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1. Introduction and Motivation




1.1 JLab @ 12 GeV

12 GeV upgrade at JLab: CLAS, GlueX, etc.: In the study of hadron
spectroscopy, large amount of very precise data on meson physics
will be collected, background for searches of new states

* Unique opportunity:
— Test chiral dynamics at low energy
— Extract fundamental parameters of the Standard Model:

ex: light quark masses
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1.1 JLab @ 12 GeV

« 12 GeV upgrade at JLab: CLAS, GlueX, etc.: In the study of hadron
spectroscopy, large amount of very precise data on meson physics
will be collected

* To perform this task:
=) analytical tools: Amplitude analyses of data: must build in S-
Matrix constraints + state-of-the-art knowledge of reaction
dynamics, See JPAC effort (talks of A. Pilloni and A. Jackura)

Hadron spectrum, exotics

I ] ]

ChPT + Analyticity + Unitarity Experimental Data FFs, resonance

Dispersion Relations CLAS, GlueX, JEF, parameters: Mg,

Regge Theory, Models COMPASS, BES, 'k, couplings
LHCb, PANDA, ...

|
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1.1 JLab @ 12 GeV

« 12 GeV upgrade at JLab: CLAS, GlueX, efc.: In the study of hadron
spectroscopy, large amount of very precise data on meson physics will
be collected

* To perform this task:
) analytical tools: Amplitude analyses of data: must build in S-
Matrix constraints + state-of-the-art knowledge of reaction dynamics
See JPAC effort (talks of A. Pilloni and A. Jackura)

« Multi-body (final state) interactions are expected to play a crucial role
for the hadron spectroscopy
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1.2 Processes under study at JLab and hadronic exp.

« All processes under study
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1.3 Light Meson Decays

« All processes under study
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1.3 Light Meson Decays

' Z» /“ + If E > 1 GeV: ChPT not valid anymore to
L _NWe® - q describe dynamics of the processes
\\ ) Resonances appear :
t i For mtrm: I=1:p(770), p(1450), p(1700), ...,
N N Especially true for ¢ (M,=1020 MeV)
P P

0.8

« Use Isobar model to
describe the data 07
—) Improve to include FSI s

0.5~

* Build an amplitude with

physical properties: S
—> Analyticity, Unitarity 03
and Crossing Symmetry: 0l

=) Dispersion Relations

- Chiral constraints at LE o

0i1 0ﬂ2 OﬂS §4 OT5 OTG 0T7 0.8
- Regge behavior at HE i
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1.4 Experimental Facilities and Role of JLab 12

World competition in n decays

KLOE-2 at DAONE BESIII at BEPCII From L.Gan’s talk
Collider ) E——
[. CLAS
s
WASA at COSY
. hadroproduction
Fixed-target
Crystall Ball at MAMI
Y - JEF at Jlab
photoproduction et = o
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1.4 Experimental Facilities and Role of JLab 12

World competition in n decays

KLOE-2 at DAONE BESIII at BEPCII From L.Gan’s talk

Collider ) E——
Ll-ﬂfﬁt%i,-_é}f
WASA at COSY
. hadroproductig
Fixed-target
Crystall Ball at MAMI
Y - JEF at Jlab
photoproduction et = o .
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1.4 Experimental Facilities and Role of JLab 12

M. J. Amaryan et al.
CLAS Analysis Proposal, (2014)
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2. Light Mesons decays: An example: | — 37

In collaboration with G. Colangelo, S. Lanz
and H. Leutwyler (ITP-Bern)

Phys. Rev. Lett. 118 (2017) no.2, 022001



2.1 Definitions 0,
* mdecay: N— w7 n° Py
<”+7r—”00ut ﬂ> = l(2”)4 54(1’1] _pﬂ+ _pﬂ— _pﬂo)A(Satsu) FU pﬂ-lj

2

« Mandelstam variables s= (pﬂ+ +p_ )2 s 1= (pﬂ_ +D )2 , U= (pﬁ0 + pﬂ+)

=) only two independent variables s+t+u=M_+ M, +2M’, =3s,

3 body decay =) Dalitz plot -

A(s,tw)| = N(1+a¥ +bY* +dX* + fV* +..)

Expansion around X=Y=0

T -T 3
X=\/§ +QC —=2Mch(u—t)

37T 2
y=t_g=_3 ((MH—MO) —s)—l
0, 2M 0, § L 1 1

—_
I

—
o

Q.=M,-2M -M, X
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2.1 Why is it interesting to study | — 31’

» Decay forbidden by isospin symmetry

—

* aem

A=(mu —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:

Loc = |6y =="7""% ()

=) Unique access to (m,— m,)
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2.2 Quark mass ratio

* In the following, extraction of Q from n— w* 1 1°

2
_ 1 vy (M-
orEe QY M) 6912° FiM;

Smax u,(s) 2
I ds! du |M(s, t,u)|
Smin u—(s)

7 N
/ \
Determined from experiment Determined from: Eit t
« Dispersive calculation DI I'? dist
. ChPT alitz distr.

2 m
-

3

OO RN
I ||
S | D
ST N N
I

« Aim: Compute M(s,t,u) with the best accuracy
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2.3 Computation of the amplitude

« What do we know?

« Compute the amplitude using ChPT : the effective theory that describe
dynamics of the Goldstone bosons (kaons, pions, eta) at low energy

- Goldstone bosons interact weakly at low energy and m,,m, <m <A,
Expansion organized in external momenta and quark masses

Weinberg’s power counting rule

Loy = Z‘Cd Ly = O(pd) 9PE{qamq} p<<A,=4nF_~1GeV

d=2
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2.3 Computation of the amplitude

What do we know?

te th litud ing ChPT :
Compute the amplitude using LO: Osborn, Wallace’70

r

(66 + ?4 + \+ ) eV = (300 + 12) eV | NLO:Gasser & Leutwyler’85
a

n—-3r

L(l) NILO N\NLO PDG16 NNLO: Bijnens & Ghorbani’07

The Chiral series has convergence problems

ReM s=u

NLO

dispersive Anisovich & Leutwyler’96

-
-
-
-
-
-
-
-
-
-
-
-
-
-

A physica
,,,,,, region
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2.4 Neutral Channel : N— 70 70 7t°

Decay amplitude |
i=1

3 2
o< [ o 142022 with Z=§2(3Ti -1)

~0 =M,-3M,

I |
| ® xPT C’)(p4) [ Bijnens&Gasser '02 ]
I —e | XPT O(p®) [ Bijnens&Ghorbani ‘07 ] o ~0.015
Kambor et al. [ Kambor et al. '96 |
|
|-.-| | Kampf et al. [ Kampfetal. "11]
e : NREFT [ Schneider etal. "11]
I ® : GAMS-2000 (1984) [ Alde et al. '84 ]
I ® 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
o =-0.0315£0.0015| PDG'716 Important discrepancy between
Ll ChPT and experiment!
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

@ ) Help of a dispersive treatment?
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2.5 Dispersive treatment

« The Chiral series has convergence problems

=) Large 7zix final state interactions Roiesnel & Truong’81
-?r—l_
- ﬂ-
s
e
n
™
N0

35 0 00K+
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2.5 Dispersive treatment

« The Chiral series has convergence problems

=) Large 7zix final state interactions Roiesnel & Truong’81
-?r—l_
- ﬂ-
s
s
n
™
N0

35 O 00K -

» Dispersive treatment :
— analyticity, unitarity and crossing symmetry
— Take into account all the rescattering effects

21



2.6 Why a new dispersive analysis?

« Several new ingredients:
— New inputs available: extraction nrt 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
TAPS/CBall-MAMI (Mainz), WASA-Celsius (Uppsala), WASA-Cosy (Juelich)

CBall-Brookhaven, CLAS, GlueX (JLab), KLOE |-l (Frascati)

BES Il (Bejjing) T=) see talks by L. Gan
D. Lersch

— Many improvements needed in view of very precise data: inclusion of
— Electromagnetic effects (O(e?m)) Ditsche, Kubis, Meissner’09

— Isospin breaking effects
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2.7 Method

» S-channel partial wave decomposition wv\ .
00 .2
Ax(s,t) = S (2 + 1) o(85) As(s) 0,8
J

« One truncates the partial wave expansion : =) Isobar approximation

Jmax

Ax(s,t) = D (27 + 1)d{ o(0:) £ (5) e M::: :Qt’ !

e 2
J / .2 AN Q//\/WV\ o1
Jmax w\/ 0 N3 :: 391“ u

L, 0s,8
+ > (2] + 1)df o(6:) f4() ‘
! 3 BWs (p*, p7, p°) + background term

Jmax

+ ) (20 + 1)df 5(0u) f(w) — Improve to include final
! states interactions
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2.7 Method

1
» S-channel partial wave decomposition

¢ +
- wv\ L2
Ax(s,t) = S (27 + 1) o(8,) As(s) L, 0s,8
J
- One truncates the partial wave expansion : =) Isobar approximation

Jmax

Ax(s.1) = D (20 + 1)d5 (0. f(5) o i
! N s tl
Jmax QM\ 2 Qﬁ%\ 1
+ ) (27 + 1)df o(0:) f4(t) 0,8 - < Oy, u
J
Jmax :“““‘:.=.: -----
FY @I DE O e —s

J

* Use a Khuri-Treiman approach or dispersive approach
Restore 3 body unitarity and take into account the final state interactions
in a systematic way
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2.8 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

> M, isospin I rescattering in two particles Anisovich & Leutwyler’96

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

« Decomposition of the amplitude as a function of isospin states

M(s,t,u)= M, (s)+ (s —u) M} () + (s - t)M;(u)+M§(t)+M§(u)—§M§(s)

X
«  Unitarity relation: 0o
T — 7T ‘\//

disc| M) (s) | = p(s)t; (s) (M; (s)+ M](s))

/ N

right-hand cut left-hand cut

Emilie Passemar

200 ——

150

011, AN—=>n1

50

Roy analysis
Colangelo et al.’01

100 |

Energy
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2.9 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)

« Unitarity relation:

disc| M(s) | = p(s)t;(s)( M (s) + M (5))

« Relation of dispersion to reconstruct the amplitude everywhere:

no=ds' sind (s’ M ' _ '
Ml(s)=;21(s)£P,(s)+s;J' :“n sino, (s") I(S)J [QI(s)=exp[%J'ds' ,(s" ]]

a2 S Q,(s"|(s'-s—ig) s'(s'- s —i€)

2
M

| 4
Omnes function

* P,(s) determined from a fit to NLO ChPT + experimental Dalitz plot
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2.9 N — 31 Dalitz plot

* In the charged channel: experimental data from WASA, KLOE, BESIII
KLOE’16

> 1 —|25000
0.8

0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8
S5 05 6 0 04 05 38
X

—20000

T-T 3
X=\/§ 0 =2Mch(u—t)

15000

3T
10000 Y:—0—1=—3 ((M —MO)Z—SJ_I
0 2Mch oo

5000

0

 New data expected from CLAS and GlueX with very different systematics
) see talks on Wednesday by L. Gan, D. Lersch
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3.1 Results: Amplitude for N— 7* T 7 decays

« The amplitude along the lines=u:

3.5

ReM

2.5

Emilie Passer

T | T | T T
—— LO of xPT (current algebra)
—— NLO of xPT

—— NNLO of yPT (Bijnens & Ghorbani 2007) //
— Kampf et al. 2011

-—-- Guo et al. 2016
1 this work

B LY uncertainty estimate for NLO representation /

NN XN

1\
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3.1 Results: Amplitude for N— 7* T 7 decays

« The amplitude along the linet=u:

3-5 T | T | T T
—— LO of xPT (current algebra) //‘
5. — NLOof xPT 7
—— NNLO of xPT (Bijnens & Ghorbani 2007) 7
ReM Kampf et al. 2011 s %
25 —— Guo et al. 2016 pd 5
== this work -
oL |
1.5 t=u -
" |
0.5 m
0 / ///
W
. 4 . | . | . |
2
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3.2 Z distribution for Nn— 7% 1% ° decays

 The amplitude squared in the neutral channel is

1

0.98

0.96

0.94

0.92

K
B E The agreement is excellent between
our prediction and the data!
 MAMI
E= prediction
o\
! I ! I I ! I !
0 0.2 0.4 0.6 0.8 1

Emilie Passemar
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3.2 Comparison of results for O

o ChPT O(p?)
@ : ChPT O(p°)

Kambor et al.

Kampf et al.

NREFT, Schneider et al.

JPAC, Guo et al.

KT-elastic, AM

KT-coupled, AM

Dispersive, fit to charged KLOE

GAMS-2000 (1984)
Crystal Barrel@QLEAR (1998)
Crystal Ball@BNL (2001)

| SND (2001)
WASA@CELSIUS (2007)
WASA@QCOSY (2008)
Crystal Ball@aMAMI-B (2009)
Crystal Ball@aMAMI-C (2009)
KLOE (2010)
PDG average

1 I 1 I I 1 1
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

. o = —0.0302 £+ 0.0011
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3.3 Quark mass ratio

n — 3w
° xPT O(p*)
° xPT O(p%)

(Gasser, Leutwyler)
(Bijnens, Ghorbani)
—e— dispersive (Anisovich et al.)

—e— dispersive (Kambor et al.)

—e— dispersive (Kampf et al.)

(
(
(
—eo—1 dispersive (JPAC, Guo et al. )

—eo—1 Dispersive, fit to charged KLOE Q — 22.0 i Oo7

kaon mass splitting
) Weinberg’77
t ® | Kastner, Neufeld

lattice, FLAG’16

I L | NfIQ
o— | Nf:2—|—1
: o | Ny=2+1+1

20 21 22 23 24

* No systematics taken into account =) collaboration with experimentalists
33



3.4 Light quark masses

Courtesy of H.Leutwyler
0 01 02 03 04 05 06 07 08 09 1
; %
25 / 25
- — [ i
= i;%%/ _
m, 20 20
m. | T T '
m " 7 —
d |} / T _ 0=22.0+£0.7
15 _— \\ 115
__— Interisection J i
- \ ] m
10 _ N 10 “=0.44%0.03
- ® Weinberg 1977 i m,
: s _27.30(34) FLAG 2016 :
51 Mg \ 5
ol 1o
0 01 02 03 04 05 06 07 08 09 1

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

34



3.4 Light quark masses

ﬂj Courtesy of H.Leutwyler
My
0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

I | L | 1T T 1 | 1T T T | L | 1T T 1 | L L | 1T T 1
22 — — 22
<> this work
<> FLAG 16
m 21 > PDG 16
_S Bijnens & Ghorbani 07
md ® Gasser & Leutwyler 82
20 = ® Weinberg 77
® (Gasser & Leutwyler 75
19 — —19
18 - —{18
17 _I | I I | | I I | | I I | | I I | | I I | | I | | 1 L1 | 1 1 1 I_ 17

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

Emilie Passemar 35



3.5 N—3mand Light Quark Masses

» Uncertainties in the quark mass ratio (rough attempt)

Can be investigated and reduced at JEF

I

Matching to ChPT

Emilie Passemar
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Experimental Measurements of n—3mn
NE 3

X = . (”—’) Y= 2.“qu¢- ((.‘!” _“Ix“ )1 - S)_1 IZ - ‘\—2 +Y2

L. Gan’s talk

0 =M,-2M_-M

XJ]
O— Total world data 6.5 6.0
3k fa L (include prel. WASA
. 305_ fa L, and prel. KLOE)
(0/0) 25_ KLOE GIU@X"‘PI"IH’\EX-I’] 20 196
»of THEP 0805 (2008) 006 +JEF
' Y

15:...|...|...1...|...|...|...|...|...|...
-1 08 -06 -04-02 -0 02 04 06 08 1

€ Existing data from the low energy
facilities are sensitive to the detection

threshold effects
o JEF € JEF af high energy has uniform detection
T e X efficiency over Dalitz phase space
03; it {Jf . 5 o -
i P Ot » & JEF will offer large statistics and improved
e " systematics

~<
O



3. Conclusion and Outlook




3.1 Conclusion

Light Meson component very important for JLab 12

Knowing conventional modes important for studies of background for
looking for exotics

Study of fundamental properties of QCD:

— Extraction of fundamental parameters of the SM,
) e.g. light quark masses

— Study of chiral dynamics

To studies meson modes with the best precision: Development of
amplitude analysis techniques consistent with analyticity, unitarity, crossing
symmetry =) dispersion relations allow to take into account all
rescattering effects being as model independent as possible combined with
ChPT =) Provide parametrization for experimental studies

In this talk, illustration with 1 — 37 and extraction of the light quark masses

Similar illustration in the talk of A. Pilloni and A. Jackura (JFPAC)
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3.2 Outlook:

« Apply dispersion relations + (R)ChPT to other modes in the light meson
sector

- w/¢p — 3, 1y : Niecknig, Kubis, Schneider‘12,
Danilkin et al. JPAC’15,’16

- @ — nmy: Moussallam, Shekhovtsova in progress
- nN'—3n

- m'—>nnrn. Escribano, Masjuan,Sanz-Cillero’11, Kubis & Schneider’12,
Perotti, Niblaeus, Leupold’15

- efc...

Emilie Passemar
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4. Back-up




