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Introduction & Motivation

ﬂ & ﬂ' |deal for studying {Symmet”es

Symmetry breaking in QCD
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[  Early calculation —~few times less than exp. data

Quark masses

The Chiral Anomaly

Chiral invariant EFT
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* Rescattering effects?
* Intermediate resonances effects? (a,f,,0)

} E.M. Form Factors

[ Test EFT }
Sy

%(T}’ 5 7771_071_0) _ 207 :E 12% 20.000 events

[‘B(”n’ opmtr) = 44.6 + 1.4%} S
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From(')—;rge'Nc My —nrr =(Cqq /%nqnqn:n H Csq v, T]qﬂm H Css Wnn,nn
allowed-suppressed b\ dynamics
components \_ /
4 == _ _ 1 - )
o = 3P cos (6, — ) [F2sin(24,) - FZsin(26,) + 2v2F,F, cos(4, + 6) ] F =11F,
1 g £ s O . . ] F, =1.3F,
o = ST oo (0= 8) [V2F?sin(24) + V2] sin(26,) + FiFcos(6,+ 6,) | < F, =92.2MeV
18 8 1
F2 _ _ - 6, =-5°
C.= 2F2sin(26)) — F.2sin(26,) — 2+/2F,F, cos(8, + 6 '
3F12F82CO32(6,8_91)[ *sin(26)) - F{ sin(26,) - 2+2F,F, cos(6, + 6,) | L g,-200
Defining the s=(p. +p, ) =(p,=p)" t=(p.+p) =(p,—P,.)

Amplitude s+t+u=m.+m ' +2m. u=(p,+p,)=(p,—p, )
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Bijnens ‘06

1 | m?
j\/l'f}’%--f)-fr'?r — Cgq X 2| 9
\_ %
n —nrta | nf — nr'n?

Exp
(PDG09)
ChPTQLO

(Bijnens '06)

44.6 + 1.4%

0.9%

20.7 £ 1.2%

0.5%




1 |m2 2Lsm? % & . oo B
My sprtr- = € _— f!f;,+fraa+2f:f; o

9 2

24Lgms  2Aym?

HBLpt-Ladf o . :
(3L2 3) (_»,v—’ Lt pogy = (mfj; + mf} - ‘2::2;)) + I + ) ] T Csq X

NLO

V2Aym?

3F?
/




_ 1 [m2 2Lsm2 5 8 ey
Moy s = Cqq X ol m, +m, +2m; |+
ASLg+Ls)f 4. & . 5 p ; : 24Lgmi  2Aym?2 V2Aym?
- s+t +u —(my+m,+2m;) ) + 72 3 Csq X BV

4 i Suppressed

m2  2L:=m? : ; :
v-'\/qu sprtn— — Cgq X ﬁ 2" = Z;Z - (m,_i, —i—-mf, = 2rrs.§> +
2(3Ly + L- . ; : _ 24Lgm?2  2Aom? 2Aom?
-+ % (52 Lt (mft, + m.',]j e = Qm';)) -+ ;_:”” + g”'] + Cyq X %

\_

[Suppressed @ NLO] [/// Ne—Natn— = 0]




Results

3Ly + L3 =1.1x10"3

n'—snr

s ] Ls=21x10"3 > [ BR

Ls=0.8x 1073

_ 66.87% J
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Results

:_))L‘_Z + [;3 — ]] X 10_3

o] Ls=21x10" "= BR = 66.87%

| B | n'—snr
Lg=10.8 % 1073

Using Ay =0.3

3Ly + L3 «— dominance
+

3Ly + L3y & L; «— interference

|=%fn’—>nmr|2




Results

3Ly + Ly =1.1x10"3

o] Le=21x107 =N [ BR =066.87/%

_ _ n'—snr
Ls=0.8x 1073

Using Az =0.3

3Ly + L3 «— dominance
+
3Ly + L3y & L; «— interference

|=%fn’—>nmr|2

[ only 3L2+L;—> BR :5295% }

n'—nr r”

[Isospin limit assumed}

I

[%(n’ —nntn )= 2B(n'— T]JTOJTU)}

[ wo 3L,+L;— BR .  =1.20%

n—onr rw




Large-N. ChPT
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Dalitz plot

\/ Using
. u—(my s —my)? t—(myr—my)? s—(mpr—mp)?
‘(EL(T] Tz) T]:Llii:”; TZ:WT‘?: 2::;”: -
3 (T)
(T) = 3(Ti + T+ T3) =3(2mz + my — my)
C_ 3 myg ) (T) Y.
1 0

IM|* = |N|*(1 + ay + by? —I—/c{c + dx?)|[ Poc

c=0, if Charge Parity conservation holds
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m? (I;J'r)(Gc\/2

Large-N. ChPT
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m?(my72)(GeV?)

Dalitz plot _
Using

u—[mr]z—mﬁ}3 T2 N f—(m,rx—m,v;)' T s (m”
zmrr’ 3= 2!.’?”:

2
r=niy )

Iy =

| y
\M\Z = |N|2(1 + ay + by? + dx2) PDG

/—/\

a=-0.281 d =—-0.083

Same order

[ however b — —10 '10_31 <Sub|eading parameters




Dalitz plot parameters

= —0.127(16)(8)

Ay
d = -0.082(17)(8)
b,,

IM? = NP +ay+ by® + da?) VES (‘07)
=—o 106(28)(14)
IM|? = |NI*[1 + (ay + dz?) + (by* + ko1yz? + Kaox?)
a=-0.281||d =-0.083 —_10.1073 %, =11.6-10"| |k, =1.7-10"
o mer - ~(my - )
— o 1 —12) = l,’ ) > = ! [71” ,” sy my)
Relations ald=3.4 Y=A (T =" " ’ T !
(mp) Ka0/ K21 = 0.15 (T) = YT+ B+ T3) =1 @mz +my —my)
b/a>0 E% +%) (TT) — 1
/




Monte Carlo Simulation
VES,PLB651 (‘07) J Preliminary

[ ~20.000 events

/ with Large-N_ ChPT \
IM|? = |N]*(1 + ay + by® + dz?)

N

— 1.05+£005 -31+28 1.32+0.20

M[* = IN*[1 + (ay + dz?) +
" ¥ .
S, 1194007 0.94+0.60

C;
+ (by? + K21yx® + Kaox™)]
| b




Monte Carlo Simulation

Preliminary

" Future plans (2010?):\
* Crystal Ball at MAMI-C

VES,PLB651 (‘07)
~20.000 events

/ with Large-N_ ChPT \
M2 = [NP(1+ ay + by + da?)

N

ﬁ 1.05+0.056 —-31+28 1.32+0.20
Ci
M| = [N+ (ay + dz®) +
’ ¥ N

- 5 1.19£0.07 0.94 +0.60

C.

+ (by® + K21yT” + Ka07”)]

| -

* Crystal Barrel at ELSA
* KLOEZ at DAPHNE

* WASA a
|10 events>
/|/\/l2 |N| (1—|—ay—|—by2—|—daﬁ2)\

3.8+4.3 0.97+0.03

K 0984001
Ci
M[* = IN*[1 + (ay + dz?) +
k. ¥ N
S, 0971001 12+0.1
C.

+ (by* + koryx? + Kaox?)]

[

~0.83+0.74 l
\\ 2.9%38 10.2 i3.7/




Partial Conclusion

ﬁR@NLO better BR@LO (68% vs 0.9%) \
* BR still disagrees: 68% vs 44% (and 34% vs 21%)
 Dalitz parameters not correctly predicted:
*a=-0.28 vs a,,,=-0.12 ‘
*d=-0.08 vs d,,,=-0.08 S
*b=-1.0 10 vs b, ,=-0.106
« However:
e new parametrization including
K, X2y & K,oX4
« and relations among the parameters
*Need to include NNLO:
* local contribution O(p®) What is more

 Final state interactions Important? /
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Ly

F?
s 1
= —4 (uu,u‘ +X+>
Goldstone-Resonance

Includes vectors and scalars. Wle will see
that in the particular channel 17 — N7zx
only scalars contribute.

interaction
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J/\/l”!—>”ﬂ—"‘ﬂ-_ — qu X - + 4Cdcm m

F2 |l 2 7
m “ F~ M
1 [ea(t— m% —m2) + 26,2”:%?2& ca(t— m%; —m2) + 2cmmi]
TR M, —t
1 |calu— m% —my) +2cpmy] [ca(u— m%; — m) + 2¢,my]
- F? M§0 —u
i 1 [(_:(;(s —~ mﬁ — -'rrzi,.) i 2(3;‘)”?7"1;;')7} [c:{;(s — 2?7‘&5) s 2(5”,m§]




Chiral expansion at low energies

- = Cgq X {

m',i
2?2
2
("d

F*M3

]2(311 =d] 2 cqcm

)2 g
m, — —— 7 m + m v -+ 2m?2
eV F*M3 w 2

(8% + 2 +u® — (m + m / =+ 2m, H}

~

)




Chiral expansion at low energies

4 ™

Mo smrta= = Cqq X {

\

SLQ k- L;_; — Cdz/QMgf Lr-) — Cde/Mgf

2 . i
= c,, /QMS [Subleadlng 1/Nc}
N =N,=0

Ls




/ I
-'\/[r;"—nﬁr T~ = Cqq X 5 [
Fﬂ:
2 2
1 ([ca(t)—my —my) +2c,m
72
2 2 2
| [Cd _mq _mir)+ Cpm
+ 2
F
N ..
1 (|ca(§ — My — -mﬁ,;) +
i :

[ Suppressed at this order } ['///nanm = Mnnnn = OJ




Results

\ Since the dominance

2
Mot - —e % 1| mz deqey, m ,
o R TR M M'T]’_“”f]ﬂ‘{‘ﬂ'_ ~ (‘j
N 1 [calt — m?} —m2) + 2c'ﬁ;mi} [calt — mi, —m2) + 2(:,,,mi}
F? MZ 1 l
N L [C(;[u — m}z] - mi) + Zc'ﬁjmi} [r_};(u — m??f - mi) + 2r_‘mmi} 9 4
F? Mi}—u \Mn’_e.rnﬂ--l-ﬂ-— ‘ ot Cd
1 [r‘,;(.s' — mi - mﬁ;) + 2('?1,;:3??] [(};(H — 2'nr§) + Q('mmﬂ
T =5

_U‘:;)__J,-” — 5 ]/




Results

\ Since the dominance

9
Mot - —e % 1| Mz deqey, m ‘
1 [ealt— m?} —m2) + 2c'ﬁ;mi} [calt — mi, —m%) + 2(,’,,fn1i}
F? MZ 1 l
1 [c(;(u = m}zl —m2) + 2('}%}”??{} [r_};(u - m??f —m2) + 2r_‘mmi} 9 4
F? M2 —u ‘M?’]’—W]’;’T—"ﬂ'_ ‘ S Cd
1 [r‘,;(.s' — mi - mﬁ,) + 2f'irmi] [(};(H — 2'.‘?!§) 4 Q('mmﬂ

F? M2, —s ]/

Jamin, Oller, Pich ‘02\

/cm =F?*/4c,

M, =980MeV
Br(n'—>nz'z7) =(44.6+£1.4)%
k VES ‘07 /

ca=(28.9+0.2) MeV| <um
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Dalitz plot: new parametrization

ca = (28.94+0.2) MeV

-+

IM|? = |N]?[1 + (ay + dz?) + (by? + Ko1yx?® + Kaoz?)]

N

a = —0.1166(6) | |d =—0.0539(4)

Qegp = —0.127(16)(8)  d,,, =—0.082(17)(8)

VES'07

[Good prediction within the errors}
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m*(nr)(GeV~*

0.16

014 [

0.10

0.08

0.50

Dalitz plot: new parametrization

ca = (28.94+0.2) MeV

-+

IM|? = |N]?[1 + (ay + dz?) + (by? + Ko1yx?® + Kaoz?)]

i

b = 0.666(5) - 1073

0.55 0.60 0.65

mz(zr | Hz)(GGVz)

be:;cp — _0106(28) (14)

VES'07

K91 — —5, 71(3) : ].0_d
Kao = —1, 207(4) 1073

[ Need for new fit }




Monte Carlo Simulation
VES,PLB651 (‘07) J Preliminary

[ ~20.000 events

/ with Large-N, RChT \
IMJ? = |N|*(1 + ay + by* + dz?)

— 071£0.17 -107+53 1.47+0.43

M2 = IN]*[1 4 (ay + dz?) +
" ¥ .
S, 0.72+0.26 0.2+1.7

C;
+ (by? + Ko1yx? + Kgoz?)]
| |

-1+15
\ -110+58 45i55/




Monte Carlo Simulation

Preliminary

" Future plans (2010?):\
* Crystal Ball at MAMI-C

VES,PLB651 (‘07)
~20.000 events

/ with Large-N, RChT \
IMJ? = |N|*(1 + ay + by* + dz?)

W N

~ 071£017 -107+53 147+043
|/\/l|2 — |N|2[1 + (ay + d:c2) +
k e a

s 0.72+0.26 0.2+1.7

C.

+ (by? + Ko1yx? + Kgoz?)]

| !

-1+15
\ -110+58 45i55/

* Crystal Barrel at ELSA
« KLOEZ2 at DAPHNE

* WASA a
| Ca0r evenis
/|/\/l2 |N| (1—|—ay—|—by2—|—daﬁ2)\

K;
C_ 1.01+0.01

-1.6+4.3 1.08+£0.04

IM* = IN]*[1+ (ay + da?) +
‘ ¥ N
S, 1004002  1.02£0.12

C.

+ (by* + koryx?® + Kaoz?)]

| !

1.7+1.2
\\ 0.3+4.4 0_4i4_0/




Summary of predictions

ca = (28.94+0.2) MeV

IM|? = |NP*[1 + (ay + dz*) + (by® + k21yz® + Kaoz™)]

o = —0.1166(6) 2 =-012708)®)

d = _0.0530(4) d,,, =-0.082(17)(8)

) - 610" by, = —0.106(28)(14)
=0.666(5)-10~

ko1 = —5,71(3) - 107?

ka0 = —1,207(4) - 1072

VES'07

ald=22
f{-40/ﬁ?21 = 0.21
b/a < 0




Summary of predictions

Cqg = (289 + 02) MeV | + | M2 = |N|?[1 + (ay + dz?) + (by? + koryz? + Kaoz?)]

S ot ) a=-0.1166(6) | 2« =-0-127(16)®)
1 [(.d{,_m?} _mi)+2cimi] [("“’('F_”T::r—mi}_i_FZ"f”’i; d = —00539(4) Sexp - (?f(?g((;_;;gfi)
e M b=0.666(5)-10° "
]_ [(:'“r{u— my —my) +2c;}m;] [(Z‘[g(!:‘ —my — my) + Zc-mm;l_] ——
S s . | Ky =—5.71(3)-10°°
1 |cq(s — mj — mi,) + 2"'ii*’”i_ ca(s — 2m2) + ‘_)r-,,rm:“i._
F M s b Ky =—1.207(4)-107
2
l Moyt | ald =22
%40/%21 = 0.21
b/a < 0




Corrections

~

] m2 . 4 — _
,.\/fj. st =€ K —s SELE deqem my 2 2 2 1
=y 1 X g2 5 + = E% MG—S—CgsBO(S,mﬂ,mﬂ)
N L [cd(f — mﬁ — mi) + 2cﬁ,mi] [cd(f — mi, - mi) + 2c,,,mi]
F? M, —1 " 2 2 1 p(s)+1
1 [ca(u—m? —m2) +2¢2m2) [ca(u—mb, —m2) + 2c,m? Bo(8:Me M) = 15,22 2P (s)-1
L1 Ca(u—my —my) + cmmy| [ca(u My —my) + Cmimy ] P
F? Mi, —u
+ L [C (Y_m.? _H?E J+2£’2 mz] [C‘ (S'—25ﬁ2J+2C -‘}?2] % COSEQDS_-_ Sinz@).? | - | 2 - >
2 Lcals =y =y ) 4 2] leals =2m) - 2emma] X\ Ga o p | (M PR -0 12)? = (0.445 105551 2)

\_

cq = (28.940.2) MeV a=-0.1166(6) a=-01154 a,,, =—0.127(16)(8)
1 d =-0.0539(4) d =—-0.0676 d,, =—0.082(17)(8)
— . -3 — —
b=0666(5)10° EEEE| b- 00160 b, =—0.106(28)(14)
¢y = (291 2)MeV K, =-5.71(3)-10 K, =—7.40-10"
K, =—1.207(4)-10°° K, =-1.278-10"°




Conclusions

/Large-NC ChPT:

*BR@NLO--correct order of magnitude
*Need NNLO contributions
*New parametrization for the Dalitz plot

sLarge-N, RChT:

A

Prediction for cg, c,

*Better BR

*Good Dalitz parameters predictions
eIndication of small 1r1r rescattering

v
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