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History of the PDG value of the n meson mass
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Publicaton

date

PDG values of the
n mass (MeV/c?)

until 1990
1992
1997
2003
2006
2008

548.800 £ 0.600
547.450 £ 0.190
547.300 £ 0.120
547.750 £ 0.120
547.510 £ 0.180
547.853 £ 0.024

Current PDG 71 mass value: (547.853 + 0.024) MeV/c?



Current situation of the  meson mass

Missing  |547.300 547.853
Mass
Invariant
Mass . MAMI-CB 12 **
L. KLOEO7
- CLEO 07
L. COSY-GEM 05
A NA4802
MAMI-TAPS 95
—_— SATURNE 92
O Ruth. Lab. 74
T I T EERIT I BRI R A
547 547.5 548 548.5

n mass results m, ! (MeV/c?)

Experimental Measuring 7 mass

Facility Method (MeV/c?)
MAMI-CB *** | Photoprod. 547.851

DAFNE-KLOE | Invariant Mass 547.874
CESR-CLEO Invariant Mass 547.785
COSY-GEM MM: pd — 3Hen | 547.311
CERN-NA48 Invariant Mass 547.843
MAMI-TAPS Photoprod. 547.120
SATURNE MM: dp — 3Hen 547.300
Ruth. Lab. Missing Mass 547.450

Precision: | Am, < 50keV /c?

Different measuring methods result in different 1 mass values



"Reason for disagreement: Reaction dp — 3Hen"

1 momentum P, [MeV/c]

600 T T T T

500 —

400 —

300[—

200—

cross section o [nb]

100 —

6
excess energy Q [MeV]

|deas / Speculations:

» Strong 3Hen FSI — Indication for a 17 3He quasi-bound state

» Coupling of 3Hen < 3Henm can disturb the multipion background
near the 7 position — Wrong identification of the 1 mass
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Determination of the 1 mass at COSY-ANKE

The dp — 3Hen reaction at COSY-ANKE

—_ | *He-nuclei
WASA gecron ANKE
'F'D% Extraction
Fast
Quadrupole (Bo//ag HE Polarimeter
\ RF Solenoid EDDA  PAX RF Cavity / Fd system: /
Target drift chamber ;
D2 magnet multiwire chambers

scintillation hodoscopes _

» ANKE: internal fixed target
experiment with a cluster-jet target

> 3He nuclei are detected in the
forward-system

Cyclotron

JoLic Polarized and > Full geometrical acceptance for the

Unpolarized 3
lon Source reaction dp — “Hen for excess

e energies below 20 MeV



Determination of the n mass at COSY-ANKE

Kinematics
CM frame

Two-body reaction: g

dp — 3Hen g

,_ﬁ
n

» CM-energy /s depends only on the beam momentum p,

s = |Pd+Pp|2:2mp\/m+ mj + mj,

» Final state momentum ps of 3He and 7

\/[s — (mspe + mn)ﬂ : {S — (mspe — mn)z}
pr = 2/s
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Determination of the n mass at COSY-ANKE

Method and Objective

Dependence: | pr = pr(pd, my)

Near threshold:

Final state momentum is very sensitive to

the n mass!

Objective of ANKE measurement:

> Precision comparable to recent results:

Am, < 50keV/c? | —

» Final state mom. pr of the 3He-nuclei:

Apr =300 keV/c

» Beam momentum py:
Apg =300 keV/c

Am —4
N~
m, 10

0.12

0.1

f

0.08

0.06

0.04

final state mom. p_/ (GeV/c)

0.02

3.14 3.16

3.18

beam momentum P, / (GeV/c)

3.2

—m, = 546,0 MeV/c®
—m, = 547,3 MeV/c?
—m, = 547,9 MeV/c®
—m, =549,0 MeV/c’®

3.14 3.16

3.18

3.2

beam momentum P, / (GeV/c)
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Determination of the n mass at COSY-ANKE

Method and Objective

Dependence: | pr = pr(pa, ma) n mass fit: pr = pr(pd, my)

Near threshold:

. . . E 0.12F 3
Final state momentum is very sensitive to S Ve E
the 1 mass! & o1 =

N - 0.08f 3
Objective of ANKE measurement: = o ]
» Precision comparable to recent results: 0,04; 7
A _ L n-mass fit: ]
Amﬂ < 50 keV/C2 — % ~ 10 4 0.02 PO = (547.852 + 0.042) MeV/c?|
i 0: with Ap, = p, = 300 keVic 1

> Final state mom. pr of the 3He-nuclei: B R T
Apr =300 keV/c P, / (GeV/c)

» Beam momentum py:
Apg = 300 keV/c

Needed accuracy: Ap—‘;d <10




Beam momentum
determination p,



Beam momentum determination

Spin resonance method

Resonant depolarization technique

» Depolarization of a vertically polarized
deuteron beam with an artificial spin
resonance

> Induced by a horizontal magnetic
rf-field

Resonance condition:

fr=(14+7Ga) fo
1= (5-1)

pd = mgy/7> =1

f. - resonance frequency
fo - revolution frequency
Gg - gyromagnetic anomaly

intensity [arb. units]
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Beam momentum determination
Results Phys. Rev. ST Accel. Beams 13 (2010) 022803

pg = (3146.409 £ 0.020,;. + 0.095. ) MeV /c

Abd g3 % 1075
Pd

» Uncertainty of 95 keV/c is caused by systematic variations of the
spin resonance frequency f,

> A systematic f, shift of 15 Hz is observed and originated by the
variation of the orbit length in COSY

» Method and results have been published in
P. Goslawski et al., Phys. Rev. ST Accel. Beams 13 (2010) 022803
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Final state momentum
determination pr



Final state momentum determination

dp elastic and deuteron break-up

-
o

» Suppressed by energy loss and TOF

&

x10° ,
Standard ANKE FD calibration: s 1
Reactions used: Jds b
- 6 |
» dp — dp elastic with %‘E r
— fast forward scattered d detected M E
— both particles detected 2F E
» dp — ppn charge-exchange scattering ob—o oo L o6
with two p being detected missing mass mm(®He) / (GeV/c?)
> dp — 3Hen® with *He nucleus being ,
detected - o 7
S 35 E
- ]
|dentification of dp — 3Hen s E
~ 25 3
» Background consisting of d, p from glg 2 *

cut on the *He nuclei

=
ol
© O O T I T T T

o

0.

L L L L L
1 02 03 04 05 06 07
final state momentum P, / (GeVic)



The 3Hen signal
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The 3Hen signal

3
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The 3Hen signal

3
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The 3Hen signal

3
— 1280
o B excess energy Q = 2.2 MeV
=3 10F
= i
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The 3Hen signal

3
— 1280
o B excess energy Q = 2.6 MeV
=3 10F
= i
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4t
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The 3Hen signal

3
1210
o B excess energy Q = 3.1 MeV
3 10F
= i
Zlam [
Olo B
6
4t
21
0 B A 1 1 1 1 1 1 1 1

1 1 1 1
0 0.05 0.1 0.15 0.2
final state momentum P, / (GeV/c)



The 3Hen signal
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The 3Hen signal
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The 3Hen signal
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The 3Hen signal
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The 3Hen signal

3
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o B excess energy Q = 8.6 MeV
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The 3Hen signal

X
N
o

w

excess energy Q =10.4 MeV

L L
0.05 0.1 0.15

final state momentum P, / (GeV/c)

-
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Background description using subthreshold data

1
MeV/c

'

Z
Tlo

P

» Subthreshold data at Q ~ —5MeV were analyzed as if they were

taken above threshold:

=LS _ _ Pbeam . BLS
p - Pbeam, sub. pSUb'

> Reconstructed momenta are linearly scaled with beam momentum

» Pure 3He7 signal after background subtraction

1010
9F - BG of super cycle 1
sb BG of super cycle 2
7gﬁ-BG of super cycle 3
of
sE
af
3
2F
1

o

o

Il Il Il Il
0.05 0.1 0.15 0.2
final state momentum P, / (GeV/c)

/ 1
MeV/c

Z|a"

Tlo

x10°

QR =1.1MeV

PR P IS SR S EN S SO SRS BR T
0 0.05 0.1 0.15 0.2
final state momentum P, / (GeVlc)



|dentification of the reaction dp — 3Hen
The momentum ellipse

Excess energy Q@ = 6.3 MeV

dp = Her

P, [GeV/c]

pr = \/(P} + P} + p2) = \/ (P’ + P2)

with p1 = /p? + p?
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Verification of calibration using two-body reaction

Kinematics of two-body N
reaction

» Perfect symmetric momentum
sphere in py, py, p; with radius

pr = \/P%+ Py +PZ

» Deviations of symmetric shape
— improve alignment

» Study cos?) and ¢ dependence
of the final state momentum

P, [GeV/c]

pr = pr(cos¥) and pr = pr(e)

» Therefore full geometrical

. 96 o2 02 0 02 04 o8
acceptance is needed — ANKE p. [GeV/c]
z
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Angular dependence of pr
pr = pf(cos ) for Q = 1.1 MeV

600F -1.0<cos(®)<-0.9 F -0.9<cos(¥)<-0.8 F -0.8<cos(®)<-0.7 F -0.7<cos(9)<-0.6
400 L L L
200 A’Aﬂ‘—’ f \ I r’ 5 F
0
600F -06<cos(®)<-05 [ -05<cos@®)<-04 [ -04<cos(®)<-03 [ -03<cos@) <-02
400F 3 - -
200F 3 - -
—
Q 0
— % 600F -0.2<cos(®)<-00 F -01<cos®)<-0.0 [ -0.0<cos(®)<0.1 F 0.1<cos(®)<0.2
S 400f 3 3 3
~— 200} L L L
-
Z| o 0
TOloc  600F 0.2<cos()<0.3 F 03<cos(®)<04 F 0.4<cos(9)<05 F 05<cos(9)<0.6

400
200

0
600F 0.6<cos(8)<0.7 F 0.7<cos(9) <08 ' 0.8<cos(®) <09 F 09<cos(®) <10
400
200

0

]
)
|
\

!
T
!
(

o

005 01 015 0 005 01 015 0 005 01 015 0 005 01 0.15
final state momentum P, / (GeVic)
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Influence of (px, py, p;) momentum resolution on ps

Momentum components are gaussian distributed with
(0pes 0p,, 0p,) = (10,20,30) MeV /c

T Fa ) b) c)
S 40p NS
g 2 50-° s
a = * + : +
£ - S A e L S i
20 Qo 40 %++ +++; ..4t'.t*o..-*t030%.-
£ 4.l SR 4t R s
10 30r ¢ ®eeceec’ b
oblicnn b & ‘d) €)
20 30 20 -10 0 10 20 30 40 O Py estese + L
p, MeVic] % 548 ++*. a0t g {rJ' Eors T ey
+ ed0c00b0000b000, .
cosy = —1 cos =0 cos =1 = 547 ° ++++ +++ S A Jj.
B B g . et . ++ +
546+ . o r
(0,0,0,,) (0p,,0p,,0) e ‘ ‘ ‘
-1 05 0 05 1 100 0 100
cos ¥ 0 [Degree]

» Final state momentum and missing mass depend on cos® and ¢



Improvement of calibration and determination of
momentum spreads

f

final state momentum p_ [MeV/c]

40
38
36
34
32
40
38
36
34
32

[+ +
. + 3
L =
+ k4
4?' * s
[ P oF 413 )yéw* ,‘H;r +
s %j?‘ Parb
L .
1 n R
=
HH 3
L . .
P * [ jeais]
s et
- & B e E "
L ro Lo g rE =
== ol ® = e e
™ o t
|- i |-
| | | | | | | |
-1 05 0 05 1 -100 O 100

cos ¥

¢ [Degree]

pr = pr(cos ) and pr = pr(P)
for:

1.) Standard ANKE calibration

2.) Calibration improved using
kinematics of two body reaction

Extracted momentum spreads

(UPX7UPy7OPz) =

(2.8,7.9,16.4) MeV /c
with uncertainties of

(AUva AUPya Aapz) =
(0.2,0.2,0.1) MeV/c
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Final state momentum determination

x10°

-
o

f

dN/dp_[(MeV/c)"]
[

(2]

0 iaiaritill A R

Q = 8.6 MeV

40 60 80

100 120

final state momentum P, [MeV/c]

12 final state momenta in the range of

pr =30 —100MeV /c

with uncertainties Apr < 80keV /c

T 25F

3 [

=

= 2.0

.5 C i\

° r ¥

£ 5h \\

5 r

o [

B 1'0; \
0'5; L L L L L L L L
20 30 40 50 60 70 80 90 100

true final state momentum P, [MeV/c]

> Difference of 2.22 — 0.7 MeV /c from
true value: pr correction ~ 1/pr

» Errors arise from uncertainties of
resolution (Acp,, Aop,, Aop,)

» Without pr correction 150 keV /c?
lower  mass value

— Same effect occurs for missing mass
distributions



COSY-ANKE 7 mass result

Excess Beam Final-state
energy Q  momentum py  momentum pr
MeV MeV/c MeV/c
11 3146.41(3) 32.46(8)
14 3147.35(3) 35.56(7)
1.6 3148.45(3) 39.00(6)
2.1 3150.42(3) 44.09(6)
2.6 3152.45(3) 49.25(5)
3.1 3154.49(3) 53.66(5)
41 3158.71(3) 61.70(5)
5.1 3162.78(3) 68.77(4)
6.3 3168.05(3) 76.92(4)
73 3172.15(3) 82.64(5)
8.6 3177.51(3) 89.81(4)
10.4 3184.87(3) 98.64(4)

Result: pr = pr(pg, my)

5 012 : e —0.012

% [ Symbols not error bars ]

S 0.10— —o.010

o r ]

£ 0.08— —0.008

o C ]

£ L ]

2 0.06— —0.006

s L ]

" . -

© 0.04— —0.004

£ L ]

b |- .
0.02— —Jo.002
oo —" ., ., . 0000

S e B B

2 0.0F R b 3 ¢ 3 q

2 ty 177 1

a" 02, T

w 3.14 3.16 3.18 3.20

m, = (547.873 + 0.005) MeV /c?

pthr = (3141.688 + 0.021) MeV /c

beam momentum P, [GeV/c]

x?/NDF =1.28

threshold momentum

[(GeV/c)]

2
1

p



Systematic uncertainties

Sources of systematic uncertainties

Source Variation ~ Am, (keV/c?)
Absolute beam momentum 95 keV/c 23
Experimental settings 2

m;, assumed in simulations 20 keV/c? <2

AE x 82 cut 60 — 20 5

Flight length cut 30 = 20 1

pr correction parameters 40 — 20 12

Total systematic uncertainty 27

Systematic errors are mainly given by the determination of the absolute
value of the beam momentum and the ps correction parameters

Additional cross check of systematics:

» 1 mass fit for each supercycle

> Small deviation of 7 keV/c?

Supercycle ‘ my, (MeV/c?)

547.870
547.877

1+2 547.873
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COSY-ANKE result of the  meson mass

m,, = (547.873 + 0.0054s. + 0.027 ) MeV/c?

» Submitted, accepted and published
soon in Physical Review D

» Comparable and competitive in
accuracy with best measurements

> In agreement with results of invariant
mass experiments

» No influence of dp — *Hen on mass

» Probably that COSY-ANKE & KLOE
results will shift PDG value

Missing 547.300 547.853
Mass

. l.  COSY-ANKE 12 **
Invariant
Mass . MAMI-CB 12 %+
L. KLOEO07

e CLEO 07

L COSY-GEM 05
o NA4802
MAMI-TAPS 95
SATURNE 92

—_ Ruth. Lab. 74

547 547.5 548 548.5
n mass results m, / (MeV/c?)



Thank you for your attention
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Determination of the n mass at COSY-ANKE

Cycle timing structure

Measurement of (pg, pr) data set

>

pr:

Pd:

12 fixed beam momenta divided
alternately into two supercycles

Each SC covers an excess energy
range of @ ~ 1 — 11 MeV

Data below n production threshold
for background description

Five days of data taking for each
setting
(ANKE, unpol. beam)

Beam momentum measurement
before and after data taking
(EDDA, rf-solenoid, pol. beam)

Supercycle (SC) with 7 different

beam energies

beam momentun p,

A
Il Supercycle 1: week 1

Il Supercycle 2: week 2

i

206 s

E Hl-«— subthreshold
1648 s ——

»

>

timeins
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Beam momentum determination

Table: Accuracy and possible systematic shifts of the resonance frequency f..

Source ‘ Af /T,
Resonance frequency accuracy from

depolarization spectra 9.0 x 1076
Spin tune shifts from longitudinal fields

(field errors) 1.4 x 107°
Spin tune shifts from radial fields

(field errors, vertical correctors) 6.0 x 107°
Spin tune shifts from radial fields

(vertical orbit in quadrupoles) 4.1x 1078
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Determination of the n mass at COSY-ANKE

Method and Objective

Dependence: | pr = pr(pd, my)

Near threshold:

Final state momentum is very sensitive to
the 7 mass!

Objective of ANKE measurement:

» Precision comparable to recent results:

Am, < 50keV/c? |- | 221 ~ 1074

mn

> Final state mom. pr of the 3He-nuclei:

Apr =300 keV/c

» Beam momentum pg:
Apg =300 keV/c

n mass fit: pr =S - pr(pa, my)

—~ r — 1
§ 0.12 7 ]
(0] L ]
0] 0.1~ -
. 0.08F 4
o L ]
0.06]- E
0.04f .
C n-mass fit: ]
0'02; PO = (547.852 + 0.042) MeVic?| ]
07 wimApd =Ap’ =300 keVic =
T S H P

3.14 3.16 3.18 3.2
P, / (GeVic)

» Scaling in pr because of small
inaccuracies in distance between
vertex and wire chambers



Final state momentum determination

Identification of the reaction dp — 3Hen: Background suppression

Cut on energy loss AE

v

v

v

v

3 layers of scintillation counters

Energy loss according to
Bethe-Bloch: AE ~ z%/32
Energy loss of 3He nuclei higher
than for p and d

Cut on AE x 32

Cut on flight length s (TOF)

>

>

>

Time difference At between 1.
and 3. scintillation wall

Flight length s:
s=Atxf[=Atxp/E

Clear peak for 3He nuclei

energy loss AE / keV

dN/ds

40,

x10°

35

30r

25

1.5]
1.0
0.5

I
0'920 0 20 40 60 80

L L L
25 3 3.5 4 4.5 5
reconstructed momentum P 1 (GeVic)

e
5 2

X

fay

(S
W

flight length s / (arb. units)
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Background description using subthreshold data for
different excess energies

3 3
— 10210 1040
o C L
= b Q = 1.1MeV 3
= N N
~ [
Z‘of C L
Tlo L |-
Y F L L L L 0 F L L L Il
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
final state momentum P, / (GeVic) final state momentum P, 1 (GeVic)
3 3
—— 1010 _10X0
o o C
> @ =4.1MeV S Q@ = 10.4 MeV
[} 8 ()
= = E
0 L L L Il 0 E L L L Il
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2

final state momentum P, / (GeVic) final state momentum P, 1 (GeVic)

20



Angular dependence of pr
pr = pr(cos ) for Q = 10.4 MeV

/ 1
MeV/c

:

dN
dpf

800F
600
400
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600F
400
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600F
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200F
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400
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|

0

F -0.9<cos(8)<-0.8

AT

F -0.8<cos(®)<-0.7

F -0.7<cos(®)<-0.6

|

-0.6 <cos(9) <-0.5

F-0.5<cos(8)<-0.4

. .

F -0.4<cos@®)<-0.3

:

F -0.3<cos@®)<-0.2

:

-0.2<cos(®) <-0.1

F -0.1<cos(®)<-0.0

F -00<cos(®) <01

F 0.1<cos(9)<0.2

0.2<cos(9)<0.3 F 0.3<cos(8)<04 F 04<cos(9)<05 F  05<cos(9)<0.6
o ’AA ’A/‘
0.6 <cos(9)<0.7 F 0.7<cos(9)<0.8 F 0.8<cos(9)<0.9 F 0.9<cos(9)<1.0
0O 005 01 015 0O 005 01 015 0 005 01 015 0 005 0.1 0.15

final state mome

ntum p, / (GeVic)
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Improvement of calibration /alignment - fine tuning

> p, - magnetic field of D2
Changes from 1.4172T — 1.4159T A =0.0013T
Changes of below 0.1%

> py - deflection angle
Changes from 5.816° — 5.792° A =0.024°
Changes of below 0.4%

> p, - y-position of the wire chambers

Changes of 0.4 mm
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COSY-ANKE 7 mass result

o 0121 T — ——0.012 ¢
% [ Symbols not error bars 7
G 0.10— —0.010
Excess Beam Final-state :— C ]
energy Q momentum py momentum pr g 0.08— “o.008
MeV MeV/c MeV/c g r b
11 3146.41(3) 32.46(8) F E
1.4 3147.35(3) 35.56(7) £ 00oC 0008
1.6 3148.45(3) 39.00(6) w F ]
2.1 3150.42(3) 44.09(6) s 0.04 —0-004
2.6 3152.45(3) 49.25(5) = T ]
3.1 3154.49(3) 53.66(5) 0.02 —o.002
4.1 3158.71(3) 61.70(5) E ) 1
5.1 3162.78(3) 68.77(4) _ 000 L | —0.000
6.3 3168.05(3) 76.92(4) Coozp 0T T
73 3172.15(3) 82.64(5) 2 oof AL SN E
8.6 3177.51(3) 89.81(4) £ o ty ¢ i E
e L e
10.4 3184.87(3) 98.64(4) g X7, X X =0

beam momentum P, [GeV/c]

Result: pr =S - pr(pa, my)
= (547.873 £ 0.005) MeV /c? with S = 1.008 + 0.001
X2/NDF =1.28
pi = (3141.688 + 0.021) MeV /c|  threshold momentum
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COSY-ANKE 7 mass result
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Result without scaling
factor: pr = pr(pa, my)

m,, = (547.809 + 0.003) MeV/c’
x?/NDF = 25

Residual plot shows systematic
deviation of pure kinematics for the
reconstructed pr

Shift of 64keV/c? in m, compared
to fit with scaling factor



	Introduction
	Measuring method at COSY-ANKE using the reaction dp 3He 
	Beam momentum determination
	Final state momentum determination
	COSY-ANKE  mass result

