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Introduction

» Form factor(FF): a key object to probe hadrons

FF can quantify the response of hadrons with EM/ EW external
currents.

» Different types of two-meson (P. Q) FFs
Scalar FF (Higgs)

Fg'pq(s) = (01¢"¢"|PQ)
Vector FF¥ (W/Z/vy)

<O|ij’7”qn|P(p1)Q(p2)> — (p2 — pl)“F\T/nf,PQ(3> + (pz +p1)“F\7}T,PQ(5)
Anti-symmetric Tensor FF (BSM new physics)

(01g" " ¢" | P(p1)Q(p2)) = i—5 (DD — pivh) Fipo(s)



» Key inputs for important reactions allowed by SM

P — Qtv D) /BE) — PQUv e+

T — PQly D) /Bl = PPy

ete” — PQ J/1 — PrPyy™)

» Critical inputs to constrain the BSM new physics

(1) axion/axion-like particle production in meson decays
(2) CPV in tau/B/D decays involving light mesons

(3) SM precision tests for new physics: rare decays, ...



» We focus on the two-meson FFs in the low and
intermediate energy regions (below ~1.2 GeV)

1 low energy: chiral symmetry
] intermediate region: resonance dyanmics

1 asymptotic region: pQCD behavoir
» Theoretical frameworks

(1 Resonance chiral theory

d  U@Q3) chiral EFT: QCD U,(1) anomlay (n/n’)



Resonance chiral theory (RyT)
Chiral group: G = SU(3). x SU(3)r, H=SU(3)v, u(¢) = G/H

Resonances : R== hR h', heH

pNGB and external sources : X = u,, x+, fL , h.

Operators P C;- h.c. | chiral order Operators p c =
u ut u u' 1 : =
M N B R p Vi v ~Viw | Vi
u, —u* uy uy p AL — A AZV A
X+ Ex+ ¥ Ex+ p? & g g7 S
fPWi :tf:f;u :Ffui f,uu:t P2 g
- —h* | hl, By p? P —P P P
Operators beyond minimal
Minimal RyT Lagrangian |[Ecker, et al., "89] [Cirigliano, et al., '04]:
F Lo iG Lvap =  AAV*, A=) + ...,
fov = sVl + 225Vl ) ans S Al
[Ruiz-Femenia, Pich and Portolés, '03]
£2A = FA < pr/ff[}) v 6" o
2\f EVVP — dlguupcr({vlu *Vp }v u >
— I
£25 = Cd< SU‘LLU ) T Cm( 5X+ ) 5 EVJP — A(/:,l .lLV,OJ({ Viatd fpa}v U >
Lop = idm(Px—). v

dfig;uzpo' ({vg dat s Pe }“«1}



QCD dynamics in RyT
@ Low energy QCD: implemented from the construction of Ry T

@ Intermediate energy: explicit resonance states

@ High energy information: to match the same physical objects
in RxT and QCD, ( J(x,) - -J(0)Y’XT = ( J(x,) - -J(0) )QCD.

For example: 7 vector form factor

BxT FvGV q2
Fix(a) = It 1
[ } F2 M%, . q2
(Y (q?)] P 0, for ¢? = oo
This leads to

[FELO™ = BRI = FpGip=F*



Form factors in Ry T

F2 F2 F .
D Ly = <Uuuu> = — <X+ + —Mo In* det u Egil) = —iAg (th wuw )

-~

o Gy y y
d Loy = 2f< w fi) + W(‘/WU““ ) Lry = Fy My (V,ty)

()

Ls = cq{Ssuyut) + cm(Ssx+) + €aS1{uyu?) + emS1{x+)

A

D F2 2
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Unitarity relation for two-meson form factors

Im Fé,j(s) — Z Tfkj(s)* Pr(S) Fé,k(s)
k

qr\S
Pr(s) = 87T(\/)§ T%/(s): meson-meson scattering amplitudes

»> Perturbative form factors in Ry T do not fulfill this unitarity relation
» Elastic FF (single channel) can be exactly solved: Omnes function
» Coupled-channel FFs in dispersive formalism: much more involved
more subtractions are needed
phases at s—oo are needed

TU(s) in a broad energy range are needed



Unitarized form factors in a simple but efficient approach

I(.) 1J 17N~ pI
F5(s) = [1+ N"(s)-g"7(s)] - Rg(s)
gy’ (s) = —pr(s)
NIJ(S) _ TIJ(S)(Q)—l—Res—I—Loop 4+ TIJ(S)(z) . gIJ(S) ] TIJ(S)(2)
RE(s) = Fl(s) @ estloon 4 NI ()@ g1 (s) - 7 (5)
» Unitarity relation is fulfilled above thresholds
> Perturbative FF is exactly reproduced at the order it is calculated

» Pure predictions from scattering (FF and TU share the same parameters)

» Asymptotic 1/s behavior, as dictated by perturbative QCD, can be recovered

in the chiral and large Nc¢ limits [Guo, Oller, Ruiz de Elvira, PRD'12]



Two-meson channels coupled to scalar currents

Isospin, Strangeness

Scalar currents

Two-meson channels

au~+dd) /2 | mm, KK, mm, n', n'n/
[ 0.5=0 ( )/ <, s '
55 mr, KK, m, n', n'n’
I=1,8=0 ud mn, KK, '
I=185=-1 s Kr, Kn, Ky

Two-meson channels coupled to vector currents

Isospin, Strangeness | Vector currents | Two-meson channels
ﬁ’y“u—}-ci'y“’d K["_(
1=0,8=0 V2 -
5vHs KK
I=1,5=0 uyhd mr, KK
[=35=-1 uyHs Kn,Kn, Kn/

> Same as the tensor currents
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Phenomenological discussions

Parameter lIlplltS [Guo,Oller,PRD’11] [Guo,Oller,Ruiz de Elvira,PRD’12] [Guo,Liu,Meissner,Oller,Rusetsky,PRD’17]

ca = (19.8720) MeV, ¢, = (41.9753) MeV, Mg, = (1397773) MeV,
Mg, = (1100733) MeV, M, = (801.2133) MeV, Mg+ = (910.077) MeV,
Gy = (62.1737) MeV, My = (95113) MeV, ag;" = —1.277513,

10,Kn Lo, Ky %
g0, m +0.12 50.Kn" +1.11 10,7y +3.3 00,KK +0.33
ag, = —L12%p47, agp, = —L1200993, agp =20245 agp = —0.951076
10,Kn
A +0.38 _ +0.29 - _ +0.19

» Fits to experimental (scattering/event distribution) and lattice (finite-volume

spectra) data
> Fy=130MeV, =12MeV, =F/

[Miranda,Roig, JHEP'18]
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Pole positions and residues for the resonances appearing in our amplitudes

R M (MeV) I'/2 (MeV) |[Residues|'/2 (GeV)
f0(500) 442*% 24671 3.0258 03 (7rm) 0.50 09 KK /) 0.17150%(nn/mm)
0.3350%(nn'/mar) 011538 (n'n' /)
f0(980) 978+ 17 2012 1.8702(7rmr) 2.6702(KK/mm) 1.6503(nn/mm)
0553 (nn'/mwm) 0.7533(n'n' /)
fo(1370) 1360739 170733 3.2308(7rm) 1.0Y91(KK /) 1.2397 (g / wmw)
1.5504(qn' /) 0.7503(n'n' /mm)
K;(800) 643773 3081 4.8+03(Km) 0.9%92(Kn/Km) 0.7+93(Kn'/K )
K;(1430) 14827133, 1322 4.4792(K ) 0.3%93(Kn/Km) 1.2702(Kn' /K )
ao(980) 1007175 22+ 2.4732%(7rn) L9*OX(KK/7n) 0.0350 (' /7n)
ao(1450) 1459+19 174+110 4.57%8(7rm) 0.4%3(KK/mn) 1.0208(7n' /7 n)
p(770) 76071 71 2.4 (7rar) 0.64 00(KK /mr)
K*(892) 89213 257 1.857007 (K ) 0.917093(Kn/Km) 041709 (K ' /K1)
$(1020) 1019.1+93 1.9+51 0.857 00 (KK)

» Question: how such resonances manifest themselves in the form factors ?
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Scalar form factors (I=0)
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Scalar form factors (I=1)
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Scalar form factors (I=1/2)
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Vector form factors
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Tensor form factors
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Tensor form factors
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Summary & Outlook

[Hao,Duan,ZHG, Oller,Ruiz de Elvira, 2605.14875]
> Scalar form factors below 1.6 GeV

I~ + | =

> Possible applications: future projects (SM & BSM)

- - . raxxaaa

19



