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Introduction: framework and motivation

Chiral Perturbation Theory

Gasser and Leutwyler, Nucl. Phys. B 250, 465 (1985)

@ Low-energy EFT of QCD for light mesons i.e. 70, K*, K% K ng
SCSB

associated to SU(3), ® SU(3)r — SU(3)y exhibited by QCD
@ Perturbative expansion in terms of p*> and my: L= Lo+ L+ ...
F2 F2 %ﬂerﬁns ) nt . K;
= I(U;/LL“) + T<X+>7 d) = ( 77: 7%“%;%% I; ) ;
K K —%7]8

/3
u =e"F , x=2BM, xi=uTquiuXTu, uu=iuTD“UuT,

Ly = Ly{u,u”)? + Lo{uyu® Y (ubuy ) + Ly(ugufu,u’) + ...
A n1 not included due to the axial anomaly

. 2 .
A Valid ﬁ_g < 1: polynomial cannot reproduce resonance poles

2

Vv q2<< My A G\?/'
ﬁ —SocLipg

Gy Gy My
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Introduction: framework and motivation

Large-NC U(3) ChPT Kaiser and Leutwyler, EPJC 17, 623 (2000)
@ Axial Anomaly is absent; ; as the ninth Goldstone boson

@ Degrees of freedom: 79, K* K° K° and the n and »’

S=+1

n) _[cos® —sinf) [ns s=0
n']  \sinf cosf | \m

\S=-1

Q=1 Q=0 Q=+1

@ Simultaneous triple expansion in terms of 6 ~ p? ~ m, ~ 1/N¢

2 2 2
0 F a F
L5 = —(uut) + —(x4) + —m3In® detu,
g 4 3 1
J5TB+ e T s ot K*
b = " *%ﬂ'3+%ns+%m K° .
K~ K0 _%718*'%771

M
/\ 1 heavier than some resonances & > 1
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Introduction: framework and motivation

Resonance Chiral Theory

Ecker, Gasser, Pich and de Rafael, Nucl. Phys. B 321, 311 (1989)

@ Resonance as explicit degrees of freedom

59 S
£RxT =L + ﬁg + ﬁkin

Ls = cq(Sguyu') + ¢ (Ssx+) + caS1{uuu) + 81 (x+) ,

%ag + %08 ag Kt
Sg = ag —%ag + %08 x? , Si1=01
K- 70 —%O’g
6
Ls= 2;; (S5(8,®)(8"®)) +4Byc,,[(SsM) — 4f2 (SS(<I>2M + MD? + 20 MD))]
S (0,9)(0°9)) +4Baci, S M) - 155 ((6°M + M2 +20M8))]
Resonances spoils power counting, no systematic EFT but a
model based on the Large-N¢ limit as a guideline
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16 october 2017 5/28



Introduction: framework and motivation

Recent experimental activity on 7 and ' physics

@ Phenomenology of  and " among their main objectives

2 | Ch BESI )

n—>eeym | n—>ete vy n —>ete Ty m ") > 7w o
n-m'yye | n-ontrTy e n' = 70y
n - nrl7%m | n>efeete @ | N - wete g

noatrete @ | n > 4dnm
n' = 3 (8
n —>natrete

@ Experimental precision for -n’ observables is increasing

@ Better theoretical predictions are demanded

@ To have a better and more complete knowledge of QCD at
low-energies

[1]Adlarson et.al. Phys.Rev. C 94 6 065206 (2016) ;[2] Nefknes et.al. Phys.Rev. C 90 2 025206 (2014)
[3] Adlarson et.al. Phys.Rev. C 94 6 065206 (2016) ;[4] Ablikim et.al. Phys.Rev. D 92 1 012001 (2015)
[5] Ablikim et.al. ArXiv: 1612.05721 ;[6] Ablikim et.al. Phys.Rev. D 92 5 051101 (2015)

[7] Ablikim et.al. Phys.Rev.Lett. 112 251801 (2014) ;[8] Ablikim et.al. Phys.Rev.Lett. 118 1 012001 (2017)
[9] Ablikim et.al. Phys.Rev. D 87 9 092011 (2013) ; [10] Aaji et.al. Phys.Lett. B 764 233 (2017)
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Introduction: framework and motivation

Motivation for ' — nrr

@ Main decay channel of the n": BR(n' — nm%7%) = 22.3(8)%,
BR(n' » nrtn™) =42.9(7)% PDG [2017]

@ Cannot be described within SU(3) ChPT

@ Advantageous laboratory to test any of its extensions Large-N¢
U(3) ChPT and Resonance Chiral Theory

@ G-parity conservation prevents vectors to contribute: analysis of
the properties of scalar resonances i.e. o, f,(980), a(980)

@ Study of the -n’ mixing
@ Access 7 scattering and phase-shift

@ New data very recently released the A2 and BESIII collaborations
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Introduction: framework and motivation

Kinematics and Dalitz plot variables

2
= (pn’ _pn)

Qt= (pn/ —p7r+)2

@ u= (pn’ _pfr‘)Q
2
n
= only two independent variables,

@ s+t+u=md +m;+2m:

e.g. sand t —u o< cosfy

° X:\g(u—t)

2
o Y = Mat2mx (my—my)"=s 1
My 2myig

@ Q) =my —my—2mg,

1
P

I
0
X
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Introduction: framework and motivation

Dalitz plot parameters: current state-of-the-art

@ Dalitz plot to compare experiment and theory

IM(X,Y)P = INP(l+aY +bY?+eX +dX?+...

@ a,b,c,d are the Dalitz plot parameters
n — nron° alY] b[Y?] c[X] [X7]
GAMS-47 —0.067(16)(4) -0.064(29)(5) =0 ~0.067(20)(3)
GAMS-4r ~0.066(16)(4) —0.063(28)(4)  —0.107(96)(3) 0.018(78)(6)
A2 -0.074(8)(6)  -0.063(14)(5) — -0.050(9)(5)
BESIII ~0.087(9)(6)  —0.073(14)(5) 0 ~0.074(9)(4)
Borasoy et.al.’05 -0.127(9) —-0.049(36) 0 0.011(21)
Fariborz et.al.’ 14 —0.024 0.0001 0 -0.029
n —>nrta” alY] b[Y?] c[X] [X7]
VES -0.127(16)(8)  -0.106(28)(14) 0.015(11)(14) —0.082(17)(8)
BESIII ~0.047(11)(3)  —0.069(19)(9)  0.019(11)(3) -0.073(12)(3)
BESIII -0.056(4)(3)  —0.049(6)(6) 2.7(2.4)(1.8) - 1078 -0.063(4)(4)

Borasoy et.al.’05 -0.116(11) -0.042(34) 0 0.010(19)

Escribano et.al.’10  —0.098(48) ~0.050(1) 0 ~0.092(8)

Escribano et.al.’10  —0.098(48) —-0.033(1) 0 -0.072(1)
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n' - nrr: Leading order
@ ChPT Lagrangian at O(p?)

o F? F? F?2

Lo = 1 — (uyut') + T(XJ,) + ?m% In? det
° Expanding in powers of <I>
£ = (8 DO D) + ((<I>(8 Q) - (0,2)P) (2(0"P) - (0"P)D))
P° tributi
+B0 {—(M(I)2>+(1/6f2)<./\/lq)4)}+0(f4) no contrioution
n
e o= M%O_,mm = é\l{é (2\/5003 260 — sin 29)
BR(n —nr*n") [ BR(y' - nm’n")
Leading Order 1.1% 0.6%
PDG 2016 42.9(7) 22.3(8)%

@ Reason for this difference: amplitude is chirally suppressed (vanishes when M2 — 0)
@ Higher order effects? e Resonances exchanges (ao, fo,0) 7w, 77 final state interactions
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Structure of the decay amplitude

Scalar Resonance and loop contributions

n

ay

M mixing LO + dcgemmt 1 [calt- m% -m2) +2cm 2 mZ][cq(t - mf], —m2) +2¢,2m2]
F? F2MZ  F? M2, —t
—m2 —m?2 L 2,2 2 2 2. 2 cq: dominant
Stou)s 1 [ca(s mo myp) +2cm?mz |[ca(s —ms —m3) + 2cm *mi ] o cuppressed

FT% M37f0 -S (< my)

K, m,w

T, Kn,n 1

s-channel t,u-channels
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Structure of the decay amplitude

Fits to experimental data A2 Gol. 170904230

L
T2 14

B L [ L
b 02 04 06 08 1

@ We relate the experimental Dalitz plot data with the differential
decay distribution from theory through

dQNevents _ dF(U’ - 777TO7T0) Nevents AXAY 5

dXdy dXdYy Ly B(n - nrln0)
@ Nevents = 463066 (analysis ) and 473044 (analysis Il)
@ AX =AY =0.10
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Structure of the decay amplitude

Fits to experimental data
M.S'l = Mﬂ() and Ed,m = Cd,m/\/§ with Cd =Cm

o Fi'[1:MS:MSS

: . — _ _ 2 _
Fit parameters: Mg =972(6)MeV, cq=cm =29.9(4)MeV, x§os=1.22
Dalitz parameters: a=-0.095, b=0.005, d=-0.037.
12 12,
= A2 data (analysis | )
o A2 data (analysis Il )
1.1F — This work: ChPT at one-loop+resonances 11
> x
5 3
L5 10 I LB 10
S|s S|
s [=, 09 s |= 09
= py = A2 data (analysis )
0.8 0.8 « A2data(analysis Il )
— This work: ChPT at one-loop+resonances
%75 —05 00 05 10
Y
12,
% 1
§ 53
T < IE
= S|2
AR @ 2
== s 1=
= = A2 data (analysis | ) : = A2 data (analysis | )
0.8] « A2 data (analysis Il ) 0.8f « A2data (analysis Il )
— This work: ChPT at one—loop+resonances — This work: ChPT at one-loop+resonances
o7 0.28 0.30 0.32 034 0.36 0.38 0.40 o7 0.70 0.72 0.74 0.76 0.78 0.80 0.82
M0 (GeV) My, (GeV)
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Structure of the decay amplitude

Fits to experimental data
@ Fit2: Mg = Mg, = Mg, = May and éq,m = cq,m/V/3 With ¢4 # cm

Fit parameters: Mg =953MeV, c¢q4=27.5MeV, cp =52.9MeV, Xcziof =1.23
Dalitz parameters: a=-0.093, b=0.004, d=-0.039.

@ Fit3: Mg = Mg, = Mg, = May and &g, = cq,m/V/3 taking c,, from degem = 2

Fit parameters: Mg =989(6) MeV, ¢4 =32.5(4)MeV, Xﬁof =1.23
Dalitz parameters: a=-0.098, b=0.005, d=-0.033.

@ Fit4: Mg, = Moy = Mg, while letting Mg, to float and imposing the constraint cg = ¢,

Fit parameters: Mg =978(27) MeV , Mg, =1017(128) MeV ,cq,m = 31.0(2.3)MeV
Dalitz parameters: a=-0.091, b=0.003, d=-0.042.

@ We also have tried a fit letting all couplings to float i.e. ¢y, ¢m,, cq and &4, but in this case
the fit becomes unstable since there are too many parameters to fit.

@ In summary, the associated Dalitz plots remains quite stable independently of the allowed
parameters to fit
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Structure of the decay amplitude

Hierarchy of the contributions

0. — LO+resonances+loops 0.0007] —— Reésonance exchange contribiition
00005t = LO+resonances . - Z;]Cljca:::rl‘e‘ _ - -~
: e - ~ 0.0006 t+u-channels N
., 00004 L, 00005 p \
HE %| & 00004
1 % 0.0003, I £ /
iy £ 0.0003 /
00002 00002t/
0.0001| 00001 [

[ I

038 040 042

o 25.26 028 030 032 034 036 038 040 042

Mo 0 (GEV) Mo 0 (GeV)
o — Loop contribution 2.%x 1078 — s—channel loops
8.3 1071 —— s-channel — s—channel loops (7 contribution)
« t(u)-channel
Lot channels 15x108 t(w)-channels loops
o 6.x 1079 o t(w-channel loops (KK contribution) _ ==~ _
3 3 -
| %
1lg 7
=5 4.x109 &
=
2.x1079)
(?26 028 030 032 034 036 038 040 042 &26 028 030 032 034 036 038 040 042
Mo 0 (GeV) Mo 0 (GeV)
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Unitarity

@ Unitarity relation

1
ImMn Y e Z (277) 6 (pn +p1tp2— pn) nanﬂ'ﬂMn'—’n

WS e

@ Restrict to 2-particle rescattering

Im./\/ln Hmm(s t,u) =

dg} dg?
D % [ g g 0 e 21 =22 T (50 M5, 05,6)

1 dqa dqb 4 " i
+2(27r)2 azz:;f 240 2 0 6" (qa + ay = P1 =) Ty sy (£ 01)* /\/177 o (5,01, B

dq3 dg?
Z f fo e 4((]11 +qc —p2 _pﬂ),tchHTr’I(u7 9’ ) M’{I *‘”"C(u7ez7 ¢Z)

2(27f)2 249 292
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Unitarity

@ Partial waves decompostion (A =T, M)

Al(s,cos0) = >32m(2J + 1) Py (cos 0)a’’(s),
J

@ Integrating over the momentum and then using the relation

[ dY' Py(cos ') Pji(cosf") = 5JJ/PJ(COSQ)

@ Two-particle unitarity relation for the partlal wave decay amplitude

0(s - (mp + me))N? s,mi, m? "
( ( 61)673'8 ( d )tig—n'rﬂ'(s) mé;]ﬁnbc(s)

Im (mn/_,m,,,(s7 t, u))

Q(t— (ma +my) )A1/2(t ma7mb) el
167t bab—mn

(t) mn —abm (t)

G(u (ma+mc) )/\1/2(u ma,mc)
167w
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N/D unitarisation method applied to ' - nnw
@ Amplitude at one-loop in Large-N¢ U(3) ChPT with resonances

) n

T

@ N/D representation of M7 777 (s)

M7= (s) = [1+ N(s)g(s)] " R(s)

N/
R G
T N N 7\

crossed channel
Local Terms s-channel Resonance Resonance Exchange “12’.?53 %a(ll;lil)el

O(p?) Exchange

Ko 1

’ 7
R~ (s) =

9(s) =a() =167 >
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N/D applied to ' —» nrr

@ Amplitude at one-loop in Large-N¢ U(3) ChPT with resonances

Mn'_,mm(s) =M(S)(2) +M(S)Res(s,t,u) +M(S)Loop(s,t7u) (2)
@ N/D representation of Eq. (2)

M (5) = [1+ N (s)g ()] R(s) (3)
where
N7r7r—>7r7r(5) _ 7'(8)(2)+Res(s,t,u)+Loop(t,u) 7
Rn'—mfrﬂ'(s) — M(S)(2)+Res(s,t,u)+Loop(t,u)’

g(s) = -167Jpr(s) +a,
@ Chiral expansion of Eq. (3) leads
M= () = M(s)PIHRestLoop _ Aq(6)(2) g(5)T (5)P) + higher orders
ImM"7 777 (5) = o(s)M(s) DT (s)?
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Unitarization of the amplitude

Partial waves

@ Unitarized amplitude in terms of the S-and-D-waves

MES  (s,c0805) = Y 32m(2J + 1) Py(cosbs)m! (s)

n'—nmrmw

J
m%(s) mP%(s)

= 32w Po(cos + 1607 Py (cos 6
e e T M ES T Py T
m?(s) = L s /tmax dtP;(cos 0;) M (s,t,u)
32m )\(S,mi,jm%)l/Z)\(S’m%’m72r)1/2 b s )ty
0 S(m%,+m727+2mfr—s—2t)
R _)\(s,mfi,,m%)l/%\(&mgr,mgr)l/z’

Py(cosbs) = 1, PQ(COSGS)Z%[—1+3(C0805)2]
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Unitarization of the amplitude

Fits to experimental data
@ Fit1: Mg = Mg, = Mg, = May and éq,m = cq,m/V/3 With ¢4 = cm
Fit param. :Mg = 982(15) MeV , ¢4, = 28.2(1.2) MeV , arxr (1) = 0.71 7X(2iof =1.13
Dalitz parameters: a=-0.080, b=-0.035, d=-0.040.

1.2, 12,
= A2 data (analysis | )
« A2 data analysis Il )

1.1 — This work: zr unitarization 11

> x

5 ]

=5 10 I L|F 10

si= s|=

X% X |%

= = 09 s = 09

= py = A2 data (analysis )
0.8 0.8f « A2data(analysis|l)

— This work: 2z unitarization

-10 -05 0.0 05 10

1.1

[
o

[8 (s tydmye0
o
©

= A2 data (analysis | )

J|M (s b 2dm,
JIM(s 0| 2dms.

= A2 data (analysis | )

0.8] « A2 data (analysis Il ) 0.8f « A2data (analysis Il )

— This work: 7 unitarization — This work: 7z unitarization

0.28 0.30 0.32 0.34 0.36 0.38 0.40 o7 0.70 0.72 0.74 0.76 0.78 0.80 0.82

Mo 0 (GEV) M, (GeV)
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Unitarization of the amplitude

Fits to experimental data: == FSI

@ Fit2: Mg = Mg, = Mg, = May and éq,m = cq,m/V/3 With cm = 53.2 MeV

Fit parameters: Mg =967MeV, c4=26.5MeV, X(zlof =1.13
Dalitz parameters: a=-0.067, b=-0.034, d=-0.031.

@ Fit3: Mg = Mg, = Mg, = May and &g, = cq,m/\/3 taking ¢y, from degem = 2

Fit parameters: Mg =1018 MeV, c¢4=32.4MeV, X?lof =1.13
Dalitz parameters: a=-0.079, b=-0.035, d=-0.048.

@ We also have tried a fit letting all couplings to float i.e. ¢y, ¢m,, cq @and &4, but in this case
the fit becomes unstable since there are too many parameters to fit.
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Unitarization of the amplitude

Elastic 77 final state interactions

@ N/D representation accounting for 7 FSI

m{]’J—mww(tv U) = [1 + N7T (t)gT”I (t)] 'r] —>7]7r77(t) + [1 + Nﬂ'n (u)gﬂ"’l(u)] 7] —>n7r7r(u)
Ni;{(t) _ 7”](t)(2)+Res+Loop
REen() = i (@Rt

@ Avoid double counting of m ) (2)+Rest+Loop tarmg

n —mww(t

Mt u, cos0r, cos0,) = M(s, t,u) P RestLoop

10 10
m*(t) m (u)
+327 P, (7 327 P 0.,
R0 (c0s00) g ey 2o eos b)) T )
73271‘777,10 (t)(2)+Res+Loop+A _ 32ﬂ_m10(u)(2)+Res+Loop
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Fits to experimental data: 1 FSI
@ Fit1: Mg = Mg, = Mg, = May and éq,m = cq,m/V/3 With ¢4 = cm
Fit param. :Mg = 980(8) MeV , ¢4, = 30.3MeV , ary(p) = 0.75,X30f =1.23

Dalitz parameters: a=-0.093, b=0.004, d=-0.042.
1.2, 12
= A2 data (analysis | )
o A2 data (analysis Il )
1.1F — This work: m unitarization 1.1]
> x
% 3
L5 100 I LB 10
S|s S|
X |X XX
s [=, 09 s |= 09
= py = A2 data (analysis )
0.8 0.8 « A2data(analysis Il )

— This work: ) unitarization

-10 -05

0.0

05 10

J|M (s b 2dm,

= A2 data (analysis | )

A2 data (analysis Il )

o

— This work: 7y unitarization

JIM(s 0| 2dms.
[ (s tydm,e 0

= A2 data (analysis | )

08 « A2data @nalysis i)

— This work: m unitarization

o7 0.28 0.30 0.32 034 0.36 0.38 0.40 o7 0.70 0.72 0.74 0.76 0.78 0.80 0.82
Mo, (GeV) my, (GeV)
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Unitarization of the amplitude

Masses and couplings

Source Mg, Ms, M, Cd Cm
ag —> N7 (Guo et.al. '09) 980 = Mss = ]\458 26 80
res. saturation (Eckeretal.’88) 983 = Mg, =Ms, 32 42
K scattering (Jamin et.al. '00)
1400 = Ms, = Ms, 30 43
1190 = Msg = MSS 45.4 =Cq
1260 = Ms, =Ms, 248 76.7
1360 = Ms, =Ms, 13 85
PP - PP (P=m,K,n)
Guo etal 11 1370733% 1063737 = Ms, 15.6737  31.5%35%2
Guo etal'12 1397%%% 1100733 = Ms, 19.873%  41.9759
Ledwig et.al. "14 1279(9)  808.9(4) =Ms, 39.8(1)  41.1(1)
This work
Resonances+loops 972(6) = Mg, =Ms, 29.9(4) =cq
Resonances+loops 953 = Mg, =Ms, 27.8 53.2
nw final state interactions ~ 982(15) = Mg, =Ms, 28.2(1.2) =cq
1018 = Ms, =Ms, 324 demeq = f2
mn final state interactions ~ 980(8) = Mg, =Ms, 30.3(8) =cq
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Summary
@ 1’ > nrw analyzed within U(3) ChPT at one-loop with resonances

@ We have illustrated a method (/D) to resumme two-particle FSI
@ Dalitz plot parameters:

@ Y-variable is linear in s: Importance of =7 FSI
@ X-variable appear in the form cos6, = X f(Y): Importance of the D-wave

@ mn FSI effects are small

Experiment aly] b[Y ?] c[X] [x?]
GAMS47 (c=0) 09  —0.067(16)(4)  —0.064(29)(5) 0 —0.067(20)(3)
VES '07 -0.127(16)(8)  -0.106(28)(14)  0.015(11)(14) —-0.082(17)(8)
BESIII 11 -0.047(11)(3)  -0.069(19)(9) 0.019(11)(3) -0.073(12)(3)
A2'17 -0.074(8)(6) —-0.063(14)(5) — -0.050(9)(5)
BESIII7 —-0.087(9)(6) —0.073(14)(5) 0 —0.074(9)(4)
BESIII'7 —-0.056(4)(3) —0.049(6)(6) 2.7(2.4)(1.8)-1073 —0.063(4)(4)
Previous Estimates

Borasoy et.al.05 -0.127(9) —0.049(36) 0 0.011(21)
Borasoy et.al.05 -0.116(11) —0.042(34) 0 0.010(19)
Escribano et.al’10 —0.098(48) —0.050(1) 0 —0.092(8)
Escribano et.al’10 —-0.098(48) —0.033(1) 0 -0.072(1)
Fariborz et.al’14 —-0.024 0.0001 0 —-0.029

This talk

Resonances —0.096(9) 0.002(1) 0 —0.037(6)
Resonances+loops —-0.095 0.005 0 -0.037

7w FSI -0.080 -0.035 0 -0.040

7n FSI -0.093 0.004 0 —0.042

S.Gonzalez-Solis Chiral workshop (Xi'an) 16 october 2017 26/28



Summary

@ 7' — nmm analyzed within U(3) ChPT at one-loop with resonances

@ We have illustrated a method (N /D) to resumme two-particle FSI
@ Dalitz plot parameters:

@ Y-variable is linear in s: Importance of =7 FSI

e X-variable appear in the form cosfs = X f(Y'): Importance of the
D-wave

o 7 FSI effects are small
@ In progress: coupled channels effects

@ Improvements:
e Constrains from I =0, J = 0 7w - 7w phase shift

e Constrains from 77 distribution
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Tensor Resonance contributions

Lt

gr

dl“n. 070

Ecker and Zauner, EPJC 52, 315 (2007)

1

= —§(TWD§5V"MTPU) + (T {u!, u"}) + ,B(Tlﬁ‘u,,u’/)
= 28MeV, pB=-gr, Mp=1300MeV
0.0008 :
£,(1270)
0.0006/ -7 i RN
- Ve \
&
—0.0004|
o
00002, |
Scalar resonances

0.000075 0.30 0.35 0.40
M 0 0 (GEV)



	Introduction: framework and motivation
	Structure of the decay amplitude
	Unitarization of the amplitude
	Summary

