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1° Transition Form Factors

Hadronic light-by-light contribution M
A

Pz

[J confirm neutral pion exchange results P,

0 Dalitz decay

experimental results for slope parameter a  from 10 Dalitz decay:

-0.11 £ 0.03 £ 0.08 (37k events) H.Fonvieille et al., PLB 233 (1989) 65
+0.026 £ 0.024 + 0.0048 (10k events) F.Farzanpay et al., PLB 278 (1992) 413
+0.025 £ 0.014 + 0.0025 (54k events) R.Meijer Drees et al. (SINDRUM-I Collab.), PRD 45 (1992) 1439

compare with: VDM prediction: +0.031

ChPT 2-loop:  +0.029 £ 0.005
M. Kampf, M.Knecht, J.Novotny, EPJ C46 (2006) 191

quote from ChPT calculation: "...wethink that a precise measurement of a,, which
would not rely on any kind of extrapolation remains an interesting issue."



° Transition Form Factors

Hadronic light-by-light contribution

[1 confirm neutral pion exchange results

Search for Light Dark Matter

dark photon (a,, U) of U(1), group couples vectorialy to SM charged fields

(coupling to SM weak currents suppressed) M.Reece, L.T.Wang, JHEP 07 (2009) 051

m, ~ 1MeV - few GeV
e 010°-10"

search channels. @ - nU (U - ee),n - yU(U = e'e), 0 - yU (U - e'¢)



The WASA Faclil

H.-H.Adam et al. (proposal), nucl-ex/0411038

|
ty http://collaborations.fz-juelich.de/ikp/wasa/

an internal 41t detector

Pellet line
Solenoid : Tracking Detectors
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Thin Plastic Scintillators

EM Calorimeter : Range
50 cm

Central Detector
...light meson decay products

 Superconducting Solenoid
 Plastic Scintillator Barrel
o Straw Chamber

 Scintillator Electromagnetic
Caorimeter

Hodoscope

Forward Detector
...scattered projectiles and charged recoil particles

» Plastic Scintillators

e Forward Straw Tracker



Search T vU with WASA "PLE 726 (2013) 187

[1 considerable background from y conversion

Entries/(1 MeV)
= = = =

|M(Z*e‘) [GeV].
e (data — MC sum
T oeey — T oyy

------- accidentals



P.Adlarson et A .,
PLB 726 (2013) 187

Search U — yU with WASA

10°

[1 considerable background from y conversion
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but: vertex of conversion decays
IS not at the target point



Search T vU with WASA "PLE 726 (2013) 187

<t [1 considerable background from y conversion
=10t N
+ ([l |
0 5.05 0.1 0.15 0.2 0.55 0.3 40—
IM(e*e) [GeV] -
e data — MCsum
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target and conversion decays
from reconstructed vertices



Search T vU with WASA "PLE 726 (2013) 187

<t [1 considerable background from y conversion
flo“
gloa - ‘
10 R _ 5000
10 . . . ; E 8ooof- T
0 0.05 0.1 0.15 0.2 |?\)|2(Z+e-) [Ge\;)]s % 7000
> 6000F
e data — MC sum " ook
0 + - 0 4000
nm-¢ee y - - W 3000 =
------- accidentals
1000
%:105 S O TR T T e T e
3104 R [mm]
S ‘ but: vertex of conversion decays
= 10°
; IS not at the target point

102 ff

o M, | [ almost background free
Heee I - e'eyevents (~ 500K)




P.Adlarson et A .,
PLB 726 (2013) 187

Dark photon mixing parameter €

(1’ - yu) M{ 2
M - vyy) 2

=2¢" [F(MQ)I* (1 -

[? UL 90% CL

104

M.Reece, L.-T.Wang, JHEP 0907 (2009) 051
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SINDRUM
PRL 68 (1992) 3845

WASA-at-COSY
PLB 726 (2013) 187

KLOE
PLB 720 (2013) 111

eg-2
Hg-2
PR D 86 (2012) 095029

preferred U g-2 £20



P.Adlarson et A .,
PLB 726 (2013) 187

Dark photon mixing parameter €

NUSESD) EPYEImee (1_M_§ 2 published statistics: 5x 10° 10 — ye'e

M - vyy) : e 6 10 .-
M.Reece, L.-T.Wang, JHEP 0907 (2009) 051 still to be analyzed: [B x 10 - Ye €

10'4 K T | i T

............... SINDRUM
PRL 68 (1992) 3845

—  WASA-at-COSY
PLB 726 (2013) 187

—-—- KLOE
PLB 720 (2013) 111

-------- eg-2

——-- ug?2
PR D 86 (2012) 095029
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» |owest order Standard Model contribution:
1-loop process with 2y intermediate state

» amplitude suppressed by helicity conservation and a?

[1 extremely small decay width
A.Dorokhov, M. Ivanov, PRD 75 (2007) 114007

o theory estimate:

BR*™(1’= e*e”) = (6.2+0.1)x10"

E.Abouzaid et al., PRD 75 (2007) 012004

o KTeV result:
BR*®(10'= e*e”) = (7.48+0.29+0.25)x10”

160 f — mcC H

140 | 1 Data

120 — + +

Experimental result:

Events/(0.68 MeV/c)

3.30 excess over SM calculation

L
14
GeV/c?




C.Boehm, P.Fayet, NPB 683 (2004) 219

|_ | ght Dar k I\/I atter Y.Kahn, M. Schmitt, T.M.P. Tait, PRD 78 (2008) 115002

* postulate: neutral scalar dark mattar particle x with mass 1-10MeV

e annihilation xx — e'e
[1 excess positrons from 511keV line from galactic center

recent results: 54
G.Weidenspointner et al.
Nature 451 (2008) 159 - ‘ 0,06 +05

X
e annihilation via neutral vector boson U,
m(U) ~10-100MeV

small couplingsto SM fermions Fig. 1. INTEGRAL/SPI Expostre map of the Galaxy [or the first 10 months of aperatior
. . of INTEGRAL. Horizontal range is 1807 to — 180 Vertical range is —490° to 907 A

— S‘nal | Contrl butl On to decay rate large fraction of the observations are concentrated in the Galactic Plane, The characteristic
pinwheel patterns in some regions are due to modulation of the light bucket response by the

SPI coded-aperture mask. Color bar units are seconds.

3131

L DM model U boson

might explain T — e’e” excess

-
dm*™



4 days data taking
analysis: C.-O.Gullstrém

™ - e’'e” with WASA

inv mass (e“e”) vs miss mass (pp) projection on inv mass (e"e”)
o e s 2F e
. - A o Ly ¥ "-‘*a}__ﬁx._ E B data Preliminary
preumiﬁaryi 2 ! i S E — MCT’ ~ e'eTy
Tt 1 - E [ — MCT’ - e'e"and ° - e'e7y
€187 | * B and y conversion background
= 3 s 10 —
< 25
» 2
1.5
2 1
20 82
“‘20.1% 5 13 '11.&‘1
;%saa-_e‘ . q_?k Bl e [y
01 012 014 0.16 0.18 0.2

IMass e’e” (GeV/c?)

[1 15 event candidates in 4 days data sample



4 days data taking
analysis: C.-O.Gullstrém

™ - e’'e” with WASA

inv mass (e"e”) vs miss mass (pp) projection on inv mass (e‘e")
P i
O E L — MCT® - e*e"and ° - e*e’y
=

T

and y conversion background
]

10—

Number of events
O o - o

5"‘.‘..

Sotha thm i itnes

3 @E‘ = ] | i 7 A i | |
L | T ] -.-.—-‘.1 O | ; '|--r-—'-='- u_'lﬁ 0-1 a 0-2

IMass e’e” (GeV/c?)

[1 15 event candidates in 4 days data sample

8 weeks of additional data taking in 2012 and 2013

WASA has been designed to measure this decay channel
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n tagging with WA SA-at-COSY

3
pd - “Hen PP - ppn
‘:'9 >:<1 t:gd 2008+2009 4500 2_ - Simulation pp — pp 1*rn® :
3 6000 10 GeV 4000 it
= E = | —*— Data i #
£ 5000(— e i .
5 f 3000 y &
Q - -
o 4000; 2500 ;_ LA
30003— 2009; . .
X 1500 — . »
2000} = s p
- 1000 - A
= = “.‘- L]
1000 . 500 o
- m, =
et L L L 0" 0.48 0.5 0.52 0.54 0.56 0.58
' ' " Missing Mass *He [GeV/c?] Missing Mass Protons [GeV/c?]
* lower cross section e |arger cross section
 unbiased trigger e decay selectivetrigger required
« 3x10’  mesons tagged « ~5%10° | mesons tagged

[J precision studies for common decays [] large statistics studies, rare decays



n tagging with WA SA-at-COSY

Counts / MeV/c?

3000

2000

1000

pd - °Hen

x10°

” pd 2008+2009
~ 1.0 GeV

unbiased
*He reconstructed

l\llrlill‘IIIl‘II[]jII\IlII\I

'm
| &5
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PR SN Y SR N Y M S B | | |

056 058 0.6

1 I 1 1 1 1
046 048 05 052 054 5 )
Missing Mass “He [GeV/c“]

* lower cross section

 unbiased trigger

« 3x10’  mesons tagged

[J precision studies for common decays

PP - PPN

4500 2_ - Simulation pp — pp n*rn® P
40001 o

— | —*— Data '
3500 ;
w0t PP reconstructed |
2s00f Kinfitn — T «

C []
2000 — , .

= 1]
1500 = » .
1000 .__-'. e

500 s ~,
0™ 0.48 0.5 0.52 0.54 0.56 0.58

Missing Mass Protons [GeV/c?]

e larger cross section
* decay selective trigger required
« ~5%10° | mesons tagged

[] large statistics studies, rare decays



n — ye'e transition form factor

a8 o exp - e 1x107 tagged pd — *Hen events
Sl MEmum: f (1/3 of pd data)
3 | [In ¥ =
& | N Y #
O A ) « ~520 signal events
— LTI .
10 o 2_3. 370 E (prel., selective cuts)
: BN | =
= 5 D 0-6 B e I
- ) - = — == |
B | E-:1.55—_..1, - gg_ﬁi_.;:g - __;. i
10-1 E_ _E EM 5 - _=— %’.\:—H _: = 10
N - 2 1
10 = i So0.2f —:;,..1
- : 01_—
10'3IIIII|IIII|IIII|IIII S ] | u%'
0 0.1 0.2 003 04 05 R .
M . [G ev I cZ] M... [GeV/c?]
e'e’

M.Hodana, PhD thesis (2012),
arXiv: 1203.5756[ nucl-ex]



n — ye'e transition form factor

o~ 10
-,_:: . & WASA-at-COSY " « 1x10" tagged pd — °Hen events
| —-Fitto WASA data i (1/3 of pd data)

[ e f o ~520 signal events

I // I (prel., selective cuts)

_ o/

%}i i‘ _ﬁ%ﬁé ] fit[FP(qZ)]ZZ[G(l-/qTTZ))'l]Z
| . o =0.998 + 0.025
BT

1 ] |- |- = 4 1 | |- | | - ] ] ] | ]
0 01 02 03 04 05
M.... [GeV/c]

NP = (2.27 £ 0.7344 * 0.46,,) GeV ™

CB/TAPS

_ . 2 _ 2
in agreement with  A,"=(1.954 0.1544 £ 0.10,,) GeV©® 1309.5648[ hep-ex]



n — ye'e statistics

Experiment NN - I'Iy) 1=en « 1x10" tagged pd — °Hen events
Rutherford lab T « 1.6x10" signal events
N.N.Achasov etal, 3000
SND 109 PLB 5081 (3?)8;/)273 - 2008+2009 p+d }
CB/TAPS 1345 H-Berghauseretal, zsoo - 11 7 & €T ANAYEES ;
PLB 701 (2011) 562 E i
4+ P.Aguar-Bartoloméetal. [ ‘
CB/TAPS L8x10% "0 sossioteped - :
WASA pd 1.6x10" - ‘i
WASA pp 1x10° expected 500 ‘
R.1.Dzhelyadin et al., 0 - gt ey
LEPTON-G 600 "lsor (100 ot R T
R. Amaldi et al., .
NA-60 9000 PLBrrF:?? (I2§096)1 260 e purity ~98%
NA-60 prel. 8x10* A.Uras et al.,

ActaPhysPolon S5 (2012) 465



n - eee’e with WASA

present goal: determine branching ratio
future goal: measurement of double form factor

IITlIIIi[I]II[IITI'fl|f|T!II|IfI|[IWEI|II

« 3x10" tagged pd — °Hen events

e (50£13,,) signal events

B
o

w
n

analysis: P.Wurm e result here from cut-based analysis

w
o

e new analysis with kinematic fit
(consistent, but lower bg)

N
(3]

Counts per 0.004 GeV/c?
N
o

.h) |||||[||\|||il||||l|||\|l1|||i||||[|l1|l~

-
24

-
o

LA

lII|HE\ll!il|III!III\!I{IIIIliIIL!!JI-[

Yy +Hﬁ e
0.25 0.3 0.35 0.4 0. 0 55 0.6 0.65

He mlssmg mass [GeV/c?]

o

preliminary result: ~ BR(n — e*e’e’e’) = (3.0 £ 0.8, +0.7,,) x 10°




n - eee’e with WASA

x10°
® wal « 3x10" tagged pd — *Hen events
O B L]
‘© B :
o | « (50+13,,) signal events
T 0.08—
E —
E [
0.06— [1] R.R. Akhmetshin et al. (CMD-2),
i PLB 501 (2001) 191
0.04| [2] M. Berlowski et al. (CELSIUS-WASA),
i PRD 77 (2008) 032004
002 ¢ [1] F. Ambrosino et al. (KLOE),
i PLB 702 (2011) 324
) v v
CMD-2 CELSIUS-WASA  KLOE  WASA-at-COSY
[1] [2] [3] Preliminary

[1 expectation for WASA pp data: hundreds of events
[1 first look at doubleform factor?



. . . + - 4+ L.M.Sehgal, M.Wanninger,
CPviolationIin K, — Tt e € IRt

P.Heiliger, L.M. Sehgal,
PRD 48 (1993) 4146

dominant amplitudes Interference of amplitudes

CP violating bremsstrahlung [ CPviolating linear photon polarisation

T [1 CPviolating asymmetry in sing cos¢
V* e
K. é=0 (), (e'e) planesin K, cms
e A = Nsin¢cos¢>0 - Nsin¢cos¢<0
0=
] Nsin¢cos¢>0 + Nsin¢cos¢<0
I
CP conserving M1y emission NA48 result  A.Lai etal., EPJC 30 (2003) 33

- K, —n're'e

5
) 4
Tt [
K. 3 2 Acceptance corrected
\Y; 2 [ Ag =142 3.0 )%
+ 3
e [
1 © e
0

R T N L T T N AN T |
0.5 -0.3 -0.1 0.1 0.3 0.5
P=singcosy

1/7 dlr /de




C.Q.Geng, J.N.Ng, T.H.Wu,
MPLA 17 (2002) 1489
D.N.Gao, MPLA 17 (2002) 1583

CPviolationinn - mmee

dominant amplitudes

CP violating bremsstrahlung

Tt
Ve Standard Model constraint from BR(n — 1T 1T):
n
i _ experimental upper bound [ A ;< 10™
\ ° theoretical prediction 0 A,~10™
-




C.Q.Geng, J.N.Ng, T.H.Wu,
MPLA 17 (2002) 1489
D.N.Gao, MPLA 17 (2002) 1583

CPviolationinn - mmee

dominant amplitudes Interference of amplitudes

CPviolating E1y emission [l CPviolating linear photon polarisation

T [1 CPviolating asymmetry in sing cos¢

¢ =0 (rT'm), (e'e) planesinn cms

-
r] *
y +
€ A = Nsin¢cos¢>0 - Nsin¢cos¢<0
) i NSin¢COS¢>0 + Nsin¢cos¢<0
e

CP conserving M1y emission [ construct operators, that do not contribute
directly ton — 't and K°decays

[J flavor conserving CP violating four-fermion operators
involving two s-quarks

A,uUpto 2%

n
L T
n !
Y
e+
o



n - mrmee at WASA

! BackgroundESubtracied -

& « 3x10" tagged pd — *Hen events

#24 gimulations Total

e 263124, signal events

Counts / MeV/c?
o

i~
o

wW
o

“.l|I.|’
0.52 0.53 0.54 0.55 0.56 0.57 H

N
o

lfl|I\Illll]IlIlf!|[II’l[l[l\|I|1!|II

10

| t

I | 1 1 1 1 1 1 | 1 |
0.48 0.5 0.52 0.54 0.56 0.523
Missing Mass *He [GeV/c7]

preliminary results: ~ BR(n — m'mre’e’) =(3.10 £ 0.27,, + 0.22,,) x 10

A,=(04+9.0,,+28,,)x10"




e E E « branching ratio in agreement
CELSIUS-WASA : : with previous measurements
Phys.Lett.B501:191-199(2001) 1 ]
KLOE o ecmmenmn | o statistics benchmark KLOE:
This Work : * Preliminary 1555+53, events
: i Theory
: —— ! T.Petri (arXiv:1010.2378v1)2010
o ! T.Petri (arXiv:1010.2378v1)2010
I : R.Borasoy,R.Nissler.Eur.Phys.J.A33:95(2007)
: P Faessler et al.Phys.Rev.C:035206(2000)
 ———+ C.Piccioto,S.Richardson.Phys.Rev.D48:3395(1993) .3
p b g5 ¢ & ¢ o5 g J o s s 13 o5 o5 W o5 o5 p g [ ¥l
0.1 0.2 0.3 0.4 0_|._5 i 0.6
(M- we*e)/T'(n
* A, limited by statistics
— -2
KLOE A,=(-0.6 £25,, +18,,) x 10

WASA preliminary ~ A,= (0.4 £ 9.0, + 2.8,,) x 10”




e E E « branching ratio in agreement
CELSIUS-WASA : : with previous measurements
Phys.Lett.B501:191-199(2001) i I
51!%95.3675:293-283(2009) _”:“ E e statistics benchmark KLOE:
This Work : * Preliminary 1555+53, events
: ; Theory
§ ! T.Petri (arXiv:1010.2378v1)2010
Fo—e— ! T.Petri (arXiv:1010.2378v1)2010
I e : R.Borasoy,R.Nissler.Eur.Phys.J.A33:95(2007)
: 1 Faessler et al.Phys.Rev.C:035206(2000)
 ———+ C.Piccioto,S.Richardson.Phys.Rev.D48:3395(1993) .3
p b g5 ¢ & ¢ o5 g J o s s 13 o5 o5 W o5 o5 p g [ ¥l
0.1 0.2 0.3 0.4 0_|._5 i 0.6
(M- we*e)/T'(n

* A, limited by statistics

KLOE A,=(-06+25, +18.)x10"

sys

WASA preliminary ~ A,= (0.4 £ 9.0, + 2.8,,) x 10”

[1 oneorder of magnitude larger statisticsin WASA pp data expected
[ KLOE-2isexpected to reduce statistical error by afactor of two



Towards rare decays: n — e'e”

Y=

theoretical estimate:
BR(nN - e'e’) = (5+1) x 107

L.Ametller, A.Bramon, E.Masso,
PRD 48 (1993) 3388

M.Savage, M.Luke, M.Wise,
PLB 291 (1992) 481

e SM: decay via two virtual photons

« further suppressed by helicity factors m./m,
at each ye'e” vertex

e unitarity limit: BR(n - e'e”’) =1.8 x 107

+ -

Mete™)/Teotal Ma/T
VAL UE CL % DOCHMENT 10 JECN LOBIBIENT

<56 %1070 90 22 AGAKISHIEV 12a SPEC pp — 1+ X

s o o We do not use the following data for averages, fits, limits, stc. o = »

#27 %1072 a0 BERLOWSKI 08 WASA pd — Hen

<0.77 = 10~4 a0 BROWDER 078 CLE2 ete™ =~ 105 GeV

=2 w1 ag WHITE 95 SPEC pd — r-He

<3 = 10-4 ag DAVIES 74  RVUE Uses ESTEN 67

22 AGAKISHIEY 124 uses a data sample of 3.5 GeV proton beam collisions on liquid hy-
drogen target collected by the HADES detector.

[1 sensitive to non-Standard Model contributions



Towards rare decays: n — e'e”

theoretical estimate: experimental limit (HADES).
BR(nN - e'e’) = (5+1) x 10° BR(nN - e'e’)<5.6x%x10°
L.Ametller, A.Bramon, E.Masso, G.Agakishiev et al.,
PRD 48 (1993) 3388 EPJA 48 (2012) 64

M.Savage, M.Luke, M.Wiseg,
PLB 291 (1992) 481

WASA-at-COSY

£ preliminary Eniries 148

= 14= Mean 0.5457
12 T RMS 0.02054 pd — *Hen (all data)
10 N BR <6 x 10°90% CL, prel.
8- 1
6 <= pp — ppn (1/9 data)
i BR < 4.6 x10° 90% CL, prel.

2:II ‘|‘i i | | | | I

1 1 | Ll | ) [ | { I T | | T | N 11 1| 1
85 051 052 053 054 055 056 057 058 059 0.6
MM, [GeV/c?]

analysis: P.Wurm, M.Berlowski



Electromagnetic Form Factors
with WASA-at-COSY

- B
" 3G

e HIRE G ——-
WASA-at-COSY has accumulated large statistics data
on 1T and n eIectromagnetlc form factors

N

il

™ _ e'e 'y data cover (9-2)., Welcome band

~First resultsfrcm pd n data
hlgh statrshcs pp anaIySIs on the Way
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