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1. N — 3w decays




1.1 Definitions

'f_l—i_p*;r+
U T Pr-—
: S Pr
e mndecay:n—rn'nn
0
+ . 4 /" p?TD
<ﬂ’. T ”Oout ﬂ>=l(2”) 54(P,,_P,,+_P,,-—P,,o)A(Satau)

Mandelstam variables s= (pﬂ+ +p )2 , t= (pﬂ_ +P )2 s U= (pﬁ0 +p.. )2

s+t+u=M>*+M>, +2M>, =35, =) onlytwo independent variables
n 7’ xt 0

« Neutral channel: n— 7% n0:

A(s,t,u) = A(s,t,u)+ A(t,u,s)+ A(u,s,t)
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1.2 Why is it interesting to study | — 377

« Decay forbidden by isospin symmetry

|:> A=(m” —ma,)A1 +a, A

- «, effects are small Sutherland’66, Bell & Sutherland’68
Baur, Kambor, Wyler’'96, Ditsche, Kubis, Meissner’09

« Decay rate measures the size of isospin breaking (m, — m,) in the SM:

Lyp = |L, =—@(;u—gd)

=) Clean access to (m,— m,)
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1.3 Quark mass ratios

2

, mi—m’
Instead of (m,-m,) extract Q: |Q°=———
m:—m’

Does not receive any correction at NLO!

Mass formulae to second chiral order

Gasser & Leutwyler’85

M2 ms + M
Mk s
M2 2m [1 + 8w +0(m )]
M2, — M2 Mg — m
KO K+ d u
M2 — M2 ms — 1+ A+ O(m?)|
8(Mz — M2
with Ay ( )(2L8 — L5) + X-Iogs

F

T

The same O(m) correction appears in both ratios
—) Take the double ratio

0=

2 ~ 2
m,—m

M? M, -M’

K (3

2 2
md_mu

M, (M}, — M)

OoCD

[1 + O(m;,ez)]




1.3 Quark mass ratios

« From Q =) Ellipse in the plane my/m,, m /m, Leutwyler’s ellipse

— Q=242
e Weinberg (77)

0 | l | I | l | l |
0 0.2 04 0.6 08 1

/
lllu m 4
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1.3 Quark mass ratios

« Use Q to determine m, and m, from lattice determinations of m, and m

A msz_’;/lz A m:_’;lz
=) (m,=m—————| and \m,=m+———
4mQ 4mQ

 From lattice determinations of m. and m + 0

==) Light quark masses: m, m, m,
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1.4 Q frommn — 37

1 M; M; -M

* |A(s, t,u)=— T M(s,t,u)
0’ M. 3J3F?

N L R G e

* In the following, compute the normalized amplitude M(s,t,u) with the
best accuracy ) extraction of Q

Emilie Passemar MesonNet Meeting, September 29, 2014



1.5 Dispersive approach

Slow convergence of the chiral series

)

n—-3n

=(66+94+...)eV =(295+20)eV

Emilie Passemar

/ I \
LO NLO NNLO PDG’12

Large TTTU final state interactions

LO: Osborn, Wallace’70
NLOQ: Gasser & Leutwyler’85

NNLO: Bijnens & Ghorbani’07
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1.5 Dispersive approach

Slow convergence of the chiral series

LO: Osborn, Wallace’70

)

n—-3n

— (66 + 914 + ,,()ev = (295 + 20)eV NLO: Gasser & Leutwyler’ 85
I

Emilie Passemar

/ | \ NNLO: Bijnens & Ghorbani’07
LO NLO NNLO PDG’12

Large TTTU final state interactions

Important discrepancy between ChPT and experiment in the neutral channel
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Neutral Channel : N— 7% 70 7tf

Decay amplitude (T

n—-3rx

3 2
o< [ o 142022 with Z=§2(3Ti -1)

™~Q,=M,-3M,

I |
| ® xPT (’)(p4) [ Bijnens&Gasser '02 ]
I : ® i xPT ©(p8) [ Bijnens&Ghorbani 07 | (04 - 0‘015
H |1 Kambor et al. [ Kambor et al. '96 ]
|-.-| | Kampf et al. [ Kampfetal. "11]
e : NREFT [ Schneider et al. *11]
I ° } GAMS-2000 (1984) [ Alde et al. '84 ]
} o | I Crystal Barrel@LEAR (1998) [ Abele et al. '98 ]
. I Crystal Ball@BNL (2001) [ Tippens et al. '01 ]
I *—1 i SND (2001) [ Achasov et al. '01 |
—e— | WASA@CELSIUS (2007) [ Bashkanov et al. 07 ]
—e— | WASA@COSY (2008) [ Adolph et al. '09 |
e | Crystal Ball@MAMI-B (2009) [ Unverzagt et al. '09 ]
] : Crystal Ball@MAMI-C (2009) [ Prakhov et al. '09 |
|—.-| I KLOE (2010) [ Ambrosino et al. *10 ]
| | PDG average [ PDG "10 ]
\\ t
a=-0.0317+£0.0016] PDG712 Important discrepancy between
] ChPT and experiment!
-0.06 -0.04 -0.02 000 0.02 0.04 0.0e

“ =) Help of a dispersive treatment?
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1.5 Dispersive approach

 Slow convergence of the chiral series
J LO: Osborn, Wallace’70

I, ., =(66+94+..)eV=(295+20)eV|  NLO: Gasser& Leutwyler'85
n—3n 41 X
NNLO: Bijnens & Ghorbani’07

/ I \
LO NLO NNLO PDG’12

« Large T final state interactions
« Important discrepancy between ChPT and experiment in the neutral channel

« Use of dispersion relations :

» analyticity, unitarity and crossing symmetry Kambor, Wiesendanger &
Wyler'96
» Take into account all the rescattering effects Anisovich & Leutwyler’'96

= K+ K+
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1.5 Dispersive approach

« Use of dispersion relations : Kambor, Wiesendanger &

» analyticity, unitarity and crossing symmetry Wyler'96

_ _ Anisovich & Leutwyler’96
» Take into account all the rescattering effects

* New dispersive analysis:

» New inputs available: extraction nr phase shifts has improved
Ananthanarayan et al’'01, Colangelo et al’01
Descotes-Genon et al’01

Kaminsky et al’01, Garcia-Martin et al’'09

» New experimental programs, precise Dalitz plot measurements
CBall-Brookhaven, CLAS (JLab), KLOE (Frascati)

TAPS/CBall-MAMI (Mainz), WASA-Celsius (Uppsala), WASA-Cosy (Juelich)

> Possible combination with NNLO calculation Bijnens & Ghorbani’07

> Electromagnetic effects: complete analysis of O(e?m) effects
Ditsche, Kubis, Meissner’09

» Isospin breaking effects: new techniques =) NREFT
Gullstrom, Kupsc, Rusetsky’09, Schneider, Kubis, Ditsche’11



2. Dispersive Analysis of N — 7* "% decays




2.1 Method: Representation of the amplitude

 Dispersion relations

A} 3. = subtraction polynomial + / disc A7 .3,

* From the discontinuity, reconstruct the amplitude everywhere in the
complex plane =) need the discontinuity

1 *
dISC.A,,]_>37r — 5 2(27‘—)4 (p pn) 7)—>37r(72’>7r—>37r)
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2.1 Method: Representation of the amplitude

 Dispersion relations

A} 3. = subtraction polynomial + / disc A7 .3,

* From the discontinuity, reconstruct the amplitude everywhere in the
complex plane ==) need the discontinuity

1 - / ! *
disc A,7_>3~r — 2 2(271')4()(,0,7 — pn) 7)—>37r (7?37r—>37r)

n/
disc

Emilie Passemar MesonNet Meeting, September 29, 2014
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2.1 Method: Representation of the amplitude

 Dispersion relations

A} .3, = subtraction polynomial + / disc A7 .3,

* From the discontinuity, reconstruct the amplitude everywhere in the
complex plane =) need the discontinuity

1 - R
dISCA77_>37r — 2 2(277)4()(,0 pn) 77—>3/. (7Z’>7r—>37r)

n/

disc > — Z

Emilie Passemar MesonNet Meeting, September 29, 2014
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2.1 Method: Representation of the amplitude

« Dispersion relations
A} .3, = subtraction polynomial + / disc A}, 3,

* From the discontinuity, reconstruct the amplitude everywhere in the
complex plane =) need the discontinuity

1 -
disc A77—>37r — 2 Z(ZW)A'O(ID pn) 77—>37r (7571'—;37)

nl

disc > — Z > >
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2.1 Method: Representation of the amplitude

« Decomposition of the amplitude as a function of isospin states

M(s,t,u)=M(s)+ (s— u)Ml(t)+ (s—t)Ml(u)+M2(t)+M2(u)— %Mz(s)

Fuchs, Sazdjian & Stern’93

_ _ . . Anisovich & Leutwyler’96
» M, isospin | rescattering in two particles

» Amplitude in terms of S and P waves =) exact up to NNLO (O(p®))
» Main two body rescattering corrections inside M,

« Dispersion relation for the M,'s

n = ds' c 6 ' M ' N '
MI(s)=;21(s)£PI(s)+S; [ & sing, (s') I(S)J [QI(s)=exp[% a8 ]]

S QI(S')‘ (s'— s — ie)

[
Omnes function

Emilie Passemar MesonNet Meeting, September 29, 2014 20



2.1 Method: Representation of the amplitude

« Decomposition of the amplitude as a function of isospin states

M(s,t,u)=M(s)+ (s— u)Ml(t)+ (s—t)Ml(u)+M2(t)+M2(u)— %Mz(s)

Fuchs, Sazdjian & Stern’93

_ _ . . Anisovich & Leutwyler’96
» M, isospin | rescattering in two particles

» Amplitude in terms of S and P waves =) exact up to NNLO (O(p®))
» Main two body rescattering corrections inside M,

« Dispersion relation for the M,'s

M (s)=Q,(s) PI(S)+i ]3 d:gn' sind, (s") M, (s") o —en ® ]: - 5, (5"
/ i ' i

S Ql(s')‘ (s'— s — ie)

[
Omnes function

* Inputs needed : S and P-wave phase shifts of it scattering
Emilie Passemar MesonNet Meeting, September 29, 2014 21



2.1 Method: Representation of the amplitude

« Decomposition of the amplitude as a function of isospin states

M(s,t,u)= Mo(s)+(s—u)Ml(t)+(s—t)Ml(u)+M2(t)+M2(u)—%Mz(s)

Fuchs, Sazdjian & Stern’93

_ _ . . Anisovich & Leutwyler’96
» M, isospin | rescattering in two particles

» Amplitude in terms of S and P waves =) exact up to NNLO (O(p®))
» Main two body rescattering corrections inside M,

« Dispersion relation for the M,'s

(7
S
2
aM;

Q (s")

s'(s'-s—i€)

(s'—s—ie)

2
aM;

| 4
Omnes function

. M,(s) : singularities in the t and u channels, depend on the other M (s)
=) subtract M,(s) from the partial wave projection of M(s,,u)
Angular averages of the other functions =) Coupled equations

v, 9= 0,00 Py 2 4 S8 60 7, J [g,(s)=exp[£ a8

)
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2.1 Method: Representation of the amplitude

Decomposition of the amplitude as a function of isospin states

M(s,t,u)= Mo(s)+(s—u)Ml(t)+(s—t)Ml(u)+M2(t)+M2(u)—%Mz(s)

» M, isospin | rescattering in two particles
» Amplitude in terms of S and P waves =) exact up to NNLO (O(p®))

» Main two body rescattering corrections inside M,

Dispersion relation for the M,'s

M, (s)= QI(S)£PI(S) + s
/

T

]3 ds' sind, (s") Ml(s')

S
2
aM,

"wm

Q,(s")|(s'-s—i€)

|

[
Omnes function

Fuchs, Sazdjian & Stern’93
Anisovich & Leutwyler’96

Solution depends on subfraction constants only =) solve by iterative procedure

23



2.2 Iterative Procedure

Emilie Passemar

MesonNet Meeting, September 29, 2014

reached?

4 D r )
set M, to calculate M,
—

tree-level from M,
\ J \ J
Yes accuracy
done

.
calculate M,

from M/

\.

Y

-
fix subtraction

kconstants

N\




2.3 Subtraction constants

Extension of the numbers of parameters compared to Anisovich & Leutwyler’'96
2 3
P(s)=a,+B,s+y,s +06,
_ 2
P(s)=o, +Bs+7y,s
2
P(s)=a,+B,s+7,s

* In the work of Anisovich & Leutwyler’'96 matching to one loop ChPT
Use of the SU(2) x SU(2) chiral theorem
=) The amplitude has an Adler zero along the line s=u

* Now data on the Dalitz plot exist from KLOE, WASA and MAMI
=) Use the data to directly fit the subtraction constants

« Solution /inear in the subtraction constants Anisovich & Leutwyler’96
M(s,t,u)= ocoMa0 (s,t,u)+ [)’OMﬂ0 (s,t,u)+...

—) makes the fit much easier
25



2.3 Subtraction constants

« Adler zero: the real part of the amplitude along the line s=u has a zero

Anisovich & Leutwyler’96

NLO

LO

Emilie Passemar

MesonNet Meeting, September 29, 2014

S In units of M
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2.4 Experimental measurements

« Dalitz plot measurement : Amplitude expanded in X and Y around X=Y=0

A(s,t,u) =T(X,¥)= N(1+a¥ +bY* +dX* + f¥°)

X = V3 (SC_T—) — zﬂ\;ch (u—t)

3T
y=>m_q-_3 ((M —Mo)z—s)—l
y of 0 2M o \\" s

with 7T : kinetic energy of 7' in the 1
rest frame

and Q. =T -T -T =M -2M ,-M ,

Emilie Passemar MesonNet Meeting, September 29, 2014 27



2.4 Experimental measurements : Charged channel

« Charged channel measurements with high statistics from KLOE and WASA

e.g. KLOE: ~1.3 x 10°n— n* - n® events from ete™— ¢ —» Ny

‘Ac (s,t,u)‘2

N(1+a¥ +bY* +dX’ + f7°)

KLOE’08

10000

5000

28



2.4 Experimental measurements : Neutral channel

« Neutral channel measurements with high statistics from MAMI-B, MAMI-C
and WASA e.g. MAMI-C: ~3 x 108 n— 3n%events from yp — np

’A,,(Sal‘,u)r = N[l+2aZ+6ﬁY[X2 _

Y
+2yZ*
{Jrore

2

=) Extraction of the slope :

0,=M -3M ,
Slope Fit | x>/ ndf 31.5/18 | MAMI-C09

p0 1+ 0.0
O1.15 p1 -0.0322 + 0.0012
E 117 _\/§(T+—T_)_ \/g ( )
m — —_— —
©1.05f Q. 2M 0,
o

! 3T 3 2
095—\\ Y=0." (( _Mo) _S)_l
. Qc 2M17Qc n b/ 1

0.85

2
5 (37,
=32( ’—1J =X*+Y’
350,

\

29




2.5 Subtraction constants

* As we have seen, only Dalitz plots are measured, unknown normalization!

1 M2 M>—M?>
e EM(s,t,u)
Q> M. 3\3F?

A(Satsu) =

To determine Q, one needs to know the normalization

=) For the normalization one needs to use ChPT

* The subtraction constants are
P(s)=a,+B,;s+y,s +8,5s
P(s)=a, +Bs+7v,s
P(s)=o,+B,s+7,s

Emilie Passemar MesonNet Meeting, September 29, 2014



2.5 Subtraction constants

 As we have seen, only Dalitz plots are measured, unknown normalization!

1 M2 M>—M?>
e EM(s,t,u)
Q> M. 3\3F?

To determine Q, one needs to know the normalization

A(Satsu) =

=) For the normalization one needs to use ChPT

* The subtraction constants are
P(s)=a,+B,;s+y,s +8,5s
P(s)=a, +ps+y,s
P(s)=o,+B,s+7,s

Only 6 coefficients are of physical relevance
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2.5 Subtraction constants

The subtraction constants are
P(s)=a,+B,;s+y,s" +8,s

P(s)=a, +ps+7v,s
P(s)=o,+B,s+7,s

Only 6 coefficients are of physical relevance
« They are determined from

— Matching to one loop ChPT =) 8, =7, =0

— Combine ChPT with fit to the data =) 0, and ¥, are determined from
the data

« Matching to one loop ChPT : Taylor expand the dispersive M,
Subtraction constants <=> Taylor coefficients

» Important : Adler zero should be reproduced! =) Can be used to constrain
the fit

Emilie Passemar MesonNet Meeting, September 29, 2014
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3. Preliminary Results




3.1 Dalitz plot distribution of N— Tt* 7" ©t° decays

« The amplitude squared along the linet=u:
| ' | ' | ' |

--- LOyPT
| == Subtraction constants estimated with yPT

KLOE
WASA

1.5

0.5

5 6 7 8
[

M |
« Good agreement between theory and experiment

« The theoretical error bars are large =) fit the subtraction constants
to the data to reduce the uncertainties



3.2 Z distribution for N— 7° 70 w0 decays

 The amplitude squared in the neutral channel is

| ' I ' | I '
08 —
0.7 — —
0.6 — —
05— —
04+ —
03~ [C-- LoyPT -
[ 1 Subtraction constants estimated with yPT
02— e MAMI data I
774 PDG result for the slope o Here also the
01 Gullstrom, Kuspc and Rusetsky, NREFT — agreement looks
- = = = fit to KLOE without e.m. corrections
oL |*="= fitto KLOE with e.m. corrections | | | very good but =)

0 0.2 0.4 0.6 0.8 1

Z



3.2 Z distribution for N— 7 0 w0 decays

0.99

0.98

0.97

0.96

0.95

0.94

0.93

0.92

0.91

0.9

0.89

0.88

.. ST
—  Preliminary X

——— LOyPT
[ 1 Subtraction constants estimated with xPT

e MAMI data
[~~~ PDG result for the slope o

Gullstrém, Kuspc and Rusetsky, NREFT

0 0.2 0.4 0.6 0.8 1

Z

NRFT in n decays
Gullstrom, Kupsc, Rusetsky’09

Schneider, Kubis, Ditsche’11

The uncertainties coming from the matching with ChPT are very large
—) there is room for improvement using the data
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3.2 Z distribution for N— 7 0 w0 decays

» |f one wants to fit the data, at this level of precision the e.m. corrections matter
=) use the one loop e.m. calculations from Ditsche, Kubis and Meissner’09

0.99

0.98

0.97

0.96

0.95

0.94 Preliminary

093 N
\\~
092 —
—== LOyPT
091~ |1 Subtraction constants estimated with yPT
° MAMI data
09 |-—- fit to KLOE without e.m. corrections
== fit to KLOE with e.m. corrections
0.89—
088 1 | 1 | l I 1 | 1
0 0.2 0.4 0.6 0.8 1

VA



3.3 Qualitative results of our analysis

* Determination of Q from the dispersive approach :

2
1 Mm? (MIZ(_M;) Smax u, (s) 2
nox'ma o Mj“j 69127°F' M ; Smin ds-’-u_(s) du [M(s,t,u)

/f
T, ., =295+£20eV PDG12 0 = m’—m’
m,;—m,

 Determination of o

4, (s,t,u) =N (1+20.2)
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3.3 Qualitative results of our analysis

Plot of Q versus . :

L [ I ! | bl L !
Preliminary

NB: Isospin breaking

24
has not been accounted for

L
PR T T T I T

From kaon mass spliting :
F/ \ —— Dalitz plot of KLOE x'n =’ 0=20.7£1.2
\ —

Dalitz plot of WASA x'x ="
Dalitz plot of MAMI 3° Kastner & Neufeld’08

. Z-distribution of MAMI 3z
Fit to PDG result for o
PDG 2013, result for a
FLAG 2011, result for Q
FLAG 2013, result for Q
Kampf et al. 2011

Bijnens and Ghorbani 2007
Kambor et al. 1996

] |
0.04

[
“
I
——

|-+ - D001

21

I [ [ ! [ I
20 -0.04 -0.02 0 0.02

o}

All the data give consistent results. The preliminary outcome for Q is
intermediate between the lattice result and the one of Kastner and Neufeld.
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3.3 Qualitative results of our analysis

Plot of Q versus . :

bl L !
Preliminary

24

21—

I
N\ —m e I~

20 I [ [

Dalitz plot of KLOE =’z =
Dalitz plot of WASA x'x ="
Dalitz plot of MAMI 3x°

Z-distribution of MAMI 3x°
Fit to PDG result for o
PDG 2013, result for a
FLAG 2011, result for Q
FLAG 2013, result for Q
Kampf et al. 2011

Bijnens and Ghorbani 2007
Kambor et al. 1996

|-+ - D001

-0.04 -0.02

0

I ] |
0.02 0.04

NB: Isospin breaking
has not been accounted for

All our preliminary results give a negative value for o. In particular the result

using KLOE data for n— w* " nCis in perfect agreement with the PDG value!
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3.4 Comparison of results for Q

dispersive (Walker)
dispersive (Kambor et al.)
dispersive (Kampf et al.)
YPT O(p*)

XPT O(p°)

no Dashen violation

with Dashen violation

lattice (FLAG average)

dispersive, one loop

dispersive, fit to KLOE

Preliminary
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3.5 Comparison of results for O

xPT O(p*)
xPT O(p°)
Kambor et al.
Kampf et al.
NREFT

GAMS-2000 (1984)

Crystal Barrel@LEAR (1998)
Crystal BallaBNL (2001)
SND (2001)
WASA@CELSIUS (2007)
WASA@COSY (2008)
Crystal BallaMAMI-B (2009)
Crystal BallaMAMI-C (2009)
KLOE (2010)

PDG average

|
—e— :

dispersive, one loop

dispersive, fit to KLOE

Preliminary

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

(8
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3.6 Comparison with KKNZ

Amplitude along the line s=u
8 ' | ' |

— LOof yPT
25| — NLO of XPT

— KKNZ
ReM

1.5

o5 Adler zero

Adler zero not reproduced!
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3.7 Light quark masses

H. Leutwyler

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
i lattice %
o5 . — _—— o5
B \\\ >//|/ ]
- e —| | ® Weinberg1977
m, 20f ~_ T —* =27.5(4) FLAG 2013
e B ud
md . _— \T\\\\ —— Q=243
15[ ,/ intersection ﬁ\‘\\ 115
= | / \\ ]
- ) i
: n decay (preliminary) \ i
10 N 10
5F 15
ok 1o
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
m
_u
rnd

« Smaller values for Q =) smaller values for ms/md and mu/md than LO ChPT
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3.7 Light quark masses

Ne =241

N¢ =2

pheno.

FCAG2013

ms/mud

FLAG N, =2 +1 estimate

RBC/UKQCD 12
PACS-CS 12
Lvdw 11

BMW 10A
RBC/UKQCD 10A
Blum 10
PACS-CS 09
MILC 09A

MILC 09
PACS-CS 08
RBC/UKQCD 08
MILC 04, HPQCD/MILC/UKQCD 04

FLAG N, =2 estimate

ETM 10B

RBCO7

ETM 07
QCDSF/UKQCD 06

PDG 12
Oller 07
Narison 06
Kaiser 98
Leutwyler 96
Weinberg 77

22 24 26 28 30 32 34
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Emilie Passemar

3.7 Light quark masses

3|3

H. Leutwyler

23

—22

n decay + m_/m,, (preliminary)

FLAG 13

PDG 12

PDG 11

Kampf et al. 11

Bijnens & Ghorbani 07
Nelson, Fleming & Kilcup 03
Gao, Yan & Li 97

Kaiser 97

Leutwyler 96

Schechter et al. 93

Cline 89

Gasser & Leutwyler 82
Langacker & Pagels 1979
Weinberg 77

Gasser & Leutwyler 1975

MesonNet Meeting, September 29, 2014
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4. Conclusion and outlook




4.1 Conclusion

e 1n— 3n decays represent a very clean source of information on the quark
mass ratio Q

« Areliable extraction of Q requires having the strong rescattering effects in the
final state under control

* This is possible thanks to dispersion relations
) need to determine unknown subtraction constants

« This was done up to now relying exclusively on ChPT but precise
measurements have become available

> In the charged channel: KLOE and WASA
» In the neutral channel: MAMI-B, MAMI-C, WASA
» More results are expected: KLOE, CLAS, GlueX, JEF...

:> will allow to reduce the uncertainties in a significant way
seems to push the value for Q towards low results
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4.2 Outlook

* Analysis still in progress :
» Determination of the subtraction constants :
) combine ChPT and the data in the optimal way

» Take into account the e.m. corrections

implementation of the one loop e.m. corrections from
:> Ditsche, Kubis and Meissner’09 to be able to fit to the data
charged and neutral channel

» Matching to NNLO ChPT
:> Constraints from experiment: possible insights on C; values

» Careful estimate of all uncertainties

> |nelasticities

* Our preliminary results give a consistent picture between

> all experimental measurements: Dalitz plot measurements from both
charged and neutral channels

» theoretical requirements: e.g. Adler zero
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5. Back-up




3.4 Subtraction constants

« Matching to one loop ChPT : Taylor expand the dispersive M,
Subtraction constants <=) Taylor coefficients

M,(s)=a,+bs+c,;s* +ds +..
M (s)=a +bs+ cls2 + ...
M,(s)=a,+bs+ (:Zs2
» gauge freedom =) a,, b,, a,, a, tree level ChPT values

» fix the remaining ones with one-loop ChPT c,, b4, b,, c,
» matching to one loop : d,=c, =0 or fit : d, and c, from the data

* Problem : this identification assumes there is not significant contributions
from higher orders of the chiral expansion =) not well-justified for the s’

terms!

« Solution: Match the SU(2) x SU(2) expansion of the dispersive
representation with the one of the one loop representation /n progress

« Important : Adler zero should be reproduced! =) Can be used to constrain
the fit



1.2 Meson masses from ChPT

e m, < AQCD: masses treated as small perturbations
=) expansion in powers of m,

» Gell-Mann-Oakes-Renner relations:

(meson mass)? = (spontaneous ChSB) x (explicit ChSB)
w

A
(a4) ",
e From LO ChPT without e.m effects:
J\/IEFJr = (my + mgq) Bg + O(m?)

2 2
ﬁgﬁr = ((mu: ms)) 50:3((7712)) — (Mio = Bo(mu + md) )
= (m m m
K® ; /=0 M =B, (m,+m,)+A,,
MIZ(0 =B0(md+m )
» Electromagnetic effects: Dashen’s theorem 2
— \MF =B0(mu+ms)+Aem)

(Mfﬁ _MIZfﬂ)e,,, —(M;+ —M;O) = O(ezm) Dashen’69

em

2 unknowns B, and A
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1.2 Meson masses from ChPT

) Quark mass ratios Weinberg’77

mli

My

ms

mq

Emilie Passemar

LO

A 72 172 172
JMK+ —|_ JMK{] - JME-F .
A 12 112 1 72
JMKU - JMK+ —|_ JMR,+

MesonNet Meeting, September 29, 2014
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1.5 Quark mass ratios

« The same O(m) correction appears in both ratios
—) Take the double ratio

2 A D 2 2 2
m-—m M M: —-—M

Q2 = s — K K p [1+0(m2,e2):|
m;—m.| M’ (MIZ(O—M;) !

oCD

Very Interesting quantity to determine since Q? does not receive any
correction at NLO!

« Using Dashen’s theorem and inserting Weinberg LO values

op _ (M3 = M3, — M2, - M2)(MZ, + MR, — M2, — M)
D

4MZ,(MZ, — MZ, + M2, — M)

—) |0, =242
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1.5 Quark mass ratios

M*(M?*: - M?
5 "(A}Z ) o0

T

- Estimate of Q: |B,(m,—m,)=

» From corrections to the Dashen’ s theorem
=) B,(m,-m,)=(M..-M.)-(M:.-M})+0(c’m)
The corrections can be large due to e’?mg corrections, difficult to
estimate due to LECs

2

1 M2 M>-M
r— = M(s,t,u)

0> M} 3J3F?

> Fromn— nttnl: |A(s,t,u)=—

= [Ty = [t <0

* In the following, compute the normalized amplitude M(s,t,u) with the
best accuracy =) extraction of Q
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6. Prospects at JLab




6.1 Introduction

« Attempt to quantify roughly the uncertainties

Preliminary

Matching to ChPT

) Careful estimate of the uncertainties in progress

Emilie Passemar MesonNet Meeting, September 29, 2014
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6.1 Introduction

« Attempt to quantify roughly the uncertainties

Preliminary

JLab experiments can help to
reduce 2 sources of uncertainties

Matching to ChPT

) Careful estimate of the uncertainties in progress
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6.2 M— 2Y via Primakoff experiment

* N— 2yenters Fn_) - determination :

3 S. Lanz, PhD Thesis'11

1000 t+
= 5 — 370
077—)ﬂ+w_w0
800 , [ .
> T ¢ @
2. 600 Tt
- 7

EERRET R
200- %%%%%1 t¢¢ssggetr®

1970 1980 1990 2000 2010
Year

« Large fluctuations mainly due to the total decay width fixed via the process n— 2y
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6.2 M— 2Y via Primakoff experiment

o 2 different measurements:
» 2 photons production: e*e” — e*ey*y* —e*en

;

fl\/ PrimEx
» Primakoff production : Wo. 1

AZ

« 2 sets of measurements do not agree PDG'94:

> 2 photons production, average : I'(n—2y)=10.510£0.026 keV

> Primakoff measurement: T'(n—2y)=0.3241£0.046 keV ~ Browman'74

* Primakoff measurement excluded from PDG average in 2004, need to be
reamesured =) PrimEx at Jlab!

Emilie Passemar
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6.2 M— 2y via Primakoff experiment

o 2 different measurements:
» 2 photons production: e*e” — e*ey*y* —e*en

'JJJ\/ PrimEx
» Primakoff production : /{N\/\N\,o_ 1

AZ

« Uncertainty on Q generated by the decay width input:

T . =295+20eV = |Q~22+0.31

n—3

Overall expected uncertainty approximately +1.00

Possible improvement with new measurement?

Emilie Passemar MesonNet Meeting, September 29, 2014
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6.3 Measurement of 1 — 3T at Jlab eta factory

« Only one recent published result for the Dalitz plot parameters in the charged

channel by KLOE

‘Ac(s,t,u)‘z =N(1+aY+bY2 oV +dX T+

+ Y+ +

+IXT)

» Charge conjugation: =) symmetry X <> -X a
> h consistent with zero b
c
d

KLOE -1.090(-20)(+9)
Crystal Barrel ~ -1.10 (4)
Layter -1.08 (14)
Gormley -1.15(2)

-1.090 (5) (+ 8) (-19)
0.124 (6) (10)
0.002 (3) (1)

0.057 (6) (+7) (-16)

0124(12) 0057 (+9)-17)  |q -0.006 (7) (5) (-3)

) ; f 0.14 (1) (2)

i i P 0.73
0.16 (3)

* One new analysis by WASA underway, CLAS?

Emilie Passemar

MesonNet Meeting, September 29, 2014

Talk by Ambrosino, Hadron’11
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6.3 Measurement of 1 — 37 at Jlab eta factory

» More information in the charged compared to the neutral channel
—) neutral channel sum over isospin:

A(s,t,u) = A(s,t,u)+ A(t,u,s)+ A(u,s,t)

Only one Dalitz plot parameter determined o =) ‘An (s, t,u)‘2 — N(1+2aZ)

« Some possible inconsistencies between charged and neutral channel pointed
out:

1 1
Z(b+d——az) = a=(

1 Bijnens & Ghorbani’07
b+d— Zaz) +A

Schneider, Kubis, Ditche’11
« /A can be calculated using NREFT including trtrescattering effects

From KLOE Dalitz plot parameters =) |or =-0.059(7)

in disagreement with KLOE direct measurement and PDG average!

« Disagrement due to predicted b two times larger than the experimental

esult 030855, =0.124

NREFT KLOE
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6.3 Measurement of 1 — 3T at Jlab eta factory

« Matching wih CHPT and experiment: main source of uncertainty on Q!
Only statistical uncertainties — |0 ~22+0.50

=) Improvement on the measurement of the charged channel would help to
reduce the uncertainties on Q!

Can one do better at JLab?

« A dedicated experimental analysis using the dispersive approach to extract Q
will allow for the best determination, systematics could be taken into account

m=) use basis functions
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6.3 Measurement of 1 — 3T at Jlab eta factory

* On the neutral channel: several experimental measurements:

~0.015

@3

2
’An (satau)‘ = N[1+205Z+6[3Y(X2 e

Y
+2y7Z?
{Jrrz

2

: o xPT O(p“) [ Bijnens&Gasser 02 ] I
l } ® i xPT @(p®) [ Bijnens&Ghorbani ‘07 ] o
H | Kambor et al. [ Kambor et al. 96 ]
|-.-| | Kampf et al. [ Kampfetal "11]
e I NREFT [ Schneider et al. "11]
|
I ° } GAMS-2000 (1984) [ Alde et al. '84 |
I ® | | Crystal Barrel@LEAR (1998) [ Abele et al. '98 ]
e [ Crystal Ball@BNL (2001) [ Tippens et al. '01]
I o—1 i SND (2001) [ Achasov et al. '01 ]
—e— | WASA@CELSIUS (2007) [ Bashkanov et al. 07 |

—e— | WASA@COSY (2008) [ Adolph et al. '09 ]

I* I Crystal Ball@MAMI-B (2009) [ Unverzagt et al. ‘09 ]

lof : Crystal Ball@MAMI-C (2009) [ Prakhov et al. '09 ]

= I KLOE (2010) [ Ambrosino et al. 10 ]

| “ | PDG average [ PDG "10 ]
< i
o =-0.031710.0016

L | 1 | L | 3 ] 1 | L | 1 |
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

* Any sensitivity to higher order coefficients?

Emilie Passemar
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Comparison with original analysis

Q(rtr— 7% Q(37Y) r
Results from Walker 22.8 22.9 1.43
My reproduction 22.74 22.87 1.425
0/(S) +0.14 +0.13 —0.004
L3 +0.07 +0.11  +0.008
My +0.22 +0.21  +0.000
My, My, Fr, AF +0.02 +0.02 —0.001
[ —0.45 —0.62 —
My result 22.74 22.72 1.428
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M;

32

> ds’  sindg(s")Mo(s")

m

MO(S) — QO(S) {QO + _,BQS -+ ’7’082 —+ —/
4

M (s) = Q1(s) {*ﬂs+ = /400 ds'_sin1(S')Wh(s') }

T Jamz S |Q(8')[(S" — s —€)

2
Ma(s) = Qu(s) >

/N

/°° ds’  sindy(s")Mh(s')
4m2 §'2 |Q2,(8")|(s" — s — ie)

Emilie Passemar MesonNet Meeting, September 29, 2014

m2 $'2 |Qo(8)|(S" — s — i€)

}
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Comparison for Q

Q

dispersive (Walker) 22.8 £0.8

dispersive (Kambor etal.) 224 +0.9

[ Walker 98 ]

[ Kambor et al. '96 ]

dispersive (Kampf et al.) 23.3 £0.8 [ Kampf etal. 11 ]
YPT, O(p*) 20.1 [ Biinens&Ghorbani ‘07 |
\PT, O(p°) 22.9 [ Biinens& Ghorbani ‘07
no Dashen violation 24.3 [ Weinberg ‘77 ]
with Dashen violation 20.7 £1.2  [anantetal 04, KastneraNeuteld 08
lattice (FLAG average) 23.1 £1.5 [ Colangelo et al. “10 ]
dispersive, matching 22.74 1988

Emilie Passemar

MesonNet Meeting, September 29, 2014
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Comparison for X

«
YPT O(p?) 0.014 [10]
YPT O(p°) 0.013 & 0.032 23]
Kambor et al. —0.014 ... -0.007 [12]
Kampf et al. —0.044 £+ 0.004 [26
NREFT —0.024 £+ 0.005 28]
GAMS-2000 (1984) —0.022 £ 0.023 [13]
Crystal BarrelQLEAR (1998) —0.052 £+ 0.018 [14]
Crystal BallaBNL (2001) —0.031 £ 0.004 [15]
SND (2001) —0.010 £ 0.023 [16]
WASA@CELSIUS (2007) —0.026 £+ 0.015 [17]
WASAQCOSY (2008) —0.027 £+ 0.0095 |

Crystal BallaMAMI-B (2009)  —0.032 & 0.0028
Crystal BallaMAMI-C (2009)  —0.032 £ 0.0025
KLOE (2010) —0.0301 F5 0018

PDG average —0.0317 £ 0.0016
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1.6 Construction of an effective theory: ChPT

« Effective Field Theory approach: At a given enerqy scale
» Degrees of freedom
» Symmetries

:>Decoupling : Ex : To play pool you don’ t need to know the movement
of earth around the sun

« Chiral Perturbation Theory (ChPT)

‘ \

E

Low W, Z,7,9: q,6, ] :
Perturbative 7
— matching

% Lrowi 10, Gvi + Loep + Logp c

_ Non-perturbative

matching m
My -

M-

[

ECHPT n [\ ( N




Method: Representation of the amplitude

 Consider the s channel =) Partial wave expansion of M(s,t,u):

M(s,t,u)= f,(s)+ f,(s)cos8+...

« Elastic unitarity  Watson’s theorem
=) disc| £;(s) < £ (s) £, (s)

with ¢ (s) partial wave of elastic T scattering

« M(s,t,u) right-hand branch cut in the complex s-plane starting at the
7Tt threshold

« Left-hand cut present due to crossing

Same situation in the t- and u-channel

Emilie Passemar MesonNet Meeting, September 29, 2014
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Discontinuities of the M,(s)

¢ EX MG =3 (M )+ 25— 5, ) (M, )+ L (M) + S (s) (<M

1
where <z”M,>(s) = E"._lldz 2"M,(1(5,2)), z = cos @ scattering angle

Non trivial angular averages =) need to deform the integration
path to avoid crossing cuts Anisovich & Anselm’66
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Discontinuities of the M,(s)

¢ EX MG =3 (M )+ 25— 5, ) (M, )+ L (M) + S (s) (<M

1
where <z”M,>(s) = E"._lldz 2"M,(1(5,2)), z = cos @ scattering angle

Non trivial angular averages =) need to deform the integration
path to avoid crossing cuts Anisovich & Anselm’66

N
®
Y

73



3.7 Comparison of values of Q

20 22.5 25 27.5
| : i ; | ' T

Q n->n % © decays
—— Anisovitch & Leutwyler'96 | @ =22.3+0.9

Kambor, Wiesendanger —
—e—] & Wyler'95 0=221%09

Kaon mass splitting

no Dashen violation —
B \Weinberg'77 Q=242

Lattice =22.
O Ducan et al.’96 Q=228

ENJL model —
[ Bijnens & Prades’97 Q=22

VMD —
R Donoghue & Perez’97 Q=215

Sum rules _
Anant & Moussallam’04 0=20.7

Sum rules, update
| | T I Ifastner& eL?felld’08 0=20.7%£1.2

|
20 22.5 25 27.5
=) Fair agreement with the determination from meson masses
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Comparison with Q from meson mass splitting

_M, M, -M,
2 2 2
MM -M

. O° [1+ O(m:)] is only valid for e=0

* Including the electromagnetic corrections, one has

(M2 + M3, — M2, + M2)(MZ, + M3, — M2, — M2,)
4M2,(MZo — Mg + M2, — M%)

QP

=) Q,=24.2

« Corrections to the Dashen’ s theorem
=) The corrections can be large due to e?m, corrections:

(M. -M%) —(M2-M2) =My (4 +4,+4,)+0(e'M})

Urech’98,
Ananthanarayan & Moussallam’04
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3.6 Corrections to Dashen’ s theorem

« Dashen’ s Theorem

(M; -M?, )em - (M; - M, )em = |(M,.-M,) =13MeV

» With higher order corrections

Lattice :  (M,.-M,.) =19MeV,Q0=228  Ducanetal’96

em

°

ENJL model\M - -M . )em =2.3 MeV, 0 =22 Bijnens & Prades’97

e VMD: (MK+ -M )em =2.6 MeV, 0 =21.5 Donoghue & Perez’97
(M -M 0) =3.2 MeV, 0 =20.7 Anant & Moussallam’04
« Sum Rules: * * K"/ em

Update ==) Q@ =20.7x1.2 Kastner & Neufeld’07
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4.2 Method: Representation of the amplitude

« Decomposition of the amplitude as a function of isospin states

M(s,t,u)=Mo(s)+(s—u)Ml(t)+(s—t)Ml(u)+Mz(t)+M2(u)—§M2(s)

Fuchs, Sazdjian & Stern’93
Anisovich & Leutwyler’96

> M , isospin [ rescattering in two particles

> Amplitude in terms of S and P waves =) exact up to NNLO (O(p®))
» Main two body rescattering corrections inside M,

* Functions of only one variable with only right-hand cut of the partial

wave ) disc[M I(s)]E disc[ f! (s)]

« Elastic unitarity Watson’s theorem

disc[ f(s) ] o<1, (5) £}/ (5)

with £, (S) partial wave of elastic 7t
scattering
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4.2 Method: Representation of the amplitude

* Knowing the discontinuity of M ,=) write a dispersion relation for it

« Cauchy Theorem and Schwarz reflection

principle
= |M, == | disc M, (D],
T ooz s'—s—i&

Im(z)

M, can be reconstructed everywhere
from the knowledge of disc[ M, (s)]

- If M, doesn’t converge fast enought for|s| = e =) subtract the
dispersion relation

M, (s)= 1)11—1(S)+S_

n

T

f

aM}

ds' disc[M, (s ')]

s (s'— s — ie)

Emilie Passemar

P..1(s) polynomial
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4.3 Hat functions

Discontinuity of M ,: by definition disc[M I(s)]E disc[ fl’ (s):l
=) | £ ()= M, (s)+ M, (s)

with M ,(s) real on the right-hand cut
« The left-hand cut is contained in M,(s)
» Determination of MI(S):
subtract M, from the partial wave projection of M(s,t,u)

M(s,t,u)=M,(s)+ (s— u)Ml(t)+

. MI(S) singularities in the t and u channels, depend on the other M,
Angular averages of the other functions =) Coupled equations
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4.3 Hat functions

BB, (5)= S (M) + 2(5—5,) (M,)+ 2 (M, )+ S ) (oM,

n 1 1 n
where <z M,>(s)=5.[_ldz z"M, (1(s,2));
z =cos @ scattering angle

Non trivial angular averages =) need to deform the integration
path to avoid crossing cuts Anisovich & Anselm’66
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4.4 Dispersion Relations for the M, (s)

 Elastic Unitarity [1=1for I =1, 1 =0 otherwise]
— disc[M I:|= disc[ 1! (s)] = H(S —4M ;)I:M ()+M ,(s):l sin &, (s)e” %
N
\ .
511 phase of the partial wave fll(s) ntrt phase shift

=) Watson theorem: elastic nr scattering phase shifts

« Solution: Inhommogeneous Omnes problem

S ! o 0/ Ay '
Mo(s)=Qo(s) a0+ﬂos+yosz+s jds SanO(S)MO(S)

1 T o s" |Q0(s')|(s'—s—i8)
Omnés function 0 (5)= s ]-; ” 511(3')
Similarly for M, and M, 3= P T > s'(s'-s—ig)
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4.4 Dispersion Relations for the M, (s)

S ! o 0/ Ay '
o | M (s)=Q,(s) a0+ﬂos+7/0s2+s j df:s Sln5¢: L& ),MO(S.)
f T oS |Qo(s )|(s —s—le‘)

/
Omnes function

Similarly for M, and M,

« Four subtraction constants to be determined: «, By, Yo @and one more in

M. (B+)

* Inputs needed for these and forthe 1t phase shifts 511
— M,: Tt scattering, =0, 1=0
— M,: Tt scattering, £=1, I=1
— M, Tt scattering, =0, 1=2

» Solve dispersion relations numerically by an iterative procedure
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5.4 Comparison with KKINNZ

Adler zero not reproduced!

Physical region

Zero at LO of yPT

Zero at NLO of yPT

Zero at NNLO of yPT

Zero of the KKNZ-amplitude
Adler zeros
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