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We revisit the problem of the gauge invariance in the Coleman-Weinberg model in which a U(1) gauge
symmetry is driven spontaneously broken by radiative corrections. It was noticed in previous work that

masses in this model are not gauge invariant at one-loop order. In our analysis, we use the dressed

propagators of scalars which include a resummation of the one-loop self-energy correction to the tree-level
propagator. We calculate the one-loop self-energy correction to the vector meson using these dressed
propagators. We find that the pole mass of the vector meson calculated using the dressed propagator is

gauge invariant at the vacuum determined using the effective potential calculated with a resummation of

daisy diagrams.
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I. INTRODUCTION

One of the subtle problems in quantum field theory
(QFT) is the gauge invariance of physical quantities. It is
generally believed that physical quantities, such as the
S-matrix elements, the physical masses, the energy density
of a physical state, and the decay rate of a false vacuum,
are gauge invariant although the quantum field theory can
be quantized in an arbitrary gauge. One quantity often
encountered in QFT is the effective potential which is
usually interpreted as the energy density just as the
potential is usually interpreted as the energy density.

However, it was found that the effective potential in the
Coleman-Weinberg (CW) model [1], which is a model of
massless scalar quantum electrodynamics (QED) with
symmetry broken by radiative corrections, is not gauge
invariant [2]. This has raised concerns about how the gauge
invariance is achieved in physical quantities in scalar QED
and in general scalar gauge theories and what is the
meaning of the effective potential. Many attempts have
been made to clarify this problem in different models for
various quantities [3-22], e.g., for the decay rate of the false
vacuum [14,15,18,19].
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One interesting observation is that although the effective
potential is in general not gauge invariant, but the minimum
value of the effective potential turns out to be gauge invariant
[3]. So the minimum value of the effective potential is indeed
a physical quantity. Another interesting observation is that
the pole masses in the CW model are not gauge invariant at
one-loop order, but the ratio of the pole masses of the scalar
meson and the vector meson are gauge invariant [4]. These
results are encouraging but are still far from a clear
clarification. In particular, the gauge dependence of the pole
masses in the CW model is apparently not satisfactory. Itis a
puzzling result. The gauge independence of the minimum of
effective potential is also not easy to see clearly although the
argument given in [3] looks straightforward.

It was noticed in [3,5] that an infinite series of diagrams,
the so-called daisy diagrams, can give contributions of the
same order of the gauge-dependent part in the one-loop
contribution to the effective potential and these diagrams
should be taken into account in a consistent analysis [6]. In
was shown that these contributions can also be evaluated by
summing the daisy diagrams into the dressed propagators
of scalar fields [7]. A recent publication [9] shows that after
a careful calculation of the daisy diagrams the gauge
invariance of the minimum of the effective potential can
be achieved. Actually, daisy resummation also plays an
important role in solving other problems, e.g., the gauge
dependence problem in finite-temperature field theory [11-
13] and the infrared problem caused by the massless
Goldstone boson [23,24]. In view of these recent advance-
ments, it is natural to expect that this idea can help to solve
other remaining problems, e.g., the gauge dependence of
the physical mass in the CW model.

Published by the American Physical Society
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In this article, we reanalyze the radiative correction to the
pole mass of the vector meson in the CW model at one-loop
order. We show that the pole mass of the vector meson in
the CW model is gauge invariant at one-loop order after
including the daisy resummation effects in the propagator
and in the effective potential. This result is the novel
contribution of the present article. This was argued in [9] to
happen, but a concrete calculation has not been done yet.
Since this problem has been a puzzle for a long time, it is
worth making a detailed presentation although the content
may look pedagogical.

The article is organized as follows. In the next section,
we quickly review the CW model and the effective potential
after including the resummation effect. We obtain an
expression of vacuum using this effective potential. Then
we address the resummation effects in the propagators
and calculate the one-loop self-energy of the vector meson
when including these effects. We find that the gauge
dependence in the pole mass of the vector meson is
completely canceled at one-loop order after including all
these resummation effects. We give some details of our
calculation in Appendixes A, B, and C.

II. THE EFFECTIVE POTENTIAL
AND THE VACUUM

The CW model is a model with a massless scalar field
coupled with a U(1) gauge field. The Lagrangian of the
CW model can be written as follows:

L= 4 ;41/ (8 ¢1 eAy¢2)2

) (3,4452 + eA,p1)* = V(P) + Lgr,  (2.1)

where ¢; and ¢, are two components of the complex scalar
field ¢, A, is the U(1) gauge field and F,, the field
strength, and the potential V is

V(g) = 0

with ¢2 ¢2 + ¢2 EGF
term. The tree level potential of the CW model has a
minimum at ¢ = 0, where the original symmetry is not
broken. However, quantum correction can give rise to an
effective potential which can drive the minimum away from
the origin, as pointed out in [1]. This leads to symmetry
breaking driven by radiative corrections.

(2.2)
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FIG. 1. High-loop graphs that contribute terms proportional to
% to the effective potential.

The effective potential can be obtained using the back-

ground field method [2]. The effective potential including
the leading quantum correction is obtained as

Vold) = 2o + 28 &( _+15@) (2.3)

162 8 2

where (35 is a background field taken as the value of ¢, i.e.,
¢, = (}5 and ¢, = 0, and p is the renormalization scale. The
effective potential in Eq. (2.3) has been renormalized in the
modified minimal subtraction(MS) scheme. We can see in
Eq. (2.3) that if 1~ # e*, the potential can have a
minimum for ¢ # 0, and then the symmetry is broken
spontaneously driven by quantum corrections.

The effective potential in Eq. (2.3) is gauge invariant.
However, there are other terms in the one-loop quantum
correction. In particular, there is a term of order Ae?> which
depends on the gauge-fixing parameter &, as shown in [2].
Since A ~ e* in this model, this gauge dependent term is
of higher order, i.e., of order ¢®. As a consequence, the
masses obtained using this effective potential are not gauge
invariant. It was shown in [4] that the scalar-to-vector mass
ratio is gauge independent if including two-loop correc-
tions in the effective potential, but the masses of the scalar
meson and the vector meson are still gauge dependent.

It was suggested in [3,5] that all the higher-loop
contributions given in Fig. 1, the so-called daisy diagrams,
should be included when calculating the effective potential.
This is because these diagrams would give a contribution of
order ¢!/ which is of order e® for A ~ e*. A resummation
of the contributions of these diagrams have been done in [9]
and an effective potential is obtained as follows:
V(@) + V().

V(p) = (2.4)

where V. is given in Eq. (2.3) and Vs in the MS scheme

is [9]

6¢2 6

) (2.5)
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where

S .
o <6 361n —d’)
167 JZ

The second part in Eq. (2.5) comes from two-loop con-
tributions, and the third part in Eq. (2.5) is the contribution
of the resummation of daisy diagrams in Fig. 1. Using this
effective potential, it was shown explicitly that the effective
potential at its minimum is gauge invariant to order e [9].

The vacuum expectation value, (;5 — v, can be obtained
from extremum condition

ov(p)

2
Since V(&)) is not gauge invariant, v is not gauge invariant
either. However, it can be found that v is gauge invariant at

the leading order and is gauge dependent at order 2. So we
can express v as follows:

/\

M) =

(2.6)

~0. (2.7)

v=vyg+v +---, (2.8)

where v, is the value of v at leading order and v, is the
correction at order e®. Other higher-order corrections have
been neglected. v, can be obtained by considering the
extremum condition of V4, i.e

Weld)  _, (2.9)
O 1j=v,
It gives
A= A(vg) = 0, (2.10)

where 1 is given in Eq. (2.6). v determined using Eq. (2.10)
is gauge invariant because the expression of 2 in Eq. (2.6)
does not depend on the gauge-fixing parameter &.

The coupling constants 4 and e in Eq. (2.10)) should be
understood as renormalized at the scale y. Using the f
functions of 1 and e at the leading order [9]

d 1 9he? d he’

iy L Lol
Pa" = ar T G

it is straightforward to show that », determined in
Eq. (2.10)) does not depend on the renormalized scale u
|

DY (k) = ———

at the leading order, i.e., at order e*. So it is convenient to
choose a fixed energy scale uy for which the running
coupling constants satisfy the following relation [9]:

Alpx) = (2.12)

%ﬁw)w ~ 361In[e(uy)]}.

We can choose y = uy in Eq. (2.10). Then it is easy to
see that

= px. (2.13)

Since v, does not depend on y, v, found in this way is the
same for an arbitrary value of .

Now we can obtain an expression of v;. Notice that
Eq. (2.9) means

OV (@) PV ()

- + 0(v}) +
a¢ '$=UO+D] 6¢ . (Ul)

‘4)_1)0

(2.14)

Keeping the term linear in v, in Eq. (2.14), we can write
Eq. (2.7) as

PV Val)
Y

Plugging Eq. (2.5) into Eq. (2.15) and keeping terms of the
leading order, we obtain

he? 80\ 40 94
v = @K—éj—j)——l n’e + —Ine’

=0. (215

1?):110 +0;

167° 3 9

()]

In Eq. (2.16), the In(1 — @) have been kept as a function of
0 = px + v; rather than of uy, because this logarithm
diverges at (;5 = py. So Eq. (2.16) can be understood as an
iterative expression of v;. We can see in Eq. (2.16) that v, is
indeed of order e”. This expression of v; will be used later
when studying the gauge invariance of the vector meson mass.

(2.16)

III. THE DRESSED PROPAGATOR

Using the background field g;ﬁ, the effective propagators
of scalars at tree level are [4]

(3.1)
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FIG. 2. Transverse vector tadpole graph Ay,

The key point of daisy summation is that the self-energy
diagram shown in Fig. 2 is of the same order of tree-level
contribution. In fact, a straightforward calculation of this
diagram using the dimensional regulation gives

Ch [ dPk L, - kR
Aloop = ) (27)P 2ie gy, 12— 2 g* - 2

A

ih 4 an ep
= 1-6In—), 32
T < ! ﬂ) 32)
where we have performed subtraction in the MS

scheme and have eliminated the term proportional to
A, :é—yE +In4z. One can see clearly in Egs. (3.1)
and (3.2) that the self-energy diagram in Fig. 2 is of the
same order of the tree-level mass, which is ~/1§2’72 ~ e‘%z.
This suggests that we should include a geometric
summation shown in Fig. 3 in the calculation of quantum
corrections [7,8]. This summation gives modified propa-
gators, called dressed propagators. For example, for ¢, the
summation gives a dressed propagator as follows:

D22 = D(2)2 + Dngloongz + Dg2AloopD82AloopD82 T

_ k=)
K= mi (K - g2gP) (33)

with
o Aas A=
m%<¢) = 8¢2 + lAloop = Td’z’ (34)
where 1 is given in Eq. (2.6).
For ¢, this geometric summation using a vector tadpole
would give rise to a mass shifting to %4 ¢?. However, this

is not the correct result. There are other self-energy
diagrams that can contribute at order e*. These self-energy
diagrams have been computed in [4] as a momentum
expansion around p? = 0. Restoring the coupling constant
in logarithm, which is omitted in [4], the result, which is of
the same order of i(DY,)~!, can be extracted out as

A

he* ., ep
Zy=—-I— 3+ 18In— ). 3.5
1 l16”2¢ < + 18In u (3.5)

Performing a summation using Eq. (3.5) we can get a
dressed propagator for ¢, as

Dy, = DY, + DV, %, DY, + DV, %,,DV, %, DY, + - --

i
= m, (3.6)

with
A A A A s he* s eq;ﬁ
2 2 2 2
m iy —r+— + 18In— ).
2 2‘/’ = 2¢ 167:2¢ (3 8In /4)
(3.7)

One can also check that other self-energy diagrams for ¢,
give zero or are of higher order than the vector tadpole
diagram in Fig. 2. So the correction given in Eq. (3.4) is the
total leading order one-loop correction to the dressed mass
of ¢2.

Because (D9,)~!, part of the whole matrix of the inverse
of the propagators for (¢;,¢,,A,), has been modified to
(Dy,)7", other parts of propagators related to DY, should
also be modified. This can be seen clearly when solving the
propagator matrix of (¢;,¢,,A,) from the matrix of the
inverse propagators, as was done in [4]. The result is a shift
of the ¢, mass to m3 (éﬁ) in all these related propagators.
These dressed propagators have been summarized in
Appendix A.

We note that the dressed masses obtained in Eqgs. (3.4)
and (3.7) are consistent with the results one can obtain
using the effective potential [14]. In fact, using Egs. (2.3)
one can easily verify

+

FIG. 3.

+ e

The dressed propagator of ¢, as a resummation of a series of vector tadpole diagrams inserted into tree-level propagators.

076016-4



GAUGE INVARIANCE OF THE VECTOR MESON MASS IN THE ...

PHYS. REV. D 103, 076016 (2021)

(a) (b) ()

(d)

(e)

FIG. 4. One-loop self-energy diagrams for vector meson.

2 OV, . 1OV,
M) =" Mm@ =55E 6

So ¢, becomes massless at the vacuum at the leading
order determined by V,, as it should happen as a
Goldstone boson.

IV. THE VECTOR MESON MASS

Using the dressed propagators and the vertices shown in
Appendix A, we can calculate the one-loop self-energy
diagrams of the vector meson and the radiative corrections
to the vector meson mass. The relevant one-loop self-
energy diagrams are shown in Fig. 4 in Appendix B, and
the corresponding Feynman integrals are given in Egs. (B1),
(B2), (B3), (B4), and (B5). The total self-energy —i%,, is the
sum of the contributions of all these diagrams.

Using %,,, we can write down the inverse of the
propagator of the vector meson at one-loop order

G (P?) = igu(p? — E¢%) +iZ,,(p?) + p,p, term,

(4.1)

where the first term is the tree-level contribution. %, can
also be written as

2, (P?) = 9uE(p?) + pyp, term. (4.2)
So we can rewrite Eq. (4.1) as
G (P?) = igu(p? = ¢ + Z(p?)) + pyp,term. (4.3)

The pole mass of the vector meson, m2, is determined by
the condition that the first term in Eq. (4.3) vanishes at the
point p* = m?2.

%, can be evaluated using a momentum expansion

around the point p? = 0 as in [4]. Introducing

and neglecting terms of higher orders in p?, we can write
Eq. (4.3) as

7) = ig/w[p2 - 62(272 —6m? — Z2p2] + PuPu term.
(4.5)

Detailed results to order ¢* have been given in Appendix C.
Using results in Appendix C, we can find

h 5 ¢ 2¢§m 2¢
om? = —— et |E—>—2In 2) +3In
BT ¢{§ 2 2 < p " e
(4.6)
and
he? 41 1 62&52
ZZ_W<_E+§IHT)’ (47)

where terms proportional to A, have been subtracted in
renormalization. In Eqgs. (4.6) and (4.7), we have kept the
coupling constants and the gauge-fixing parameter £ in the
logarithms. If restoring the tree-level mass for ¢ and ¢,
and neglecting the coupling constants and the gauge-fixing
parameter £ in the logarithms, we agree with the results
in [4].

Using Eqgs. (4.5), (4.6), and (4.7), we can find the pole
mass to e* as follows:

m2 = eZ(zQ +om? + Zzezéﬁz

h N
24 42
_e¢+16 ¢

43 £ 2(1757"2 P
[5___§1< - > ?1 M—} (4.8)

Now we set the scale y = uy and consider the case at

vacuum ¢ = v. Using Eq. (2.8) and keeping terms to order

e*, we find m?(v) up to order e*

076016-5
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m2(0) = i, + 26%uxv,
43 10

h ¢ e?AE
T6r2° ”X{‘f‘—ﬁl =3 (“‘(T)

)

Inserting Eq. (2.16) into Eq. (4.9), it is easy to see that
the £ dependence is canceled completely. We find the pole
mass of the vector meson as

ho, L[ 123 124 40
e -
1622 ¢ ”X( 5 Tg -5 e)

+

(4.9)

my, = e*uy +
(4.10)

It is manifestly a gauge invariant result.

So far we have used a momentum expansion around
p* =0 in the evaluation of %,,(p*) or Z(p?). However,
there is a problem in this expansion. If expanding X(p?)
around p? = 0, such as

2(p?) =2(0) —zop® +zupt 4o, (411)
we hope this expansion is convergent, i.e., |z, p*| < |z,p?|
for p? & 62&52. However, the natural dimensional parameter
appearing in the denominator is ¢%¢%, as we can see in
Egs. (4.6) and (4.7) that z,/Z(0) ~ 1/(e?¢?). We would
also expect z4/z, ~ 1/(e*¢?*). So we would find that
|z4p®| ~ |zop?| for p?me?@® and the expansion in
Eq. (4.11) may not give the correct result.

A better way to evaluate the self-energy is to do

expansion around p? = ¢2¢*. Introducing

¥(p?) can be written as

X(p?) = —6im? — % (p? — 2¢%) + Z4(p* — 297 + - -
(4.13)

Again we would expect Z4/Z, ~ 1/(e2¢?), but the pole
mass would deviate from the tree-level mass by an order e*
correction and we would expect p? — ¢2¢* ~ ¢*$? in this
case. We would find that the second term in Eq. (4.13) is
expected to be order €%, and the third term in Eq. (4.13) is
expected to be order . Expansion to a higher order of
(p* — 2¢?)" would give corrections of order e¢*+2". This
should be a valid expansion.

Taking the first and the second terms in Eq. (4.13), we
can rewrite the renormalized inverse propagator as

= ig,,[p? — EP* — 5> — Z,(p* — 2¢7)]
(4.14)

Gu(p?)™!
+ p,p, term.

The pole mass is found with the condition that the first term
in Eq. (4.14) vanishes at p?> = m?2. This condition gives

m2 = 2@ + o /(1 — 2,) ~ 29> + 6m?,  (4.15)

where we have neglected correction %,6/m” which is of
order ¢°. Some details of the calculation of the self-energy
diagrams in this case are given in Appendix B. We find

h & [(E2PPEmE\ 62 2¢
Sim? — 4p2|g— 2 2) _2= _1
"= e ? [g 2 n( u 9 3,2

(4.16)

The cancellation of the gauge dependence is similar to the
case in Eq. (4.10). Evaluating the mass at the vacuum and
plugging Egs. (2.8), (2.16), and (4.16) into Eq. (4.15) we
get the pole mass at order e* as

142 124 40
il -——+—Ine* ——1
e ﬂx( 9 9 3 e)

2

1672

Equation (4.17) is also a manifestly gauge invariant result,
but it slightly differs from Eq. (4.10).

V. CONCLUSION

In summary, we have carefully calculated the one-loop
self-energy contributions to the vector meson in the CW
model. In our calculation, we use the dressed propagator
which includes a resummation of the one-loop contribution
to the scalar propagators. These contributions are found to
be of the same order of the tree-level scalar propagators in
the CW model and should be taken into account in a careful
analysis. We evaluate the one-loop self-energy contribution
as an expansion of momentum square both at around p? =
0 and at around p® = ¢2¢”. The two results are slightly
different, and we suggest that the latter one is the correct
result because it is obtained from a more reliable expansion.

We find that our results agree with the results obtained in
[4] if restoring to the tree-level scalar propagator. However,
if taking the dressed propagator in calculation, the con-
clusion is very different from the conclusion obtained in
[4]. We find that the pole mass of the vector meson
calculated using the dressed propagator is gauge invariant
at the vacuum determined using the effective potential
calculated with a similar resummation, i.e., a resummation
of daisy diagrams.

A related problem is the gauge invariance of the scalar
meson mass in the CW model. This problem will be
discussed in another publication.
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APPENDIX A: DRESSED PROPAGATORS AND VERTICES
The dressed propagators we use are

| ————1 = Dy(k) = m (A1)
(1.2 2 2
2 2 = Dg(k) = ik D(€k)£¢ ), (A2)

2 2
g~y = Ay (k)= —i [ 1 <9;w B kukz,) E(k* —m3) kuky

k2 — 62452

K2 by | W
A 2 = To(k) = %kﬂ, (A4)
where
D(k) = (K =K = 3).  Bifs=e¢cms. i+ =ms, (AS)
and
A PV day  het ., edh
mi(¢) = o7 =50 +1c29 <3+181n'u>, (A6)
o 10Ve  da,  het o, ed
m%((ﬁ)—g % SARET=1 <—1+6lnﬂ). (A7)

The effective vertices under a background field ¢; = g?ﬁ are as follows:
7

I i ft
>< = 22'6262‘]'.9“”, >va/f = 661‘3‘(/{?1‘ -+ k?j)'u, %7 = 2i€2§235jlglw, (AS)
7 v J v

1 [ 1 J
A D
>< = —Z5(5ij5kz+5ik5jz+5iz5jk), = —Z§¢(5ij5k1+5jk5i1 +0ki61). (A9)
J k
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APPENDIX B: EVALUATION OF ONE-LOOP SELF-ENERGY DIAGRAMS

The corresponding Feynman integrals are

~i5(5%) = 3 [ 2 u D (K) + Daslh)

1 [ dPk i i(k2 — e2E¢?)
=3/ G g””{kZ—mﬁ bl | (BD)
dPk

—iz/(}z’/) (p?) = /Weflz(Zk +p) D11 (p + k)eey (2k + p), Doy (k)

e dPk  kk, (KX — e2EQ7)
= / 22 (p + k)7 = m})D(K)

+ pup, term, (B2)

. C de . 9] . 5
iz (p?) = / (27)P 2ie g oDy (p + k)2ie*pgp, A% (k)

— 4 452 9w _ ékuk
0 /(2E)D{ ((p+k)* —ml)(k2—62¢2)+((1?+k) —m3)D(k)
kok, Emk,k,

Tk —m) =Pk (p Tk - m)DWR)’ (B3)
—iz,(fi)(ﬁ) =4 / %eezl(zp + k),,sz(k)Ziez(;ﬁgﬁDu(P + k)
dPk 2e' p*ek, k,
- 4/ 2P (p 1 K)2 —m)D(K) * PePviem™ (B4)
~ix) (p) = 0. (BS)

In these equations, the space-time dimension D is D = 4 — 2¢. Notice that contributions from the second term in the
parentheses in Eq. (B2), the second term in Eq. (B3), and the first term in Eq. (B4) add up to zero.
In order to simplify the calculation, we add all the above terms and get

dPk ke K
(27)” ((p + k)* = m})D(k)

~i%,(p?) = —iz) (p?) + 4> /

—4¢4 G _ k,k,
de ¢ /(2ﬂ)D|: p+k) —ml)(kz_eZa)Q) ((p+k) —ml)(k2—€2¢2)k2
3 Em3k,k,
((p + k)* = m7)D(k)k?

} + pup, term. (B6)
After Feynman parametrization, we separate the remaining expression in Eq. (B6) into five parts and obtain

—i%,(p?) = =% (p*) + (1) + (I) + (1) + (IV), (B7)

where fo,f) is independent of p? and is given in Eq. (C1) in Appendix C. Other terms are

G e ang [ M(a,, by, b
(1) = llg’;z (2¢*3?) A dx ln(M>M2 (—ﬂ _2 1) (BS)

H & A
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9w
II) =
(In 167r

/ dxd[ln (M?(a, b, c))M?*(a,b,c)M?(5a,3b,5¢ + 2d)
0

—In(M?*(a,b—d,c+d))M*(a,b—d,c+ d)M?*(5a,3b — 3d,5c + 3d)], (B9)
1—-x ~
(II1) = g”” [ / dx, / A4 + / dx(2e29) (1 = x)
—/ dx (23d((M2(a b,e))? = (M*(a,b — d. c + d))?) - 2ax*(1 —x))], (B10)
0
(IV) = lg"” A, [ 4623 + / dx, / Ay (6812 + 22 + 26207 )} (B11)
where
M?(a,b,c) = ax*> + bx +c, M? :ax%%—bxl + ¢ + dx,, 2 :ax%,
a=p?, b=m?}—-f5 - p? c=p3, d=p—p,
aj :pzv bl :ml _62¢2_p27 C1 262(352’ (Blz)
|
and our analysis. If neglecting this contribution, Egs. (B8) and

1
A, =——yp+Indxn. (B13)
€

In Egs. (B7), (B8), (B9), (B10), and (B11), we have
neglected all terms proportional to p,p,. So far we have
not made an approximation in the evaluation of self-energy
diagrams except neglecting terms proportional to p,p,.
A further examination shows that the last term in Eq. (B3)
gives a higher-order contribution that can be neglected in
|

_i21w<p2) 167

+ 2—§ln
9 3

lhgﬂp |: 4¢2 <§ g < 2&;45"1%) _@4—

Ad 5
e m .
—+ 21n—21> 62(1)2 _ 62452)} ,
H H

(B9) would be rewritten as other forms.

Notice that two terms in the bracket in Eq. (B9) cancel
with each other when d = 0. When d is small compared to
other parameters, these two terms would give a result
proportional to a factor d which cancels the d in the

denominator outside the bracket. This is the case for
p? ~ e2d?. A careful calculation should be done to extract
the result in this case. After a careful calculation, an
expression for the one-loop contribution to the self-energy

of the vector meson is found at p? ~ 2’ as

10 62&52
g 3

(B14)

where we have eliminated terms proportional to A, by subtraction and neglected terms proportional to p, p,. We have also
restored a factor 7 in Eq. (B14) for a one-loop correction. Using Eq. (B14), we can find

o’ =—
167?

and

he? (31 5 ed? m?
2 = 1

“ln—+2In—). B16
BACEES n,ﬂ) (B16)

We note that when evaluating the self-energy diagrams in
Fig. 4 at p? = €2¢*, we would find imaginary parts in some
of the diagrams. There is an imaginary part in Fig. 4(b) that

2A2 2
oo

252
an%} (B15)

9 3

|
does not depend on the gauge-fixing parameter £ At the
order we are considering, this imaginary part is canceled by
a contribution from Fig. 4(c). Other contributions to the
imaginary parts are proportional to the gauge-fixing
parameter £ These terms add up to zero and the imaginary
parts cancel completely. So we do not have an imaginary
part in the final result of the self-energy of the vec-
tor meson.
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APPENDIX C: SUMMARY OF ONE-LOOP SELF-ENERGY CONTRIBUTIONS

The self-energy contributions given in Eqs. (B1), (B2), (B3), (B4), and (B5) can be evaluated as an expansion of p?
around p? = 0. The results to order p? are

—ifo,i)(pz) _ fz/;[vz [ 4ep? + 645452( - ( 2¢”§m2>>} (C1)

_ gy [ 3 A 5 2m?
~iz (%) = 1 [—2e4¢25+( +71 e*p?

72
{ewerten) (- (755

. 9, 5 3 . 2 1 242 1 292¢, 2
-imf07) =12 |- (54 36 ) e -2 (1 - ot L (SR Yy

1672 3my 6 2 12 U
. . 252 1 252 2
- (348 P+ (31neﬂf +pem(“LE))]. (3)
. i 1 (d*em3
iz (p?) = T [ PrE - ;e P+ 264’ :( 2ln<¢f2 : (C4)
m5 2
-z (p?) =o0. (C5)

In these results, we have neglected all terms proportional to p,p,. We note that —iZ,(f;) is independent of p?, so we

have =X\ (0) = iz (e24?).
Summarizing results in Egs. (C1), (C2), (C3), (C4), and (C11), we find the one-loop contribution to the self-energy as an

expansion at p?> = 0 as
s 2\ ihgm/ 4 42 é é 2¢ émz 2¢
lz/w(p ) - 167[2 |:€ ¢ <§ 2 21 //l ’u

41 2P’
| , C6
()] <9
where we have eliminated terms proportional to A, by subtraction and neglected terms proportional to p, p,. We have also
restored a factor 7 in Eq. (C6) for a one-loop correction.

If we do not use the dressed propagator of scalars and restore to the tree-level propagator, we just need to take m?3 = 5 4 ?
and m3 = 6(,1’7 . If taking the tree-level masses of the scalar mesons and neglecting the coupling constants and the gauge-
fixing parameter £ in logarithms, our results agree with the results in [4].

For p? ~ ¢¢?, we can find the self-energy contributions as follows:

(@), 2 o | apyo | arpo P 5’”2
—i%u (p7) = : c7
% (p?) 16”2[5¢+65¢< 5 < . (C7)
w(b) o _ iGw [ €p? 8 1 p* 1.
—i%,) (p?) = T’;Z {— 3 A, —§ezp2 +§ezp2 lnﬂ—2+§me2p2
pz
—e*E? < —In"5 iﬂ)], (C8)
u?
(0) (2 9w | 442 5,5 Ly, pr 1. o,
—iXy = 1-3A, — —— In———
i (p7) = (I) + 1622 [fﬁ( 3 )—|—9ep 4 n'u2 3 ime’p
—eed? < ln——lﬂ)] (C9)
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; 2
—isd (p?) = I {645(]52 <2Ag —4-2m? - 2m>} , (C10)
167 u
iz (p?) =0, (c11)
where
(I) :igi<e4$2) _@_5_172_% + §+ p2 +362¢2+e4$4 In 62(252
167> 3 9¢2  3p? 2 6e2g*  2p*  6pt u?
+<§+ pZA _3€2¢2 B e4$4> ln<ﬁ
2 6€2¢2 2p2 6p4 /42
5 pr o e Xy 42X x
2P CP V (x, —x ) I T C12
+< 3 6€2¢2 6p2 (x+ X ) n +x+x— ( )
with
_242 2 242
x++x_:w, x_x+:%. (C13)
p p

Again, we have neglected all terms proportional to p,p, in Egs. (C8), (C9), and (C10). Using Egs. (C7), (C8), (C9), and
(C10), we can obtain %, as an expansion around p? = e*¢* and get Eq. (B14).
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