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Section 1

Pseudoscalar transition form factors
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Pseudoscalar transition form factors

Introducing the Transition Form Factor

The Transition Form Factor

e Governs Py*~* interactions

e Vertex constrained by Bose symmetry

(e @) and Lorentz and gauge invariance

e The TFF depends on ~ virtualities,
2 2
= {00} a1 92
e Bose symmetry
— FP’Y*’Y*(q%7 qg) = FP'y*’y*(q§7 q%)

. - 2 _pv 2 2
IM = ie et p061u62uq1pq2oFP'y*'y*(q17 q2) J
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Pseudoscalar transition form factors
Introducing the Transition Form Factor

The Transition Form Factor

Relevant in many process
For us, particularly relevant the space-like

"‘/l*(cl/r q1p)

\ﬁ>>()

Q>0

However, double-virtual not available

iM= ie2€”""”61u€2VCI1pCI2aFwa(—02,0) J
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Pseudoscalar transition form factors
Introducing the Transition Form Factor

The Transition Form Factor

Use single-virtual measurements instead

"‘/l*(cl/r q1p)

Focus on Fpy«y(Q?) = Fpyey(—g2,0)

iM= ie2€”""”61u€2VCI1pCI2aFwa(—02,0) J
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What do we know theoretically?

The Transition Form Factor

HIGH ENERGIES (pQCD) N )
"
e Space-like (SL) Fp,+,(Q?,0)
Fp(Q?) = /dx Th(x, @2, 1) g
o Ty(x, Q%) perturbative in as(Q?) Fryen (00)=2F- Q2
Frenys e (00,00)=(2/3) Fr Q2
e ¢p(x,ur) non-pert. - MODELLED!
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Pseudoscalar transition form factors

What do we know theoretically?

The Transition Form Factor

HIGH ENERGIES (pQCD) B )
"
e Space-like (SL) Fp,+,(Q?,0)
Fp(Q?) = /dx Th(x, @2, 1) g
o Ty(x, Q%) perturbative in as(Q?) Fryen (00)=2F- Q2
Frenye e (00,00)=(2/3) Fr Q2
e ¢p(x,ur) non-pert. - MODELLED!

LOW ENERGIES (xPT) T

e ABJ anomaly prediction Fp,-(0,0) AN @ -~
e Extensions for @2 ~ 0 poor (vectors) |

e MODEL the vectors (i.e.. RYPT) Frey(0,0)=(47"F) !
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Pseudoscalar transition form factors

What do we know theoretically?

How to do physics involving Fp.-+(Q?, Q3) in between
xPT and pQCD realms?

e Different models (assumptions) — different values.
e Introduces uncontrolled model-dependency

e Big drawback when going for precision physics!

Look for an alternative approach which represents a good
(improvable) approximation of reality while avoiding any
assumptions — data-based
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Section 2

Our proposal: Padé Approximants
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Introduction to the method

Padé Approximants: Introduction to the method

Q*Fpyr(Q%) = Q*Fpy=~(0)(1+bp @ +cpQ*+...)
Then, Taylor expand!

Model independent from convergence
Systematic from known error O(Q?")

Singularities cuts — Poor radius of convergence

Padé
Approximants =
/7‘

Padé Approximants have better convergence prop.

T, 2
PI(@) = R;Egzi = 20Q%+21Q*+2,Q0+ .. +O(QF) VM1
2
Pi= For A0 _ Q?*Fpy+~(0)(1+bpQ*+0(Q%)) v

1-bpQ?
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Our proposal: Padé Approximants

Introduction to the method

Padé Approximants: Introduction to the method

Q*Fpyr(Q%) = Q*Fpy=~(0)(1+bp @ +cpQ*+...)
Then, Taylor expand!

Model independent from convergence
Systematic from known error O(Q?")

Singularities cuts — Poor radius of convergence

Padé
Approximants =
/7‘

Padé Approximants have better convergence prop.

PN(Q2) _ TN(Qz) — 3 Q2+a Q4+a Q6+ +O(Q2)N+M+1
M - RM(Qz) — d0 1 2

Model independent from convergence theorems
Systematic from error estimation ability
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Our proposal: Padé Approximants

Convergence properties

Padé Approximants: Convergence properties

Convergence known for meromorphic (large-N.) and Stieltjes (DR)

for the last limpy_s oo PﬁJrl(X) <f(x) < PH(X)

— Fpyen (@) = 250 () (pO(MEL) - O (M) —

1 H
4 ! o) P
\ ! o N PG
\ /
5 o H - o) 4 H 1 - B
/
J - o - PlI@
/
/. —  Regel @l —  Rege@?
.
= 2 0 5
TAYLOR — f(x) =

om

T
7
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/
H
!
! ow
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!
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/

- ow
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— Logitx
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Convergence properties

Padé Approximants: Convergence Properties

Obtaining the coefficients? PAs as fitting functions

e Generate space-like pseudo-data from our toy model

First pole-dominance — sequence: ‘“easy fit"

e Asymptotics and analytic structure — PL: “hard fit”

2 4
o Obtain @2Fpy-(Q?) = @Fpyy(0) (14 bp % + cp % + )
o P! P2 P [ o Pl P2 P P4 o pl P2 P Pl
10 5 10 B 10
09) 09) 09)
0.8 0.8 0.8
07 07 ® 07
06 Fryy (O)rit 06 b, 056 Chry
05| Fpyy (0) 05| b_p 05 ® Cp
04 : 04 — — 04
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What about the most general Fp,-.«(Q7, Q3) ?

Based on resonance ideas, factorization is assumed

FPw*v*(Qfa sz) = FP’Y*W(leﬂo) X FPW*(Ov Q22)
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Our proposal: Padé Approximants

Convergence properties

What about the most general Fp,-.«(Q7, Q3) ?

Based on resonance ideas, factorization is assumed
FPw*w*(lea sz) = FP’Y*W(leﬂO) X FPW*(Ov Q22)

This is known to fail at high energies as it falls as Q~* instead of Q2

Can we generalize Padé approximants to the bivariate case?

YES! (Chisholm '73)
— The most simple approximant —

PR @)= — 2 = a0+ an(QF + Q) + 211QFQF + ...
1_%(Q1+Q2)+TQ1Q2
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Our proposal: Padé Approximants

Convergence properties

What have we learned so far ?

Systematic easy approximation through PAs in space-like region
Based on well-established mathematical theory

Everything amounts to obtain the derivatives (single and double-virtual)

Data driven: forget about (model) prejudices, let data to judge on them
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Parameters Extraction: data-driven
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Parameters Extraction: data-driven

The Transition Form Factor

Single-virtual Fp,-~(Q?)

e Single-tag method: CELLO, CLEO,
Belle, BaBar, BES-III*

\()>>U

P00 o Detected et — space-like 7*

e - e e along beam axis — quasireal v

oo e Experimentally challenging

RN e Not measured yet

e More comments later
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Parameters Extraction: data-driven

Results: 7°

Results for the 7°

Take all the available data CELLO('91), CLEO('98),
for @?Fry+1(Q?) BABAR('09), Belle('12)

OuRr RESuULTS

o PV reaches N= 6

e PN + OPE reaches N= 3

o We predict

by = 0.0324(12)(19)(m; )2

¢ = 1.06(9)(25) x 1073(m,)~*

QF sy (QA) [GeV]

Q@ [Gev?]

P. Masjuan, Phys.Rev., D86, 2012
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Parameters Extraction: data-driven

Results: 7°

Results for the 7°

Take all the available data CELLO('91), CLEO('98),
for @?Fry+1(Q?) BABAR('09), Belle('12)
0.05 035F
004f 3
3
o | P11 .
g ©
0.02} ‘;
w
0.01} ‘b y
0.00

PIL P2l P31 P4l P51 P61 PDG(CELLO)

Q@ [Gev?]

P. Masjuan, Phys.Rev., D86, 2012
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Results: n

Results for the 7

Take all the available data

for Q*F,,. (@) CELLO('91), CLEO('98),BABAR('11)

_OUR RESULTS T

> 025¢ ]
o PN reaches N= 5 3 P15
e Pl reaches N= 2 o — 7
e We predict S e
by = 0.60(6)(3)(my) S0
¢y = 0.37(10)(7)(my) o 0%
Asymptotics = 0.160(24) GeV 000 Py ® w0

Q? [GeV’]

R. Escribano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014
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Parameters Extraction: data-driven

Results: n

Results for the 7

Take all the available data

for Q*F,,. (@) ‘ CELLO('91), CLEO('98),BABAR('11)

030
07f —
> 025f ]
[0
sk l I 3 PI5,1]
= o020} ]
- osl N’\ /
e O 015F P[2,2] {
S
04l - 0aof
L
03[ ‘o 005
0.2k , , , . , . 0.00 . . y
P11 P21 P31 P41 P51 CELLO 20 30 40
Q? [Gev?]

R. Escribano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014
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Parameters Extraction: data-driven

Results: 7’

Results for the 7/

Take all the available data CELLO('91), CLEO('98), L3('98)
for Qan”y*'y(Qz) BABAR('].].)
_Our RESULTS 0z0p ‘
; 0250 T P[l,l]i
e P! reaches N= 6 3 I T~ ri5
e Pl reaches N=1 P ﬁ 1
e We predict Q o5
by = 1.30(15)(7)(m,) 2 = ox0f
L
Cyr = 1.72(47)(34)(/77,]/)_4 & 0%5f
Asymptotics = 0.255(4) GeV oco'l - - - =

Q? [GeV’]

R. Escribano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014
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Parameters Extraction: data-driven

Results: 7’

Results for the 7/

Take all the available data CELLO('91), CLEO('98), L3('98)
for Qan/,y*,y(Qz) BaBaR('11)
0300 ‘ ‘ ‘
20l c ! T PIL] |
S 025 - i
020 1
= 7 Ng’ 015 ﬁ
o <
} k [ I = 010F
10[ S
G 005
PI1 P2l P3L P4l P51 Pl CELLO 0005 10 20 0 20
Q% [Gev?]

R. Escribano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014
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Parameters Extraction: data-driven

Results: 7’

o TFF low energy parameters determined to a high precision (7%, 1,7)
e Inputs ready for TFF reconstruction

e We are ready to do calculations/predictions
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Predictiveness: 1 — £

Dalitz decays: n — v//

n

IF,I?

This Work: Data

| | —— This Work: Fit (p0=1) (@)
o A2,2011

TL calculation
— — - Padé approxim.

I
0.2

I I
0.3

0.4 0.5
m(I'T) [GeV/c?]

Compare to A2 Coll. results in Mainz [Phys.Rev. C89 (2014) 044608]
The results are excellent — reasonable to use them in our fit

R. Escribano, P. Masjuan, P. Sanchez, In preparation
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Predictiveness: 1 — £

Dalitz decays: n — v//

PRrREVIOUS RESULTS

b, = 0.60(6)(3)(m,,)—2

cy = 0.37(10)(7)(m,,)—4

d, = —

Asymptotics = 0.160(24) GeV

Q%F,,(Q% [Gev]

UPDATED RESULTS

3 b, = 0.576(11)(1)(m,) 2

5 ¢, = 0.339(15)(2)(m,)~*

I d, = 0.200(14)(10)(m,)~5

s Asymptotics = 0.177(15) GeV

020 015 010 005 000
10 2. EJ 40,

Q@ [Gev?

R. Escribano, P. Masjuan, P. Sanchez, In preparation
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Predictiveness: 1 — £

Dalitz decays: n — v//

07 PREVIOUS RESULTS

l } l I by = 0.60(6)(3)(m) 2

¢, = 0.37(10)(7)(m,)~*

0.4] dn:—
0 Asymptotics = 0.164(21) GeV
065 UPDATED RESULTS
o b, = 0.576(11)(3)(m,)~>

- SN &) = 0339(15)(3)(m,) *
- d, = 0.200(14)(10)(m,)-
o Asymptotics = 0. 177(15) GeV

P11 P21 P31 P41 P51 P61l P71

R. Escribano, P. Masjuan, P. Sanchez, In preparation
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Predictiveness: 1 — £

Dalitz decays: n — v//

1-loop ChPT [23 F °
4+ °
Brod uarllf Loop h F °
ro e r °
v e%agr i .
el [7 F [
PA toSL dataé r ——
LLO[32]F —_—
CLEO [33 r .
Lepton-G [47] - —
NAGO [48 r —a—
A2 F —
WASA [49] -
A2 501+ e —h
ThisWork - ‘ ‘ w ‘ ‘
0.2 04 0.6 0.8 1.0
b77

For Theory, Exp (fit to VMD) and our latest result.

R. Escribano, P. Masjuan, P. Sanchez, In preparation
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Predictiveness: 1 — £

Dalitz decays: n — v//

Method is very predictive
Convergence is excellent
Systematically improves with data

Space-like observables even better: high confidence

R. Escribano, P. Masjuan, P. Sanchez, In preparation
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(g — 2),,: Hadronic light-by-light

Section 5

(g —2),: Hadronic light-by-light

Fpere (Q3.Q3)
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(g — 2),: very brief introduction

B WHAT IS g 7

e Magnetic dipole /i in a B field: H = —i- B
e Where ji = g%S
e In classical physics g = 1 expected

Uy
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(g — 2),,: Hadronic light-by-light

(g — 2),: very brief introduction

B WHAT IS g 7

e Magnetic dipole /i in a B field: H = —fi B
g e Where ji = g 2§
e In classical physics g = 1 expected

WHAT ABOUT QM?

o In QM, fermions with S = % follow Dirac Eqgn.
e |t follows, for fundamental fermions g = 2

WHAT ABOUT QED?
e Radiative corrections change Dirac’s value.
- . _(g=2) _«a
e Schwinger, QED @ NLO: af = =—— = —
2 27
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(g — 2),,: Hadronic light-by-light

(g — 2),: very brief introduction

B WHAT IS g 7

e Magnetic dipole /i in a B field: H = —i- B
g e Where ji = g 2§
e In classical physics g = 1 expected

WHAT ABOUT THE SM?
e SU(3) ® SU(2) ® U(1): all gauge sectors entering at some order

M = 11659181.3(5.8) x 107 |oep, ocp,ew)
a® = 11659208.0(6.3) x 10~ '°

at? — a2 =26.7(8.6) x 1071 ~ 30

e Uncertainty coming fully from the hadronic contributions

ey d
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(g — 2),,: Hadronic light-by-light

(g — 2),: very brief introduction

B WHAT IS g 7

e Magnetic dipole /i in a B field: H = —i- B
g e Where ji = g 2§
e In classical physics g = 1 expected

WHAT ABOUT THE SM?
e SU(3) ® SU(2) ® U(1): all gauge sectors entering at some order

M = 11659181.3(5.8) x 107 (0 o cw)
abrp-Future _ 11659208.0(1.6) x 1071

at® — a2M =26.7(8.6) x 1071 ~ 30

e Uncertainty coming fully from the hadronic contributions

G
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(g — 2),,: Hadronic light-by-light

(g —2)u: hadronic light-by-light

EDUARDO DE RAFAEL (’94): LARGE-N. + xPT COUNTING

X

VAR S o oth(/
TN v 1

(1) (. N.) (. N.)
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(g — 2),,: Hadronic light-by-light

(g —2)u: hadronic light-by-light

EDUARDO DE RAFAEL (’94): LARGE-N. + xPT COUNTING

X X X X
Na oth(r
= C + . 5%7;“ + .+ % +
(»*, No) (% Ne)

(p'1) (%, N.)

VTR
7
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(g — 2),,: Hadronic light-by-light

(g —2),: hadronic light-by-light

EDUARDO DE RAFAEL (’94): LARGE-N. + xPT COUNTING

X X X X X
VA Nl ! Nother
g, . olher
= O ox + &Jr“ + &Jr“ﬂr + ...
®'.1) (°, N.) (% Ne) (% Ne)

KNECHT & NYFFELER (’02): 70,7, 7/-EXCHANGE

e Expressed as an integral involving Fp.«,+(Q%, Q3)
e SL low energy regime — our PAs are good

e Multiscale, also high energies relevant — 2-point PAs

e Two virtualities — bivariate PAs
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(g — 2),,: Hadronic light-by-light

(g —2),: hadronic light-by-light

However, no experimental data is available

— Use the simplest approximant —

Fp1+(0)
Q2Q2
1+ 25(QF + @) + (2bp — 525)) s

7
mp

PYQ?,Q3) =

HE: 81>1/Fp—‘7(0) = 2b,23, LE: alAl/FpM,(O) = bl23, LE: 81_1/Fpﬁﬁ(0) =0
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— Use the simplest approximant —

Fpy+(0)
2 )2
1+ 25(Q2 + QB) + (263 — i) L
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(g — 2),,: Hadronic light-by-light

(g —2),: hadronic light-by-light

However, no experimental data is available

— Use the simplest approximant —

Fp(0
P(GE ) = o g

HE: al,l/FPyy(O) = 2b,23, LE: al_l//FpA7 (0) = b’,z), LE: 31,1//‘_;37‘ (O) =0
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Fpy+(0)
2 )2
1+ 25(Q2 + QB) + (263 — i) L
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(g —2),: hadronic light-by-light

However, no experimental data is available

— Use the simplest approximant —

Fpy+(0)
2 )2
1+ 25 (QF + @3) + pE

PY(Q?,Q3) =

HE: a11/Fp,~(0) = 2b%; LE: a1,1/Fpyy(0) = b3; LE: a11/Fp,,(0) =0
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(g —2),: hadronic light-by-light

However, no experimental data is available

— Use the simplest approximant —

Fpy+(0)
1+ 28m2(QF + QF) + (20 — %) &

mp

PY(Q?, Q%) =

HE: 31.1//Fpn,n‘(0) = 2b%, LE: 81(1/’FP«A (0) = bzp, LE: 3171/FP77(0) =0
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(g — 2),,: Hadronic light-by-light

(g —2),: hadronic light-by-light

However, no experimental data is available

— Use the simplest approximant —

Fpy+(0)
2 )2
1+ 2 (QF + Q3) + 263 %

PY(Q?, @3) =

HE: 31.1//Fpn,n‘(0) = 2b%, LE: 81(1/’FP«A (0) = bzp, LE: 3171/FP77(0) =0
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(g — 2),,: Hadronic light-by-light

(g —2),: hadronic light-by-light

However, no experimental data is available

— Use the simplest approximant —

Fpy+(0)
2 )2
L+ 2 mh(QF + QF) + (268 — 52)

mp

PY(Q?,Q3) =

Take a1,1/Fp+~(0) € {0+ 2b3} as a generous estimate (LE vs. HE)
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(g — 2),,: Hadronic light-by-light

(g —2),: hadronic light-by-light

OUR RESULTS FROM BIVARIATE PADE APPROXIMANTS

Units of 10~1° 70 n 7 Total

a1y = 262 6.64(33) 1.69(6) 1.61(21) 9.94(40).»(50)s)s

apy = b3 553(27) 1.30(5) 1.21(12) 8.04(30)sta¢(40)sys

a1 =0 5.10(23) 1.16(7) 1.07(15) 7.33(28)stae(37)sys
afltbLiP — (9.94(40)(50) =+ 7.33(28)(37)) x 1010 J

Big uncertainty from double-virtual term often non-considererd
High-energies vs. Low-energies

To be compared with pseudoscalar-pole contributions in the literature
BPP: 8.5(1.3); HKS: 8.6(0.6); KN: 8.3(1.2)
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P — 0¢ decays
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P — /¢ decays: Introduction

At LO in agpy, this process occurs via 2+ intermediate state.

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

P — /¢ decays: Introduction

At LO in agpy, this process occurs via 2+ intermediate state.

BR(m® — ete™) 5 (e
BR(m0 — vy)

Tmy

o 20 [, 2k2 (k- g)?
A = 2z [ % e =y (a0

With normalized F.(0,0) = 1. It diverges if F,.(ki, k3) = const.

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

P — /¢ decays: Introduction

At LO in agpy, this process occurs via 2+ intermediate state.

BR(ﬂ'O = e+e_) . ame 2 5 oo
BR(n® — 77) _2< ) Belm i Ame )

There has ben a lot of activity since the latest experimental result

BRKTeV (70 — ete™) = 7.48(38) x 1078
BR™M (1 — e*e™) = 6.23(09) x 108

Which represents a 30 deviation

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

P — /¢ decays: Introduction

At LO in agpy, this process occurs via 2+ intermediate state.

BR(ﬂ'O = e+e_) . ame 2 5 oo
BR(n® — 77) _2< ) Belm i Ame )

Taking into account last radiative corrections results [hep-ph/1405.6927]

BRKTeV (70 —s ete~) = 6.87(36) x 10~8
BRT"(r° — ete~) = 6.23(09) x 10~8

Which represents a 1.70 deviation

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

P — /¢ decays: Introduction

At LO in agpy, this process occurs via 2+ intermediate state.

BR(?TO = e+e_) . ame 2 5 oo
BR(n® — 77) _2< ) Belm i Ame ) J

Very interesting since still no model can reproduce such value and
Frreny (@2, Q3) is an input to HLbL — source of uncertainty

Could we help?

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

P — 0¢ decays: Introduction

oo 3 m2
2 - 2 2
A(mﬂ) ~ —1752/ —|— 307 +/ dof 2762 - Fny*»y*(Q ,Q )
0 Q \m2+Q
0
-500
—1H
~ —1000 PO R ——
Q ST i
) = -10f =
Té —1500 / FEr— g Contribution
2 _2000fl| [ — MO <y son
2500 j{_—3 30% po
_ 0 fie—= . 1 99%
"“a 0 ~10°] — e
—3000E"! . . P . . . . .
0.000 0.005 0.010 0.015 0.0 0.2 0.4 0.6 0.8 1.0
Q (GeV) Q (GeV)

e Accurate prediction — accurate low energy description — PA
o Double virtual — bivariate PA within considered a; ; range

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

P — (¢ decays: Results

From our (conservative) estimate a; 1 € {2b3,0}, we obtain

BR(7® — ete™) = (6.20 +~ 6.41)(5) x 1078

To be compared to current value: (Dorokhov et.al. PRD75 '07)
BR(r® — e*e~) = 6.23(9) x 10~8

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

P — (¢ decays: Results

From our (conservative) estimate a; 1 € {2b3,0}, we obtain ’

BR(7® — ete™) = (6.20 +~ 6.41)(5) x 1078

To be compared to current value: (Dorokhov et.al. PRD75 '07)
BR(r® — e*e~) = 6.23(9) x 10~8

FURTHER IMPROVEMENT IF DOUBLE-VIRTUAL DATA

We obtain for a; 1 = b3 with 50% error
BR(1® = e*e~) = 6.36(5)5, (4)ay, (6)sys x 108 — 6.36(8) x 108

Measurement in (0 — 1)GeV range with interval 0.2GeV and 30% error

BES-Ill measurements

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

P — ¢¢ decays: Results

WHAT IF WE ENFORCE 70 — ete™ TO EXPERIMENT?

Huge impact in HLBL (new measurement?)

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

WHAT IF WE ENFORCE 70 — ete™

P — ¢¢ decays: Results

TO EXPERIMENT?

Huge impact in HLBL (new measurement?)

Published Model

Modified Model

Model ™ —ete HLbL T —ete HLbL

(x1078) (x10710) (x1078) | (x107')
JN '09 LMD+V 6.33 6.29 6.47 5.22
Dorokhov '09 VMD 6.34 5.64 6.87 2.44
Our proposal PA (6.20 - 6.41) | (5.10 =+ 6.64) 6.87 2.85

P. Masjuan, P. Sanchez, In preparation
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P — 24 decays

WHAT IF WE ENFORCE 70 — ete™

P — ¢¢ decays: Results

TO EXPERIMENT?

Huge impact in HLBL (new measurement?)

Published Model Modified Model
Model ™ > ete HLbL ™ — ete HLbL
(x1078) (x10710) (x1078) | (x107')
JN '09 LMD+V 6.33 6.29 6.47 5.22
Dorokhov '09 VMD 6.34 5.64 6.87 2.44
Our proposal PA (6.20 - 6.41) | (5.10 =+ 6.64) 6.87 2.85
We aimed for theory error around 1.6 x 10710 thisis 4 x 10710 | J

P. Masjuan, P. Sanchez, In preparation
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n —n' mixing
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n — 1’ mixing

n — n' mixing: Introduction

In an ideal U(3) (large-N,) chiral world ...

In an ideal U(3) (large-N.) chiral world ..
1

(uT+dd —253), o =m0 = % (4T + dd + 53)

Physical world: ms # m, 4, 113,70 — mix into the physical n,n’

n="s =

S

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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n — n' mixing: Introduction

In an ideal U(3) (large-N,) chiral world ...

In an ideal U(3) (large-N.) chiral world ..
1

n=1ng = (uHJr d3725§), (uu+dd+ss)

77 ="Moo =
f

Physical world: ms # m, 4, 113,70 — mix into the physical n,n’

S

—Using the flavor basis— 17, = (uﬂ + dg) , 7s =55

1
V2

(o )=(0) e w)

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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n — 1’ mixing

n — n' mixing: Introduction

In an ideal U(3) (large-N,) chiral world ...

In an ideal U(3) (large-N.) chiral world ..
1

n=1ng = (uHJr d3725§), (uu+dd+ss)

77 ="Moo =
f

Physical world: ms # m, 4, 113,70 — mix into the physical n,n’

S

—Using the flavor basis— 17, = (uﬂ + dg) , 7s =55

(7 7)-(528 +29)

n

Sl

(only holds (to a good approximation) in flavor basis)

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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n — 1’ mixing

n — 1 mixing: Results

From the mixing, the pQCD(Q? — o0) and xPT(Q? = 0) limits read
1 ¢ G . . A N .
Fry~(0) = e (FZ cos ¢ — F sin ¢> QZIinOo Q?Fpyr(@%) = 2(8qFq cos p — &Fssin p)
Fryry~(0) = 1 (E sing + % cos¢>> Qzlifoo QZFHW*W(QZ) = 2(&qFqsin ¢ + &Fs cos ¢)

472 \ Fq

We know them all! But only 3 are independent, we take
{Fyr(0) = 516(18)keV/, F,/.-(0) = 4.34(14)keV, olim Q?F e~ (Q%) = 0.177(15) GeV'}

F, =1.07(2)F,, F.=129(16)F, ¢ =38.3(1.7)° J

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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n — 1 mixing: Results

From the mixing, the pQCD(Q? — o0) and xPT(Q? = 0) limits read
1 ¢ G . . A N .
Fry~(0) = e (FZ cos ¢ — F sin ¢> QZIinOo Q?Fpyr(@%) = 2(8qFq cos p — &Fssin p)
Fryry~(0) = 1 (ﬁ sing + % cos¢>> Qzlifoo QZFHW*W(Q2) = 2(&qFqsin ¢ + &Fs cos ¢)

472 \ Fq

We know them all! But only 3 are independent, we take
{Fyr(0) = 516(18)keV/, F,/.-(0) = 4.34(14)keV, olim Q?F e~ (Q%) = 0.177(15) GeV'}

F, =1.07(2)F,, F.=129(16)F, ¢ =38.3(1.7)° J

Then, Qlim Q*Fy(Q%) = 0.261(10)GeV, we obtained 0.255(4)GeV
2500

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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n — 1’ mixing

n — 1 mixing: Results

From the mixing, the pQCD(Q? — o0) and xPT(Q? = 0) limits read
1 ¢ [ . . N .
Fi (0) = 4r2 (F: cos - Fs o ¢> Qzllroo Q2FU’Y*7(02) = 2(&qFqcos ¢ — &Fssin )
Fyry(0) = 2 (ﬁ sin¢ + % cos¢>> lim  Q*Fyr«(Q%) = 2(&Fgsin ¢ + &Fs cos ¢)

472 \ Fq @00

We know them all! But only 3 are independent, we take
{Fyr(0) = 516(18)keV/, F,/.-(0) = 4.34(14)keV, olim Q?F e~ (Q%) = 0.177(15) GeV'}

F, =1.07(2)F,, F.=129(16)F, ¢ =38.3(1.7)° J

EF('05) Update: F, = 1.07(1)F,, F.=1.63(3)F; ¢ = 39.6(0.4)°
FK('99): F, = 1.07(2)F,, F,=134(6)F, ¢=39.3(1.0)°

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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n — 1’ mixing

n —n' mixing: light-quarks TFF

From the mixing we can obtain F,_+,(Q?), Fy.+(Q?) TFFs

Frgrey(Q%) = Fppyen (@%) cos ¢ + Fryryen (@) sin ¢
an*v(Q2) = —me(Q2)Sin o+ Fn’v*w(Q2)C°5¢

We expect, up to a charge factor & = 5/3, F;, v+ (Q?) = Fry=y(Q?)

(U]
= s
S ; Er -
= T i I
&
N
S P
] o % % 3 5 o % % s
Q?[Gev?)

Q[Gev?

Excellent agreement until 6 GeV
Asymptotic for light-quarks reached slower than s-quarks (VMD)

R.Escirbano, P. Masjuan, P. Sanchez, Phys.Rev., D89, 2014, In preparation
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Shopping-list: experiment-oriented summary

70 DOUBLE VIRTUAL TRANSITION FORM-FACTOR Fro.-«(QF, Q2) J

0.07 . é
o OPE 29F - WHY 18 IMPORTANT?
S oot mFormulaOPE = e Theory predictions but no exp.
O oot results
! 2, E e Relevant for 7% — ete™,
& L T Z .0
us 002 a, : aﬁbL'“ (30%)
oot |70 ete E
i ]
aook] : e What about 1,7'(n4,7s) ?
0 2 4 6 8

Q% [GeV?
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Shopping-list: experiment-oriented summary

70 SINGLE VIRTUAL TRANSITION FORM-FACTOR Fo.+(Q?) |
030 - WHY 1S IMPORTANT?
s e No precise data @ low energies
% o Mid-energies: 70 vs. 14 (1%)
& o (g —2)° (2%) Low-Mid
g e High-Q2: Asymptotics (6%)

e Test approachess: i.e.. DR
[arXiv:1410.4691] (2%)

Q@ [Gev?]
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Shopping-list: experiment-oriented summary

70 SINGLE VIRTUAL TRANSITION FORM-FACTOR Fo.+(Q?) |

WHY 1S IMPORTANT?

e No precise data @ low energies
o Mid-energies: 70 vs. 14 (1%)
(g — 2)L6L° (2%) Low-Mid

[ ]
e High-Q?: Asymptotics (6%)
e Test approachess: i.e.. DR

[arXiv:1410.4691] (2%)
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Shopping-list: experiment-oriented summary

Q%F s (0%) [GeV]

70 SINGLE VIRTUAL TRANSITION FORM-FACTOR Fo.+(Q?) |

035F
030}
025}

0.20
0.15
0.10

000t

* !

1

[oe iq- £734

0.05H

5

P(Q")]

WHY 1S IMPORTANT?

20
0*[GeV?]

30

40

No precise data @ low energies
Mid-energies: 70 vs. 14 (1%)
(g — 2)LL° (2%) Low-Mid
High-Q2: Asymptotics (6%)

Test approachess: i.e.: DR
[arXiv:1410.4691] (2%)



Meson transition form factors and their applications
Shopping-list

Shopping-list: experiment-oriented summary

2
n(n') SINGLE VIRTUAL TRANSITION FORM-FACTORS Fy(;)y+~ (@) J

02—
% 020
< L]t WHY ARE IMPORTANT?
Na, 3 Asymp . .
RS e 1) precise data @ low energies
[T |
& oosl iXing: F gy (Q) & Fgyy (Q . :
o RpiE aualdl Sy o Mid-energies: 70 vs. 14 (1%)
g 5 5 % s e _
Q@ [Gev? o (g— 2)“”-'7T (2%) Low-Mid
0.30
oM, 11 L 1 . e High-Q?: Asymptotics (4%)
[ 1
O o200 ..
S ol e Mixing; Fgysry, Fsyery
4 Asymp .
Fool o e Test of QCD running
O o5 Mixing: F gy, (@) & F gy (Q)
0.00

0 10 20 30 %
Q@ [Gev?
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Shopping-list: experiment-oriented summary

17’ DALITZ DECAY
e Check our prediction at low TL energies B
e Sensible to the resonance region (p,w); relevant for its n” — ¢¢ decays

70— ete” .
e Persistent discrepancy; great impact in (g — 2)LPE™ (10%)

n—ptp(efe”)
e Minor discrepancy BR ~ (4.51 + 4.70) x 107° vs. 5.8(8) x 107° Exp.
e (e*e™) Never been measured BR ~ (5.32+-5.45)x107° vs. < 5.6x107°

n —ptp”
o Never measured, no bounds; estimated BR ~ O(10~")

DoOUBLE DALITZ DECAYS
e Double virtuality (investigation with S. Gonzalez-Solis and R. Escribano)
ie. ™ — 4e at (1%)
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Conclusions & Outlook

e TFFs lack a genuine QCD description

e Padé Approximants as a model-independent approximation

e |s data driven: better data, better description; easy to apply

e Many physics involved in this work (shopping-list)

e But not restricted mesons, would be applied to nucleon FFs

e Not time: continuum @ charmonium energies productions

e Improve PAs 7/ description (go TL) for £/ decays

e Deeper study of mixing: large-N. xPT and OZl-violating pars
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Shopping-list

Thanks for your attention
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Backup

e 70 — ete™ RC and NP

e Syst error for (g —2) or 7% — ete™

e Obtaining VP FFs as Chisholm Residues

e Mixing: degeneracy Eqn. & pQCD & OZl-violation
® ¢C continuum production ?

® gyp~ couplings

e QCD matching?

e DPuble Dalitz? Sergi?
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Backup
Padé Approximants: Convergence properties

I. Meromorphic functions
e Given a meromorphic function f(x) with M poles, PN (x) converges
on the complex-plane C as N — oo (Montessus th.)

e In general P]Y(x) converges up to the (L + 1)-th pole

Fpyy (0
FP‘Y*’Y(Q2) = PQz( )11)(1)

Large-N. Regge model
2 2 2
% (1/,(0)(@) - 1/)(0)(“”7))

10 T T
Y 1
v ,:' o PIQH
| / o PHQ?)
5 \ ! — o p sk e
7 - o - R
i —  ReggeQ] —  Rege@’
i
0 - m
llent far from singularities!
(SL region)
5 ]
p . s o 5 2 c
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Backup
Padé Approximants: Convergence properties

L7 artnte)

Stieljes functions
f(x) =

p(t) p(t) >0 ~

o Stieljes: f(x) = [~ dt {2
e Given a Stieljes function f(x), limy_ec Pp,( ) < f(x) < PY(x)

on the complex-plane C (except for the cut) as N — oo
Im ) _ 4t
f dt= =" — JO 14xt

Log-function f(x) = LLog(1+ x)

Pox)

Piix]

— Pl

P3x]

1
~Log[1+x]

from singularities!

T
1
1
]
]
1
1
1
1
1
1
1
)
1
/
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Padé Approximants: Convergence properties

Il. Stieljes functions

e Stieljes: f(x) :f dt{:(rgr p(t) >0 ~ f(x)=1 f dtlmt(i&))

e Given a Stieljes function f(x), limy_ oo PHH(X) < f(x) < PN(x)
on the complex-plane C (except for the cut) as N — oo

Log-function f(x) = LLog(1+x) =1 [} dt'm == [l

0 14xt
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Padé Approximants: Convergence properties

Il. Stieljes functions

o Stieljes: f(x) = [;° dtlpi?t;l)(t) >0 ~ f(x)= %fszc dtlmt(i(;))

e Given a Stieljes function f(x), limy_o PN, (x) < f(x) < Py(x)
on the complex-plane C (except for the cut) as N — oo

T JO 14xt

T

Log-function f(x) = LLog(1+x) =1 [ dtw B -

e
S
ST
LT

...'.'.-:sg%z.
Y Z
X2 7
<Z
SRR 2z

< Vi
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Padé Approximants: Convergence properties

Il. Stieljes functions

o Stieljes: f(x) = [;° dt{:(r?t;l)(t) >0 ~ f(x)= %fszc dtlmt(i(;))

e Given a Stieljes function f(x), limy_o PN, (x) < f(x) < Py(x)
on the complex-plane C (except for the cut) as N — oo

Cannot open further Riemann Sheets: No resonance hunting!

—Im(% Loé(l + x))
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Padé Approximants: Convergence Properties

I1l. Multipoint Padé Approximants

Previous reuslts generalize to N-point expansions, of particular interest:

2-point Padé Approximants

e Well suited if low (i.e. chiral) and asymptotic (i.e. pQCD)
expansions are known — matching

N-point Padé Approximants

e This implies Pade Approximants as fitting functions converge!
e Particularly their derivatives at some point converge too!

e This is our method to extract information, lets check convergence
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Our proposal: Bivariate Padé Approximants

Use bivariate Padé Approximants (Chisholm '73)
N S iy N i
Z;,j X'y ys0 0 Y aix
M M
Zk,/bk,jxky/ >k bixk
Again, coefficients from matching the Taylor series

Tn(x, -
Py(x.y) = ,M = ap+ai(x+y)+aiixy+..+O(xTy D)

Py(x,y) = (PM(x)) a(b)i; = a(b);,;

do
'D?(X’y): :30+31(X+y)+31’1xy+...
1— 2(c+y)+ oy

Convergence to meromorphic (Stieltjes?) functions (large-N, limit) is
guaranteed
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Our proposal: Bivariate Padé Approximants

Lets revisit the Regge Model
Fp+(0,
FP’Y*V*(QleQ%) = PQ?_(Q;)

Obeys Py, (x,y) < f(x,y) < PN(x,y) (Stieltjes)
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Our proposal: Bivariate Padé Approximants

2 2
A bigger challenge: cuts Fp -« (QZ, Q3) = Fpy+ (0, 0)703,\12022 In (%21822)

AP AP
8] 8|
. 6| ‘\6:‘ 6|
4 4
2| 2|
0l 0l
10 10
8| 8|
o 6 oo E.
4 © 4
2| 2|
0l 0l

Obeys Py, (x,y) < f(x,y) < PN(x,y) (Stieltjes)
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n — n’-mixing: Results

We used F3 QCD anomaly-driven running; Without it

Fy=1.07(1)F,, F.=139(14)F, ¢ =39.3(1.3)° J

Then Qlim Q*Fy(Q?%) = 0.321(12)GeV (compare to 0.255(4)GeV )
—o0

— The RGE read —

d

H(TMFO = —Nr (%)2 — Fo(n) = Fo(ko) (1 + % (as(p) — O‘S(MO)))

Implying the modified equations (Fo(o0) = Fo(1GeV)(1 + A))

Q!im Q?*Fpryr (Q3) = 2 (&4 (1 + (4/5)A) Fycos ¢ — & (1 + 2A) Fysin ¢)

Qym Q?*Fyry (Q%) = 2(&4 (L + (4/5)A) Fysin ¢ + & (1 + 2A) Fs cos ¢)
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n — n’-mixing: Results

The degeneracy equation read

1
Fryyneo + Fn'wn/oo = 612 (9+8A) J

Where Fp,, = Fp,(0,0) and Peo = limgz_,o0 Q*Fpy++(Q?)
Data: 0.9(3)5% vs. Running: 0.855% — OZf?

— The RGE read —

Hdi;LFo = —Nr (%)2 — Fo(n) = Fo(ko) (1 + % (as(p) — O‘S(MO)))

Implying the modified equations (Fo(o0) = Fo(1GeV)(1 + A))

Q!im Q?*Fpryer (Q3) = 2 (&4 (1 + (4/5)A) Fycos ¢ — & (1 + 2A) Fsin ¢)

Qym Q?*Fyry (Q%) = 2(&4 (L + (4/5)A) Fysin ¢ + & (1 + 2A) Fs cos ¢)
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n — n’-mixing: Results

BaBar Coll. obtained deep time-like g*> = 112 GeV? data.
At least, as Q% — o0, G°|Fpy+~(G%)| = Q?|Fpy-1(Q?)]

Neglecting g® corrections and assuming asymptotic behavior 4 duality,
qzalllignGeVZ q2|Fn(n’)’y*'y(q2)| = Qlig‘oo Q2|Fn(n’)"/*'y(Q2)|
This way, BaBar obtains
Qliﬂlo Q|F i1y (@%)] = 0.229(30)(8) [0.251(19)(8)] GeV

To be compared with our extractions

Q|im Q*|Fopy1r~(Q%)] = 0.177(15) [0.255(4)] GeV
2500
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n — n’-mixing: Results

BaBar Coll. obtained deep time-like g> = 112 GeV? data.
At least, as Q% — o0, G°|Fpy+~(G%)| = Q?|Fpy-1(Q?)]
Neglecting g® corrections and assuming asymptotic behavior 4 duality,

. . )
qz—)llllgnGeVQ q2|F"7(7],)’)’*’Y(q2)| = Qlinoo Q2|Fn(n’)'y*’y(Q )|

Fq/Fr
1.0581.0621.0691.0771.766 1112 1154
. 11.70
ol T 1150
\\ 1130
o 1110
o B . 100
SS R
0.84
»f
068
25t

014 0.16 018 0.20 0.22 0.24 0.26
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Meson transition form factors and their applications
Backup

cc continuum production

The TL TFF enters this process
As % = 00 Fpyy(07) = Fpyen (- QF)

e e If holds at large but finite but large g2,
use our parametrization
e Test duality ideas
_ 212’ m>
o(ete” = Py) = 3 (FPW*’Y(Svo))Z < - TP }

Dominates respect to J/V — P~y
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