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In terms of dim-6 operators
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aTGC in VV process and noninterference

SM amplitude BSM amplitude 
with insertion of !"# ∼ tr((")

Helicity selection rule: total helicity should match
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tr($%)

Helicity selection rule: total helicity should match
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The correct picture is that, in fact, they do 
interfere in a full amplitude
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Panico, Riva, Wulzer 17’
Azatov, Elias-Miro, Reyimuaji, Venturini 17’
Helset, Trott 18’
Aoude, Shepherd 19’
+ …

: suggests us to look into differential 
distributions of angular variable

Noninterference in VV process
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2 to 2 process, subject to non-interference

• Δ"($) ∝ Δ' ( v.s. Δ"($) ∝ Δ' in case interference)

• EFT expansion fails, e.g. SMxdim8 ∼ dim6xdim6, 
what if SMxdim8 can interfere without suppression? )
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Interference resurrection

Panico, Riva, Wulzer 17’
CMS collaboration 2111.13948

C&'()*+",-) "-.* ".,+

Still quadratic term dominates.

[Also see Talk by Schmitt]
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We newly introduce
2-to-4 dilepton + 2 jets 
as a new way of resurrecting interference
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Interference resurrection in the total cross section

Hwang, Min, Park, SON, Yoo JHEP 08 (2023) 069
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Effective W Approximation (EWA)
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) : Virtuality of W boson
* : Energy scale of hard-process 

Interaction scale of 
hard-process 
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Apparent 2-to-2 process seems 
to be subject to noninterference. 
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With quark currents attached to 
both vector bosons, interference 
seem to be recovered
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Many radiation type diagrams 

Interference resurrection

BSM diagramSM diagram unsuppressed

Order-one effect from t-
channel type (enhanced soft 
phase space) ?
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Analytic study of
resurrection of interference with a toy process

: analytic calculation of 2-to-4 amplitude is 
extremely challenging, maybe impossible 
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Replace one * with + for simplicity
→ only one type of the gauge boson

2-to-3 process is 
analytically calculable
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Calculable 2-to-3 toy example
: better to understand structure

SM diagrams BSM diagrams

+

+ +

In the unitary gauge
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Illustrative toy example
Analytically calculable 
: better to understand structure

SM diagrams BSM diagrams

One can choose a gauge where these two diagrams are trashed, but they are 
important to get correct high E behavior and satisfy Ward identity in general.

+

+ +

t-channel type

s-channel type
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1. For W mass window 2. Off-shell region away from mass window
Narrow width approximation applied
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Toy Example
: 2-to-3

Boosted on-shell 5

Recoiled quark

off-shell 5

6 : equivalent to the azimuthal 
angle of the forward quark
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1. For W mass window

2. Off-shell region away from mass window

Narrow width approximation applied
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1. For W mass window
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1. For W mass window

2. Off-shell region away from mass window

Narrow width approximation applied
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: 2-to-3

This phase space not been 
explored yet 
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Derivation of EWA : factorization Borel, Franceschini, Rattazzi, Wulzer 1202.1904
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Derivation in the axial gauge
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What if it is subject to the ‘helicity selection rule’

vanishes upon the integration over c
: it meets our usual expectation, or EWA

Derivation of EWA : factorization
Borel, Franceschini, Rattazzi, Wulzer 1202.1904

Different polarization is associated with the different 
total helicity of the sub-amplitude
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Leading P ‒ independent contributions
: interference will not be caught in EWA

[ Our computation for the left-handed photon would correspond to (next slide) ]

Beyond the relevant region for EWA
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Beyond the relevant region for EWA : our toy process

=> ⋅ ℳ in the unitary gauge

In this limit, our result can be compared with the 
result by Borel Franceschini, Rattazzi, Wulzer

However, our result work for sizable angle which 
captures the beyond the EWA phase space
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Going back to original
2-to-4 dilepton + 2 jets 

) *∗/)

1. For Z mass window 2. Off-shell region away from Z mass window

Interference may be 
seen through

Interference through off-shell 
effect in total cross section
: our new finding
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Going back to original
2-to-4 dilepton + 2 jets 

CMS-SMP-16-018 (2017)

!

1. For Z mass window

Eur. Phys. J. C81 (2021) 163

"#$ = −0.19, 0.41 TeV01 @ 95%CL

"#$ ∼ −0.13, 0.13 (TeV01) @ 95%CL

"#$;<=>?@A<?AB= ?B@>

: driven by interference term

: dominated by quadratic term

Assuming ℒ = 139 fb0F

CMS ?G, using 138 fb0F of data
"#$ = −0.062, 0.052 TeV01 @ 95%CL

Our re-analysis 3x weaker

, ΔLMM = L= − LN

OPQ
PLMM
RPQST
PLMM

ℒ = 35.9 fb0F

ℒ = 139 fb0F

: dominated by quadratic term

[See Talk by Schmitt for detail]
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EW Drell-YanQCD Drell-Yan
: control Hardness of the process

: monotonically 
increasing function
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2. Off-shell region away from Z mass window
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2@ = ?@J@

2. = ?.J.

Interference appears
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E-growing in Longitudinal polarizations

"# = "% = &'''
3)*+'*

2Λ*

.)/,# = &'
+1*

2Λ*

.2% = &' + &4
+'*

2Λ*
: can be probed by 
longitudinal polarizations

Goldstone boson equivalence theorem

High E-behavior of diboson is parametrized by 4 pars.
→ High Energy Primaries (HEP)

Franceschini, Panico, Pomarol, Riva, Wulzer 18’
Banerjee, Englert, Gupta, Spannowsky 18’
Banerjee, Gupta, Reiness, Seth, Spannowsky 20’
Bishara, Englert, Grojean, Panico, Rossia 22’

!ℎ is currently statistically limited, but it 
will outperform at the HL-LHC and will be 
the most efficient process 

& linear term dominates

8/30/23

.)/,# = −1.3, 1.7 ×10=>, .2% = −7.1, 16.4 ×10=>

.)/,# = −6.3, 5.8 ×10=>, .2% = −68, 67 ×10=>

Projection at HL-LHC using !ℎ process
by Bishara, Englert, Grojean, Panico, Rossia 22’

Our projection by EW CDD at HL-LHC
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Summary

1. EW dilepton process can access a wider phase space beyond the EWA 
limit and resurrect the interference in the total cross section

: soft-phase space enhanced interference (t-channel)

2. Our toy process provides an explicit analytic understanding of the 
above feature

3. We proposed a new variable controlling the hardness of the 
subprocess, namely VBFhardness, efficiently exploring off-shell region

: might be useful for any VBF-process which suffers from non-interference
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On the sensitivity of aTGC
In Z mass window

Off-shell region away from Z mass window (only Z mass window is removed wrt CMS)
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