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Figure 1. Growth of the number of independent operators in the SM EFT up to mass dimension
15. Points joined by the lower solid line are for one fermion generation; those joined by the upper
solid line are for three generations. Dashed lines are to guide the eye to the growth of the even and
odd mass dimension operators in both cases.

(which exhibit some rather large prime numbers!). The number of independent operators
evaluated for Nf = 1 and Nf = 3 up to dimension 15 are plotted in Fig. 1. We see the
growth is exponential, which is to be expected on general grounds [43].

5 Discussion

The method we have outlined in this paper can be extended trivially to determining the
content and number of higher dimension operators for any four-dimensional relativistic
gauge theory with scalar and fermionic matter. The master equation is eq. (3.14), which
needs to be modified from the SM to the theory of interest. The pieces of eq. (3.14)
which are SM specific are the gauge groups (and as such the Haar measures that need to be
integrated over to produce gauge singlets), and the field content (which enters the plethystic
exponential).

In the present work we studied the expansion of eq. (2.7) in powers of mass dimension,
✏. However, in our previous work in (0+1) dimensions [11] we were able to obtain all-order
formulae for Hilbert series, revealing a fascinating analytic structure which could not be
seen in any finite order expansion. Can we hope to attack eq. (2.7) directly? Could this
reveal some previously hidden all-order structure of the SM EFT? While lofty, questions
along these lines merit detailed investigation of the structure underlying operator bases,
which we take up in [1].

– 16 –

• # of SMEFT operators grows quickly with increasing mass dimension

• Looks overwhelming for phenomenology… 

[Henning et al 1512.03433]
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But what do these operators actually do?

Change field strength 
normalization/inputs

Modify existing vertices

New multi-particle

interactions 

(H†H) □ (H†H)ex.)

ex.) (H†H) Wa
μνWa,μν

ex.) (ψ̄ ψ)2
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But what do these operators actually do?

Change field strength 
normalization/inputs

Modify existing vertices

New multi-particle

interactions 
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Punchline of this talk
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Punchline of this talk

For 2- and 3-pt. interactions, the 
# of contributing SMEFT  

operators is small and constant 
with operator dimension

All dimensions: allows compact, 
all-orders expressions

Fixed dimension: can do lots 
of phenomenology with a 

relatively small set of 
operators
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First hint: Misiak et al 1812.11513 

Only SMEFT operator types that contribute to bosonic 2-pt interactions are:

Hn , HnX2 , D2Hn

• Why not  ? — too many fields   (DH†)(DH)(DH†)(DH)

• Why not  ? — via IBP and EOM, reduces to operators with 
2 derivs + operators with > 2 fields

(D{μν}H†D{μν}H)(H†H)

Similar arguments can be made for operators with field strengths, more 
derivatives

Entire EW input set by two ‘metrics’:  h(H )(DμH†DμH ) , gAB(H )𝒲A
μν𝒲Bμν

𝒲A = (W1, W2, W3, B)
6



Even better:

Number of   type operators ~ doesn’t change with mass 
dimension

Hn , Hn X2 , D2Hn

Mass Dimension

Field space connection 6 8 10 12 14

hIJ(φ)(Dµφ)I(Dµφ)J 2 2 2 2 2

gAB(φ)WA
µνWB,µν 3 4 4 4 4

kIJA(φ)(Dµφ)I(Dνφ)JWA
µν 0 3 4 4 4

fABC(φ)WA
µνWB,νρWC,µ

ρ 1 2 2 2 2

Y u
pr(φ)Q̄u+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y d
pr(φ)Q̄d+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y e
pr(φ)L̄e+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

de,prA (φ)L̄σµνeWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

du,prA (φ)Q̄σµνuWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

dd,prA (φ)Q̄σµνdWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

LψR

pr,A(φ)(D
µφ)J (ψ̄p,RγµσAψr,R) N2

f N2
f N2

f N2
f N2

f

LψL

pr,A(φ)(D
µφ)J(ψ̄p,LγµσAψr,L) 2N2

f 4N2
f 4N2

f 4N2
f 4N2

f

Table 1. Counting of operators contributing to two- and three-point functions from Hilbert series.
These results are consistent with Ref. [4].

The minimum is redefined order by order in the power counting expansion

⟨H†H⟩ =
v2

2

(

1 +
3C(6)

H v2

4λ
+ v4

9 (C(6)
H )2 + 4C(8)

H λ

8λ2
+ · · ·

)

≡
v̄2T
2
. (3.2)

This generalization of the expectation value simplifies at leading order in 1/Λ2 to the vev

of the SM. Including the leading 1/Λ2 correction, the result is that of Ref. [26], the 1/Λ4

correction is as given in Ref. [18], etc. At higher orders in the polynomial expansion of H†H

that results from taking the derivative of the potential, numerical methods must be used to

find a minimum due to the Abel–Ruffini theorem. Note that this also means that expanding

out the vev dependence in a formal all-orders result to a fixed order necessarily requires

numerical methods.

The expectation values of the field space connections is also denoted by ⟨⟩ and a critical

role is played by
√
h
IJ

= ⟨hIJ ⟩1/2, and √gAB = ⟨gAB⟩1/2. The
√
h and

√
g depend on v̄T .

3.1 Scalar bilinear metric: hIJ(φ)

The relevant terms in L(6,8) for the scalar metric are [18]

L(6,8) ⊇ C(6)
H!(H

†H)!(H†H) + C(6)
HD(H

†DµH)⋆(H†DµH) (3.3)

+ C(8)
HD(H

†H)2(DµH)†(DµH) + C(8)
H,D2(H

†H)(H†σaH)(DµH)† σa (DµH).

– 10 –

Just a consequence of group theory + Bose statistics (see backup for example).  
Verified with Hilbert series method

which leads to the result

hIJ =

[

1 + φ2C(6)
H! +

∞
∑

n=0

(

φ2

2

)n+2
(

C(8+2n)
HD − C(8+2n)

H,D2

)

]

δIJ

+
ΓI
A,JφKΓK

A,Lφ
L

2

(

C(6)
HD

2
+

∞
∑

n=0

(

φ2

2

)n+1

C(8+2n)
H,D2

)

. (3.10)

3.2 Gauge bilinear metric: gAB(φ)

The relevant L(6+2n) terms for the Gauge Higgs interactions are

Q(6+2n)
HB = (H†H)n+1Bµν Bµν , (3.11)

Q(6+2n)
HW = (H†H)n+1W µν

a W a
µν , (3.12)

Q(6+2n)
HWB = (H†H)n(H†σaH)W µν

a Bµν , (3.13)

Q(8+2n)
HW,2 = (H†H)n(H†σaH)(H†σbH)W µν

a Wb,µν , (3.14)

Q(6+2n)
HG = (H†H)n+1Gµν

A
GA

µν . (3.15)

The Gauge-Higgs field space metric is given by

gAB(φI) =

[

1− 4
∞
∑

n=0

(

C(6+2n)
HW (1− δA4) + C(6+2n)

HB δA4

)

(

φ2

2

)n+1
]

δAB

+
∞
∑

n=0

C(8+2n)
HW,2

(

φ2

2

)n
(

φIΓ
I
A,Jφ

J
) (

φLΓ
L
B,Kφ

K
)

(1− δA4)(1 − δB4)

+

[ ∞
∑

n=0

C(6+2n)
HWB

(

φ2

2

)n
]

(φIΓ
I
A,Jφ

J) (1− δA4)δB4, (3.16)

and for the gluon fields GA,µ =
√
k

AB Gµ
B
, where

kAB(φ) =

(

1− 4
∞
∑

n=0

C(6+2n)
HG

(

φ2

2

)n
)

δAB . (3.17)

3.3 Yukawa couplings: Y (φ)

The Yukawa interactions of the Higgs field are extended in interpretation in a straightforward

manner. Here the relevant L(6+2n) operators are

Q(6+2n)
eH
pr

= (H†H)n+1(ℓ̄p er H), (3.18)

Q(6+2n)
uH
pr

= (H†H)n+1(q̄p ur H̃), (3.19)

Q(6+2n)
dH
pr

= (H†H)n+1(q̄p dr H). (3.20)

– 12 –

contributions to gAB
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Convenient to work with real fields:

the dependence on the scalar field coordinates from the remaining parts of a composite op-

erator, the expectation value of Gi(I,A · · · ) reduces to a number, and emissions of h. This

collapses a tower of higher-order interactions into a numerical coefficient for a composite oper-

ator – when considering matrix elements without propagating h fields. The fi are built out of

the combinations of fields and derivatives that are outputs of the Hilbert series characterizing

and defining a set of higher-dimensional operators, see Refs. [4, 18, 23–25]. This introduces a

basis dependence into the results. The Hilbert series generates operator bases with minimal

sets of explicit derivatives, consistent with reductions of operators in an operator basis by

the Equation of Motion (EOM). For example, the Warsaw basis for L(6) is consistent with

the output of a Hilbert series expansion.4 The fi retain a minimal scalar field coordinate

dependence, and vev dependence, through powers of (DµH) and at higher orders through

symmetric derivatives acting on H. As these operator forms depend on powers of ∂µh they

do not collapse to just a number when a scalar expectation value is taken.

2.1 Mass eigenstates

The field coordinates of the Higgs doublet are put into a convenient form with a common set of

generators for SU(2)L×U(1)Y, by using the real scalar field coordinates φI = {φ1,φ2,φ3,φ4}
introduced with normalization

H(φI) =
1√
2

[

φ2 + iφ1
φ4 − iφ3

]

, H̃(φI) =
1√
2

[

φ4 + iφ3
−φ2 + iφ1

]

. (2.3)

φ4 is expanded around the vacuum expectation value with the replacement φ4 → φ4 + v̄T .

The gauge boson field coordinates are similarly unified into WA = {W 1,W 2,W 3, B} with

A = {1, 2, 3, 4}. The corresponding general coupling is defined as αA = {g2, g2, g2, g1}.
We define short-hand notation as in Ref. [11] for the transformation matrices that lead

to the canonically normalized mass eigenstate fields

UA
C =

√
gABUBC , VI

K =
√
h
IJ
VJK .

Here
√
gAB and

√
h
IJ

are square-root metrics, which are understood to be matrix square

roots of the expectation value – ⟨⟩ – of the field space connections for the bilinear terms

in the SMEFT. These connections are defined below in Section 2.3. The matrices U, V are

unitary, and given by

UBC =

⎡

⎢

⎢

⎢

⎣

1√
2

1√
2

0 0
i√
2

−i√
2

0 0

0 0 cθ sθ
0 0 −sθ cθ

⎤

⎥

⎥

⎥

⎦

, VJK =

⎡

⎢

⎢

⎢

⎣

−i√
2

i√
2

0 0
1√
2

1√
2

0 0

0 0 −1 0

0 0 0 1

⎤

⎥

⎥

⎥

⎦

.

4Such a basis also offers a number of other benefits when calculating in the SMEFT, that are most apparent

beyond leading order in the operator expansion; see the review [9] for more details.
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H†σaH = −
1
2

ϕIΓI
a,JϕJ

H†D̂μH = − ϕIγ I
4,J (Dμϕ)J = (Dμϕ)I

γ I
4,JϕJ

H†D̂D̂μ
aH = − ϕIγ I

a,J (Dμϕ)J = (Dμϕ)I
γ I

a,JϕJ

Using  = generators in real 
representation and , translate 

γA
ΓA = γAγ4

[Helset, Paraskevas, Trott 1803.08001]

hIJ = 1 + ϕ2C(6)
H□ +

∞

∑
n=0 ( ϕ2

2 )
n+2

(C(8+2n)
HD − C(8+2n)

H,D2 ) δIJ +
ΓI

A,JϕKΓK
A,LϕL

2
C(6)

HD

2
+

∞

∑
n=0 ( ϕ2

2 )
n+1

C(8+2n)
H,D2

hIJ(ϕ)(Dμϕ)
I

(Dμϕ)
J

Can rewrite scalar quadratic form as a metric in field space

SM, . Including higher dimension operators, field space metrics 
become curved  ‘geometric’ SMEFT 

gAB, hIJ = 1
⟶

[ Burgess, Lee, Trott ’10, Alonso, Jenkins, Manohar ’15, ’16, Helset, Paraskevas, Trott 1803.08001]
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What about 3-pt interactions? Similar story

• 3 fields only, Lorentz invariance

• non-Higgs derivatives increase field count or introduce momentum

Dψ, Dψ̄, DX → 2 fields or 1 field + 1 momentum
DH → 1 or 2 fields or 1 field + 1 momentum

• three-particle kinematics:  all operators with 
                                              derivative = momentum reduce via EOM/IBP

p1 + p2 + p3 = 0 ⟶

Limited options:

(thanks to X. Lu for this perspective)9
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What about 3-pt interactions? Similar story

• 3 fields only, Lorentz invariance

• non-Higgs derivatives increase field count or introduce momentum

Dψ, Dψ̄, DX → 2 fields or 1 field + 1 momentum
DH → 1 or 2 fields or 1 field + 1 momentum

• three-particle kinematics:  all operators with 
                                              derivative = momentum reduce via EOM/IBP

p1 + p2 + p3 = 0 ⟶

Limited options:

DF1 DF2 DF3 DF4

(DX)2 H2

H2 X3

(Dψ̄) ψ (DH) H

ψ̄ ψ (DH) H3

…
(thanks to X. Lu for this perspective)9



Allowed 3-pt structures:

As before, # operators small and remains ~fixed for increasing mass dimension
Mass Dimension

Field space connection 6 8 10 12 14

hIJ(φ)(Dµφ)I(Dµφ)J 2 2 2 2 2

gAB(φ)WA
µνWB,µν 3 4 4 4 4

kIJA(φ)(Dµφ)I(Dνφ)JWA
µν 0 3 4 4 4

fABC(φ)WA
µνWB,νρWC,µ

ρ 1 2 2 2 2

Y u
pr(φ)Q̄u+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y d
pr(φ)Q̄d+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y e
pr(φ)L̄e+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

de,prA (φ)L̄σµνeWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

du,prA (φ)Q̄σµνuWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

dd,prA (φ)Q̄σµνdWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

LψR

pr,A(φ)(D
µφ)J (ψ̄p,RγµσAψr,R) N2

f N2
f N2

f N2
f N2

f

LψL

pr,A(φ)(D
µφ)J(ψ̄p,LγµσAψr,L) 2N2

f 4N2
f 4N2

f 4N2
f 4N2

f

Table 1. Counting of operators contributing to two- and three-point functions from Hilbert series.
These results are consistent with Ref. [4].

The minimum is redefined order by order in the power counting expansion

⟨H†H⟩ =
v2

2

(

1 +
3C(6)

H v2

4λ
+ v4

9 (C(6)
H )2 + 4C(8)

H λ

8λ2
+ · · ·

)

≡
v̄2T
2
. (3.2)

This generalization of the expectation value simplifies at leading order in 1/Λ2 to the vev

of the SM. Including the leading 1/Λ2 correction, the result is that of Ref. [26], the 1/Λ4

correction is as given in Ref. [18], etc. At higher orders in the polynomial expansion of H†H

that results from taking the derivative of the potential, numerical methods must be used to

find a minimum due to the Abel–Ruffini theorem. Note that this also means that expanding

out the vev dependence in a formal all-orders result to a fixed order necessarily requires

numerical methods.

The expectation values of the field space connections is also denoted by ⟨⟩ and a critical

role is played by
√
h
IJ

= ⟨hIJ ⟩1/2, and √gAB = ⟨gAB⟩1/2. The
√
h and

√
g depend on v̄T .

3.1 Scalar bilinear metric: hIJ(φ)

The relevant terms in L(6,8) for the scalar metric are [18]

L(6,8) ⊇ C(6)
H!(H

†H)!(H†H) + C(6)
HD(H

†DµH)⋆(H†DµH) (3.3)

+ C(8)
HD(H

†H)2(DµH)†(DµH) + C(8)
H,D2(H

†H)(H†σaH)(DµH)† σa (DµH).
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Mass Dimension

Field space connection 6 8 10 12 14

hIJ(φ)(Dµφ)I(Dµφ)J 2 2 2 2 2

gAB(φ)WA
µνWB,µν 3 4 4 4 4

kIJA(φ)(Dµφ)I(Dνφ)JWA
µν 0 3 4 4 4

fABC(φ)WA
µνWB,νρWC,µ

ρ 1 2 2 2 2

Y u
pr(φ)Q̄u+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y d
pr(φ)Q̄d+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

Y e
pr(φ)L̄e+ h.c. 2N2

f 2N2
f 2N2

f 2N2
f 2N2

f

de,prA (φ)L̄σµνeWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

du,prA (φ)Q̄σµνuWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

dd,prA (φ)Q̄σµνdWµν
A + h.c. 4N2

f 6N2
f 6N2

f 6N2
f 6N2

f

LψR

pr,A(φ)(D
µφ)J (ψ̄p,RγµσAψr,R) N2

f N2
f N2

f N2
f N2

f

LψL

pr,A(φ)(D
µφ)J(ψ̄p,LγµσAψr,L) 2N2

f 4N2
f 4N2

f 4N2
f 4N2

f

Table 1. Counting of operators contributing to two- and three-point functions from Hilbert series.
These results are consistent with Ref. [4].

The minimum is redefined order by order in the power counting expansion

⟨H†H⟩ =
v2

2

(

1 +
3C(6)

H v2

4λ
+ v4

9 (C(6)
H )2 + 4C(8)

H λ

8λ2
+ · · ·

)

≡
v̄2T
2
. (3.2)

This generalization of the expectation value simplifies at leading order in 1/Λ2 to the vev

of the SM. Including the leading 1/Λ2 correction, the result is that of Ref. [26], the 1/Λ4

correction is as given in Ref. [18], etc. At higher orders in the polynomial expansion of H†H

that results from taking the derivative of the potential, numerical methods must be used to

find a minimum due to the Abel–Ruffini theorem. Note that this also means that expanding

out the vev dependence in a formal all-orders result to a fixed order necessarily requires

numerical methods.

The expectation values of the field space connections is also denoted by ⟨⟩ and a critical

role is played by
√
h
IJ

= ⟨hIJ ⟩1/2, and √gAB = ⟨gAB⟩1/2. The
√
h and

√
g depend on v̄T .

3.1 Scalar bilinear metric: hIJ(φ)

The relevant terms in L(6,8) for the scalar metric are [18]

L(6,8) ⊇ C(6)
H!(H

†H)!(H†H) + C(6)
HD(H

†DµH)⋆(H†DµH) (3.3)

+ C(8)
HD(H

†H)2(DµH)†(DµH) + C(8)
H,D2(H

†H)(H†σaH)(DµH)† σa (DµH).
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Similarly, D2ψ can be reduced as

D2ψ = DµDνg
µνψ = DµDν(γ

µγν + iσµν)ψ ⇒ EOM and higher-points, (2.8)

where σµν = i
2(γµγν − γνγµ). In what follows, when D2F appears, it is replaced in terms of

EOM terms and higher-point functions for these reasons. Explicitly reducing operator forms

by the EOM, when possible, in favour of other composite operators, has a key role in these

arguments.

Now consider higher-derivative contributions to three-point functions. Explicit appear-

ances of D2F are removed due to the proceeding argument. Further, a general combination

of derivatives, acting on three general SM fields F1,2,3,

f(H)(DµF1)(DνF2)D{µν}F3, (2.9)

is removable in terms of EOM terms and higher-point functions, using integration by parts:

f(H)(DµF1)(DνF2)D{µν}F3 (2.10)

=− f(H)
[

(D2F1)(DνF2) + (DµF1)(DµDνF2) + (DµDνF1)(DµF2) + (DνF1)(D
2F2)

]

(DνF3)

− (Dµf(H)) [(DµF1)(DνF2) + (DνF1)(DµF2)] (DνF3)

⇒− f(H) [(DµF1)(DµDνF2) + (DµDνF1)(DµF2)] (DνF3) + EOM and higher-points

⇒− f(H)(D[µ,ν]F1)(DµF2)(DνF3) + f(H)(DµF1)(DµF2)(D
2F3) + EOM and higher-points

⇒ EOM and higher-points.

As a result, in general, an operator with four or more derivatives acting on three (possibly

different) fields Fi can be reduced out of three-point amplitudes.

When considering field space connections that can reduce to three-point functions when

a vacuum expectation value is taken, we also use

f(φ)F1 (DµF2) (DµF3)⇒ (Dµf(φ)) (DµF1)F2 F3 +
1

2
(D2f(φ))F1 F2 F3 + EOM ,(2.11)

to conventionally move derivative terms onto scalar fields. After reducing the possible field

space connections using these arguments systematically, and integrating by parts, a minimal

generalization of field space connections for CP even electroweak bosonic two- and three-point

amplitudes is composed of

hIJ (φ)(Dµφ)
I(Dµφ)

J , gAB(φ)WA
µνWB,µν , kAIJ(φ)(Dµφ)

I(Dνφ)
J Wµν

A ,

fABC(φ)WA
µνWB,νρWC,µ

ρ ,

and the scalar potential V (φ).

The minimal set of field space connections involving fermionic field in two- and three-point
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Example:

We define the Yukawa connection in Eqn. (2.19), where

Y e
pr(φI) = −H(φI)[Ye]

†
pr +H(φI)

∞
∑

n=0

C(6+2n)
eH
pr

(

φ2

2

)n

, (3.21)

Y d
pr(φI) = −H(φI)[Yd]

†
pr +H(φI)

∞
∑

n=0

C(6+2n)
dH
pr

(

φ2

2

)n

, (3.22)

Y u
pr(φI) = −H̃(φI)[Yu]

†
pr + H̃(φI)

∞
∑

n=0

C(6+2n)
uH
pr

(

φ2

2

)n

. (3.23)

3.4 (Dµφ)I ψ̄ Γµψ

The class seven operators in the Warsaw basis, and extended to higher mass dimensions, are

of the form

Q1,(6+2n)
Hψ
pr

= (H†H)nH†←→iDµHψ̄pγµψr,

Q3,(6+2n)
Hψ
pr

= (H†H)nH†←→iDµ
aHψ̄pγµσaψr,

Q2,(8+2n)
Hψ
pr

= (H†H)n(H†σaH)H†←→iDµHψ̄pγµσaψr,

Qϵ,(8+2n)
Hψ
pr

= ϵabc (H
†H)n (H†σcH)H†←→iDµ

bHψ̄pγµσaψr. (3.24)

where
←→
D µ

a = (σaDµ −
←−
Dµ σa). Connections corresponding to these operators are defined as

Lψ,prJ,A = −(φγ4)JδA4

∞
∑

n=0

C1,(6+2n)
Hψ
pr

(

φ2

2

)n

− (φγA)J(1− δA4)
∞
∑

n=0

C3,(6+2n)
HψL
pr

(

φ2

2

)n

(3.25)

+
1

2
(φγ4)J (1− δA4)

(

φKΓK
A,Lφ

L
)

∞
∑

n=0

C2,(8+2n)
HψL
pr

(

φ2

2

)n

+
ϵABC

2
(φγB)J

(

φKΓK
C,Lφ

L
)

∞
∑

n=0

Cϵ,(8+2n)
HψL
pr

(

φ2

2

)n

.

Similarly one can define the right-handed charged current connection

Lud,pr
J =

δ2L
δ(Dµφ)Jδ(ūpγµdr)

=
φ̃I
2
(−ΓI

4,J + iγI4,J )
∞
∑

n=0

C(6+2n)
Hud
pr

(

φ2

2

)n

, (3.26)

where Q(6+2n)
Hud
pr

= (H†H)n(H̃iDµH)ūpγµdr.
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=
φ̃I
2
(−ΓI

4,J + iγI4,J )
∞
∑

n=0

C(6+2n)
Hud
pr

(

φ2

2

)n

, (3.26)

where Q(6+2n)
Hud
pr

= (H†H)n(H̃iDµH)ūpγµdr.
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contributing 
operators

compact form for connection:

higher dim. versions 
of class 7 operators

new effects 
from d ≥ 8
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4-pt interactions: can we go ‘full metric’?

Key part of 2- and 3-pt result is that special kinematics forbade

DF ∼ momentum

No longer true at -pt interactions, operators can depend on≥ 4

𝒪 ∼ sn tm

 infinite set of higher derivative operators can contribute⟶

• still may be some surprising structure for  — worth thinking aboutn ≥ 4

• emphasizes the importance of on-resonance measurements for SMEFT
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What can we do with this?

EW inputs are entirely in terms of  gAB, hIJ metrics

The geometric definition of the canonically normalized mass eigenstate gauge couplings

are

ḡ2 = g2
√
g11 = g2

√
g22, (4.6)

ḡZ =
g2
c2θZ

(

cθ̄
√
g33 − sθ̄

√
g34
)

=
g1
s2θZ

(

sθ̄
√
g44 − cθ̄

√
g34
)

, (4.7)

ē = g2
(

sθ̄
√
g33 + cθ̄

√
g34
)

= g1
(

cθ̄
√
g44 + sθ̄

√
g34
)

, (4.8)

with corresponding mass eigenstate generators listed in the Appendix. Here we have used the

fact that as
√
g11 =

√
g22 due to SU(2)L gauge invariance, it also follows that

√
g12 = 0. These

definitions are geometric and follow directly from the consistency of the SMEFT description

with mass eigenstate fields. These redefinitions hold at all orders in the SMEFT power

counting expansion. Similarly, consistency also dictates the field space geometric definitions

of the mixing angles

s2θZ =
g1(
√
g44sθ̄ −

√
g34cθ̄)

g2(
√
g33cθ̄ −

√
g34sθ̄) + g1(

√
g44sθ̄ −

√
g34cθ̄)

, (4.9)

s2θ̄ =
(g1
√
g44 − g2

√
g34)2

g21 [(
√
g34)2 + (

√
g44)2] + g22 [(

√
g33)2 + (

√
g34)2]− 2g1g2

√
g34(
√
g33 +

√
g44)

. (4.10)

The gauge boson masses are also defined in a geometric manner as

m̄2
W =

ḡ22
4

√

h11
2
v̄2T , m̄2

Z =
ḡ2Z
4

√

h33
2
v̄2T m̄2

A = 0. (4.11)

To utilize these definitions, and map to a particular operator basis, one must expand out to a

fixed order in v̄2T /Λ
2. Nevertheless, such all-order definitions are of value. The relations hold

in any operator basis to define the Lagrangian parameters incorporating SMEFT corrections

in v̄2T /Λ
2 and clarify the role of these Lagrangian terms in the SMEFT expansion.

When the covariant derivative acts on fermion fields, the Pauli matrices σ1,2,3 for the

SU(2)L generators10, and the 2× 2 identity matrix I for the U(1)Y generator are used. This

is a more convenient generator set for chiral spinors. The covariant derivative acting on the

fermion fields ψ, expressed in terms of these quantities, is

Dµψ =

[

∂µ + iḡ3 Gµ
A
T A + i

ḡ2√
2

(

W+ T+ +W− T−)+ iḡZ
(

T3 − s2θZQψ

)

Zµ + iQψ ēAµ

]

ψ.

(4.12)

Here Qψ = σ3/2 + Yψ and the positive sign convention on the covariant derivative is present

and the convention
√
2W± = W1 ∓ iW2 and

√
2Φ± = φ2 ∓ iφ1 is used. Here T3 = σ3/2 and

2T± = σ1 ± iσ2 and Yψ = {1/6, 2/3,−1/3,−1/2,−1} for ψ = {qL, uR, dR, ℓL, eR}. Note that

the SU(2)L×U(1)Y generators of the fermion fields do not need to be the same as those for the

10Defined in the Appendix.
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the SU(2)L×U(1)Y generators of the fermion fields do not need to be the same as those for the

10Defined in the Appendix.
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The geometric definition of the canonically normalized mass eigenstate gauge couplings

are
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√
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ḡZ =
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c2θZ
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√
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g34
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√
g44 − cθ̄

√
g34
)

, (4.7)
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√
g33 + cθ̄

√
g34
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= g1
(

cθ̄
√
g44 + sθ̄

√
g34
)

, (4.8)

with corresponding mass eigenstate generators listed in the Appendix. Here we have used the

fact that as
√
g11 =

√
g22 due to SU(2)L gauge invariance, it also follows that

√
g12 = 0. These

definitions are geometric and follow directly from the consistency of the SMEFT description

with mass eigenstate fields. These redefinitions hold at all orders in the SMEFT power

counting expansion. Similarly, consistency also dictates the field space geometric definitions

of the mixing angles
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g1(
√
g44sθ̄ −

√
g34cθ̄)

g2(
√
g33cθ̄ −

√
g34sθ̄) + g1(
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g44sθ̄ −
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g34cθ̄)

, (4.9)
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√
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√
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g33)2 + (

√
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√
g34(
√
g33 +

√
g44)

. (4.10)

The gauge boson masses are also defined in a geometric manner as

m̄2
W =

ḡ22
4

√

h11
2
v̄2T , m̄2

Z =
ḡ2Z
4

√

h33
2
v̄2T m̄2

A = 0. (4.11)

To utilize these definitions, and map to a particular operator basis, one must expand out to a

fixed order in v̄2T /Λ
2. Nevertheless, such all-order definitions are of value. The relations hold

in any operator basis to define the Lagrangian parameters incorporating SMEFT corrections

in v̄2T /Λ
2 and clarify the role of these Lagrangian terms in the SMEFT expansion.

When the covariant derivative acts on fermion fields, the Pauli matrices σ1,2,3 for the

SU(2)L generators10, and the 2× 2 identity matrix I for the U(1)Y generator are used. This

is a more convenient generator set for chiral spinors. The covariant derivative acting on the
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ḡ2 = g2
√
g11 = g2

√
g22, (4.6)
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Can get ‘all orders’ expressions for  processes: 1 → 2

e.g)   h → γγ

application: expanding to dimension-8, can check how well  
corrections are captured by (dim-6)2 

1/Λ4

The dipole couplings are defined as

⟨Z|ūpLu
r
R⟩ = −2ḡZ ū

p
L/pZ/ϵZu

p
R

(

⟨du,pr3 ⟩
c2θZ
g2
− ⟨du,pr4 ⟩

s2θZ
g1

)

,

⟨Z|d̄pLd
p
R⟩ = −2ḡZ d̄

p
L/pZ/ϵZd

p
R

(

⟨dd,pr3 ⟩
c2θZ
g2
− ⟨dd,pr4 ⟩

s2θZ
g1

)

,

⟨Z|ēpLe
p
R⟩ = −2ḡZ ē

p
L/pZ/ϵZe

p
R

(

⟨de,pr3 ⟩
c2θZ
g2
− ⟨de,pr4 ⟩

s2θZ
g1

)

, (4.19)

and

⟨W+|q̄p dr⟩ = −
√
2
ḡ2
g2

(

⟨dd,pr1 ⟩ + i⟨dd,pr2 ⟩
)

ūpL/pW/ϵW drR,

⟨W−|q̄p ur⟩ = −
√
2
ḡ2
g2

(⟨du,pr1 ⟩ − i⟨du,pr2 ⟩ ) d̄pL/pW /ϵW urR,

⟨W+|ℓ̄p er⟩ = −
√
2
ḡ2
g2

(⟨de,pr1 ⟩ + i⟨de,pr2 ⟩ ) ν̄pL/pW /ϵW erR. (4.20)

Here the fermions in the dipole connections are in the weak eigenstate basis and a Hermitian

conjugate connection also exists in each case. The expectation values of dA are understood

to be the upper (lower) component of an SU(2) doublet for de1,2, d
d
1,2, and du3,4 (du1,2, d

e
3,4, and

dd3,4).

4.6 hAA, hAZ couplings

The effective coupling of h-γ-γ, including the tower of v̄2T /Λ
2 corrections, is given by

⟨h|A(p1)A(p2)⟩ = −⟨hAµνAµν⟩
√
h
44

4

[

⟨
δg33(φ)

δφ4
⟩
e2

g22
+ 2⟨

δg34(φ)

δφ4
⟩
e2

g1g2
+ ⟨

δg44(φ)

δφ4
⟩
e2

g21

]

,

(4.21)

where Aµν = ∂µAν − ∂νAµ, and ⟨hAµνAµν⟩ = −4(p1 ·p2ϵ1·ϵ2 − p1·ϵ2p2·ϵ1) when ϵ1(p1), ϵ2(p2)
are the polarization vectors of the external γ’s. Similarily the coupling to h-γ-Z is given by

⟨h|A(p1)Z(p2)⟩ (4.22)

= −⟨hAµνZµν⟩
√
h
44

2
ē ḡZ

[

⟨
δg33(φ)

δφ4
⟩
c2θZ
g22

+ ⟨
δg34(φ)

δφ4
⟩
c2θZ − s2θZ

g1g2
− ⟨

δg44(φ)

δφ4
⟩
s2θZ
g21

]

,

where ⟨hAµνZµν⟩ = −2(p1 ·p2ϵ1 ·ϵ2 − p1 ·ϵ2p2 ·ϵ1).
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3.1 �(h ! ��) to L
(8)

In the SM, �(h ! ��) is loop suppressed, and the leading order result was developed in

Refs. [17–19]. Defining

A
h��

SM =
i g e

2

16⇡2mw

Z 1

0
dx

Z 1�x

0
dy

 
�4m2

w + 6x ym2
w + x ym

2
h

m2
w � x ym

2
h

+
X

f

NcQ
2
f

m
2
f
(1� 4x y)

m
2
f
� x ym

2
h

!
,

hhA
µ⌫
Aµ⌫i = hh|hA

µ ⌫
Aµ ⌫ |�(pa), �(pb)i = �4

⇣
pa · pb g

↵�
� p

�

a p
↵

b

⌘
✏↵✏� , (3.3)

the three-point function h� � � � in the SMEFT is given by [5]

hh|� �i =� hhA
µ⌫
Aµ⌫i

p
h
44

4


h
�g33(�)

��4
i
e
2

g
2
2

+ 2h
�g34(�)

��4
i
e
2

g1g2
+ h

�g44(�)

��4
i
e
2

g
2
1

�

+ hhA
µ⌫
Aµ⌫iA

h��

SM . (3.4)

Here we have used the geometric electric charge gauge coupling and Weinberg angle [5]

ē = g2

⇣
s
✓̄

p
g
33 + c

✓̄

p
g
34
⌘
= g1

⇣
c
✓̄

p
g
44 + s

✓̄

p
g
34
⌘
, (3.5)

s
2
✓̄
=

(g1
p
g
44

� g2
p
g
34)2

g
2
1[(

p
g
34)2 + (

p
g
44)2] + g

2
2[(

p
g
33)2 + (

p
g
34)2]� 2g1g2

p
g
34(

p
g
33 +

p
g
44)

. (3.6)

These geometric Lagrangian parameters are functions of the field space connections hIJ , gAB,

in particular the matrix square roots of these field space connections
p
g
AB

= hgABi
1/2, and

p
hIJ = hhIJi

1/2.2 As the SMEFT perturbations are small corrections to the SM, the field

space connection is a positive semi-definite matrix, with a unique square root.

The key point of this paper is to make manifest the consequences of the fact that h����

at 1/⇤2 is hhAµ⌫
Aµ⌫ihh|��iL(6) where

hh|��iL(6) =

"
g
2
2 C̃

(6)
HB

+ g
2
1 C̃

(6)
HW

� g1 g2 C̃
(6)
HWB

(gSM
Z

)2

#
, (3.7)

where (gSM
Z

)2 = g
2
1 + g

2
2, while to 1/⇤4 order this three point function is

hh|��ito dim 8 = hhA
µ⌫
Aµ⌫i

1

v̄T

h
v̄TA

h��

SM +
⇣
1 + h

p

h
44
iL(6)

⌘
hh|��iL(6) + 2 (hh|��iL(6))2

+ (hh|��iL(6))|
C

(6)
i !C

(8)
i

i
(3.8)

where

h

p

h
44
iL(6) = �

1

2
C̃

(6)
H⇤ �

1

4
C̃

(6)
HD

. (3.9)

2Note that
p
gABpg

BC
⌘ �AC and

p
h
IJp

hJK ⌘ �IK .

– 4 –

𝒜hγγ
SM

2
+ 2 Re (𝒜hγγ

SM)⟨h |γγ⟩ℒ(6) + ⟨h |γγ⟩2
ℒ(6)

⟨h |γγ⟩ℒ(6) = [
g2

2C̃(6)
HB + g2

1C̃(6)
HW − g1g2C̃(6)

HWB

(g2
1 + g2

2) v̄T ]defining:

(dim-6)2 estimate: 

g33(ϕ)𝒲3
μν𝒲3μν
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e.g)   h → γγ

Numerics + similar exercise for   and    to appear soonh → Z γ Z → f̄ f

Can get ‘all orders’ expressions for  processes: 1 → 2

𝒜hγγ
SM

2
+2 Re (𝒜hγγ

SM) (1 + ⟨ h
44⟩

ℒ(6))⟨h |γγ⟩ℒ(6) + (1 + 4v̄T Re (𝒜hγγ
SM)) (⟨h |γγ⟩ℒ(6))2

+2 Re (𝒜hγγ
SM)

g2
2C̃(8)

HB + g2
1 (C̃(8)

HW − C̃(8)
HW,2) − g1g2C̃(8)

HWB

(g2
1 + g2

2) v̄T

Using geoSMEFT setup, can easily find full  result:𝒪(1/Λ4)

Significant differences between full and (dim6)2 result!
at,  only involves  operators1/Λ4 𝒪(10)

[for other applications, see talk by Andreas]

[Hays, Helset, Martin, Trott]
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Conclusions

Number of SMEFT operators that matter for 2-pt (masses, inputs) and 3-pt 
interactions is small and ~ constant with increasing operator dimension. 
Allowed structures phrased as “Geometric SMEFT”

Consequence of low # particles and special kinematics. Does not extend 
to  particle interactions≥ 4

Applications: 

• Fixed operator dimension (e.g. dim-8): a framework to study  corrections 

• Beyond fixed order: compact, all order expressions   

1/Λ4

Many interesting directions to explore!

THANK YOU
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Backup

17



(H†H)n W2
L

H = (1/2) ∴ Hn = (n /2)
H† = (1/2) ∴ (H†)n = (n /2)

W2
L = (0 ⊕ 2)

B2
L WL BL

Example operator counting:

To get SU(2)W 2, need  4 Higgses  operator dimension   ≥ → ≥ 8

(H†H )n = (0 ⊕ 1 ⊕ 2 ⊕ . . . n) W2
L = (0 ⊕ 2)⊗
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Operators in hIJ:

Q(8+2n)
HD = (H†H)n+2 (DμH)

†
(DμH )

Q(8+2n)
H,D2 = (H†H)n+1 (H†σaH) (DμH)

†
σa (DμH )
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What about GF?

GF involves more than quadratic terms:

However, since GF derived at muon mass scale  and SM term 
is from L4, # of higher dimensional contributions is dramatically reduced

(D ∼ mμ ≪ Λ)

All orders result is possible even for contact terms:

[Hays, Helset, Martin, Trott to appear]

C(8+2n)
4ℓ,2 (H†H)1+n (ℓ̄2γμσiℓ2) (ℓ̄1γμσiℓ1) iC(8+2n)

4ℓ,5 ϵijk (H†H)n (H†σiH) (ℓ̄2γμσjℓ2) (ℓ̄1γμσkℓ1)

𝒢4pt
F =

1
v̄2

T (C̃(6)
μccμ + C̃(6)

μμμe +
C̃(8+2n)

4ℓ,2

2n
+

C̃(8+2n)
4ℓ,5

2n )
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