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For this, it becomes essential to use improved hadronic currents in the MC Gen TAUOLA.
Shekhovtsova, Przedzinski, Nugent , Roig and Was 12, ‘13

Better TAUOLA, better estimation of bkgs for NP searches (LFV T decays).

Davier, Hocker, Zhang ‘05; Pich, ‘13
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The Hadronic Vacuum Polarization Contribution
Leading non-perturbative hadronic contributions @}’ can be obtained in terms of
R,(s) = 0'D(e*e~ — y* — hadrons)/ -4—':-5— data via dispersion integral:
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It does not contribute for Tnt° even including LO isospin corrections Cirigliano, Ecker, Neufeld ‘01

This VFF is very relevant to understand the hadronization of QCD currents at low energies (chiral
dynamics) but

It is also a crucial ingredient in the evaluation of the hadronic contribution (LO) to the
anomalous magnetic moment of the muon, and thus, a very stringent probe of New Physics

From the high-E perspective the T n® and m~n~ ©t* channels are essential to follow the spin in the
Higgs(-like) di-tau channels at LHC (New hadronic currents in TAUOLA Shekhovtsova, PR et. al. 12, 13)
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Ecker, Gasser, Pich, De Rafael ‘89 Ecker, Gasser, Leutwyler, Pich, De Rafael ‘89
* Finally, QCD high-energy behaviour imposed to the Green functions or form factors.

Ruiz-Femenia, Pich, Portolés ‘03 Cirigliano, Ecker,Eidemiiller, Pich, Portolés ‘04

Cirigliano, Ecker, Eidemdtiller, Kaiser, Pich, Portolés ‘05, ‘06 Kampf, Novotny '11
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Different approaches to deal with the diverse energy regimes

* For E<|\/|p — ¥ PT up to O(p®) Gasser, Leutwyler’85, Bijnens, Colangelo, Talavera ‘98, Bijnens, Talavera’02

Guerrero, Pich ‘97
* For M, < E<1 GeV— Match yPT results to VMD using an Omnés solution for dispersion relation.

Omnés solution for dispersion relation pich, Portolés 01

Unitarization approach Trocéniz, Yndurdin ‘01, Oller, Oser, Palomar ‘01
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*For M, <E<1 GeV— Match % PT results to VMD using an Omnés solution for dispersion relation.

Omnés solution for dispersion relation pich, Portolés 01

Unitarization approach Trocéniz, Ynduréin ‘01, Oller, Oser, Palomar ‘01

*1 GeV < E< 2 GeV — Include p’ through Schwinger-Dyson-like resummation.

Sanz-Cillero, Pich ‘03
Tower of resonances based on dual QCD

Dominguez '01, Bruch, Khodjamiriam, Kuhn ‘05
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VFF OF ©t® AND FITS TO DATA

(7 (pr— )7 (pro) | dv*u D) = V2 [P — Pro ) @ Guerrero, Pich 97

e

To avoid double counting

Antisymmetric tensor formalism
for spin-one resonances

Ecker et al. ‘89

O(p?) % PT
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VFF OF m® AND FITS TO DATA
(7 (pr= )7 (peo) [ u|0) = V2(ps- — prt ;:ff Guerrero, Pich '97

e

Obtained via the
resonances width

and analyticity

Antisymmetric tensor formalism
for spin-one resonances

Ecker et al. '89 To avoid double counting

Obtained by integrating

O(p*) xPT N
resonances out
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VFF OF ©rt® AND FITS TO DATA
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V& a=l K- K" —%m
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VFF OF t® AND FITS TO DATA
T (pe- )" (pro) [dy*ul0) = V2(pr- — pro ::

VD "hr:f
, === Guerrero, Pich ‘97
P
Gasser, Leutwyler 85

‘ 2Ly () s _ o _
F(s)2hh =1+=— 5 — [A{m‘g ‘s.om2 2 + =A(m3 /s, m2 | i??]
[ )O(p4) f?.r? ° {:]'G’.?Tzfg T [ 8 M } ) 5 [ K/ S5 My /1

O(p6) Gasser, Meissner '91; Bijnens, Colangelo, Talavera '98,; Bijnens, Talavera ‘02
8mb 5 3 ap+ 1
—=+4opIn
s 3 op — 1

A{-mgpa.f's_. m%;‘“f] = In (mlzp_;'“,ug) + op = %,-’f 1 —4dm}/s
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VFF OF t® AND FITS TO DATA
1 (pr- )70 (Peo) [d*ul0) = V2(pr- — pro ::

VD -'ﬂ*'fﬁ
,\ === Guerrero, Pich ‘97
ﬁr’.fp — 5
Gasser, Leutwyler 85

QL""(,uJ S 1
F(s)ChPT _ 4 0 _ [4 2 /112) 4 A__Ex,‘ 2;2]

O(p6) Gasser Melssner ’91; Bijnens, Colangelo, Talavera '98,; Bijnens, Talavera ‘02

-
2;2 2 092 )

A(m3/s,mp/p?) = In (mp,r,u ) STP _:§+ op In (jﬁti) op= /1 —dmp/s

ChPT+VMD

M? s 1 .
@ T i Ty {A(mfrfs?-m;r";_;’_ﬂ-fg) + Eﬂ(m_?{_;’&-m.ﬁﬁfﬂ-fgj}
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VFF OF ©nt® AND FITS TO DATA

ChPT+VMD Guerrero, Pich 97
M? g g
) M; P_“ ) UGPEfE lfl i/ 5y My) + 5““”35 i /M?) ]

Unitarity+Analiticity Omnés, ‘58

\ 4
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VFF OF ©nt® AND FITS TO DATA

ChPT+VMD Guerrero, Pich 97
J.H.ll.rr-f S 4.- -3."_ Elfljrgx J-Ll.- -E [ 2 ..‘Lirz
= h_r] _a o '.‘]G”.'Tzfi 4 I: M /S, M/l o :' —+ 5.: |: Mg /S, 'ﬁ?‘;{-f.-"_- P]
My = - ‘)

Unitarity+Analiticity Omnés, ‘58
O(p?) resdlt for &1, (s)
v

MZ _ g 1 0 ]
i £ T 2 S Sy, (2 L 2 g2
= s o {WE‘ ma /M) + 5A(mic /s, mic /M)

Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)



VFF OF ©nt® AND FITS TO DATA

ChPT+VMD Guerrero, Pich 97
J.H.ll.rr-f S 4.- -3."_ Elfljrgx J-Ll.- -E [ 2 ..‘Lirz
= h_r] _a o '.‘]G”.'Tzfi 4 I: M /S, M/l o :' —+ 5.: |: Mg /S, 'ﬁ?‘;{-f.-"_- P]
My = - ‘)

Unitarity+Analiticity Omnés, ‘58
O(p?) resdlt for &1, (s)

v
M? —§ 1 - .
[ = —F o _Efﬂig ls.m2 /M2 + = A(m2 /s, m% [ M?)
M2 — s : Q62 f2 (T /8, Mo M )+ 5 AT /5 i [
‘1.! S N ¥ J. 7
Guerrero, Pich "97 [',(s)|= = {fj'[s —dm?) o 4+ =0(s — dm3,) o3 }
c : ‘e M, s .. ) 1 . 5, o
Gomez-Dumm, Pich, Portolés 00 _ :} 5 Im [x‘jx('???i,-fﬁ: mif-‘”ﬁj + ._-AQ ”ﬁ{fﬁ: ????{_;'_-Uj]]
v OGm= = 2
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VFF OF ©nt® AND FITS TO DATA

ChPT+VMD Guerrero, Pich '97
41_3-3 = 4.. - El.lljrgx J-Ll.- 2 2 '1_{2
2 < 96 777 | (m /s, m, /] P}—I—EJ (i /s, e /M)
- P —

Unitarity+Analiticity Omnés, ‘58
O(p?) resdlt for &1, (s)

v
Ul—fib exp { 96 b:; 7 E{ -m::"‘”f's: -rnf”f"_:’lf 3 )+ %-’4—{ mic /s, mi | M jﬂ }
Guerrero, Pich ’97 C,(s)| = g'lir ;; {fj‘(s — -—lmi} {TST' + %5’(5 — '—lﬁ'l-‘}{] ﬁ?{}
Gomez-Dumm, Pich, Portolés “00 v= — U oy I [4(????.!"5: m?/M?) + %.ﬁl{ m3 /s. -m_?{_;"ﬂfj]]

UE 1 A2 fo 2 g2

Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)



VFF OF ©t® AND FITS TO DATA

Starting point Guerrero, Pich '97
Match yPT results to VMD using an Omnés solution for dispersion relation

M2 L 2 2 g2
= - ?U T 0s) "{]{ zfz lRCrl(m /s,ms ;U )+ ER-C‘A(???H,;&:m,r{,-’-up,?]
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VFF OF ©t® AND FITS TO DATA

Starting point Guerrero, Pich '97
Match yPT results to VMD using an Omnés solution for dispersion relation

M2 L 2 2 g2
= - ?U T 0s) "{]{ zfz lRCrl(m /s,ms ;U )+ ER-C‘A(???H,;&:m,r{,-’-up,?]

~+vPT up to O(p*) and leading O(p®) *SU(2)
contributions Guerrero 98 * Analiticity and unitarity constraints (NNLO)
* Right fall-off at high energies

‘ Idea: Follow the approach of Boito, Escribano, Jamin ’08 preserving analiticity and
unitarity exactly using a dispersive representation of the VFF while retaining (some
of) these nice properties

Also using a dispersive representation: Pich, Portolés 02
Hanhart '12

Celis, Cirigliano and Passemar '13

Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)



VFF OF ©t® AND FITS TO DATA

Starting point Guerrero, Pich '97
Match yPT results to VMD using an Omnés solution for dispersion relation

‘ Idea: Follow the approach of Boito, Escribano, Jamin ’08 preserving analiticity and
unitarity exactly using a dispersive representation of the VFF while retaining (some
of) these nice properties

_ M? _

_'“E 1+ m (A-(s5)+ Ag [H].-E:I — 8

_ M2 _

_'“E 1+ W [%f_:_qn[_-:] + mr_:_:-'lh- [H].-E] — 5 — z'_-’l.f;,l"p-i:.ii:l

Fll_l:‘::I =

Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)



VFF OF ©t® AND FITS TO DATA

Starting point Guerrero, Pich '97
Match yPT results to VMD using an Omnés solution for dispersion relation

‘ Idea: Follow the approach of Boito, Escribano, Jamin ’08 preserving analiticity and
unitarity exactly using a dispersive representation of the VFF while retaining (some
of) these nice properties

_ M? _

_'“E 1+ m (Ar(s) + Ax [n.].-g:l — 8

_ M2 _

_'1_{13 1+ W [%E:}ln[:—:] + EFE,-;_;[H [H].-E:I — 5 — ..r'_-’l._f;,l"pi:.qj

Fll_l:‘::I =

SmFy(s)
ReFy I:: =)

tand, (s) =

Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)



VFF OF ©t® AND FITS TO DATA

Starting point Guerrero, Pich 97
Match yPT results to VMD using an Omnés solution for dispersion relation

‘ Idea: Follow the approach of Boito, Escribano, Jamin ’08 preserving analiticity and
unitarity exactly using a dispersive representation of the VFF while retaining (some
of) these nice properties

3
_ M? |
M2 |1+ gzipm (Ax(s) + Ak (s)/2)| — s
3
_ M? |
_1_{;:} 1+ m [%[’.’._-'—1;7[.'-:] + Rg-_:_;’l_h- [w]-'E:I — 5 — |!:—'1I_|;'_|rl|'_;|::-‘i:|

FII_.' I:: .‘J':I e

SmFy(s)
ReFy I:: =)

t zllleﬁ'j (s) =

=y

oo
Fll_lzf-,] = exp ' -] ‘J_ Jl:':J :I
f 0y 3 (s — 5 — te)
|.|'1r
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VFF OF ©nt® AND FITS TO DATA

The dispersive representation is matched to

B .,”3 == {:(,)'('i".” + (',1,'(‘_'i':’r’ | 8
I‘\”' (S) e : |
o & ; / f \
."I; [] T ml—g‘ (._‘»l,—,l‘ N) + ?_‘1[\(\”] — .8
a'e'? s a''e'® s
.\[j, [] + s (.—';,,, 4-[~)] — 8 ."[:?',, l -+ 8 (’;,n4-.(s] — 8
o I- d S 9
Cr = = I'r(s) = Tx5) O(s —4my)

™My o2 (Mp) L MZ o3 (M2)

at higher energies

Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)



VFF OF ©nt® AND FITS TO DATA

The dispersive representation is matched to

"

2 / -c'x' L D \
’”; -+ l.()’tl' -{-4.1”1‘" | 8

}‘15 (“ ) — ’
a'e'? s ae'? s
\]"?, [1 + S (,—';,.f A-(s )} — 8 \[’-;f :] g W - (-wq,,."-*l..-.( S ' — 8
; I-;g S ﬂ’“(\')
Cr = 3 A 5 I'p(s) =g~ E_—0(s —4m?
R = TMLa2(M2) RE) = RMZSIME)

at higher energies

Possible improvement: Above the onset of inelasticities (s>4m,?) the elastic approximation shall
be replaced by a coupled channel (' nn, ') formalism.

Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)



VFF OF ©nt® AND FITS TO DATA

The dispersive representation is matched to

"

2 / -l'A’ | D \
’U; -+ l.()’r'l' -{-4.1”1‘" | 8

P’\? | S l — |
o & ' / (i
.'\I; [] T 06x3F3 (._‘»1,-.[.\‘) + 'j‘\}\(\ l)] —. 5
o'e? s a”e?” s
M2(1+4+sCpAn(s))—s M2, [1+sCpmAx(s)] —s
" I 3(s) .
Cr = S L o O(s — dm2)

: 271 \ s)= Id { '\»: ; )
m M3 o3(M3) (8] RMZ a3(MZ)

at higher energies

Possible improvement: Above the onset of inelasticities (s>4m,?) the elastic approximation shall
be replaced by a coupled channel (' nn, ') formalism.

— > See Hanhart '12; Celis, Cirigliano, Passemar ’13 for other approaches
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VFF OF ©n° AND FITS TO DATA

’U}

M2

-1I-r_ 1 + _(]{.;Tﬁ_r.'_ﬁ [-"1-.'7[-"‘] T -"1-5\ [“] 2:' — 5
L * °

M2 N

? s) M [1+ geipr (Ae-0(5) + Axc-k0(5)/2)] = 5

M2

M2 |1+ g5y (ReAn(s) + ReAx (5)/2)] — s = iM,T(s)

1. SmFy(s)
tand (s) = ReFy (s)

l't }:
: az 5 &
Fy-(s) = expq ags + “+ — /ffh‘f [

2

dihr

Dispersive representation of ©n°® VFF

M2 [1+ gt (ReA.—o(s) + ReAg—o(s)/2)] — s — iM,T(5)

01 (s”)

s — 5 — i)

Pablo Roig (IF-UNAM)



VFF OF ©n° AND FITS TO DATA

” 2 'U}
Fy(s) = (5) = M? 1 A iy /2
M2 [1 4 5 (An(s) + Ak (s)/2)| — s + ggarz (Ax—r0(s) + Ax-ko(s)/2)
_ " M ) I M
- -'”E -1 + gg=7 7o (ReA,(s) + Redg [.-:];"2:]- —s— 1M, ,(s) "”3 _1 + #T: (ReAz—zo(s) + ReAg _P‘”:'{H)';Q]} — s —iM,Ty(s)

But these are not
the complete LO  Cirigliano, Ecker, Neufeld ‘01
SU(2) corrections

SmFy(s)
ReFy I:: 5 |

tand; (s) =

]
: 9 . Al(s"
Fy-(5) = exp{ a5+ 12 2 L 115
' 2 T "13(s" — 5 — ie)
?LH-
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VFF OF ©n° AND FITS TO DATA

M2 M,
Fy(s) = " M2 1 A + A /2
_1.{;:) 1+W[A.—[]—Ah[ 5)/ E':I — 8 T 9627 FT rJfJT F2 |: —_"”:"j K- P\(t":' )
' " M2 ) Lo M;
= i y 2 2 (Red — ofs)+Redr vols) /2] — s — 4] ¢
M _1 + gemrrr (Redx(s) + Redg [.~:],.f"3:!|_ — s —iM,I',(s) Mz _1 T gerary (Redrxo(s) + Re e geals), 2]} s~ iMpL(s)

—r 1T D But these are not
|F'l" l:ﬁ] — |F'l l:ﬁzl the Complete LO Cirigliano, Ecker, Neufeld ‘01

SU(2) corrections

SmFy(s)
ReFy I:: =)

tand, (s) =

:i\- =1 - .f'\-
. (¥9 2 g5 dy(s")
Fy-(5) = exp{ a5+ <+ — J
vis I 2 T "13(s" — 5 — ie)

|.|'1r
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VFF OF ©n° AND FITS TO DATA

2
, M2 M2
Fy(s) = — o= M2 1 Ap-no(s)+ A /2
M2 [1+ g (Ax(s) + Ak (5)/2)] — s + gerrz (Ax—0(s) + Ax-ko(5)/2)
ol ST B ° .
-’ll-{;} . _ _1.[!;}
M2 [1+ g (ReAx(s) + Red (5)/2)| — s —iM,T,(s) MZ |1+ gerrpr (ReAz—ao(s) + 5”-’*'-:-4;1'-nfi'{-‘fl.-*’ﬁl} — s —iMpTp(s)

—r 1T D But these are not
|F'l' l:ﬁ] — |F'l l:ﬁ:l the complete LO  Cirigliano, Ecker, Neufeld ‘01

SU(2) corrections

Factor used by Belle to obtain the had LO contribution to the AMMM, but not to fit the VFF

Belle ‘08 from Flores-Baez et. al. ‘08

SmFy(s)
ReFy I:: =)

tand, (s) =

O
:’t -\.'-.- &
~ a2 5, 51(s")
Fy(5) = exp{ ays + —s" + ds' 0115 )
! |: J ]: E T [-":'IJ';I":_'-‘JJ — 5 — H'-]

dihr
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VFF OF wn° AND FITS TO DATA

— M2 M3

| M2 |1+ gebpr (Ax(s) + Ak (5)/2)] — s M2 [1+ gepr (Ae-no(s) + Ak (s)/2)| = s
) ) iur_,} i _’u;}
M?

- : 2 [ S (Pe A ofs) 4+ Pe A ols) /] —  — i o)
M; _1 + gemrrr (Redx(s) + Redg [.~:],.f"3:!|_ —s— 1M, ,(s) M, _1 + gy (Redr—ro(s) + Redg—go(s), 2]} s = iMpTp(s)

—r 1T D But these are not
|F1l" l:ﬁ] — |F1l l:ﬁzl the Complete LO Cirigliano, Ecker, Neufeld ‘01

SU(2) corrections

Factor used by Belle to obtain the had LO contribution to the AMMM, but not to fit the VFF

Belle ‘08 from Flores-Baez et. al. ‘08

SmFy(s)
ReFy I:: =)

O
:’t -\.'-.- .||-\.
) 2 o 5 s )
Fy(s5) = exp{ a5+ 57+ ds’ 17
! |: J ]: {'! E T [14.1],1':%31 — 5 — H—]

dihr

tand, (s) =
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VFF OF ©n° AND

1_{ ] Jql_{j

2- 4 [ ety A et/ —
M2 [1+ goips (Ax(s) + Ak ()/2)] — s MZ |1+ sezrrg (Ax-w0(s) + Ak r«‘-l-"?'-?]]

M2 M

B -'“;% -1 + 55T 2 (ReAz(s) + Redk [*‘].-“'IE::'- — & :"-'”ﬂrh\ﬂg_l—i— mﬁf‘;—: (Red, - o(s) + Redy —;;-::-i:s)..f"ﬁ]} —s— M, (5]
VA kin
|F_, ]2 . |F_, 5 But these are not
V l:;" V l:u"’] / the complete LO  Cirigliano, Ecker, Neufeld ‘01

SU(2) corrections

Fy(s) =

Factor used by Belle to obtain the had LO contribution to the AMMM, but not to fit the VFF

Belle ‘08 from Flores-Baez et. al. ‘08

SmFy(s)
ReFy I:: =)

tand, (s) =

:i\- =1 - .f'\.
. (¥9 2 g dy(s")
Fy-(s) = exps ays+ L i |
vis) Py 2 T "13(s" — 5 — ie)

|:|'1r
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VFF OF w7t® AN FITS TO DATA

1_{ ] . 1_{}
Fy(s) = Fvis) 2
M2 [1+ gt (An(s) + Ak (5)/2)| — s Mg 1+ sererr (Arz0(s) + Ag-ko(s)/ 2]]
_ v o M2
= r | 2 a (R of &) e Ao eais)/ — g — 4] y
-'“;% _1 + geoTrT F3 (Red-(s) + Redg [H]..f"E:!I_ s —iM,I',(5) M3 _1 + 56712 (Re A —o(s) + ReA - go(s), 2]} s —iMI (3

But these are not
the complete LO  Cirigliano, Ecker,
SU(2) corrections

Factor used by Belle to obtain the had LO contribution to the AMMM, but not to fit the VFF

Belle ‘08 from Nores-Baez et. al. ‘08

SmFy(s)

“111*5]‘-{""] - ReFyv (s5)

o
:-t '\-'-.- .f'\.
) 2 o 5 s )
Fy(s5) = exp{ a5+ 57+ ds’ 17
! |: J ]: {'! E - - [14.1],1':%31 — 5 — I-F]

dihr
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VFF OF m® ANE O-DATA

/ 11’ ] [ . _ _'1_{02

Fy(s) = 7 : 2 S (A ofs)+ 2 s}/
_-UE 1 + gemtpT 7 (Ax(s) + A (s ].-"'E,:' — s /A M _1 + gerrrr (Ax—x0(s) + Ag- ko f;":'.-’z]] —
' ' ] M2
e

M? . _
M2 _1 + 5en3 7 (Red, - o(s) + Redy —K-::-i:s);"Q]} —s— M., (3

/ 1 sl

M2 [1+ g5y (ReA<(s) + ReAx (s)/2)| /5 = iM,T,T
FitAll

D w2 But these are not 8U(2) LO
|F'Ii_.' |:~ﬁ,] — |FTL l:;":l w the complete LO  Cirigliano, Ecker, Nefifeld ‘01

SU(2) corrections

Factor used by Belle to obtain the had LO contribution to the AMMM, but not to fit the VFF

Belle ‘08 from Nores-Baez et. al. ‘08

Imby(s)
ReFy I:: =)

tand, (s) =

3 (s — 5 — te)

o0
Fy-(s) = exp 22 4 ﬁf /iw : 1(5)
Bthr

Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)



VFF OF ©nt® AND FITS TO DATA

Ar(s) and Ak (s)—> A,—,o(s) and A - ko (5}‘

Dispersive representation of ©n°® VFF

Frt(s) + fom, Chiral LECs
| \
Cx 3 l ;‘IJ m < .‘15
- ——=lo ~ og — + 2log — Xi
fr ( 2 21 & u? log p? + 2log :’\[‘? . ll])

Cirigliano, Ecker, Neufeld ‘01

Pablo Roig (IF-UNAM)



VFF OF ©nt® AND FITS TO DATA

Fit [l EUQ-] LO Diagrams with external photon
-
Photon loop diagrams /'/
] W '\ ]\ 0
, Pj :n P
. m /"
! 1" legerlehner and Szafron 11

Benayoun, David, DelBuono,

e Jegerlehner "11, im<

Cirigliano, Ecker, Neufeld 01
Flores-Tlalpa et. al. '05
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VFF OF ©nt® AND FITS TO DATA

Fit [l EUQ-] LO Diagrams with external photon
-
Photon loop diagrams /'/
W \e D
0 P
"f’i T /
1" legerlehner and Szafron 11 Y

Benayoun, David, DelBuono,

Jegerlehner "11, im<

Lopez-Castro, Roig and Toledo, work in progress

Cirigliano, Ecker, Neufeld ‘01 , -
Flores-Tlalpa et. al. '05 N
G a
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VFF OF m® AND FITS TO DATA
Fit Il sv@wo

Gy(s) has been calculated by cirigliano, Ecker, Neufeld ‘01 (Chiral Perturbation Theory) ‘02 (including

i K -~ ~dashed-dotted
resonances) and Flores-Tlalpa et. al.’05. ong-dashed

1.04 T T T T T

103 F U -
1.02 } "},‘ s

101 | T -

Geu(t)

099 |- e e e |
0.98 | T S, |

097 .

Uge 1 L L I 1
15 .
t[GeV]

P
b
14 ]
w
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VFF OF m® AND FITS TO DATA
Fit Il sv@wo

Gy(s) has been calculated by cirigliano, Ecker, Neufeld ‘01 (Chiral Perturbation Theory) ‘02 (including

i al ’ -~ ~dashed-dotted
resonances) and Flores-Tlalpa et. aL—[lE’L——;.IDng—daE.hed

'1[]4 T T T T 1

103 F ! i

- ﬁ-_ Lopez-Castro, Roig and Toledo, work in progress
ML ';"; =1

101 | %, ]

Geu(t)

099 T T ——— -

0.98 | S

097 .

Ugﬁ 1 L L I 1
15 .
t[GeV]

P
b
14 ]
w
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VFF OF ©nt® AND FITS TO DATA

Fit value (I) | Fit value (II) | Fit value (III)
M, [GeV] 0.8430(5)(17) | 0.8427(5)(14) | 0.8426(5)(20)
F, [GeV] 0.0901(2)(5) | 0.0902(2)(4) | 0.0906(2)(4)
oy [GeV 2] 1.87(1)(3) 1.87(1)(3) 1.81(1)(2)
as [GeV ™) 4.29(1)(7) 4.31(1)(7) 1.40(1)(6)
x2/dof (1.37) (1.37) (1.55
I,(M7)[GeV] || 0.2067T)(3) 0.2067T)(3) 0.20%7T)(3)

Table 1: Results of our fits. The first and second numbers in brackets correspond to
the statistic and theoretical systematic errors, respectively. I',(M7) is obtained using
the fitted values of M, and F; and is given only for reference.

ole t ole : :
MZ™" = ST07"— Mpoe — (74824 0.8)MeV, T = (153.0+0.7)MeV  (Fit III)

Vi =

The %2 is similar in all cases and the inclusion of isospin breaking corrections does not improve
the quality of the fits.
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VFF OF ©nt® AND FITS TO DATA

Fit value (I) | Fit value (II) | Fit value (III)
M, [GeV] 0.8430(5)(17) | 0.8427(5)(14) | 0.8426(5)(20)
F, [GeV] 0. 0901( )(5) | 0.0902(2)(4) | 0.0906(2)(4)
oy [GeV 2] 87(1)(3) 1.87(1)(3) 1.81(1)(2)
as [GeV ™) 4-2A(‘) 4.31(1)(7) 1.40(1)(6)
x2/dof (1.37) (1.37) (1.55
I,(M7)[GeV] || 0.2067T)(3) 0.2067T)(3) 0.20%7T)(3)

Table 1: Results of our fits. The first and second numbers in brackets correspond to
the statistic and theoretical systematic errors, respectively. I',(M7) is obtained using
the fitted values of M, and F; and is given only for reference.

- (153.0:@ (Fit III)
e

The %2 is similar in all cases and the inclusion of isospin breaking corrections does not improve
the quality of the fits.

- . ole t ole -'
VEpole = MP — 31“52 wm’* (748.2+ 0.8) MeV , [®ok
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VFF OF ©nt® AND FITS TO DATA

f e I le
v/ Spole = lf!p{ e __ Frfrm(

MP = (74824 0.8) MeV __I'"* = (153.0 + 0.7) MeV) (Fit III)

The complex variable s in the dispersive VFF is not in the same Riemann sheet where the pole is.

We use one-pole Padé approximants to expand the VFF around the pole at s,,.
(Sanz-Cillero, Masjuan “12)

W Zp = SptTan/an4
N1

N
> Z _ . an(s — so)
f'}lh |:_H:,.'-:|*_'|:| = K {'..H' — ."'i[_|:|jEL + -

aN+1 7 _ L
fe—0 1_ an [.ﬁ—hul

The de Montessus de Ballore Th. ensures that the Padé pole converges to the original pole.

MPOe = (759 £ 2)MeV , TP = (146 +6)MeV  (Fit I) ;

.U{f*”““ = (760 £+ 2) MeV | l"ﬁ'.j“t” = (147 £ 6)MeV  (Fit III) .
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VFF OF ©nt® AND FITS TO DATA

Fit value (I) | Fit value (II) | Fit value (III)
M, [GeV] 0.8430(5)(17) | 0.8427(5)(14) | 0.8426(5)(20)
Fy [GeV] 0.0901(2)(5) | 0.0902(2)(4) | 0.0906(2)(4)
ay [GeV 2] 1.87(1)(3) 1.87(1)(3) 1.81(1)(2)
as [GeV ™7 4.29(1)(7) 4.31(1)(7) 1.40(1)(6)
x2/dof 1.37 1.37 1.55
M?) [GeV] || 0.206(1)(3) 0.206(1)(3) 0.204(1)(3)

Table 1: Results of our fits. The first and second numbers in brackets correspond to
the statistic and theoretical systematic errors, respectively. I',(M ,3 ) is obtained using
the fitted values of M, and Fr and is given only for reference.

‘/Spolc‘ — ..\]P‘Jl*’ a [pnl(fidf’i .'\[;)mlp = (759:1: 2) MeV : l‘golo ol (1161‘6) .\I(‘\r (Flt ]) :
- Mo = (760£2)MeV , [} = (147+6)MeV  (Fit III) .

Belle could also have determined the pole values of their GS (Gounaris-Sakurai ‘67) fit

We obtain MPole = (760.9 £ 0.6)MeV , TP =(142.2+1.6)MeV .
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VFF OF ©nt® AND FITS TO DATA

Reference MpEo*e § Data Analysis
Sanz-Cillero et al. [35] 7641335 | 1482785 | T&ete DSE
Ananthanarayan et al. [69] | 762542 1424+ 7 AW — AW RE
Feuillat et al. [70] 758.3+54 | 1451 +63 | T&eTe” SMA
Peldez [71] 754 + 18 1484+20 | awm— aw | UxPT
Zhou et al. [72] 763.0+02 | 139.0+05 | aw— 7w YU
Masjuan et al. (64 763.7 4+ 1.2 144 &+ 3 T RA
Results from our fit | 759 2
Results from our fit I1I 760 £ 2

Table 2: Comparison between different results for the pole mass and width of the
p(770) meson (values are in MeV). Abbreviations for the type of analysis carried out
are DSE: Dyson-Schwinger equations: RE: Roy equations; SMA: S matrix approach;
UxPT: Unitarized Chiral Perturbation Theory; yU: Chiral unitarization; RA: Rational
approximants; DR: Dispersive representation; GS: Gounaris-Sakurai parametrization.

We also determined the peak or visible mass: |, /55 = (775.0 £ 0.2) MeV .

in agreement with ACGL: /S=2 = (774 £3) MeV
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VFF OF ©nt® AND FITS TO DATA

Fit value (I)

Fit value (II)

Fit value (I11)

M, [GeV]
F; [GeV]
aq [GeV 2]
ag [GeV '1]

0.8430(5)(17)

0.0901(2)(5)
1.87(1)(3)
1.29(1)(7)

0.8427(5)(14)

0.0902(2)(4)
1.B7(1)(3)
1.31(1)(7)

0.8426(5)(20)

0.0906(2)(4)
1.81(1)(2)
1.40(1)(6)

x-/dof

1.37

1.37

1.55

[, (M?)[GeV]

0.206(1)(3)

0.206(1)(3)

0.204(1)(3)

Table 1: Results of our fits. The first and second numbers in brackets correspond to
the statistic and theoretical systematic errors, respectively. I'i-,tjfif] 1s obtained using

the fitted values of M, and F> and is given only for reference.

The 2 is similar in all cases and the inclusion of isospin breaking corrections does not improve

the quality of the fits.

t>1 GeV?
contributions
are negligible

| TR This is the key:
_Small contribution _—" y

z [ However, the error is
fna | Sew | KIN | EM FF< | Aaj¥ (total) | of the size of the
discrepancy with the
SM/10
> 1 -95 |- | -11 |61 L2613 - 119
2 97| -T | -10 |6l E£26£3 - 120 In units of 10711
3 -97 | -75 | -10 |6l +=26+3 - 120
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VFF OF ©nt® AND FITS TO DATA

15 Estabrooks and Martin (s) | K
50 : T~
Estabrooks and Martin (t) FF |
Ochs et al. =
Protopopescu et al. '- i
— Our expression (Fit III) I';Ff i
Garcia-Martin et al. i
- 100F _
v i _
) i ]
o
< i _
ot _ _
50— _
0 ] I
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VFF OF ©nt® AND FITS TO DATA

Estabrooks and Martin (s) | - El
Estabrooks and Martin (1) £3 £

Ochs et al. i
Protopopescu et al.

— Our expression (Fit III) 2’; -
Garcia-Martin et al.

T

—_

o<

o
|

0, | (degrees)

LM
=
|
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VFF OF ©nt® AND FITS TO DATA

.;8 : T I T I T I :
20— Belle data =
10 - — Our parametrization| _
-— GS
Guerrero-Pich [31]
T Pich-Portoles [32]
. F =
> o
iy’ op)
— andzb
q by ﬁ
0
07‘982 }\ 1
1 l 1 l 1 l
0 1 2 3
)
s (GeV")
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VFF OF ©nt® AND FITS TO DATA

10—

2
F,

- Belle data

Our parametr
GS

Guerrero-Pich [31]
Pich-Portoles [32]

1zation

Dispersive representation of ©n°® VFF
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VFF OF ©nt® AND FITS TO DATA

0 | |

30—

Belle data Q\‘*
— Our parametrization N
— GS N
10— Guerrero-Pich [31] \
----- Pich-Portoles [32]

2
F,
ey

Vallll | | | | .

0.4 0.5 0.6 0.7
7
s (GeV')
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VFF OF ©nt® AND FITS TO DATA

30
) Belle data
207 | — Our parametrization (Fit I1T) -
—— GS - _
Our parametrization (Fit II) .
W= 1 Our parametrization (Fit I) 7 h
oL
>
=

0.1 0.2 0.3 0.4 0.5
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VFF OF ©nt® AND FITS TO DATA

s ip . 4 1 / P\ T —
Fy(s) =1+ B N lv® + ¢y s° + dy 5" +
o _ 1
(7 J:;-\_:(}(_yl Cy :',;(”)*“;)
- 81(s")
- A5 ds’ I,A-H
Low-E T J4am] :
expansion
(r*),, =10.86+0.14 GeV™*, ¢, =3.84+0.03 GeV ™"

1 R u -
dy = ¢ (a3 + 302 + o) = 9.84£0.05 GeV ™

In good agreement with the literature with higher precision
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e*e - ' AND FITS TO DATA

Analogous method is applied (Gémez-Dumm, Jamin and Roig, work in progress)
50
| | ' | ! | ' | '

BaBar data
—— Matched expression

|

TN

|

T rremm
A

I
."-'
LA
Led

0.5 1 1.5
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e*e - ' AND FITS TO DATA

Analogous method is applied (Gémez-Dumm, Jamin and Roig, work in progress)

| |
BaBar data
4 —— Matched expression B
3 —
=
g
=4
- _
1.5 —
| |
0.3 0.4 0.5

E (GeV)
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e*e - ' AND FITS TO DATA

Analogous method is applied (Gémez-Dumm, Jamin and Roig, work in progress)
I

50

40

- BaBar data
—— Matched expression

0.8
Pablo Roig (IF-UNAM)

0,7
E (GeV)

10
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CONCLUSIONS

« We have elaborated a dispersive description of the wn® VFF which preserves
analiticity and unitarity exactly and reproduces % PT up to O(p*) with leading O(p®)
contributions (soon in TAUOLA).
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*We have studied the inclusion of SU(2) breaking corrections and concluded that they
do not improve the agreement with Belle data.
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*We have studied the inclusion of SU(2) breaking corrections and concluded that they
do not improve the agreement with Belle data.
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* We have determined precisely the pole position and visible mass of the p(770) in
agreement with the literature.
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CONCLUSIONS

« We have elaborated a dispersive description of the wn® VFF which preserves
analiticity and unitarity exactly and reproduces % PT up to O(p*) with leading O(p®)
contributions (soon in TAUOLA).

*We have studied the inclusion of SU(2) breaking corrections and concluded that they
do not improve the agreement with Belle data.

*Even in case we admit SU(2) breaking is not completely understood, this does not
affect the precision in the determination of a,".

* We have determined precisely the pole position and visible mass of the p(770) in
agreement with the literature.

*We have evaluated several LECs improving the precision of previous determinations.
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CONCLUSIONS

« We have elaborated a dispersive description of the wn® VFF which preserves
analiticity and unitarity exactly and reproduces % PT up to O(p*) with leading O(p®)
contributions (soon in TAUOLA).

*We have studied the inclusion of SU(2) breaking corrections and concluded that they
do not improve the agreement with Belle data.

*Even in case we admit SU(2) breaking is not completely understood, this does not
affect the precision in the determination of a,".

* We have determined precisely the pole position and visible mass of the p(770) in
agreement with the literature.

*We have evaluated several LECs improving the precision of previous determinations.
(Gémez-Dumm, Jamin and Roig, work in progress)

*Our framework is also able to provide good fits to the low-energy c(ete - rt*w).

Once the issue of SU(2) breaking will be completely understood this will allow us to

evaluate a,™ both from e*e and 1 decays consistently.
(Lopez-Castro, Roig and Toledo, work in progress)
Dispersive representation of ©n°® VFF Pablo Roig (IF-UNAM)
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DISPERSIVE REPRESENTATION OF THE
it VECTOR FORM FACTOR

it~ — 7' 1y IO Sew |Vaal? t . 5
= ] e W90 B0, (t) (1 —EH{ ()2

|4+ 2552 (t)
5 ': —5 )Pz0g- 1)
dt 2msz ms i

m=

3A7

| T] - 31f_(t))* — 6Re [f ”T} Gem(t) (4)

'
It vanishes even including isospin breaking corrections to first order (Cirigliano, Ecker, Neufeld ‘01)

ol i
(rims

19273 °

o Ar =M% — M, Buog- (1) = X721, M2 Jt, M2 /1)
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DISPERSIVE REPRESENTATION OF THE
it VECTOR FORM FACTOR

dl(r~ — 7% 1) 'Y Sew | Vi 2 o t . o | 2t
| e Bron- () (1 — =52 S £+ (O | (1 + =) 52 (2)
dt 2msz s '

m;

3AZ

. . A -
| !L—_,] +3|f_(f)" — 6Re ”“T} Geml(t) (4)

R
It vanishes even including isospin breaking corrections to first order (Cirigliano, Ecker, Neufeld ‘01)

dU(r— =7 w'v.)  Gim] Sy [Vaal? '] s )3 1+ 2s
ds T M2 M?
) .
. m2, m2, ,
A%/2 (L —, )J-.'.U{-':‘} .

W

Only one relevant form factor: Vector Form Factor
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Introduction
Particle with spin ¥ = magnetic moment /i (internal current circulating)

=g, —§ ; gu=2(1+aq,
! 2myc - s

Dirac: g, =2 | = <~ + ... muon anomaly

() Electromagnetic Lepton Vertex

= (—ie) A(p') | Y“F1(q?) +i G F ()| u(p)

p(p)

Fi(0O)=1: Fy0)=a,

a, responsible for the Larmor precession

F. Jegerlehner Seminar, IFAE Barcelona, Feb 2013

M




Production:

iy CP iy
#*“'—E:*O =GPV, #“"'—C}O L= P Vi

N .
C
S N

p:*i—CII-w- == Vg CMP u‘d—c:hﬁ- -Gy

1P

Decay:

-+ —

7} 7
Vy = -<::|' + Vi = .ED- -
Ve, < = 'E:>- © Ve el = '<::|' ©

The electrons are thus emitted in the direction of the muon spin, i.e. measuring
the direction of the electron momentum provides the direction of the muon spin.

F. Jegeriehner Seminar, IFAE Barcelona, Feb 2013



1 Hadronic stuff: the limitation to theory

General problem in electroweak precision physics:
contributions from hadrons (quark loops) at low energy scales
Leptons Quarks

M@“_w ; 1&'-£;}1§ﬁ]-:1]1l}1'111g u. d. s - »—ruht;-'
AN "

‘L] ¥, 1 strong coupling

pQKD

(a) Hadronic vacuum polarization O(a?), O(a?) Light quark loops
(b) Hadronic light-by-light scattering O(e?) l
(c) Hadronic effects in 2-loop EWRC {}{chFmﬁ} Hadronic “blobs”

F. Jegerlehner Seminar, IFAE Barcelona, Feb 2013



The Hadronic Light-by-Light Scattering Contribution

Hadrons in (O|T{A*(x1)A"(x2)A”(x3)A” (x4)}|0) I

i 7

Key object full rank-four hadronic vacuum polarization tensor

- ' (1 +g2X2+G3x3)
[Lhay(q1,q2.q3) = f d*x; d*xy d*x; e @F1+@72+g3x:

S

< non-perturbative physics XCOTT {ulx1) jy(x2) ja(x3) jpo(O)} | O) .

7

% general covariant decomposition involves 138 Lorentz structures of which

% 32 can contribute to g — 2

F. Jegeriehner Seminar, IFAE Barcelona, Feb 2013
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83(12) x 10— 11

~19(13) x 10-1!

+62(3) x 10711

7, .

L.D. L.D. S.D.

LD contribution requires low energy effective hadronic models : simplest case
7yy vertex
Basic problem: (s, s1, s2)-domain of F,0.,...(s. 51, 52); here (0, sy, s2)—plane

Two scle peoblem: *cpen rogons”

— Data, OPE,
?7? — QCD factorization,
— Brodsky-Lepage approach

One scale peoblem: *mo problem™

RLA 'pQCD

F. Jegeriehner Seminar, IFAE Barcelona, Feb 2013
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Most natural New Physics contributions: (examples)

b) 3 d) >
f/\ f A H~ H™ X X+
My’ Mo[S,P] ™ Mg[V,A] D G X"

neutral boson exchange: a) scalar or pseudoscalar and c) vector or axialvector, flavor changing or
not, new charged bosons: b) scalars or pseudoscalars, d) vector or axialvector

Leading SUSY contributions to g — 2 in supersymmetric extension of the SM.

% Could it be a missing SM contribution?
Could have been missing some electromagnetic radiation effects.
Do we measure what we calculate i.e. F»(0)?

T 1 +
VaValVy - WS
T -
£ £
Does real radiation not affect g — 2 measurement? Could yield IR finite correction
to helicity flip amplitude?



The role of QCD in high precision physics: a from a,
Example: the electron g — 2: a.'" = 0.001 159652 18073(28) Gabrielse et al. 2008

o a,) = 137.0359991657(331)(68)(46)(24)][0.25 ppb] Aoyama et al 2012

Most precise non-a, determination o '(Rb11) = 137.035999037(91)[0.66 ppb]
yields (QED-test!) a>? —ahe = —1.13(0.82) x 10-12
Total hadronic contribution:

a™d = a l’mp had) + a, ]l'mp had) + a.(LbL, had)
Hl}ad = (1.834 £ 0.014" = 0.219 £0.002 + 0.037 £ 0.005) x 10-12

@ a';ﬂd = 1.652(13) x 107" relevant now, save only due to the fact the high energy
tail of the dispersion integral is controlled by QCD (AF).

TFirst precise determination a™d = 1.884(41) x 10~12 S. Eidelman, F.J. 1995 illustrates progress since

F. Jegeriehner IFAE Barcelona, February 14, 2013 65




Electron Anomalous Magnetic Moment

e . ppt O 2 4 6 8 10 12
Hanneke-Fogwell-Gabrielse 08 — — — — — ———
- Harvard 2003
—e—  Harvard 2006 UV 1987
[ .' i

a,= 0001159 652180 73 (28) o w2z 14 16 8 10 192

(/2 - 1.001 159 652 000) / 107

ra n
C o ) ) | | 1 | |
S Z | — | as™ ai™ = A7+ ATV (mgim,) + ATV (mgim) + ATV (mgim . .mim.)

7 70 P8 QG

Aoyvama-Hayakawa-Kinoshita-Nio -

/@@\@w@m\

AP =-1.9106 (20) .,  AP(m,/m,)=09.222 (66)-107" - /@”} .
= &q E:m*@ -ﬂl
(8) _ —6 (8) _ = ll fjn ar Tl f;ﬁ'x rﬁ?\ [ el
Ay (mg/m )=824 (12)-10 ° . Ay (my/m,.mym_)=7.465 (18)-10 .
o~
A0 =016 (58) . AS(mym,) =352 (39)-107 a n L2290\ (BN 17 =i 17N

DS
a®® = 1685 (33)«107% . o =0.0297 (5) 107"
BEH RS

Capnoro = 137.035999 049 (90) m) o= 0.001159 65218178 (6)gy(Hion(3ps(77).,

a o' =137.035999 1736 (68)., (46)...(26), ,(331) [0.25 ppb]
- a 8th 10th had exp PP

A. Pich TAU2012 Summary 30



Best determination of fine structure constant:
N
HEED{[F} = Z Cp (/)" N=35
n=1

ai® = a¥P(a) + a™ = result o(a,) given above

At present precision weak contributions a*<** = 0.03043 x 10~!? not relevant.

® so QCD plays role in the determination of the most fundamental constant

M f 4

M ",

Aoy (M2) = 0.027498 + 0.000135 [0.027510 + 0.000218],

o~ (M2) = 128.962 + 0.018 [128.961 + 0.030] ,

evaluated in Adler function approach [in braces standard evaluation].

F. Jegeriehner IFAE Barcelona, February 14, 2013
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Future Challenge

New Muon g-2 Experiment at FNAL
Goal: Aa,=1.610"? (0.14 ppm)
B. Lee Roberts

From
BNL
to FNAL

Alternative proposal at J-PARC

Ultra-slow p, E=0, 0.1 ppm

Improved data
Radiative return
Isospin breaking

Improved theoretical tools

(Bodenstein et al, ...)

Lattice simulations
(Blum)

Light-by-Light (de Rafael)




T Anomalous Magnetic Moment

Difficult to measure!

—0.007 < a*"™" < 0.005

Eidelman, Passera

a-* = (-0.018+0.017) DELPHI

Gonzalez-Springer, Santamaria, Vidal ‘00 (LEP/SLD data)

tl

'= 117324

Enhanced sensitivity to

10° - a, +2  QED .
+ 474 £ 05 EW new physics: (JHW/“IHF) = 283
+ 3375 £ 3.7 hvp
T _6 £ 0.2 l“fvp NLD. Electron Muon Tau
+ 5 z3 light-by-light | oy o0 e A P
= 117721 £ 5 aEW/gaHAD 1.6 3 10
M. Passera

The tau g-2 is essentially unknown. We are
studying the possibility to measure it at B factories
via its radiative leptonic decays.

A. Pich

TAU2012 Summary
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