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Abstract 

We calculate the masses of the light-quark hybrid mesons with the quantum ~~~rrhe~ 
O++ and (I-+ by using QCD sum rules. Two kinds of the interpolated currents with 
the same quantum number are employed. We find that the approximately equal mass 
is predicted for O-+ hybrid state from the different current and the different mass value 
is obtained for the Of+ hybrid state from the different current. The prediction depeuds 
on the interaction between the gluon and quarks in the low-lying hybrid mesons. The 
mixing effect on the mass value of the light-quark hybrid meson through Low-energy 
theorem has been examined too: it is found t,hat this mixing shifts the mass of hybrid 
mesorr and glueball a little. 

1 Introduction 

One believes that the @non degrees of freedom pIa!- an import.ant. role in haclrons. QCD 
theory predicts t.he existence of glueball and hybrid stat,es. Searching for glueballs and 

hvhricl mesons on experiments has been carried for a long time since 1980s. so far there is no 

conclusive e\liclence on t.hem. Gluehalls and hybrids are part.icularly clifficult~ to identify cm 

experiment,s since t.heir mass spectroscopy overlaps wit.h t.he ordinary & meson spectroscop> 
and the?; can mix with each ot.her. From bheoret,ical point, of view, we have no effecti\*e 
Iion-l>ert,urbat,ive t.heory in QCD t.o predict their mass precisely. 

The QCD sum rule[l] calculat,ion of h>-hricl mesons was given 1)~ *J. Govaerts et. d[2]. 
‘They present.ecl the masses of hybrid mesons with various .JP’. They analyzed sets of coupled 
sum rules for heavy-quark hybrids by using the different int,erpolatecl current.s and have fou1u1 

that the mass preclict.ions for the same .J ;’ from totally ditierent. sum rules essent.ially agree 
within t,he errors of t,heir procedure. These stat,es with the same .JP’ were consiclerecl as the 
same date. 

111 this paper, we est.encl their approach t,o be lights-quark case for Of’ and O-+ hyhricls 1)~ 
using two kinds of’the interpolated currents: g@,LvG’“,,T”q(x) a11cl ,q~-~~~G&Fq(.r). -Although 
Go\-aert,s et. (~1 also calculatecl the light-quark hvbricl mesons for the (I++, l-+, O-- and 
l+- st.at,es bv using t,he vector and axial-\rect,or current,. respectiI;ely, the!; didn’t cl0 the 



corresponding calculation from the current. ,q~a,, GE,T”q(.r). The Qq combination in the 
current, #@,,G&,T”q(.r) has t,he quant,um number .I PC = 1 ‘-. Obviousiv. the Qq combinat.ion 
in t’he current, .@~,~Gt,T~q(.c) has .JP’ = l--. The interact.ion bet.ween quarks and gluon 
in these t.wo different. current,s is different,. Thus one can’t expect. t,he same preclict.ion from 
these t.wo different. currenm in the light.-quark hybrid mesons. It is similar to the sit.uat.ion 
of hybrid mesons in t,he MIT bag model[3]. For inst.ance. the QQ combinat.ion of O++ hybrid 
meson ijqg may have .J pc = l-- with the gluon in TE(l--) mocle[4] or .Jw = l+- wit,h the 
gluon in TAI(l+-) mode. These t,wo 0 ++ st,at.es have different, int,rinsic st,ruct.ure and energy. 
‘Therefore the hybrid mesons wit.h t.he same .JPc can be dbt.ained from tot.al1.y different sum 
rules by using different interpolated current.s. 1Ve calculate the masses of t,he light,-quark 
hybrid mesons, O++ and O-+ states, by using two different. currents. Our result shows t.hat 
the prediction depends on t,he int,eracbion bet.ween t.he quarks and gluon in t,he low-lying 
hybrid meson. The approximately equal mass is predict.ed for t,he O-+ hybrid mesons from 
the different currents and the different mass value is obt,ainecl for the O++ hybrid mesons 
from t.wo different. current.s. 

\t’e also consider t.he mixing effect, on t,he mass det,erminat.ion of hybrid meson bet,ween 
the low-lying 0 ++ glueball and hybrid meson qq9 . By using the low-energy theorem[s]. we 
can const,ruct a sum rule for t,he mixing correlation function(one gluonic current, and one 
hybrid current,). Through t,hese relat,ionship and based on t,he assumption of t.wo st.ates 
(lowest,-lying stat,es of glueball and hybrid meson qqg) dominance, we find the mass for O++ 
glueball is around: 1.8 GeV, which is a little higher t.han t,he pure resonance prediction and 
t,he mass for the O++ qqg hybrid meson is around: 2.6 GeV, which is a lit.tle higher than the 
pure resonance predict.ion t.oo. 

The paper is organizecl as follows. The analytic formalism of QCD sum rules for hybrid 
is given In Sec. 2. In Sec. 3 we give bhe numerical resu1t.s for t.he mass of 0” and O-+ 
light-quark hybrid mesons and discuss them wit,h t.hose in t.he bag model wit,h the same Jp. 
The mixing effect of bhe glueball with the hybrid meson stabe is studied in Sec. 4. The 
summary is given in t.he last section . 

2 QCD sum rules for light-quark hybrid mesons 

To construct the sum rules for light-quark hybrid mesons qqg , we use t,he composite 
operators with the same quantum numbers as t.hese st,at,es t,o build t,he correlation funct.ions. 
In order to obtain the O++ hvbrid meson sum rules, we define bwo different currents ” 

where q(z) and G& ( ) x are the light-quark field and gluon field sbrengt,h tensor, respect,ively. 
T” are t,he color matrices. 

To get. the OPE, we expand t,he correlation function of j(r) in the background fielcl 
gauge[6] only in the leacling order. which includes the perturbat,ive part(a), the two-quark 
condensate(b) , t.he two-gluon condensat,e( c) and the four-quark condensate( cl). The result. 
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(~'an lx obt.ained from Feynman diagrams in Figs. ( la-lcl) 

II($) = i 
I 

e’““(o~T{.~(.~).,~(o)}~o)n.~ (3) 

= ---I(q:!):lln(-q’l/.~L)) - Bq’Lln(-q’l/Y) - C’lrz( -/]‘l/.\‘L) - 0’ + cKln.st 
(IL 

where 

when the II and cl quarks are taken to be massless. the coefficient C \-anishes. 
In order to re1at.e the calculation on QCD wit.11 the haclron physics. the standard dispersion 

relat.ion is used 

ll(q’L) = f ,/ ‘:‘“b;h3. (4) 

11-e saturate IrrzII( .T) (so-called spect,ral densit.y) by one narro\y resonance ancl a cont,inuum 
in form of a &function. Thus the IrnII(.y) is gi\:en 1,~ 

hd-I(s) = 7r9;&n34b(s - I&) + ii(.-li + Bs + C’)O(s - so). (3 

where ,91( is t,he coupling of the current, to the hybrid meson stat.e and II~H refers t,o mass of 
the hybricl meson. 

In practice. it. is more con\-enient to define the moments &[8] to proceed t,he sum rule 
calculation instead. which is expressed by 

Rk( 7. so) = $-t[(q”)k{ I-l(c)“) - l-I(O)}] - f_ /+m .~ke-srlm~{pert’(.~)d.~ (6) 7r 50 1 = - I ir 0 8o .ske-"'lmIl(.s)ds, 

where 1 is t,he Bore1 transformat.ion and r is t.he Bore1 transformation parameter, sg is t,he 
st.arting point, of t.he continuum thresholcl. 

Subst.it.ut.ing Eq. (3) into Eq. (6), t,he Rt~(r, sg) behaves as 

where 

- 

ancl higher moments Rk. can be relat.ecl to the R. 
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Similar to Eq. (3). we can calculate the correlator IIIlv (#) from the current. j,(s) 

and 

where 

-4’ = a, 
-1807r” ’ 

B’ = -(~(mijq) + ( Q,G’) ) 
24T ’ 

C’ = -!&.C’) . D’=- 2;Ca 
/ 

+?zqq)? 

the coefficient, of the two-quark condensat,e in 13’ is a lit.tle different with reference[2]. The 
II, (q’) is the same as t.his reference[2]. 

Replacing G”,,,(x) in t.he Eq. (1) and Eq. (2) 1)~ 

we can get. t.he sum rules for the resonance st.at.es 1vit.h opposite parit.v ((I-+), the resu1t.s of 
t,he correlabion functions and moment.s are almost the same as before except, t.hat t,he sign 
of t.he gluon c0ndensat.e is changed. 

3 Numerical results and JP” analysis 

From Eq. (6), the mass of t.he hybrid meson is given by (wit,h k 2 1) 

R/c+1 m; = - 
Rii ’ (13) 

t.he moments 2 and 2 are both suit.able for the mass determination according t,o the 
ordinary QCD sum rules crit,eria. The,v are employed in the following calculat.ion. 

To get the numerical resulm, the paramet,ers are chosen as 

.I = 0.2Geiy , rn, = O.lZGeI: 

(44) = -(0.25GeV)” , (mqq) = -(O.lGel’)“, 

(ms*s) = -0.1 5 * 0.8 * 0.253Ge\~v4 w= , 0.33’Gel -4. 
ii 

4;r 
(k,(T) = - 

!Nn( 7-Y) 

where cl refers t.o u or cl quark field. 



Corresponrlin~ to the current ,;(.r) in Eq. ( 1). the mass of OTT .Ssq hl-brid meson deter- 
mined from 2 is shown as Fig. 2. it reads 2.32 Ge\-. If we use 2, the result is almost, the 
same - 2.30 Ge\-. \\llen the quark mass \-anishes. ~vhich corresponds to q = II. (1. the results 
c.hange a little (see Fig. 3). 

Corresponding to the current ,i,(.rj in Eq. (2). e gil-es the mass of 0 ++ .S.s,q h!-brid meson 
around 3.4 Ge\* (Fig. 4). the higher moment shifts the mass a lit.tle lower. 1\‘hen the quark 
mass goes to zero. the result. is shown as Fig. 2. 

‘IX&e is no platform in the O-+ hybrid meson case. we -deal wit,h it as reference[Z], and 
the masses of the OP hybrid tiesons corresponding to currents ,j(.~‘) ancl ,il( (.r) have an 
approximately equal value: 2.3 Gel-. They are shown in Fig. 6 and Fig. 7. 

All these results are oht.ainecl at. suitable .so, which account. for the ordinary QCD sum 
rules crit,eria for threshold choosing. The resu1t.s change slightly with the .s’(). 

It is apparent. that the mass of the light-quark hybricl meson depends on what interpolat,ed 
current n-e choose: the mass lxlue of the 0 ++ hvbrid from current. ,iAL(.r) is about. 1 .O Gel- 
higher than that. from current ,i (.r) while the Inass value of the O-+ h!-bricl from the txo 
tlifferent. currents is approximately the same. 

.-\s we know. the hybrid 11ies01i is a three body s!*stem and the valence quark. anti-quark 
and gluon may have clifierent internal .Jpc combination. .JPc of’ the combination qq in the 
current ,i (.IT) and ,i, ( .L’) are l’- and l-- respectively. Only the stat.e n-it.h the same overall 
and .local’ quantum number can dominate the corresponding correlation function. where 
we refer the quantum number of intrinsic gq combinat.ion or gluon. such as .JP” of t.hem, to 
.local’ quantum number. Therefore the correlation function which consists of the current 
,i(.r) is dominated 1~:. the 0 ++ stat,e with the gluon in TE(l+-) mode and the correlat,ion 
funct.ion which consists of the current, ,i,(.x) is dominated b!. the 0 ++ state wit.11 the gluon in 
TAI( l--) mode. The preclict.ecl Of+ mass from the cliffereno current may be different, since 
t.he int,eract.ion between quarks and gluon is different. In fact., t.he interact,ion bet,ween quarks 
and gluon in t.he current, ,i(.r) is in magnet.ic form. while the interact,ion in the current. jP(z) 
is in electric form. 

From the identity for free light quark 

‘2mq:;q = (k’ + k),qq + @a,“( k - k’),q, (14) 

we can expect. qa,,(k - k’),q N rnq;;q. So when rn goes t.o zero. the int.eraction energy 
between quarks and gluon in ,i(.r) is much smaller than the one in .i/,(.r). It. also can be seen 
from the cont,ribubion of t.he two-gluon condensat,e to t,he correlat,ion function ( Eq. (3) and 
Eq. (11)). This kind of interaction makes a large contribution to the energy of the hybrid 
stat,es and the O++ h\*bricl mass with magnetic interaction has a lower mass than that with 
electric int,eract,ion. Ho\ve\-er. in the heavy hybrid syst.em, n-e have rn’ - C)‘. This is t,he 
reason that the author in [z] got the almost same masses from two different sum rules for 
the heavy hybrid mesons. 

It is helpful to not.e that the .Jpc of the (Iq combination in the bag model has rhe same 
structure as t.hat in t.he current ,iLL(.r) and ,i(.1-), thus we can compare our picture with t.hat. 
in the bag moclel. In the bag model. the energ!- of the h!-hrid meson consist of the \*olume 
chnerg!-. the zero-point energ!*. the mode energ!- and the O( (I,.) quantum c,orrections. The 
I-alence quarks and gluon in the (74.9 h\vbricl mesons may have clifferent p.xcilecl mocle and 
coach rnotle has clifferent f>nerKy. Besides. the 0 (cl+) quantum correct ions are spin dependent. 



so t,hey have different, energy corresponding to different int,ernal ,JP” combinat,ion of t.he qq 
wit,h t,he gluon. The quarks and gluon in 0 ++ hvbrid mesons may be in sl.srT-t1 mode wit.h ,, 
int.ernal Jp: l-- @ l-- or in s+piTE mode wit.h int.ernal .JP’: l+- @ 1 +-, io’t.he same overall 
.Jpc st.ates may have different, enkrgy. 

4 Mixing of the 0 ++ hybrid meson with the glueball 

In t.his section, we discuss bhe mixing effect[7] on t.he mass of t,he O++ hybrid meson. 
Since t,he mass of the Ott hybrid(3.4 GeV) from current j, is much larger t,han the pure 
O++ glueball( 1.7 GeV) in sum rules, so we do not. discuss this sit,uation. 1Ve consider only 
the mixing bet.ween t,he 0 ++ hvbrid(2.3 GeV) from current j(.r) and t.he Oc+ glueball. \Ve I 
choose the scalar gluonic current, 

for t.he O++ glueball and t,he current 

for t,he O++ hybrid meson. 

The correlation funct,ion of bhe current in Eq. (13) was given in [8] 

II,($) = ao(Q2)2 ln(Q’/v”) + b~~(a,G”) 

+ coy + do(yg) 

where Q2 = -q2 > 0, and 

From (6),(17) and (3) ,ive have t.he following espressions: 

RO(T so) = -y 11 - ,&or)] + c&G”) + 4~(~@~)r. 
R~(T, so) = -+$-+ - p:j(.sor)] - do(“:G4), 
R2(770) = -$$[l - p4(.s(q)J, 

R’,(T so) = f{6.4[1 - P~(.s~T)] + k2[i - pl(so~)] + W[l - po(.w)] + 0~~1, 
(18) 

qr, so) = +{24A[l - p&o~)] + ZW[l - /9&W)] + Cr”[l - Pl(~~O~)l)7 

where RI, and Rk in ( 18) are t,he moments corresponding to current. jl (.r) and .j~(l) respec- 
tively. 
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By using the Low-energy theorem [3]. we can construct anot.her correlat.or 1vit.h one ji(.r) 
and one ,&(I.) 

for the light. quark. (O(,~~~,lnG~,Ta~]O) can be expressed in t.erms of (O]&]O) as[9] 

(~~J.9~~,,,Ga,,,~‘9l~~) = -+f((Jl@l()) W) 
.a 

where rni M 0.8 GeV’. 
In order t.o fact,orize t,he spectral density, we define the couplings of t,he current.s to t.he 

physical st,at.es in t,he following way 

where rlzl and rnz refer to the glueball(including few part. of quark component) mass and 
the qq.9 hybrid meson( inclucling few part, of pure gluon component) mass. ]H) and ]G) refer 
to the Qqg hybrid meson st.at.e and t,he glueball state respect.ively. -After choosing the two 
resonances plus continuum stat.e approximat.ion. the spect.ral densit.\- of the current.s of ji(.r) 
and jz(.t) read, respectively 

Then it. is straight,forward to get the m0ment.s 

Rb = a { m&-m~‘f& + rn~c-mfrf&}, (27) 

Ri = i{ rr~$-~:~j,& + mfe-mf’f,jl}. (28) 

In t.he meant.ime, assuming the st.at,es ]G) and ]H) sat,urate the 1.h.s of Eq. (19), one can 
obt,ain 

IiIi; i 
/ 

d.re”9”(0p-[gqa,,, G:,T”qb-). a,G2U))]I()) = fxflz + .fx.fl~. (29) 

To get t.he numerical result, t,he following addit,ional parameters are chosen 

(,qG”) = (0.27Ge17’)(osG2). 

(a;G“) = ;(n,G’i’. 



The next. st,ep is t.o equate the QCD side wit.h the hadron side one by one. and we get, a 
set of equat,ions. ;\ft.er gij-ing lrarious of reasonable paramet.ers so and 7. we can get. a series 
of mass value of the two states through solving this set of equations. Our result is illust,ratecl 
in Fig. S. In this figure. the clot,ecl line corresponds to the hybrid meson and the solid line 
(.orresponds to the glueball. It is found that’ s () = S.0 GeL-’ is the best, fa\-orable \-alue, then 
from the figure follows the masses predict’ion: hybrid meson wit,h mass arouncl 2.6 GeV and 
glueball 1vit.h mass around 1 .S Ge\*. It concludes t,hat the masses of the glueball ant1 the 
hvbricl meson are hot.11 a little higher than t,heir pure st,ates. 

5 s ummary 

In this paper, we calculat,e the O++ and O-+ masses of the light.-quark hybrid meson by 
using QCD sum rules with two different kinds of interpolatecl currents: I~@~+,G&,T’Q(s) and 
,~Q;‘crG$,Ta~(.r). Numerical result. is found: the Of+ hybrid meson mass from current. j, (.r) is 
around 3.4 GeV. which is 1.0 GeLy higher than t,hat(which is around 2.35 GeV) from current. 
,j(.r): the masses of the O-+ hybrid meson from these t.wo current are approximat.ively equal: 
2.3 Gei-. 

The .JPc of t,he qq combinat.ion in these bwo current. are 1 +- and l-- respect,ively. so 
the interact,ion between t.he quarks and gluon is different and t.he two different kind of O++ 
or O-+ hybrid meson clominat.ing the spect.ral clensit,,v of these t.wo different. current are 
different. st.at,es correspondingly. For t.he light.-quark hybrids, t.he int.eract,ion het,ween the 
quarks ancl gluon makes a large cont,ribut,ion to the energy of the states. their mass thus 
may be different,. while for heavy-quark hybrid, ITZ’ - (2”, so different current.s result. in the 
approximat,ely equal mass predict.ion. Our pict.ure can be compared to \fIT bag model and 
confirm the reasonness of the mode analysis in t,he bag modeI. 

For t.he O++ hvbrid, t,he contribution of the two-gluon condensate t,o t.he correlat,ion func- 
tion( Eq. (11)) f rom the current j,(x) is large, while t,he contribution of t.he Wo-gluon 
condensate to t,he correlat,ion function( Eq. (3)) f Yom the current, j(z) is small because of 
t,he factor rn’ in t,he coeflicient. C. these two O++ stat.es have different mass value. \Vhen 
the sign of two-gluon condensat,e t.erms changes which corresponds t.o the O-+ hybrid case, 
it. resu1t.s in a large mass difference compared to t,he O++ case for current j/, (.c) but makes a 
small mass difference compared t,o t.he O++ situat,ion for the current. ,j (s), so these t.wo O-+ 
light. hybrid from t,he two different. current,s have approximately equal mass. 

The mixing effect, on the mass det.ermination of 0 ++ hvbrid meson is considered too. I\-e 
find that the mixing of the 0 ++ hvbricl meson with the glueball shifts the masses of bot,h the 
hybrid and t,he glueball a lit,t.le higher compared t.o their pure stat.es. 
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Figure caption 
Figure 1: Feynman diagrams of t,he leading order contribut,ing t.o t,he correlation funct,ion. 

Figure 2: 0 ++ .T.sg mass from 2 versus 7 at .s’~) = 8.0 Gel-’ corresponding to current, j (.r). 

Figure 3: 0 ++ qq.9 mass from 2 versus ‘i- at. .s() = 8.0 Ge\-’ corresponding to current. j(r). 

Figure 4: 0 ++ .T.s,f.~ mass from 2 versus r at. so = 13.0 GeV2 corresponding to current. 

.i&>. 
Figure 5: 0 ++ ijqg mass from 2 versus 7 at so = l-3.0 GeV2 corresponding t,o current, 

.i,Cx). 
d 

Figure 6: O-+ Ssg mass from 2 versus T at. so = 8.0 Ge\-’ corresponding t,o current j(r). 

Figure 7: O- + Ssg mass from 2 versus T at. so = 8.0 Ge\-” corresponding t.o current 

.i,w 
Figure 8: 0 ++ .$.sg mass versus T at. .so = 8.0 GeV” corresponding to t.he mixing figure. 
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