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Short abstract:

e We give a manifestly gauge-invariant description of the Higgs mechanism in the
operator level, without relying on spontaneous symmetry breaking which is signaled by
a non-vanishing vacuum expectation value (¢) of the scalar field ¢.



3 Introduction: SSB, NG boson and Higgs mechanism
Spontaneous symmetry breaking (SSB) is an important concept in physics.
SSB occurs when the lowest energy state or the vacuum is degenerate.

() SSB of global continuous symmetry G = U(1) in the complex scalar field theory
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The Lagraanian Zs has the global U(1) symmetry: ¢I(/a:) — eYo(x).

0 Re ¢
Im ¢ Im ¢
unbroken U (1) symmetry (u? < 0): = SSB of U(1) symmetry (u? > 0):
(@(x)) =0 (#(x)) =v#0

For ¢(x) = |p(x)]e™ )/ € C
e flat direction: 7(x) — massless Nambu-Goldstone particle
e curved direction: |¢(x)| — massive Higgs particle,



(O What happens in the gauge field theory with the local continuous symmetry?

First, we consider the U(1) gauge-scalar theory:

A 2\
L == {Fu" + (D) (D6) - V(5'0), V(e's) =5 (676 -5) L oecC,

Fv = 9rAY — 0¥ AP, D, =0, —iqA,, (2)

e The local U(1) gauge symmetry is completely broken spontaneously by choosing a
vacuum with the non-vanishing VEV of the scalar field: (¢(z)) = v/v/2 # 0.

Dbl = 106 — iqAudl = | —igAu(o(@) + .. = J(@) A4 + . (3)
e The massless Nambu-Goldstone particle 7w (boson) must be generated, but it
disappears. It is absorbed into the massless gauge boson A, to form the massive
vector boson as supplying the longitudinal component.
e The Brout-Englert-Higgs (Guralnik-Hagen-Kibble) mechanism or Higgs phenomenon
Is one of the most well-known mechanisms by which gauge bosons acquire their masses.
e This is a model for superconductor. The superconductivity is understood from the
SSB of U(1) gauge symmetry. The Meisser effect is just the Anderson-Schwinger

mechanism. ;



(O The spontaneous breaking of gauge symmetry is a rather misleading terminology.
The lattice gauge theory a la Wilson gives a well-defined gauge theory without gauge
fixing. The Elitzur theorem tells us that the local continuous gauge symmetry cannot
break spontaneously, if no gauge fixing is introduced. The VEV (¢) of ¢ is rigorously
zero regardless of the shape of the scalar potential V:

(@) =0, (4)

e 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 a # 0, as
rigorously shown [KK85,BN86]|. In axial gauge, (¢) = 0 for compact models [FMS80].

e 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. Only a remnant global gauge symmetry H’ of the
local gauge symmetry G can break spontaneously to cause the Higgs phenomenon.

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 for different remnant symmetries
allowed for various confinement scenarios.[GOZ04|[CGO8]

Moreover, the transition occurs in the regions where the Fradkin-Shenker-Osterwalder-
Seiler theorem 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. [lt 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 complementarity between confinement phase and Higgs phase.



5 Conventional Higgs mechanism due to SSB
We consider G = SU(N) Yang-Mills-Higgs theory with the gauge-invariant Lagrangian:

Lostit = = 37 (@) - F) + (P 9(2) - (Ful) () — V() - $(2),
(1)

We assume that the adjoint scalar field ¢(z) = ¢“(2)T4 has the fixed radial length,
¢(x) - p(z) = ¢ ()" (z) = v°. (2)

The Yang-Mills field &7,,(x) = dMA(x)TA and ¢(x) obey the gauge transformation:

F(1) = U(@)(2)U " (2) + i~ U (@)8,U (@),
¢(z) = U(z)p(x)U ' (2), U(z) € G=SU(N). (3)
Notice that ¢(z) - ¢(z) is a gauge-invariant combination. The covariant derivative

2,|4] .= 0,, — ig|4,, -] transforms P[] — U(2) 2,/ |U ().
Notation: For the Lie-algebra valued quantities &7 = o&/4T4 and B = BTy

o - B =2r(AB) = A BP2r(TaTp) = 72B* (A=1,..,N>-1). (4)
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First, we recall the conventional description for the Higgs mechanism.
If ¢(x) acquires a non-vanishing VEV (¢(x)) = () = (¢p?)T4, then

Dul ) p(x) = Oub(x) — ig|Fu(x), p(2)] = —iglFu(z), (P)] + ..., (5)

and

Lymu = %UG{«@ (@) T (@)} = g tra{ " (@), (B)][u(@), ()]} + .

= - %tl"a{ff (@) P (@)} = g*trc{[Ta, (D)][Tr. (d))} M4 (2) 27, (). (6)

To break spontaneously the local continuous gauge symmetry G 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.

By this procedure the original gauge symmetry GG is not completely broken. Indeed,
there may exist a subgroup H (of G) which does not change ¢.
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 .27,

v = 06l T (@) Funle)} — (0Pl @ @) ()



Thus the theory reduces to a gauge theory with the residual gauge group H.

For G = SU(2), by taking the usual unitary gauge

(poc) = vT3, or (o) =vé™, (8)
the kinetic term generates the mass term,

1
— PP [Ta, T[T, Tol b AP = (g (e} + /2?). (9)

e The off-diagonal gluons <7}, <77 acquire the same mass My := gv,

e The diagonal gluon ,Q/S remains massless. d(x) e SU2)/U(1) =S 2
Even after taking the unitary gauge (8), e

U(1) gauge symmetry described by M:’ 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 depends on the specific gauge. .



8 Gauge-invariant Higgs mechanism: SU(2) case

Next, we give a gauge-invariant description for the Higgs mechanism.
e \We construct a composite vector field #),(z) from 7,(x) and ¢(x) b

A A

Wula) = —ig~ ' [(x), Zu[]P(x)],  P(x) = ¢(x)/v. (1)

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

A |B(x) - Dl A|B(x) = SMEA (@) Hp(a), M =gv,  (2)

as far as the constraint (¢- ¢ = 1) is satisfied. This fact is shown explicitly G = SU(2),
AW, =o 2 2t([¢, 2V A B9, Dyl ] @)
=0 (¢ - )(2" ()¢ D)D) — (¢ - 7" A |$)(¢ - Dul])}
=(2"| ) - (Du|]P). (3)

where we have used the constraint (¢-¢ = v?) and ¢+ 9,,[F|p = ¢- 0,0+ ¢ (997, X
@) =949, - (¢ x ¢p) =0, with ¢-9,¢ = 0 following from differentiating the constrainté



e Remarkably, the above “mass term” of 7, is gauge invariant, since #,, obeys the
adjoint gauge transformation:

Wu(x) = U)W u()U " (2). (4)

Therefore, %), becomes massive without breaking the original gauge symmetry.

The above 7, gives a gauge-independent definition of the massive gluon mode in the
operator level.

The SSB of gauge symmetry is not necessary for generating the mass of 7,

(We do not need to choose a specific vacuum from all possible degenerate ground
states distinguished by the direction of ¢.)

SU2)/U(1) = 82

How is this description related to the conventional one?
e Despite its appearance of #/,,
the independent internal degrees of freedom

of W, = (WMA) (A=1,2,3) is equal to dim(G/H) = 2, since

Vu(x) - p(x) = 0.

Notice that this is a gauge-invariant statement. Thus, %, (x) represent the massive
modes corresponding to the coset space G/ H components as expected. [We understand
the residual gauge symmetry left in the partial SSB: G = SU(2) - H =U(1) ]
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In fact, by taking the unitary gauge @(z) = Poo = VP, W, reduces to

Wu(w) — _ig_l[qgooa gu[%]qgoo] :[qgooa [(}Booadu(x)“
=, (v) — (Zu(x) - QBOO)QBOO (6)

Then %, agrees with the off-diagonal components for the specific choice qgfo = §43:;

d}(r) (A=a=1,2)
WA x) — {O (A=3) . (7)

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 (o), 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 appeared in association with the S5B.



This suggests that the original gauge field &7, is separated into two pieces:
(@) = V(@) + Vila). (8)
By definition, 7,(z) transforms under the gauge transformation just like <7, (x):
V(@) = Ul@) V(@)U (@) +ig~'U(@)0,U (). (9)

According to the definition of #,,(x), it is shown that #,(x) = 0 is equivalent to

A

P./1b(x) = 0. (10)

Using (5) and (10), we find that ¥, is constructed from 7, and ¢ as [Manton (1977)]

AN

V(@) =cu(@)(x) +ig~ ' [P(2), 0,0(2)],  cu(z) = Fu(x) - dla).  (11)

In the unitary gauge ¢(x) — oo = VDo, &fo = 643, ¥,, agrees with the diagonal
component

A 0 (A=a=1,2)
V(@) = (Fpu(T) - Goo)Poo — {‘qug(w) (A =3) : (12)
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Thus, the above arguments go well in the topologically trivial sector.
The topologically non-trivial sector is discussed later.

e First, we introduce 7,,(x) and #,,(x) as composite field operators of <7, (x) and b(x).
e Then we regard a set of field variables {c,(x),#,(z),¢(x)} as obtained from
{#,(x), ¢(x)} based on change of variables:

{cu(@), Wul(@), @(2)} 4= { (), d()}. (13)

e Finally, we identify c,(z), #,(z) and &(x) with the fundamental field variables

(independent up to the constraint (2)) for describing the massive Yang-Mills theory
anew.

(Here fundamental means that the quantization should be performed with respect to
those variables {c,(x), #,(x), @(z)} which appear in the path-integral measure.)

13



According to the decomposition «7,(x) = ¥,,(z) + #,.(x),
the field strength .%#,,,(x) of the gauge field @7,(x) is decomposed as

F || =0, — 0,4, — ig|d,, )]
=TV + DIy — DI W — ig W V). (14)

By substituting this decomposition into the Yang-Mills-Higgs Lagrangian, we obtain

Lot == 3 Fwl¥]- T
DIV~ 2,
STl g )~ g W W)
—%MVQVW“ Wy DV =0 — 19|V, |- (15)

The field %), has the ordinary kinetic term and the mass term. Therefore, there is a
massive vector pole in the propagator of %), (after a certain gauge fixing). Thus, %,

is not an auxiliary field, but is a propagating field with the mass My, (up to possible
quantum corrections).
14



8 Confined massive phase: SU(2) case
Finally, we discuss the implications for quark confinement.

The field strength %, |7 |(z) of ¥, (x) is shown to be proportional to o(z):

Fuw |V |(z) :qg(x){ﬁuc,,(a:) — Ouep(T) + Hyuw(2) }
H;w(m) - ig_lng(x) ' [8Mq3(x),0,,q3(x)], (1)

We can introduce the Abelian-like SU(2) gauge-invariant field strength f,,,, by

A

fur(@) =@(x) - Fu[V](x) = Opcy(x) = Opep(t) + Hyw (7). (2)

In the low-energy ¥ < My, or the long-distance r > ]\4‘/_[/1 region, we can neglect %,.
Then the dominant low-energy modes are described by the restricted Yang-Mills theory:

r 1 1% 1 v
L = =77 TV = =" fu (3)
(O In the low-energy E < My or the long-distance r > MV_V]L region, the massive
components #,,(x) become negligible and the other restricted fields become dominant.
This is a phenomenon called the “Abelian” dominance in quark confinement. ['tHooft

81, Ezawa-lwazaki 82]

15



The “Abelian” dominance in quark confinement is understood as a consequence of
the Higgs mechanism for the relevant (or equivalent) Yang-Mills-Higgs model in the
gauge-invariant way.

( In the Yang-Mills-Higgs model, .7,(z) and ¢(x) are independent field variables.
However, the Yang-Mills theory should be described by .27, (x) alone and hence ¢ must
be supplied by the gauge field <7, (z) due to the strong interactions.

[In other words, the scalar field ¢ should be given as a (complicated) functional of the
gauge field.]

This is achieved by imposing the constraint which we call the reduction condition.
We choose e.g.,

A A

x(z) = |@(x), 2*|7 | D[] b(x)] = 0 == DX [V W () = 0. (4)

This condition is gauge covariant, x(x) — U(z)x(2)U " 1(z).
The reduction condition plays the role of eliminating the extra degrees of freedom
introduced by the radially fixed scalar field into the Yang-Mills theory, since

A

x(z) - ¢(z) = 0. (5)

See Kondo et al., Phys. Report 579, 1-226 (2015), arXiv:1409.1599 [hep-th].
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(O Fortunately, the reduction condition is automatically satisfied in the level of field
equations. We introduce a Lagrange multiplier field A(x) to incorporate the constraint

Lo = Lymn + A(2) (d(x) - p(x) —v?) . (6)

Then the field equations are obtained as

5S§’MH _ 2

A(w) W) dle) —vm =0, (7)
5S€(MH % ar Y —
5%,1,(@ =9 [:Q/]J,/M(x) — @9[¢($)7 QM[%]qﬁ(x)] =0, (8)

S |9, (o)~ 20(0)V(Bl0) - Bla) + 2A@)B(a) = 0. (9)

The reduction condition is automatically satisfied:

DH(8) —> 0 = DHA D" [d) Py = 19PM[ [, D, )] = iglb, P[] D[]
6. (9] = (&, 2"[/)2,|A1§)] = b, —26V"( - ) + 22] = 0

The equivalence between the Yang-Mills-Higgs theory and the Yang-Mills theory is
expected to hold only when the scalar field is radially fixed. If we include the radial
degree of freedom for the scalar field, the equivalence is lost. Indeed, the radial degree

of freedom for the scalar field corresponds to the Higgs particle with a non-zero mass.
17



3 Conclusion and discussion

() We have reconsidered the description of the Brout-Englert-Higgs mechanism or
Higgs mechanism by which a gauge boson acquires the mass.

e We have given a manifestly gauge-invariant description of the Higgs mechanism in
the operator level, which does not rely on spontaneous symmetry breaking which is
signaled by a non-vanishing vacuum expectation value of the scalar field. This gives a
gauge-independent explanation of the Higgs phenomenon.

e For the Higgs mechanism to work, the spontaneous symmetry breaking is sufficient
but not necessary.

(0 This enables us to discuss the confinement-Higgs complementarity from a new
perspective. Because the original gauge symmetry is retained at any stage.

e The SU(2) Yang-Mills theory in the gapped (confined) phase is “equivalent” to the
Yang-Mills-Higgs theory with a radially fixed adjoint scalar field in the Higgs phase
which was considered to be associated to the SSB: G = SU(2) - H = U(1).

e The “Abelian” dominance in quark confinement of the Yang-Mills theory is understood
as a consequence of the Higgs mechanism for the “equivalent” Yang-Mills-Higgs model.

18



Perspective:
e The case of larger gauge groups SU(N) (N > 3) will be treated in a subsequent

paper. In particular, some interesting cases
SUB) —-U((1) xU(1), SU3) = U(2),

and

SU(2) x U(1) = U(1) will be discussed in detail.

Thank you very much
for your attention.
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(© The Yang-Mills-Higgs model includes the parameters specifying the potential besides
the gauge coupling. They are arbitrary and hence the mass gap of the theory is not
uniquely determined.

In the Yang-Mills theory, indeed, the mass My can be generated in a dynamical way,
e.g., by a gauge-invariant vacuum condensation (#'* - #,,) so that Mg, ~ (#'* - #,,)
due to the quartic self-interactions —1(ig[#,,(x), #,(x)])? among #,,(z) field, in sharp
contrast to the ordinary Yang-Mills-Higgs model. The analytical calculation for such a
condensate was done in [?]. Moreover, the mass My, has been measured by numerical
simulations on the lattice in [?] (see also section 9.4 of [?]) as

My ~2.69,/0pnys >~ 1.19GeV, (1)

where opyys IS the string tension of the linear potential in the quark-antiquark potential.

(O The mass Myy is used to show the existence of confinement-deconfinement phase
transition at a finite critical temperature 1, separating confinement phase with vanishing
Polyakov loop average at low temperature and deconfinement phase with non-vanishing
Polyakov loop average at high temperature [?]. The critical temperature T is obtained
from the calculated ratio 1./ Myy for a given value of My, which provides a reasonable

estimate.
20



(> Notice that we cannot introduce the ordinary mass term for the field ¥}, , since it
breaks the original gauge invariance. But, another mechanism of generating mass for
the Abelian gauge field G, := c,,+h,, could be available, e.g., magnetic mass for photon
due to the Debye screening caused by magnetic monopoles, which yields confinement
and mass gap in three-dimensional Yang-Mills-Higgs theory as shown in [?]. Moreover,
the Abelian gauge field must be confined, which is a problem of gluon confinement.
In view of these, the full propagator of the Abelian gauge field must have a quite
complicated form, as has been discussed in e.g., [?].
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(® Notice that H,,,(z) is locally closed (dH = 0) and hence it can be locally exact
(H = dh) due to the Poincare’ lemma. Then H,,,(z) has the Abelian potential h,(x):

Hyu(2) =0h () — 0,k (a). )
Therefore, the SU(2) gauge-invariant Abelian-like field strength f,,, is rewritten as
fu(z) =0,G(x) — 0,G (), G.(x) = cu(x) + hu(z). (3)

We call ¢, the electric potential and 7, the magnetic potential. Indeed, h,, agrees
with the Dirac magnetic potential, see section 6.10 of the review[Physics Reports].
We can define the magnetic-monopole current k*(x) in a gauge-invariant way:

k' (2) = 8, [ (x), (4)

where * denotes the Hodge dual. The magnetic current k#(z) is not identically zero,
since the Bianchi identity valid for ¢, is violated by h,,.

22



g Decomposition of the Lagrangian

By using the expression for ¥, the Lagrangian density is further rewritten into
the form which is completely rewritten in terms of the independent field variables

{Gu(2), W), ¢ ()}

f,ul/f’uy L §W,anab Wub

1
4
1
492€ab3 cdSWaWbW,chVd
1

+ MWWWWS, (1)

2

Where fiw = 0,G, — 0,G,, is the SU(2) invariant “Abelian-like" field strength and

a,b=1, 2 is defined by (see section 7 of the review
,uz/

@ =g, K + 2ig fL0" (Ta)™,
K :=[-0°0, + g°G*G ,)6*° + g[2G 0" + "G ,)e™. (2)
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8 Lattice Higgs-Confinement phase: SU(2)

U(1) gauge theory?

00 B,
Deconfined
SSB
Y 0@3)
1‘* Heisenberg
Confined spin model
0
0 B 0

SU(2) gauge theory

Figure 1: The phase diagram of SU(2) gauge-Higgs model with the adjoint Higgs field.
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8 Higgs mechanism in U(1) case

We use the representation: polar decomposition for a radially fixed scalar field:

o(x) = \%em(x)/” cC, =(x)eR,

. 1 . 1 XY,
—D, ¢ = (0, —1eA,)o(x) = —\ﬁzev (Au - 'uﬂ') e/,

— (D) (D) = S(ev)? QAM - 18@ |

. . . v L.
The ZLay is completely rewritten in terms of the nvassive field

1 1
W, :=A,(z) —m o,m(z) = Lang = —Z(aﬂwy — W) + §m2WMW“,

The field W, has a gauge invariant representation written in terms of ¢ and A,:

Wy(z) = ie” "¢ (z) Dyud(x) = —ie ' p(x)Dud™ (), () := d(x)/|d()].
This representation is parameterization independent. Therefore, we can use also

8(2) =l + (o) + ix(@))
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It is shown that W# agrees with the Noether current J* associated to the U(1)
global gauge symmetry (up to an overall factor).

JW = iep(DFo)* = —M*WH. (5)

Since the Noether current J# is conserved 0,J% = 0, the WH# satisfies the
(divergenceless) relation:

8, WH =0, (6)

which is the subsidiary condition for the massive field W#.

The conserved Noether charge is a generator of the U(1) global transformation:

59(x) = [i6Q.0(@)] =0 [ dyl*(y). 6(z)) = ibed() (7)
where J° = iepIl,. This is consistent with no SSB:

(0109 ()|0) = i0e(0[¢(x)[0) = 0. (8)
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8 Non-Abelian mass term (complete SSB)
In the non-Abelian case, we add a gauge-invariant mass term %, of the form:

L = %MQ(%A — K (a4 — KM = MPuc {(o), — K,)?} (1)

where the explicit form of K, (z) = K;j‘(:p)TA is determined so that %, is gauge
invariant. It must reduce to the extended Stiickelberg field in the Abelian limit.Using
the element of the unitary group U, we define

K, (x) = ig "' U ()3,U (x) (2)
Then such a mass term is indeed written as [Kunimasa and Goto, 1967]
Ln =g *M?tr {(U'D,[«)U)?*} = g~ *M*tr { (U1(0,U — z‘g%U))Q} . (3)

Here, if U is parameterized as

- x ()

U(x) =", x(z) = x"(x)Ta, (4)

it turns out that y corresponds to the Stiickelberg field.
27



3 Introducing the Higgs modes
We can introduce the Higgs mode p(z) by removing the constraint ¢(z) - ¢(z) = V2,

We introduce a unit field ¢(z) satisfying ¢(x) - ¢(x) = 1 to separate p:
¢(z) = h(z)$(z) = [v + p()]d(). (1)

Then the covariant derivative of ¢ reads
Dl )p(x) = (9uh(2))d(2) + h(2)(Du[|d()). (2)

The kinetic term of ¢ yields the mass term of W, the kinetic term of p and interactions:

D[ (x) - D[ () = SO h(@)Duh(x) + () (P 1b(x) - Dl 1o(x)
:%8“h(w)8uh(x) + lhf;) (gu)* W (@) - W),
:%8“p(x)0up(x) + %Mng (@) W) + g op(@) W (x) - () + ..y (3)

and the potential is calculated from



