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Gauge-independent Higgs mechanism and the implications for
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Abstract. We propose a gauge-invariant description for the Higgs mechanism by which
a gauge boson acquires the mass. We do not need to assume spontaneous breakdown
of gauge symmetry signaled by a non-vanishing vacuum expectation value of the scalar
field. In fact, we give a manifestly gauge-invariant description of the Higgs mechanism in
the operator level, which does not rely on spontaneous symmetry breaking. For concrete-
ness, we discuss the gauge-Higgs models with U(1) and S U(2) gauge groups explicitly.
This enables us to discuss the confinement-Higgs complementarity from a new perspec-
tive.

1 Introduction

Spontaneous symmetry breaking (SSB) is an important concept in physics. It is known that SSB
occurs when the lowest energy state or the vacuum is degenerate [1].

First, we consider the SSB of the global continuous symmetry G = U(1). The complex scalar

field theory described by the following Lagrangian density %, has the global U(1) symmetry:

A 1> :

Les =0,0"0d-V($'¢), V(p'¢) = 5 (¢*¢ - 7) ,¢9eC,1>0, (1)

where * denotes the complex conjugate and the classical stability of the theory requires 4 > 0. Indeed,

this theory has the global U(1) symmetry, since .Z;; is invariant under the global U(1) transformation,

i.e., the phase transformation:
B(x) = €“¢(x). 2

If the potential has the unique minimum (u?> < 0) as shown in the left panel of Fig. 1, then the
vacuum is unique and the U(1) symmetry is unbroken: the scalar field has the vanishing vacuum
expectation value (VEV): (¢(x)) = 0. If the potential is modified to take the shape of the bottom of
a wine bottle (u> > 0) as shown in the right panel of Fig. 1, then the vacuum is degenerate and every
point on the circle with the radius +/u2/A can be a candidate of the vacuum. Once one of the points
on the circle is chosen as the vacuum, the U(1) symmetry is spontaneously broken and the scalar field
has the non-vanishing VEV: (¢(x)) = /u2/1 # 0.
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Figure 1. (Left) unbroken U(1) symmetry (1> < 0): (¢(x)) = 0, (Right) SSB of U(1) symmetry (1> > 0):
($(x)) = Y2/2#0

According to the Nambu-Goldstone theorem [1, 2], there appears the massless Nambu-Goldstone
particle associated with the SSB, since G = U(1) is a continuous group. In fact, using the parameter-
ization of the scalar field called the polar form:

P(x) = [p(x)]e™™" € C, A3)

we find the following identification:
o 1(x) describes the flat direction along the circle: — massless Nambu-Goldstone mode
e |¢(x)| describes the curved direction orthogonal to the flat direction: — massive Higgs mode.
Next, we consider what happens in the gauge field theory with the local continuous symmetry
G = U(1). For this purpose, we consider the gauged complex scalar field theory, namely, U(1) gauge-
scalar theory with the Lagrangian density:
2

1 2 2
ZLan=— ZFqu“V + (D) (D'p) — V(g™ ), V(g™ 9) = 5 (¢*¢ - 7) ,peC, 1>0,

FY = A" —’A", D, =8, - iqA,, 4)

where F*"(x) is the field strength for the U(1) gauge field A*(x) and and D, is the covariant derivative
for the complex scalar field ¢(x) € C with g being the electric charge of ¢(x). Indeed, this theory has
the local U(1) gauge symmetry, since .Zay is invariant under the local gauge transformation:

B(x) > IP(x).  Au(x) o EPI[AL(x) + g, ]e 0. 5)

The U(1) gauge symmetry is completely broken spontaneously by choosing a vacuum with the
non-vanishing VEV of the scalar field, e.g., (¢(x)) = v/ V2 # 0. Then, the gauge-invariant kinetic
term of the scalar field is modified to the form which includes the mass term for the gauge field A,
(and the kinetic term of the scalar field plus interactions between the scalar field and the gauge field):

1
D@1 = 10,0 — iqAuBI* — | — igA (PN + ... = z(qv)zA”A” Fo (6)

Consequently, the massless Nambu-Goldstone particle 7 (boson) associated with the SSB of U(1)
symmetry disappears from the spectrum, since it is absorbed into the massless gauge boson A, to form
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the massive vector boson as the longitudinal component. This is a model for superconductor. The su-
perconductivity is understood as a result of SSB of U(1) gauge symmetry. The Meissner effect is just
the Anderson-Schwinger mechanism. This is a special case of the Brout-Englert-Higgs (Guralnik-
Hagen-Kibble) mechanism or Higgs phenomenon which is the most well-known mechanism by
which gauge bosons acquire their masses [3-5].

However, the spontaneous gauge symmetry breaking is a rather misleading terminology. Re-
member that the lattice gauge theory a la Wilson [7] gives a well-defined gauge theory [6] without
gauge fixing. The Elitzur theorem [8] tells us that the local continuous gauge symmetry cannot break
spontaneously, if no gauge fixing is introduced. In the absence of gauge fixing, all gauge non-invariant
Green functions vanish identically. Especially, the VEV (@) of ¢ is rigorously zero regardless of the
shape of the scalar potential V:

($) =0, @)

Therefore, we are forced to fix the gauge to cause the non-zero VEV. Even after the gauge fixing,
however, we still have the problem. Whether SSB occurs or not depends on the gauge choice. In
non-compact U(1) gauge-Higgs model, the SSB occurs (¢) # 0 only in the Landau gauge o = 0, and
no SSB occur (¢) = 0 in all other covariant gauges with @ # 0, as rigorously shown [9, 10]. In axial
gauge, (¢) = 0 for compact models [11].

After imposing the gauge fixing condition for the original local gauge group G, a global subgroup
H’ remains unbroken. Such a global symmetry H’ is called the remnant global gauge symmetry
[12, 13]. Only a remnant global gauge symmetry H' of the local gauge symmetry G can break spon-
taneously to cause the Higgs phenomenon [14]. However, such subgroup H’ is not unique and the
location of the breaking in the phase diagram depends on the remnant global gauge symmetries in the
gauge-Higgs model. The relevant numerical evidences are given on a lattice [13] for different remnant
symmetries allowed for various confinement scenarios. Moreover, the transition occurs in the regions
where the Fradkin-Shenker-Osterwalder-Seiler theorem [15, 16] assures us that there is no transition
in the phase diagram.

The above observations indicate that the Higgs mechanism should be characterized in a gauge-
invariant way without breaking the original gauge symmetry. [It is obvious that the non-vanishing
VEV of the scalar field is not a gauge-invariant criterion of SSB.] We show that a gauge boson
can acquire the mass in a gauge-invariant way without assuming spontaneous breakdown of gauge
symmetry which is signaled by the non-vanishing VEV of the scalar field. The Higgs phenomenon
can be described even without such SSB. The spontaneous symmetry breaking is sufficient but not
necessary for the Higgs mechanism to work.

Remember that quark confinement is realized in the unbroken gauge symmetry phase with mass
gap. Thus, the gauge-invariant description of the Higgs mechanics can shed new light on the com-
plementarity between confinement phase and Higgs phase.

2 Gauge-invariant Higgs mechanism in U(1) case: complete SSB

We consider the Abelian-Higgs theory or U(1) gauge-scalar theory with the Lagrangian density (4).
For u? > 0, the minimum of the potential is attained when the magnitude of the scalar field is equal to

the value:
lp(x)l = —\5, v= ‘{/1/2' (®
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We restrict our consideration to the radially fixed scalar field satisfying
2

" (P(x) = ”5 ©)

to freeze the degree of freedom for the Higgs particle (The recovery of the Higgs particle will be
discussed in the final section). If we use the polar representation for the radially fixed scalar field:

U .
Pp(x) = —™ e C, n(x)eR, (10)
\2
the covariant derivative reads
Dyt = 0, — igA)$ = —iiq(A Ly ﬂ)ei"/” (11
(i u u V2 PG )

and the kinetic term of the scalar field reads
. 1, 1.V
(D) (D" ¢) =§(qv) Ay - 55;4” . (12)
Therefore, one can introduce a new vector field W, defined by

W,(x) == A, (x) — m™' d,m(x), m := qu, (13)

so that £y is completely rewritten in terms of W,:
1 » 15
AN = _Z(B”WV -0,W,)" + Em W, W, (14)

The field n is usually interpreted as the massless Nambu-Goldstone boson associated with the com-
plete SSB G = U(1) — H = {1}, which is absorbed into the massive field W, to be identified with the
longitudinal component of the massive gauge boson.

However, we find that the massive vector field W, has a manifestly gauge-invariant representation
written in terms of the original scalar field ¢ and the gauge field A, [18]:

W, (x) = ig”' ¢*()D,d(x) = —ig ' $(X)D,d*(x),  ($(x) := (x)/Ip(x)). (15)

Substituting (15) into (14) reproduces the original Lagrangian (4). In particular, it is easy to check
that (15) reduces to (13) for the parameterization (10). The representation (15) for the massive vector
field gives a parameterization-independent description of the Higgs phenomenon and does not rely
on the SSB of the gauge symmetry. Therefore, the Higgs mechanism can be described using the other
parameterizations, e.g., the decomposition of the complex field into the real and imaginary parts,

6(x) = %[v () + iYW, (16)

It is shown that W* agrees with the Noether current J# associated to the U(1) global gauge sym-
metry (up to an overall factor):

JH = igp(D*p)* = —m> WH. (17)
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Since the Noether current J* is conserved d,J* = 0, the W satisfies the (divergenceless) relation:
0,WH =0, (18)

which is regarded as the subsidiary condition for the massive field W*.
The conserved Noether charge Q is a generator of the global U(1) transformation:

6p(x) = [i0Q, p(x)] = i6 f Ayl (), (0] = ibg(x). 19)

where J° = iggIl,. This is consistent with no SSB:

(016¢(x)|0) = i6g(0lp(x)|0) = 0. (20)

3 Gauge-invariant Higgs mechanism in SU(2) case: partial SSB
We consider G = S U(2) Yang-Mills-Higgs theory with the adjoint scalar field ¢(x) described by the

gauge-invariant Lagrangian:

Lot == 7FW) - T+ 3 (PSP - (T )~ VO - 9. QD)
For the Lie-algebra su(2) valued quantities o7 = &/4T, and 8 = % T,, we use the notation:
A - B =20(A B) = A B 20(TaTp) = 7B (A=1,2,3). (22)
We assume that the adjoint scalar field ¢(x) = ¢*(x)Tx has the fixed radial length:
P (x) = ¢" ()" (x) = 7. (23)
The Yang-Mills field .27,(x) = %A (x)T'4 and the scalar field ¢(x) obey the gauge transformation:
() > U@, U™ () +ig™ U0, U™ (),
d(x) = UxP(x)U ' (x), U(x) e G =SU(N). (24)

Notice that ¢(x) - ¢(x) is a gauge-invariant combination. The covariant derivative Z,[%/] := d, —
igl<,, -] transforms %,[%/] — U(x)Z, [/ 1U ~1(x). Therefore, L of (21) with the constraint (23)
is invariant under the local gauge transformation (24).

First, we recall the conventional description for the Higgs mechanism. If ¢(x) acquires a non-
vanishing VEV (¢(x)) = (@) = (¢*)T 4, then the covariant derivative of the scalar field reduces to

Dul (%) 1= 0, (%) — iglF,(x), $()] = —ig[.F,(x),(P)] + ..., (25)
and the Lagrangian density reads
1
Lyvm — - Etrc{ﬁ“ Y(0)F (1)} = gL (x), (B[, (), (]} + ...
1
= = UGIF" () F ()} = g e[ Ta, (DT b, (PN (0.7, (). (26)

To break spontaneously the local continuous gauge symmetry G = SU(2) by realizing the non-
vanishing VEV (@) of the scalar field ¢, we choose the unitary gauge in which ¢(x) is pointed to
a specific direction ¢(x) — @, uniformly over the spacetime.
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This procedure does not completely break the original gauge symmetry G. Indeed, there may exist
a subgroup H of G such that ¢, does not change under the local H gauge transformation. This is the
partial SSB G — H: the mass is provided for the coset G/H (broken parts), while the mass is not
supplied for the H-commutative part of o7,

1
Lowm = =617 ()T (D) - (gv)*tremi o* (X)), (x)}. 27

After the partial SSB, therefore, the resulting theory is a gauge theory with the residual gauge group
H. For G = SU(2), by taking the usual unitary gauge:

(o) = vT5, or () =0v6", (28)

the kinetic term generates the mass term:
1
= g Ta, T3l To, Tl = S (g (/" ) + /"), (29)

The off-diagonal gluons &7 (a = 1,2) acquire the same mass My := gv, while the diagonal gluon
4&7}‘3 remains massless. Even after taking the unitary gauge (28), U(1) gauge symmetry described by
,27#3 still remains as the residual local gauge symmetry H = U(1), which leaves @, invariant (the local
rotation around the axis of the scalar field ¢.,). Thus, the SSB is sufficient for the Higgs mechanism
to take place. But, it is not clear whether the SSB is necessary or not for the Higgs mechanism to
work. This description for the Higgs phenomenon depends on the specific gauge.

Next, we give a gauge-invariant (gauge-independent) description for the Higgs mechanism,
which does not rely on the SSB, see ref.[18] for the details. We construct a composite vector field
#,(x) from «7,(x) and ¢(x) by

W(x) := —ig ' [P(x), Zu[ A 1$(0)],  $(x) 1= $(x)/v. (30)

We find that the kinetic term of the Yang-Mills-Higgs model is identical to the “mass term” of the
vector field %, (x):

1 1
59“[ﬂ7]¢(X) Dl A 1p(x) = EM%VW”(X) Wu(x), My =g, (€19}

as far as the constraint (¢-¢ = 1) is satisfied. This fact is shown explicitly for G = S U(2). Remarkably,
the above “mass term” of %, is gauge invariant, since %, obeys the adjoint gauge transformation:

W (x) = U0 U (x). (32)

Therefore, %, becomes massive without breaking the original gauge symmetry. The SSB of
gauge symmetry is not necessary for generating the mass of %, since we do not need to choose a
specific vacuum from all possible degenerate ground states distinguished by the direction of ¢. The
above equation (30) for %, gives a gauge-independent definition of the massive gluon mode in the
operator level. The relation (30) is also independent from the parameterization of the scalar field.

How is this description related to the conventional one? Despite its appearance (30) of %/, obeying
the adjoint gauge transformation, the independent internal degrees of freedom of the field %, = (%A)
(A =1,2,3) is equal to dim(G/H) = 2, since

Wy (x) - $(x) = 0. (33)
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SUQU(l) =

Figure 2. The target space of the scalar field ¢(x) and the massive vector field Wy(x) (@ = 1,2). The radially
fixed scalar field ¢(x) takes the value on S2 =~ S U(2)/U(1). The vector field W, (x) must be orthogonal to ¢(x).
Therefore, each vector Wji(x) lies in the 2-dimensional tangent space at ¢(x) € S 2,

Notice that this is a gauge-invariant statement. See Fig. 2. Thus, %,,(x) represent the massive modes
corresponding to the coset space G/H components as expected.

In fact, by taking the unitary gauge ¢(x) = Poo = Voo, W, reduces to
W) = =ig™ [$eo, Dul A 9] =[Peo, [Poos Au(O]] = F(0) = (A1) pe)Po. (34
Then %, agrees with the off-diagonal components for the specific choice ¢4 = 53

d4x) (A=a=12)

0 (A=3) %3)

W (x) - {

The constraint ¢ - ¢ = v? represents the vacuum manifold in the target space of the scalar field ¢.
The scalar field ¢ subject to the constraint ¢ - ¢ = v is regarded as the Nambu-Goldstone modes
living in the flat direction at the bottom of the potential V(¢), giving the degenerate lowest energy
states. Therefore, the massive field %, is formed by combining the massless (would-be) Nambu-
Goldstone modes with the original massless Yang-Mills field .27,. This corresponds to the conventional
explanation that the gauge boson acquires the mass by absorbing the Nambu-Goldstone boson to
appear in association with the SSB.

For more details and implications for quark confinement [19], see the original paper [18] and
references cited there.

4 Introducing the Higgs scalar modes

We can introduce the Higgs scalar mode p(x) by removing the constraint ¢(x)-¢(x) = v*>. We introduce
a unit field @(x) satisfying ¢(x) - ¢(x) = 1 to separate p:

B(x) = h(X)$(x) = [v + p(x)]P(x). (36)

Then the covariant derivative of ¢ is given by

DA 1P(x) = (0,h()P(x) + h(X)N( D[ 1§(x)). (37
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The kinetic term of ¢ yields the mass term of W, and the kinetic term of p with interactions:

1 1 1 A -
59’“’ [ 1¢(x) - Dl 1p(x) = 56‘“ h(x)d,h(x) + Eh(x)z@” [ 1¢(x) - Dl 1p(x))

1 h(x)?

1
=50 h(0)3uh(x) + 5 —5=(goy* W ") - #(0),

1 1
=§aﬂp(x)a,,p(x) + EM%ﬂ//ﬂ(x) W (X) + GPop) W H(x) - W) + ... (38)
The potential term V of the scalar field ¢(x) is rewritten in terms of p(x) from

P(x) - $(x) = h(x)* = [0+ p(X)]*. (39)

Acknowledgements

This work is supported by Grants-in-Aid for Scientific Research (C) No.15K05042 from the Japan
Society for the Promotion of Science (JSPS).

References

[1] Y.Nambu and G. Jona-Lasinio, Phys. Rev.112, 345(1961).
[2] J. Goldstone, Nuovo Cimento 19, 154-164 (1961).
J. Goldstone, A. Salam and S. Weinberg, Phys. Rev. 127, 965(1962).
[3] P.W. Higgs, Phys. Lett. 12, 132(1964).
P.W. Higgs, Phys. Rev. Lett. 13, 508(1964).
[4] F. Englert and R. Brout, Phys. Rev. Lett. 13, 321(1964).
[5] G.S. Guralnik, C.R. Hagen, and T.W.B. Kibble, Phys. Rev. Lett. 13, 585 (1964).
[6] C.N. Yang and R.L. Mills, Phys. Rev. 96, 191(1954).
[7]1 K. Wilson, Phys. Rev. D10, 2445(1974).
[8] S. Elitzur, Phys. Rev. D12, 3978(1975).
G. F. De Angelis, D. de Falco, and F. Guerra, Phys.Rev. D17, 1624(1978).
[9] T. Kennedy and C. King, Phys. Rev. Lett. 55, 776(1985). Commun. Math. Phys. 104, 327(1986).
[10] C. Borgs and F. Nill, Commun. Math. Phys. 104, 349(1986). Phys. Lett. B171, 289(1986). Nucl.
Phys. B270, 92(1986).
[11] J. Frohlich, G. Morchio, and F. Strocchi, Phys. Lett. B97, 249(1980). Nucl. Phys. B190,
553(1981).
[12] J. Greensite, S. Olejnik, and D. Zwanziger, Phys. Rev. D69, 074506 (2004). e-Print: hep-
1at/0401003.
[13] W. Caudy and J. Greensite, Phys. Rev. D78, 025018 (2008). e-Print: arXiv:0712.0999 [hep-lat].
[14] T. Kugo, Prog. Theor. Phys. 66, 2249(1981).
[15] K. Osterwalder and E. Seiler, Ann. Phys. 110, 440(1978).
E. Seiler, Lect. Notes Phys. 159, 1(1982).
[16] E. Fradkin and S. Shenker, Phys. Rev. D19, 3682(1979).
[17] G. ’t Hooft, Which Topological Features of a Gauge Theory Can Be Responsible for Permanent
Confinement? Lecture given at Cargese Summer Inst.1979, NATO Sci.Ser.B 59, 17 (1980).
[18] K.-I. Kondo, Phys. Lett. B 762, 219-224 (2016). e-Print: arXiv: 1606.06194 [hep-th]
[19] K.-I. Kondo, S. Kato, A. Shibata and T. Shinohara, Phys. Rept. 5§79, 1(2015). arXiv:1409.1599
[hep-th].





