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Abstract: We first construct the effective chiral Lagrangians for the 1~ exotic mesons. With the infrared reg-
ularization scheme, we derive the one-loop infrared singular chiral corrections to the 71(1600) mass explicitly. We
investigate the variation of the different chiral corrections with the pion mass under two schemes. Hopefully, the
explicit non-analytical chiral structures will be helpful for the chiral extrapolation of lattice data from the dynamical

lattice QCD simulation of either the exotic light hybrid meson or the tetraquark state.
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1 Introduction

According to the naive non-relativistic quark model,
mesons are composed of a quark and an anti-quark.
The neutral mesons do not carry quantum numbers
such as J¥¢ = 0-—,0t—,17*,2=+.... In contrast,
non-conventional mesons such as the hybrid meson,
tetraquark states and glueballs are allowed in quantum
chromodynamics (QCD) and can have these quantum
numbers. Sometimes these states are denoted as exotic
states in order to emphasize the difference from mesons
within the quark model. In fact, the exotic quantum
numbers provide a powerful handle to probe the non-
perturbative behavior of QCD [1-3]. In this work we
focus on the exotic meson with J¢ = 1-*, which is a
good candidate for both hybrid meson and tetraquark
state.

There are three candidates with
7, (1400), 7;(1600) and 7t;(2000). Their masses and
widths are (1376417, 300+£40) MeV, (1653715, 225733)
MeV and (2014 + 20 + 16, 230 +£21 +73) MeV [4] re-
spectively. 71;(1600) was first observed in the reaction
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T p— 7 7w p in 1998 [5, 6]. Later the 7;(1600) was
confirmed in the n'7t [7], f1(1285)7 [8, 9] and b,(1235)7
channels [10, 11]. Some experiments also indicated the
possible existence of 7t;(1400) [12-14] and 7t;(2000) [8].
The existence of 7;(2000) awaits further experimental
confirmation. This state was not included in the PDG
since 2010 [15].

The current status of the 7;(1400) and 7t;(1600) is
a little murky. There is speculation that the 7t;(1400)
might be non-resonant or it may be a tetraquark candi-
date instead of a hybrid meson. Although there are other
possible theoretical explanations such as a tetraquark
candidate [16, 17] or a molecule/four-quark mixture [18],
the 71, (1600) remains a popular candidate for the light
hybrid meson [19]. The present calculation is based on
the following three facts: the 1=7 exotic quantum num-
ber, the SU(3) flavor structure and the current available
decay modes. In other words, it is applicable to all pos-
sible interpretations of the 7t; mesons.

There are many investigations of the 1= light hybrid
meson mass in the literature [20-33]. The 1-1 mass ex-
tracted from the quenched lattice QCD simulation ranges
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from 1.74 GeV [34] and 1.8 GeV [35] to 2 GeV [25], which
is significantly larger than the experimental value. This
apparent discrepancy is slightly disturbing. One possi-
ble reason may be due to the fact that all these lattice
QCD simulations were performed with quenched config-
urations and a rather large pion mass on the lattice.
One may wonder whether such a discrepancy may be
removed with dynamical lattice QCD simulations using
the physical pion mass. Then one may make chiral ex-
trapolations to extract the physical mass of the hybrid
meson.

In this work we shall derive the explicit expressions
of the non-analytical chiral corrections to the 7t;(1600)
mass up to one-loop order, which may be used to make
the chiral extrapolations if the dynamical lattice QCD
simulations are available. Throughout our analysis, we
focus on the variation of the 7r;(1600) meson mass with
Mya OF My In the SUg(3) chiral limit m,q. — O,
Myy — 0. The SUp(2) chiral limit is adopted where
Mya — 0 and m remains finite. Then, the eta me-
son mass does not vanish due to the large strange quark
mass.

This paper is organized as follows. We construct the
effective chiral Lagrangians in Section 2 and present the
formalism in Section 3. In Section 4, we present the nu-
merical results and conclude.

2 Lagrangians

In order to calculate the chiral corrections to the
71, (1600) meson mass up to one-loop order, we first con-
struct the effective chiral Lagrangian [36, 37], which can
be expressed as follows

E = Eo +£p7-[ +£b17'r +£f1n+£n7'r
FLyn+ L+ Loy + oo (1)

where L is the free part
Eozauﬁl—v'auff{_mgﬁil'ﬁlu. (2)

According to the decay modes of 71;(1600), we can
write down the interaction terms

Lor = GnnTly - 07N, (3)
L= Gt D700 ()
Lon = Gor€uvapTi X 0%p" -0° R, (5)
Ly, x = Gbyn Ty ngl‘.ff, (6)
Lfln = gflnﬁlp. 'ﬁf{l- (7)

Because of chiral symmetry and its spontaneous
breaking, all the pionic coupling constants should van-
ish when either the pion momentum or its mass goes to
zero. The S-wave coupling constants gy, . and g, . arise

from the finite current quark mass correction. Therefore,
these coupling constants are proportional to m2,

o 2 ok 2
gb1Tf - gblrrmrw gf17'( - gflrrmn' (8)

The 7t; — it decay mode may lead to the two-loop
self energy diagram 71;(1600) in Fig. 1. We ignore the
contribution from this diagram since we focus on the
chiral corrections to the 71;(1600) mass up to one-loop
order in this work. Moreover, some contribution of this
two-loop diagram may have been partly included in the
one-loop diagram with the intermediate p and 7t meson
because the p meson is the two-pion resonance.
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Fig. 1. The two-loop self energy diagram of the
71(1600) with three intermediate 7t mesons.

Furthermore, we need the chiral interaction between
the 71, (1600) and the pseudo scalar mesons, which is sim-
ilar to the chiral Lagrangians of the vector mesons [38-
42]. Tt should be stressed that the 7t;71;70 interaction is
forbidden by G-parity conservation. We have

Eﬂlﬁ :gﬂlneuvaﬁﬁ;l . 5aﬁf3ﬁ‘r], (9)
‘Cﬂlﬁ’ :gmn’euvaﬁﬁ;l'aafqaﬁn/' (10)

For the 71yttt and 7ty 7t;mn interaction, we have

o 220 oop - — ==y =
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(12)

In order to absorb the divergence in the one-loop chi-
ral corrections, we need the following counter terms

— 2 2\ 7 i
Lcountcr =€ (mn + mT] )7-[1}1 s

tea(m? 4 m2) T, 7 (13)
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Leounter 18 similar to the chiral Lagrangians of the vec-
tor mesons in the form of (x; )(V,V*) and (x,)*(V,, V"),
where V, is the vector meson and the notation y. is
related to the current quark mass.

3 Chiral corrections to the 7t; (1600) mass

With the above preparation, we start to calculate the
chiral corrections to the mass of 7, (1600). The propaga-
tor of the 71, (1600) is defined as

S =i / diae= (O[T (@) (0)}0),  (14)

where p is the four momentum of 7t;. At the lowest order,
the propagator simply reads

Su‘v — _i(gl—“/ _pup“//mg)
0 p?—mi+ie

—i<g _pupv)
_ cp ) iy

2 2 27772
pT—myg p my

(15)

and its inverse is
(So )™ =i((p® —m) g™ —p+pY).

Here, m denotes the bare mass of 7t;(1600).
We separate the self energy X, (p?) into the transver-
sal and longitudinal parts

(16)

Pub~ Pub~
Zul0?)= (s =82 ) 2P+ B2 5 7). 1)
The full propagator reads

S = Sy 4 S (1) (1) S5 + ..

=[(S5 " =iz (18)
which can be expressed as
. _ 5 .
S = ;(%2 pupv/pz) . T
p>—mi—2r(p?)  p*(mi+Zu(p?))

Only the transverse part Xt (p?) will shift the pole po-
sition. Therefore we concentrate on the transverse part
of the self energy [43] and consider all the Feynman di-
agrams shown in Fig. 2 and Fig. 3. The 71;(1600) mass
satisfies the relation
m2, —mg—Xr(m2 )=0. (20)
In order to obtain the quark mass (~ m2, m?) de-
pendence of the self energy corrections, it is convenient
to adopt the infrared regularization (IR) scheme [44-46]
to calculate the loop integrals. Usually, the IR method is
used in order not to break the power counting while deal-
ing with the integral. Unfortunately, there is no proper

power counting rule for the issue we are dealing with.
There are a few different mass scales such as the 71; mass,
the 71, 1 meson masses, the masses of other meson res-
onances, and the chiral symmetry breaking scale. The
mass of the 71; is so high that the 7t,  and other light
mesons can take large momenta, and thus the conver-
gence of a chiral expansion is not ensured. However, for
our purpose, the IR method can still be used to derive
the non-analytic part of an integral. The non-analytical
chiral corrections to the self-energy of the 71; are inher-
ent and intrinsic due to the presence of the chiral fields,
and the non-analytical chiral structures are universal and
model independent to a large extent. One may derive
them using very different theoretical approaches such as
the chiral quark model, effective chiral Lagrangians at
the hadronic level or rigorous chiral perturbation theory
(ChPT). With ChPT, one can include both analytical
and non-analytical corrections order by order with con-
sistent power counting. In contrast, with the effective
chiral Lagrangians at the hadronic level as employed in
this work, there is no consistent power counting. Fortu-
nately, the non-analytical corrections from different ap-
proaches are similar if one considers the one-loop dia-
grams. The non-analytical structures may play an im-
portant role in the chiral extrapolation of the dynamical
lattice QCD simulation of the 17T exotic meson mass,
which is sensitive to the pion mass on the lattice. Within
the IR scheme, the so-called ‘infrared singular part’ turns
out to be the main contribution of the loop integral in the
chiral limit. However, one can also find the full expres-
sions of these loop integrals by performing the standard
Lorentz invariant calculation in Refs. [47, 48].
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Fig. 2. The one-loop self energy diagrams of the
71(1600) with one light meson plus one 7 or 1.

For a certain diagram, there are three mass scales,
M., and the masses of the two intermediate states m, M.

043101-3



Chinese Physics C Vol

41, No. 4 (2017) 043101

We assume M >m. The main contribution of a loop in-
tegral comes from the poles of the propagators, which are
called the ‘soft poles’ and ‘hard poles’ in Refs. [49, 50].

When one expands the loop integral in terms of small
parameters such as m/M or m/u, where p is the renor-
malization scale, the ‘soft part’ contribution contains all
the terms which are non-analytic in the expansion pa-
rameter. In contrast, the ‘hard part’ is a local polyno-
mial in these parameters which can be absorbed by the
low energy constants of higher order Lagrangians [46].

Since we are interested in the small chiral fluctua-
tions around the mass shell of 7t; (1600), we set the kine-
matical region p? ~ M2 . In particular, we set the the
regularization scale to be My,,. These self-energy di-
agrams can be divided into two categories. The first
class of diagrams fulfills the condition M2 > (M +m)?
and m? < M?, including those diagrams with the
prt, N7, by (1235)7, £, (1285)7 and 1’7t as the intermediate
states. The second class corresponds to the condition
M7 ~ M? and m? < M?, where the intermediate states
are the 71, (1600)n and 7t; (1600)1'.

3.1 The light meson pion loop

Now we deal with the light meson pion loop integra-
tion corresponding to diagrams (a)—(d) in Fig. 2. Con-
sider the scalar loop integrals

o ddl 1
L (p®) = /(27-[)d [12—m2 +ie][(p—1)2 — M2 +ie]’

(21)

where X represents the p,b;,f;,” mesons. [ and p de-
note the loop momentum and external momentum re-
spectively. After performing the [-integration, the above
integral reads

Laxty) =t =1 (25 (JZT ); [ @i e
with
A=bx*—(a+b—1)z+a,
a:]\n;—% , :]\]?4—22. (23)

Since we choose the external momentum p near the mass
shell of 71;(1600), we always have (p? —m2 + M?)? —
4p*M? > 0. A can be re-expressed as A = b(a—x; ) (x—x),

with
a+b—1 4ab
= | 1+4/1—-—rk— | .
12T < (atb—1) )

Obviously we have 0 < z, < z; < 1. We now divide
the integral into three parts according to the integration

(24)

interval
d ~Md—4
Loc=pt =T (2= 5 ) = (IR 4 IR 418 (25)
2) (4m)2
with

18067) = [ ar o))

1300 - [ " e ple—a) (@222

2

ol
|
[\V)

19)(p?) = / de bz — 1) (@ — 22)] (26)

We first consider Iftl)z The assumption p? > (M +
my)? and m2 < M? leads to

dab__
(a+b—1)2 '

So we can expand ;. in terms of the small parameter
a7

a1, (27)

b—1 a a? 5
S A s B e s RGO
_a a? 5
w= ot o o) (28)

Then we have

2

18 () = (~bay)E / Ae[(1—a/a) )z — )] 2. (29)

0

Recall that z; ~ O(1) and x5 ~ O(a). When z € [0,z,],
we can expand the above integral in terms of the param-
eter x/x,

IR 0) = (-br) 2 [ data—2)? 2

d_, .
5 <Z<§m)>m! () o

After the interchange of summation and integration, we
get,

r(z-1)r(s)
19(2) = (ba)1ad S N2 -

m=0 " <g—1—m) r (g—l—m)
_ﬁ m
it '

(31)
Clearly I 7(&) is non-analytic in a for non-integer dimension
d.
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We move on to the I,(jg part. After shifting the inte-
gration variable, we get

T1—xQ
IR =(-b)22 [ dafe(z, -z, —2)]272 (32)
0
With the replacement = = (z; —x2)y, one gets
1
Aiwﬂzw—w%*«m—za¢3/HMM1—wﬁ*2
0
2
(3]
d_»o d—3 2
= (=b) 5 (zy — ) L (33)

I'(d—2)

I3 is complex and proportional to (z; —z,)*3 that can
be expanded in powers of z,.

We expand the third integral I3 in terms of z,/,
ie.

3

1

S
m—0F<£l—1—m m!

Obviously IT(S’() only contains the integer powers of a.

It is clear that Igg and the real part of 1532 are regu-
lar in a and will not produce any infrared singular terms
for an arbitrary value of the dimension d. Thus these
parts can be absorbed into the low energy constants of
the effective Lagrangian. On the other hand, I,%Q devel-
ops an infrared singularity as a — 0 for negative enough
dimension d. This part is the so-called ‘infrared singu-
lar part’ of I.x in the IR method of Refs. [44-46]. The
‘infrared singular part’ contains all the terms which are
non-analytic in a as the typical chiral log terms Ina. Such
terms cannot be absorbed into the low energy constants
of the effective Lagrangian. Furthermore, the contribu-
tion of the ‘infrared singular part’ dominates the I.x as
a—0.

Finally we obtain the ‘infrared singular part’ in I.x
with the imaginary part,

i [ m2 T1— T

— L+1-In( L

o 141 () +(72)
T1—T 1

hl( 1:1:1 2>:|—E[(CC1—CC2)

i [ m2
:ﬂ%ﬂQF_m<EJ}
i
xr

L% () =

7T
1
BT
_ L—In U 4 +7a2
1672 m2, b—1 (b—1)3
i a’b

3w ho1)p
1 [b=1 (b+Da
16m| b bb—1)

2a? 3
Gy o)

(35)

1
where L = - —vg+Indn+1 and we let pp=m,,.
€

Up to O(my) and O(m,), we collect the one-loop chi-
ral corrections to the self-energy of the 7;(1600) below:

2 m2 m4 2
ST} (5]

m2

sl

- 32m2(m2, —m?2)

Ziie(mz,)

i [ =) i, —md)
er 48mtm2, 167tm?,
Mz (mz, +m;) (36)
167tm2 (m2 —m2) |’

— gﬁ/’ﬁm’i
1287%(m2 —m?,)

’
27Tn,11r{(m7211 )

oo ()]

g [l =) s, —m)
Tl 1927my 64mtmy,
(s, +mi) .
647tmt (m2 —m?2,) |’ (37)
T T m’

b7 2
ET,IR(mnl)
4 4 2 2 4
2 m’)‘[(m’)'fl - 6m7‘rl mb1 +mb1)
_gblrr

6472mg (m2 —mj )3

b

+ - ™

87'[2(7”7211 — mﬁl)

it 2w )], ()

20 2 2 2 \3 2
32m*mg (m2 —mi,) m2,

> [(mil

—my, ) (Mg, +10mz mi, +my,)

—igy,
o 967tm3 mh,
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mz(m7, +mp, )?

o 2 4 2 _ 2
32rtm3 mh (m2 —m3)

mg(mz, +mg, ) (mg, —4mz, mi, +my,)

, (38)

2 4 (2
32rtmg mh (m

i in(ms,)
2 { M (my, —6mz, mi +my)

ST 128mmE (m2, —mi)?

m2

+ [—T‘
167[2(7”7211 - m?l)

mi(mil — 2milmfl —3mf}1)} | ( m?
6472mg (m2, —mz )3

- [(mil

)}

—mi,)(mz, +10m3 m +mg,)

2 4
192mtmg my,

2
mnl

fim

g, +md)?
647tmi mi (m2 —mg)

4
7

ma(mz, +mi ) (my, —4m7 mi +my)

} . (39)

64rtm? mi (m2 —m7 )3
3.2 n-7 loop

Consider the scalar loop integral for the n-7t loop:

I (pz)

g [AU 1
: /(2ﬂ)d 12 —m2 +ie][(p—1)2 —m2 +ie]
(40)

After performing the [-integration, the above integral
reads

2 4-d d\ ip* ! d_q
L) =ptr (2= 2 ) 2 ["az(ayt-2 (a1)
2 (4m)z Jo
with
A=2*—(a—b+1)z+a,
m2 m?
Similarly, A can be re-expressed as A=b(x—z;)(x—x2),
with
a—b+1 4a
= 1+ /1—-—— 43
«r172 ( (a_b+1)2> ( )
Obviously we have
4a
1, xl, ——<1. 44
akl, b«l, (a_b+1)2<< (44)
So we can expand ;5 in terms of a and b
r,=1—-b—ab+...,
To=a+ab+.... (45)

With the same method, we divide the integral into three
parts

snd—4

_ d\ ip

(4 (46)

(L) + L)+ 13)

with

41 dog F(Sl_l)F@_l)
R
2= [ d:c [(@—a2)(z—a2)]3 2
Lo
— (1)E 2y — ) [FF%:;)] -
50h)= | jdx =)z — )] (49)

The I{) and I?) are similar for the case in the previous
section, where 17%) belongs to the ‘infrared singular part’
of Iy and I(?) contains an imaginary part. However, the
I is quite different. To calculate the 12, we first shift
the integration variable

11—z

I3 %) = / dy[(1 -z, —y)(1 -2z —y))*

(50)

Since (1—121) ~ O(a) ~ O(b) and (1 —2z5) ~ O(1), when
y €10,1—x,], we can expand the above integral in terms
of the parameter y/(1—x5)

11—z

~
E
~—~
S|
[V
S~—
Il
Y
—
|
8
V)
S~—"
(NN
8
(o}
<
Y
—
|
8
s
|
<
S~—"
wla
b
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(21w (Eem) (-=2)
(51)

Obviously 17(32 is non-analytic in b for for non-integer di-
mension d. In other words, ISQ also contributes to the
‘infrared singular part’. The ‘infrared singular part’ of
I, with the imaginary part is thus

ipd74

(4m)*

i m?
e o (1)
n(5=2))

1_‘7}2

i m2
+W$2 L—I—l—ln F

T —T T1—To )] 1
k! 21n< 1 2)_—ﬁ($1—$2)

T2 g

i m2
= L—ln( ”)} (a+ab)
16712 { mil
i m2 \]
L—1 il
"o { n<mil>_

1
(az—i-bz)—ﬁ(l—a—b—Qab).

~ d
IRp*)=p*T (2 — 5) (I%) +Im(I) + 1))

T — T2

1_(1}1

(b+ab)

+

3272 (52)

The chiral correction from the nm loop diagram reads

2
{1 —9In ( M )}
m2
st
YoM

m2
I Ny _9) n
12872, { n<mal)]

s mil —3m2Z—=3m2 mL+m}
17 19270 Gdmm2,

2 4
grmmﬂ

lus 2 _
Yiwm(my,) = W

Y

(53)
3.3 n(n’)-m; loop

The n’ meson mass is dominated by the axial
anomaly, which remains large in the chiral limit. The
propagators in the n’-7t; loop do not produce a ‘soft pole’
contribution. In other words, the loop integral does not
contain the ‘infrared singular part’.

Now we consider the ;1 loop diagram with Mﬁl ~
M? and m? < M?, which is similar to the nucleon self
energy diagram. We can use the standard IR method in
Ref. [46] to obtain the ‘infrared singular part’. First we
define the dimensionless variables

p* —mg —mz,

=t _Tm o

2Mmy My

(54)

The corresponding scalar loop integral is

d?l 1
I (pQ):u“*d/ . .
1 (2m)4 [I2 —m2 +ie] [(p—l)Q—mETl +ie]

d imd74 1 u
- 4dF(2——> st /dxATQ, 55
! ) s [t
where
A=2>-2a0x(1—x)+a’(1—12)* —ie. (56)

Within the IR scheme, the ‘infrared singular part’ of

I, reads
d imd74 ¢S} u
IIR _ 47d1—1 2__ 7T / d A 5,2
™Tmn ,U/ ( 2) (47_[)% 0 1’( )
i(pz—mzl—i—mﬁ)
=—___ T Vi 57
LI 657)
with
i +0)
rp?) = —— 2l 1-21
)= Tor2 Tr2a0 102 (L 200)
i ay1—922 a+ 2
- —arccos | ———— |,
82 1+ 202+ a2 V1+2a2+ a2
(58)

and the regularization scale @ =m,,. The chiral correc-
tion from the ;1 loop diagram reads

2y o | My Ty
ET}IT}{(mﬂl)__gﬂln{ 247_[ +327_[21n mil

+0(m,).

(59)

3.4 Tadpole diagrams

The chiral corrections from the tadpole diagrams in

Fig. 3 are
7T, tad ole d 3m;1[ mi
Zri )= (47 ) e ()
sl
3 ym? (60)
————dym
12872 2
d* m4 m2
,tadpole 2 _ ¢ 2
s (%) 2o (2
1 * 4
—Wdzmn, (61)
where we have redefined the low energy constants
di=ci1+catcs, dy=cs,
di=ci+c+c;, dy=c;. (62)
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T " T
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Fig. 3. The tadpole diagram of the 711 (1600) self
energy. The O(m2) and O(m4) LECs also con-
tribute to the self energy, which are labeled by the
squares and cross respectively.

All the divergence can be absorbed by the counter
terms in Eq. (13), which also contribute to m.,

Dl g00) = €1 (M2 +m2) +ea(m2 +m2)2.

(63)

Finally we obtain the chiral corrections to the
7, (1600) mass up to one-loop order, which is the main
result of this work
AM, ity = E2Tw (my,) + Sk (m2,) + ik (m2,)

711 (1600) st 701

+2”7Fn,111’{(m2 )"'ETIR(mZ )

7T st
+ 2y (m2,) + Dp e (my, ) + SEE T (my,)
(64)

mn,tadpole 2 tree
+X0R (M )+ X Ce00) -

Note that we treat the intermediate states as stable par-
ticles in our above calculation. However, the widths
of p, by, f; are not small. The contributions from the
widths of the intermediate states to the non-analytic chi-
ral corrections to the 7, (1600) mass are summarized in
Appendix .

4 Results and discussion

We need to deal with the numerous effective coupling
constants before the numerical analysis. Actually the
experimental information on the 71, (1600) decays is not
rich. From the current experimental data of the 71, (1600)
decays, we can make a very rough estimate of the values
of gprs Gnmy Gnin, gt a0 gy, ». The others still remain
unknown.

A partial wave analysis in Ref. [51] gives the branch-
ing ratio

Br(m; — by7m):Br(m, — p7t):Br(m, —1'm)

=1:(1.540.5):(1.040.3). (65)

An analysis based on the VES experiment leads to [52]
Br(m; — bym):
Br(m; — pmt):Br(my —n'n):Br(m, — fi7)

=(1.0£0.3): < 0.3:1:(1.1£0.3). (66)

The E852 collaboration reported [§]

Br(ﬂl — fl 7[)

—— =3.80+0.78.
Br(m, —n'n)

(67)

In order to make a very rough estimate of these coupling
constants, we combine the above measurements and set
the branching ratio to be

Br(7mt; — bym):Br(mt; — pm):Br(m —n'n):
Br(m, — f;71):Br(m;, —nm)

=1:2:1:1:1. (68)

From Egs. (3)—(7), the partial decay width of the
7, (1600) reads

2
g
r =25 257 |5 |? 69
(= om) =2 2% 5 (69)
2 = |13
_ Yan |p71|
Fim — ) = g P (70)
92/7_[ |ﬁ7‘r|3
r m) =21 71
(=l ()
P — fy) = S [l (o [Pl (72)
Lo 247t m2, mi )’
D, — by =2 on Il (5 Pl (73)
! ! 241t m2, mi )’

where p,, is the pion decay momentum.
With the total decay width of 7t;(1600) around 300
MeV as input [53], we get

|gor] 2.7 GeV ™', |gun| ~5.1,
19iun| ~ 3.3 GeV,

|gn/7'f| 2817
|Gy ~2.2 GeV.  (74)

For the mmmn coupling constant,

1
—— GeV' ~ 5.3 GeV™' where the F,, =~ 0.1 GeV
1.6F,

is the decay constant of . This ad hoc value was esti-
mated with the very naive dimensional argument, which
might be too large.

From the tree-level Lagrangian of chiral perturbation
theory,

we USe Gmynq ~

2
We consider two cases in the numerical analysis. Case
1 corresponds to the SUr(3) chiral limit where M2 =
M? — 0 when m, =m approaches zero simultaneously.
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(color online) The pion mass dependence of the chiral corrections to the 711(1600) mass from the
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p7t, 7, by, f1 7T contributions respectively.
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(color online) The pion mass dependence of the chiral corrections to the 7t; (1600) mass from the 17 and 71im

loops. The solid and dotted lines correspond to the SUr(2) and SUr(3) cases respectively.

Since the strange quark is sometimes treated as a
heavy degree of freedom in the lattice QCD simulation,
we also consider Case 2, which corresponds to the SUg(2)
chiral limit. Now we fix the strange quark mass and
let the up and down quark mass approach zero. In the
SUg(2) chiral limit, the 1 meson mass remains finite. We
have

M? = éB lM 2
n =3 Oms+3 ful (76)

We collect the variation of the chiral corrections to
the 71, (1600) mass from different loop diagrams with the
pion mass in Figs. (4)—(5). The most important chiral
correction to the 71, (1600) mass comes from the 71,1 loop.
The chiral corrections from the 7tp, 7t and 7’ loops are

positive and increase with m, while the corrections from
the nmy, mb; and 7tf; loops are negative. Furthermore,
the chiral corrections from the nm;, 7b; and 7f; loops
are very sensitive to the pion mass.

The coupling constants d; (i=1,2), d; (j=1,2) con-
tribute to the tadpole diagram while e, (k = 1,2) are
low energy constants. They are unknown at present. Al-
though this kind of contribution may be significant, we
do not present their variations with the pion mass be-
cause there are too many unknown coupling constants.

According to PDG [4], the 7;(1600) was observed in
the by, n’mt and f;7r modes. The Compass collaboration
reported the 711 (1600) in the p7t mode [9]. The 7t;(1400)
was observed in the nw mode. Both the 7t;(1600) and
7, (1400) signals are very broad with a decay width of

043101-9



Chinese Physics C Vol

41, No. 4 (2017) 043101

241440 MeV and 330+ 35 MeV respectively [4]. These
two signals overlap with each other. In this work, we
have taken into account all the above possible decay
modes and calculated the one-loop chiral corrections to
the 71,(1600) mass. We have employed two different
methods to deal with the loop integrals and derived all
the infrared singular chiral corrections explicitly.

From the available experimental measurement of the
partial decay width of the 7t;(1600) meson, we extract

Appendix A

Contributions generated by the finite widths of the
intermediate states

In this Appendix we deal with the scalar loop integrals
when the intermediate states have a finite decay width I

2 41— dl 1
Iex(p™)=p d/ 2m)a [IZ—mZ+id[(p—1)2 — M2 +iMT]

. d—4 1
:,ﬁ*dr(z—@) M / dz(A)%2, (A1)
2) (4m)z Jo
with
A:b:ﬁ2—(a+b—1+%)x+a
— bl — 1) (z —22),
my P’
o= bTam (A2)

where the X represents p, bi, fi, M and I are the corre-
sponding mass and width, and

ir
b—1+—
a-+ +M

2b . 2
<a+b—1+£>

We expand z1,2 in terms of a

T1,2=

ir _ir 2 (1L
vl o) 20ew)
T = - L 3 +0(a”),
b b(b—1+£) p_14+ L
M
*(1-37)
pp=— et =10 (A4)
b—1+=— (p_14L
M M

2
In our case, I'x ~m . We treat the (%) as O(a) and get

the coupling constants. We investigate the variation of
the different chiral corrections with the pion mass under
two schemes. The present calculation is applicable to all
possible interpretations of the 71; mesons since our analy-
sis does not rest on the inner structure of the 7t; mesons.
Hopefully, the explicit non-analytical chiral structures
will be helpful to the chiral extrapolation of lattice data
from the dynamical lattice QCD simulation of either the
exotic light hybrid meson or the tetraquark state.

F2
b—1——
b—1 “( M2> a*(b—1)?
n=—T- , 121 IRE
b|:(b_1) +W:| |:(b—1)2+mj|
il ¢ +
M |b 5, I? o
(b—1) +W
a(b—1) a?(b—1)3
(b—1)2+ L% e
R s v
NN 4. (A5)
M 9o I
(b-1) +W
The original integral can be re-expressed as
cAgd—4
fnx(p2)=,u4idf(2—t—l) iM _
2) (4m)?
1
/dx[b(x—xl)(x—zz)]%*z. (A6)
0

Now x1, x2 are complex while the integration variable x is
real, which renders the evaluation of the integral straightfor-
ward. We have

Lix (p°)

:ﬁ {L— n(]f—;) —1—/01dxln[b(x—x1)(x—zz)]

)

(A7)
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After extracting the non-analytic chiral corrections from the
above expression, we get

NA/ 2 i ms
L (07) == 167t2m21n<F>

_ i a(b—1) n a?(b—1)3
1672 , I? rzi?
(b-1)"+-5 {(b 1)2+M2}
2
e L m(m—;). (A8)
M(b 1)2+F— .
M2

It is interesting to note that the above expression contains a
non-analytic chiral correction to the imaginary part, which is

proportional to % and vanishes when I — 0. In comparison,
when we treat the intermediate states as stable particles, the
imaginary parts of the chiral corrections to the self-energy of
the 711(1600) are analytic in the pseudo-scalar meson mass.
In the limit of I' =0, we recover the results in the previous
sections in the text.

For the pmt, bim, fi7 loops, we collect the non-analytic
chiral corrections to the mass of the 71 (1600) up to O(m%),

2
z% NA(mm)
n( m72T ) { mgfg(mil _mg)
4872 mZ, (mZ, —m2)2+miI?
m%(3mi1 — 2m$[1 m2 —|—m2 F2 — mé)
(mz, —m3)>+m3Iy

2
gpnmn
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