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Outline

¢ Crystal Ball Set-up at MAMI
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Mainz Microtron (MAMI)

ED )

MAINZER MIKROTRON

B ‘ RTM3

|

MAMI Parameters:
« Up to 1604 MeV, 6 _<0.1 MeV

* High current (1101LA)
 High polarisation (80%) | R
 ~7000 h/year running experiments M
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Experiments at MAMI

A2: Real Photon Experiments:
- Glasgow tagging spectrometer
- Crystal Ball / TAPS

hermetic photon spectrometer
- Meson Factory

PRISMAISFB 1044:
- Dark Photon Search
- El.-weak Mixing Angle

R BE -

-

A

Al: Electron Scattering:
- focusing magnetic spectrometers
- neutron detection, spin precession
- Kaon spectrometer (KAOS/AL)
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Meson Production with Real Photons

Data from CB@MAMI, CB@ELSA, CLAS, SAPHIR
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Current production rates on 1H, target feasible for taking data (Meson Factory):
n: 10°h'! = Goal 10° h!
n': 2:10°h' = Goal 1.5:10% h'!

Has to be imposed by detection and anlysis efficiencies
= 41 Crystal Ball/TAPS setup, e.m. Production mechanism very clean
= Ideally suited to measure high rates of meson decays
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Outline

° Results from Crystal Ball at MAMI
 Preliminary Result for n—=»n%y
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Double Radiative n — w%yy

* Tree level amplitudes at O(p?) and O(p*) vanish
* T and K loops largly suppressed by G-parity and large Kaon mass

* First sizable contribution from (p®)
 Coefficients must be determined using models (e.g. VMD)

= Stringent test for YPT at O(p®) as well as models

e Calculations must describe I'(n—n"yy) and differential decay width dI"/dm?(yy)
* Discrepancies between models in dI'/dm?(yy)
* Discrepancies in experimental results for I'(n—n%yy)

e Experimental challenges:
- Small rate
- Large background (e.g. nn0)
- Only three measurements of dI'/dm?(yy): CB@AGS, CB@MAMI, WASA@COSY

* New CB@MAMI analysis based on data taken in 2007 and 2009 (6-107 1 produced)
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Analysis of n - wyy

 Based on kinematic fitting
o 10110 background suppressed by anti-hypothesis

e Results based on 1.2-103 n—=n’yy events

* Below preliminary results from 2009

m?(yy) = (0.0375 + 0.0100) GeV? /¢ m?(yy) = (0.0775 £ 0.0100) GeV? /¢ m?2(yy) = (0.11875 + 0.01125) GeV?/c*
60_Bin 2, Ev=45+13 50rBin 4, Ev=53+16 Bin 6, Ev=74+21
Preliminary Preliminary Preliminary
} 40F 1 60
30 40}
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20F
101
0 0 '
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m(n%y) [GeV/c?] m(n%y) [GeV/c?] m(n%y) [GeV/c’]
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Decay Rate n — nt'yy

=~ 6 " This Work: A2, 2007 - " This Work: A2, 2007+2009

o +  This Work: A2, 2009 Q 4L v CB(AGS), PRC78(2008)015206
T eeene=- UMD, Ng et al. PRD46(1992)5034 T o A2MAMIB, eC:C070910(2007)159
Q 5 Oset et al. PRD77(2008)073001 v .|| ==s==-s=-- UMD, Ng et al. PRD46(1992)5034
Q Ak ~=--——- Danilkin et al. EPJC73(2013)2358 C 6 — Oset et al. PRD77(2008)073001
= “ff'g == == = Danilkin, Fit This Work = l -+=--.=-=-- Danilkin et al. EPJC73(2013)2358
o 4 _A\ RN — —— Danilkin, Fit All Data
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General agreement but statistics still not sufficient to distinguish between models!
Need more statistics to examine Dalitz plot!
To be submitted soon!
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Comparison 1 - tyy

200} CB@MAMI-B: ~150 events 500 CB@MAMI-C: ~650 events
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S. Prakhov (UCLA), private communication S. Prakhov (UCLA), private communication
Only 2007 data set. 2009 has ~400 events.
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Decay Width of n - n’yy

['=1(0.84 +£0.19) eV, GAMS2000, 1984

['=(0.454+0.12) eV, CB(AGS), 2005

['=(0.11 £0.04) eV, KLOE, 2006 (preliminary)

['=(0.290 + 0.063) eV, A2(MAMI B), 2007 (preliminary)

[' = (0.285 £ 0.068) eV, CB(AGS), 2008 (reanalysis of 2005)

['=(0.33+0.11) eV, WASA at COSY, Ph.D. thesis of K. Lalwani, 2010 (preliminary)
I = (0.30715) eV, VMD, 1992

['=(0.33 £ 0.08) eV, Ch. Unitary, 2008

[I'=0.31 eV, Ch. Lagrang., 2012

CB at MAMI (2013): s. Prakhov (UCLA, University Mainz)
e Data from 2007 and 2009 combined:

D'(n — 7vv) = (0.33 £ 0.03(ot) €V preliminary

ro

» Agreement with latest results, except KLOE
» Most precise value from CB@MAMI
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Outline

° Results from Crystal Ball at MAMI

L~

¢ Timelike Transition Form Factor from n—e‘ey
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Transition Form Factor with VMD

 Mechanism especially pronounced in timelike region at g* = m,

— Virtual meson reaches ,,mass shell“, becomes real

— Strong resonance enhancement around vector meson mass
e TFF behaviour, especially for ', not well known
* TFF modifies differential decay width

dr[dr

[ . . 2
dm? deIQED }F(m )}

0

 For 1 often one-pole approximation used:

= (122

* For 7' resonance shape:

M2 _ A% (A2 ++7)
}F(m )} T (A2 m2)2 § A2

* Gain information on structure of meson and 1n/n' mixing, (dark photon? n—=Yyvy—ee™)
In addition to input for had. LbL scattering contribution to (g-2) "
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First A2 Analysis for n TFF

H. Berghduser et al. (A2-Collaboration), Phys. Rev. B 701 (2011) 562-567.

> | SRR BN N N L B B ; |
o Usi —ete =100[ y
Using N e. ey | =1
 Based on kinematic cuts > gof 10MeV<->80MeV ]
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First A2 Result forn TFF

H. Berghduser et al. (A2-Collaboration), Phys. Rev. B 701 (2011) 562-567.

QED 4
| Fit to CB/TAPS=Data i
|~ zi;‘“’s MAMIC 1 CB/TAPS MAMI-C: 1350 n—e"e"y events
5 H —=— snp - NAG60: 9000 n—=u"Ly events
c\z‘; Terschluesen Leupold ./’,' | SND_ 109 n—)e+e'fy events
g '
E:
| 2y |2 m2 2

A2=(1.9240.35_ +0.13__) GeV>2

stat™— syst

L il 1 1 1 1111 IIIIIuIIIIIIII.lIII
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Mass,... [MeV]

NAG60, In-In: R. Arnaldi et al., Phys. Lett. B 677 (2009) 260.
SND: M.N. Achasov et al., Phys. Lett. B 504 (2001) 275.
Terschluesen Leupold: C. Terschliisen, Diploma thesis, University Gieen, Germany, 2010.

Marc Unverzagt (g-2)u: Quo vadis? Mainz, 10™ April 2014



New Analysis of n TFF

» Based on kinematic fitting

e 3x more data

* Full ) photoproduction range accessible at MAMI used

* 18,000 events (no proton requirement: 22,000 events), most precise 1 — e"e”y up to now

m(e"e’)=45%x5 MeV

Ev=1353142 |
400

Preliminary

300F m

200F

100F

0.4 0.5 0.6
m(e‘ey) [GeV/c?]

Marc Unverzagt

m(e"e’)=285x5 MeV

100l EV=16B+24
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(8-2)u: Quo vadis?
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Solid line: Pole-approximation fit
Normalisation p0 and A?=p1 as
free parameters

x? [ ndf 9.308 /22
p0 0.982 +0.01124
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" © all events
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¥/
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| | | |
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New A2 Result for n TFF

S. Prakhov, M. Unverzagt et al., accepted by Phys. Rev. C, arXiv: 1309.5648 [hep-ex].

I This Work: Fit (p0=1) “+o— | — This Work: Fit (p0=1)
o A2, 2011 /
L| ===+ TL calculation 4 f-"' || O Laslel
—_— Padé apprﬂxlml ¥/+ """"" DT CﬂlCUIﬂtan
Preliminary - Preliminary
1 1t : *
B | | | | B | | | |
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5
m(I'l) [GeV/c’] m(I'l) [GeV/c’]

A2, 2011: H. Berghduser et al., Phys. Rev. B 701 (2011) 562-567.

NAG60, In-In: R. Arnaldi et al., Phys. Lett. B 677 (2009) 260.

TL calculation: C. Terschliisen, Diploma thesis, University Giel8en, 2010.

Padé-approximants: R. Escribano, P. Masjuan, P. Sanchez-Puertas, Phys. Rev. D 89 (2014) 034014.

DT calculation: C. Hahnhart, A. Kups¢, U.-G. Meiliner, F. Stollenwerk, A. Wirzba, Eur. Phys. J. C73 (2013) 2668.
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n TFF Slope

= - Andrzej Kupsc, ACFI Workshop on
%9.103 = — Hadronic Probes of Fundamental Symmetries,
v F T [, . Ambherst, April 2014.
g r =
IL1[l2 = YY" N I [
- —2
- ) 2
- eyl g
10 ’/ |F(q )l (1F>
- /
- 2
S/ ¥ i
. e*e’—yn T lg2=0
107
S ||| Slope A2 can be measured from
S e e h - S both sides!
o? [GeV’]
VMD-like models used for N TFF using F. Jegerlehner, A. Nyffeler, Phys. Rept. 477 (2009) 1-110.

CLEO (spacelike data 1.5 GeV2 < Q2 <20 GeV?): A = (774 +£29) MeV = m,
J. Gronberg et al., Phys. Rev. D 57 (1998) 33.

VMD (p, , 0): A = 745 MeV

L.G. Landsberg, Phys. Rep. 128 (1985) 301.

MAMI: A ™2 = (1.95 £+ 0.15gtat = 0.10yst) GeV ™2 = A = (716 £ 0.033) MeV

S. Prakhov, M. Unverzagt et al., accepted by Phys. Rev. C, arXiv: 1309.5648 [hep-ex].

-|--—-.-:b

Conclusions: indication of higher resonances and use lower A in VMD-like models [(g-Z)M]
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¢ Future Perspectives
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Perspectives for 1

Proposed production yields with Crystal Ball at MAMI:

10 weeks: 5-108 n (factor 10 improvement)

Neutral decay modes with unprecedented accuracy with CB:

QCD/%PT related (Dalitz plot analysis): 1 — 37!

Further effects: kinematic boundaries, second order term in expansion,
cusp effect (few %), ntm-scattering

Transition Form Factor:
Improve single Dalitz decay n—e’ey
Double Dalitz decay n—eee"e™?

C/CP-violation:
M - 21, - 3%, - 3y - 4n°

Fix parameters for EFT
Charged decays n— n'my, n— n'wyy

Measurements of absolute branching ratios/forbidden decays

A. Denig, W. Gradl, M. Ostrick, M. Unverzagt (University Mainz), S. Prakhov, (UCLA/Mainz)
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Perspectives forn'

Proposed production yields with Crystal Ball at MAMI:
10 weeks: 2-107 1" (factor 4 improvement) in 2™ half of 2014

* Neutral decay modes with unprecedented accuracy with CB: unstable particles in EFT
BR(N' -~ wym' - nn°n®) improve by factor 2-5
PDG 2012: BR(' - y/n' - nnon%) = 0.1474£0.016

e QCD/%PT related (Dalitz plot analyses) n' — 3n%, n' = nn’n® (~400.000 events expected)
Further effects: cusp effect (8%), mn- and ©tn-scattering

* Transition Form Factor:
Single Dalitz decay n'—e"e"y (800 events proposed)

A. Denig, W. Gradl, M. Ostrick, M. Unverzagt (University Mainz), S. Prakhov, (UCLA/Mainz)
PhD students: A. Neiser, O. Steffen, S. Wagner, M. Wolfes (University Mainz)
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Rate Estimation n'—e*ey

S. Wagner, Master thesis, University Mainz, 2013
M. Unverzagt, A. Denig

simulierte
Kanal o [pb] BR Statistik
* ' — e’e"y no observation published yet worldwide W —ete 0,76 | <9-10*| 10M
W = ratan 0,76 43,40 % sM
! 0] = 0 f
: . ] n = py 0,76 29,30 % 8M
* 5.5 weeks of ' photoproduction in 2012 I 0.76 | 107103 | 5M
- Analysis of n'-=nninY 7 = 0,76 218% |  6M
- - +ey 1,85 | 6,9-1073 5M
- 1 n—ere 9 . .

Total 1.5 million n' produced —— 5 160% | M
n —= wta— b 1,85 22,74 % 5M
e Simulation based on n—ptpy 185 | 3.1-10* 5M
- PDG upper limit for branching ratio R BB LS C’E
. Ww—Fete 6,44 7.7-1077 S0Y
- ZQ background channgls 51mulqted oo | 6a1| ®20% | M
- Kinematic cuts (try kinematic fit ?) g — 6.4 153% | 5M
- Most critical backgrounds: 7t°r°, wn P’ = etes 19,00 | 472-10°5 | 5M
. 0 5 gt 19,00 ~100% 5M

- Acceptance ~8.5% (preliminar P T ’
P 0 (p Y) 70 — ete 10,52 1,17% 5M
70— 4y 10,52 98,82 % 10M
* Expected: ~80 1' — e"e"y events from 2012 data vp = 770 | 15,00 — ] sM
yp — T 68.62 — 10M
7070 — 45 6,87 97.65 % 20M
7o — 4y 4,09 38,85 % 20M
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Time-like TFF for n'

S. Wagner, Master thesis, University Mainz, 2013
M. Unverzagt, A. Denig

(\l> 102 T T T T | T T | T 17T | T T | T T T T ‘ T 77 | T T | T I‘i:
QO . . T
g A ~80 events expected - Simulation -
o | from 2012 —— VMDiit i
S. —— QED contribution
2 10 — _
C — ]
0>J — .
WL ~ §
s T |
T= X =
AQ AQ 2 i -
F(m?)|” = (A?Enz)j:/zQ 2 I \ﬁ |
v 10’15— \T—%%%% 3
~ ~ :|\||\|\\||H\||HH||H\||\H\|\|\| |||\|||\:
A~ 0.76 GeV ~v=0.10 GeV 0 e s s e e e s

of
QoL

0.9
o [GeV?

HA

* New Goal: ~800 ' — e*e"y events in fall 2014 measurement

 Only possible if acceptance holds, has to be improved (use kinematic fit?)
» Next: analyse old data (S. Prakhov, S. Wagner)
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Perspectives forn'

Proposed production yields with Crystal Ball at MAMI:
10 weeks: 2-107 1" (factor 4 improvement) in 2™ half of 2014

* Neutral decay modes with unprecedented accuracy with CB: unstable particles in EFT
BR(N' -~ wym' - nn°n®) improve by factor 2-5
PDG 2012: BR(' - y/n' - nnon%) = 0.1474£0.016

e QCD/%PT related (Dalitz plot analyses) n' — 3n%, n' = nn’n® (~400.000 events expected)
Further effects: cusp effect (8%), mn- and ©tn-scattering

* Transition Form Factor:
Single Dalitz decay n'—e"e"y (800 events proposed)
Double Dalitz decay n'—eee"e™?

e Fix parameters for EFT
Charged decays '~ 'y, n' = T wyy

e Measurements of absolute branching ratios/forbidden decays

A. Denig, W. Gradl, M. Ostrick, M. Unverzagt (University Mainz), S. Prakhov, (UCLA/Mainz)
PhD students: A. Neiser, O. Steffen, S. Wagner, M. Wolfes (University Mainz)
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Perspectives for ®

Proposed production yields with Crystal Ball at MAMI:
8 weeks: 2-108 o (factor 30 improvement)

B. Kubis, Light Meson Dynamics Workshop,

e Neutral decay modes with unprecedented accuracy: Motz Feb. 2014
T T T . | T .

BR(® - Nny/® — %) improve by factor 2-5

_ 00 . , :
PDG 2010: BR(®w-nym—n%) = 0.0098£0.0024 7 ! NAo0g ?
(not used anymore) ~ Lopton-G i
® - NY/® - 10y: power counting for unstable particles = 'J[e(rs;:rllu:-;g? o al.
in effective field theory = full dispersive

e Transition Form Factor for @ — mtlee

(s)?

w0

By

 Another LbL contribution (S. Leupold): y— ®w— 3y(*) —
Related to scattering amplitude Yo — 7Tt — Yy
Mainz could contribute to  — %y

0 01 02 03 04 05 06

A. Denig, W. Gradl, M. Ostrick, M. Unverzagt (University Mainz), S. Prakhov, (UCLA/Mainz)
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Perspectives for xt°

C-violating decay: -3y

Current bound: BR(7" — 37) <3.1-107% (90 %C.L.)

Crystal Box Experiment at Los Alamos in ©+p—7nV+n LiQuID-

HYDROGEN
TARGET

VETO
COUNTER

ALUMINUM
VACUUM
CHAMBER

J. McDonough et al., Phys. Rev. D38 (1988) 2121.

‘0

L/

77778

Main background channels:
-2y

Nal(T!)
CRYSTALS

0yota- W Reduce at trigger level
Toeey " by factor 100! SCINTILLATION
norY production

=4y (allowed high order process, never seen yet, can be improved in parallel)
BR(7" — 47) <2-107° (90 %C.L.)

J. McDonough et al., Phys. Rev. D38 (1988) 2121.

T o0
QED _ -7 —dy —11 hadr -9 —18
BRy,~ = Ty 2.6-10 am) BRI ~1077-71-10

W. Gradl, M. Unverzagt, Jennifer Wettig (University Mainz), G. Ron (Jerusalem)
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Perspectives for ©t°

» Within 100h of beamtime on 2%8Pb or 23U upper limits for t°—37y/4y may be improved by
up to two orders of magnitude, deviations from Standard Model indicate New Physics

* Pilot test for more rare decays (also 1M/®?) and possibly decay studies with higher rate

* Especially look at t0—e*ey

| n%-Dalitz Analysis - Data 2007 07 LH2
> 105 ................... T B e e S T T —
g | 7+ N.P. Samios N.P. Samios et al. (BNL), Phys. Rev. 121 (1961) 275-281.
© 10° ........... —¥— CB/TAPS @ MAM-C H. Berghduser, PhD Thesis, University Giefen,
""m" 5 Germany, 2010.
-
c | |
S
100
10
00 N
0 20 40 60 80 100 120 140

Mass e'e" / MeV

W. Gradl, M. Unverzagt, Jennifer Wettig (University Mainz), G. Ron (Jerusalem)
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Perspectives for ©t°

Within 100h of beamtime on 2°Pb or 23°U upper limits for t°—3y/4y may be improved by
up to two orders of magnitude, deviations from Standard Model indicate New Physics

Pilot test for more rare decays (also n/®?) and possibly decay studies with higher rate

Especially look at t0—efey, nV—e’e (?)

But: NA62 plans to collect 2.5-1012 w0 decays in 2 years

n’ 2 ete (y) dark photon —

n' > eteete T violation C=-0.77 £ 0.53

= yyy C violation <3.1 x 108 Can we compete?
> yyyy light scalar <2 x108

vy RH neutrino <2.7 x 107

Rainer Wanke, Light Meson Dynamics Workshop, Mainz, Feb. 2014.

W. Gradl, M. Unverzagt, Jennifer Wettig (University Mainz), G. Ron (Jerusalem)
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Summary

e World leading results from Crystal Ball at MAMI
Dalitz plot parameter: n—3m’
yPT, VMD: n—->nyy
Transition Form Factor: n—eey
C-violation: neutral ® decays (not mentioned here)

* Further analyses in 1/® decays possible with existing data

e Main focus: 1’ studies
Data taking planned for 2™ half of 2014
Goals: 400,000 n'-=nnirY
800 n'—e’ey

e New programme with very rare decays under investigation
nV—=3y/4y, extend to other rare °, 1, ® decays

e New detector possibilities under discussion
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Chiral Symmetry Breaking

174
Grva Gy

T -

8
Locp =q(i p—M)q—)
a—=1

@ Chiral limit (m =m =m =0):
Uu@3), xU@3), =SU(), xSUE3), xU(1), x U(1), symmetry

Hadrons do not come in parity doublets
— Chiral symmetry must be broken (spontaneously)

2 SU(3), x SU(3), — SU(3), gives rise to 8 massless, pseudoscalar Goldstone bosons

S=+1

2 170 S=-1

Q=-1 Q=0 o=k
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Explicit Symmetry Breaking

Quarks have finite masses

» SU(3) tlavor symmetry: m =m =m #0

« SU(2) isospin symmetry: m =m #m
» Isospin breaking: m #m_

 Electromagnetic effects also break isospin symmetry

Using: n— 3w, ' — 37; ' — 27N

Extract: _, m2 —m? o Mu Mg
m2% —m? 2
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nm' mixing

M and M’ are admixtures of pure SU(3) singlet and octet states

=1 sind - 0
17T BP0 ' 150 ©)=0°(0"")

n'=m, cosd +1_sind

e Mixing caused by SU(3) breaking due to strange quark mass AND the chiral anomaly

* Beyond leading-order single mixing angle not sufficient, possible gluonium content

ﬁI, + I TXY

Marc Unverzagt (g-2)u: Quo vadis? Mainz, 10™ April 2014



U(1) Anomaly
A
e Quantum fluctuations destroy singlet axial-vector current conservation

(oooo™ -
2\ N

¥ —_— auAOHZZVNC(D: ;
16Tt

e rG, G ,#0

0000

* Why is the 1" so heavy?

* w-term includes gluons — strongly interacting — n' heavy

« Applicability of xPT to n'? (chiral symmetry breaking scale: 4nf ~1.2 GeV,n' as a
Goldstone boson) (theory)
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CICP-Violation

Sacharov criterium:

C/CP-violation is one of three criteria to explain
dominance of matter over antimatter (Baryogenesis)

Electromagnetism, and strong force are assumed to be invariant

under C and CP transformation

CP-violation in weak interaction not strong enough

to explain Baryogenesis

CHARGE CONJUGATION (C) INVARIANCE

F@® — 39)/Tiopal

1 C-nonconserving decay parameters
ata—al left-right asymmetry
atg—al

JL

sextant asymmetry

7+ 7~ 70 quadrant asymmetry
7 7 left-right asymmetry

+

w w «y parameter (3 (D-wave)

Mn — Woﬁ')/r[o[al
M — 2297)/Fioeal
r(n — 31%7)/Tioral
r(i.-l' 2 3"l')/l—t()tal
Mn — 70t = T ]
rm — 70u+ =)Mol
M(w(782) — n70)/Mygal
M(w(782) — 2n9)/Total
M(w(782) — 379)/Total

asymmetry parameter for 1/(958) — w7+ decay

r(n'(958) — =0 e+e_)/rmta|
T(7'(958) — net e )/Tiopal
F(?}I(QSB) i 3"l)/rtotal
M(n'(958) — p+p~n0)/Toral
[(7'(958) — ptp=n)/Tipea

[a]
[a]

<3.1x10~8, CL = 90%

(0.00+ 011y « 102
gocie F 0y o o2
(—0.09 £ 0.09) x 102
(0.0 + 0.4) x 102
—0.02 £ 0.07 (S=13)
<08 x 1072, CL = 90%
<5 x 1074, CL = 90%
<6 x 1072, CL = 90%
<1.6 x 10~5, CL = 90%
<4 x 1072, CL = 90%
<5 x 1076, CL = 90%
<2.1x 104, CL = 90%
<2.1x10—4, CL = 90%
<23x 104, CL=90%
—0.03 £ 0.04

<1.4x 1073, CL = 90%
<2.4 %1073, CL = 90%
<1.0 x 104, CL = 90%
<6.0 x 105, CL = 90%
<15 x 105, CL = 90%

Re(d")
Im(d¥)

CP INVARIANCE

<0.50 x 1017 ecm, CL = 95%
<1.1%x 1017 ecm, CL = 95%

n— wtn— et e decay-plane asymmetry

r(g— ot T )/Tiotal

My — Qwﬂ)f’rtotal

Mn — 47TU};Tt0m|
M(7/(958) — 77 )/Tiotal
r(n/'(958) — 7070)/Moeal

(—0.6 £ 3.1) x 10—2

<13 %1072, CL = 90%
<35x 10~4, CL = 90%
<6.9 % 1077, CL = 90%
<20 x 1073, CL = 90%
<1.0x 1073, CL = 90%

MU/H0S) = 17/ Meoral

Marc Unverzagt

<5 x 1076, CL = 90%

m- rate difference /average

+y rate difference /average

~ rate difference /average

7 (gy —8_)/ (g+ +8_)
Kt - adtala0 (e, — g )/ (gy +60)

(0.08 £ 0.12)%
(0.0 £ 0.6)%

(0.9 £3.3)%
(-1.5+-2.2) x 10—4
(1.8+-1.8) x 104

Only weak upper limits
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CP-Violation in SM

CP-violation in SM: quark mass eigenstates are different from weak eigenstates:
— quark mixing matrix (Cabibbo, Kobayashi, Maskawa)

— different mixing matrices for quarks and antiquarks — CP-violation
CKM-matrix complex and unitary — 4 parameters (e.g. 3 angles and one phase)
Single phase in CKM-matrix responsible for CP-violation

weak : mMass
states CKMmatrix  gates
e I
|
d Vucl Vus Vub d
I —
Quarks S — Vcd V-::s V::b S
|
b th Vts th b
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Counts

C-Violating o Decays

 7-10°% w events produced in 3 weeks (parallel to 1] production)

P | + 8000 hw;
{Mﬂ [ .wfﬁ*:'***ﬁ”ﬁfﬁ et %ﬂm Wﬁ*’fm
10000} 2000} ”ﬁ% 2000 * { sonl m‘“‘n
@ kD 2 2 ",
= c t,
AR 3 o 5 3 4000 - 4
5000L, s’ f 17, 10001 " 1000 |
....... Yy o, 2000 -
"
0 1 | ‘\\\'T‘\ 0 | | | | D 1 1
700 800 900 750 800 850 750 800 850 750 800 850
M(r%) [MeV] M(nr°) [MeV] M(3r?) [MeV] M(rn?) [MeV]
1.5-10° events
['(o- T]TCO)/Ftot <2.3:10% at 90% C.L.
['(o- 371:0)/1_}0t <2.3-10% at 90% C.L.
['(ow- 27T, <2.4:104 at 90% C.L. never been done before

Marc Unverzagt

Only CB at MAMI results used by PDG!

A. Starostin et al., Phys. Rev. C 79, 065201 (2009).
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Mainz Microtron (MAMI-B)

Experiments/HDSM

RTM 2
51 turns
180MeV

18 turns

15MeV RTM 3
90 turns
LINAC 855/883Me
3.5MeV \Ys

Acceleration via em wave (2.45GHz)

cw: bunch structure ~0.4ns

Injektion LINAC

3 cascaded Race-Track-Microtrons

Magnet of RTM 3 ~450t per Magnet, 1.28T
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Marc Unverzagt

HDSM (MAMI-C)

9.0 MV / turn max gain

From MAMI-B LINAC | (4.90GHz)

43 recirculations

To Experiments

2007: 1508MeV 9, om

2008: 1558MeV i |

2009: 1604MeV R S
g - LINAC Il (2.45GHZz) B =1.539T
g S | 9.3 MV / turn max gain

,:ﬂ;

Harmonic Doubled Sided Microtron (HDSM)
i, ST K.-H. Kaiser et al., NIM A 593, 159 (2008).
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Tagging Spectrometer

Primary Beam E 10 ; —
;1 - ;;""..* total
i 7
- FH"WW“:M* RGN
Tagging 105 ‘I :r ¥ -ﬁ
Spectrometer E :" ‘
: .: l!ﬂ!'!"l‘
10 & r]. !’T'Eﬂf}i
MAMI Beam - N = Wr e o 'E"T"f
E,= 883/1508 MeV »” Collimator = = ¥ -
N - : - * [ s X g I E I I ‘
arge n
L
1 = + 'T] ! _#- } }
E :E _E i T R T T N S T S R SR R ‘ | |
v 0 e 0 05 1 Y45

E = 1447 Mev ~ EfG8V

Tagging range: 5.1to 93% of E
Maximum energy tagged for E0=16O4 MeV is 1491 MeV

— New tagging device for 1n' experiments needed!
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PID & tracking
detectors

Marc Unverzagt

4r-Setup

(8-2)u: Quo vadis?

Crystal Ball:

672 Nal(T1) crystals
93,3% of total solid angle
Each crystal equipped with PMT

0) 2% o o
— = (0) 9 :2 3

E, (E,/GeV)™ 9 2°...3°
At = 2.5 ns FWHM o(p)= )

TAPS:
Up to 510 BaF crystals

Polar acceptance: 4-20°

At = 0.5 ns FWHM

o 0,79 %
=— +1,8%
E, VE,/GeV ’

Mainz, 10™ April 2014




CB PID

A¢- between CB and PID

Particle Identificaton Detector (PID):

Charged Particles

25
e Cylindrical Detector inside CB

20

15

Ereignisse / bel. Einheiten

e 24 scintillator strips
10

e PMT readout

(3]

Eppp/ MeV
B
i

bt
o s

(2]

N
o

-k
o N

= IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

o
Gl a

(=]

350 400
Ecg / MeV
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Ateg raps/ NS

0 200 400

—_— short gate
-

TAPS PI

Time-of-Flight

-|E':|'|'|:-1'..'|I i | L T N I

15—
10
5
o
.5 :—
0 0 300
600 t/ ns
_ 2 2
R= \/ Eshort + Elong
T, —020nS E,
slow_ CI) —arctan ( short )
Ty, —0.7118 long

_ long gate—

Marc Unverzagt
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350
Eraps/ MeV

600

R/ MeV

500

400

300

200

100

Nukleonen

- Photonen

P

25

30

35

40

a5

50 55 60

o/°
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Setup Performance

Two main N decay modes:
BR(1 — 27)=39.38%

BR(M — 31")=32.51%

Yp— 27p

-
=]
=]

Events / arb. units
== ]
=]

-
(=
[=]

T

Events / arb. units

n: 6=21.6 MeV

[=-]
=
T T

60

40

Yp — 6Yp

="y
=]
=]

T T T T 1
Events / arb. units

Events /arb. units
[ n ]
L= ]

=1 ]
L=
T T 1

60
20:
40 N Ty 40—
M, / MeV =
n’: 6=10.0 MeV -
20 20~
u Ll I Ll I | - | I | Ll I | _
0 100 200 300 400 500 600 700 S0
M., / MeV

N: 6=16.1 MeV

o b b b b b Loy Loy Ly Ly
460 480 500 520 540 560 580 600 620 640
M, [ MeV

300 400 500 600 700
M, , / MeV

3-10° n— 37’ analysed from ~6 weeks —30M 1 produced
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n'-nnon? Invariant Mass

EY=1430110 MeV EY:1450i10 MeV EY:1470i10 MeV
.l.

F Y

(=

[=]
T

20

15F
10 “ 100} 200

PN

o+
0 1 1 0 . _,.,_m+++"‘|+++m++ +| ] 0 A i it W 1
085 09 0.95 1 085 09 0.95 { 085 09 0.95 1

200 'I'

Events
Evenis
Evenis

()

(=

o
T

150

}

m(27°n) [GeV/c?] m(27°n) [GeV/ m(27°n) [GeV/e?]
EY=1490110 MeV EY=15101 eV EY:1530i10 MeV
0 400F v 400 O 400F
T 1 T 1 T 1
o 0 0
2 300 + 5 300f 0\ t & 300} '
200 4 200 \ } 200} 1
(Q/ 1
100 . 4 4 100}
t LA "o+
L e * o - Hyr T H,
0 cerrgranty e 1 0 I e ke - ) 0 e e i 1 L]
085 09 095 1 085 09 095 1 085 09 095 1
m(27°n) [GeV/c?] m(27°n) [GeV/c?] m(2=°n) [GeV/e?]
EY=1550110 MeV EY=1570110 MeV
(1] (1]
= 250 J”r £ 200 +
= 200} > } Jr
w 1 I 150}
150 100
100} p f 3 1
| + 50 + 1
>0 Lt H Wi
0 I ikl ] [ 0 L s ol 1 Lty
085 0. 095 1 085 09 095 1
m(27°n) [GeV/c?] m(2z°n) [GeV/c?] S. Prakhov (UCLA)
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N Photoproduction Cross Section

= B
4] u
2
= ~YPoTp
- ™
L S Ry ... YPoOP
. By 3 STt oe
I L .

[
=iy
—=
—

'
L

==
Hy =
H

i 1

(o ——

] |

YP—1NP

IIIIII|
H
H

1.4 1.5 1.6 1.7 1.8 1.9 > 2 1
Js/GeV

Crystal Ball: E.F. McNicoll et al., Phys. Rev. C 82 (2010) 035208. SAPHIR: J. Barth et al., Eur. Phys. J. A 18 (2003) 117.
Crystal Barrel: V. Crede et al., Phys. Rev. C 80 (2009) 055202.

CLAS: M. Dugger et al., Phys. Rev. Lett. 89 (2002) 222002.
Erratum-ibid. 89 (20002) 249904.
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Using ' —» nnonY

Nn' Cross Section

E =1450£10 MeV  E =1470£10 MeV  E =1490+10 MeV  E,=1510%10 MeV

01

do/dQ

008}
006
0.04f

002H-

6,5,=0-3214/-0.019 ub

E,=1530£10 MeV

8
E 01
008 +
006 + + + +
T+
0.04 -I-
002F
6,,=0.709+/-0.022 b
0 | | |

0 0.5

coso
n

Marc Unverzagt

8
B 01f
o
0.08}
0.06} ++
0.04f
-|-++ e _|_+.|.
0.02}
0,,,=0-491+ /0018ub
0 1 1

-1 -05 0.5

coso, \"(Q

01

do/dQ

0.081

0.06}

0.04 .'|'+-|%+++'H'+
&

=0.580+/-0.020 ub
| | |
0.5

1
CDSG

E, 1550;2 eV E=1570%£10 MeV
% 0.1} Q % 0.1}t
-50.08 -|- -50.08 -|- -I-
o TR Y
0.02f 0.02f
5,,,=0.855+/-0.029 ub G,,,=0.874+/-0.034 ub

-0.5 0 05

cosO
1

-1 -0.5 0 0.5

coso
n

(8-2)u: Quo vadis?

&
2 o1
0.08}
0.06}
+.|.
++'|"|”'|'+++
0.04}
0.02}f
0,,,=0.680+/-0.022 ub
?1 -ol_5 (IJ o_ls 1
coso, S. Prakhov (UCLA)
= 1.2
= §ELSABonn
5 '/ U
Poot & il
0.6 { ||||||||||
oal S
0.2 |
9.4 1 .ll45 1 .I5 1.I55 1.6
Ey [GeV]
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N — 37

1‘]%37{ — Isospin breaking Hl’ — %(nlu — md)(ﬁ,u — CZd)

Lowest Order yPT: _ 0. Bolmy,—mg) 3s—4m?
mT ) — \/_FQ . 5 5
3V3E? my —ms;

Bo(m, —my)

V/3F2

+

Al —m

An — 37%) = X (M —Mmy)

My
0.4 My 06
| ' |
Ik A 2 —4
(n—3m) < |A]” x @
L | © g o
- o]
m = H
— d 7.:/
m3 —m? - —
L Racracs oo
7/ L] FDG 08
" . 7 ) giii:z & Ghorbani 07
Allows to extract information 4 R
?J, [ ] Melson, Fleming & Kilcup 03
on ? -
Tﬁ Leutwyler 56
quark masses 7 S
C ey

Gasser and Leutwyler 82
Langacker & Pagels 79
Weinberg 77

Gasser & Leutwyler 75

[sNo RN L NoRulsl

H. Leutwyler, arXiv:0911.1416
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n - 3n°

Parametrization of n - 3xn° Dalitz plot: > 60
T
Lule" L o[l
;\40_ ] b= = -
Ap—=3)P2=N-(1+2az+...) ¥ [ aas F
3 _ 2 2 20— :
O GZ (Ez' — ”371/3) _ P - 7 1
— \ 1y — 310 P oL 5
E: ° energies in n rest frame, [ X /
I : : : -20— o
p: radial distance to center of Dalitz plot i N /
= 110 -40~ - o
¥ I i
1'05:_ i | | 1 | | | | | 1 | | | | | 1 | | | | | 1 | |
- %% a0 20 0 20 40 _ 60
i (ENZ-E,T1)/\E / MeV
0.95[—
0.9
0.85
~ M. Unverzagt, Eur. Phys. J. A39 (2009) 169-177.
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

0 01 02 03 04 05 06 07 08 09 1
z
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n - 3w Dalitz Plot Parameter

» World's most precise results on =37’ decay from CB at MAMI

° xPT ©(p?) [ GL ‘85, Bijnens&Gasser 02 |
® : xPT ©(p®) [ Biinens&Ghorbani '07 |

Kambor et al. [ Kambor et al. '96 ]
Kampf et al. [ Kampf etal. "11]
NREFT [ Schneider et al. "11 ]

—e— dispersive, matching

dispersive, fit

[ Lanz etal. '11]

Crystal Barrel@LEAR (1998) [ Abele et al. '98 ]
Crystal Ball@BNL (2001) [ Tippens et al. 01 ]

] SND (2001) [ Achasov et al. '01 ]
CELSIUS/WASA (2007) [ Bashkanov et al. '07 ]
WASA-at-COSY (2008) [ Adolph et al. '09 |
Crystal Ball@MAMI-B (2009) [ Unverzagt et al. 09 |
Crystal Ball@MAMI-C (2009) [ Prakhov et al. ‘09 |
KLOE (2010) [ Ambrosino et al. '10]
PDG average [ PDG 10 ]

|
I
I
I
I
I
I
I
I
:: GAMS-2000 (1984) [ Alde et al. 84 ]
I
I
t
I
I
]
I
;
I
I

] 1 ] 1
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 s.Lanz, PrimeNet workshop 2011, Jiilich
87

Experiments (CB, KLOE, Crystal Barrel, PrimeEx, BESIII?)
reach precision where higher order effects
(cusp-effect, second order term in expansion) become visible
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Result for o

100———=======g=cocoormmmmn oo !

e precise simulation required

[+2]
o

phase space

Ereignisse / bel. Einheiten
©
o

40 detector acceptance
20
0 L1 | | | i | I | | I
0 01 02 03 04 05 06 07 08 09 1
4
L . . = M
100 F— N simulated distr. &
_______________ 1-05

%0 ~[1+20z+...]

60

Ereignisse / bel. Einheiten

g

‘“‘“’

0.9

%0 experimental distr.

=-0.032+0.002

20 0.85

+0.002

sta syst

0 PR T T T T T T [ A B A B VY b b b b v b Lo v e by

01 02 03 04 05 06 07 08 09 1 | 02 03 04 05 06 07 08 09 1
4 Z
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Effect of Cusp in o

Taken from PhD thesis of R. Nissler, University Bonn, 2007.

]..E"] T ] T T

0.99r-

Cusp has 5% effect on Dalitz Plot Parameter
C. Ditsche, B. Kubis, Ulf-G. Meiner, Eur. Phys. J. C 60, 83 (2009).

Further effects:
e Kinematic boundaries
e Second order in amplitude expansion
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Cusp-Effect

e - TN’ T contributes via T - w'n’

» Cabibbo, Isidori and Bissegger et al. have developed framework to extract a -a,
from K — 37 (NA48) and 1 — 37 invariant 7’1’ mass spectra

* Cusp effect in | decay only at few % level — need high precision

MC 1 — 3r°, =0 MC 1 — 31°, 0=-0.032
1.04 1.04
1.02} (a) ; 1.02- (b)
O F O
= =
o o
> =
LLl LLl
0.94 0.941
| | | | | | | | | ] | | | |
0.28 0.3 0.320.340.360.38 0.4 0.28 0.3 0.320.340.360.38 0.4
m(t°n% [GeV/c?] m(n°z° [GeV/c?]

S. Prakhov et al. (Crystal Ball at MAMI), Phys. Rev. C 79 (2009) 035204.
Bissegger, Fuhrer, Gasser, Kubis, Rusetsky, Phys.Lett. B 659 (2008), 576 (solid line)
J. Belina, Diploma thesis,University Bern, Switzerland (dashed line).
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Understanding (x: order-by-order decomposition

ax 10~3 e represent@ation up to O(a2 _e?),

partial O(a2_€%), O(a2, €3)
42 +11.3

—ECO< + o+ =B <

(=508
Wl e .
isospin-breaking effects —0.6
—22.2 £ 5.0
error: (1) wm scattering Ananthanarayan et al. 2001 vs. Kaminski et al. 2008

(2) estimate of higher orders ("bubble resummation")

S.P. Schneider, Towards a better understanding of the slope parameterin 77 — 37 0._ p. ]
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Understanding (x: interpretation of the ChPT result

Remember: ChPT at O (p°) Bijnens,Ghorbani 2007
achpt = (13£32) x 1072 vs. angert = (—22.2£5.0) x 1073

e Why the difference?

Emulate ChPT O (p°) calculation:

C S S

e rescattering parameters at O p4 in one-loop graphs
e rescattering parameters at O(p?) in two-loop graphs (a) = 0.16 ,...)

Result
e we finda = (—0.7 x 1079)
= “weaker” rescattering leads to completely different result!

S.P. Schneider, Towards a better understanding of the slope parameterin 7 — 37 0._ p. 1
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. -
Nn' Production

 Installation EPT fall 2011

e First test run December 2011

e First test/production measurement successful in March 2012!

* ' production runs (each 2,5 weeks) successful May/August 2012!

TA2PhotoPhysics S L SORT
@ - Mean 0.2734
2 10'E 0 o RMS 0.2144
LE E T pre lmlnary

P=TP

10° = n

B Only small part of
10? =+ ' available statistics
10

S. Prakhov (UCLA)
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Time-like TFF at MAMI

:: 10° =

g = q? = (AE/c)? - Ap?=m/?

LL [

L momentum transfer carried
10 Yy - by virtual photon

e'e -y’

n—e'ey

;

n

10"

é\ L1 | 1l 11 ‘ I | I ‘ |- ““l““l“l““l\
-1 -08 -06 04 -02 0 02 04 06 08 1
o [GeV7]

Time-like momentum transfer (meson decays):
e (2m))? < g2 <M?
e Crystal Ball, WASA, KLOE, Crystal Barrel, BESIII, CLAS
o atan 2 2 213
dF(P e’e Y)= 4o 1_4_1’1126 1_I_Z_mZe 1_22 ‘F(qz)r
dm (P —=yy) 3zm m m m;
e Also uuy decays possible: NA60
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Setup Upgrades?

e Old trigger scheme replaced by FPGA based trigger module
e Triggerless readout (TRB boards)? (A. Neiser, W. Gradl)

» Branching fractions: trigger detector under consrtuction (M. Hillenbrand, M. Ostrick)

* Charged decays e.g. N~ ©"wy(y) need dedicated
tracking detector

e High resolution forward tracking system?

» New detector setup?

Development of high-rate TPC with?
Complete new setup?

Forward tracker
between CB and TAPS?
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