107) x 10%° 4 -
---------- Slope = (-5.093 + 0.041) x 10

o
(2]

lllll

 Cross-check: measure relative branching ratios
between several different channels with different
numbers of photons in final state

111 | I | | | L1 1 | I | I | 1 ><1030
20 40 60 80 100 120

L, [cm?s]

o
P




‘ O ))) Selection of Decay Channels

Tests of Several Relative Branching Ratios*

Channel

Branching Ratio*

n—yy
- [1°—yy]
Ny

n—e'ey

n—n'w [r—eey] (2.67 % 0.09) x 107

(4.60 £ 0.16) x 102

(6.9 £ 0.4) x 107

(39.31 £0.20) x 102

(22.47 +0.28) x 107

* 2012 Review of Particle Physics. J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012)

ey

Counts / MeV/c?

(=]
(=]
(=]
(=]

8000

6000

4000

2000

n— 7' [n"—yy]

Background o
| sooo-Subtracted [ Data 5,

. MC nomtrn® 3
6000} et

4000

2000

L i .~ 1
0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59

Pass fit Hypothesis
pd — °He n*nyy

P I AP NS A [P

049 05 051 052 053 054 055 056 057
Invariant Mass n*'yy [GeV/c?]
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LA L B B

Py F
. 2 11
Photon reconstruction 8 E
efficiency = 10 }
Fit errors for pions = S e A T
E 0.95
. . ° E
Fit errors for pions Qoo .
. . = F
Relative efficiency § 0.85F-
Fit errors for electrons = sE
Particle identification E
. . 0.75—
Conversion suppression E
. . 0.7E
° + . -
Nearly identical f.s. to T(—7y) Mnot'ry) I e'e) M evey)
signal channel T(n—n*rnd) [(n—7n*nno) Ir(n—>n"rn’% (r°—7yy)
- - -t -
n— a'a [n'—e’ey] n— a'me’e
120 Background; Subtracted | o Ni’ [ Backoroundubtractes | __ oo
: > 700 5o :
100 - simulations Total L2 i |== simulations Total
l‘lﬁ [ TS = ¢ 50 I S Mens e
8 { P =
€ r
* 350
40| O
20 40
oft C
L TR R 30
052 053 054 055 056 0.57 * o
# 20—
10
## :
P H ..,u.,*\, 0F ity T . L
0.48 0.5 0.52 0.54 0.56 0. 58 0.48 0.5 0.52 0.54 0.56 0.58

Invariant Mass n*me*ey [GeV/c?]

Invariant Mass *me*e’ [GeV/c?]
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Branching Ratio

BR(—n'me'e) =(3.10 £0.27, £0.22 ) x 10~

: :
1
CMD-2 ' -
Phys.Rev.146:933(1966) : :
1
CELSIUS-WASA : ;
Phys.Lett.B501:191-199(2001) | ]
1 1
KLOE ' '
Phys.Lett.B675:203-288(2009) -r :
1 1
- 1 1
This Work
1
: . Theory
1 1
1 —— ! T.Petri (arXiv:1010.2378v1)2010
! —_— ! T.Petri (arXiv:1010.2378v1)2010
T : R.Borasoy,R.Nissler.Eur.Phys.J.A33:95(2007)
: | Faessler et al.Phys.Rev.C:035206(2000)|
. + C.Piccioto,S.Richardson.Phys.Rev.D48:3395(1993)| 3
ol ey e e 1 Ix10
0.1 0.2 0.3 04 0*._5 0.6
b
I'(mon we*e)/T'(n)

» Agreement with theoretical calculations
* Compatible with other experimental results

* Higher precision required to clarify
discrepancy between theory and KLOE
result

e Compare to measurements of n—n'mwy
branching ratio
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CP-Violating Asymmetry
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o
o
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(26324 ) signal event candidates

Lol s
01 0.2 3 04
sind® cos®

Counts / 2 MeV/c?

[ |sum Peak : 200+ 17, [ |Sum Peak : 201+ 17,,,

sindbcosd < 0 r sindcos® > 0

[| signal:131+17,,,

i

| [ iz L SN T
054 056 058 0.6 ° 054 056 0.6
Invariant Mass t*re*e” [GeV/c’] Invariant Mass n*rwe*e” [GeV/cz]

Ap=(04£90, +28 )x10°
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Summary

e (263x24 ) event candidates for the channel n—n'me’e” have been identified in p-d data
and the branching ratio and possible CP-violating observable have been measured

» Several analysis techniques used at WASA-at-COSY for the first time
» Particle identification with neural networks
» Photon conversion suppression using primary vertex reconstruction

e Several systematic effects thoroughly investigated

» Effects of rest-gas (more accurate parameterization using primary vertex)
 Inefficiencies related to luminosity

Outlook

e 17 weeks of data in available in proton-proton reactions
* Higher cross section — over 10’ eta mesons produced

* Preliminary analyses of several channels have been completed on a subset of this data as part
of this work

* Clear signals are visible from all decay channels previously studied in p-d
* Competitive statistics are available

» Estimated (1,117 +49) reconstructed n—n*me‘e event candidates available in
complete data



‘ O : )) Proton-Proton Data 0 JULICH

» Clean signals extracted for several channels

» Extrapolation to full data set predicts 10
competitive statistics available

2010 p+p 1.4 GeV + }
i

FORSCHUNGSZENTRUM
. n— n'ma’
. = Simulation pp — pp n*nn°
Channel Events Data Expected in Full 3 - }
Analyzed Data Sample = .t
T]—>TE+TE'TE0 (43,871 £254) 1 Week (883,184 = 1,140) §3ooo§— 2010 p+p 1.4 GeV, 600 runs : s
2500 s,
n_ﬂﬁn-y (14,406 £ 336) 1 Week (290,013 = 1,508) 20005_ : ;
n—e'ey (2,973 £ 72) 1 Week (59,850 +323) 15001 LI
1000 .__-' ,
normwe'e (222+22) 4 Weeks (1,117 £ 49) 500 - >
0.46 0.48 0.5 0.52 0.54 0.56 0.58 0.6
Invariant Mass n*7yy [GeV/c?]
N n—ornme'e
« o_ 25 times higher than in p-d S T | i Bachoround
n %70_— 601~ : : 5
« Beam momentum 2.14 GeV/c = 0 h',
* pp—ppN V60w i ]
T I i
. 350—_ 20 | : H
» 17 weeks of data available o [ LN T
* ~10° produced n-mesons O ity T B +
30f— ook ok ok 0.5:; 'o:t"ﬂ 058 0.59 + + +
» Preliminary analysis of a portion of the data 205 Pass Selection n*re*e’

1 | 1 1 1 | I 1 | |
®.a 0.45 0.5 0.55 0.6

Invariant Mass n*me*e” [GeV/c?]
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S
— T
0° n Y
% o mc Total 9 o 5000 | BN Simulations Sum
= 800 | —— MOPP - PR > [ MC pp— pp n #
~ C PP = pp 97 = L MC pp — pp mnn
(2] | —e— Data B ¢ 3
€ "%F Data - MC Total B ao00[ | D \
3 [ -2 B Data - Simulations Sum ¢
8 600 — 5 r
— o -
C o -
500— L
400 B
300
200
100
0 048 05 052 054 056 058 0.6
0.45 0.5 0.55 0.6 . 2
.. Invariant Mass n*ny [GeV/c
Missing Mass Proton Proton [GeV/c?] vl ]
“‘2 400[—Pass Fit Hypothesis pp — pp e*e’y
2 - 3 - + 1
C 0 C ~
= 3000 T N=>vY n = 3501 n—cey
- C ~ :
~ [ w L
o [ £ 300
E2500: 3 C
3 O 250
2000 o
- 200—
1500_— :
C 150—
1000 -
- 100— 7°
500/ -
C 50—
o_l 1 L 1 1 1 1 | 1 ) 1 L 1 1 1 Il 1 1 | L 1 1 1 E J- | J | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
% 04 02 03 04 05 06 07

Invariant Mass vy [GeV/c’ Invariant Mass e*e’y [GeV/c?]
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‘ @) ))) MOtivation 1 . Intl‘OdUCtiOH J FORSCHUNGSZENTRUM

* The 1 meson
~ q=0, 1=0, JF¢=0"

— Mass = 547.9 MeV/c?

— Decay studies
» Test fundamental symmetries
» Hadron structure and dynamics

See: P.Wurm HK-54 — Tomorrow

e The decayn — w'me’e

— Low-level diagrams same as 1 — n'ny
See: D.Lersch HK-38

— Experimental observables
» NM—oaATY
o Kinematic distributions
o Branching ratio
» NMoame'e
o Branching ratio

1 — K. Nakamura et al. (Particle Data Group), Journal of Physics G37,
075021 (2010) and 2011 partial update for the 2012 edition.

Branching Ratios for a few 1) Decays'

n— vy 3931
n — n'n’n’ 3256
n—nna 2274
n—any 046
n—eey 007

N — amee 2.68 x 10+

See: T.Petri. Anomalous Decays of Pseudoscalar Mesons. 30
Master's Thesis, Uni. Bonn. (2010). arXiv:1010.2378
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G)) Motivation 2 : Observables #) )OLICH
|

Branching Ratios for n —» n*n'e*e’ |

Branching Ratio cMD-2
Phys.Rev.146:933(1966)
-WASA
i F(T‘l — 7[+7'['e+e')/r(1’] —> 7'[+7['y) Well Isr:nyEskgtl.ysgnevwsg(zoon
established theoretically KLOE
Phys.Lett.B675:293-288(2009)
* Recent measurements of absolute
branching ratio in both channels Theory
IOWCI' than eXpeCted —— T.Petri (arXiv:1010.2378v1)2010
—. T.Petri (arXiv:1010.2378v1)2010
--— R.Borasoy,R.Nissler.Eur.Phys.J.A33:95(2007)

n Faessler et al.Phys.Rev.C:035206(2000)
——a——  C.Piccioto,S.Richardson.Phys.Rev.D48:3395(1993)

1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0.1 0.2 0.3 0.4 0.5 0.6
Branching Ratio

1x107

CP-Violating Observable

* Possible CP-violation outside of Standard

Model sece: D.N. Gao, Mod. Phys. Lett. A 17 (2002) 1583. o
: T
e Would produce asymmetry in angle between .
electron and pion decay planes ()
 Theoretical upper limit — ~1 x 10~ e_l

— High statistics needed!

Experimental upper limit from KLOE:
Ap=(-06+25 +18 )x10?

Phys.Lett.B675:283-288,2009 31
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G ))) Experiment: WASA Detector #) )OLICH

Pellet line TOF Detector
Solenoid : Tracking Detectors \

—_—eee

d

Thin Plastic Scintillators

EM Calorimeter : Range Hodoscope
50 cm
i
g 0 500 MeV/c? : 1GeV prd
_‘\Q 16000 p+p
£ 14000 i
[]

o 23 P00 o0
200000 000®
90000 o000

I|l|||I|III||IIIIII|IIIIIII|III|IIIIW

LT It P IR - -
02 025 03 035 04 e T

Invariant Mass vy [GeV/c?] +10%

Charged Particle E FRH laver 1 (MeV)
Track Reconstruction Photon Reconstruction Forward Range for PID and,
Reconstruction

DE Avrg. (FWC+JH1) (MeV)

o
o
o
(3]
of
Py
o
pry
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‘ O ))) N Production

pd —°Hen E

.= 1.0 GeV

k

o, = 0.4 ub — ~10 1/s produced
Trigger just on *He unbiased w.r.t. n
decay

Low direct-pion cross section

30 million n on disk

Well suited for measurement of common channels

PP — PP

E_ =14GeV

c, =9.8 ub — >100 n/s produced

Selective trigger required

High cross-section of multi pion
production

5 x 10® n produced

Well suited for measurement of rare decays

6000

5000

4000

3000

2000

4500
4000
3500
3000
2500
2000
1500
1000

500

#) jOLICH
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X

-

(=]
w

Missing Mass *He
2008+2009

ptd 1.0 GeV/c?

~30 x 10° events in peak

I|IIII|IIII|IIII|IIII|III

0.48 0.5 0.52 0.54 0.56 0.58

Missing Mass *He [GeV/c?]

Selection of M
n—

2010 1.4 GeV/c? o
ptp

IIIIIIIIIIII|IIIIIIIIIIIIII|IIII|IIII|IIII|I

0.48 0.5 0.52 0.54 0.56 0.58

Missing Mass Protons [GeV/c?]



‘0: ))) Analysis

Particle Identification

* Inn — n'we’e, PID necessary for mass
assignment

 Large pion background makes PID
important for clean selection of channels
with ee”

* Energy bands separate electrons and pions
— trained into neural networks

Suppression of Photon Conversion

* Background from e*e” pairs from external
conversion important when analyzing rare
decays

 Tracking from drift chamber allows
determination of primary vertex

* 90% of conversion pairs can be reliably
rejected

Radius of Reconstructed Vertex [mm]

70

60

50

40

30}

20

10

0

0
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01 02 03 04 05

(9/e) x Momentum [GeV/c]

Conversion
/ B

From Origin

)

0.01 002 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Invariant Mass e'e” at Beam Pipe [GeV/c?]

eam pipe radius

'eooo

0

—15000

—4000

—13000

2000

1000

0
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Lok

Branching Ratio 3"
~60—

« 263 £24  signal event candidates ‘ESOE
o[

. ) . . O r
Signal:Background ratio 2:1 aoF-

* Final systematical checks in progress 30
20/

01

Invariant Mass n*ne*e”

04 T o

0.5
sin® cos®

Counts / 2 MeV

[ |Ssum Peak : 200+ 17,,, ”

sindcosd < 0 H sindcosd > 0 |

F | sum Peak : 201+ 17,,,,

F | signal: 13117, I

[ | signal:130£17,, W
!

- ooui ST i o ‘\ ol T iy T o T
048 05 052 054 056 058 048 05 052 054 056 058 o]e

Invariant Mass n*r'e*e’ [GeV/c2] Invariant Mass n*re*e” [GeV/c

#) jOLICH
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[ Background Si.lbtracted

—— Data

Simulations Total

MCn — n're*e”

0.52 0.
Missing Mass *He [GeV/c?]

Decay Plane Asymmetry

54 0 56

058

* Check asymmetry around 0 of sin®cos®
« A,=03x9.0  Preliminary

» Extend analysis to proton-proton data

— Higher rate of n production

— Reduce statistical error to ~4%
assuming no other changes

35
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* The decay n—n'me’e has been measured in proton-deuteron
reactions at WASA-at-COSY

263+ 24 signal events identified

— A, compatible with zero (9 x 10~ statistical error)

* Meson decay program at WASA-at-COSY
—Dedicated beam times for 1, ®, and n° decays

—7 weeks of data taking in pp — ppn successfully
concluded last week

36
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10°
% [ MC Total
= 800 —— MC pp —>pp2n
. . = pp — pp 31
* Higher backgrounds than in pd £ g0 | D
§

 Analysis techniques developed in proton-
deuteron allow clean signals from n
decays to be seen
— Particle identification
— Conversion suppression
— Kinematic fitting

I|IIII|III||I|II|IIII|IIII|III>(

0.45 0.5 0.55 0.6
Missing Mass Proton Proton [GeV/c?]

— N — — et — X > n'me'e
pp — pp [ X — v7] pp — pp [ X — e'ev] pp —pp | ]
3 3 F . 37
C 0 - s
= 3000~ T " .E-sso:— o N
B0l 2000 i
£2500— £ 3001 § ]
3 C 3 F i
O2000 0250 30~
. 2001 r
1500 - 20
- 150 r
1000 - C
E 100; 0 10__
= A : il |
0:|| L) . el R I SV R E Y I Ll N ..\.I‘m.Il..l\imﬂnﬂllih.lu...\IlI....
o 01 02 03 04 05 06 07 Oy %01 02 03 04 05 06 07
Invariant Mass vy [GeV/c?] Invariant Mass e*e’y [GeV/c?] Invariant Mass n*r'e*e’ [GeV/c?]

* a portion of the total statistics is showrB7



G))) Outlook: Next Steps

N — wwe’e in proton-proton Reactions

Channel
N‘\" ! Background + 0
% ESubtracted T'l—) 7_[ T['T[
« Expect >1100 =
events in complete B n—n'Ty
data set 3 X
Analysis steps from  |EauEEoR S I n—eey
pd Successfully I R A o
lied Pass Selection t*r'e*e’ N—n mTc
appiuc 2010 p+p 1.4 GeV

1 1 1 1 1 l L . I
05 0.55 0.6
Invariant Mass n*we*e” [GeV/c?]

“o 400 Pass Fit Hypothesis pp — pp e*e’y
. "
= = 350[—
€ 0 m 3 ok
ol P E
‘_3000: .E 300
P 3.
E2500_ O 250—
3 C
o r F
O2000 2001
1500(— 150[—
1000}~ 100~ 70
5001 50 ﬂ
AW e o ld N A BN,
% ~61 "0z 03 04 05 06 07 © 01 02 03 04 05 06 07

Invariant Mass yy [GeV/c?] Invariant Mass e*e’y [GeV/c?]
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Events

Analyz

(43,871 £254) 1 Wee

(14,406 +336) 1 Wee

(2,973 £72) 1 Wee
(222 £22) 4 Wee
38
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