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Motivation for Hidden Sectors

↭ The Standard Model describes nature well up to the electroweak
scale, but fails to provide satisfying explanations for several
puzzles, including dark matter, non-zero neutrino masses, and
the hierarchy problem

↭ New physics at or below the weak scale is strongly constrained by
experiments

↭ Least constrained models for new physics involve a “hidden
sector” (HS) populated by new particles uncharged under SM
gauge groups
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Hidden Sector Portals

↭ Hidden sectors interact with the SM through “portals” of the
form

L → OSMOHS

↭ The lowest dimensional portals are most likely to produce
observable e!ects

We study the three lowest dimensional portals:

Higgs Portal OSM ↑ H
†
H

Neutrino Portal OSM ↑ ωH

Hypercharge Portal OSM ↑ Bµω
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How to Search for HS Portals?

↭ Direct searches for HS particles that couple through these portals
exist, but these searches often face challenges:

- HS particles may decay invisibly

- HS particles may be too heavy to be produced in a collider
↭ However, we can also gain sensitivity to heavy HS particles using

Electroweak Precision Observables (EWPO).
↭ Constraints have been determined for the specific case of portals

to weakly interacting HS with a small number of degrees of
freedom.
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Our Goals

Considering a general HS that interacts through the Higgs, neutrino,
or hypercharge portals, we

↭ show that for each of these portals, the forms of the leading
dimension-six terms generated when the HS is integrated out are
fixed and independent of HS dynamics.

↭ perform a global fit of the dimension-six EFT terms induced by
each portal to EWPO, Higgs measurements, and diboson data to
determine the current bounds on their coe”cients.

Assumptions: portal coupling is small enough to be treated
perturbatively, HS states have masses above the electroweak scale.
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Higgs Portal

L → ↓ωH
†
HOS

where OS is a generic HS gauge invariant scalar operator.

Examples: elementary/composite operator of a weakly coupled HS, or a
primary/secondary operator of a strongly coupled theory that is conformal
in the UV

↭ At O(ω), leading e!ect is a
correction to the Higgs mass
term ↔ no observable
consequences.

↭ At O(ω2), we consider
H(p1), H(p2) ↔ H(p3), H(p4)
and match to terms in the low
energy EFT. HH

H
†

H
†

OHS OHS
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Extracting the HS Dynamics

From H(p1), H(p2) ↔ H(p3), H(p4) we have matrix element

↗p3, p4| T{(↓iω)2
∫

d
4
x

∫
d

4
y[H†

HOS ](x)[H†
HOS ](y)} |p1, p2↘

= ↓ω
2

∫
d

4
x

∫
d

4
y ↗#| T{OS(x)OS(y)} |#↘

≃ ↗p3, p4| T{H
†
H(x)H†

H(y)} |p1, p2↘

The HS dynamics are all contained within ↗#| T{OS(x)OS(y)} |#↘!
We need to simplify this term.
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Simplifying the Matrix Element

First, insert a complete set of HS energy-momentum eigenstates

↗#| T{OS(x)OS(y)} |#↘ =
∑

n

T{↗#| OS(x) |n↘ ↗n| OS(y) |#↘}

Next, use translation invariance of vacuum state |#↘ to set
↗#| OS(x) |n↘ = ↗#| OS(0) |n↘ e

→ipn·x Finally, define a spectral density
function

ε(k) =
∑

n

(2ϑ)3
ϖ

4(pn ↓ k) |↗#| OS(0) |n↘|
2

so we can write ↗#| T{OS(x)OS(y)} |#↘ as

=
∫

d
4
k

(2ϑ)3 ε(k)(ϱ(x0
↓ y

0)e→ik·(x→y) + ϱ(y0
↓ x

0)e→ik·(y→x))
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Matrix Element in Terms of EFT Operators
Applying unitarity and Lorentz symmetry we can rewrite our matrix
element as a sum of two terms of the form

↓ω
2

∫ ↑

0
dM

2
ε(M2) i

p2 ↓ M2 + iς
.

with p ↑ p2 ↓ p4 or p ↑ p1 ↓ p4.

Because we assumed HS states are heavy, we can expand in p
2
/M

2

+iω
2

∫ ↑

0
dM

2 ε(M2)
M2

[(
1 + (p1 ↓ p3)2

M2 + ...

)
+

(
1 + (p1 ↓ p4)2

M2 + ...

)]

The constant terms are absorbed into the unknown SM Higgs quartic
coupling, but the p

2
/M

2 terms correspond to an EFT operator

φ
↼µ(H†

H)↼µ(H†
H)

M
2
IR

where φ is positive because ε(M2) > 0.
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EFT Operators in Standard (Warsaw) Basis

Integrating by parts, the EFT operator we found can be written in
terms of the Warsaw basis operator OH↭

↓
φ

M
2
IR

(H†
H)↫(H†

H) ↑ ↓
φ

M
2
IR

OH↭ with φ > 0.

The positivity of φ can be traced to

1. positivity of the spectral density function, a consequence of
unitarity, and

2. the spectral representation’s form, which is dictated by causality
because the spectral representation is a special case of a
dispersion relation.
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Comments on our EFT Operator Derivation

↭ Loop diagrams involving the SM fields will give rise to other
dimension-six SMEFT operators at order ω

2 at the matching
scale. However, these e!ects are loop suppressed and therefore
subleading.

↭ We have assumed that the integral over M
2 does not diverge in

the ultraviolet. In general, this assumption is not valid. For OS

scaling dimension $S > 3, the coe”cient φ of the higher
dimensional term is UV sensitive at order ω

2 and receives most of
its support from unknown UV physics. It therefore now requires
a counterterm, and our argument that φ > 0 no longer applies.
For $S ⇐ 3 our argument that φ > 0 is expected to hold.
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SMEFT Operators Generated at Order ε
3

↭ At this order we generate
(H†

H)3
↑ OH in the Warsaw

basis.
↭ There is no restriction on the

sign of the coe”cient for this
operator.

HH

H
†

H
†

OHS OHS

OHS

H
† H
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Neutrino Portal

L → ↓yOF H↽

where ↽, OF transform as left-chiral spinors under the Lorentz group

↭ Assume HS does not violate
lepton number and for now
consider only one fermion
generation.

↭ Since OF is not a singlet under
Lorentz transformations, e!ects
from integrating out the HS begin
at O(y2).

↭ We consider the process
↽(p1)H(p2) ↔ ↽(p3)H(p4) and
match to the low energy EFT.

!
†!

H H
†

OHS O
†

HS
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Matrix Element in Terms of EFT Operators
Using constraints set by the spinor structure and Lorentz invariance
of the spectral density function, we can simplify the matrix element
for the process we are considering to

(↓iy)2
x

†(p3)
[∫ ↑

0
dM

2 ε(M2)(ipµ⇀̄
µ)

p2 ↓ M2 + iς

]
x(p1)

where ε(M2) ⇒ 0. To leading order in p
2
/M

2 we obtain

iy
2

x
†(p3)(pµ⇀̄

µ)x(p1)
∫ ↑

0

dM
2

M2 ε(M2)

corresponding to the dimension-six EFT operator
φ

M
2
IR

(H†
↽̄)i⇀̄µ

↼µ(H↽) ↑
φ

M
2
IR

OωH .

φ is again constrained to be positive because ε(M2) ⇒ 0.
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Neutrino Portal Operator in Warsaw Basis
↭ We have again assumed that our integral over M

2 does not diverge in
the UV. Our argument that ω → 0 is valid when the scaling dimension
of OF satisfies !F ↑ 5/2.

↭ Expressing the operator OωH in the Warsaw basis we have

OωH = 1
4

[
O

(3)

Hω
↓ O

(1)

Hω

]
, (1)

where the Warsaw basis operators are defined as

O
(1)

Hω
↔ (H†

i
→
Dµ H)(ε̄ϑ

µ
ε),

O
(3)

Hω
↔ (H†

i
→
D

I

µ H)(ε̄ϖ
I
ϑ

µ
ε).

↭ For the case of multiple fermion generations, we obtain

ω
ij

M
2

IR

(H†
ε̄i)iϱ̄µ

ςµ(Hεj) .

where i and j index over flavor generations.
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Hypercharge Portal

L → ↓ςBµεO
µε

T

where O
µε

T
is a real antisymmetric rank-2 tensor HS operator

↭ O
µε

T
is not a singlet under

Lorentz transformations, so
e!ects from integrating out
the HS begin at O(ς2)

↭ Corrects the hypercharge
gauge boson propagator

Bµ⌫ O
µ⌫

HS O
↵�

HS
B↵�
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SMEFT Operators from Hypercharge Portal
Simplifying the relevant matrix element using Lorentz symmetry, we
obtain to leading order in p

2
/M

2

↓ 4iς
2 [

i
2(p2

gµε ↓ pµpε)
]

/(p2 + iς)2
≃

{∫ ↑

0

dM
2

M2 ε0(M2) ↓ p
2

∫ ↑

0

dM
2

(M2)2
(
↓ε0(M2) + M

2
ε1(M2)

)}

It can be determined that the term inside both integrals is positive.
↭ The first term contributes to the kinetic term of the hypercharge

gauge boson, has no observable e!ect.
↭ The second term is physical, corresponds to the EFT operator

↓
φ

M
2
IR

(↼ϑBµε)(↼ϑ
B

µε) ↑ ↓
φ

M
2
IR

O2B

where φ ⇒ 0 for scaling dimension of O
µε

T
satisfying $T ⇐ 3.
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Hypercharge Portal Operator in the Warsaw Basis
Expressing ↓

ϖ

M
2
IR

O2B in the Warsaw basis we have

→
ε

M2

IR

g↑2
[

OHD +
1

4
OH↭

+

(
Yq

[
O

(1)

Hq

]

ii

+ Yω

[
O

(1)

Hω

]

ii

+ Yu [OHu]
ii

+ Yd [OHd]
ii

+ Ye [OHe]
ii



+

(
Y 2

q

[
O

(1)

qq

]

iijj

+ Y 2

ω
[Oωω]

iijj
+ Y 2

u [Ouu]
iijj

+ Y 2

d
[Odd]

iijj
+ Y 2

e [Oee]
iijj

+ 2YqYω

[
O

(1)

ωq

]

iijj

+ 2YqYu

[
O

(1)

qu

]

iijj

+ 2YqYd

[
O

(1)

qd

]

iijj

+ 2YqYe [Oqe]
iijj

+ 2YωYu [Oωu]
iijj

+ 2YωYd [Oωd]
iijj

+ 2YωYe [Oωe]
iijj

+ 2YuYd

[
O

(1)

ud

]

iijj

+ 2YuYe [Oeu]
iijj

+ 2YdYe [Oed]
iijj

]

where g
↓
↑ SM U(1)Y gauge coupling, Yf ↑ f hypercharge.
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Constraining SMEFT Operators Using Data
↭ Parameterize the SMEFT Lagrangian as

Le! = LSM +
∑

i

Ci

%2 Oi

↭ Use EWPO, Higgs measurements, and diboson production data
from the LHC to place constraints on the Wilson coe”cients Ci

of the operators that arise from portal interactions.
↭ Use the HEPfit package to determine the constraints.
↭ We take into account the renormalization group evolution from

the matching scale % down to the weak scale. At one-loop order

Ci(µ) = Ci(%) ↓
Ċi

16ϑ2 ln
(

%
µ

)
, with Ċi ↑

∑

j

⇁ijCj
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Higgs Portal Fit
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Global fit with EWPO+Higgs+diboson data

�CH⇤
10 C2B

10 C`H

!ϑ2
as a function of the Wilson coe”cients for our three portal operators for the

matching scale # = 1 TeV. The gray-shaded region is forbidden for some range of

scaling dimension of OHS as described earlier.

No significant preference for any of the portals over the SM.
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Summary

We have performed a model independent analysis of the EFT
operators induced when a hidden sector that couples to the SM via
the Higgs, neutrino, or hypercharge portals. We have shown that

↭ the form of the leading dimension-six EFT operators induced is
fixed and independent of HS dynamics,

↭ The sign of these operators is fixed under certain conditions, and
↭ there is no significant preference for a hidden sector coupled

through any of these portals over the SM based on fits to EWPO,
Higgs, and diboson data.

Alternative perspective: We have found an equivalent to the S, T, and
U (Peskin-Takeuchi) parameters of universal theories for the three
portals we study.

arXiv: 2412.15067
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Precision Electroweak Data Used

We use EWPO data from W and Z pole measurements. The fit
incorporates the observables:

φ, Gµ, MZ , MW , &Z , ⇀h, Aω,FB, Ab,FB, Ab, Ac, Aω, Rω, Rb, Rc

↭ Aω, Ab, and Ac are the lepton, bottom quark, and charm quark
asymmetries.

↭ The contributions to the Z-width are parameterized by Rω, Rb,
and Rc.

↭ The forward/backward asymmetries are given by Aω,FB, Ab,FB.

We do not include the recent result for the W boson mass by the
CDF collaboration.



Summary of SMEFT Operators from Portals

Higgs portal

OH (H†
H)3

OH↭
(
H

†
H

)
↫

(
H

†
H

)

Neutrino portal

O
(1)
Hω

(H†
i

↔
Dµ H)(↽̄p⇁

µ
↽r) O

(3)
Hω

(H†
i

↔
D

I

µ
H)(↽̄pτ

I
⇁

µ
↽r)

Hypercharge portal

OHD (H†
DµH)ϱ(H†

D
µ
H) OH↭

(
H

†
H

)
↫

(
H

†
H

)

O
(1)
Hq

(H†
i

↔
Dµ H)(q̄p⇁

µ
qr) O

(1)
Hω

(H†
i

↔
Dµ H)(↽̄p⇁

µ
↽r)

OHu (H†
i

↔
Dµ H)(ūp⇁

µ
ur) OHd (H†

i
↔
Dµ H)(d̄p⇁

µ
dr)

OHe (H†
i

↔
Dµ H)(ēp⇁

µ
er) plus four-fermion operators



Operator Sensitivities to EWPO Measurements

↭ At tree level, the W and Z pole observables are sensitive to the
operators

OHD, O
(1)
Hq

, O
(3)
Hω

, OHe, OHu, OHd .

↭ The contributions to Higgs data at tree level are from the
operators

OH↭, OHD, O
(1)
Hω

, O
(3)
Hω

, OHe, OHu, OHd ,

↭ The diboson WW and WZ data are sensitive to the operators

OHD, O
(3)
Hω

, OHu, OHd .



Higgs Portal Fit
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operators CH–CH↭ with matching scale ” = 1 TeV.

Right: !φ
2 for the operator CH↭ with matching scale ” = 1 TeV.



Neutrino Portal Fit
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Hypercharge Portal Fit
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Observable Definitions

Aω =
#(Z ↗ ε

+

L
ε

↓
L

) ↓ #(Z ↗ ε
+

R
ε

↓
R

)
#(Z ↗ ε+ε↓) ,

Aq = #(Z ↗ qLq̄L) ↓ #(Z ↗ qRq̄R)
#(Z ↗ qq̄) .

where ε = e, µ, ϖ and q = b, c.

Rω = #(Z ↗ hadrons)
#(Z ↗ εε) , Rq = #(Z ↗ qq̄)

#(Z ↗ hadrons) ,

where again ε = e, µ, ϖ and q = b, c.

Ai,FB ↔
ϱ

i

F ↓ ϱ
i

B

ϱ
i

F
+ ϱ

i

B

,

where ϱ
i

F corresponds to the cross section for angles ↼ between the
incoming and outgoing particles that lie in the range (0,

ε

2
) and ϱ

i

B to
angles between ( ε

2
, ↽).
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Simplifying the Matrix Element

The HS dynamics is again contained in a similar term as in the Higgs
Portal, of the form ↗#| T{OF

†(x)OF (y)} |#↘. Once again, we insert a
complete set of hidden sector energy-momentum eigenstates |n↘ and
express the result as

∫
d

4
k

(2ϑ)3

(
ϱ(x0

↓ y
0)e→ik·(x→y) + ϱ(y0

↓ x
0)e→ik·(y→x)


ε

ϖ̇ϖ(k)

where we define the spectral density function

ε
ϖ̇ϖ(k) = (2ϑ)3

∑

n

ϖ
4(pn ↓ k) ↗#| O

†ϖ̇

F
(0) |n↘ ↗n| O

ϖ

F
(0) |#↘ .



Examining the Spectral Density

↭ Consider an active Lorentz transformation of ε
ϖ̇ϖ(k)

ε
ϖ̇ϖ(%k) = [(M→1)†]ϖ̇

ς̇
(%)ες̇ς(k)(M→1) ϖ

ς
(%)

where M is the representation matrix of the ( 1
2 , 0) Lorentz

algebra. Because of the spinor structure of ε(k), we can write

ε
ϖ̇ϖ(k) = εµ(k)(⇀̄µ)ϖ̇ϖ

Under the action of the representation matrices ⇀̄ transforms as

(M→1)†
⇀̄

µ
M

→1 = % µ

ε
⇀̄

ε
.

so εµ(k) must transform as a covariant vector.
↭ Because we are summing over physical states where k

2
⇒ 0, we

have εµ(k) = kµε(k2)ϱ(k0).



Some Rewriting...

Using our observations, we can simplify the relevant matrix element

(↓iy)2
x

†(p3)
[∫ ↑

0
dM

2 ε(M2)(ipµ⇀̄
µ)

p2 ↓ M2 + iς

]
x(p1),

where

ε(k2)ϱ(k0) = (2ϑ)3

2k0

∑

n

ϖ
4(qn ↓ k)

∑

ϖ

|↗n| O
ϖ

F
(0) |#↘|

2
.

From this form we observe that ε(k2) must be positive for physical
momenta k.



Matrix Element in Terms of EFT Operators

Expanding our matrix element

(↓iy)2
x

†(p3)
[∫ ↑

0
dM

2 ε(M2)(ipµ⇀̄
µ)

p2 ↓ M2 + iς

]
x(p1)

in powers of p
2
/M

2, we obtain leading term

iy
2

x
†(p3)(pµ⇀̄

µ)x(p1)
∫ ↑

0

dM
2

M2 ε(M2)

corresponding to the dimension-six EFT operator
φ

M
2
IR

(H†
↽̄)i⇀̄µ

↼µ(H↽) ↑
φ

M
2
IR

OωH .

φ is again constrained to be positive because ε(M2) ⇒ 0.



Neutrino Portal Operator in Warsaw Basis

↭ We have again assumed that our integral over M
2 does not diverge in

the UV. Our argument that ω → 0 is valid when the scaling dimension
of OF satisfies !F ↑ 5/2.

↭ Expressing the operator OωH in the Warsaw basis we have

OωH = 1
4

[
O

(3)

Hω
↓ O

(1)

Hω

]
, (2)

where the Warsaw basis operators are defined as

O
(1)

Hω
↔ (H†

i
→
Dµ H)(ε̄ϑ

µ
ε),

O
(3)

Hω
↔ (H†

i
→
D

I

µ H)(ε̄ϖ
I
ϑ

µ
ε).

↭ For the case of multiple fermion generations, we obtain

ω
ij

M
2

IR

(H†
ε̄i)iϱ̄µ

ςµ(Hεj) .

where i and j index over flavor generations.
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Simplifying the Matrix Element

The HS dynamics is again contained in a single matrix element of the
form ↗#| T


O

µε

T
(x)Oϖς

T
(y)


|#↘. We again insert a complete set of

hidden sector energy-momentum eigenstates |n↘ and express the
result as
∫

d
4
q

(2ϑ)3

(
ϱ(x0

↓ y
0)e→iq(x→y)

ϑ
µεϖς(q) + ϱ(y0

↓ x
0)e→iq(y→x)

ϑ
ϖςµε(q)



where the tensor ϑ
µεϖς is given by

ϑ
µεϖς(q) ↑ (2ϑ)3

∑

n

ϖ
4(pn ↓ q) ↗#| O

µε

T
(0) |n↘ ↗n| O

ϖς

T
(0) |#↘



Examining ϑ
µνφ▷

ϑ
µεϖς is antisymmetric under the exchange of the indices, µ ⇑↔ ν

and φ ⇑↔ ▷. Lorentz symmetry constrains ϑ
µεϖς(q) to be of the form

ϑ
µεϖς(q) = εφ(q2)ςµεϖς + ε0(q2)’µεϖς

0 + ε1(q2)’µεϖς

1 ,

where ς
µεϖς is the Levi-Civita tensor, and

’µεϖς

0 ↑ g
µϖ

g
ες

↓ g
µς

g
εϖ

,

’µεϖς

1 ↑ ↓g
µϖ

q
ε
q

ς + g
µς

q
ε
q

ϖ
↓ g

ες
q

µ
q

ϖ + g
εϖ

q
µ
q

ς
.

It follows that ϑ
µεϖς = ϑ

ϖςµε .

The signs of ε0 and ε1 are not immediately obvious. Is there a way to
determine tham?



Determining signs for ϖ0 and ϖ1

1. ε0(q2) is positive definite

Consider elements of ϑ
µεϖς of the form ϑ

µεµε (no sum). These
elements are clearly positive definite from their definition. Now
consider timelike q

µ, so that we can choose a frame in which q
µ is

along the time direction, q
µ =


q2ϖ

µ

0 .

Choosing µ and ν to be distinct spatial indices i and j, i ⇓= j, we
have ’ijij

1 = 0 and ’ijij

0 = 1, constraining ε0(q2) to be positive
definite for timelike q

µ.

2. ε1(q2) is positive definite

Choosing µ = 0 and ν to be any spacelike index, we find

ϑ
0i0i = q

2
ε1(q2) ↓ ε0(q2) ⇒ 0 .

Therefore ε1(q2) is positive definite for timelike q
µ.



Some Rewriting...

Using our observations, we can simplify the relevant matrix element to

↓4ς
2 [

i
2(p2

gµε ↓ pµpε)
]

/(p2 + iς)2
∫ ↑

0
dM

2 i(↓ε0(M2) + p
2
ε1(M2))

p2 ↓ M2 + iς

noting that the ς
µεϖς term does not contribute, since there are no

four linearly independent vectors to contract it with. Expanding in
powers of p

2
/M

2, we obtain leading term

↓ 4iς
2 [

i
2(p2

gµε ↓ pµpε)
]

/(p2 + iς)2
≃

{∫ ↑

0

dM
2

M2 ε0(M2) ↓ p
2

∫ ↑

0

dM
2

(M2)2
(
↓ε0(M2) + M

2
ε1(M2)

)}



SMEFT Operators from Hypercharge Portal

Again, we have leading order term

↓ 4iς
2 [

i
2(p2

gµε ↓ pµpε)
]

/(p2 + iς)2
≃

{∫ ↑

0

dM
2

M2 ε0(M2) ↓ p
2

∫ ↑

0

dM
2

(M2)2
(
↓ε0(M2) + M

2
ε1(M2)

)}

We have that ε0(q2) ⇒ 0 and q
2
ε1(q2) ↓ ε0(q2) ⇒ 0 for q

2
⇒ 0, so the

term inside both integrals is positive.
↭ The first term contributes to the kinetic term of the hypercharge

gauge boson, has no observable e!ect.
↭ The second term is physical, corresponds to the EFT operator

↓
φ

M
2
IR

(↼ϑBµε)(↼ϑ
B

µε) ↑ ↓
φ

M
2
IR

O2B

where φ ⇒ 0 for scaling dimension of O
µε

T
satisfying $T ⇐ 3.



Hypercharge Portal Operator in the Warsaw Basis

Expressing ↓
ϖ

M
2
IR

O2B in the Warsaw basis we have

→
ε

M2

IR

g↑2
[

OHD +
1

4
OH↭

+

(
Yq

[
O

(1)

Hq

]

ii

+ Yω

[
O

(1)

Hω

]

ii

+ Yu [OHu]
ii

+ Yd [OHd]
ii

+ Ye [OHe]
ii



+

(
Y 2

q

[
O

(1)

qq

]

iijj

+ Y 2

ω
[Oωω]

iijj
+ Y 2

u [Ouu]
iijj

+ Y 2

d
[Odd]

iijj
+ Y 2

e [Oee]
iijj

+ 2YqYω

[
O

(1)

ωq

]

iijj

+ 2YqYu

[
O

(1)

qu

]

iijj

+ 2YqYd

[
O

(1)

qd

]

iijj

+ 2YqYe [Oqe]
iijj

+ 2YωYu [Oωu]
iijj

+ 2YωYd [Oωd]
iijj

+ 2YωYe [Oωe]
iijj

+ 2YuYd

[
O

(1)

ud

]

iijj

+ 2YuYe [Oeu]
iijj

+ 2YdYe [Oed]
iijj

]

where g
↓
↑ SM U(1)Y gauge coupling, Yf ↑ f hypercharge.



Higgs Portal Spectral Density Lorentz Transformation

ε(k) transforms as a scalar under Lorentz transformations. Consider
ε(k↓), where k

↓µ = %µ
εk

ε . Then,

ε(k↓) =
∑

m

(2ϑ)3
ϖ

4(pm ↓ %k) |↗#| OS(0) |m↘|
2

.

where |m↘ = |U(%)n↘. We rewrite this as

ε(k↓) =
∑

n

(2ϑ)3
ϖ

4(pn ↓ k)
↗#| U(%)U→1(%)OS(0)U(%) |n↘

2
.

Under a Lorentz transformation the vacuum state |#↘ and the
operator OS(0) are invariant, so ε(k) = ε(k↓).



Details on Scaling Dimensions (for Higgs Portal)

↭ For 2 ⇐ $S < 3, a counterterm for the Higgs quartic su”ces to
regulate the theory to order ω

2, and the sign of our OH↭ portal
coe”cient φ is una!ected.

↭ For $S > 3, the coe”cient φ of OH↭ is also UV sensitive at
order ω

2 and receives most of its support from unknown UV
physics. It therefore now requires a counterterm, and our
argument that φ > 0 no longer applies.

↭ For $S = 3, φ is only logarithmically divergent and is therefore
expected to receive support from all scales up to some UV cuto!.
We therefore expect that, although a counterterm is still required
to account for the unknown UV physics, φ > 0 in this case as
well.



Regulating the Dispersive Integral 1

Consider OS with definite scaling dimension !S in the UV, so that ⇀(M2)
scales as (M2)!S↓2 for large M

2. For !S → 2 we need to regulate

$F (p2) =
∫ ↔

0

dM
2
⇀(M2) i

p2 ↓ M2 + i⇁
.

For 2 ↑ !S < 3, we may regulate this by noting that the di%erence,

$F (p2) ↓ $F (p2

0) =
∫ ↔

0

dM
2
⇀(M2) i(p2

0 ↓ p
2)

(p2 ↓ M2 + i⇁) (p2

0
↓ M2 + i⇁) ,

is finite in the UV. Here $F (p2

0) is the value of $F (p2) at some reference
o%-shell momentum p

2

0 < 0. We can rewrite this as

$F (p2) = $F (p2

0) +
∫ ↔

0

dM
2
⇀(M2) i(p2

0 ↓ p
2)

(p2 ↓ M2 + i⇁) (p2

0
↓ M2 + i⇁)

where $F (p2

0) is a free parameter that incorporates the unknown UV
physics. Since p

2

0 < 0, the absorptive part of this new expression is the
same as for our original integral.



Regulating the Dispersive Integral 2

For !S → 2, the Higgs portal interaction gives rise to a divergent
contribution to the amplitude for the scattering of Higgs fields, HH ↗ HH

at order λ
2. The corresponding matrix element is of the schematic form,

↘p1, p2|

∫
d

4
xH

†(x)H(x)OS(x)
∫

d
4
yH

†(y)H(y)OS(y)|pA, pB≃ ,

which scales as
$F ([p1 ↓ pA]2) + $F ([p2 ↓ pA]2)

Once $F (p2) has been regulated by the procedure given in the previous
slide, this matrix element is also finite.



Comparison to Conventional Renormalization Schemes

Our procedure is equivalent to a conventional renormalization scheme such
as momentum subtraction. To illustrate this, we write the Higgs quartic
term as the sum of a renormalized parameter and a counterterm (CT),

↓L ⇐ λH(H†
H)2 + δϑH

(H†
H)2

,

where λH is set by the scattering amplitude at reference momenta
(p̂A, p̂B ; p̂1, p̂2) chosen s.t. (p̂A ↓ p̂1)2 = (p̂A ↓ p̂2)2 = p

2

0, where |p
2

0| ⇒ M
2

IR.
With this definition, we have

δϑH
= 2iλ

2$F (p2

0) ,

(neglecting the SM contributions). Then the sum of the contributions to
the amplitude from the interaction in 4 Higgs diagram cancel exactly
against the CT contribution when the incoming and outgoing particles have
the same reference momenta, but sum to a non-zero value for other values
of the external momenta.



Comparison to Conventional Renorm, Cont.

For general incoming and outgoing momenta, the matrix element is
given by

↓iλH ↓ λ
2


$F ([p1 ↓ pA]2) ↓ $F (p2

0)


↓ λ
2


$F ([p2 ↓ pA]2) ↓ $F (p2

0)


This is finite and well-behaved in the UV. For |(p1 ↓ pA)2
| ⇑ M

2

IR, we can
expand out


$F ([p1 ↓ pA]2) ↓ $F (p2

0)


=


$F (0) ↓ $F (p2

0)


+

i

∫ ↔

0

dM
2 ⇀(M2)

M2

(p1 ↓ pA)2

M2
,

and similarly for |(p2 ↓ pA)2
| ⇑ M

2

IR. Comparing to the final form of our
expanded Higgs matrix element, we see that the terms of order p

2
/M

2 are
unchanged by the regulation procedure. It follows from this that the
coe&cient of the operator OH↭ is finite and unaltered by the regulation
procedure for this range of scaling dimensions, and the prediction for its
sign is therefore valid.



Comparison to Conventional Renorm, Cont.

We expanded out


’F ([p1 ↓ pA]2) ↓ ’F (p2

0)


=


’F (0) ↓ ’F (p2
0)


+

i

∫ ↑

0
dM

2 ε(M2)
M2

(p1 ↓ pA)2

M2 ,

and similarly for |(p2 ↓ pA)2
| ⇑ M

2

IR.

In the more general case, OS may not have a definite scaling dimension.
However, it is clear that the same regularization procedure can be applied
provided that ⇀(M2) does not grow any faster than M

2 in the UV.
Therefore, if this condition holds, the prediction for the sign of the
coe&cient of the operator OH↭ is valid.

We can also see that for !S → 3, our integral is still UV divergent after the
renormalization procedure outlined and additional regulation is needed.



The ”S ⇒ 3 Case

For 3 ↑ !S < 4, we note that the di%erence


$F (p2
) → $F (p2

0
) → $

↑
F

(p2

0
)

[
p2

→ p2

0

]
=

∫ ↔

0

dM2ϖ(M2
)

i(p2

0
→ p2

)
2

(p2 → M2 + iϱ)

(
p2

0
→ M2 + iϱ

)
2

is finite. This can be rewritten as an expression for $F (p2),

$F (p2
) = $F (p2

0
) + $

↑
F

(p2

0
)

[
p2

→ p2

0

]

+

∫ ↔

0

dM2ϖ(M2
)

i(p2

0
→ p2

)
2

(p2 → M2 + iϱ)

(
p2

0
→ M2 + iϱ

)
2

.

Here $F (p2

0) and and $↑
F (p2

0) are free parameters that incorporate the
unknown UV physics. Again the absorptive part of our expression is
una%ected by the regularization procedure.



The ”S ⇒ 3 Case Cont.

↭ In a renormalization scheme based on momentum subtraction, we
will now require counterterms corresponding to both (H†

H)2 and
(H†

H)↼2(H†
H) related to the parameters ’F (p2

0) and ’↓
F

(p2
0),

respectively.
↭ Since a counterterm is now required for the operator

(H†
H)↼2(H†

H), the prediction for the sign of its coe”cient is no
longer valid, except for the special case of $S = 3, when the
remaining divergence is only logarithmic.
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