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Collider Exploration
(so far)

Energy frontier (13 TeV)

BSM resonance

Focus: Search for new light particles  



(from now)

intensity  
frontier

Focus: Standard Model Precision Tests

on SM resonance

(2035: 3000 fb-1)

Collider Exploration
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(from now)

intensity  
frontier

Focus: Standard Model Precision Tests

on SM resonance

(2035: 3000 fb-1)

Collider Exploration
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Experimentally: Larger couplings      more visible effects

Theoretically: strong coupling     radical departures from SM
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Couplings
Higgs

Transverse Vectors

Transverse Vectors => High Energy

Outline: - No Interference and Resurrections (WW,WZ,WƔ) 
- 8: before 6 (ZZ,ZƔ)
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� / |Amp|2 ' SM2(1 + �BSM + �2BSM )

Leading for
1 � �BSM

�BSM = c
E2

M2

�BSM � �2BSM

Small effects 
->smaller
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Non-Interference

Any BSM 
dim-6 operator

(2->2,high-E,tree-level)
Azatov,Contino,Machado,FR’16

SM

he
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ty

Different helicity

No-Interference

Poor Measurement

Small in inclusive xsec

For          states have well defined helicity 
Amplitudes for 2➙2 with different total h don’t interfere

E � mW

(See Wulzer’s talk)



WW, WZ, WƔ and their resurrection



Interference Resurrection

WT

(W,Z, �)T

f

f̄

g⇤
M2

✏abcW
a ⌫
µ W b

⌫⇢W
c ⇢µ

g⇤
M2

✏abcW
a ⌫
µ W b

⌫⇢W
c ⇢µfW

CP-even
CP-odd

Focus on dibosons, with these operators that 
do not interfere with the SM
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Duncan,Kane,Repko’86
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Differential measurements WƔ

No (leptonic) 
Branching Ratio

W�

IntCP =

IntCP/ =

Panico,FR,Wulzer’17,

Hagiwara,Peccei,Zeppenfeld,Hikasa’86

Duncan,Kane,Repko’86



Differential measurements WƔ

No (leptonic) 
Branching Ratio

W�

IntCP =

IntCP/ =

Differential azimuthal distributions = SM-BSM interference

Panico,FR,Wulzer’17,

Hagiwara,Peccei,Zeppenfeld,Hikasa’86

Duncan,Kane,Repko’86



Azimuthal Angle… in reality
Neutrino: from missing energy + reconstruct W mass
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See also Azatov, Elias-Miro,  Reyimuaji, Venturini’17
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What is being looked for so far: nTGC

the generation of such couplings is also presented. We then give the corresponding NP
contributions to the helicity amplitudes for the f f̄ → ZZ, Zγ processes. Our conventions
are fully defined by the expressions for the SM parts of the amplitudes that we give
in Appendix A. The expressions of the observables (cross sections and asymmetries) at
the various colliders are given in Appendix B. In Section 3 we give explicit illustrations
showing how the observables react to each of the anomalous couplings, in particular
the interference patterns for the case of CP-conserving couplings. We emphasize the
special role that longitudinal polarization would play at the LC Collider, for disentangling
photon and Z anomalous couplings. We also devote a special attention to the way these
anomalous effects would be analyzed at hadron Colliders and the respective merits of
transverse momentum, invariant mass and c.m. scattering angle distributions. Finally we
summarize our observations and suggestions in Sect.4 .

2 Description of anomalous neutral boson couplings

Assuming only Lorentz and U(1)em gauge invariance as well as Bose statistics, the most
general form of the V1V2V3 vertex function defined in Fig.1, where V1, V2 are on shell
neutral gauge bosons, while (V3 = Z , γ) is in general off-shell but always coupled to a
conserved current, has been given in2 [2]

Γαβµ
ZZV (q1, q2, P ) =

i(P 2 − m2
V )

m2
Z

[
fV

4 (P αgµβ + P βgµα) − fV
5 ϵµαβρ(q1 − q2)ρ

]
, (1)

Γαβµ
ZγV (q1, q2, P ) =

i(P 2 − m2
V )

m2
Z

{
hV

1 (qµ
2 gαβ − qα

2 gµβ) +
hV

2

m2
Z

P α[(Pq2)g
µβ − qµ

2 P β]

− hV
3 ϵµαβρq2ρ −

hV
4

m2
Z

P αϵµβρσPρq2σ

}
. (2)

Compared to [2], we have introduced in (2) an additional factor i in order for the
related effective New Physics (NP) Lagrangian to be hermitian. Of course, the choice of
the sign of this factor is a convention.

The effective Lagrangian generating the vertices (1, 2) is3

LNP =
e

m2
Z

[
− [fγ

4 (∂µF µβ) + fZ
4 (∂µZ

µβ)]Zα(∂αZβ) + [fγ
5 (∂σFσµ) + fZ

5 (∂σZσµ)]Z̃µβZβ

− [hγ
1(∂

σFσµ) + hZ
1 (∂σZσµ)]ZβF

µβ − [hγ
3(∂σF σρ) + hZ

3 (∂σZ
σρ)]ZαF̃ρα

−
{

hγ
2

m2
Z

[∂α∂β∂
ρFρµ] +

hZ
2

m2
Z

[∂α∂β(! + m2
Z)Zµ]

}
ZαF µβ

+

{
hγ

4

2m2
Z

[!∂σF ρα] +
hZ

4

2m2
Z

[(! + m2
Z)∂σZρα]

}
ZσF̃ρα

]
, (3)

2We define ϵ0123 = +1.
3Some specific terms of this Lagrangian have been considered in [16].

4

Anomalous Couplings EFT
This is very interesting because, even in a completely model-independent approach, the am-

plitudes for processes with neutral gauge boson final states are not modified at the level of

dimension-6 operators; experimental constraints from ZZ final states are at present already

derived in terms of dimension-8 operators of the form iH†
$
DµHD⌫B⌫⇢Bµ⇢. This kind of op-

erators are typically subleading in theories without symmetries and therefore these type of

searches have received so far little attention. Pseudo-Goldstini o↵er instead a context where

all dimension-6 operators are naturally suppressed by symmetries and dimension-8 e↵ects are

naturally leading, so that these searches could play the most important rôle.

Another reason why the operators we propose in this article are interesting is the following.

Currently the entire new physics parametrization of neutral diboson final states, see Ref. [58],

only induces final states with one longitudinal and one transverse vector.22 The corresponding

amplitudes decrease at high energy as 1/E compared to the amplitudes for TT or LL final

states, and is therefore typically subdominant. Instead, the e↵ects we advocate here modify

all TT and LL amplitudes (including the one with (+,�) helicity that dominates in the SM)

which, beside being more generic, will also be easier to find.

In summary, SM fermions as pseudo-Goldstini provide the first structurally motivated

scenario where processes with neutral gauge boson pair production can be used as valuable

BSM search tools. Importantly their parametrization departs from that traditionally adopted

in these searches, and involves a richer variety of phenomena with enhanced high-energy

behavior and larger SM-BSM interference. We leave this for future work.

6 Phenomenology of the new colored states

In section 3, we have found that models with all quarks as pseudo-Goldstini and maximal

R-symmetry require the existence of new exotic colored particles and their extra (non-SM

fermions and not pseudo-Goldstini) partners. Their quantum numbers under the gauge and

flavor symmetries U(1)Y ⇥ SU(2)L ⇥ SU(3)C ⇥ SU(3)F lav

u
⇥ SU(3)F lav

d
are

XXX� 2
3
= (1,6,3,1)� 2

3
, XXX 1

3
= (1,6,1,3) 1

3
, YYY 2

3
= (1,6⇤,3⇤,1) 2

3
, YYY � 1

3
= (1,6⇤,1,3⇤)� 1

3

(65)

They have the same quantum numbers as uc and dc except they transform as a 6 of SU(3)C .

Their Dirac masses m62/3,1/3
are naturally small, as they break SUSY explicitly, see Eq. (47).

In the following we will always omit the hypercharge of X and Y , being always understood

its value from the coupling to the SM quarks.

22This is due to Ref. [58] providing a parametrization for anomalous neutral triple gauge couplings that
limit the process to take place through the s-wave, which forbids in this case identical bosons in the final
state; in our case higher waves are allowed and di↵erent final states open.
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are fully defined by the expressions for the SM parts of the amplitudes that we give
in Appendix A. The expressions of the observables (cross sections and asymmetries) at
the various colliders are given in Appendix B. In Section 3 we give explicit illustrations
showing how the observables react to each of the anomalous couplings, in particular
the interference patterns for the case of CP-conserving couplings. We emphasize the
special role that longitudinal polarization would play at the LC Collider, for disentangling
photon and Z anomalous couplings. We also devote a special attention to the way these
anomalous effects would be analyzed at hadron Colliders and the respective merits of
transverse momentum, invariant mass and c.m. scattering angle distributions. Finally we
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only induces final states with one longitudinal and one transverse vector.22 The corresponding

amplitudes decrease at high energy as 1/E compared to the amplitudes for TT or LL final

states, and is therefore typically subdominant. Instead, the e↵ects we advocate here modify

all TT and LL amplitudes (including the one with (+,�) helicity that dominates in the SM)

which, beside being more generic, will also be easier to find.

In summary, SM fermions as pseudo-Goldstini provide the first structurally motivated

scenario where processes with neutral gauge boson pair production can be used as valuable

BSM search tools. Importantly their parametrization departs from that traditionally adopted

in these searches, and involves a richer variety of phenomena with enhanced high-energy

behavior and larger SM-BSM interference. We leave this for future work.
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In section 3, we have found that models with all quarks as pseudo-Goldstini and maximal
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They have the same quantum numbers as uc and dc except they transform as a 6 of SU(3)C .

Their Dirac masses m62/3,1/3
are naturally small, as they break SUSY explicitly, see Eq. (47).

In the following we will always omit the hypercharge of X and Y , being always understood

its value from the coupling to the SM quarks.

22This is due to Ref. [58] providing a parametrization for anomalous neutral triple gauge couplings that
limit the process to take place through the s-wave, which forbids in this case identical bosons in the final
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the generation of such couplings is also presented. We then give the corresponding NP
contributions to the helicity amplitudes for the f f̄ → ZZ, Zγ processes. Our conventions
are fully defined by the expressions for the SM parts of the amplitudes that we give
in Appendix A. The expressions of the observables (cross sections and asymmetries) at
the various colliders are given in Appendix B. In Section 3 we give explicit illustrations
showing how the observables react to each of the anomalous couplings, in particular
the interference patterns for the case of CP-conserving couplings. We emphasize the
special role that longitudinal polarization would play at the LC Collider, for disentangling
photon and Z anomalous couplings. We also devote a special attention to the way these
anomalous effects would be analyzed at hadron Colliders and the respective merits of
transverse momentum, invariant mass and c.m. scattering angle distributions. Finally we
summarize our observations and suggestions in Sect.4 .

2 Description of anomalous neutral boson couplings

Assuming only Lorentz and U(1)em gauge invariance as well as Bose statistics, the most
general form of the V1V2V3 vertex function defined in Fig.1, where V1, V2 are on shell
neutral gauge bosons, while (V3 = Z , γ) is in general off-shell but always coupled to a
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related effective New Physics (NP) Lagrangian to be hermitian. Of course, the choice of
the sign of this factor is a convention.
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They have the same quantum numbers as uc and dc except they transform as a 6 of SU(3)C .

Their Dirac masses m62/3,1/3
are naturally small, as they break SUSY explicitly, see Eq. (47).

In the following we will always omit the hypercharge of X and Y , being always understood

its value from the coupling to the SM quarks.
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the generation of such couplings is also presented. We then give the corresponding NP
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are fully defined by the expressions for the SM parts of the amplitudes that we give
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showing how the observables react to each of the anomalous couplings, in particular
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The effective Lagrangian generating the vertices (1, 2) is3

LNP =
e

m2
Z

[
− [fγ

4 (∂µF µβ) + fZ
4 (∂µZ

µβ)]Zα(∂αZβ) + [fγ
5 (∂σFσµ) + fZ

5 (∂σZσµ)]Z̃µβZβ

− [hγ
1(∂

σFσµ) + hZ
1 (∂σZσµ)]ZβF

µβ − [hγ
3(∂σF σρ) + hZ

3 (∂σZ
σρ)]ZαF̃ρα

−
{

hγ
2

m2
Z

[∂α∂β∂
ρFρµ] +

hZ
2

m2
Z

[∂α∂β(! + m2
Z)Zµ]

}
ZαF µβ

+

{
hγ

4

2m2
Z

[!∂σF ρα] +
hZ

4

2m2
Z

[(! + m2
Z)∂σZρα]

}
ZσF̃ρα

]
, (3)

2We define ϵ0123 = +1.
3Some specific terms of this Lagrangian have been considered in [16].

4

Anomalous Couplings EFT
This is very interesting because, even in a completely model-independent approach, the am-

plitudes for processes with neutral gauge boson final states are not modified at the level of

dimension-6 operators; experimental constraints from ZZ final states are at present already

derived in terms of dimension-8 operators of the form iH†
$
DµHD⌫B⌫⇢Bµ⇢. This kind of op-

erators are typically subleading in theories without symmetries and therefore these type of

searches have received so far little attention. Pseudo-Goldstini o↵er instead a context where

all dimension-6 operators are naturally suppressed by symmetries and dimension-8 e↵ects are

naturally leading, so that these searches could play the most important rôle.

Another reason why the operators we propose in this article are interesting is the following.

Currently the entire new physics parametrization of neutral diboson final states, see Ref. [58],

only induces final states with one longitudinal and one transverse vector.22 The corresponding

amplitudes decrease at high energy as 1/E compared to the amplitudes for TT or LL final

states, and is therefore typically subdominant. Instead, the e↵ects we advocate here modify

all TT and LL amplitudes (including the one with (+,�) helicity that dominates in the SM)

which, beside being more generic, will also be easier to find.

In summary, SM fermions as pseudo-Goldstini provide the first structurally motivated

scenario where processes with neutral gauge boson pair production can be used as valuable

BSM search tools. Importantly their parametrization departs from that traditionally adopted

in these searches, and involves a richer variety of phenomena with enhanced high-energy

behavior and larger SM-BSM interference. We leave this for future work.

6 Phenomenology of the new colored states

In section 3, we have found that models with all quarks as pseudo-Goldstini and maximal

R-symmetry require the existence of new exotic colored particles and their extra (non-SM

fermions and not pseudo-Goldstini) partners. Their quantum numbers under the gauge and

flavor symmetries U(1)Y ⇥ SU(2)L ⇥ SU(3)C ⇥ SU(3)F lav

u
⇥ SU(3)F lav

d
are

XXX� 2
3
= (1,6,3,1)� 2

3
, XXX 1

3
= (1,6,1,3) 1

3
, YYY 2

3
= (1,6⇤,3⇤,1) 2

3
, YYY � 1

3
= (1,6⇤,1,3⇤)� 1

3

(65)

They have the same quantum numbers as uc and dc except they transform as a 6 of SU(3)C .

Their Dirac masses m62/3,1/3
are naturally small, as they break SUSY explicitly, see Eq. (47).

In the following we will always omit the hypercharge of X and Y , being always understood

its value from the coupling to the SM quarks.

22This is due to Ref. [58] providing a parametrization for anomalous neutral triple gauge couplings that
limit the process to take place through the s-wave, which forbids in this case identical bosons in the final
state; in our case higher waves are allowed and di↵erent final states open.

28
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⇤4

Dimension-8 effect:Why shall we look at dim>6?

Modifies only the LT amplitude:
At high-Energy, every amplitude with odd number of L 
is suppressed by mZ/E     not maximally growing!

(longitudinal+Transverse)

Contributes to +0/-0 helicity, while SM mainly in +- 
nTGC don’t modify the majority of the process
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When do dimension-8 make sense?

But only for weak coupling: Loops generate dim-6!

Symmetries or selection rules can give C6<<C8

Massive spin-2 (KK graviton)

4

now discuss with two examples.
A first situation that leads to dimension-8 effects

that are larger than dimension-6 ones, is the tree-level
exchange of weakly-coupled massive spin-2 resonances,
such as graviton Kaluza-Klein excitations in models with
extra-dimensions [19–21]. The massive graviton inter-
acts (like its massless version) with the stress-energy ten-
sor Tµ⌫ ; its Lagrangian is

Lg = �
m2

g

2
hµ⌫Pµ⌫⇢�h

⇢�
�

1

M̄p

hµ⌫Tµ⌫ (12)

with Pµ⌫⇢� = (⌘µ⇢⌘⌫�+⌘µ�⌘⌫⇢)/2�⌘µ⌫⌘⇢�/3+· · · , which
is equivalent to the propagator expanded at leading order
in momentum over the spin-2 mass p/mg, and M̄p the
reduced Planck mass in the extra dimension. Integrating
out h one finds at leading order in 1/mg

L
eff

g
=

1

2m2
g
M̄2

p

[(Tµ⌫Tµ⌫)�
1

3
(Tµ

µ
)2] + · · · . (13)

The second piece only leads to effects with off-shell
fermions and is not relevant for our discussion (in fact,
via a field redefinition, it can be written as a dimension-
10 effect), while the first one leads to

c H = c B = c W =
m2

g

M̄2
p

(14)

with ⇤ = mg, in addition to a number of other d = 8
operators involving four fermions, vectors or scalars [19].

We have illustrated a model that singles out d = 8 op-
erators, and in particular the ones proposed in this note.
This holds only in the limit where mg is much lighter than
other BSM resonances, and moreover is weakly coupled,
meaning that the relevant coupling at the scale mg is
⌧ 4⇡.5 Indeed for strong coupling, graviton loops gener-
ate d = 6 effects [22] and, moreover, one expects a richer
spectrum of states at the cut-off.

Symmetries provide instead a more robust context to
study the relevance of d = 8 effects, that can also hold
in the strongly coupled limit. Consider for instance a
real scalar field �, Nambu-Goldstone boson of a U(1)
symmetry, spontaneously broken at the physical scale
⇤. The U(1) symmetry translates into a shift symmetry
� ! � + ↵ (↵ a global U(1) phase) which implies that
the effective Lagrangian respecting this (non-linearly re-
alized) symmetry can only involve powers of @�:

L
eff

�
=

1

2
@µ�@

µ�+
c�
⇤4

(@µ�@
µ�)2 + · · · (15)

Clearly, in this theory it is natural that the leading in-
teractions are dimension-8, a statement that is indepen-
dent on the coupling strength in the microscopic theory,

5 Notice that most LHC processes are at present tested with large
statistical uncertainty at high-energy, aiming at deviations from
the SM which are larger than O(1): in this situation, a consistent
EFT interpretation is possible only if the underlying theory is
coupled more strongly than the SM [3]. This suggest a sizeable
window of parameters where these models are represented by a
d = 8 EFT and are consistently testable.

since the symmetry always protects against the gener-
ation of d = 6 terms. This remains true even if the
U(1) symmetry is only approximate, broken explicitly
by small parameters, such as a mass term m2

�
�2/2, with

m� ⌧ ⇤. In this situation, dimension-6 operators (such
as (@µ|�|2)2) will be generated, but we can expect their
coefficients to be small and controlled by the small pa-
rameter m2

�
/⇤2

⌧ 1.
The very same reasoning has been applied to the SM

fields in Refs. [1, 2, 23]. In particular Refs. [2] discusses
the analog of the �! �+↵ shift-symmetry in the context
of fermions: non-linearly realized extended supersymme-
try. If the SM fermions are (pseudo)-Goldstini of sponta-
neously broken (SB) supersymmetry, then their leading
interactions arise indeed at d = 8 and provide an exam-
ple where dimension-8 effects can be well motivated from
a BSM perspective.

The low-energy physics of Pseudo-Goldstini can be
captured by an effective theory for SB space-time sym-
metries so that the main couplings between Pseudo-
Goldstini � and matter, arise effectively as a distortion
of the effective metric perceived by matter fields in the
SB background,

gµ⌫ = ⌘µ⌫+
1

2F 2
(i�̄�µ@⌫�+ i�̄�⌫@µ�+ h.c.)+. . . (16)

where F is the supersymmetry breaking scale. In
this context, if the SM fermions are pseudo-Goldstini
 = �, then the kinetic term for Higgs DµH†D⌫Hgµ⌫

leads to Eq. (7), while the V = W,B kinetic terms
�1/4V A

µ⌫
V A

⇢�
gµ⇢g⌫� lead to the interactions of Eqs. (5,6),

with

c H = c B = c W =
⇤4

F 2
, (17)

with ⇤ the mass of the other supersymmetric particles.
The complete set of (approximate) symmetries that

can lead to c(8) � c(6) has been discussed in Refs. [1, 2]:
while non-linear SUSY can protect Eqs. (7-6), there is
no known analog for other operators entering diboson
pair-production. This puts the operators Eqs. (7-6) on a
privileged ground, also from a BSM perspective.

V. POSITIVITY CONSTRAINTS AND BEYOND

Dispersion relations, following from the fundamental
principles of causality (analyticity), locality (Froissart
bound [24, 25]), and crossing symmetry, imply relations
between low-energies (IR), where LHC experiments are
performed, and high-energies (UV), where the SM and
the effects Eqs. (7-9) are completed into a microscopic
unitary theory. This implies strict positivity constraints
for the coefficient of the s2 term in the Taylor expansion
of elastic scattering amplitudes at t, s ! 0,

@2A/@s2|s,t=0 > 0 . (18)
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A first situation that leads to dimension-8 effects

that are larger than dimension-6 ones, is the tree-level
exchange of weakly-coupled massive spin-2 resonances,
such as graviton Kaluza-Klein excitations in models with
extra-dimensions [19–21]. The massive graviton inter-
acts (like its massless version) with the stress-energy ten-
sor Tµ⌫ ; its Lagrangian is
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with Pµ⌫⇢� = (⌘µ⇢⌘⌫�+⌘µ�⌘⌫⇢)/2�⌘µ⌫⌘⇢�/3+· · · , which
is equivalent to the propagator expanded at leading order
in momentum over the spin-2 mass p/mg, and M̄p the
reduced Planck mass in the extra dimension. Integrating
out h one finds at leading order in 1/mg

L
eff
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=
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2m2
g
M̄2

p

[(Tµ⌫Tµ⌫)�
1

3
(Tµ

µ
)2] + · · · . (13)

The second piece only leads to effects with off-shell
fermions and is not relevant for our discussion (in fact,
via a field redefinition, it can be written as a dimension-
10 effect), while the first one leads to

c H = c B = c W =
m2

g

M̄2
p

(14)

with ⇤ = mg, in addition to a number of other d = 8
operators involving four fermions, vectors or scalars [19].

We have illustrated a model that singles out d = 8 op-
erators, and in particular the ones proposed in this note.
This holds only in the limit where mg is much lighter than
other BSM resonances, and moreover is weakly coupled,
meaning that the relevant coupling at the scale mg is
⌧ 4⇡.5 Indeed for strong coupling, graviton loops gener-
ate d = 6 effects [22] and, moreover, one expects a richer
spectrum of states at the cut-off.

Symmetries provide instead a more robust context to
study the relevance of d = 8 effects, that can also hold
in the strongly coupled limit. Consider for instance a
real scalar field �, Nambu-Goldstone boson of a U(1)
symmetry, spontaneously broken at the physical scale
⇤. The U(1) symmetry translates into a shift symmetry
� ! � + ↵ (↵ a global U(1) phase) which implies that
the effective Lagrangian respecting this (non-linearly re-
alized) symmetry can only involve powers of @�:

L
eff
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µ�+
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(@µ�@
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Clearly, in this theory it is natural that the leading in-
teractions are dimension-8, a statement that is indepen-
dent on the coupling strength in the microscopic theory,

5 Notice that most LHC processes are at present tested with large
statistical uncertainty at high-energy, aiming at deviations from
the SM which are larger than O(1): in this situation, a consistent
EFT interpretation is possible only if the underlying theory is
coupled more strongly than the SM [3]. This suggest a sizeable
window of parameters where these models are represented by a
d = 8 EFT and are consistently testable.

since the symmetry always protects against the gener-
ation of d = 6 terms. This remains true even if the
U(1) symmetry is only approximate, broken explicitly
by small parameters, such as a mass term m2

�
�2/2, with

m� ⌧ ⇤. In this situation, dimension-6 operators (such
as (@µ|�|2)2) will be generated, but we can expect their
coefficients to be small and controlled by the small pa-
rameter m2

�
/⇤2

⌧ 1.
The very same reasoning has been applied to the SM

fields in Refs. [1, 2, 23]. In particular Refs. [2] discusses
the analog of the �! �+↵ shift-symmetry in the context
of fermions: non-linearly realized extended supersymme-
try. If the SM fermions are (pseudo)-Goldstini of sponta-
neously broken (SB) supersymmetry, then their leading
interactions arise indeed at d = 8 and provide an exam-
ple where dimension-8 effects can be well motivated from
a BSM perspective.

The low-energy physics of Pseudo-Goldstini can be
captured by an effective theory for SB space-time sym-
metries so that the main couplings between Pseudo-
Goldstini � and matter, arise effectively as a distortion
of the effective metric perceived by matter fields in the
SB background,

gµ⌫ = ⌘µ⌫+
1

2F 2
(i�̄�µ@⌫�+ i�̄�⌫@µ�+ h.c.)+. . . (16)

where F is the supersymmetry breaking scale. In
this context, if the SM fermions are pseudo-Goldstini
 = �, then the kinetic term for Higgs DµH†D⌫Hgµ⌫

leads to Eq. (7), while the V = W,B kinetic terms
�1/4V A

µ⌫
V A

⇢�
gµ⇢g⌫� lead to the interactions of Eqs. (5,6),

with

c H = c B = c W =
⇤4

F 2
, (17)

with ⇤ the mass of the other supersymmetric particles.
The complete set of (approximate) symmetries that

can lead to c(8) � c(6) has been discussed in Refs. [1, 2]:
while non-linear SUSY can protect Eqs. (7-6), there is
no known analog for other operators entering diboson
pair-production. This puts the operators Eqs. (7-6) on a
privileged ground, also from a BSM perspective.

V. POSITIVITY CONSTRAINTS AND BEYOND

Dispersion relations, following from the fundamental
principles of causality (analyticity), locality (Froissart
bound [24, 25]), and crossing symmetry, imply relations
between low-energies (IR), where LHC experiments are
performed, and high-energies (UV), where the SM and
the effects Eqs. (7-9) are completed into a microscopic
unitary theory. This implies strict positivity constraints
for the coefficient of the s2 term in the Taylor expansion
of elastic scattering amplitudes at t, s ! 0,

@2A/@s2|s,t=0 > 0 . (18)
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When do dimension-8 make sense?

But only for weak coupling: Loops generate dim-6!

Symmetries or selection rules can give C6<<C8

Massive spin-2 (KK graviton)
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now discuss with two examples.
A first situation that leads to dimension-8 effects

that are larger than dimension-6 ones, is the tree-level
exchange of weakly-coupled massive spin-2 resonances,
such as graviton Kaluza-Klein excitations in models with
extra-dimensions [19–21]. The massive graviton inter-
acts (like its massless version) with the stress-energy ten-
sor Tµ⌫ ; its Lagrangian is
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with Pµ⌫⇢� = (⌘µ⇢⌘⌫�+⌘µ�⌘⌫⇢)/2�⌘µ⌫⌘⇢�/3+· · · , which
is equivalent to the propagator expanded at leading order
in momentum over the spin-2 mass p/mg, and M̄p the
reduced Planck mass in the extra dimension. Integrating
out h one finds at leading order in 1/mg
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The second piece only leads to effects with off-shell
fermions and is not relevant for our discussion (in fact,
via a field redefinition, it can be written as a dimension-
10 effect), while the first one leads to
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m2
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M̄2
p

(14)

with ⇤ = mg, in addition to a number of other d = 8
operators involving four fermions, vectors or scalars [19].

We have illustrated a model that singles out d = 8 op-
erators, and in particular the ones proposed in this note.
This holds only in the limit where mg is much lighter than
other BSM resonances, and moreover is weakly coupled,
meaning that the relevant coupling at the scale mg is
⌧ 4⇡.5 Indeed for strong coupling, graviton loops gener-
ate d = 6 effects [22] and, moreover, one expects a richer
spectrum of states at the cut-off.

Symmetries provide instead a more robust context to
study the relevance of d = 8 effects, that can also hold
in the strongly coupled limit. Consider for instance a
real scalar field �, Nambu-Goldstone boson of a U(1)
symmetry, spontaneously broken at the physical scale
⇤. The U(1) symmetry translates into a shift symmetry
� ! � + ↵ (↵ a global U(1) phase) which implies that
the effective Lagrangian respecting this (non-linearly re-
alized) symmetry can only involve powers of @�:
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Clearly, in this theory it is natural that the leading in-
teractions are dimension-8, a statement that is indepen-
dent on the coupling strength in the microscopic theory,

5 Notice that most LHC processes are at present tested with large
statistical uncertainty at high-energy, aiming at deviations from
the SM which are larger than O(1): in this situation, a consistent
EFT interpretation is possible only if the underlying theory is
coupled more strongly than the SM [3]. This suggest a sizeable
window of parameters where these models are represented by a
d = 8 EFT and are consistently testable.

since the symmetry always protects against the gener-
ation of d = 6 terms. This remains true even if the
U(1) symmetry is only approximate, broken explicitly
by small parameters, such as a mass term m2

�
�2/2, with

m� ⌧ ⇤. In this situation, dimension-6 operators (such
as (@µ|�|2)2) will be generated, but we can expect their
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fields in Refs. [1, 2, 23]. In particular Refs. [2] discusses
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of fermions: non-linearly realized extended supersymme-
try. If the SM fermions are (pseudo)-Goldstini of sponta-
neously broken (SB) supersymmetry, then their leading
interactions arise indeed at d = 8 and provide an exam-
ple where dimension-8 effects can be well motivated from
a BSM perspective.

The low-energy physics of Pseudo-Goldstini can be
captured by an effective theory for SB space-time sym-
metries so that the main couplings between Pseudo-
Goldstini � and matter, arise effectively as a distortion
of the effective metric perceived by matter fields in the
SB background,
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where F is the supersymmetry breaking scale. In
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 = �, then the kinetic term for Higgs DµH†D⌫Hgµ⌫
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⇢�
gµ⇢g⌫� lead to the interactions of Eqs. (5,6),
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c H = c B = c W =
⇤4

F 2
, (17)

with ⇤ the mass of the other supersymmetric particles.
The complete set of (approximate) symmetries that

can lead to c(8) � c(6) has been discussed in Refs. [1, 2]:
while non-linear SUSY can protect Eqs. (7-6), there is
no known analog for other operators entering diboson
pair-production. This puts the operators Eqs. (7-6) on a
privileged ground, also from a BSM perspective.
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The complete set of (approximate) symmetries that

can lead to c(8) � c(6) has been discussed in Refs. [1, 2]:
while non-linear SUSY can protect Eqs. (7-6), there is
no known analog for other operators entering diboson
pair-production. This puts the operators Eqs. (7-6) on a
privileged ground, also from a BSM perspective.

V. POSITIVITY CONSTRAINTS AND BEYOND

Dispersion relations, following from the fundamental
principles of causality (analyticity), locality (Froissart
bound [24, 25]), and crossing symmetry, imply relations
between low-energies (IR), where LHC experiments are
performed, and high-energies (UV), where the SM and
the effects Eqs. (7-9) are completed into a microscopic
unitary theory. This implies strict positivity constraints
for the coefficient of the s2 term in the Taylor expansion
of elastic scattering amplitudes at t, s ! 0,

@2A/@s2|s,t=0 > 0 . (18)
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When do dimension-8 make sense?

But only for weak coupling: Loops generate dim-6!

Symmetries or selection rules can give C6<<C8

Massive spin-2 (KK graviton)

4

now discuss with two examples.
A first situation that leads to dimension-8 effects

that are larger than dimension-6 ones, is the tree-level
exchange of weakly-coupled massive spin-2 resonances,
such as graviton Kaluza-Klein excitations in models with
extra-dimensions [19–21]. The massive graviton inter-
acts (like its massless version) with the stress-energy ten-
sor Tµ⌫ ; its Lagrangian is

Lg = �
m2

g

2
hµ⌫Pµ⌫⇢�h

⇢�
�

1

M̄p

hµ⌫Tµ⌫ (12)

with Pµ⌫⇢� = (⌘µ⇢⌘⌫�+⌘µ�⌘⌫⇢)/2�⌘µ⌫⌘⇢�/3+· · · , which
is equivalent to the propagator expanded at leading order
in momentum over the spin-2 mass p/mg, and M̄p the
reduced Planck mass in the extra dimension. Integrating
out h one finds at leading order in 1/mg

L
eff

g
=

1

2m2
g
M̄2

p

[(Tµ⌫Tµ⌫)�
1

3
(Tµ

µ
)2] + · · · . (13)

The second piece only leads to effects with off-shell
fermions and is not relevant for our discussion (in fact,
via a field redefinition, it can be written as a dimension-
10 effect), while the first one leads to

c H = c B = c W =
m2

g

M̄2
p

(14)

with ⇤ = mg, in addition to a number of other d = 8
operators involving four fermions, vectors or scalars [19].

We have illustrated a model that singles out d = 8 op-
erators, and in particular the ones proposed in this note.
This holds only in the limit where mg is much lighter than
other BSM resonances, and moreover is weakly coupled,
meaning that the relevant coupling at the scale mg is
⌧ 4⇡.5 Indeed for strong coupling, graviton loops gener-
ate d = 6 effects [22] and, moreover, one expects a richer
spectrum of states at the cut-off.

Symmetries provide instead a more robust context to
study the relevance of d = 8 effects, that can also hold
in the strongly coupled limit. Consider for instance a
real scalar field �, Nambu-Goldstone boson of a U(1)
symmetry, spontaneously broken at the physical scale
⇤. The U(1) symmetry translates into a shift symmetry
� ! � + ↵ (↵ a global U(1) phase) which implies that
the effective Lagrangian respecting this (non-linearly re-
alized) symmetry can only involve powers of @�:

L
eff

�
=

1

2
@µ�@

µ�+
c�
⇤4

(@µ�@
µ�)2 + · · · (15)

Clearly, in this theory it is natural that the leading in-
teractions are dimension-8, a statement that is indepen-
dent on the coupling strength in the microscopic theory,

5 Notice that most LHC processes are at present tested with large
statistical uncertainty at high-energy, aiming at deviations from
the SM which are larger than O(1): in this situation, a consistent
EFT interpretation is possible only if the underlying theory is
coupled more strongly than the SM [3]. This suggest a sizeable
window of parameters where these models are represented by a
d = 8 EFT and are consistently testable.

since the symmetry always protects against the gener-
ation of d = 6 terms. This remains true even if the
U(1) symmetry is only approximate, broken explicitly
by small parameters, such as a mass term m2

�
�2/2, with

m� ⌧ ⇤. In this situation, dimension-6 operators (such
as (@µ|�|2)2) will be generated, but we can expect their
coefficients to be small and controlled by the small pa-
rameter m2

�
/⇤2

⌧ 1.
The very same reasoning has been applied to the SM

fields in Refs. [1, 2, 23]. In particular Refs. [2] discusses
the analog of the �! �+↵ shift-symmetry in the context
of fermions: non-linearly realized extended supersymme-
try. If the SM fermions are (pseudo)-Goldstini of sponta-
neously broken (SB) supersymmetry, then their leading
interactions arise indeed at d = 8 and provide an exam-
ple where dimension-8 effects can be well motivated from
a BSM perspective.

The low-energy physics of Pseudo-Goldstini can be
captured by an effective theory for SB space-time sym-
metries so that the main couplings between Pseudo-
Goldstini � and matter, arise effectively as a distortion
of the effective metric perceived by matter fields in the
SB background,

gµ⌫ = ⌘µ⌫+
1

2F 2
(i�̄�µ@⌫�+ i�̄�⌫@µ�+ h.c.)+. . . (16)

where F is the supersymmetry breaking scale. In
this context, if the SM fermions are pseudo-Goldstini
 = �, then the kinetic term for Higgs DµH†D⌫Hgµ⌫

leads to Eq. (7), while the V = W,B kinetic terms
�1/4V A

µ⌫
V A

⇢�
gµ⇢g⌫� lead to the interactions of Eqs. (5,6),

with

c H = c B = c W =
⇤4

F 2
, (17)

with ⇤ the mass of the other supersymmetric particles.
The complete set of (approximate) symmetries that

can lead to c(8) � c(6) has been discussed in Refs. [1, 2]:
while non-linear SUSY can protect Eqs. (7-6), there is
no known analog for other operators entering diboson
pair-production. This puts the operators Eqs. (7-6) on a
privileged ground, also from a BSM perspective.

V. POSITIVITY CONSTRAINTS AND BEYOND

Dispersion relations, following from the fundamental
principles of causality (analyticity), locality (Froissart
bound [24, 25]), and crossing symmetry, imply relations
between low-energies (IR), where LHC experiments are
performed, and high-energies (UV), where the SM and
the effects Eqs. (7-9) are completed into a microscopic
unitary theory. This implies strict positivity constraints
for the coefficient of the s2 term in the Taylor expansion
of elastic scattering amplitudes at t, s ! 0,

@2A/@s2|s,t=0 > 0 . (18)
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L = (@�)2
<latexit sha1_base64="+oDgRRAa2VoLKMvkWSxlQuzPQzU=">AAACDXicbVC7SgNBFJ31GeNr1UpsBoMQm7AbBG0E0cbCIoJRIRvD3fGaDJndHWbuCrIEP8GvsNXKTmz9Bgv/xd2YQqOnOpxznyfUSlryvA9nYnJqema2NFeeX1hcWnZXVs9tkhqBTZGoxFyGYFHJGJskSeGlNghRqPAi7B8V/sUtGiuT+IzuNLYj6MbyRgqgXOq461kgQPGTwX410GBIggp0T25f1Ttuxat5Q/C/xB+RChuh0XE/g+tEpBHGJBRY2/I9Te2sGCoUDspBalGD6EMXWzmNIULbzoYvDPhWaoESrtFwqfhQxJ8dGUTW3kVhXhkB9ey4V4j/ea2UbvbamYx1ShiLYhFJhcNFVhiZZ4P8WhokguJy5DLmAgwQoZEchMjFNA+rnOfhj3//l5zXa37OT3cqB4ejZEpsg22yKvPZLjtgx6zBmkywe/bIntiz8+C8OK/O23fphDPqWWO/4Lx/ASDPmx4=</latexit><latexit sha1_base64="+oDgRRAa2VoLKMvkWSxlQuzPQzU=">AAACDXicbVC7SgNBFJ31GeNr1UpsBoMQm7AbBG0E0cbCIoJRIRvD3fGaDJndHWbuCrIEP8GvsNXKTmz9Bgv/xd2YQqOnOpxznyfUSlryvA9nYnJqema2NFeeX1hcWnZXVs9tkhqBTZGoxFyGYFHJGJskSeGlNghRqPAi7B8V/sUtGiuT+IzuNLYj6MbyRgqgXOq461kgQPGTwX410GBIggp0T25f1Ttuxat5Q/C/xB+RChuh0XE/g+tEpBHGJBRY2/I9Te2sGCoUDspBalGD6EMXWzmNIULbzoYvDPhWaoESrtFwqfhQxJ8dGUTW3kVhXhkB9ey4V4j/ea2UbvbamYx1ShiLYhFJhcNFVhiZZ4P8WhokguJy5DLmAgwQoZEchMjFNA+rnOfhj3//l5zXa37OT3cqB4ejZEpsg22yKvPZLjtgx6zBmkywe/bIntiz8+C8OK/O23fphDPqWWO/4Lx/ASDPmx4=</latexit><latexit sha1_base64="+oDgRRAa2VoLKMvkWSxlQuzPQzU=">AAACDXicbVC7SgNBFJ31GeNr1UpsBoMQm7AbBG0E0cbCIoJRIRvD3fGaDJndHWbuCrIEP8GvsNXKTmz9Bgv/xd2YQqOnOpxznyfUSlryvA9nYnJqema2NFeeX1hcWnZXVs9tkhqBTZGoxFyGYFHJGJskSeGlNghRqPAi7B8V/sUtGiuT+IzuNLYj6MbyRgqgXOq461kgQPGTwX410GBIggp0T25f1Ttuxat5Q/C/xB+RChuh0XE/g+tEpBHGJBRY2/I9Te2sGCoUDspBalGD6EMXWzmNIULbzoYvDPhWaoESrtFwqfhQxJ8dGUTW3kVhXhkB9ey4V4j/ea2UbvbamYx1ShiLYhFJhcNFVhiZZ4P8WhokguJy5DLmAgwQoZEchMjFNA+rnOfhj3//l5zXa37OT3cqB4ejZEpsg22yKvPZLjtgx6zBmkywe/bIntiz8+C8OK/O23fphDPqWWO/4Lx/ASDPmx4=</latexit><latexit sha1_base64="+oDgRRAa2VoLKMvkWSxlQuzPQzU=">AAACDXicbVC7SgNBFJ31GeNr1UpsBoMQm7AbBG0E0cbCIoJRIRvD3fGaDJndHWbuCrIEP8GvsNXKTmz9Bgv/xd2YQqOnOpxznyfUSlryvA9nYnJqema2NFeeX1hcWnZXVs9tkhqBTZGoxFyGYFHJGJskSeGlNghRqPAi7B8V/sUtGiuT+IzuNLYj6MbyRgqgXOq461kgQPGTwX410GBIggp0T25f1Ttuxat5Q/C/xB+RChuh0XE/g+tEpBHGJBRY2/I9Te2sGCoUDspBalGD6EMXWzmNIULbzoYvDPhWaoESrtFwqfhQxJ8dGUTW3kVhXhkB9ey4V4j/ea2UbvbamYx1ShiLYhFJhcNFVhiZZ4P8WhokguJy5DLmAgwQoZEchMjFNA+rnOfhj3//l5zXa37OT3cqB4ejZEpsg22yKvPZLjtgx6zBmkywe/bIntiz8+C8OK/O23fphDPqWWO/4Lx/ASDPmx4=</latexit>

+��4
<latexit sha1_base64="Obsod9GkWCTkehbKLU6rtGNBUQ4=">AAACA3icdVDLSgNBEJz1bXwk6tHLYBAEIcxqFs1N9OJRwTwgiaF30tHB2QczvYIEj36FVz15E69+iAf/xdkYQUXrVFRV090VplpZEuLNm5icmp6ZnZsvLCwuLRdLK6sNm2RGYl0mOjGtECxqFWOdFGlspQYhCjU2w6uj3G9eo7Eqic/oJsVuBBexGigJ5KReqbjd0S7dB95JL9V5tVcqi4oIaoEvuKgEwq/t5qRW268GAfcrYoQyG+OkV3rv9BOZRRiT1GBt2xcpdYdgSEmNt4VOZjEFeQUX2HY0hghtdzg6/JZvZhYo4SkarjQfifh9YgiRtTdR6JIR0KX97eXiX147o8F+d6jiNCOMZb6IlMbRIiuNco0g7yuDRJBfjlzFXIIBIjSKg5ROzFxFBdfH19P8f9LYqfiOn1bLB4fjZubYOttgW8xne+yAHbMTVmeSZeyePbBH78578p69l8/ohDeeWWM/4L1+AAPKl0s=</latexit><latexit sha1_base64="Obsod9GkWCTkehbKLU6rtGNBUQ4=">AAACA3icdVDLSgNBEJz1bXwk6tHLYBAEIcxqFs1N9OJRwTwgiaF30tHB2QczvYIEj36FVz15E69+iAf/xdkYQUXrVFRV090VplpZEuLNm5icmp6ZnZsvLCwuLRdLK6sNm2RGYl0mOjGtECxqFWOdFGlspQYhCjU2w6uj3G9eo7Eqic/oJsVuBBexGigJ5KReqbjd0S7dB95JL9V5tVcqi4oIaoEvuKgEwq/t5qRW268GAfcrYoQyG+OkV3rv9BOZRRiT1GBt2xcpdYdgSEmNt4VOZjEFeQUX2HY0hghtdzg6/JZvZhYo4SkarjQfifh9YgiRtTdR6JIR0KX97eXiX147o8F+d6jiNCOMZb6IlMbRIiuNco0g7yuDRJBfjlzFXIIBIjSKg5ROzFxFBdfH19P8f9LYqfiOn1bLB4fjZubYOttgW8xne+yAHbMTVmeSZeyePbBH78578p69l8/ohDeeWWM/4L1+AAPKl0s=</latexit><latexit sha1_base64="Obsod9GkWCTkehbKLU6rtGNBUQ4=">AAACA3icdVDLSgNBEJz1bXwk6tHLYBAEIcxqFs1N9OJRwTwgiaF30tHB2QczvYIEj36FVz15E69+iAf/xdkYQUXrVFRV090VplpZEuLNm5icmp6ZnZsvLCwuLRdLK6sNm2RGYl0mOjGtECxqFWOdFGlspQYhCjU2w6uj3G9eo7Eqic/oJsVuBBexGigJ5KReqbjd0S7dB95JL9V5tVcqi4oIaoEvuKgEwq/t5qRW268GAfcrYoQyG+OkV3rv9BOZRRiT1GBt2xcpdYdgSEmNt4VOZjEFeQUX2HY0hghtdzg6/JZvZhYo4SkarjQfifh9YgiRtTdR6JIR0KX97eXiX147o8F+d6jiNCOMZb6IlMbRIiuNco0g7yuDRJBfjlzFXIIBIjSKg5ROzFxFBdfH19P8f9LYqfiOn1bLB4fjZubYOttgW8xne+yAHbMTVmeSZeyePbBH78578p69l8/ohDeeWWM/4L1+AAPKl0s=</latexit><latexit sha1_base64="Obsod9GkWCTkehbKLU6rtGNBUQ4=">AAACA3icdVDLSgNBEJz1bXwk6tHLYBAEIcxqFs1N9OJRwTwgiaF30tHB2QczvYIEj36FVz15E69+iAf/xdkYQUXrVFRV090VplpZEuLNm5icmp6ZnZsvLCwuLRdLK6sNm2RGYl0mOjGtECxqFWOdFGlspQYhCjU2w6uj3G9eo7Eqic/oJsVuBBexGigJ5KReqbjd0S7dB95JL9V5tVcqi4oIaoEvuKgEwq/t5qRW268GAfcrYoQyG+OkV3rv9BOZRRiT1GBt2xcpdYdgSEmNt4VOZjEFeQUX2HY0hghtdzg6/JZvZhYo4SkarjQfifh9YgiRtTdR6JIR0KX97eXiX147o8F+d6jiNCOMZb6IlMbRIiuNco0g7yuDRJBfjlzFXIIBIjSKg5ROzFxFBdfH19P8f9LYqfiOn1bLB4fjZubYOttgW8xne+yAHbMTVmeSZeyePbBH78578p69l8/ohDeeWWM/4L1+AAPKl0s=</latexit>

pseudo

small   visible at low-E, �
<latexit sha1_base64="cNghe+VPVSzT+VvSK69akjNIglc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8hVnNYnITvXiMYGIgCdI76cTB2QczvYLE/IRXPXkTr/6MB//F2RhBRetUVFXT3RWmWlkS4s2bmZ2bX1gsLBWXV1bX1ksbmy2bZEZiUyY6Me0QLGoVY5MUaWynBiEKNV6E1ye5f3GDxqokPqfbFHsRDGM1UBLISe2udtE+8MtSWVREUA98wUUlEH79ICf1eq0aBNyviAnKbIrGZem9209kFmFMUoO1HV+k1BuBISU1jovdzGIK8hqG2HE0hghtbzS5d8x3MwuU8BQNV5pPRPw+MYLI2tsodMkI6Mr+9nLxL6+T0aDWG6k4zQhjmS8ipXGyyEqjXBHI+8ogEeSXI1cxl2CACI3iIKUTM9dM0fXx9TT/n7T2K77jZ9Xy0fG0mQLbZjtsj/nskB2xU9ZgTSaZZvfsgT16d96T9+y9fEZnvOnMFvsB7/UDw4+Ueg==</latexit><latexit sha1_base64="cNghe+VPVSzT+VvSK69akjNIglc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8hVnNYnITvXiMYGIgCdI76cTB2QczvYLE/IRXPXkTr/6MB//F2RhBRetUVFXT3RWmWlkS4s2bmZ2bX1gsLBWXV1bX1ksbmy2bZEZiUyY6Me0QLGoVY5MUaWynBiEKNV6E1ye5f3GDxqokPqfbFHsRDGM1UBLISe2udtE+8MtSWVREUA98wUUlEH79ICf1eq0aBNyviAnKbIrGZem9209kFmFMUoO1HV+k1BuBISU1jovdzGIK8hqG2HE0hghtbzS5d8x3MwuU8BQNV5pPRPw+MYLI2tsodMkI6Mr+9nLxL6+T0aDWG6k4zQhjmS8ipXGyyEqjXBHI+8ogEeSXI1cxl2CACI3iIKUTM9dM0fXx9TT/n7T2K77jZ9Xy0fG0mQLbZjtsj/nskB2xU9ZgTSaZZvfsgT16d96T9+y9fEZnvOnMFvsB7/UDw4+Ueg==</latexit><latexit sha1_base64="cNghe+VPVSzT+VvSK69akjNIglc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8hVnNYnITvXiMYGIgCdI76cTB2QczvYLE/IRXPXkTr/6MB//F2RhBRetUVFXT3RWmWlkS4s2bmZ2bX1gsLBWXV1bX1ksbmy2bZEZiUyY6Me0QLGoVY5MUaWynBiEKNV6E1ye5f3GDxqokPqfbFHsRDGM1UBLISe2udtE+8MtSWVREUA98wUUlEH79ICf1eq0aBNyviAnKbIrGZem9209kFmFMUoO1HV+k1BuBISU1jovdzGIK8hqG2HE0hghtbzS5d8x3MwuU8BQNV5pPRPw+MYLI2tsodMkI6Mr+9nLxL6+T0aDWG6k4zQhjmS8ipXGyyEqjXBHI+8ogEeSXI1cxl2CACI3iIKUTM9dM0fXx9TT/n7T2K77jZ9Xy0fG0mQLbZjtsj/nskB2xU9ZgTSaZZvfsgT16d96T9+y9fEZnvOnMFvsB7/UDw4+Ueg==</latexit><latexit sha1_base64="cNghe+VPVSzT+VvSK69akjNIglc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8hVnNYnITvXiMYGIgCdI76cTB2QczvYLE/IRXPXkTr/6MB//F2RhBRetUVFXT3RWmWlkS4s2bmZ2bX1gsLBWXV1bX1ksbmy2bZEZiUyY6Me0QLGoVY5MUaWynBiEKNV6E1ye5f3GDxqokPqfbFHsRDGM1UBLISe2udtE+8MtSWVREUA98wUUlEH79ICf1eq0aBNyviAnKbIrGZem9209kFmFMUoO1HV+k1BuBISU1jovdzGIK8hqG2HE0hghtbzS5d8x3MwuU8BQNV5pPRPw+MYLI2tsodMkI6Mr+9nLxL6+T0aDWG6k4zQhjmS8ipXGyyEqjXBHI+8ogEeSXI1cxl2CACI3iIKUTM9dM0fXx9TT/n7T2K77jZ9Xy0fG0mQLbZjtsj/nskB2xU9ZgTSaZZvfsgT16d96T9+y9fEZnvOnMFvsB7/UDw4+Ueg==</latexit> big c visible at High-E . ⇤

<latexit sha1_base64="wcyGEXy6wKimg1SKKcQDTr+bZAY=">AAACBHicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaBm0sbCIYB6QLOHu5CYOmX0wczcQlrR+ha1WdmLrf1j4L05iCk081eGce7j3njBV0pDnfTqFldW19Y3iZmlre2d3z90/aJgk0wLrIlGJboVgUMkY6yRJYSvVCFGosBkOr6d+c4TayCS+p3GKQQSDWPalALJS13U7Co0xMurc2lAPeNctexVvBr5M/DkpszlqXfer00tEFmFMQoExbd9LKchBkxQKJ6VOZjAFMYQBti2NIUIT5LPLJ/wkM0AJT1FzqfhMxN+JHCJjxlFoJyOgB7PoTcX/vHZG/csgl3GaEcZiuoikwtkiI7S0lSDvSY1EML0cuYy5AA1EqCUHIayY2Y5Ktg9/8ftl0jir+JbfnZerV/NmiuyIHbNT5rMLVmU3rMbqTLARe2LP7MV5dF6dN+f9Z7TgzDOH7A+cj28ht5fp</latexit><latexit sha1_base64="wcyGEXy6wKimg1SKKcQDTr+bZAY=">AAACBHicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaBm0sbCIYB6QLOHu5CYOmX0wczcQlrR+ha1WdmLrf1j4L05iCk081eGce7j3njBV0pDnfTqFldW19Y3iZmlre2d3z90/aJgk0wLrIlGJboVgUMkY6yRJYSvVCFGosBkOr6d+c4TayCS+p3GKQQSDWPalALJS13U7Co0xMurc2lAPeNctexVvBr5M/DkpszlqXfer00tEFmFMQoExbd9LKchBkxQKJ6VOZjAFMYQBti2NIUIT5LPLJ/wkM0AJT1FzqfhMxN+JHCJjxlFoJyOgB7PoTcX/vHZG/csgl3GaEcZiuoikwtkiI7S0lSDvSY1EML0cuYy5AA1EqCUHIayY2Y5Ktg9/8ftl0jir+JbfnZerV/NmiuyIHbNT5rMLVmU3rMbqTLARe2LP7MV5dF6dN+f9Z7TgzDOH7A+cj28ht5fp</latexit><latexit sha1_base64="wcyGEXy6wKimg1SKKcQDTr+bZAY=">AAACBHicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaBm0sbCIYB6QLOHu5CYOmX0wczcQlrR+ha1WdmLrf1j4L05iCk081eGce7j3njBV0pDnfTqFldW19Y3iZmlre2d3z90/aJgk0wLrIlGJboVgUMkY6yRJYSvVCFGosBkOr6d+c4TayCS+p3GKQQSDWPalALJS13U7Co0xMurc2lAPeNctexVvBr5M/DkpszlqXfer00tEFmFMQoExbd9LKchBkxQKJ6VOZjAFMYQBti2NIUIT5LPLJ/wkM0AJT1FzqfhMxN+JHCJjxlFoJyOgB7PoTcX/vHZG/csgl3GaEcZiuoikwtkiI7S0lSDvSY1EML0cuYy5AA1EqCUHIayY2Y5Ktg9/8ftl0jir+JbfnZerV/NmiuyIHbNT5rMLVmU3rMbqTLARe2LP7MV5dF6dN+f9Z7TgzDOH7A+cj28ht5fp</latexit><latexit sha1_base64="wcyGEXy6wKimg1SKKcQDTr+bZAY=">AAACBHicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaBm0sbCIYB6QLOHu5CYOmX0wczcQlrR+ha1WdmLrf1j4L05iCk081eGce7j3njBV0pDnfTqFldW19Y3iZmlre2d3z90/aJgk0wLrIlGJboVgUMkY6yRJYSvVCFGosBkOr6d+c4TayCS+p3GKQQSDWPalALJS13U7Co0xMurc2lAPeNctexVvBr5M/DkpszlqXfer00tEFmFMQoExbd9LKchBkxQKJ6VOZjAFMYQBti2NIUIT5LPLJ/wkM0AJT1FzqfhMxN+JHCJjxlFoJyOgB7PoTcX/vHZG/csgl3GaEcZiuoikwtkiI7S0lSDvSY1EML0cuYy5AA1EqCUHIayY2Y5Ktg9/8ftl0jir+JbfnZerV/NmiuyIHbNT5rMLVmU3rMbqTLARe2LP7MV5dF6dN+f9Z7TgzDOH7A+cj28ht5fp</latexit>

Amp2>2

E

�
<latexit sha1_base64="cNghe+VPVSzT+VvSK69akjNIglc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8hVnNYnITvXiMYGIgCdI76cTB2QczvYLE/IRXPXkTr/6MB//F2RhBRetUVFXT3RWmWlkS4s2bmZ2bX1gsLBWXV1bX1ksbmy2bZEZiUyY6Me0QLGoVY5MUaWynBiEKNV6E1ye5f3GDxqokPqfbFHsRDGM1UBLISe2udtE+8MtSWVREUA98wUUlEH79ICf1eq0aBNyviAnKbIrGZem9209kFmFMUoO1HV+k1BuBISU1jovdzGIK8hqG2HE0hghtbzS5d8x3MwuU8BQNV5pPRPw+MYLI2tsodMkI6Mr+9nLxL6+T0aDWG6k4zQhjmS8ipXGyyEqjXBHI+8ogEeSXI1cxl2CACI3iIKUTM9dM0fXx9TT/n7T2K77jZ9Xy0fG0mQLbZjtsj/nskB2xU9ZgTSaZZvfsgT16d96T9+y9fEZnvOnMFvsB7/UDw4+Ueg==</latexit><latexit sha1_base64="cNghe+VPVSzT+VvSK69akjNIglc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8hVnNYnITvXiMYGIgCdI76cTB2QczvYLE/IRXPXkTr/6MB//F2RhBRetUVFXT3RWmWlkS4s2bmZ2bX1gsLBWXV1bX1ksbmy2bZEZiUyY6Me0QLGoVY5MUaWynBiEKNV6E1ye5f3GDxqokPqfbFHsRDGM1UBLISe2udtE+8MtSWVREUA98wUUlEH79ICf1eq0aBNyviAnKbIrGZem9209kFmFMUoO1HV+k1BuBISU1jovdzGIK8hqG2HE0hghtbzS5d8x3MwuU8BQNV5pPRPw+MYLI2tsodMkI6Mr+9nLxL6+T0aDWG6k4zQhjmS8ipXGyyEqjXBHI+8ogEeSXI1cxl2CACI3iIKUTM9dM0fXx9TT/n7T2K77jZ9Xy0fG0mQLbZjtsj/nskB2xU9ZgTSaZZvfsgT16d96T9+y9fEZnvOnMFvsB7/UDw4+Ueg==</latexit><latexit sha1_base64="cNghe+VPVSzT+VvSK69akjNIglc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8hVnNYnITvXiMYGIgCdI76cTB2QczvYLE/IRXPXkTr/6MB//F2RhBRetUVFXT3RWmWlkS4s2bmZ2bX1gsLBWXV1bX1ksbmy2bZEZiUyY6Me0QLGoVY5MUaWynBiEKNV6E1ye5f3GDxqokPqfbFHsRDGM1UBLISe2udtE+8MtSWVREUA98wUUlEH79ICf1eq0aBNyviAnKbIrGZem9209kFmFMUoO1HV+k1BuBISU1jovdzGIK8hqG2HE0hghtbzS5d8x3MwuU8BQNV5pPRPw+MYLI2tsodMkI6Mr+9nLxL6+T0aDWG6k4zQhjmS8ipXGyyEqjXBHI+8ogEeSXI1cxl2CACI3iIKUTM9dM0fXx9TT/n7T2K77jZ9Xy0fG0mQLbZjtsj/nskB2xU9ZgTSaZZvfsgT16d96T9+y9fEZnvOnMFvsB7/UDw4+Ueg==</latexit><latexit sha1_base64="cNghe+VPVSzT+VvSK69akjNIglc=">AAAB+nicdVDLSgNBEJz1GeMr6tHLYBA8hVnNYnITvXiMYGIgCdI76cTB2QczvYLE/IRXPXkTr/6MB//F2RhBRetUVFXT3RWmWlkS4s2bmZ2bX1gsLBWXV1bX1ksbmy2bZEZiUyY6Me0QLGoVY5MUaWynBiEKNV6E1ye5f3GDxqokPqfbFHsRDGM1UBLISe2udtE+8MtSWVREUA98wUUlEH79ICf1eq0aBNyviAnKbIrGZem9209kFmFMUoO1HV+k1BuBISU1jovdzGIK8hqG2HE0hghtbzS5d8x3MwuU8BQNV5pPRPw+MYLI2tsodMkI6Mr+9nLxL6+T0aDWG6k4zQhjmS8ipXGyyEqjXBHI+8ogEeSXI1cxl2CACI3iIKUTM9dM0fXx9TT/n7T2K77jZ9Xy0fG0mQLbZjtsj/nskB2xU9ZgTSaZZvfsgT16d96T9+y9fEZnvOnMFvsB7/UDw4+Ueg==</latexit>
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now discuss with two examples.
A first situation that leads to dimension-8 effects

that are larger than dimension-6 ones, is the tree-level
exchange of weakly-coupled massive spin-2 resonances,
such as graviton Kaluza-Klein excitations in models with
extra-dimensions [19–21]. The massive graviton inter-
acts (like its massless version) with the stress-energy ten-
sor Tµ⌫ ; its Lagrangian is

Lg = �
m2

g

2
hµ⌫Pµ⌫⇢�h

⇢�
�

1

M̄p

hµ⌫Tµ⌫ (12)

with Pµ⌫⇢� = (⌘µ⇢⌘⌫�+⌘µ�⌘⌫⇢)/2�⌘µ⌫⌘⇢�/3+· · · , which
is equivalent to the propagator expanded at leading order
in momentum over the spin-2 mass p/mg, and M̄p the
reduced Planck mass in the extra dimension. Integrating
out h one finds at leading order in 1/mg

L
eff

g
=

1

2m2
g
M̄2

p

[(Tµ⌫Tµ⌫)�
1

3
(Tµ

µ
)2] + · · · . (13)

The second piece only leads to effects with off-shell
fermions and is not relevant for our discussion (in fact,
via a field redefinition, it can be written as a dimension-
10 effect), while the first one leads to

c H = c B = c W =
m2

g

M̄2
p

(14)

with ⇤ = mg, in addition to a number of other d = 8
operators involving four fermions, vectors or scalars [19].

We have illustrated a model that singles out d = 8 op-
erators, and in particular the ones proposed in this note.
This holds only in the limit where mg is much lighter than
other BSM resonances, and moreover is weakly coupled,
meaning that the relevant coupling at the scale mg is
⌧ 4⇡.5 Indeed for strong coupling, graviton loops gener-
ate d = 6 effects [22] and, moreover, one expects a richer
spectrum of states at the cut-off.

Symmetries provide instead a more robust context to
study the relevance of d = 8 effects, that can also hold
in the strongly coupled limit. Consider for instance a
real scalar field �, Nambu-Goldstone boson of a U(1)
symmetry, spontaneously broken at the physical scale
⇤. The U(1) symmetry translates into a shift symmetry
� ! � + ↵ (↵ a global U(1) phase) which implies that
the effective Lagrangian respecting this (non-linearly re-
alized) symmetry can only involve powers of @�:

L
eff

�
=

1

2
@µ�@

µ�+
c�
⇤4

(@µ�@
µ�)2 + · · · (15)

Clearly, in this theory it is natural that the leading in-
teractions are dimension-8, a statement that is indepen-
dent on the coupling strength in the microscopic theory,

5 Notice that most LHC processes are at present tested with large
statistical uncertainty at high-energy, aiming at deviations from
the SM which are larger than O(1): in this situation, a consistent
EFT interpretation is possible only if the underlying theory is
coupled more strongly than the SM [3]. This suggest a sizeable
window of parameters where these models are represented by a
d = 8 EFT and are consistently testable.

since the symmetry always protects against the gener-
ation of d = 6 terms. This remains true even if the
U(1) symmetry is only approximate, broken explicitly
by small parameters, such as a mass term m2

�
�2/2, with

m� ⌧ ⇤. In this situation, dimension-6 operators (such
as (@µ|�|2)2) will be generated, but we can expect their
coefficients to be small and controlled by the small pa-
rameter m2

�
/⇤2

⌧ 1.
The very same reasoning has been applied to the SM

fields in Refs. [1, 2, 23]. In particular Refs. [2] discusses
the analog of the �! �+↵ shift-symmetry in the context
of fermions: non-linearly realized extended supersymme-
try. If the SM fermions are (pseudo)-Goldstini of sponta-
neously broken (SB) supersymmetry, then their leading
interactions arise indeed at d = 8 and provide an exam-
ple where dimension-8 effects can be well motivated from
a BSM perspective.

The low-energy physics of Pseudo-Goldstini can be
captured by an effective theory for SB space-time sym-
metries so that the main couplings between Pseudo-
Goldstini � and matter, arise effectively as a distortion
of the effective metric perceived by matter fields in the
SB background,

gµ⌫ = ⌘µ⌫+
1

2F 2
(i�̄�µ@⌫�+ i�̄�⌫@µ�+ h.c.)+. . . (16)

where F is the supersymmetry breaking scale. In
this context, if the SM fermions are pseudo-Goldstini
 = �, then the kinetic term for Higgs DµH†D⌫Hgµ⌫

leads to Eq. (7), while the V = W,B kinetic terms
�1/4V A

µ⌫
V A

⇢�
gµ⇢g⌫� lead to the interactions of Eqs. (5,6),

with

c H = c B = c W =
⇤4

F 2
, (17)

with ⇤ the mass of the other supersymmetric particles.
The complete set of (approximate) symmetries that

can lead to c(8) � c(6) has been discussed in Refs. [1, 2]:
while non-linear SUSY can protect Eqs. (7-6), there is
no known analog for other operators entering diboson
pair-production. This puts the operators Eqs. (7-6) on a
privileged ground, also from a BSM perspective.

V. POSITIVITY CONSTRAINTS AND BEYOND

Dispersion relations, following from the fundamental
principles of causality (analyticity), locality (Froissart
bound [24, 25]), and crossing symmetry, imply relations
between low-energies (IR), where LHC experiments are
performed, and high-energies (UV), where the SM and
the effects Eqs. (7-9) are completed into a microscopic
unitary theory. This implies strict positivity constraints
for the coefficient of the s2 term in the Taylor expansion
of elastic scattering amplitudes at t, s ! 0,

@2A/@s2|s,t=0 > 0 . (18)

gµ⌫g⇢�Wµ⇢W⌫�
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What is the EFT?   …surprise…

very different from nTGC parametrization!
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now discuss with two examples.
A first situation that leads to dimension-8 effects

that are larger than dimension-6 ones, is the tree-level
exchange of weakly-coupled massive spin-2 resonances,
such as graviton Kaluza-Klein excitations in models with
extra-dimensions [19–21]. The massive graviton inter-
acts (like its massless version) with the stress-energy ten-
sor Tµ⌫ ; its Lagrangian is

Lg = �
m2

g

2
hµ⌫Pµ⌫⇢�h

⇢�
�

1

M̄p

hµ⌫Tµ⌫ (12)

with Pµ⌫⇢� = (⌘µ⇢⌘⌫�+⌘µ�⌘⌫⇢)/2�⌘µ⌫⌘⇢�/3+· · · , which
is equivalent to the propagator expanded at leading order
in momentum over the spin-2 mass p/mg, and M̄p the
reduced Planck mass in the extra dimension. Integrating
out h one finds at leading order in 1/mg

L
eff

g
=

1

2m2
g
M̄2

p

[(Tµ⌫Tµ⌫)�
1

3
(Tµ

µ
)2] + · · · . (13)

The second piece only leads to effects with off-shell
fermions and is not relevant for our discussion (in fact,
via a field redefinition, it can be written as a dimension-
10 effect), while the first one leads to

c H = c B = c W =
m2

g

M̄2
p

(14)

with ⇤ = mg, in addition to a number of other d = 8
operators involving four fermions, vectors or scalars [19].

We have illustrated a model that singles out d = 8 op-
erators, and in particular the ones proposed in this note.
This holds only in the limit where mg is much lighter than
other BSM resonances, and moreover is weakly coupled,
meaning that the relevant coupling at the scale mg is
⌧ 4⇡.5 Indeed for strong coupling, graviton loops gener-
ate d = 6 effects [22] and, moreover, one expects a richer
spectrum of states at the cut-off.

Symmetries provide instead a more robust context to
study the relevance of d = 8 effects, that can also hold
in the strongly coupled limit. Consider for instance a
real scalar field �, Nambu-Goldstone boson of a U(1)
symmetry, spontaneously broken at the physical scale
⇤. The U(1) symmetry translates into a shift symmetry
� ! � + ↵ (↵ a global U(1) phase) which implies that
the effective Lagrangian respecting this (non-linearly re-
alized) symmetry can only involve powers of @�:

L
eff

�
=

1

2
@µ�@

µ�+
c�
⇤4

(@µ�@
µ�)2 + · · · (15)

Clearly, in this theory it is natural that the leading in-
teractions are dimension-8, a statement that is indepen-
dent on the coupling strength in the microscopic theory,

5 Notice that most LHC processes are at present tested with large
statistical uncertainty at high-energy, aiming at deviations from
the SM which are larger than O(1): in this situation, a consistent
EFT interpretation is possible only if the underlying theory is
coupled more strongly than the SM [3]. This suggest a sizeable
window of parameters where these models are represented by a
d = 8 EFT and are consistently testable.

since the symmetry always protects against the gener-
ation of d = 6 terms. This remains true even if the
U(1) symmetry is only approximate, broken explicitly
by small parameters, such as a mass term m2

�
�2/2, with

m� ⌧ ⇤. In this situation, dimension-6 operators (such
as (@µ|�|2)2) will be generated, but we can expect their
coefficients to be small and controlled by the small pa-
rameter m2

�
/⇤2

⌧ 1.
The very same reasoning has been applied to the SM

fields in Refs. [1, 2, 23]. In particular Refs. [2] discusses
the analog of the �! �+↵ shift-symmetry in the context
of fermions: non-linearly realized extended supersymme-
try. If the SM fermions are (pseudo)-Goldstini of sponta-
neously broken (SB) supersymmetry, then their leading
interactions arise indeed at d = 8 and provide an exam-
ple where dimension-8 effects can be well motivated from
a BSM perspective.

The low-energy physics of Pseudo-Goldstini can be
captured by an effective theory for SB space-time sym-
metries so that the main couplings between Pseudo-
Goldstini � and matter, arise effectively as a distortion
of the effective metric perceived by matter fields in the
SB background,

gµ⌫ = ⌘µ⌫+
1

2F 2
(i�̄�µ@⌫�+ i�̄�⌫@µ�+ h.c.)+. . . (16)

where F is the supersymmetry breaking scale. In
this context, if the SM fermions are pseudo-Goldstini
 = �, then the kinetic term for Higgs DµH†D⌫Hgµ⌫

leads to Eq. (7), while the V = W,B kinetic terms
�1/4V A

µ⌫
V A

⇢�
gµ⇢g⌫� lead to the interactions of Eqs. (5,6),

with

c H = c B = c W =
⇤4

F 2
, (17)

with ⇤ the mass of the other supersymmetric particles.
The complete set of (approximate) symmetries that

can lead to c(8) � c(6) has been discussed in Refs. [1, 2]:
while non-linear SUSY can protect Eqs. (7-6), there is
no known analog for other operators entering diboson
pair-production. This puts the operators Eqs. (7-6) on a
privileged ground, also from a BSM perspective.

V. POSITIVITY CONSTRAINTS AND BEYOND

Dispersion relations, following from the fundamental
principles of causality (analyticity), locality (Froissart
bound [24, 25]), and crossing symmetry, imply relations
between low-energies (IR), where LHC experiments are
performed, and high-energies (UV), where the SM and
the effects Eqs. (7-9) are completed into a microscopic
unitary theory. This implies strict positivity constraints
for the coefficient of the s2 term in the Taylor expansion
of elastic scattering amplitudes at t, s ! 0,

@2A/@s2|s,t=0 > 0 . (18)

gµ⌫g⇢�Wµ⇢W⌫�
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(Non-linear) Symmetries (at strong coupling)
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Energy-Growth

LL final states (ZZ only) TT final states (ZZ,ZƔ,ƔƔ)
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Energy-Growth

LL final states (ZZ only) TT final states (ZZ,ZƔ,ƔƔ)

No LT (no mZ/E suppression) 

Both grow as E4/Λ4  in amplitude
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Helicity

00 +-

Interferes with largest  
SM contribution

Sensitivity enhanced!
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Positivity Constraints
Fundamental principles from unitarity/analyticity imply 
constraints on coefficient in front! unique of these dimension-8
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Comparisons
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high-E is unique, but it compares at lower-E with different effects:

Genuine SM precision test



Why Interference?

When SM and BSM contribute to the same amplitude:

Amp = SM +BSM = SM(1 + �BSM )
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Why Interference?

When SM and BSM contribute to the same amplitude:

Amp = SM +BSM = SM(1 + �BSM )

� / |Amp|2 ' SM2(1 + �BSM + �2BSM )

For small BSM effects           ,  

     interference dominates �BSM � �2BSM
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Non-Interference?
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