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[ Outline: J

Framework for the nn-VFF:

Resonance chiral theory and 1/N. expansion

ImF(s) at s>

Full F(s) at s >0

« F(s) at low energies

 Numerical estimates and conclusions
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wrn-VFF,
RyT

and the 1/N. expansion

One-loop predictions for the nx-VFF in Ry T



The amplitude:

nn vector form-factor

Hadronic interaction theory ?
Resonance loops ?

1 _
(7t 5Ey e — SdA0) = (prs —pe- ) F(g?)

e~ at
v, 2° /E<|_,-
q e

et QCD T

*Very good measurements

with ¢ = pr+ + pa-

->Test for our hadronic theory
*Well dominated by the vector
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(RXT)

[ Ecker et al.’89] ... [ Cirigliano et al.’06] ...

 Large N. > U(n{) multiplets

* 1/N, supression of meson loops

»+ Goldstones from Sy SB (n,K,ng,n1)

- SRA: First resonance multiplets (V,A,S,P)

*  Chiral symmetry invariance

¢ J ust O(pZ) Oper'ClTOI"S ? €High energy conditions [ Tmka,SC'09 ]

? EFicld Redefinitions [ Xia0,SC'07 | 7
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No restriction on the number of R fields: Lryvr = £9% + > Lra+ > Law + Y Lrwrs + ..

R R.R! R.R R
\
F? QB
L[] = — X+ ) > L
N [ Weinberg’79]
—”

[ Gasser & Leutwyler’84]
[ Gasser & Leutwyler’85]

The only relevant ones at large N (tree-level LO)

—

> ) Lr

H

Lo= ci( Su,ut
S o1 iz ) [ Ecker et al.”89]

—
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[Cirigliano et al.’06]

[Pich,Rosell & SC’08]

Lya= i\ [V Ayl ) + idg (VA Vi A Jua)
+ Ay [VaVi, A% u) + Ay 2 [VaViu, A% ]u”)

Lsa = A\A({V,.S A }u,, )

'CPV — "I}"IPV< [VP’JP ? LI;W]“H>

R=A,P

Lsp = N (u{V*S, P})

B

Z Lrpr + Z Lrrpre +

R R’ R.R' R
NEGLECTED

—->We will neglect RR’ absorptive cuts
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We must build the Ry T
that best mimics QCD

[ Weinberg’'79]

AT LONG-DISTANCE: Chiral symmeTry invariance [Gasser,Leutnyer’84,’85].
Ensures the right low-energy QCD structure (yPT), i

[ Cata,Peris’02]
[Herada,Yamawaki03] ~ even at the loop level |

|
F(p2
[ Rosell,Pich,SC’04°06'08 ] ... : \F9
| _.RxT
I o .’0
N 5 p2
IPQCD APT
|
|

AT SHORT-DISTANCE: e e e

Demand to the theory the high-energy power behaviour
prescribed by QCD

[Bordsky,Lepage’79]
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*This can be also understood from a Padé app. Point of view: Ml 6N

0k

log, {|Fvisi]

- [0/1] Pade Type (M, fixed) ~ [Masujan,Peris SC'08]

QLQ =

. ' — 2T

*It leads to the low-energy large-N expression F(s) =1 72 O(s%)

_ . NG —oc FyvG F? ,
with the LEC prediction L = Vizv = 5> =~ 6.8.107% [Eckeretal 8]
2My, 2My5;
to be compared to the experimental numbers for 103 - Lo(M,) :

6.9+0.7 [O(p*)xPT; Gasser,Leutwyler'85], 5.93+0.43 [O(p®)yPT; Bijnens,Talavera’02],
7.04£0.23 [:-RyT; Pich,SC’03], 7.2 [largeN.; Kaiser’05],
6.54+0.15 [O(p*) t-SR;Gonzalez-Alonso et al.’09] 5.50+£0.40 [O(p®) t-SR;Gonzalez-Alonso et al.’09]
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Developing Ry T beyon

LO ,
T < , ®=.< LRXT RXT at LO [Ecker et al.”89], ...
U
":Q< One Loop Diagrams NLO Contributions [Cata,Peris’02]
. Kﬁ [Rosell, Pich,SC’04]
v% [Rosell et al.”05]
™, However, Loops=UV Divergences!!
- J i%
G &)
V=D<E LII:IX_I(") New NLO pieces (NLO couplings)?
" e N ———
56y 5252 vXe ) [Rosell,Pich,SC’04,"06]
Removable through EoM [Ruiz-Femenia et al.”05,"06]
and with proper short-distance [SC°07]

[ Xia0,SC’07 ]
[Trnka,SC’09]
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UV divergences = NLO lagrangian

*Only Goldstones counterterms

\GB  _ _F o[y
Lxio = —iLo{fy upu)

*Counterterms with resonance fields

Lxio = Xz{Van VIV, V2V PY)

/
\

nr, R, RR’ absorptive cuts
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However,

Redundant operators (Proportional to EoM) [Rosell,Pich,SC’04]
= v 4
F iGe
iz (2 v e — g2y S Ve TEV oo w
VAV, VP — V'Y,V MV = SR R ]

2> L N0 operators removable through meson field redefinitions &

/XZ.F.G 0. \

Lo 5 Lo+ (V2XEGy +2V2Fy X¢ — XzFy Gy),
the amplitude depends Fy 5 Fy + (2XzFy M}, — ZﬁXFM%),

Instead of the original set of couplings,

Gy = Gy + (2X2Gy M2 — 4V2XeM32).

§ 112 4
KM%,—>MV+2XZMV. /
"J. J. Sanz Cillero D T "~

only on effective combinations




*VVFF up to NLO in 1/Ng

F(s) = 1+ F‘]’;‘(z}v Mgs - € LO tree-level
2
2Los FvGv s” _ FvXe s* XrGv _ s° :
+ =53 2Xz %3 AE o7 42 B2 M2 s 2v2 B2 M2 s € NLO tree-level
FvGyv sX(s) FvI'(s) s P(s)Gv s )
TRt TR 2 TR M s T R M, s € L-loop
[Fy, Gy, X5, Xg... renormalize every single Vertex-Function]
*VEF up to NLO in 1/N. (AFTER EoM SIMPLIFICATION )
Feff (geff < 2ieﬁ8 ;
F(s) = 1 + Vv Vv + 9 + F(s 1—foop
( ) F2 M%_ — g F2 ( )

MEANING: F,G,, M\? and L, are able to make F(s) finite

*From now on, we will always refer to the simplified lagrangian => “eft” superscript assumed
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Step 1)

VFF spectral function:
ImF(s) at s>

One-loop predictions for the nx-VFF in Ry T



*The full VFF must the behaviour F(s)>0 when s> «
*Similarly, for its spectral function ImF(s)>0 when s> «
*\We will demand this behaviour for every two-meson cut

IMF(S)| 11 m220 when s> «

*The spectral function shows the generic form:

) 0) 1, S ( 0) .. —S
ImF(s) = s (a(lp + o lnﬁ) + (aﬂm + oy th) +

. . . - | ¢
which requires the constraints [”(lp} = "-'"'(1) = (_--rﬁ,p-’ = (‘13 ' =0 }

[ Notice that at large Nc, o=, 0=0 trivially ]
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\
n_cut: Qd::::><i QQ(:::><i

FvGv = 2 [Ecker et al.’89]

V \V/ \
3G2 + 2(32 — Ez [Guo,Zheng,SC’07]
V d

(0<c2 <F?/2, 0<GF <F?/3)
\
(Everything fixed in terms of M,,Mg,G,) ViS ® ' VS
Pr cut:
P

ATV =0 > F(s)|p, =0 trivially
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AT cut:

R— V.S

V,S

Complicate system =->Various solutions (6)

=>(1s) Trivial solution: \YA — 2\YA =0
2AYA —2XYA + AYA +20YA =0
ANA =0 = ImF(s)lar =0

= (2"4) Ax-VFF constraint solution

[Pich, Rosell,SC’08] AA —2AYA =0 ]
2AVA _2)\VA | \VA L o\VA _p, Ry l (All AA comb. fixed)

 FaAGy (M3 - 4M3)
3\/51\-’1?;&11"\/_) ImF(s)|ar #0

ATA =
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Step 2)
Full VFF asymptotic behaviour:
F(s) at s>

One-loop predictions for the nx-VFF in Ry T



*After constraining ImF(s), the VFF has the structure:

_ FvGv S 2E95 1—/oop
‘}-(S) = 1 + F2 M%—S + F2 + F(S)

[Unique decomposition from dispersion relations]  [Pich,Rosell,SC’'08]

. — : 28 N S - S
. _ F(s 1—foop _ F(s 1—/oop i + 0 4+ o
with the 1-loop structure F(s) (s) + gzl Tt o M2 —s TN ME s

, Fv G . ‘ <~ - R
Fle) =1+ ( \E"QV_FOO)M‘{’/S_S + fg (Lo +01) + F(s)t—foop

*At high-energies, this results = 7(g)1-‘eor 52> 5, 1 © (S_l)é/

Fis) = 2@+ i) + (1- TG Gt a) + o

=

)
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=» This leads to the the NLO constraints:

-~

E9—|—(§1=0

[Not really physical here;

FV GV 2 4 - renorm.-scheme choice
T + ()0 == 1 + ()0 !

N /

to be compared with their large-N values Lo =0,

I J. J. Sanz Cillero One-’oop preglcmlo



*TTTt contribution:

After using the high-energy ImF(s)| . constraints 2 ,"" = (.23

F2
OMZ,

> 65T ~1.5-1073

*Pr contribution:

From the ImF(s)|p, constraints = §,F"=0

ATt contribution:

After using the high-energy ImF(s)| . constraints

- Complicate expression, but = §,2* =0.14

F?
9 W()OA;T ~ 10 . 10_3
v
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Low-energy

expansion

J. J. Sanz Cillero One-loop predictions for the nx-VFF in Ry T



‘ Low-energy predictions l

*At s>0, the RChT expression shows the structure,

) 2s = 2, F2 FVGV N N2
F(s) = 1 + B2 l(Lg—l—ol) + 21\/1%( 72 +f‘?o> + :‘;LQ] + 0(s%)

s Gy (5 —S

2
F2 1672 E_ln?) + 069

+

with the log coefficient Gy =T, = i , matching ChPT

Chiral symmetry

*This has the same form as ChPT ,

) 2Lg iy ) S s Tg 5 —5 |
F(s) = 1 + F; + 0 162 ——In— | + O(s?)
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*This leads to the prediction for the ChPT LECs,

: F2 FV GV A - A Fq H
Lo(1ty) = > 5— +00 | + (Lo+01) + &, + 5 In
2M5; F 327 [0
For instance, with only the n loops considered,
2 1o (Ms FyG3 log (M G2 log (M¥
~ Galos = 11c3 Visy 08 | 72 5Fv G v 108 | = 25G3
fLo = 6472F2  38472F2 i 64m2F4 19272F4 12872F2 * TG8T2F2

2

2M?,

*Using the high-energy constraints up to NLO—= Lg ( ,u.) = ( 1 + 0o ) + Lo

TO NOTICE: Exact recovery of the p running dependence

J. J. Sanz Cillero One-loop pr'eglcflons ,ar #emm-



*TTTt contribution:

After using the high-energy ImF(s)|,. constraints >&; o™ = -1.6 -1073

*Pr contribution:

From the ImF(s)|p, constraints = &; "™ =0

AT contribution:

After using the high-energy ImF(s)| . constraints

- Complicate expression, but & A" = -0.1 -1073
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Numerical determinations

(PRELIMINARY)

One-loop predictions for the nx-VFF in Ry T



elnputs: M,=0.76<>0.78 GeV, M.=0.98<>1.2 GeV, F=89 MeV, G, = F/N3<40 MeV,

[An channel>] M= 1.23% 1.00 GeV, F, = 12389 MeV

< )
*At LO in 1/Ng: LYe™> = 6.7.107?
*NLO with },< (6.6+04)-1073. with jig = 0.77 GeV
( =NLO with ntwt + Pn \
\ \\
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Conclusions

and
PROSPECTS

One-loop predictions for the nx-VFF in Ry T



Clear theoretical organization of the NLO computation:
- Loop contribution

- Relevant physical couplings

Succesful test of the 1/N, expansion in RChT

Very slight problem with the An channel (“high" range of Ly®*P values)

- Detailed uncertainty estimate

- Extraction of the VFF O(p®) LECs
- Analysis of experimental VFF data

J. J. Sanz Cillero Onei/oo,;a predictions for the nr-VFF in Ry
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F(t) D(t)
t (M2 =)

F@ 1 %& F(t)

5 27 t(t—s)’
L 1 I ReD'(M2)  ReD(M2)
- F(s) = —+ ZF(8) oy oy — — n |
> ° m;lz > o :'uf% — 8 (Jll?; — 3)2
F s M ImF (), s [ ImF(t)|m,,
ﬂﬂmm::mni/ dtm(mmW+i/ . IF (O
0T Jo t(t — s) T JM2 e t(t —s)
2s I F ()|
= lim (ME —t)? 0 ()l o .
TE t—MZ t(t — s)

s ReD'( Uw;z)

o - 14 S F. . SRel

(1) Z (Olmsima = 37—
F Vv (-1:1.' S -

- 1 . . -I- ‘:Ft mq.m2 s

=t 2 T Ol
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*\What about extra tadpole terms?

They all are real rational functions of the form of

the Ly (local) and F,,G,, (pole) terms, i.e.,

tad. 28 _tad. 50 .S
F(S) = ﬁdl — W

->HOWEVER,
These couplings (or their combination with possible tadpole)
will be fully fixed later
through high-energy constraints

Likewise, we will consider the on-shell mass scheme = M,=770 MeV

J. J. Sanz Cillero One-loop predictions for fZe nr- M n F



*Inputs: M,=0.77 GeV, Mg=0.98 GeV , M,=0.95 < 1.3 GeV

F=89 MeV, G, =45 FA3

-At LO in 1/Ng: LYe™> = 6.7-1072

*NLO with mr: Lo(ji0) = 6.6-1072 . with ;1o = 0.77 GeV

( =NLO with it + P )

‘NLO with 7r + Pr + An:  Lo(p0) = 7.5-107%, with pio = 0.77 GeV

J. J. Sanz Cillero One-loop predictions ,ar #e ﬂ'ﬂW



*TTTt contribution:

After using the high-energy ImF(s)| ., constraints 2 0™ =0, =0

*Pr contribution:

Similarly, from the ImF(s)|p, constraints = SIP’T = SOP’T =(

AT contribution:

After using the high-energy ImF(s)| . constraints

- Complicate expression, but &A%, &, # ()
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Vector Form Factor to Anx (Figure D.2)

(A)s(pa 7 (pr)ldul0) = S Ph = apac™) Finla?)

+(qs" pht — qpre™) i{ﬂ(qg)},

; Fy  F M3 — ¢
fflﬂ'(qg) — ja + ja i‘\[%r o qg |: o QA;/A + QA;)/A o /\}l/A - QA;/A] ’

OF, M2

U (42 vV A VA VA
= —2) A ] ,
Aﬂ'(q ) ja ﬂ[‘% - qg [ 2 + 3 ;

"J. 7. Sanz Cillero T —— "~
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