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1. Introduction and Motivation




1.1 Hadronic Physics

« Hadronic Physics: Interactions of quarks at low energy
— Precise tests of the Standard Model:

=) Extraction of V, o, light quark masses...

— Look for physics beyond the Standard Model: High precision at
low energy as a key to new physics?

— Look for exotics, new hadronic states
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1.2 Tools

» Hadronic Physics: Interactions of quarks Froton —— Quarks
at low energy @
* Low energy (Q <~1 GeV), long @
distance: o becomes large ! .
==) Non-perturbative QCD 0S| April 2012
« A perturbative expansion in the | Hadrons
usual sense fails "I —
« Use of alternative approaches, \
expansions...: e.g. "1
— Effective field theory
Ex: ChPT for light quarks 02
— Dispersion relations
— Numerical simulations on 01 A |
the lattice / —FQCD (M) =0.1184 + 0.0007

Confinement! 10 Q [GeV] 100



1.3 On the interest of using Dispersion Relations

« If E>1 GeV: ChPT not valid anymore to describe dynamics of the process
) Resonances appear :

— For 1tm: I=1:p(770), p(1450), p(1700), ..., I=0: “G(~500)”, f,(980),...
— For Krt: I=1: K*(892), K*(1410), K*(1680), ..., /=0: “K(~800Y’, ...

» Two-body case: form factor: |H =(PP| (Vu _ Aﬂ)eiLQa)

0> = (Lorentz struct.); F (s)

Ex: KTt form factors:

- T — Knv,:

s=q"=(p,+p,)

A A
(Kz| 57,0 |0>=[(pK—p,,),,+ - (PK+Pn)ﬂ]f+(s)-%(PK+Pn)ﬂ £i(9)
A

S _
I | Fo()= f0,+§)t)
vector scalar f+( )

— Ky decays (K > nev, ):

u U,e
g W s A A
(m(p,)| s7,0 \K(pK)>=[(pK +P:),~— = (px - Pa)ﬂ} [O+==(p=p,), £,®
N y t t

vV #ee

us




1.3 On the interest of using Dispersion Relations

K vector form factor: Kn scalar form factor:
7.(+5) Dominance of K*(892) resonance ‘_(flsfo obvious dominance of a resonance
i m—r . 1 1 1 @ © 17 filvs)3 T T : : T T : ' ' ]
201 | — - K,, decays T— Knv, decays
T — Knv_ decays 55k
f.()=2,BBW(s) f
/ : | | _
K,, decays i f(s)=?
(K-> mev, ) 15| /
10| s i
/
1
(m +m | 0.5 (mK+mﬂ)
K T, i CT \
fl . —/|/¥ L | R B ‘—-—.-__ 0 L . . ' \Olﬁ L : i i '1
0 R 05 1.5 2 -
m m,—m
mﬂ (m —m ) \/E [GeV] m_ 7 \myx—m,) \/; [GeV]

« With Dispersion Relations:
— no need for making assumptions of a dominance of resonances
) directly given by the parametrization, phase shifts taken as inputs

— Parametrization valid in a large range of energy: analyse several processes

simultanously where the same quantity: FFs, amplitude appear .



1.3 On the interest of using Dispersion Relations

« Allow to take into account large final state interactions

Ex:n — 3n LO: Osborn, Wallace’70
Slow convergence of the chiral series: NLO: Gasser & Leutwyler’ 85

66+94+138+...)eV =(300112)eV | NNLO: Bjnens & Ghorbani07
L3

4
[T X PDG'14
LO NLO NNLO

r

n-3x = (

) Large TT final state interactions
T T
3D OO 00K
T T

e Need to use Dispersion Relations to improve on the convergence of ChPT!
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1.4 Strategy

« Build a parametrization to analyse the data relying on:
— Physical properties of the amplitude:
« Analyticity
 Unitarity
» Crossing symmetry

m=) Dispersion Relations

— Statisfies Chiral constraints at low energy

— Statisfies the asymptotic behaviour dictated by perturbative QCD

« Aim: have the best physically motivated and the more model independent
parametrization for the hadronic part of the process under study: amplitude or
form factor to analyse the data accurately

) More precise extraction of form factors or amplitude
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2. Dispersion Relations: the method




2.1 Unitarity

+ Two-body case: form factor: H, = <PP\ (Vﬂ - Aﬂ)e"LQCD

0> = (Lorentz struct.); F (s)

\

v=(r

e Unitarity =) the discontinuity of the form factor is known

1 ..
Z—idtsc F,(s)=ImF,,

= Fpp(Toop)

Emilie Passemar
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2.1 Unitarity

+ Two-body case: form factor: H, = <PP\ (Vﬂ - Aﬂ)e"LQCD

e Unitarity =) the discontinuity of the form factor is known

1. *
Z—idtsc F, (s)=ImF,,(s)= ZFPP—m (Tn—>PP)

disc |:’\/\/\/.: / :|

Emilie Passemar

0> = (Lorentz struct.); F (s)

\

v=(r
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2.1 Unitarity

i

0> = (Lorentz struct.)u F (s)
AN

2
S=(pP] +pP2)

Two-body case: form factor: |H, = <PP\ (V# - Aﬂ)e"LQCD

Unitarity =) the discontinuity of the form factor is known

1. *
Z—idtsc F,(s)=ImF,,(s)= ZFPP—m (Tn—>PP)
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2.1 Unitarity

i

0> = (Lorentz struct.)u F (s)
AN

2
S=(pP] +pP2)

Two-body case: form factor: |H, = <PP\ (V# - Aﬂ)e"LQCD

Unitarity =) the discontinuity of the form factor is known

1. *
z—idtsc F,(s)=ImF,,(s)= ZFPP—m (Tn—>PP)
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2.1 Unitarity

0> = (Lorentz struct.); F (s)
AN

s=(p, +p,

+ Two-body case: form factor: H, = <PP\ (Vﬂ - Aﬂ)e"LQCD

e Unitarity =) the discontinuity of the form factor is known

1. *
Z—idtsc F, (s)=ImF,,(s)= ZFPP—m (Tn—>PP)

« Only one channel n = PP (elastic region)

- - 0
” ”
”~ -

= i@ - @ | @

~ ~
~ ~
~ ~

1

2_1' Watson’s theorem

disc F,(s)=ImF,(s) = F,(s) sin 51 (S)e—ia,(s)
LN

N\
PP scattering phase
known from experiment 15
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2.2 Analyticity: Dispersion Relations

 Knowing the discontinuity of F =) write a dispersion relation for it

« Cauchy Theorem and Schwarz reflection principle

F(S)——§F(S :>

« If F does not drop off fast enough for |s|—>°°
) subtract the DR

F(S)=Pn_1(S)+i ]: ds' Im[F(S')]

P..1(s) polynomial
T

Vn '— _ °
M2, ) (S ) 18)
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2.2 Analyticity: Dispersion Relations

« Solution: Use analyticity to reconstruct the form factor in the entire space

) Omnés representation : F,(s)= P,(s) Q,(s)

7N

polynomial Omnés function

. -ds'_5,(s"
« Omnes function : Q,(S)=exp[ij Sv : L8 ). ]
L9, § S —S—1E

« Polynomial: P,(s) not known but determined from a matching to experiment
or to ChPT at low energy
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2.3 Assumptions

S

« Form factor: F,(S)=eXP[—r L) ]

95, s' s'—s—I€

* Up to the first inelastic threshold (s < s;,) :

¢,(s)=8,(s) elastic phase, known

« In the inelastic region (s 2 s,,) phase not known except asymptotic behaviour
¢+,0 (s) —> ¢+,0as(s) =7 (ﬁ,o(s) -1/ s) [Brodsky&Lepage]

« Different strategies:

— Subtract the dispersive integrals to weaken the high-energy contribution
not known ==) subtraction constants to fit to the data

— Build a model for the phase and fit to the data: done for the Kpi and pipi
vector form factors =) Data from Belle and BaBar on T—»Knv_or T»nnv,

— Conformal mapping to include inelasticities, see talk by /. Danilkin

— Perform a coupled channel analysis



3. Applications




3.1 Application 1: Tt form factors and probing New
physics with Tau LFV

« Constrain new physics operators from low energy decays: ex: T— UnK

c® c®
- Effective Lagrangian: £ =L, +—— A —0® 2 e 0®

 Each UV model generates a specific pattern of D=6 operators: T—»unn very
interesting probe to discriminate them :> For these need to know the FFs!

4 form factors :

(e ) 3070 - E00) = ) - )
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3.1 Application 1: Tt form factors and probing New
physics with Tau LFV

Celis, Cirigliano, E.P.’14

Constrain new physics operators from low energy decays: ex: T— UnK

c® c©
- Effective Lagrangian: £ = £, +T0(5) 2?056)

 Each UV model generates a specific pattern of D=6 operators: T—»unn very
interesting probe to discriminate them :> For these need to know the FFs!

4 form factors :

<7r+7r_ |muﬂu + ded‘ O> =TI(s)
<7T+7T_ M Ss| O> = A,(s)
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Determination of Fy(s)
Celis, Cirigliano, E.P.’14

 Vector form factor

» Precisely known from experimental measurements

e'e >7m'w and 7" > a'w v, (isospin rotation)

» Theoretically: Dispersive parametrization for F,/(s)

Guerrero, Pich’98, Pich, Portolés’08
Gomez, Roig’13

JT

2
3 o ' '
F, (s)=exp A'V%+%(;L;_;L"/Z)(iz) ; f4mf, ‘sl,i (;{;S—L)

mﬂ
7
Extracted from a model including
3 resonances p(770), p’(1465)
and p”(1700) fitted to the data

» Subtraction polynomial + phase determined from a fit to the
Belle data 1= — 7[071:"1/1

Emilie Passemar 22



Determination of Fy(s)
Celis, Cirigliano, E.P.’14

" T | T | T | T | T I T | -
- - Fit result -
1ol Belle data -
~ ! i
« ! E
LL> -
W 0”(170Q) |
0.1 .

|

0'010 0.5 | 1.5 2 2.5 3

S [GeVz]
Determination of Fy/(s) thanks to precise measurements from Belle!
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Determination of the K7t FFs: Dispersive representation
Celis, Cirigliano, E.P.’14

« Model for ¢/(s): Guerrero, Pich’98, Pich, Portolés’08
Gomez, Roig’13

Mg + (o/ e + o €i¢”) s o i o i
Fy(s) = = —— — — — —
M?2 — s+ k, Re [Ar(s) + TAK(s)] —iM,Ly(s) D(My,Ty)  D(My,T )

with D(MR, fR) = Mp — s+ rrReAr(s) — iMRfR(s) )

Im ﬁ’V (s)
Re F'V (s)

—) [tan¢, =tané] =

« Determine the resonance parameters by finding the poles in the complex
plane

Emilie Passemar 24



Determination of the form factors : I'_(s), A (s), 0,.(s)
Celis, Cirigliano, E.P.’14

* No experimental data for the other FFs :> Coupled channel analysis
up to Vs~1.4 GeV Donoghue, Gasser, Leutwyler’90
Inputs: I=0, S-wave 1Tt and KKdata Moussallam’99
Daub et al’13

* Unitarity:
T T | T T K | K )
disc ’\/\/\f./ = ’\/\/\./ \./ + ,\/\/\‘, \.,
7'5 N TC\ ~ - /TC ;T,\ E\ “ i - ’E ;c\

=) | mFuy(s) =) Trn(s)om(9)Fu(s) | n=nmn,KK
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200

150

300

250

100

50

Determination of the form factors

 Inputs : Tt — 7w, KK

©)
50

— CFD
¢ Old K decay data

L o Na43?2

| A K221 decay

v Kaminski et al.

4 Grayer et al. Sol B

o Grayeretal Sol. C

¢ Grayeretal Sol. D

»  Hyamsetal 73

Garcia-Martin et al’09 1

1 1 I 1 1 1 I 1 1
800 1000

12
s (MeV)

400 600

1200

1200

Phase | gg]

04 06 08 1

T(5)s Ag(s), 0,(5)

Celis, Cirigliano, E.P.’14

1 I 1 I | 1 I
Hvams +———

Cohen +——<—
Etkin ——%—

Buttiker et al’03

12 14 16 18 2
E (GeV)

« Alarge number of theoretical analyses Descotes-Genon et al’01, Kaminsky et al’01,
Buttiker et al’03, Garcia-Martin et al’09, Colangelo et al.’11 and all agree

-« 3inputs: 3, (s), dx(s), N from B. Moussallam ©=) reconstruct T matrix

Emilie Passemar
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Determination of the form factors : I'_(s), A (s), 0,.(s)

Celis, Cirigliano, E.P.’14
e General solution:

Fr(s) _ Ci(s) Di(s)\ [ Pr(s)
= FK (s) Ca(s) lDz(S) QI:S)
Canonical solution Polynomial determined from a
matching to ChPT + lattice

« Canonical solution found by solving the dispersive integral equations iteratively

starting with Omneés functions X(s) = C(s), D(s)
b
(V+1)( " —_— (N+1) L[> ds (N+1)
ImX ) ZRe {T TS } ReX, (8) = — / ImX,
s 47n72r S =S5
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0.03

i !muﬂu + ded’ 0) =T,(s)

Dispersion relations:
Model-independent method,

based on first principles
that extrapolates ChPT

based on data

28
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oo

o
-
1

T oo nocher . - %8
° =l 1 o
S — /w LL 9 ChPT E 0.4}
~ 0.0 ————— 0
y: » 02 _
4 @
© 0.2 d g
. £ 00l————— ] ||
NLO ChPT b
- ~0.2
00 02 04 06 08 10 00 02 04 06 08 10
s [GeV?] - eV
| 3.0
1.0/
NLO ChPT -

 LOGHPT

o

oL
n
o

—
=

Re(6,(s)) [GeV?]
& o
(é)] (@]

Im(6,(s)) [GeV?]
on

0.5
/‘\
-1.00 | | | | . = NLO ChPT .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
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Discriminating power of T— ll(e)TtTt decays
Celis, Cirigliano, E.P.’14

1.45 R
— 1_23_ p ‘Celf’f D —%mrﬁo‘uVPL’RTFHV _f
> af ]
3 1.0:— -
?2 0.8; Dipole model:) -
X 0.6/ ;C—U_;D¢ .
04 Cua0
o B 1
0.21- .
C TN TN T NN TN T TN AN SN W S | | TR T TR (N W N N N
00==04 06 08 10 12 14 16

Vs [GeV]
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Discriminating power of T— LL(e)TtTt decays
Celis, Cirigliano E.P’14

SR
/

040 | | T T T | T T T | T T '

[ T T ] T T T ] T T T | T 1 I I T T T | T T T | T T T [ T i ;_‘
140 v 2 s = 3
- 12:_ P ‘Celf)f > _%mrﬁcuvPL.RTFuv —: g 0.35§ dBR(T_’”” o )/dr W 1013 [Gev—1 é
- - - :
> C . - 0.30: - —
@ 1.0 ] e - Z:SD—C—mmGu - (' Scalar model: > e
(,2, C 7 % 025: Az T g F L,R = 3
- - a Coise=0,A=1TeV -
© 08 (' Dipole model:) - :: 0.20- o g
X 06 Co* ; B 015 o | =
+ - = . - f -
%E0.4:— elSG _: +§.0.10§ 0 _;
0.2f ] L 0.055 | \' :
: L [ T L L L - m E N TR WY T ' A-«‘#/J | T o VY VR S v——— | B
0064 ""06 08 1.0 12 14 16 @000~ 57""06 08 10 12 14 16
Vs [GeV] Vs [GeV]
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Discriminating power of T— LL(e)TtTt decays

=
/T

14_"["'!'&'['"I"'l"'l"‘l'_ ;040: LIS L L B LN [ N N B B N B B B B B B | ]
) ] G 0.35-  dBR(r—ur'7)/dVs x 10" [GeV'] E
1.2 p Q;D—Pm po*'P, TF, | ""_‘0 302 3
(,2, T ] )(0.25: off A2 7 F” Lt 9 S= =
- R F Coise=0, A=1TeV -
6 08 ( Dipole model:) - > 0.20" o 3
>'< 0.6- Cp#U R ,’20.155 B 3
S L Celse=0 ] K E f ]
04 ’ E '§ 0.10- / 0 E
0.2 E L 0.05° | \ =
3 Lo by by oy g | PO T T (N TR T B | 1: m - Ll 1_;,,-,—}/ \4 T S e |:
00=“64 06 08 10 12 14 16 @ 0.00~57""06 08 10 12 14 16
Vs [GeV] Vs [GeV]
'; ‘ T T | T T T | T T T | T T T [ T T T T [ T I
- dBR(r-urtn)/dVs x 10" [GeV ) C
R £ 2= 5mG,iP, 7 G,GF
(5] . . . . .
cl ] Very different distributions according
é i p fo 7 to the final hadronic state!
1_ —
o | \
Lk (Gluonic operator: )
§ G
tr Cese=0, A=1TeV
g -
5 0 [

0.4 0.6 0.8 1.0 1.2 14 1.6 £ PER
Vs [GeV] 32



3.2 Application 2: | — 37 and light quark masses

G. Colangelo, S. Lanz,

e 1 — 3m: decay forbiden by isospin symmetry H. Leutwyler , E.F.

T Prt
=) Clean access to (m,— m,)
U T Pr—
pr;r
 Dispersion relations and 3 body final state rescattering 70 po

=) allow to improve on the ChPT bad convergence
The amplitude has all the good properties of analyticity + unitarity +
crossing symmetry

Improve on Breit-Wigner models s A
2 — ms —m
Q - m2 _m2
* |(#r . m)=i(2x) 8 (p,~p,. — P, - P.)A(s,tu) d  u

1 M: M, - M’
A(S’t’u)=_Q2 Mlzf 31:/51:2” M(s,t,u) |:> I‘n_>3” «'x‘HA(S,l‘,u)‘2 <~

« Compute the normalized amplitude M(s,t,u) with the best accuracy
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The Method G. Colangelo, S. Lanz,

H. Leutwyler , E.P.
« Decomposition of the amplitude as a function of Tt 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

: : L : Anisovich & Leutwyler’96
> MI isospin [ rescattering in two particles 4

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

« Unitary relation for M(s):

disc M (s)=2i (M (s)+ M (s)) siné (s)e "0 (s—aM?
1 1 I 1 /(4

7

right-nand cut left-hand cut
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The Method G. Colangelo, S. Lanz,
H. Leutwyler , E.P.

 Unitary relation for M/(s):

disc M ,(s) = 2i (Ml(s) + ) sin 5I(s)e_i5’(s)9(s — 4M;)

/i

right-hand cut

* Right-hand cut only =) Omneés problem

MI(S) = PI(S) QI(S) {Ql(s)=exp[% ]i ds's' 5i(s'_). H

Emilie Passemar 35



The Method G. Colangelo, S. Lanz,

H. Leutwyler , E.P.

« Unitary relation for M(s):

disc M (s) = 2i (Ml(s)+MI(s ) sin6,(s)e—ia,(s)9(s_4M;)
7

right-hand cut left-hand cut

 Dispersion relation for the M,'s

_ s" T ds' sind,(s') M, (s") P
MI(S)_;!I(S) PI(S)+ /(3 J‘ S'n Q](S') (S'_S_ie)J [QI(S)=exp[; J' ds'—]]

2
aM;

2
M,

| 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,t,u)
) Angular averages of the other functions ) Coupled equations
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Determination of the Amplitude
G. Colangelo, S. Lanz,

H. Leutwyler , E.P.

» Dispersion relation for the M;,'s

s™ |9, (s"|(s'- s —ig) W

2
aM,

n ' . (] " { S r 6 s'
MI(S) _ QI(S) PI(S)+S; J- ds s1n6, (s )MI(S ) J [QI(S)=exp[; J. ds'#)}]
f 4

|
Omnes function

« Solve by iterative procedure:
Inputs needed : S and P-wave phase shifts of nrscattering
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Determination of the Amplitude
G. Colangelo, S. Lanz,

H. Leutwyler , E.P.

» Dispersion relation for the M;,'s

s"1Q,(s") (s'— S — is)

2
aM,

n ' . ' " { S r 6 s'
M (5)=Q,(5) Pl(s)+S; J- ds s1n61 (s") M, (s") J [QI(s)=exp[; j ds'#]]
f 4

|
Omnes function

« Solve by iterative procedure:
Inputs needed : S and P-wave phase shifts of nrscattering

« Solution depends on subtraction constants only
—) fitted from experimental results

* Normalisation from matching to ChPT
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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

39



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,,(Sat,u)r = N[1+20¢Z+6ﬁY(X2 _

Y
+2yZ*
[ Jrore

2

=) Extraction of the slope :

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

po 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 /1

0.9

0.85

2
5 (37,
=32( ’—1J =X*+Y’
350,

\

0

Emilie Passemar
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Qualitative results of our analysis
G. Colangelo, S. Lanz,

H. Leutwyler , E.P.

 Determination of Q from the dispersive approach :

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

/r
T, ., =300t12eV PDG4 0 = m;— i’
my —m,

 Determination of o

A (s,t.u) =N(1+202
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Qualitative results of our analysis
G. Colangelo, S. Lanz,

H. Leutwyler, E.P.
* Plot of Q versus o :

L [ I ! bl L !
Preliminary

NB: Isospin breaking
has not been accounted for

24

.
PR T T T I T

From kaon mass spliting :
/ \ —— Dalitz plot of KLOE x'x =’ 0=20.711.2
\ —

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

I Z-distribution of MAMI 3"
! Fit to PDG result for
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

21

I I I I I I I
s b 7

|-+ - D001

1 [ | ! [ 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.
42



Qualitative results of our analysis
G. Colangelo, S. Lanz,

H. Leutwyler, E.P.

Plot of Q versus . :

— I T T too L '
Preliminary 1 NB: Isospin breaking

24
i 1 has not been accounted for

- / —— Dalitz plot of KLOE x'x
- ¥ F —— Dalitz plot of WASA x'x "
N —— Dalitz plot of MAMI 3x°

v o Z-distribution of MAMI 3z
Fit to PDG result for a

PDG 2013, result for o
21— | §

FLAG 2011, result for Q
FLAG 2013, result for Q
Kampf et al. 2011

Bijnens and Ghorbani 2007
Kambor et al. 1996

] |
0.04

|-+ - D001

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

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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Comparison of results for Q
G. Colangelo, S. Lanz,

H. Leutwyler , E.P.

: . { dispersive (Walker)
l . : dispersive (Kambor et al.)
| ® | dispersive (Kampf et al.)
. XPT O(p*)
. xPT O(p°)

° no Dashen violation

i ® i with Dashen violation
: . | lattice (FLAG average)
F—e— dispersive, one loop o
, , Preliminary
—e— dispersive, fit to KLOE
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Comparison of results for O

Emilie Passemar

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

G. Colangelo, S. Lanz,
H. Leutwyler , E.P.

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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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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4. Conclusion and outlook




4.1 Conclusion

« Look for exotics, new hadronic states: =) need to know the hadronic
background

* In this talk 2 examples :
* Two body: it form factors
 Three body: n — 3ndecays

« Use dispersion relations

« Dispersion relations rely on analyticity, unitarity and crossing symmetry
=) Rigorous treatment of two and three hadronic final state

Emilie Passemar
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4.2 Outlook

« For reaching a high level of precision, theoretical challenges : in the
dispersion relation

» include inelasticities
» Take isospin breaking and electromagnetic corrections into account

=) Work in this direction in JPAC , o _
Talk by L. Dai, I. Danilkin, P. Guo, V. Mathieu

« Collaboration with experimentalists to analyse the data efficiently:
» find the best parametrization to analyse the data
» take into account systematics etc...

 Apply dispersion relations to other processes:
» baryons: nucleons, etc
» heavy mesons: J/¥, D, B decays

Emilie Passemar



5. Back-up




Determination of the K®t FFs: Dispersive representation

« Model for ¢(s):

Mg + (o/eW + o/’eW/) S
FV S) = —= ~= — = = — ~ =
(s) Mg — s+ k), Re [Aw(s) + %AK(S)] —iM,Tp(s) D(My,Ty) DMy, T )

with | D(Mg,Tr) = Mg — s + kgReAx(s) — iMgLg(s) .

» _Im f,.(s)
™ Re f.(s)

—) |tan¢ =tand

Emilie Passemar



3.1 Application 3: | — 37 and light quark masses

 Unitary relation for M/(s):

disc M (s) = 2i (Ml(s)+MI(s ) sin51(s)e-i5,(s)9(s_4M;)
7=

right-hand cut left-hand cut

» Dispersion relation for the M,'s

"

Q (s")

oS (s'—s—ie)

| 4
Omneés function

« Inputs needed : S and P-wave phase shifts of nrscattering

n ds' - 5 ' M ' oo
M, (s)=Q,(s) P,(s)+s;j s ) ] [QI(s)=exp[% [ as'——r——




3.1 Application 3: | — 37 and light quark masses

 Unitary relation for M/(s):

disc M ,(s)=2i (M,(s)+ M,(s)) sind,(s)e™ V0 (s —4M?)

7 <

right-hand cut left-hand cut

» Dispersion relation for the M,'s

"

Ql(s')‘(s'—s—is)

S
2
aM,

| 4
Omneés function

- Solution depends on subfraction constants only =) solve by
iterative procedure + match with experiment

s" T ds' sind, (s") M (s ) ,
M, (9)=Q,()| P(s)+— j ! - Ql(s)=exp[i [ ds'— 08D
/4




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 0 10 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



1.1 Hadronic Physics

« Hadronic Physics: Interactions of quarks at low energy
— Precise tests of the Standard Model:

=) Extraction of V, o, light quark masses...

— Look for physics beyond the Standard Model: High precision at
low energy as a key to new physics?

u H.e I T>==-
s YW s + /" SUSY loops
% y o Z Charged Higgs,
v, e L Right-Handed

us —— i  —

Currents,....

— Look for exotics, new hadronic states

Emilie Passemar



3.1 Application 1: Tt form factors and probing New
physics with Tau LFV

« Constrain new physics operators from low energy decays: ex: T— UnK

c® c©
- Effective Lagrangian: £ = £, +T0(5) 2?056)

*  Summary table:

T3 Topy Toprtr 1o puKK 1o 1T — pn?
Og'y v - _ _
Op v v — —
(0} — — — —
Od = - = =
Oqa — — — —

04 _ _ v (I=1) v (I=0)

04 - - v (I=1) v (I=0)
Oue - - = v

 Each UV model generates a specific pattern of D=6 operators: T—unn very
interesting probe to discriminate them :> For these need to know the FFs!
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T—> W(e)TT decays

e T—U(e)nr differential decay rate:

dl (1 — prtr™) (s —4m2)V2(m2 — s)?

T

ds © 1536m3 Adm, $5/2

X {352G%QL(S)|2 — 4(4m? — 8)|Fy(s)]? [47Tozem(2mf + 5)|Cpr?

2 4 2s)
2

u m u
+ S(C%L - CVL) (12\/7'('Odem CDL + ( (C%L — CVL))]

+(L—=R)y. Qu(s) = (ew(s) —Ta(s) = Aw<s))CGL + Ar(s) C - Tn(s) (CdL + Cp)

4 form factors to be determined:
— Vector: (T (prs )1 (- ) |17 u = dy*d)|0) = Fy(s)(pas — pr-)°

~ Scalars: (777" |muﬂu+mddd} =T, (s), (777 |msSs|0) = Ay (s)

~ Gluonic: (777~ |04] 0) = 0 (s) with | gu — ~OEGGE Y madg

* Recent progress in the determination of the form factors using dispersive
techniques Daub et al’13, Celis, Cirigliano, E.P.’14



1.3 On the interest of using Dispersion Relations

« If E>1 GeV: ChPT not valid anymore to describe dynamics of the process
) Resonances appear :

— For 1tm: I=1:p(770), p(1450), p(1700), ..., I=0: “G(~500)”, f,(980),...
— For Krt: I=1: K*(892), K*(1410), K*(1680), ..., /=0: “K(~800Y’, ...

Kr vector form factor: Krn scalar form factor:
‘f (J;)‘ Dominance of K*(892) resonance ‘_(flsfo obvious dominance of a resonance
i m—r . 1 1 1 @ © 17 filvs)3 T T : : T T : ' ' ]
20} A - ' K, decays 7 Kzv, decays

T — Knv_ decays 55k " i _
£.()=2 BBW(s) | ,
. i ] -l |
., decays i fi(s)=? ,
(K-> mev, ) 13| /
10} s i

/
1
| 0.5F m,_+in
(_”Z(/&HM” - CT( 8 \ :)
oA X R R R o F K \&s EE—
m, (mg-m;) s [GeV] m, m, (e =m;) s [Gev]



1.3 On the interest of using Dispersion Relations

« If E>1 GeV: ChPT not valid anymore to describe dynamics of the process
) Resonances appear :

— For 1tm: I=1:p(770), p(1450), p(1700), ..., I=0: “G(~500)”, f,(980),...
— For Krt: I=1: K*(892), K*(1410), K*(1680), ..., /=0: “K(~800Y’, ...

« With Dispersion Relation: Kr scalar form factor:
— no need for making assumptions No obvious dominance of a resonance
T : T T ' ' ' I

of a dominance of resonances K, decays r— Ky, decays

filVs)3
=) directly given by the 25) g
parametrization, f :
2F i

phase shifts taken as inputs , / fi(s)=?

L5k

— Parametrization valid in a large range ’ —
of energy: 1_
:> analyse several processes 05k (my+m,)

simultanously where the same - C{ \
quantity: FFs, amplitude appear: ¢ fF %
Ex: K; decays, T—Knv, My UMee) s [Gev)




Extraction of V

Decay rate master formula

Antonelli, Cirigliano, Lusiani, E.P.’13

F(T — Envr [y]) G mT :

2

3
4 967

0_— 2 ~Km, 2
K (0)‘ I;(1+6§4 +5 (2))
A

Ly

/ \

BR(t - K'n v, )= (0.416+0.008)%

S, =1.0201

—

Belle’14

\

S5 =(—0.15£0.2)%

Marciano & Sirlin’88,

Braaten & Li’90, Erler’04

I;O =0.50432+0.01721

£,(0)=0.9661(32)

|

£, (0)|V, ] =0.2141£0.0014, £0.0021_,

Emilie Passemar QCHSXI, September

11, 2014

— |V, |=0.2216+0.0027




* Preliminary results :

Bernard,-Boito,-E.P,, in progress
Antonelli, Lusiani, E.P. in progress

T Krv. & Ky | 7T — Knv: & Kyq
Belle SuperB
In C 0.20193 & 0.00892 | 0.20034 £ 0.00557
) x 10° 13.139 + 0.965 13.851 £ 0.592
m e[ MeV] 892.09 4 0.22 892.01 +0.21
[+ [MeV] 46.287 +0.417 46.494 + 0.436
m e [ MeV] 1292.5 4 47.2 1259.8 £ 27.2
[ [MeV] 171.64 4 234.65 205.41 £+ 10.27
5] —0.0204 £ 0.0289 | —0.0350 % 0.0229
N ox 107 25.714 £+ 0.332 25.655 £ 0.268
N ox 107 1.1988 4 0.0313 1.2176 £ 0.0089
\?/d.o.f 59.7/67 56.5/67
I7- 0.7655 £ 0.0416 0.7857 £ 0.0105
fo(0)V,s 0.2134 +£ 0.0061 | 0.21103 £ 0.0037

Very accurate
determination of
K*(892)!
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3.1 Application 1: K1t form factors and V

« Master formula fortT — KTV, :

2 ~Kr 2
I(z— Knv [y]) " s [ (0)‘ I (1+5’” +6SU(2))

963

/

= [ds F(5, 7,51 £,(5)

Hadronic matrix element: Crossed channel from K — TV,
(pK +p7r) f;)(S)

Am( - ”)
SP p ]T T

vector scalar

e sy,0(0~{ (=), +

Jo: (@)

with s=¢"=(pc+p,)". 7,.(0)=
’ 0= 0)

:> Use a dispersive parametrization to combine with K;; analysis



Determination of the

K7 FFs: Dispersive representation

Bernard, Boito, E.P.’11

fo(s) : dispersion relation with 3 subtractions: 2 in s=0 and 1 in s = (m+m_)?

Callan-Treiman

Kr

Llnm(s_%)[

fo(8)= eXp[AS

A, m; (mym,) §*2 (s'— AKE)(S'—s—iE)

mc_ A )+ A s(s—4,,) [ 0,(s") H
/(4

* f.(s): dispersion relation with 3 subtractions in s=0  Boito, Escribano, Jamin’09,'10

w

s ds' ¢.(s")
f (s)—exp[ﬂ m—+2(/1 -4, )(m;) I(mK+m,,) s" (s fs—te)]

Emilie Passemar

Extracted from a model including
2 resonances K*(892) and K*(1414)

Jamin, Pich, Portolés’08

QCHSXI, September 11, 2014




Fit to the T — KTV, decay data + K; constraints
Bernard, Boito, E.P.’11

10000 — | I 1 I I I 1 I 1 | =
E Events N events < N, tot bw . drK” o VeCtor E
- Ty, dJs | |—- Scalar -
— Full
1000 & _
: " - Belle data :
: :
oo HELg _
= A il :
: // ~—. - _ .. 4 | :
» , ~ - - - pa ._1 { I -
el S~ N | ] I
~ T
B \
| \ ‘
I N ‘
1 \
- . | . | . | . | . |
0.6 0.8 1 1.2 1.4 S.. 1.6

E [GeV]
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Determination of the KTt FFs: Dispersive representation

Ay T
e T *— *— PR .
* Modelfor g.(s) "-'“'@— - L .<822>.<+ R e <+
K DR

K() K()
| mp -k, (ReH, (0)+ReH, (0))+Bs Bs
1.9)= D(mK*,l"K*) _D(mK*,,l"K*,)
K*(892) K*(1410)

with |P(m,,T,)=m>—s—x,Y ReH —im T (s)

Im f (s)
t =tand.* = =
—) |[tan¢,K =tand,’ 7 (5

Emilie Passemar



* Preliminary results :

Bernard,-Boito,-E.P,, in progress
Antonelli, Lusiani, E.P. in progress

T Krv. & Ky | 7T — Knv: & Kyq
Belle SuperB
In C 0.20193 & 0.00892 | 0.20034 £ 0.00557
) x 10° 13.139 + 0.965 13.851 £ 0.592
m e[ MeV] 892.09 4 0.22 892.01 +0.21
[+ [MeV] 46.287 +0.417 46.494 + 0.436
m e [ MeV] 1292.5 4 47.2 1259.8 £ 27.2
[ [MeV] 171.64 4 234.65 205.41 £+ 10.27
5] —0.0204 £ 0.0289 | —0.0350 % 0.0229
N ox 107 25.714 £+ 0.332 25.655 £ 0.268
N ox 107 1.1988 4 0.0313 1.2176 £ 0.0089
\?/d.o.f 59.7/67 56.5/67
I7- 0.7655 £ 0.0416 0.7857 £ 0.0105
fo(0)V,s 0.2134 +£ 0.0061 | 0.21103 £ 0.0037

Very accurate
determination of
K*(892)!
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Extraction of V

« Decay rate master formula

Antonelli, Cirigliano, Lusiani, E.P.’13

F(T — Envf [y]) = %CZST

2 5

V

us

96”3 K~ EW

2| Kz 2 T ke, %% ’
f+ (0)‘ IK(1+6EM+6 (2))

£.(0)=0.9661(32)| FLAG'13

= | £, (0)|V,|=0.2141£0.0014, +0.0021

|
—

V. | =0.2216+0.0027

* Result of fit to K; + T — KtV and Krscattering data including

inelasticities in the dispersive FFs

—

Emilie Passemar

7. (0)V,|=0.2163£0.0014|  Bermard'14

QCHSXI, September 11, 2014




0.21 0.22 0.23 0.24 0.25
1 I 1 I 1 I 1 I
From Unitarity ™\ Kaon and hyperon decays
Flavianet
K.,d f (0
g decays (+1,(0) Kaon WG’10
o] K, /m,decays (+ 1 /f ) | update by M.Moulson
CKM’14
| o | Hyperon decays
""""""""""""""""""""""""" tdecays
—=—] T -> s inclusive )
BaBar & Belle
—a—] T -> Kv absolute (+ f,) \ HFAG
update by A.Lusiani
—=—] T branching fraction ratio CKM’14
T->Kv/t->7v (+f/f) D
—a— Our result from Belle BR
T-> Knv_decays (+ f, (0), FLAG)
A | " | A | A |
0.21 0.22 0.23 0.24 0.25
us
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1.1 Definitions

'f_l—i_p*;r+
U T Pr-—
: S Pr
e mndecay:n—n'nn
0.
+ - . T p?TD
<ﬂ’. T ﬂ’.oout 77>=l(27[)454(l’,,_17,,+_P,,-—P,,o)A(Satau)

« Mandelstam variables s= (pﬂ+ +p_ )2 , 1= (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— n° % n°:

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




2.5 Subtraction constants

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

1 M, M;—M

A(s,t,u)=— ZM(s,t,u

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 +3,5s
P(s)=a, +Bs+7v,s
P(s)=o,+B,s+7,s



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



2.5 Subtraction constants

The subtraction constants are
P(s)=a,+B,;s+y,s" +38,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 =) 6, 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



Results for the fit of the T 7T vector form factor

Emilie Passemar

% 10° 36.74+0.2

7% 10° 3.12 4+ 0.04
M,[MeV] 833.9+0.6
T,[MeV] 198 + 1
M, [MeV] 1497 + 7
[ /[MeV] 785 4 51
M [MeV] || 1685 £ 30
T, [MeV] 800 + 31
o 0.173 #+ 0.009
¢ —0.98 +0.11
o 0.23 £ 0.01
o' 2.20 + 0.05
x2/d.o.f 38/52
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Details on the parametrization of the phase

ImF
* Model for the phase: ==) [tang, = +(S)
Re F, (s)
Guerrero, Pich’98, Pich, Portolés’08
- » » Gomez, Roig’13
. M7 + (a'ew + ae?? ) s o ei? o i

Fy(s) =

M2 — s+ rp Re [Ax(s) + 3Ax(s)] —iM,Tp(s) D(My,T,)  D(Myr,T )

with  D(Mpg,TRr) = Mgr — s + kgReA,(s) — iMpTRr(s)

and Tp(s)=Tg f (03 (s) +1/2 o3 (s))

Mit (03(NI) +1/2 o3 (M13))

~

S

“ale) = MR 7 (03(M?) +1/2 aK(M?))
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Details on the fit

* The minimized quantity:

—1 O(1Fv(8))2)*P O =

* 2 sum-rules are added such that F (s)—1/s

2 : ! '
,\i'sr _ My /m dsl‘.bV(s )
T Jam32 s

4 00

/
=2y =20 [ gV E) g

Emilie Passemar

Tog,

theo expy 2
2 §: ((IF»-(s)I'“’),b ~ (Fv(s)P), ”) N (A’V - A;.?')Q N (Ozu —aj,

Brodsky & Lepage

;
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Determination of the polynomial

» (General solution
( Fr(s) ) _ (Cl(s) Dl(s)> <PF(S)>
%FK(S) Ca(s) Da(s)) \Qr(s)

* Fix the polynomial with requiring F,(s)—>1/s (Brodsky & Lepage) + ChPT:

Feynman-Hellmann theorem: =) I'p(0)= (m“aa n mdaé) ) e
My, mqy

Ap(0) = (ms e )MP

Omg

« AtLO in ChPT:

2 ( ) ( ) Pr(s) = 1'z(0) = ]\..]’TQr +
M+: my + mq) Bg + O N 2 L
MI2{+ = (mu -+ ms) BO + O 2) :> Qr(s) = \/ng(O) \/§A[7r +
M3, = (mg + ms) Bg + O(m?) Pa(s) = Az(0)=0+---

Qa(s) = %AK(O) = % (]\JIQ( — %j\[ﬁ) N



Determination of the polynomial

« (General solution

Fﬂ-(s) _ 01(9) Dl(s) PF(S)
Z3Fk(s))  \Ca(s) Dals)) \Qr(s)
« AtLO in ChPT:
0 Pr(s) = Tx(0)=M;+
M=, = (my + mq) Bo + O(m 2) 2 1,
. = —I'g(0)=—7M
MI2{+ — (mu -+ ms) Bg + O 2) |:> @r(s) V3 x(0) 3 7 +
Mz :(md+ms)BO+O( ) Pa(s) = A27r<0):0+"2° 1
_ o 72 tar2
Qals) = zaw(0) = o (Mf - 302) +
* Problem: large corrections in the case of the kaons!
) Use lattice QCD to determine the SU(3) LECs
I'k(0) = (O 5+0.1) M~ E Dreiner, Hanart, Kubis, Meissner’13

9 Bernard, Descotes-Genon, Toucas’12
Ak (0) = 1 (.MK — 1/2]\/[7,) .



Determination of the polynomial

» General solution
( Fr(s) ) _ (Cl(s) Dl(s)> <PF(S)
%FK(S) Ca(s) Da(s)) \Qr(s)

« For 6, enforcing the asymptotic constraint is not consistent with ChPT
The unsubtracted DR is not saturated by the 2 states

:> Relax the constraints and match to ChPT

- : o AME
Py(s) = 2M:z+ (60, —2M:=C; — 7 Di) s
Qo(s) = iM,% + 2 (éK —V3M2C, - 2M,'~’{DQ) s
o V3 V3 "
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