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Hadronic off-shell width of meson resonances
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Within the resonance chiral effective theory we study the dressed propagators of the spin-1 fields, which
arise from a Dyson-Schwinger resummation perturbatively constructed from loop diagrams with absorptive
contributions in thes channel. We apply the procedure to the vector pion form factor and efastiscattering
to obtain the off-shell width of th@® meson. We adopt a definition of the off-shell width of spin-1 meson
resonances that satisfies the requirements of analyticity, unitarity, chiral symmetry, and asymptotic behavior
ruled by QCD. To satisfy these constraints the resummation procedure cannot consist only of self-energy
diagrams. Our width definition is shown to be independent of the formulation used to describe the spin-1
meson resonances.

PACS numbes): 12.39.Fe, 12.38.Aw, 12.38.Cy, 12.40.Vv

[. INTRODUCTION fact that, in the resonance region, the width of the resonances
cannot be neglected and one needs to regularize the poles in
The evaluation of hadronic current matrix elements in thea proper way. Here we address the construction of the off-
low-energy regime is a long-standing problem of particleshell width of meson resonances from the resonance chiral
physics that has been addressed using many different tooleffective theory of QCD. We will focus, owing to its rel-
The common lore amounts to obtain momentum-dependergvance and simplicity, in the off-shell width of thé. As it
form factors that carry the dynamical content of the interac-s well known thep meson plays a crucial role in the dynam-
tion, though a rigorous determination in the framework of aics of hadron processes at low energies and therefore its
Lagrangian formalism such as the standard model has not yptoperties, like mass and width, have been thoroughly stud-
been achieved. From a field theoretical point of view, theied in many different framework7,8] usually related with
goal is to evaluate the Green'’s functions from the quantunthe pion form factor. Notwithstanding most of these studies
action functional but, in practice, this is a poorly known rely on modelizations of the interaction that include assump-
procedure overcome by many uncertainties that arise becausens not justified from the standard model.
of hadronization and analytic continuation. As a conse- In Ref.[8] it was pointed out that one could consider the
guence we rely on the construction of form factors fromevaluation of the off-shelp width from the effective theory
guiding principles such as analyticity, symmetries of theof QCD at low energies that includes the resonances and
standard model, or model-dependent assumptions of dynamGoldstone bosons explicitly. Here we carry out in detail such
cal content(vector meson dominance, factorization, duality a procedure. We study two physical observables: the vector
and so forth. A more phenomenological approach consistspion form factor and ther* 7~ — " 7~ amplitude withJ
in fitting ad hocparametrizations with experimental data. =1 in thes channel. We construct a Dyson-Schwinger-like
Hadronic low-energy phenomenology far below the reso-equation and we show that, in both observables, it gives the
nance region E<M,) is successfully described in the same imaginary part for the® pole.
framework of chiral perturbation theoryyPT) [1-3], the When considering off-shell processes one might worry
effective action of quantum chromodynami€3CD) at low  about the fact that different redefinitions of the fields give
energies. However a similar tool in the resonance regiondifferent results. We have shown that the result of our pro-
typically E~1 GeV, is still lacking, and has become a focus cedure does not depend on the definition of gAdield. One
of interest in the last years. Data anmr— 77, the vector  of the conclusions of Ref6] was that, as different redefini-
pion form factor, hadronie decays and other processes havetions of the spin-1 fields give different Lagrangians, interac-
prompted the activity on the theoretical side. tion vertices are dependent on the formulation and, therefore,
Following the phenomenological Lagrangian ideas of Refthe Feynman diagrams contributing to a process are
[4], the inclusion of meson resonances in an effective theorjormulation-dependent. We will have to take this fact into
was addressed in Ref5] by introducing the leading reso- account when considering which diagrams have to be ac-
nance chiral effective theory of QCD. It has to be empha-counted for in the Dyson-Schwinger series. As a result this is
sized that this is a model-independent framework that pronot going to be reduced to evaluate resonance self-energies
vides[6], upon integration of the spin-1 meson degrees ofonly.
freedom, the samé&(p*) xPT Lagrangian independently of ~ We will proceed then by proposing a definition of the
the definition of the spin-1 fields, a nontrivial feature. off-shell width of the vector meson resonances as the imagi-
The problem we wish to study comes from the obviousnary part of the pole generated through the two-point vector
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current correlator, where only those diagrams with an ab- x+=uTyuT+uy'u,
sorptive part in thes channel are included. This definition is
shown to satisfy the crucial requirements of analyticity, uni-
tarity, chiral symmetry and asymptotic behavior ruled by [
QCD. Again the result is shown to be independent of the u=exp<EH),
spin-1 field formulation.

In Sec. Il we study the resummation that regulates the
p0|e of thepo in the vector pion form factor and the elastic andII is the usual repl’esentation of the Goldstone fields
scattering process 7w~ — o 7. Then in Sec. Il we pro-
pose a general definition of the off-shell width of resonances.

()

Section IV is devoted to provide the rationale for the inde- 7T—+E ot K*
pendence of our results from the spin-1 meson formulation. V2 6
Our conclusions are pointed out in Sec. V. © g
n=( = -——=+= K |. @
Il. THE POLE OF RESONANCES V2 e
IN PHYSICAL OBSERVABLES - 2
The position of the pole of the bare propagator for stable K K \/5778

particles gets shifted when interactions are switched on. In

the usual perturbative treatment of the interaction, a pole has . 2)
to be achieved through a resummation procedure of highdf Ed-(2), (A) stands for a trace in the flavor spacg?’ has

orders. The well known solution of the Dyson-Schwinger@SU(3)L®SU(3)r chiral gauge symmetry supported by the
equation for the dressed propagators, obtained through tifxternal fieldsd ,, r,,, andy. .

evaluation of self-energy Feynman diagrams, hides the fact N EQ.(1), Lky is the kinetic Lagrangian of vector mesons
that the definition of the resummation, that is, which are theand £{?’ describes the chiral couplings of vector mesons to
contributions and how one has to proceed, is not free othe Goldstone fields and external currents at the lowest order,
ambiguities. These are lessened if one needs to impose more

restrictions on the result, like gauge invarianisee[9] and F
references thereinHowever, hadron processes at low ener- 55/2):_V<V ,
gies are described by an effective action where colo(3gU 2\2
gauge invariance is not explicit. At the 1 GeV scale we are

driven by two aII-imp_ortant features: chiral symmetry andwheref’i“zuFf_”uT+uTF‘F§”u, with F#%, the field strength
the asymptotic behavior of form factors ruled by QCD. Ob—tensors of the left and right external c'urremsandrﬂ. V.,

viously basic principles like analyticity and unitarity must denotes the octet of the lightest vector mesons, in the anti-

alsght??alsitlsr;?rigtr has a lona historv as a powerful tool tosymmetric formulatiorf2,5,11], with a flavor content analo-
describe I())/W-enery hadrod gnami[:b%)/] Onep of its main 90US toll in Eq. (4). The effective coupling&y andGy can
9y y : eﬁe determined from the decay8—e*e™ andp’— 7wt n~

aspects s that.'t is a spontaneously broken symmetry .thr spectively. Notice that only linear terms in the vector fields
requires the existence of Goldstone bosons to be identifie : - (2)
ave been considered iy, .

with the octet of lightest pseudoscalars. Chiral perturbatio . . . : :
g P P Assuming unsubtracted dispersion relations for the pion

theory is the effective action of low-energy QGD-3] that, X
in the SU(3)_®SU(3)g version, involves only the octet of and a?<|al form factors one gets two constrajifsamong the
scoupImgsF, Fy, andGy:

pions, kaons andy mesons and describes strong interaction
atE<M,. At the 1 GeV energy region the inclusion of the
lightest resonances as explicit degrees of freedom is re- FyGy=F?, Fy=2G,, (6)
quired.

The resonance chiral effective theory with three flavors

and onlv including vector meson resonances is given. at thwhich are reasonably well satisfied phenomenologically. We
y 9 9 ’ Will enforce those constraints in our analysis.

lowest chiral order, by5] As thoroughly studied in Ref6] the use of the antisym-

)32 'GV MoV
fr )+|—2(un u”y, (5

%

_ (2 (2) metric formalism to describe spin-1 mesons simplifies the
Ew=L3H Lyt Ly @ structure of the effective action Fz):\t the lowest chirarl) order in
Hereﬁg(z) is the O(p?) chiral Lagrangian the even-intrinsic parity sector. If we use the Proca formula-
tion of the vector fields instead, we need to consider the
@) F2 O(p* chiral Lagrangian of Gasser and Leutwy[&], with

Ly ZZ<UMU”+X+% (2)  appropriateL; coefficients, in order to satisfy the short-
distance QCD constraints. We will comment later on about

whereF is the pion decay constanE &92.4 MeV), the independence of our results on this particular choice.
The bare propagator of the vector mesons, in the antisym-

u,=i[u’(a,—ir Ju—u(d,—il Hu'], metric formulation, is given by
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FIG. 2. Diagrams contributing to the vector pion form factor up
(b) to one loop in the resonance chiral Lagrangian givenchy that
have an absorptive part in treechannel. The lines and symbols

FIG. 1. Effective vertices contributing to vector transitions in P
Cstand for as in Fig. 1.

the s channel that are relevant for the pion form factor and elasti

7rar scattering. The crossed circle stands for an external vector cur- . N .
rent insertion. A double line indicates tp& meson and single ones servables will be constructed taking into account all possible

the pseudoscalars. Local vertices on the right-hand side are pr&Ombinations of these two effective vertices. )
vided, at leading order, by @ Let us start with the vector pion form factéw,(q“) de-
: , b 7). ,
fined by

0[T{V,,,(X),V,(y)}|0 . ,
(0TI 00V HO) (7 (O3 T ()= (p+P (@) O

i d4q efiQ(xfw 5 L -
:WJ (2m) MP—qP—i [MVQpet Qupe ], whereg?=(p—p’)? andv? is the thirdSU(3) component
v . voaTte of the vector current ,= (I ,+r,)/2. F\(g?) is dominated

(7) by the contribution of the® meson and has thoroughly been
studied in Ref[8] up to E~1.5 GeV. Clearly, one cannot
describeF(g?) in that region of energy using the bapé

) propagator of Eq(7); the width of the resonance has to be
introduced to regulate the pole of the propagator.

T . _ ) _ We propose then to construct a Dyson-Schwinger-like

Qiipo=9up%8s = 91808~ A" GpupGuo~ (P ), equation through a perturbative loop expansion. According

that satisfiem“Q;Vp,,:O. Chiral symmetry requires that the to our previous discussion, at tree level one has to take into

interaction between the vector mesons and pseudoscalars ?‘fomlffm the amplitugjelsé_proj\i/id_l(?ﬂ by Figga)2and 2b), i-e_-c,j
external currents is a derivative coupling, as showit (fl). the effective vertex in Fig. (B). The next step is to consider

Consequently, when the vector-meson propagator connec ge_--loop porrections. we are.only interested in those contri-
with only one external current or two pseudoscalars, th utions with absorptive parts in thechannel. They are gen-

transverse pa®T . does not contribute. erated by inserting a pseudoscalar loop using the two effec-

mypo . : : tive vertices in Fig. 1 which leads to the four contributions in
As commented above, a Lagrangian density that mcludelgigS 20), 2(d), 2(e), and Zf). In this way we have pro-

the Goldstone bosons ?“.“?' spin-1 resonances is not UNIdY&eded up to two loops. The resulting infinite series happens
but depends on the definitions of the fields, whereas the ob[b be geometric and its resummation gives

servable physical quantities should be independent of them.
If we want to construct the dressed propagator of pe

with

Q;Vpaig,upgvo_ g,uo'gvp ’

2
meson we should consider, for a definite intermediate state, £ (9?) = My
all the contributions carrying the appropriate quantum num- v 5 (o — , ) '
bers. The first cut, in the® case, is a two-pseudoscalar ab- My |1+ 2; ReByy| —q°=iMy T, (q%)

sorptive contribution that happens to saturate its width. Here
we will take into account the two-particle absorptive contri-

butions only; higher multiplicity mte'rmedlatg states .bemgwhereMV is the mass of the octet of vector mesons in the
suppressed by phase space and ordinary chiral counting. Thﬁ_ VT 5 5 oo 4 5 o o

effective vertices, that will contribute to the observables we"/ " I|m2|t, 25sz Bad QM7 M7+ 2824 67, mic ,mic] and
are interested in, are those corresponding to an external vel1€ B22d”.m M ] funct|on2|s_ given in the Appendix. The
tor current coupled to two pseudoscalar legs, and to a vectdtidth of thep™ mesonl’,(q7) is given by

transition in thes channel contributing to the four pseudo-
scalar vertex. These transitions are not only diagrammati-
cally driven by thep propagator, but also through local con-
tributions that have to be included. The construction of the
effective vertices goes as sketched in Fig. 1 where, at the My g2
leading order, the local vertices on the right-hand side of the = >
equivalence are provided by th®(p?) chiral Lagrangian 96w F

(2) | i ibuti i
L7 in Eq. (2). The diagrams contributing to physical ob- (17

(10

(e Cpe—
r,(q9)=-2 MVEIm By,

1
07 0(Q°=4m7) + 5 0% 0(q°—4my) |,
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wheregp=\/1—4m2/q>. [ — =« _»—®
The real part of the pole d¥,(g?) in Eq. (10) needs still
to be regulated through the wave function and mass renor (@) (®)
malization of the vector field. The local part of Bg, can be
fixed in this case by matching the result in Ef0) with the & __® =« R® & =R
well known expression df(g?) at one loop inyPT[8,12.
One gets then ) ) C)

FIG. 3. Diagrams contributing to the vector-vector correlator

2 2 2
B24 q%.mp.mp] |Fv Hffv up to one loop. The lines and symbols stand for as in Fig. 1.

2 2
_ 1 Y LU LR T optl factor case, here it is not possible to fix the polynomial part
19272 M2 q> 3 PP op—1/ | of the ReB,, function in a simple way, because a proper
(12 matching with the chiral low-energy expansion requires us to

take into accounp-wave contributions in thé¢ andu chan-

We have used the standard vector meson dominance vaIer\sells' }[’;’]hiCh atre not'g account(?,”d.fc:r i(r; our resu]lj c.)tf. EtB)'f "
5] of the relevant O(p") chiral coupling, Lo(M2) n the next section we will introduce a definition of the

—F2/2M2, which agrees very well with its phenomenologi- off-shell width of spin-1 resonances that is consistent with

our previous results.

cally extracted value.

To one-loop accuracy, Eq10) agrees by construction
with the Omns resummation of chiral logarithms performed IIl. THE DEFINITION OE A HADRONIC
in Ref. [8]. However, and as pointed out in R¢1.3], the OFF-SHELL p” WIDTH
Omnes resummation also reproduces the contribution of \ye propose to define the spin-1 meson width as the
double chiral |Ogarithms, while our One-loop reSUmmationimaginary part of the po|e generated by resumming those
does nof 14]. This is not surprising, since our result in Eg. diagrams, with an absorptive part in taehannel, that con-

(10) has been obtained by considering not all possible diatripute to the two-point function of the corresponding vector
grams but only those which are driven by th&resonance cyrrent. That is, the pole of
and contribute to its width. It would be interesting to perform
a detailed study of both resummations at the next chiral order
and compare them with the known two-loggPT results
[15].

An analogous procedure can be applied to the study ofith
elasticm 7 scattering. For definiteness we take fhel tran-
sition in the s-channel amplitude ofr* 7w~ — a7 ~. This Vi _ Sy (15)
channel is again dominated by th@ meson and we can Bospk !
proceed to construct a Dyson-Schwinger equation as in the .
case of the vector pion form factor. Thus, we consider analowheresS, ,, is the action associated 10, .

gous diagrams to those in Fig. 2, substituting the external The p° quantum numbers correspondijte k=3. Lorentz

vector current insertions by two pion legs, according to allcovariance and current conservation allow us to define an
the possible contributions of the effective vertices in Fig. 1.inyariant function ofg? through

By projecting thep wave (that corresponds to the=1 con-

IK =i f d*x (0| TIVL(x)VE(0)]]0),  (19)

tribution) we find again a geometric series, which can be Hi3;,=(q2gw—qﬂq,,) I1°(g?),
resummed to give (16)
Al — a2 Hp(qz):H€0)+H€1)+H€Z)+'”’
i wherell{,, corresponds to the tree level contribution of Fig.
_E(u_t) 3(a), I1f;, to the one-loop amplitudes and so forth. Up to one
loop, and considering again the two-particle absorptive con-
M\Z/ tributions only, all the diagrams generated by the effective
X > , vertices in Fig. 1 are shown in Fig. 3. We find, in the isospin
P en - limit
M| 1+2;ReBzs | ~ 07~ My T,(q?) it
Fy
(13 fy=——— (17
@ ’
M{—q?

whereu andt are the usual Mandelstam variableg € ).
We see that the pole of the amplitude coincides with the one
we got for the vector pion form factor and, therefore, gives 17y =T1{5

) (18)
the same width of the® meson. Contrary to the pion form

M2 M2 Vi
FZ M3—g>
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(n S 6 2F?

11°(q?) =
9 —
@ ®) M2 1+2E ReBy, [—g®—iMy T ,(¢?)
FIG. 4. One- apd two-loop diagrams Iea(_jing l_ﬁfl)_(a) and M2
I1¢,) (). The effective squared vertices are given in Fig. 1. v 1_2F_;/ Bol, 22)

QCD predicts that two-point spectral functions of vector
currents go to a constant value @é—c [16]. The loop  where the off-shelp® width I',(q?) is given by Eq.(11).
diagram in_Fig. 8) behaves also as a constant for large We emphasize that our only concern with the result of
values ofg?, which is against the expectations because iI°(q?) in Eq. (22 is the reconstruction of the imaginary
corresponds to only one of an infinite number of possiblepart of the pole. Our evaluation of the two-point function
intermediate states. In order to satisfy the QCD predictionyector-vector correlator is far from complete, since we have
one would foresee that all the individugdositive) contribu- ~ considered only those diagrams with absorptive contribu-
tions from the different intermediate states should vanish inions in the s channelt The only significative result of
the limit g?—c°. Indeed, this is achieved in our case when[1#(q?) is its imaginary part. The residue It*(g2) deserves
diagrams in Figs. @), 3(d), and 3e) are added. a further comment. While it carries an imaginary piece, this

Our result forlI{;) corresponds to a single one-loop dia- result is proper as far as it satisfies the required unitarity
gram with two effective vertices, as shown in Figay It  condition
vanishes ag>—, as QCD requires, and this fact happens
at every higher order when all possible diagrams with ab-
sorptive contributions in the channel(and not just self-
energies are included. -

We proceed to evalua{,,, that is, the contribution of X[ Fu(9®) |2, (23)
two-loop diagrams that arise frod,,, with absorptive con- ) n _ )
tributions in thes channel. These diagrams can be easilyVith Fv(d°) given by our result in Eq(10). This shows the
constructed by iterating in all possible ways the one-loopFONSiStency of our resummation procedure.
diagrams shown in Fig. 3; they correspond to the single two-
loop diagram with three effective vertices shown in Fih)4  1V. INDEPENDENCE OF THE SPIN-1 FIELD DEFINITION
We obtain

1 1
ImI1°(g?) = yTom o2 0(q?—4m2)+ Eaﬁ 6(q%—4m3)

In Ref.[6] it was shown that, aO(p*) in the chiral ex-
pansion, sensible redefinitions of the spin-1 fields give the
same results for physical low-energy observables. The

(19) equivalence between redefinitions may require the presence
of local terms that have to be added in order to satisfy the
short-distance QCD constraints. In that reference it was con-

A watchful look to the evaluatioiand a check up to three- cluded that, atO(p*), the antisymmetric formulation for

loops makes us to conclude that the invariant two-pointspin-1 meson resonances is the only one that does not require
function I17(q%), generated by resumming effective loop the presence of such local contributions and is, therefore, the
diagrams with an absorptive amplitude in thehannel(as  simplest one.

those in Fig. 4, is perturbatively given by However, a resummation of the two-point vector-vector
correlator when vectors are active degrees of freedom has no

o @ M2 L defined chiral counting. Therefore, one might worry that

11°(62) = Tfy, + 117y, - = — v ~4By, I',(9°) could depend on the field formulation used to de-

n=0 Fy My—q scribe the vector mesons.

. " n In order to see the independence of our results on the

spin-1 field formulation, it is enough to realize that the ef-

=1l | 1+w go (M_\zl“’ 1 (20 fr—.l?ctive vertices defined in Fig. 1 arge universal. Different the-

oretical descriptions of the vectdor axial-vectof meson
degrees of freedom lead to resonance-exchange contributions
where which differ by local terms. Since the physical amplitudes
are constrained to satisfy the appropriate QCD behavior at
M2 MZ
w=— FFA]- BZZ- (21)
v Vv n fact, those diagrams where the vector fields are not explicit
[such as that in Fig.(8)] give rise to a dispersive divergent piece
Now, resumming, using thdt{=2F? [see Eq.6)], and  proportional toq,,q, that we disregard. It is also clear from our
substituting the expression af, we finally get result in Eq.(22) that the real part of the pole needs regularization.

054014-5



D. GOMEZ DUMM, A. PICH, AND J. PORTOLE PHYSICAL REVIEW D62 054014

large momenta, this difference is necessarily compensated bgsult. Moreover, we have shown that this definition is inde-
explicit local terms(with fixed coupling$ [6]. Including  pendent of the formulation employed to describe the vector
those local terms in the local vertices of Fig. 1, the resultingmeson fields. Hence our procedure can be applied straight-

effective vertices are formulation independent. away to evaluate the widths of other spin-1 resonances.
Since our resummation has been based on these effective
vertices, the universality of our result follows. ACKNOWLEDGMENTS
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V. CONCLUSIONS
APPENDIX

In this work we have studied the off-shell width of spin-1 _ s 5 _ _ _
meson resonances in a model-independent framework pro- The functionB;jq%,m%,m] used in the text is defined
vided by the resonance chiral effective theory of QCD at lowthrough
energies. We have performed resummations for the vector b
pion form factor and therm— 77 (J=1) amplitude, show- f d”l Laly
ing that they provide the same structure for the pole ofpthe i (2m)P [12—=m?][(I—q)?>—m?]

(A1)

2

o

AoFIn

vector meson. In both cases the resummations correspond to )
geometric Dyson-Schwinger-like series that include only =0,09,B21+0°g,, B2,
diagrams with absorptive contributions in teehannel.

We have defined the width of spin-1 meson resonances &%
given by the imaginary part of the pole generated by resum- m2
ming loop diagrams, in the two-point correlator of vector or B, g? m? m?]= ( 1—6—)
axial-vector currents of the resonance chiral Lagrangian, that 19272 q°
have absorptive contributions in tleechannel. The width )
generated in this way satisfies the requirements of analytic- +8m—— §+03 In(il) l (A2)
ity, unitarity, chiral symmetry, and the correct asymptotic g2 3 o—1)
behavior as prescribed by QCD.

We have applied this procedure to evaluate the off-shelWwhere o= \/1—4m2/q2 and  A,=[2/(D—4)]uP*
width of the p® meson and we have worked out in detail the —[T"' (1) + In(4m)+1].
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