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• Exploiting the resonant production of a SM state 
(e.g. Z-pole or single-Higgs production)

g∗=

scale of NP
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Examples: - qq̄ → WV (TGC) +HV (V = W,Z)

- Vector boson scattering

- Double Higgs production

- H+jet associated production
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 .
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challenge for EFT validity☞
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EFT fit to experimental data

• Most effective strategy: Organize data (and group operators) according to 
how strongly they constrain the effective coefficients

observables precision

input observables (GF, αem, mZ), EDMs, (g-2) better than 10-3

Z-pole observables at LEP1, W mass 10-3

TGC (LEP2) 10-2

Higgs physics (LHC) 10-1

Typically
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A:   estimate of     depends on the kind of UV dynamics

Q:   What do the derived limits on       imply on the scale     of NP ?
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Muon decay measures “new physics” scale      mW

not directly accessible



4
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Estimating the scale at which NP shows up (e.g. in neutrino 
scattering) requires making an assumption on the coupling
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Muon decay measures “new physics” scale      mW

not directly accessible
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Estimating the scale at which NP shows up (e.g. in neutrino 
scattering) requires making an assumption on the coupling

Assessing the validity of the EFT analysis also 
requires making assumptions of the UV dynamics
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• EFT best suited to fixed-energy, high-precision experiments (ex: LEP, flavor)

E

fixed 
energy

large gap of scales requires RG to re-sum large logs

LHC not ideal for an EFT approach



EFT fails when max probed energy          is equal or bigger than physical scale  Emax Λ

Emax
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• EFT best suited to fixed-energy, high-precision experiments (ex: LEP, flavor)

E

energy range

• less suited to low-precision experiments probing an energy range 
(ex: LHC, hadron machines in general)

Λ

LHC not ideal for an EFT approach

One can check a posteriori, but needs to know☞
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TGC measurements: LEP vs LHC

Three dim-6 operators affect TGC
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Figure 12: Distribution of mWZ
T in the sum of all channels with the same binning as used for the calculation of limits

on aTGC. The points correspond to the data and the histograms to the expectations of the different SM processes.
All Monte Carlo expectations are scaled to the integrated luminosity of the data using the predicted MC cross
sections of each sample. The Powheg+Pythia MC prediction is used for the SM W±Z signal contribution. The
open red histogram shows the total prediction and the shaded orange band its estimated total uncertainty. The last
bin contains the overflow. Two predictions with nonzero values of some of the anomalous coupling parameters are
also represented by the dashed and dotted-dashed lines, respectively.

or EFT coefficients. With this procedure, expected mWZ
T distributions are obtained for different values

of the anomalous couplings, or EFT coefficients. This reweighting procedure is validated by comparing
the SM sample reweighted to a given set of aTGC values with a sample generated using the same set of
aTGC values. A global systematic uncertainty of 10% across all mWZ

T bins was included in the aTGC
limit extraction procedure to account for the reweighting method.

Frequentist confidence intervals on the anomalous coupling are computed by forming a profile likelihood
test that incorporates the observed and expected numbers of signal events in each bin of the mWZ

T distri-
bution for different values of the anomalous couplings. The systematic uncertainties are included in the
likelihood function as nuisance parameters.

Table 8 presents the observed and expected one-dimensional intervals at 95% CL on ∆κZ , ∆gZ
1 , and λZ

with the cutoff scale Λco = 2 TeV, Λco = 15 TeV and Λco = ∞ (no cutoff). Each limit is obtained by
setting the other two couplings to the SM value. The Λco value of 15 TeV is the largest form factor scale
that can preserve unitarity for all aTGC in this analysis.

Expected and observed 95% CL limit contours in the planes (∆κZ , ∆gZ
1 ), (∆gZ

1 , λZ), and (∆κZ , λZ) are
shown in Figure 13. For each of the contours, the third parameter is set to the SM value and the limits are
derived without any cut-off.

In Figure 14 the present observed limits are compared to limits previously obtained using WZ events
produced in pp̄ collisions at the Tevatron [1, 84] and by ATLAS with

√
s = 7 TeV pp collisions [3].

The new limits improve previous constraints by factors of 1.5 to 2.5 and are now the most stringent
model-independent limits on WWZ anomalous couplings.

30

ATLAS  PRD 93 (2016) no.9, 092004

TGC measurements: LEP vs LHC

Three dim-6 operators affect TGC

• LEP2 operated in a narrow range of 
com energies

• LHC spans a wide energy interval
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Figure 2: Results of the TGV analysis in terms of two-dimensional profile likelihoods from LHC Run I and from LEP [35]. We

also show the statistical combination of both.

semileptonic measurements are still based on the 7 TeV smaller data sets. An update of the semileptonic channels

should significantly contribute to a global TGV analysis.

The one-dimensional 95% CL constraints on the combination of Wilson coefficients are

fW
Λ2

∈ [−1.5, 6.3 ] TeV−2 fB
Λ2

∈ [−14.3, 15.9 ] TeV−2 fWWW

Λ2
∈ [−2.4, 3.2 ] TeV−2 . (3.1)

The same results can also be expressed as

Λ�
|fW |

> 0.82 (0.40) TeV
Λ�
|fB |

> 0.26 (0.25) TeV
Λ�

|fWWW |
> 0.65 (0.56) TeV , (3.2)

where the bounds stand for the limits obtained assuming a negative (positive) Wilson coefficient. Moreover, we can

present our results in terms of three independent TGV couplings [18], as described in Sec. II, the 95% CL constraints

then read

∆gZ1 ∈ [−0.006, 0.026 ] ∆κγ ∈ [−0.041, 0.072 ] λγ,Z ∈ [−0.0098, 0.013 ] . (3.3)

One aspect that we have tested is how robust our results are when we change our approximate treatment of fully

correlated theoretical uncertainties. It turns out that removing these correlations slightly shifts the fW range towards

negative values and weaken the bound on fB ; both effects are at the level of less than 0.5 standard deviations.

To allow for an easy presentation of the approximate fit results we perform a Gaussian fit to the multi-dimensional

probability distribution function of the three Wilson coefficients relevant for TGVs. For the mean, one standard

deviation and the error correlation matrix we find

fW
Λ2

= (2.2± 1.9) TeV−2 fB
Λ2

= (3.0± 8.4) TeV−2 fWWW

Λ2
= (0.55± 1.4) TeV−2

ρ =




1.00 −0.012 −0.062

−0.012 1.00 −0.0012
−0.062 −0.0012 1.00



 . (3.4)

The corresponding Gaussian fit results to the multi-dimensional probability distribution function for the TGV cou-

plings in Eq. 2.5 are shown in Table I.

3. Comparison and combination with LEP

When we express our results in terms of the TGVs defined in Eq. (2.5) we can easily compare them and eventually

combine them with the global LEP analysis results [35]. We show the separated LHC Run I and LEP limits in

cHB [TeV−2]

c3W
[TeV−2]

Fit to TGCs 

1-dimensional 95% CL constraints 

LEP fit dominated by (D=6) linear terms

cHW ∈ [−1.5, 6.3] TeV−2

cHB ∈ [−14.3, 15.9] TeV−2

c3W ∈ [−2.4, 3.2] TeV−2

LHC fit dominated by (D=6)2 terms

cHW ∈ [−7.6, 19] TeV−2

cHB ∈ [−67, 1.8] TeV−2

c3W ∈ [−32, 3.3] TeV−2

Butter et al. JHEP 1607 (2016) 152

see also: 
Falkowski et al. PRL 116 (2016) 011801
Falkowski and Riva JHEP 1502 (2015) 039
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plings in Eq. 2.5 are shown in Table I.
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-        slightly more constrained

Naively:

- LHC constraints stronger than LEP ones

1-dimensional 95% CL constraints 
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Estimating the cutoff scale through SILH power counting (1 coupling, 1 scale):
[Giudice et al. JHEP 0706 (2007) 045] 
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Strong dipolar interactions
[ Liu, Pomarol, Rattazzi, Riva  arXiv:1603.03064]

for example

95% CL at the LHC
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Example of idealized measurement:

As an illustration of our discussion of setting limits on the EFT parameters and estimating
the associated theoretical errors, consider the following example of an idealized measurement.
Suppose an experiment makes the following measurement of the σ(ud̄ → W+h) cross section
at different values of MWh:

MWh[TeV] 0.5 1 1.5 2 2.5 3

σ/σSM 1± 1.2 1± 1.0 1± 0.8 1± 1.2 1± 1.6 1± 3.0

This is meant to be a simple proxy for more realistic measurements at the LHC, for
example measurements of a fiducial σ(pp → W+h) cross section in several bins of MWh. For
simplicity, we assume that the errors are Gaussian and uncorrelated. These measurements can
be recast as constraints on D=6 EFT parameters for different value of Mcut, identified in this
case with the maximum MWh bin included in the analysis. For simplicity, in this discussion
we only include δgWq

L
≡ [δgZu

L
]11 − [δgZd

L
]11 and ignore other EFT parameters (in general, a

likelihood function in the multi-dimensional space of the EFT parameters should be quoted
by experiments). Then the “measured” cross section is related to the EFT parameters by

σ

σSM

≈
�
1 + 160 δgWq

L

M2
Wh

TeV2

�2

. (4.3)

Using this formula, one can recast the measurements of the cross section as confidence intervals
on δgWq

L
. Combining the MWh bins up to Mcut, one finds the following 95% confidence

intervals:

Mcut[TeV] 0.5 1 1.5 2 2.5 3

δgWq

L
× 103 [-70, 20] [-16,4] [-7,1.6] [-4.1,1.1] [-2.7,0.8] [-2.2,0.7]

Suppose these constraints are the result of an experimental analysis. A theorist may try
to interpret them as constraints on the vector resonance model with −gq = gH ≡ g∗ using
the map in Eq. (4.2). The larger Mcut is, the stronger the limit on g∗ will be for a fixed MV .
For instance, by using the limits from the full dataset, Mcut = 3 TeV, one would obtain the
constraint on g∗ given by the dashed red line in Fig. 2. For large MV this approximates well
the limits obtained by fitting the full BSM model to the same dataset (solid red line). In other
words, for MV � 3 TeV the theory error of the EFT is well under control, see the right panel
in Fig. 1. However, the difference between the EFT and the true BSM limits increases as
MV decreases. For MV � 3.5 TeV, as the resonance enters the experimental reach, the EFT
limits have little to do with the true limits on the BSM theory; in other words the theory error
explodes. However, it is still possible to obtain useful EFT limits in the low MV regime if the
experimental results are quoted as a function on Mcut. In that case, for a given MV , one can
set a limit on g∗ using the data up to Mcut = κMV , as in Eq. (2.2). The exclusion obtained
by such a procedure with κ = 0.5(1) is given by the dark (light) blue region in Fig. 2. Clearly,
for MV � 3 TeV this procedure coincides with the usual EFT limit setting. On the other
hand, for MV � 3.5 TeV it returns a consistent, though conservative limit on the resonance
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- at tree-level in the massless 
(high-energy) limit

h(A) =
�

i

hi

h(A)
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Non-interference from helicity selection rules

dim-6 and SM interfere only if they 
contribute to the same helicity amplitude 
(the total helicity         must be the same)

2

A4 |h(ASM
4 )| |h(ABSM

4 )|
V V V V 0 4,2

V V φφ 0 2

V V ψψ 0 2

V ψψφ 0 2

ψψψψ 2,0 2,0

ψψφφ 0 0

φφφφ 0 0

TABLE I: Total helicity h(A4) of SM and BSM contribu-
tions to the 4-point amplitude of the process A4. V = V ±,
ψ = ψ± and φ denote, respectively, transversely-polarized
vectors, fermions (or antifermions) and scalars (includ-
ing the longitudinal polarizations of gauge bosons) in the
SM. For processes with at least one transversely-polarized
vector (listed above the double line in the table), SM and
BSM contributions do not interfere in the massless limit
because have different total helicity.

vanishing contribution to the same helicity ampli-

tude. In this section we study the helicity structure of

scattering amplitudes at tree-level, in the SM and at

leading order in the effective field theory expansion,

i.e. at the level of D=6 operators. We will denote

the corresponding new-physics contribution as BSM6

in the following. We focus first on the phenomeno-

logically relevant case of 2 → 2 scatterings and work

in the massless limit; the massive case and higher-

points amplitudes are discussed below. We use the

formalism of spinor helicities, where the fundamen-

tal objects entering scattering amplitudes are Weyl

spinors ψα and ψ̄α̇, transforming as (1/2, 0) (undot-

ted indices) and (0, 1/2) (dotted indices) represen-

tations of SU(2) × SU(2) � SO(3, 1), and Lorentz

vectors Aµσ
µ
αα̇, transforming as (1/2, 1/2). 2 In this

language, the field strength is written as

Fµνσ
µ
αα̇σ

ν
ββ̇

≡ Fαβ �̄α̇β̇ + F̄α̇β̇�αβ (2)

in terms of its self-dual and anti-self dual parts F

and F̄ (transforming respectively as (1, 0) and (0, 1)

representations).

Our analysis will be in terms of complex momenta

p ∈ C: this allows us to make sense of 3-point ampli-

2 We will not distinguish between fermions and anti-fermions
except where explicitly mentioned, as this distinction is not
crucial to our analysis. We will denote a Weyl fermion or
anti-fermion of helicity + (−) with ψ+ (ψ−). When indi-
cating a scattering amplitude, the symbol ψ will stand for
either ψ+ or ψ−.

Am Am�

± ∓

FIG. 1: When the factorization channel goes on-shell, it
propagates a well-defined helicity eigenstate and Eq. (3)
holds.

tudes on-shell, even though these vanish for massless

states with real kinematics. We will need three well-

known results, that we summarize here and discuss

in the Appendices, see for example Refs. [9–11] for a

review. These are:

1. Consider an amplitude An with n external legs

(n-point amplitude), and let Am and Am� be any two

sub-amplitudes, with m+m�−2 = n, see Fig. 1. The

helicity of an on-shell amplitude, h(A), is defined as

the sum of the helicities of all its external states,

where all momenta are taken to be outgoing. Then

one has:

h(An) = h(Am) + h(Am�) (3)

for all possible sub-amplitudes Am and Am� . This re-

lation is a consequence of the fact that the amplitude

has a pole when the intermediate line goes on-shell,

and that in this limit it factorizes into the product of

the two sub-amplitudes. While in the SM there are

no exceptions to Eq. (3), in the D=6 effective theory

this relation fails if the contribution of a derivative

operator to the vertices attached to the intermediate

line vanish on shell. In this case the pole from the

propagator is canceled by the vertices, and factoriza-

tion does not hold. When this occurs the operator

can be rewritten through the equations of motion in

terms of others with more fields. We will discuss be-

low how this complication is avoided.

2. Dimensional analysis, together with Little group

scaling and their special kinematics, fixes the form

of the 3-point amplitudes, and in particular relates

their total helicity h(A3) to the dimensionality of the

coupling g characterizing the 3-point vertex:

|h(A3)| = 1− [g] . (4)

For instance, the triple gauge vertex of the SM is

characterized by the dimensionless weak coupling g,

and consequently has |h| = 1. The D =6 operator

O3W = tr(WµνW
ν
ρ W

ρµ) instead appears in Eq. (1)

.
. .

No interference for 
4-point amplitudes 
with at least one 
transverse boson

Validity:

- only dim-6 operators

- only 4-point amplitudes

E�mW

[ Azatov, RC, Machado, Riva  arXiv:1607.05236]

Further challenge to EFT:



Interference arises at                    due to mass effects or at              
due to radiative corrections (real emissions and 1-loop contributions)

- at tree-level in the massless 
(high-energy) limit
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�

i
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O(m2
W,t/Λ

2) O(α/4π)
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with at least one 
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Further challenge to EFT:
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talk by 
Riva
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Example:                              (           )VLVL → VTVT T = ±

!

O8 = F 2
µνH

†HD2

O6 = F 2
µνH

†H

16

g∗

dim8-SM gives dominant 
correction at small coupling

c(6)∼ g2∗
Λ2

c(8)∼ g2∗
Λ4

precocious 
onset of dim62

Implications of non-interference

σ(LL → TT ) ∼ g4SM
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• D=8 operators can become important in special cases if D=6 
ones are suppressed by symmetries or selection rules



(     = weak spurion breaking the shift symmetry)

Og = H†H Ga
µνG

aµν OgD0 = (DρH
†DρH)Ga

µνG
aµν

OgD2 = (ηµνDρH
†DρH − 4DµH†DνH)Ga

µαG
aα
ν

c(6) ∼ g2s
16π2

λ2

Λ2

λ c(8) ∼ g2s
16π2

g2∗
Λ4

17

Example:    Double Higgs production via gluon fusion (assuming Higgs is a pNGB)
[ Azatov, RC, Panico, Son   PRD 92 (2015) 035001 ]
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Example:    Double Higgs production via gluon fusion (assuming Higgs is a pNGB)

violates the shift (Goldstone) symmetry

[ Azatov, RC, Panico, Son   PRD 92 (2015) 035001 ]

• D=8 operators can become important in special cases if D=6 
ones are suppressed by symmetries or selection rules



(     = weak spurion breaking the shift symmetry)

Og = H†H Ga
µνG

aµν OgD0 = (DρH
†DρH)Ga

µνG
aµν

OgD2 = (ηµνDρH
†DρH − 4DµH†DνH)Ga

µαG
aα
ν

c(6) ∼ g2s
16π2

λ2

Λ2

λ c(8) ∼ g2s
16π2

g2∗
Λ4

A(gg → hh) ∼ g2s
16π2

�
y2t + λ2 E2

Λ2
+ g2∗

E4

Λ4
+ . . .

�

λf < E < Λ
17

dim-8 dominate 
over dim-6 for:

Example:    Double Higgs production via gluon fusion (assuming Higgs is a pNGB)

violates the shift (Goldstone) symmetry

dim-6 dim-8
SM

Notice: strong 
coupling    
appears only at 
the dim-8 level

g∗

[ Azatov, RC, Panico, Son   PRD 92 (2015) 035001 ]

• D=8 operators can become important in special cases if D=6 
ones are suppressed by symmetries or selection rules



Λ

18

E

λf

dim-8 > dim-6

double Higgs production has a very low rate, dim-8 
are unobservable at the LHC unless bigger than SM
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√
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dim-8 > dim-6
dim-8 > SM

double Higgs production has a very low rate, dim-8 
are unobservable at the LHC unless bigger than SM

In practice:



g∗= 3

∼ 1.3TeV ∼ 2.3TeV∼ 500GeV Λ

18

E

λf f
√
ytg∗

dim-8 > dim-6
dim-8 > SM

double Higgs production has a very low rate, dim-8 
are unobservable at the LHC unless bigger than SM

In practice:

(v2/f2) = 0.1

λ = ytExample:



Probing dim-8 operators 
is very difficult (perhaps 
impossible) at the LHC

g∗= 3

∼ 1.3TeV ∼ 2.3TeV

Largest value
of m(hh)[GeV] bb̄γγ 4b
√
s = 14TeV 550 1550

√
s = 100TeV 1350 4300

∼ 500GeV Λ

18

E

λf f
√
ytg∗

dim-8 > dim-6
dim-8 > SM

double Higgs production has a very low rate, dim-8 
are unobservable at the LHC unless bigger than SM

In practice:

(v2/f2) = 0.1

λ = ytExample:

- requiring at least 5 events
- including 10% efficiency

due to kinematic cuts

For a luminosity:                   L = 3ab−1
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n Using the EFT in 2→2 processes requires a careful assessment of its validity, to 
fully exploit the energy reach of the LHC

Assessing the importance of higher-order operators requires making assumptions 
on the UV dynamics
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Conclusions / Outlook

n Using the EFT in 2→2 processes requires a careful assessment of its validity, to 
fully exploit the energy reach of the LHC

Assessing the importance of higher-order operators requires making assumptions 
on the UV dynamics

n On the experimental side:

Current EFT analysis of TGC data (both at LEP and LHC) do not constrain any UV 
theory with simple power counting (like SUSY or CH).  EFT validity expected to 
improve however with higher statistics.

Current EFT analyses of QGC focusing only on D=8 operators can be partly 
justified in scenarios with composite W and Z. Neglecting D=6 operators might 
not be entirely consistent though.
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Conclusions / Outlook (II)

In general:  more synergy between theory and experimental analyses seems 
required to make fully sense of EFT analyses

n On the experimental side:  (continued)

Information on characteristic energy needs to be better disclosed to allow for a 
proper interpretation of experimental results. It would be desirable to have full 
information (e.g. likelihood) made public.
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Conclusions / Outlook (II)

In general:  more synergy between theory and experimental analyses seems 
required to make fully sense of EFT analyses

n On the experimental side:  (continued)

Information on characteristic energy needs to be better disclosed to allow for a 
proper interpretation of experimental results. It would be desirable to have full 
information (e.g. likelihood) made public.

n On the theory side, improvement is expected on:

- better determination of SM rates (N^nLO calculations)

- reducing systematics, e.g. by taking ratios and using data at different energies

- EFT at 1-loop (useful only in the case of observed deviations)

☞ See talk by Strassler
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Example:                             (          )VTVT → VTVT

qq̄ → VTVT

O6 = F
3
µν

O8 = F
4
µν

c(6)∼ g∗
Λ2

σ(TT → TT ) ∼ g4SM
E2

�
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m2
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+ . . .

�
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T = ±

[similar results for                    ]

!

!

!

c(8)∼ g2∗
Λ4

Implications of non-interference (II)
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[similar results for                    ]

!

!
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c(8)∼ g2∗
Λ4

dim82 dominates at high energy for 
strongly-coupled UV dynamics

[ Liu, Pomarol, Rattazzi, Riva  arXiv:1603.03064]

Implications of non-interference (II)



Example:                             (          )VTVT → VTVT

qq̄ → VTVT

O6 = F
3
µν
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22

T = ±

[similar results for                    ]

!

!

!

c(8)∼ g2∗
Λ4

dim82 dominates at high energy for 
strongly-coupled UV dynamics

precocious onset of dim62 and dim8-SM

[ Liu, Pomarol, Rattazzi, Riva  arXiv:1603.03064]

Implications of non-interference (II)



tree-level amplitudes in the massless limit (              )

ε+µ (σ
µ)aḃ =

√
2
ξaλ̃ḃ

�ξλ�

ε−µ (σ
µ)aḃ =

√
2
λaξ̃ḃ
[λ̃ ξ̃]

λ → tλ

λ̃ → t−1 λ̃

A → t−2h(A)A

ū+(p) = (λa, 0)

ū−(p) = (0,λȧ)

23

E�mW

p ∈ C

pµ(σ
µ)aḃ = −λaλ̃ḃ

λa ∈ (1/2, 0)

λ̃ḃ ∈ (0, 1/2)

Consider:

Tools: • complexified momenta

• spinor helicity formalism

• Little group scaling



for any two sub-amplitudes       ,

Am

± ∓
Am�

h(An) = h(Am) + h(Am�)

m+m� − 2 = n
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Well-known results:

1.   Helicity addition rule

Am Am�

pole for on-shell 
internal line

factorization into two 
on-shell sub-amplitudes
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Poincare inv. + Locality + Little group 
scaling completely fix 3-point amplitudes

cubic coupling



In the SM             gives

In the SM some 4-point amplitudes with            vanish

for any two sub-amplitudes       ,

Am

± ∓
Am�

h(An) = h(Am) + h(Am�)

m+m� − 2 = n

h(A3) = 1− [g] g =

[g]=0 h(A3)= ±1

|h|=2

24

Well-known results:

1.   Helicity addition rule

Am Am�

pole for on-shell 
internal line

factorization into two 
on-shell sub-amplitudes

=

2.   Helicity of 3-point amplitudes

Poincare inv. + Locality + Little group 
scaling completely fix 3-point amplitudes

cubic coupling

3.   Selection rule from SUSY Ward Identities

3

with a coupling [c3W ] = −2, and thus generates 3-

point interactions with |h| = 3.

3. Helicity selection rules in the SM force the fol-

lowing 4-point amplitudes with |h| = 2 to vanish:

A(V
+
V

+
V

+
V

−
) = A(V

+
V

+
ψ
+
ψ
−
)

= A(V
+
V

+
φφ) = A(V

+
ψ
+
ψ
+
φ) = 0 . (5)

These relations can be proved by means of Supersym-

metric Ward Identities (SWI) [12, 13], as sketched

in Appendix B. As a matter of fact, in the limit

of vanishing up-type (or down-type and lepton-type)

Yukawas, the SM Lagrangian can be uplifted to a Su-

persymmetric one, for which SWI hold. Such theory

has in addition an R-parity implying that the super-

symmetric partners do not contribute at tree-level to

scattering amplitudes with external SM legs only. As

a consequence, Eq. (5) holds for the SM.

A. The Standard Model case

Within the SM, it follows from property 2 that

3-point vertices associated with marginal couplings

have

h(A
SM
3 ) = ±1 . (6)

The three-scalar vertex (which would have vanish-

ing total helicity) is absent in the SM in the mass-

less limit (i.e. in the limit of unbroken EW sym-

metry). With the exception of the quartic scalar

vertex, which has trivially total helicity h(A4) = 0,

all 4-point on-shell vertices in the SM can be made

vanish with a suitable definition of polarization vec-

tors (this arbitrariness follows from gauge invariance,

see for example [10]). Moreover, as explained above,

for vanishing up-type (or both down- and lepton-

type) Yukawas, the SM is supersymmetrizable, so

that properties 1 and 3 imply that all 4-point am-

plitudes mediated by the diagrams with less than

two Yukawa interactions have vanishing total helic-

ity [9, 14, 15]. The exceptions are ψ
+
ψ
+
ψ
+
ψ
+

and

ψ
−
ψ
−
ψ
−
ψ
−
, which receive a contribution from a di-

agram with a Higgs-exchange involving both up- and

down-type Yukawas and have |h(A4)| = 2. These

well-known results are summarized in Table I.

B. Beyond the Standard Model

It is well know that local operators entering at or-

der n in the 1/Λ expansion of an EFT (i.e. those of

dimension n) can be redefined by making use of the

equations of motion (EoM) derived at order n − 1,

the difference being equal to terms of order n+ 1 or

higher. For example, it is always possible to rewrite

D=6 operators by using the equations of motion of

the renormalizable Lagrangian; the new effective La-

grangian will differ from the original one by D =8

terms. It is possible to use this freedom to system-

atically replace operators with more derivatives in

terms of operators involving more fields. At the level

of D=6 operators, this leads to the so called Warsaw

basis of operators introduced in Ref. [16]. This basis

is particularly convenient to study 2 → 2 scattering

processes for two reasons. First, the number of oper-

ators with two and three fields (bivalent and trivalent

operators) is reduced to a minimum. In particular,

there are no bivalent operator and only two triva-

lent ones, i.e. O3W and O3�W = tr(WµνW
ν
ρ
�W ρµ

); all

the other D =6 operators have at least four fields,

see Table II. A second, more important, reason why

the Warsaw basis is convenient is because the sim-

ple rule of Eq. (3) requires that sub-amplitudes do

not receive contributions that are vanishing on shell

(but different from zero off shell). Such contribu-

tions would be proportional to inverse SM propaga-

tors and thus arise from local operators that van-

ish on the D=4 EoM. Eliminating higher-derivative

redundant operators proportional to the EoM auto-

matically guarantees that the amplitudes factorize

and Eq. (3) is fulfilled. As an example, consider the

operator OB = (i/2)H
†

↔
D

µ
H ∂

ν
Bµν , which appears

in the SILH basis of Ref. [17]. It gives a vanishing

contribution to the on-shell HHB vertex (even for

complex momenta), but contributes off shell to pro-

cesses like HH → HH or HH → ψψ. Indeed, by

using the EoM it can be eliminated in favor of oper-

ators of the form D
2
H

4
or H

2
Dψ

2
, that contribute

to the previous processes via contact interactions.

In order to determine the helicity of an amplitude

generated through the insertion of some operator O,

it is useful to introduce the holomorphic and anti-

holomorphic weights of O. For an arbitrary on-shell

amplitude A with n(A) legs and helicity h(A), we

define [18]

w(A) = n(A)− h(A), w̄(A) = n(A) + h(A). (7)

The weights of the operator O are then defined by

minimizing over all the amplitudes involving O:

w(O) = min
A

{w(A)} , w̄(O) = min
A

{w̄(A)} . (8)

The point is that, as a consequence of Eq. (3) and
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The total helicity of 4-point functions can be determined using these three properties
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The total helicity of 4-point functions can be determined using these three properties

Generalization to all operators easy through the 
use of holomorphic and ant-holomorphic weights

Example:
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O(αS/π)
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Beyond the leading approximation

• Non-interference in general fails for higher-point amplitudes and at the 1-loop level

Leading effect arises at                from real emissions (for inclusive processes) and 
1-loop virtual corrections (pure EW corrections similar but smaller)

No log enhancement in the interference due to soft and collinear singularities in real 
emissions or IR divergences in 1-loop diagrams [ see: Dixon and Shadmi  NPB 423 (1994) 3]



• Finite-mass effects arise at                    and can be determined by considering 
higher-point amplitudes with Higgs vevs

O(αS/π)

26

Beyond the leading approximation

• Non-interference in general fails for higher-point amplitudes and at the 1-loop level

Leading effect arises at                from real emissions (for inclusive processes) and 
1-loop virtual corrections (pure EW corrections similar but smaller)

No log enhancement in the interference due to soft and collinear singularities in real 
emissions or IR divergences in 1-loop diagrams [ see: Dixon and Shadmi  NPB 423 (1994) 3]

SM: A6(ψ
+ψ−V +V +φφ) BSM6: A6(ψ

+ψ−V +V +)

�φ�
Ex:

�φ�

+

+

F 3

-

+ +

+-

+

O(m2
W,t/E

2)



• radiative corrections subdominant compared to mass effects except at very high 
energies

Max gain in sensitivity                    (at the cost of a reduced           )

• Accessing the               corrections from D=6 operators without relative suppression 
is possible by considering            processes (i.e.             plus extra jet)

Fermion mass insertions usually subdominant except for 
top quarks (e.g.       interferes at           in              )F 3 gg → tt̄O(ε2F )

E � mW

�
4π/αS ∼ 1TeV

O(1/Λ2)

S/B∼
�
4π/αS

2 → 22 → 3

27

ex:   constraining       through 3-jet eventsF 3 [ Dixon and Shadmi  NPB 423 (1994) 3]



pµ1 + pµ2 + pµ3 = 0 �12�[12] = 0 , �23�[23] = 0 , �31�[31] = 0 ,

�12� = �23� = �31� = 0 [12] = [23] = [31] = 0

28

Form of 3-point amplitudes is fixed

1. By Poincare’ invariance any 3-point amplitude 
can depend on either square or angle brackets

for reviews see: Dixon, Boulder 1995 [hep-ph/9601359]
Mangano and Parke  Phys. Rept. 200 (1991) 301
Elvang and Huang arXiv:1308.1697

hence either or
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An → An × t−2hi
i |i� → ti |i� , |i] → t−1

i |i]

r1 = h1 − h2 − h3

r2 = h2 − h3 − h1

r3 = h3 − h1 − h2

r̄i = −ri

28

Form of 3-point amplitudes is fixed

1. By Poincare’ invariance any 3-point amplitude 
can depend on either square or angle brackets

for reviews see: Dixon, Boulder 1995 [hep-ph/9601359]
Mangano and Parke  Phys. Rept. 200 (1991) 301
Elvang and Huang arXiv:1308.1697

hence either or

2. Under Little group scaling

Locality implies:

11

defining the scattering amplitudes are the spinors

|p�ȧ and |p]a transforming as (1/2, 0) and (0, 1/2)

under SU(2) × SU(2) � SO(3, 1). They are inde-

pendent solutions of the massless Dirac equation:

v+(p) = (|p]a, 0) ū+(p) = ([p|
a
, 0)

v−(p) = (0, |p�ȧ) ū−(p) = (0, �p|ȧ) ,
(A1)

where the subscript ± corresponds to an helic-

ity h = ±1/2. Dotted and undotted indices are

raised/lowered with the 2-index Levi-Civita tensor.

A (1/2, 1/2) Lorentz vector is written in terms of the

spinors as −�p = |p�[p|+ |p]�p|, while the polarization
vectors for spin-1 massless bosons are

�µ−(p; q) =
�p|γµ|q]√

2[qp]
, �µ+(p; q) =

�q|γµ|p]√
2�qp�

, (A2)

where q is a reference vector whose arbitrariness re-

flects gauge invariance. The products of angle and

square spinors �pq� ≡ �p|ȧ|q�ȧ and [pq] ≡ [p|a|q]a sat-

isfy the properties

�pp� = �pq] = 0 , �pq�[pq] = 2p · q = (p+ q)
2
(A3)

for any p and q.

In many theories the basic building blocks for all

scattering amplitudes are 3-point amplitudes. Mo-

mentum conservation in the 3-point vertex (p
µ
1 +p

µ
2 +

p
µ
3 ) = 0 and the on-shell condition p2i = 0 imply

pi · pj = 0, which in bra-ket notation reads

�12�[12] = 0 , �23�[23] = 0 , �31�[31] = 0 . (A4)

The only non-trivial solutions are: �12� = �23� =

�31� = 0 or [12] = [23] = [31] = 0. This means that

the 3-particle amplitudes can depend only on square

or angle brackets, never on both.

Spinors are defined up to a multiplicative factor,

referred to as Little group scaling,

|pi� → ti|pi� and |pi] → t
−1
i |pi] , (A5)

which leaves the momentum (pi)aḃ = −|pi]a�pi|ḃ in-

variant. Under such transformation the polarization

vector of a spin-1 particle scales as t
−2hi
i if it has

helicity hi = ±1. An on-shell tree-level amplitude

thus scales as t−2hi under the rescaling of a particle

i with helicity hi, and as t−2h
, with h =

�
i hi, when

all particles are rescaled. We have seen that the spe-

cial 3-particle kinematics described below Eq. (A4)

implies that a 3-point amplitude must depend either

on square or angle brackets. Little group scaling and

the request of locality then fix completely the form

of the amplitude to be (at tree level)

A3 = g

�
�12�r3�23�r1�31�r2 for h(A3) ≤ 0

[12]
r̄3 [23]r̄1 [31]r̄2 for h(A3) ≥ 0

(A6)

where r1 = h1 − h3 − h2, r2 = h2 − h1 − h3 and

r3 = h3 − h2 − h1, while r̄i = −ri. From simple

dimensional analysis it follows that the total helicity

of a 3-point tree-level amplitude, h(A3), is fixed by

the dimensionality of the coupling constant g; such

relation is given by Eq. (4) in the main text.

Similar arguments applied to n-point amplitudes

imply that the total helicity h(An) satisfies:

n− h(An) + [g] = even (A7)

where [g] is the sum of the dimensions of the cou-

plings contributing to the amplitude. For [g] even, in

particular, it follows that h(An) has the same parity

as n.

Appendix B: Supersymmetric Ward Identities

As long as all up-type or all down-type Yukawa

couplings vanish, the SM fields and interactions can

be embedded in a supersymmetric Lagrangian with

R-parity. When both kinds are non-vanishing, how-

ever, holomorphy of the superpotential requires the

introduction of an additional Higgs doublet or ex-

plicit supersymmetry breaking. Most SM tree-level

amplitudes (all those not involving simultaneously

up- and down-type Yukawas) can thus be written in

supersymmetric form. R-parity implies that no su-

persymmetric state propagates in the internal lines,

so that these amplitudes are effectively supersym-

metric. This feature is generically lost in BSM6, al-

though some operators can still be uplifted to a su-

persymmetric form [41].

Supersymmetry implies important relations be-

tween scattering amplitudes [12] (see [9, 19] for a

review). Since the supercharge Q(ξ) = ξ̄αQα anni-

hilates the vacuum for a generic spinor parameter ξ,
the following Supersymmetric Ward Identities (SWI)

hold for amplitudes made of n arbitrary fields Φi:

0 = �0|[Q,On]|0�

=

�

i

�0|Φ1 · · · [Q,Φi] · · ·Φn|0� ,
(B1)

where On ≡ Φ1 · · ·Φn. For a scalar φ and a Weyl

fermion ψ in the same chiral supermultiplet, and a



pµ1 + pµ2 + pµ3 = 0 �12�[12] = 0 , �23�[23] = 0 , �31�[31] = 0 ,

�12� = �23� = �31� = 0 [12] = [23] = [31] = 0

An → An × t−2hi
i |i� → ti |i� , |i] → t−1

i |i]

r1 = h1 − h2 − h3

r2 = h2 − h3 − h1

r3 = h3 − h1 − h2

r̄i = −ri

n− h(An) + [g] = even
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Form of 3-point amplitudes is fixed

1. By Poincare’ invariance any 3-point amplitude 
can depend on either square or angle brackets
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hence either or

2. Under Little group scaling

Locality implies:

11

defining the scattering amplitudes are the spinors

|p�ȧ and |p]a transforming as (1/2, 0) and (0, 1/2)

under SU(2) × SU(2) � SO(3, 1). They are inde-

pendent solutions of the massless Dirac equation:

v+(p) = (|p]a, 0) ū+(p) = ([p|
a
, 0)

v−(p) = (0, |p�ȧ) ū−(p) = (0, �p|ȧ) ,
(A1)

where the subscript ± corresponds to an helic-

ity h = ±1/2. Dotted and undotted indices are

raised/lowered with the 2-index Levi-Civita tensor.

A (1/2, 1/2) Lorentz vector is written in terms of the

spinors as −�p = |p�[p|+ |p]�p|, while the polarization
vectors for spin-1 massless bosons are

�µ−(p; q) =
�p|γµ|q]√

2[qp]
, �µ+(p; q) =

�q|γµ|p]√
2�qp�

, (A2)

where q is a reference vector whose arbitrariness re-

flects gauge invariance. The products of angle and

square spinors �pq� ≡ �p|ȧ|q�ȧ and [pq] ≡ [p|a|q]a sat-

isfy the properties

�pp� = �pq] = 0 , �pq�[pq] = 2p · q = (p+ q)
2
(A3)

for any p and q.

In many theories the basic building blocks for all

scattering amplitudes are 3-point amplitudes. Mo-

mentum conservation in the 3-point vertex (p
µ
1 +p

µ
2 +

p
µ
3 ) = 0 and the on-shell condition p2i = 0 imply

pi · pj = 0, which in bra-ket notation reads

�12�[12] = 0 , �23�[23] = 0 , �31�[31] = 0 . (A4)

The only non-trivial solutions are: �12� = �23� =

�31� = 0 or [12] = [23] = [31] = 0. This means that

the 3-particle amplitudes can depend only on square

or angle brackets, never on both.

Spinors are defined up to a multiplicative factor,

referred to as Little group scaling,

|pi� → ti|pi� and |pi] → t
−1
i |pi] , (A5)

which leaves the momentum (pi)aḃ = −|pi]a�pi|ḃ in-

variant. Under such transformation the polarization

vector of a spin-1 particle scales as t
−2hi
i if it has

helicity hi = ±1. An on-shell tree-level amplitude

thus scales as t−2hi under the rescaling of a particle

i with helicity hi, and as t−2h
, with h =

�
i hi, when

all particles are rescaled. We have seen that the spe-

cial 3-particle kinematics described below Eq. (A4)

implies that a 3-point amplitude must depend either

on square or angle brackets. Little group scaling and

the request of locality then fix completely the form

of the amplitude to be (at tree level)

A3 = g

�
�12�r3�23�r1�31�r2 for h(A3) ≤ 0

[12]
r̄3 [23]r̄1 [31]r̄2 for h(A3) ≥ 0

(A6)

where r1 = h1 − h3 − h2, r2 = h2 − h1 − h3 and

r3 = h3 − h2 − h1, while r̄i = −ri. From simple

dimensional analysis it follows that the total helicity

of a 3-point tree-level amplitude, h(A3), is fixed by

the dimensionality of the coupling constant g; such

relation is given by Eq. (4) in the main text.

Similar arguments applied to n-point amplitudes

imply that the total helicity h(An) satisfies:

n− h(An) + [g] = even (A7)

where [g] is the sum of the dimensions of the cou-

plings contributing to the amplitude. For [g] even, in

particular, it follows that h(An) has the same parity

as n.

Appendix B: Supersymmetric Ward Identities

As long as all up-type or all down-type Yukawa

couplings vanish, the SM fields and interactions can

be embedded in a supersymmetric Lagrangian with

R-parity. When both kinds are non-vanishing, how-

ever, holomorphy of the superpotential requires the

introduction of an additional Higgs doublet or ex-

plicit supersymmetry breaking. Most SM tree-level

amplitudes (all those not involving simultaneously

up- and down-type Yukawas) can thus be written in

supersymmetric form. R-parity implies that no su-

persymmetric state propagates in the internal lines,

so that these amplitudes are effectively supersym-

metric. This feature is generically lost in BSM6, al-

though some operators can still be uplifted to a su-

persymmetric form [41].

Supersymmetry implies important relations be-

tween scattering amplitudes [12] (see [9, 19] for a

review). Since the supercharge Q(ξ) = ξ̄αQα anni-

hilates the vacuum for a generic spinor parameter ξ,
the following Supersymmetric Ward Identities (SWI)

hold for amplitudes made of n arbitrary fields Φi:

0 = �0|[Q,On]|0�

=

�

i

�0|Φ1 · · · [Q,Φi] · · ·Φn|0� ,
(B1)

where On ≡ Φ1 · · ·Φn. For a scalar φ and a Weyl

fermion ψ in the same chiral supermultiplet, and a

3. From Dimensional Analysis it follows: h(A3) = 1− [g]

similarly:


