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We gauge-fix the standard model effective field theory in a manner invariant under background-field
gauge transformations using a geometric description of the field connections.
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Introduction.—When physics beyond the standard
model (SM) is present at scales (A) larger than the
electroweak scale (m} = v7), the SM can be
extended into an effective field theory (EFT). The standard
model effective field theory (SMEFT), defined by a power-
counting expansion in the ratio of scales v7/A < 1, extends

the SM with higher-dimensional operators Ql(.d) of mass
dimension d. The Lagrangian is

Lsyerr = Lsm + L£O) 0 10 4. ,

(d)
C!
£ — § A”l"4 o

for d > 4. (1)

The SMEFT is a model-independent and consistent low-
energy parametrization of heavy physics beyond the SM, so
long as its defining assumptions are satisfied: that there are
no light hidden states in the spectrum with couplings to
the SM, and a SU(2), scalar doublet with hypercharge
y, = 1/2 is present in the EFT.

The SMEFT has the same SU(3). x SU(2), x U(1)y
global symmetry as the SM. The SMEFT also has a phase
where SU(2), x U(1)y - U(1l),, due to the Higgs
mechanism. A difference between these theories is that
additional couplings and interactions between the fields

come about due to the di). Some of these interactions are
bilinear in the SM fields in the phase broken by the Higgs
mechanism. These terms are important for gauge fixing,
and the presence of these interactions introduces technical
challenges to the usual gauge-fixing approach.

The bilinear field interactions in the SMEFT are usefully
thought of in terms of connections in the field space
manifolds of the theory [1,2]. The purpose of this Letter
is to show that gauge-fixing the SMEFT, taking into
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account the field space metrics, directly resolves many
of the technical challenges that have been identified to date.
The approach we develop generalizes directly to higher
orders in the SMEFT power-counting expansion.

The difficulties in gauge-fixing the SMEFT are also
present when the background-field method (BFM) [3-9] is
used [10]. The BFM splits the fields in the theory into
quantum and classical fields (F — F + F), with the latter
denoted with a hat superscript. One performs a gauge-
fixing procedure that preserves background-field gauge
invariance while breaking explicitly the quantum-field
gauge invariance. This allows a gauge choice for the
quantum fields to be made to one’s advantage, while still
benefiting from the simplifications that result from naive
Ward identities [11] due to the preserved background-field
gauge invariance. (The Ward identities result from consid-
ering BRST invariance [12] when the BFM is not used,
which can be more cumbersome when extending results to
higher orders in the SMEFT power-counting expansion.)

In this Letter, we show how to perform gauge fixing with
the BFM, taking into account the field space metrics that are
present due to the SMEFT power-counting expansion. The
usual R; gauge-fixing approach in the BFM for the standard
model [6-9] is a special case of this approach. (For an R
gauge SMEFT formulation with three distinct £ parameters,
see Ref. [13].) Conceptually, one can understand that this
procedure is advantageous, as it preserves the background
SU(3)c x SU(2), x U(1)y invariance on the curved field
spaces present due to the power-counting expansion. The
latter is trivialized away in the standard model.

Scalar space.—The operators that lead to scalar kinetic
terms in the phase of the theory up to £(® broken by the
Higgs mechanism are [14]

C
'Cscalar,kin = (DMH>T(DﬂH> +ALE(HTH)D(HTH)
C
+ % (H'D,H)*(H'D'H),

hiy(#) (D) (D"¢)’. (2)
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Our covariant derivative sign convention is given by D*H =
(0" +igyW*6,/2 + igy,B'Y)H and (D'¢)" = (95—
TWA#FL )¢’ with definitions given below. Defining

H:L[¢2+i¢l],

V3 L — ity G)

the scalar field connections can be described by an R* field
manifold with the metric A;;(¢). Our notation is that the latin
capital letters I,J,K,L,... run over {1,2,3,4}, while
lowercase latin letters i, j, k, [, ... run over { 1, 2}. The metric
takes the form

C 1C
hiy(p) = 61y — 2%?4511151 + E%fl]((ﬁ)’ 4)

where
a d ¢ a= ¢+ ¢3,
0 a ¢ -d b= ¢3+ ¢32,
f11(¢) = s 3 4
d ¢ b 0 ¢ =14 + Drp3,
c —=d 0 b d= ¢35 — hrohs.

(5)

The Riemann curvature tensor calculated from the scalar
field metric is nonvanishing [1,2,15]. The scalar manifold
is curved due to the power-counting expansion. An
interesting consequence is that there does not exist a
gauge-independent field redefinition which sets h;; =
5;; when considering £(© corrections [15]. As a result,
demanding that the Higgs doublet field be canonically
normalized in the SMEFT to £ cannot be used as a
defining condition for operator bases [15-18].

Gauge boson space.—The operators that lead to
CP-even bilinear interactions for the SU(2), x U(1)y
spin-1 fields up to £© are

1 1 Cup

Lwp = =7 W W =2 B, B + =5 H'HB,, B"

C C
+ g HTHW Wer + =58 Hi g HW, B,
1
= _ZgAB(H)W/éUWB‘M”7 (6)

where a, b, ... run over {1,2,3}, and A, B, C, ... run over
{1,2,3,4}. Here W), = B,,. Analogous to the scalar
sector, we have introduced a metric g,z[H(¢;)], taking
the form

c c
gy = (1= 4"V H'H 6,5, gaa=1-4—2H'H,
A A
c
a4 = Gaa = -2 /I_{VZVB HTGaH' (7)

The Riemann curvature tensor for the gauge fields can be
calculated from g, and is nonvanishing; the (CP-even) R*
spin-1 field manifold is also curved. [SU(2), is self adjoint.
As aresult, one can define a G*? tensor of the same form as
gap through G*2(H)W/{" Wy .. This G*# is not the tensor
¢*B defined through the relation g8 g = 54 and used in the
gauge-fixing term.] A physical consequence is that, as in the
case of the scalar manifold, there does not exist a gauge-
independent field redefinition that sets g4 = 8,5 including
L©) corrections. (A rotation to the mass eigenstate basis for
the field bilinear interactions can be made, and this is
consistent with the curvature of the gauge manifold. Field-
redefiniton-invariant quantities are more directly connected
to S-matrix elements. For a similar discussion of how field-
redefintion-invariant beta functions can be defined in the
SMEFT, see Ref. [19].) The power-counting expansion of the
SMEFT is relevant for gauge fixing and cannot be removed
with gauge-independent field redefinitions, which is a novel
feature compared to more familiar EFTs without a phase
broken by the Higgs mechanism. The particular form of the
field space metrics depends on the operator basis used, but
the utility of the geometric approach developed here does not.
This argues for a modified gauge-fixing procedure using the
BFM in the SMEFT.

Gauge fixing.—Eliminating bilinear kinetic mixing
between the gauge bosons and the Goldstone bosons in
an efficient gauge-fixing procedure is advantageous. A
simpler LSZ procedure [20] to construct S-matrix elements
results from this condition being imposed. R, gauge [21] in
the SM when &y = &z has some further advantages in
eliminating contact operators that complicate calculations
in intermediate steps. Using the BFM combined with R;
gauge fixing, the gauge-fixing term for the SU(2), x
U(1)y fields in the SM takes the form [6-9]

1 A
Ler = _%Z[E)”WW — g2€“" Wy, WE
+igy Y (i1} (o)1 — (o) )]
5] ) i\0"); i\0");j
1 2

T {aﬂBﬂ +igy %B (HIH' - HH)| , (8)
where the background fields are denoted by a hat.

The SU(2), Pauli matrix representation in Eq. (8) is
inconvenient for characterizing the gauge-fixing term, as
gap is defined on R*. The Pauli matrix algebra is iso-
morphic to the Clifford algebra C(0, 3), and the latter can
be embedded in the R* field space using the real repre-
sentations y;, 3 such that
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The y, generator is used for the U(1), embedding. As
SU(2), is self-adjoint, we can also define this algebra for
the adjoint fields, using the same real representations.
Y1234(¢) #0, and the unbroken combination of gener-
ators (y3 + y4)(¢p) = 0 corresponds to U(1),,,. We absorb
the couplings into the structure constants and gamma
matrices,

A A
€' pc = 92€ BcC>

~, {gzyfu, for A=1.2.3

with 5123 = +g,

= 10
YaJ 9172.1’ for A = 4. (10)

The different couplings g;, g, enter as the group defined
on the R* field space is not simple. The y. , matrices
satisfy the algebra [7,,7,] = 2€°,,7. and [f,,74] = 0.
The structure constants vanish when any of A, B,
C = 4. Note also that H'6,H — H'6,H = —i¢y ¢, with
o4 = Y =1,,,. The gauge-fixing term in the background-
field gauge takes the form

__gAJ A (B

R <. A ko4
GX = O WKH — Xy WEWPH 4 EQXC¢1h1K7/IC(‘,J¢J-
(11)

The R; gauge-fixing term follows when replacing the
background fields with their vacuum expectation values.
The gauge-fixing term is bilinear in the quantum fields.
The field space metrics in Eq. (11) are denoted with a hat
superscript, indicating that they are defined to depend
only on the background fields. Contracting with the field
space metrics is a basis-independent feature of the gauge-
fixing term.

It is useful to note the following background-field gauge
transformations (8F), with infinitesimal local gauge param-
eters 5a, (x) when verifying explicitly the background-field
gauge invariance of this expression:

. 7o
64! = —se' .

~1
8(DH) = =oAL (D,

5WA'M = —6"(5&A) - g‘ABc(S&BWC’ﬂ,

n . SaryK . a7k
Ohyy = hgy Fal + hik YA .
2 2
SWVI, = =& peoaP WG,
804 = GcpE€padaP + Jace€ppoa®. (12)

The background-field gauge invariance is established by
using these transformations in conjuction with a linear
change of variables on the quantum fields

WA — WAK g g 5aBWEH,

5AB~I
B = =T (13)

The transformation of the gauge-fixing term is
5gx — —EXABéaAgB. (14)

With these transformations, the background-field gauge
invariance of the gauge-fixing term is directly established.

The background-field-generating functional (Z) depends
on the background fields F = {W*,$'} and the sources
Jp={JA, J;} The source terms transform as

5&B~1
81 = =SB IE(15)

A __ _ZA ~B y7C
6JM = —€ Bcéa J,u’

The background-field-generating functional dependence on
the source terms is invariant under the background-field
gauge transformations, as they are contracted with the field

space metrics in Z[F ,Jr] defined by
A T ~. ~
/ DF det [i—gB] o SIFHFI+ Lap+gepT W4 +hyy Ty

The integration over dx* is implicit in this expression. Here
a quantum-field gauge transformation is indicated with a A.
The action is manifestly invariant under the gauge trans-
formation of F + F. This establishes the background field
invariance of the generating functional.

The quantum-field gauge transformations are

AW = =0,Aa" — & geAaP (WS + W),
~1
AY = -8 A (@ 4 3). (16)

As the field metrics in Eq. (11) depend only on the back-
ground fields and do not transform under quantum-field

251801-3



PHYSICAL REVIEW LETTERS 120, 251801 (2018)

gauge transformations, the Faddeev-Popov [22] ghost term
still follows directly; we find

Lpp = —)apit®[-05% — éﬂéADc(WD’” +WPH)
NP — & el VD (W 1 W)
& ATey & o A
- ZQAD(W + @ ik L) (17)
The form of this expression follows from the convention

choice in Eq. (6), and the descendent convention in Eq. (11).
The mass eigenstate Z,,, Aﬂ fields are defined by

3 1 Cuw 2. Cuwg 72
|:Wﬂ:| = T ToA? [ Co Sé] |:Z/4:|
= 72 72 _ N ’
B, _ C};V//\BZ”T 1+ C}/i{azbr —s5 ¢zl A,

where the introduced rotation angles s, ¢ are [23,24]

- =2 -2
sp g1 V7 Cuws 9
r=—=>"+— 1-=1, 18
"¢ §2+2 A? ( ?J%) (18)

and g, = go(1 + Cuw3/A%), G = g1(1 + Cupd7/A?).
This removes mixing terms as well as making the kinetic
term of the spin-1 electroweak fields canonically normalized.
This results in a simplified LSZ procedure to construct
S-matrix elements. Ghost fields associated with the mass
eigenstates follow from the linear rotation to the mass
eigenstate fields. Feynman rules can be extracted directly
from these expressions. Corrections from the higher-dimen-
sional operators (Cyr, Cap, Cawgs> Chp» Chw) enter in ghost
interactions and couple to the sources through the gauge and
scalar metrics.

Conclusions.—In this Letter we have defined an
approach to gauge-fixing the SMEFT that preserves back-
ground-field gauge invariance. This approach directly
generalizes to higher orders in the SMEFT power counting.
The key point is to gauge-fix the fields on the curved field
space due to the power-counting expansion.
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