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Factor ~10 improvement in multi-TeV cross-section. Possible to explore higher 
energies. Non-trivial interplay with luminosity determines final reach. 
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Energy Frontier: 

new particle prod.

Something 
interesting here?

Accuracy Frontier:

indirect BSM tests

The Energy and Accuracy Frontier 

Substantial progress possible at run-2/3 and HL-LHC



Energy and Accuracy Frontier

1h @ 100GeV ⇠ 10% @ 1TeV

The Accuracy and Energy of LEP set a benchmark

Beyond that threshold, hadron colliders win, even in 
processes well measured by LEP!

Hadron colliders also sensitive to processes where LEP 
could not tell much. More complete exploration
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Simplest EW process: Drell-Yan (l+l- or lnu)

Simplest BSM effects: Oblique corrections

4 par.s, with ‰ limit from very accurate, low energy (LEP) measurements


       and    : only affect pole residual, i.e., tot. X-sec. 

                   LHC measurements (%, from syst.) are not competitive 
       and    : produce constant terms.

                   quadratically enhanced at high mass. What can LHC do?
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Accurate experimental measurement: 

Oblique Parameters at the LHC
[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]

m`` d�
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[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
116–130 2.28 ⇥ 10�1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05
130–150 1.04 ⇥ 10�1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07
150–175 4.98 ⇥ 10�2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09
175–200 2.54 ⇥ 10�2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12
200–230 1.37 ⇥ 10�2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15
230–260 7.89 ⇥ 10�3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18
260–300 4.43 ⇥ 10�3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19
300–380 1.87 ⇥ 10�3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20
380–500 6.20 ⇥ 10�4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25
500–700 1.53 ⇥ 10�4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66 ⇥ 10�5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17
1000–1500 2.66 ⇥ 10�6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2: The combined Born-level single-di↵erential cross section d�
dm``

. The measurements are listed together with the statistical (�stat), systematic (�sys) and
total (�tot) uncertainties. In addition the contributions from the individual correlated (�1cor-�35

cor) and uncorrelated (�unc) systematic error sources are also provided.
The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.
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Oblique Parameters at the LHC
[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]
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[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
116–130 2.28 ⇥ 10�1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05
130–150 1.04 ⇥ 10�1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07
150–175 4.98 ⇥ 10�2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09
175–200 2.54 ⇥ 10�2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12
200–230 1.37 ⇥ 10�2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15
230–260 7.89 ⇥ 10�3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18
260–300 4.43 ⇥ 10�3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19
300–380 1.87 ⇥ 10�3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20
380–500 6.20 ⇥ 10�4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25
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700–1000 2.66 ⇥ 10�5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17
1000–1500 2.66 ⇥ 10�6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2: The combined Born-level single-di↵erential cross section d�
dm``

. The measurements are listed together with the statistical (�stat), systematic (�sys) and
total (�tot) uncertainties. In addition the contributions from the individual correlated (�1cor-�35

cor) and uncorrelated (�unc) systematic error sources are also provided.
The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.

20

Run-I (8 TeV) neutral DY (from ATLAS) 

Ingredients for the program to work:

~ 1 TeV measured at ~ 10%

Reach comparable with LEP ?



Accurate experimental measurement:   Syst. ~ 2%

Oblique Parameters at the LHC
[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]

m`` d�
dm`` �stat �sys �tot �unc �1cor �2cor �3cor �4cor �5cor �6cor �7cor �8cor �9cor �10

cor �11
cor �12

cor �13
cor �14

cor �15
cor �16

cor �17
cor �18

cor �19
cor �20

cor �21
cor �22

cor �23
cor �24

cor �25
cor �26

cor �27
cor �28

cor �29
cor �30

cor �31
cor �32

cor �33
cor �34

cor �35
cor

[GeV] [pb/GeV] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
116–130 2.28 ⇥ 10�1 0.34 0.53 0.63 0.12 0.24 -0.01 0.08 -0.03 -0.03 0.00 0.01 0.01 0.00 0.01 0.00 -0.00 0.00 0.00 -0.01 0.01 -0.00 0.01 -0.02 0.01 -0.02 -0.05 -0.31 0.15 0.18 0.03 -0.04 -0.01 -0.02 0.11 0.04 0.07 0.07 0.09 -0.05
130–150 1.04 ⇥ 10�1 0.44 0.67 0.80 0.13 0.38 -0.00 0.03 -0.05 -0.02 0.03 -0.01 0.00 0.00 0.01 -0.00 -0.00 0.00 0.00 -0.01 -0.01 -0.01 0.02 -0.01 0.01 0.08 -0.08 -0.38 0.10 0.15 0.04 -0.08 0.01 0.04 0.22 0.03 0.08 0.14 0.08 -0.07
150–175 4.98 ⇥ 10�2 0.57 0.91 1.08 0.18 0.56 0.01 -0.02 -0.05 -0.01 0.05 -0.03 0.00 0.00 0.01 -0.00 0.00 0.00 0.00 -0.02 -0.02 -0.01 0.03 0.00 0.00 0.15 -0.10 -0.47 0.06 0.15 0.04 -0.12 -0.00 0.09 0.35 0.04 0.10 0.16 0.10 -0.09
175–200 2.54 ⇥ 10�2 0.81 1.18 1.43 0.25 0.74 -0.00 -0.06 -0.07 -0.01 0.06 -0.05 -0.01 -0.00 0.01 -0.00 0.00 0.01 0.00 -0.02 -0.03 -0.01 0.04 0.01 0.00 0.23 -0.11 -0.58 0.02 0.14 0.07 -0.12 -0.00 0.13 0.47 0.03 0.12 0.17 0.10 -0.12
200–230 1.37 ⇥ 10�2 1.02 1.42 1.75 0.32 0.89 0.02 -0.09 -0.06 -0.01 0.08 -0.05 -0.00 0.00 0.00 -0.00 0.00 0.00 -0.00 -0.02 -0.04 -0.00 0.04 0.02 -0.00 0.29 -0.12 -0.67 -0.01 0.17 0.05 -0.16 0.02 0.16 0.58 0.05 0.16 0.21 0.16 -0.15
230–260 7.89 ⇥ 10�3 1.36 1.59 2.09 0.43 0.99 -0.01 -0.12 -0.08 0.00 0.07 -0.06 -0.01 0.00 0.01 -0.00 0.00 0.01 -0.00 -0.02 -0.04 0.00 0.05 0.03 -0.01 0.28 -0.11 -0.74 0.04 0.19 0.09 -0.14 -0.00 0.23 0.65 0.06 0.23 0.10 0.22 -0.18
260–300 4.43 ⇥ 10�3 1.58 1.67 2.30 0.46 1.06 0.02 -0.11 -0.05 0.01 0.12 -0.06 -0.00 0.01 0.00 -0.00 -0.00 -0.00 -0.00 -0.04 -0.06 0.01 0.07 0.04 0.00 0.35 -0.19 -0.73 0.00 0.17 0.05 -0.15 0.04 0.17 0.68 0.08 0.22 0.18 0.22 -0.19
300–380 1.87 ⇥ 10�3 1.73 1.80 2.50 0.56 1.12 -0.02 -0.11 -0.09 0.01 0.09 -0.07 -0.01 0.00 0.01 -0.01 0.00 0.01 -0.00 -0.03 -0.06 -0.00 0.06 0.01 -0.01 0.29 -0.18 -0.79 0.03 0.15 0.08 -0.13 -0.00 0.20 0.76 0.06 0.30 0.03 0.29 -0.20
380–500 6.20 ⇥ 10�4 2.42 1.71 2.96 0.63 1.03 0.00 -0.08 -0.10 0.04 0.14 -0.07 -0.00 0.01 0.01 -0.00 -0.00 -0.00 0.00 -0.06 -0.08 0.01 0.08 0.01 0.02 0.30 -0.26 -0.69 0.09 0.20 0.05 -0.13 0.05 0.16 0.59 0.06 0.36 0.03 0.39 -0.25
500–700 1.53 ⇥ 10�4 3.65 1.68 4.02 0.57 0.87 -0.08 -0.06 -0.14 0.04 0.15 0.01 0.02 0.01 -0.00 -0.01 0.01 0.03 0.00 -0.05 -0.05 0.03 0.17 0.04 0.12 0.02 -0.21 -0.56 0.10 0.03 0.01 0.06 -0.15 0.06 0.38 0.13 0.96 -0.09 0.35 -0.18

700–1000 2.66 ⇥ 10�5 6.98 1.85 7.22 1.02 0.73 -0.09 0.04 -0.13 0.07 0.17 0.03 0.03 0.03 0.00 -0.01 -0.01 0.02 0.01 -0.07 -0.07 0.05 0.17 -0.01 0.14 -0.15 -0.26 -0.44 0.23 0.08 0.06 0.13 -0.09 0.02 0.17 0.19 1.00 -0.17 0.50 -0.17
1000–1500 2.66 ⇥ 10�6 17.05 2.95 17.31 2.26 0.71 0.04 0.16 -0.01 0.06 0.33 0.10 0.08 0.05 -0.04 -0.00 -0.00 -0.01 -0.01 -0.15 -0.14 0.02 0.22 -0.08 0.16 -0.10 -0.49 -0.32 0.21 0.23 0.08 -0.17 0.01 -0.34 0.28 0.32 1.21 -0.03 0.69 -0.35

Table 2: The combined Born-level single-di↵erential cross section d�
dm``

. The measurements are listed together with the statistical (�stat), systematic (�sys) and
total (�tot) uncertainties. In addition the contributions from the individual correlated (�1cor-�35

cor) and uncorrelated (�unc) systematic error sources are also provided.
The luminosity uncertainty of 1.9% is not shown and not included in the overall systematic and total uncertainties.
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Ingredients for the program to work:



Accurate experimental measurement:   Syst. ~ 2%

Oblique Parameters at the LHC
[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]

Ingredients for the program to work:

Theory errors well under control:

• q-qbar PDF error < 10% below 3 (4) TeV @ run-1 (run-2) 

• NNLO QCD (FEWZ): < 1 % scale variation

• NLO EW known and under control

• photon PDF uncertainty safely small   [Manohar,Nason,Salam,Zanderighi, 2016]NNPDF @ 8 TeV NNPDF @ 13 TeV
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Accurate experimental measurement:   Syst. ~ 2%

Oblique Parameters at the LHC
[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]

Ingredients for the program to work:

Theory errors well under control:

• q-qbar PDF error < 10% below 3 (4) TeV @ run-1 (run-2) 

• NNLO QCD (FEWZ): < 1 % scale variation

• NLO EW known and under control

• photon PDF uncertainty safely small   [Manohar,Nason,Salam,Zanderighi, 2016]



Neutral DY @ run-1 is competitive with LEP

Oblique Parameters at the LHC
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Neutral DY @ run-1 is competitive with LEP
Charged DY @ run-1 would surpass LEP

No measurement available, extrapolation 
assumes (conservative) 5% systematic 

Oblique Parameters at the LHC
[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]



Neutral DY @ run-1 is competitive with LEP
Charged DY @ run-1 would surpass LEP
Neut./Ch. DY @ run-2/3 is much better than LEP

Oblique Parameters at the LHC
[Farina, Panico, Pappadopulo, Ruderman, Torre AW, 2016]



Neutral DY @ run-1 is competitive with LEP

Oblique Parameters at the LHC

Charged DY @ run-1 would surpass LEP
Neut./Ch. DY @ run-2/3 is much better than LEP
Raising energy better than raising lumi (part.lumi boost)
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Oblique Parameters at the LHC
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15

8.0

4.6

2.4

1.5

R
esonance scale (SILH

 gv=g) [TeV]

4

1000200 2000500 5000

0.1

1

10

0.03

0.3

3

30

Λcut in GeV

W
,Y
⨯1
03

pp → ℓ+ℓ-

dotted: 8 TeV, 20 fb-1

solid: 13 TeV, 0.3 ab-1

dashed: 13 TeV, 3 ab-1

103W 103 Y

Derivative expansion
breakdown

1000200 2000500 5000

0.1

1

10

0.03

0.3

3

30

Λcut in GeV

W
⨯1
03

pp → ℓν

dotted: 8 TeV, 20 fb-1

solid: 13 TeV, 0.3 ab-1

dashed: 13 TeV, 3 ab-1

δc, uc=2%,10%

Derivative expansion
breakdown

FIG. 3. Projected bounds as a function of a cuto↵ on the mass variable. The gray region corresponds to ⇤cut > ⇤max from

Eq. 2. Left: Bounds on W(with Y = 0) or Y(with W = 0) from neutral DY including only events with the dilepton invariant

mass smaller than ⇤cut. Right: Bounds on W from charged DY including only events with the lepton transverse mass smaller

than ⇤cut.

certainties down (2%) or up (10%) with respect to our
estimate (i.e., 5% for charged DY) is shown on the right
panel of Fig. 3.

The shape of the limit/reach contours in the W-Y
plane can be understood as follows. The interference
term in the partonic neutral DY cross section depends on
a q2-independent linear combination of W and Y, when
integrated over angles. The orthogonal combination is
only constrained when W and Y are large enough for
quadratic terms to be relevant. In view of the strong con-
straint expected on W from charged DY, this flat direc-
tion is irrelevant in practice. However, we note that the
flat direction can in principle be constrained with neutral
DY only, using angular information such as the energy
dependence of forward-backward asymmetries [35]. In
practice, this does not improve the 8TeV limits (due to
the dominance of the qLqR ! l�L l

+
R amplitude), but may

be significant at higher energies/luminosities. We leave a
full study of the power of angular distributions to future
work.

Beyond EFT’s.— When using EFTs to describe high
energy processes, one has to keep in mind that an EFT
provides an accurate description of the underlying new
physics only at energies below the new physics scale. The
latter scale is the EFT cuto↵ and it should be regarded
as a free parameter of the EFT [57]. A related concept
is that of “maximal cuto↵”, which is the maximal new
physics scale that can produce an EFT operator of a
given magnitude (e.g., a given value of W or Y). The
EFT limits become inconsistent if they come from ener-
gies above the cuto↵. This concept has been addressed
in DM EFT searches [57, 58] and electroweak EFT stud-
ies [59]. Depending on whether we consider new physics
that directly generates contact interactions (L0), or mod-
ifies the vacuum polarizations (L), the maximal cuto↵

estimate is,

⇤0 ⌘ 4⇡mW /g2

max(
p
W, t

p
Y)

, ⇤ ⌘ mW

max(
p
W,

p
Y)

< ⇤0 . (2)

The first estimate comes from demanding 2 ! 2 ampli-
tudes induced by L0 not to exceed the 16⇡2 perturbativity
bound, the second one from the validity of the deriva-
tive expansion, taking into account that L is a higher-
derivative correction to the (canonically normalized) vec-
tor boson kinetic terms. There is no contradiction in the
fact that the two pictures have di↵erent cuto↵s since L
and L0 are equivalent only if the d > 6 operators induced
by the field redefinition are negligible (as is the case when
q < ⇤).
In order to quantify the impact of the limited EFT va-

lidity, Fig. 3 shows how the reach deteriorates when only
data below the cuto↵ are employed.[60] If the resulting
curve stays below the maximal cuto↵ lines corresponding
to Eq. (2), as in our case, the EFT limit is self-consistent.
The right panel of Fig. 3 also shows how lowering the sys-
tematic uncertainties moves the limit curve far from the
maximal cuto↵ line. This allows to test EFTs with below
maximal cuto↵s.
Our results can be applied to various new physics sce-

narios. Higher derivative corrections to the SM gauge bo-
son kinetic terms directly test their compositeness above
a scale ⇤2 ⇡ mW /

p
W for the SU(2) gauge fields and

⇤1 ⇡ mW /
p
Y for the hypercharge. Our results imply

⇤2 & 4TeV from charged DY at 8TeV and (⇤2,⇤1) &
(6.5, 5)TeV from neutral DY with an LHC luminosity of
300 fb�1. Our bounds are also applicable to composite
Higgs with partial compositeness, in which elementary
W and B bosons mix with composite vector resonances.
Following the notation of Ref. [15], and using the results
of Ref. [61], we find that charged DY measurements pre-

Mass limit competitive or stronger than direct searches for small-coupling 
SILH realisation or for W-compositeness “remedios’’ power-counting
More model-independent limits, better from “exploration” view-point.
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We show that high energy measurements of Drell-Yan at the LHC can serve as electroweak
precision tests. Dimension-6 operators, from the Standard Model E↵ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
precision frontier.

Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question within the SM EFT [8, 9].
We study the e↵ect of “universal” new physics [10–12] on
neutral and charged Drell-Yan (DY) [13] processes: pp !
`
+
`
� and pp ! `⌫. Universal theories include scenarios

with new heavy vectors that mix with SM ones [14–19],
new electroweak charged particles [20], and electroweak
gauge boson compositeness [21]. The e↵ects of universal
new physics on the DY process can be parameterized
as modifications of electroweak gauge boson propagators
and encapsulated in the “oblique parameters” [22]. At
leading order in a derivative expansion they correspond
to Ŝ, T̂, W, and Y [10], which modify the �, Z, and W

propagators. The e↵ects of Ŝ and T̂ on DY processes do
not grow with energy, making it di�cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e↵ects that grow with
energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23–
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30–36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [37–44], the running of elec-
troweak gauge couplings [45, 46], and quantum e↵ects
from superpartners [47, 48].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 � g22W

2m2
W
JL

a
µJL

µ
a

Y � Y
4m2

W
(@⇢Bµ⌫)

2 � g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral (�, Z) and charged (W±) vector
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We show that high energy measurements of Drell-Yan at the LHC can serve as electroweak
precision tests. Dimension-6 operators, from the Standard Model E↵ective Field Theory, modify the
high energy behavior of electroweak gauge boson propagators. Existing measurements of the dilepton
invariant mass spectrum, from neutral current Drell-Yan at 8 TeV, have comparable sensitivity to
LEP. We propose measuring the transverse mass spectrum of charged current Drell-Yan, which can
surpass LEP already with 8 TeV data. The 13 TeV LHC will elevate electroweak tests to a new
precision frontier.

Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question within the SM EFT [8, 9].
We study the e↵ect of “universal” new physics [10–12] on
neutral and charged Drell-Yan (DY) [13] processes: pp !
`
+
`
� and pp ! `⌫. Universal theories include scenarios

with new heavy vectors that mix with SM ones [14–19],
new electroweak charged particles [20], and electroweak
gauge boson compositeness [21]. The e↵ects of universal
new physics on the DY process can be parameterized
as modifications of electroweak gauge boson propagators
and encapsulated in the “oblique parameters” [22]. At
leading order in a derivative expansion they correspond
to Ŝ, T̂, W, and Y [10], which modify the �, Z, and W

propagators. The e↵ects of Ŝ and T̂ on DY processes do
not grow with energy, making it di�cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e↵ects that grow with
energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23–
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30–36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [37–44], the running of elec-
troweak gauge couplings [45, 46], and quantum e↵ects
from superpartners [47, 48].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 � g22W

2m2
W
JL

a
µJL

µ
a

Y � Y
4m2

W
(@⇢Bµ⌫)

2 � g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral (�, Z) and charged (W±) vector

W/Y limits easily evaded by strongly-coupled SILH:

⇠ g2W
g2⇤

· 1

m2
⇤
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OW = ig

2

⇣
H†�a

$
DµH

⌘
D⌫W a

µ⌫

OB = ig
0

2

⇣
H†

$
DµH

⌘
@⌫Bµ⌫

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫

OHB = ig0(DµH)†(D⌫H)Bµ⌫

O2W = �
1

2
(DµW a

µ⌫
)2

O2B = �
1

2
(@µBµ⌫)2

Table 3: Operators relevant for the high-energy diboson production qq̄ ! WLVL, VLh in uni-

versal theories (in the SILH basis [6]).

These relations can also be written using a more familiar parametrization of Universal The-

ories, based on the Ŝ, T̂ , W and Y parameters (we follow the notation of Ref. [7]) and triple

gauge couplings (TGC), �gZ
1
and ��, as defined in Eq. (6). 4 We have

a(3)
q

= �
g2⇤2

4m2

W

�
c2
✓W

�gZ
1
+W

�
, a(1)

q
=

g2⇤2

12m2

W

t2
✓W

⇣
bS � �� + c2

✓W
�gZ

1
� Y

⌘
. (9)

These relations can be useful in order to compare bounds on HEP from LHC with those from

other experiments such as LEP.

2.1 Estimate of diboson channels sensitivity

In this section we estimate the sensitivity to Æe↵ects, from diboson channels WH, ZH, WW

and WZ. For technical reasons, our analysis is made in terms of the operator OHW discussed

above; as shown in table ?? this is equivalent to most of the Æparameters at high-energy, but

it might di↵er at small energy. Since our study is dominated by the high-energy region we

believe the impact of this will be small.

(I’d pharese everything in terms of the Æparameters now)
For this purpose a simple binned analysis in the pT of the bosons is used. We use four

bins, namely (in GeV)5

[200, 400] , [400, 600] , [600, 1000] , [1000, 2000] . (10)

The signal and background cross sections are given in table 4. For the WH analysis we

used the results of ref. [?], which performs a study by using jet substructure techniques to

reconstruct the Higgs boson decay products (H ! bb̄). In this paper estimates of the signal

4Notice that out of the 6 coe�cients of the operators of Table 3, only 5 linear combinations can be tested in
non-Higgs physics, as the linear combination OW �OB�OHW +OHB can be rewritten as |H|

2(W 2
µ⌫

�B
2
µ⌫
)/4

that, on the Higgs VEV, only give an unphysical renormalization of the gauge couplings [8]. This direction is
in particular highly constrained by h ! ��, �Z.

5In the WH and ZH channels the number of events in the last bin is negligible, so we ignore this bin in
the analysis.
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Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question within the SM EFT [8, 9].
We study the e↵ect of “universal” new physics [10–12] on
neutral and charged Drell-Yan (DY) [13] processes: pp !
`
+
`
� and pp ! `⌫. Universal theories include scenarios

with new heavy vectors that mix with SM ones [14–19],
new electroweak charged particles [20], and electroweak
gauge boson compositeness [21]. The e↵ects of universal
new physics on the DY process can be parameterized
as modifications of electroweak gauge boson propagators
and encapsulated in the “oblique parameters” [22]. At
leading order in a derivative expansion they correspond
to Ŝ, T̂, W, and Y [10], which modify the �, Z, and W

propagators. The e↵ects of Ŝ and T̂ on DY processes do
not grow with energy, making it di�cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e↵ects that grow with
energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23–
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30–36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [37–44], the running of elec-
troweak gauge couplings [45, 46], and quantum e↵ects
from superpartners [47, 48].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 � g22W

2m2
W
JL

a
µJL

µ
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Y � Y
4m2

W
(@⇢Bµ⌫)

2 � g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
modify the SM neutral (�, Z) and charged (W±) vector
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propagators. The e↵ects of Ŝ and T̂ on DY processes do
not grow with energy, making it di�cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e↵ects that grow with
energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23–
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30–36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [37–44], the running of elec-
troweak gauge couplings [45, 46], and quantum e↵ects
from superpartners [47, 48].

universal form factor (L) contact operator (L0)

W � W
4m2

W
(D⇢W

a
µ⌫)

2 � g22W

2m2
W
JL

a
µJL

µ
a

Y � Y
4m2

W
(@⇢Bµ⌫)

2 � g21Y

2m2
W
JY µJY

µ

TABLE I. The parameters W and Y in their “universal” form

(left), and as products of currents related by the equation of

motion (right). We dropped corrections to trilinear gauge cou-

plings.

EWPT from DY.— The 4 parameters Ŝ, T̂, W, and Y
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W/Y limits easily evaded by strongly-coupled SILH:
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Some un-suppressed operators:                (SILH-basis coefficient)
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Table 1: Dimension-six operators in the Warsaw basis [3] relevant for the high-energy longi-

tudinal diboson production qq̄ ! WLVL, VLh that interfere with the SM.

shortness. The dependence on ✓ (and on �) is fixed by angular momentum conservation, as

a simple application of the Jacob-Wick formula [12] to the case J = 1, �in,1 � �in,2 = ±1 and

�fin,1 � �fin,2 = 0.

Eq. (3) shows that at the leading order in the SM EFT expansion each diboson process

is sensitive at high energy to a single constant new-physics parameter A��
0

q
0
±q⌥

, which can be

taken real since its imaginary part does not interfere with the SM. The SM symmetry group,

which is restored in the high-energy limit, as previously explained, implies several relations

among these parameters, namely
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�
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where au, ad, a(1)q and a(3)q are the coe�cients of the decomposition of the amplitude in

GSM-invariant tensors, which we work out in Appendix A. In au, ad, a
(1)

q the incoming (and

outgoing) states form an SU(2)L singlet, while in a(3)q they form a triplet. The four quantities

au, ad, a
(1)

q and a(3)q define our high-energy primaries (HEP). These parametrize all possible

BSM e↵ects that can interfere with the SM at O(E2/⇤2) in diboson production at high-energy.

Our above analysis show that there must be four dimension-six operators associated to our

four HEP. These are given in Table 1 in the particular Warsaw basis [3]. They correspond to

contact interaction between quarks and scalars (Goldstones or Higgs). Other dimension-six

operators a↵ecting the SM gauge propagators or triple gauge coupling (diagram fig. XX) that

make the WLVL, VLh production grow at O(E2/⇤2), as for example those in Table 3, can be

eliminated using field redefinitions, leaving only those of Table 1. The relation between our

HEP and the Wilson coe�cients of the operators of Table 1 is one to one. In particular we

have

au = cu
R
, ad = cd

R
, c(1)

L
= a(1)

q
, c(3)

L
= a(3)

q
. (5)

It can be more convenient, in order to compare with low-energy experiments, to relate the HEP

to deviations in SM couplings. These relations are possible when restricting to dimension-six

operators. Following the parametrization of Ref. [4], we find that the relevant couplings for

6

⇠ 1/m2
⇤

SILH basis Warsaw basis



Longitudinal DiBosons
[Franceschini, Panico, Pomarol, Riva, AW, to appear]

OW = ig

2

⇣
H†�a

$
DµH

⌘
D⌫W a

µ⌫

OB = ig
0

2

⇣
H†

$
DµH

⌘
@⌫Bµ⌫

OHW = ig(DµH)†�a(D⌫H)W a

µ⌫

OHB = ig0(DµH)†(D⌫H)Bµ⌫

O2W = �
1

2
(DµW a

µ⌫
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2
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Table 3: Operators relevant for the high-energy diboson production qq̄ ! WLVL, VLh in uni-

versal theories (in the SILH basis [6]).

These relations can also be written using a more familiar parametrization of Universal The-

ories, based on the Ŝ, T̂ , W and Y parameters (we follow the notation of Ref. [7]) and triple

gauge couplings (TGC), �gZ
1
and ��, as defined in Eq. (6). 4 We have

a(3)
q

= �
g2⇤2

4m2

W

�
c2
✓W

�gZ
1
+W

�
, a(1)

q
=

g2⇤2

12m2

W

t2
✓W

⇣
bS � �� + c2

✓W
�gZ

1
� Y

⌘
. (9)

These relations can be useful in order to compare bounds on HEP from LHC with those from

other experiments such as LEP.

2.1 Estimate of diboson channels sensitivity

In this section we estimate the sensitivity to Æe↵ects, from diboson channels WH, ZH, WW

and WZ. For technical reasons, our analysis is made in terms of the operator OHW discussed

above; as shown in table ?? this is equivalent to most of the Æparameters at high-energy, but

it might di↵er at small energy. Since our study is dominated by the high-energy region we

believe the impact of this will be small.

(I’d pharese everything in terms of the Æparameters now)
For this purpose a simple binned analysis in the pT of the bosons is used. We use four

bins, namely (in GeV)5

[200, 400] , [400, 600] , [600, 1000] , [1000, 2000] . (10)

The signal and background cross sections are given in table 4. For the WH analysis we

used the results of ref. [?], which performs a study by using jet substructure techniques to

reconstruct the Higgs boson decay products (H ! bb̄). In this paper estimates of the signal

4Notice that out of the 6 coe�cients of the operators of Table 3, only 5 linear combinations can be tested in
non-Higgs physics, as the linear combination OW �OB�OHW +OHB can be rewritten as |H|

2(W 2
µ⌫

�B
2
µ⌫
)/4

that, on the Higgs VEV, only give an unphysical renormalization of the gauge couplings [8]. This direction is
in particular highly constrained by h ! ��, �Z.

5In the WH and ZH channels the number of events in the last bin is negligible, so we ignore this bin in
the analysis.
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Introduction.— Hadron colliders are often viewed as
“discovery machines.” They have limited precision, due
to their messy QCD environments, but their high Cen-
ter of Mass (CoM) energies allow them to directly pro-
duce new, heavy, particles. Hadron colliders are of-
ten contrasted with less energetic lepton colliders, which
can reach high precision to indirectly probe new heavy
physics, as exemplified by LEP, which tested the elec-
troweak sector of the Standard Model (SM) with unprece-
dented per-mill accuracy [1].

The flaws in this argument are well known to practi-
tioners of E↵ective Field Theory (EFT). Probing heavy
new physics, described by a mass scale M , at energies
E ⌧ M , gives a correction to observables scaling as
(E/M)n, for some n � 0. For those observables with
n > 0, hadron colliders benefit from the high CoM en-
ergy [2–7]. Is the energy enhancement at hadron colliders
su�cient to beat the precision of lepton colliders?

We address this question within the SM EFT [8, 9].
We study the e↵ect of “universal” new physics [10–12] on
neutral and charged Drell-Yan (DY) [13] processes: pp !
`
+
`
� and pp ! `⌫. Universal theories include scenarios

with new heavy vectors that mix with SM ones [14–19],
new electroweak charged particles [20], and electroweak
gauge boson compositeness [21]. The e↵ects of universal
new physics on the DY process can be parameterized
as modifications of electroweak gauge boson propagators
and encapsulated in the “oblique parameters” [22]. At
leading order in a derivative expansion they correspond
to Ŝ, T̂, W, and Y [10], which modify the �, Z, and W

propagators. The e↵ects of Ŝ and T̂ on DY processes do
not grow with energy, making it di�cult for the LHC to
surpass stringent constraints from LEP [1]. On the other

hand, W and Y, which are generated by the dimension-6
operators of table I, give rise to e↵ects that grow with
energy.

We find that neutral DY has comparable sensitivity
to W and Y as LEP, already at 8TeV. This sensitiv-
ity follows from the growth in energy, as well as the
percent-level precision achieved by LHC experiments [23–
29], Parton Distribution Function (PDF) determination,
and NNLO calculations [30–36]. We propose that the
LHC can carry out similar measurements in charged DY
(using the transverse mass spectrum), which with cur-
rent data is sensitive to W far beyond LEP. We project
the sensitivity of the 13 TeV LHC, and future hadron
colliders, and find spectacular reach to probe W and Y.
While we propose to use DY for electroweak preci-

sion tests, previous studies have shown DY can probe
4-fermion contact operators [37–44], the running of elec-
troweak gauge couplings [45, 46], and quantum e↵ects
from superpartners [47, 48].
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operators. Following the parametrization of Ref. [4], we find that the relevant couplings for
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5 Conclusions

A Amplitude decomposition

The particles involved in high-energy diboson production are the quarks and anti-quarks

doublets and singlets and the Higgs doublet, which groups together the Higgs particles and the

Goldstone boson states |w±
i and |zi associated with longitudinally polarised vector bosons.

In terms of physical particles, the Higgs doublet particle multiplet |�ii and the anti-particle

one |�ii reads

|�ii =

2

4
|w+

i

1
p
2
(|hi � |zi)

3

5

i

2 21/2 , |�ii =

2

4
�|w�

i

1
p
2
(|hi+ |zi)

3

5

i

2 2�1/2 , (28)

while for the quark anti-quark multiplets we have

|q�ii =


|u�i

|d�i

�

i

2 21/6 , |u+i 2 12/3 , |d+i 2 1�1/3 ,

|q
+
i
i =


|u+i

|d+i

�

i

2 2�1/6 , |u�i 2 1�2/3 , |d�i 2 11/3 .

(29)

Eq. 28 requires some clarification. It is obtained from the standard expression for the Higgs

doublet field � = (�i'+, (h + i'0)/
p
2) by quantising the Goldstone fields using a cre-

ation/annihilation operators decomposition that contains unconventional i factors. Equiv-

alently, it can be obtained from the standard decomposition by reabsorbing a �i factor in the

Goldstone particles states. This automatically keeps track of the �i factor that appears in

the Equivalence Theorem relation [10, 11] among longitudinal vectors and Goldstone boson

external states.

Scattering amplitudes involving these particles as external states transform as tensors

under the GSM group, and the GSM invariance of theory ensures that they must be invariant

tensors. The tensor structure is particularly simple for u+u� and d+d� initial states since

only two indices are those from the Higgs doublets, namely the amplitudes have the form

(Au)
j

i
= h�i �

j
|T |u+u�i , (Ad)

j

i
= h�i �

j
|T |d+d�i , (30)

where T denotes the T -matrix. There is of course only one invariant tensor with one 2 and

one 2 index, namely �i
j
, therefore

(Au)
j

i
= au�

j

i
, (Ad)

j

i
= ad�

j

i
. (31)

The case of q�q+ initial state is a bit more complicated because the amplitude has 4 indices

(Aq)
jl

ik
= h�i �

j
|T |(q�)k(q+)

l
i . (32)
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Figure 1: Feynman rules for longitudinally polarized incoming W ’s. The standard rule
is depicted on the upper part, while the lower one shows how it gets modified in the
Equivalent Gauge.

standard definition of the state (31) to the one of the Equivalent Gauge in eq. (32).

Obviously this change will not a↵ect the final result provided we compute physical

quantities, i.e. the matrix elements of gauge-invariant operators. To derive the rule,

let us write down the matrix elements of the fields among the vacuum and the single

particle states. Focusing on the bosonic sector we have

h0|Wµ(x)|wh(p)i = ✏hµ(p) e�ipx ,

h0|Wµ(x)|s(p)i = � ✏sµ(p) e�ipx ,

h0|⇡(x)|g(p)i = e�ipx ,

(33)

where the negative sign in the scalar state matrix element is due to its negative norm.

Now, imagine computing the matrix element of some time-ordered product of fields

with one |WLi as incoming external particle. With the standard definition of eq. (31),

the incoming |WLi can be annihilated only by the action of the Wµ field operator,

and therefore its Feynman rule is depicted as in the upper part of Figure 1, with one

external gauge field line entering into the diagram. When Wµ annihilates the state, it

leaves behind, in the momentum space, a wave-function factor

✏0µ(p) =
1

m

⇢
|p|, �Ep

|p|p
�

. (34)

Instead, consider the Equivalent Gauge definition of |WLi in eq. (32). In this case

the incoming state can be annihilated by two di↵erent fields. Either by Wµ, which can

annihilate |w0i or |si, or by the Goldstone boson field ⇡, which annihilates the Goldstone
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standard definition of the state (31) to the one of the Equivalent Gauge in eq. (32).

Obviously this change will not a↵ect the final result provided we compute physical

quantities, i.e. the matrix elements of gauge-invariant operators. To derive the rule,

let us write down the matrix elements of the fields among the vacuum and the single

particle states. Focusing on the bosonic sector we have

h0|Wµ(x)|wh(p)i = ✏hµ(p) e�ipx ,

h0|Wµ(x)|s(p)i = � ✏sµ(p) e�ipx ,

h0|⇡(x)|g(p)i = e�ipx ,

(33)

where the negative sign in the scalar state matrix element is due to its negative norm.

Now, imagine computing the matrix element of some time-ordered product of fields

with one |WLi as incoming external particle. With the standard definition of eq. (31),

the incoming |WLi can be annihilated only by the action of the Wµ field operator,

and therefore its Feynman rule is depicted as in the upper part of Figure 1, with one

external gauge field line entering into the diagram. When Wµ annihilates the state, it

leaves behind, in the momentum space, a wave-function factor

✏0µ(p) =
1

m

⇢
|p|, �Ep

|p|p
�

. (34)

Instead, consider the Equivalent Gauge definition of |WLi in eq. (32). In this case

the incoming state can be annihilated by two di↵erent fields. Either by Wµ, which can

annihilate |w0i or |si, or by the Goldstone boson field ⇡, which annihilates the Goldstone
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A Amplitude decomposition

The particles involved in high-energy diboson production are the quarks and anti-quarks

doublets and singlets and the Higgs doublet, which groups together the Higgs particles and the

Goldstone boson states |w±
i and |zi associated with longitudinally polarised vector bosons.

In terms of physical particles, the Higgs doublet particle multiplet |�ii and the anti-particle

one |�ii reads
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while for the quark anti-quark multiplets we have
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Eq. 28 requires some clarification. It is obtained from the standard expression for the Higgs

doublet field � = (�i'+, (h + i'0)/
p
2) by quantising the Goldstone fields using a cre-

ation/annihilation operators decomposition that contains unconventional i factors. Equiv-

alently, it can be obtained from the standard decomposition by reabsorbing a �i factor in the

Goldstone particles states. This automatically keeps track of the �i factor that appears in

the Equivalence Theorem relation [10, 11] among longitudinal vectors and Goldstone boson

external states.

Scattering amplitudes involving these particles as external states transform as tensors

under the GSM group, and the GSM invariance of theory ensures that they must be invariant

tensors. The tensor structure is particularly simple for u+u� and d+d� initial states since

only two indices are those from the Higgs doublets, namely the amplitudes have the form

(Au)
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j
|T |u+u�i , (Ad)
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where T denotes the T -matrix. There is of course only one invariant tensor with one 2 and

one 2 index, namely �i
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, therefore
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The case of q�q+ initial state is a bit more complicated because the amplitude has 4 indices
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20

= +✏L
µ ✏⇡

✏0
µ

Figure 1: Feynman rules for longitudinally polarized incoming W ’s. The standard rule
is depicted on the upper part, while the lower one shows how it gets modified in the
Equivalent Gauge.

standard definition of the state (31) to the one of the Equivalent Gauge in eq. (32).

Obviously this change will not a↵ect the final result provided we compute physical

quantities, i.e. the matrix elements of gauge-invariant operators. To derive the rule,

let us write down the matrix elements of the fields among the vacuum and the single

particle states. Focusing on the bosonic sector we have

h0|Wµ(x)|wh(p)i = ✏hµ(p) e�ipx ,

h0|Wµ(x)|s(p)i = � ✏sµ(p) e�ipx ,

h0|⇡(x)|g(p)i = e�ipx ,

(33)

where the negative sign in the scalar state matrix element is due to its negative norm.

Now, imagine computing the matrix element of some time-ordered product of fields

with one |WLi as incoming external particle. With the standard definition of eq. (31),

the incoming |WLi can be annihilated only by the action of the Wµ field operator,

and therefore its Feynman rule is depicted as in the upper part of Figure 1, with one

external gauge field line entering into the diagram. When Wµ annihilates the state, it

leaves behind, in the momentum space, a wave-function factor

✏0µ(p) =
1

m

⇢
|p|, �Ep

|p|p
�

. (34)

Instead, consider the Equivalent Gauge definition of |WLi in eq. (32). In this case

the incoming state can be annihilated by two di↵erent fields. Either by Wµ, which can

annihilate |w0i or |si, or by the Goldstone boson field ⇡, which annihilates the Goldstone
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standard definition of the state (31) to the one of the Equivalent Gauge in eq. (32).

Obviously this change will not a↵ect the final result provided we compute physical

quantities, i.e. the matrix elements of gauge-invariant operators. To derive the rule,

let us write down the matrix elements of the fields among the vacuum and the single

particle states. Focusing on the bosonic sector we have

h0|Wµ(x)|wh(p)i = ✏hµ(p) e�ipx ,

h0|Wµ(x)|s(p)i = � ✏sµ(p) e�ipx ,

h0|⇡(x)|g(p)i = e�ipx ,

(33)

where the negative sign in the scalar state matrix element is due to its negative norm.

Now, imagine computing the matrix element of some time-ordered product of fields

with one |WLi as incoming external particle. With the standard definition of eq. (31),

the incoming |WLi can be annihilated only by the action of the Wµ field operator,

and therefore its Feynman rule is depicted as in the upper part of Figure 1, with one

external gauge field line entering into the diagram. When Wµ annihilates the state, it

leaves behind, in the momentum space, a wave-function factor

✏0µ(p) =
1

m

⇢
|p|, �Ep

|p|p
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. (34)

Instead, consider the Equivalent Gauge definition of |WLi in eq. (32). In this case

the incoming state can be annihilated by two di↵erent fields. Either by Wµ, which can

annihilate |w0i or |si, or by the Goldstone boson field ⇡, which annihilates the Goldstone
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qq ! ��0

Figure 2: Representative diagrams for q0q ! ��0 production.

denoted as ��0 in what follows, should be considered together, like we do in the present

article.

We consider the production of ��0 out of a quark q0 with helicity � and an anti-quark q

with helicity �0, with the aim of classifying possible growing-with-energy contributions induced

by BSM higher-dimensional operators. Working at the leading order in the EFT expansion

(keeping only dimension-six operators), such e↵ects are of order E2/⇤2 by dimensional analy-

sis. Furthermore, among those contributions we would like to identify the ones that interfere

with the SM amplitude as previously explained. The tree-level Feynman diagrams responsible

for the process, schematically depicted in fig. XX, can have s-channel, t-(or u-)channel, or

contact interaction topology. The s-channel gauge bosons exchange is the only relevant topol-

ogy in the SM because H vertices with the light quarks are proportional to the tiny Yukawa

couplings. In the SM, the process thus exclusively occurs in the J = 1 angular momentum

configuration. Furthermore, because of the structure of the fermion-gauge-boson vertex, it

is necessarily initiated by quarks and anti-quarks with opposite helicity, i.e. � 6= �0. All the

quark flavor combinations are possible in the SM, aside from u+d� and d+u� that vanish in

the SM due to the absence of W couplings to right-handed quarks. BSM e↵ects that interfere

with the SM must thus also occur in opposite-helicity quark anti-quark scattering, with the

exception of u+d� and d+u�.

Leading-order BSM contribution to the amplitude can be either due to the insertion of

one anomalous vertex in the s- or t-channel diagrams, or to contact interactions. Among the

former diagrams, s-channel gauge bosons exchange is once again the only relevant topology

because the others require one insertion of the SM Yukawa couplings. These contribute to

the J = 1 angular momentum configuration like the SM terms. Contact interaction terms

can in principle contribute to all partial waves, however it is not hard to see that only J = 1

is possible for d = 6 operators. This follows from the fact that J � 2 would require more

derivative than those allowed by dimensionality and that J = 0 ��0 production from opposite-

helicity quark and anti-quark would require operators with one right-handed fermion singlet,

one left-handed fermion doublet and two Higgs doublets that are forbidden by the SM group.

In conclusion, relevant BSM e↵ects can be parametrized as corrections to the J = 1 partial

wave amplitudes, namely

�A
�
q0±q⌥ ! ��0� = f��

0

q
0
±q⌥

(s) sin ✓ = 4A��
0

q
0
±q⌥

s

⇤2
sin ✓ +O(s2/⇤4) , (3)

where sin ✓ is the scattering angle in the center of mass and
p
s is the center of mass energy.

The azimuthal angle, upon which the amplitude depends as e±i�, has been set to zero for

5

O
(3)

L
= (Q̄L�a�µQL)(iH†�a

$
DµH)

OL = (Q̄L�µQL)(iH†
$
DµH)

O
u

R
= (ūR�µuR)(iH†

$
DµH)

O
d

R
= (d̄R�µdR)(iH†

$
DµH)

Table 1: Dimension-six operators in the Warsaw basis [3] relevant for the high-energy longi-

tudinal diboson production qq̄ ! WLVL, VLh that interfere with the SM.

In conclusion, relevant BSM e↵ects can be parametrized as corrections to the J = 1 partial

wave amplitudes, namely

�A
�
q0±q⌥ ! ��0� = f��

0

q
0
±q⌥

(s) sin ✓ = 4A��
0

q
0
±q⌥

s

⇤2
sin ✓ +O(s2/⇤4) , (4)

where sin ✓ is the scattering angle in the center of mass and
p
s is the center of mass energy.

The azimuthal angle, upon which the amplitude depends as e±i�, has been set to zero for

shortness. The dependence on ✓ (and on �) is fixed by angular momentum conservation, as

a simple application of the Jacob-Wick formula [12] to the case J = 1, �in,1 � �in,2 = ±1 and

�fin,1 � �fin,2 = 0.

Eq. (4) shows that at the leading order in the SM EFT expansion each diboson process

is sensitive at high energy to a single constant new-physics parameter A��
0

q
0
±q⌥

, which can be

taken real since its imaginary part does not interfere with the SM. The SM symmetry group,

which is restored in the high-energy limit, as previously explained, implies several relations

among these parameters, namely

AW
+
W

�
u+u� = AZh

u+u� = au , AW
+
W

�

d+d�
= AZh

d+d�
= ad ,

AW
+
W

�
u�u+

= AZh

d�d+
= a(1)q + a(3)q , AW

+
W

�

d�d+
= AZh

u�u+
= a(1)q � a(3)q

AhW
+

u+d�
= AZW

+

u+d�
= AhW

�
d+u�

= �AZW
�

d+u�
=

p
2a(3)q (5)

where au, ad, a(1)q and a(3)q are the coe�cients of the decomposition of the amplitude in

GSM-invariant tensors, which we work out in Appendix A. In au, ad, a
(1)

q the incoming (and

outgoing) states form an SU(2)L singlet, while in a(3)q they form a triplet. The four quantities

au, ad, a
(1)

q and a(3)q define our high-energy primaries (HEP). These parametrize all possible

BSM e↵ects that can interfere with the SM at O(E2/⇤2) in diboson production at high-energy.

Our above analysis show that there must be four dimension-six operators associated to our

four HEP. These are given in Table 1 in the particular Warsaw basis [3]. They correspond to

contact interaction between quarks and scalars (Goldstones or Higgs). Other dimension-six

operators a↵ecting the SM gauge propagators or triple gauge coupling (diagram fig. XX) that

make the WLVL, VLh production grow at O(E2/⇤2), as for example those in Table 3, can be

eliminated using field redefinitions, leaving only those of Table 1. The relation between our

6
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5 Conclusions

A Amplitude decomposition

The particles involved in high-energy diboson production are the quarks and anti-quarks

doublets and singlets and the Higgs doublet, which groups together the Higgs particles and the

Goldstone boson states |w±
i and |zi associated with longitudinally polarised vector bosons.

In terms of physical particles, the Higgs doublet particle multiplet |�ii and the anti-particle

one |�ii reads
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while for the quark anti-quark multiplets we have

|q�ii =
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|q
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(29)

Eq. 28 requires some clarification. It is obtained from the standard expression for the Higgs

doublet field � = (�i'+, (h + i'0)/
p
2) by quantising the Goldstone fields using a cre-

ation/annihilation operators decomposition that contains unconventional i factors. Equiv-

alently, it can be obtained from the standard decomposition by reabsorbing a �i factor in the

Goldstone particles states. This automatically keeps track of the �i factor that appears in

the Equivalence Theorem relation [10, 11] among longitudinal vectors and Goldstone boson

external states.

Scattering amplitudes involving these particles as external states transform as tensors

under the GSM group, and the GSM invariance of theory ensures that they must be invariant

tensors. The tensor structure is particularly simple for u+u� and d+d� initial states since

only two indices are those from the Higgs doublets, namely the amplitudes have the form

(Au)
j

i
= h�i �

j
|T |u+u�i , (Ad)

j

i
= h�i �

j
|T |d+d�i , (30)

where T denotes the T -matrix. There is of course only one invariant tensor with one 2 and

one 2 index, namely �i
j
, therefore

(Au)
j

i
= au�
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i
, (Ad)
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i
= ad�
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i
. (31)

The case of q�q+ initial state is a bit more complicated because the amplitude has 4 indices

(Aq)
jl

ik
= h�i �

j
|T |(q�)k(q+)

l
i . (32)
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Figure 1: Feynman rules for longitudinally polarized incoming W ’s. The standard rule
is depicted on the upper part, while the lower one shows how it gets modified in the
Equivalent Gauge.

standard definition of the state (31) to the one of the Equivalent Gauge in eq. (32).

Obviously this change will not a↵ect the final result provided we compute physical

quantities, i.e. the matrix elements of gauge-invariant operators. To derive the rule,

let us write down the matrix elements of the fields among the vacuum and the single

particle states. Focusing on the bosonic sector we have

h0|Wµ(x)|wh(p)i = ✏hµ(p) e�ipx ,

h0|Wµ(x)|s(p)i = � ✏sµ(p) e�ipx ,

h0|⇡(x)|g(p)i = e�ipx ,

(33)

where the negative sign in the scalar state matrix element is due to its negative norm.

Now, imagine computing the matrix element of some time-ordered product of fields

with one |WLi as incoming external particle. With the standard definition of eq. (31),

the incoming |WLi can be annihilated only by the action of the Wµ field operator,

and therefore its Feynman rule is depicted as in the upper part of Figure 1, with one

external gauge field line entering into the diagram. When Wµ annihilates the state, it

leaves behind, in the momentum space, a wave-function factor

✏0µ(p) =
1

m

⇢
|p|, �Ep

|p|p
�

. (34)

Instead, consider the Equivalent Gauge definition of |WLi in eq. (32). In this case

the incoming state can be annihilated by two di↵erent fields. Either by Wµ, which can

annihilate |w0i or |si, or by the Goldstone boson field ⇡, which annihilates the Goldstone
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standard definition of the state (31) to the one of the Equivalent Gauge in eq. (32).

Obviously this change will not a↵ect the final result provided we compute physical

quantities, i.e. the matrix elements of gauge-invariant operators. To derive the rule,

let us write down the matrix elements of the fields among the vacuum and the single

particle states. Focusing on the bosonic sector we have

h0|Wµ(x)|wh(p)i = ✏hµ(p) e�ipx ,

h0|Wµ(x)|s(p)i = � ✏sµ(p) e�ipx ,

h0|⇡(x)|g(p)i = e�ipx ,

(33)

where the negative sign in the scalar state matrix element is due to its negative norm.

Now, imagine computing the matrix element of some time-ordered product of fields

with one |WLi as incoming external particle. With the standard definition of eq. (31),

the incoming |WLi can be annihilated only by the action of the Wµ field operator,

and therefore its Feynman rule is depicted as in the upper part of Figure 1, with one

external gauge field line entering into the diagram. When Wµ annihilates the state, it

leaves behind, in the momentum space, a wave-function factor

✏0µ(p) =
1

m

⇢
|p|, �Ep

|p|p
�

. (34)

Instead, consider the Equivalent Gauge definition of |WLi in eq. (32). In this case

the incoming state can be annihilated by two di↵erent fields. Either by Wµ, which can

annihilate |w0i or |si, or by the Goldstone boson field ⇡, which annihilates the Goldstone
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denoted as ��0 in what follows, should be considered together, like we do in the present

article.

We consider the production of ��0 out of a quark q0 with helicity � and an anti-quark q

with helicity �0, with the aim of classifying possible growing-with-energy contributions induced

by BSM higher-dimensional operators. Working at the leading order in the EFT expansion

(keeping only dimension-six operators), such e↵ects are of order E2/⇤2 by dimensional analy-

sis. Furthermore, among those contributions we would like to identify the ones that interfere

with the SM amplitude as previously explained. The tree-level Feynman diagrams responsible

for the process, schematically depicted in fig. XX, can have s-channel, t-(or u-)channel, or

contact interaction topology. The s-channel gauge bosons exchange is the only relevant topol-

ogy in the SM because H vertices with the light quarks are proportional to the tiny Yukawa

couplings. In the SM, the process thus exclusively occurs in the J = 1 angular momentum

configuration. Furthermore, because of the structure of the fermion-gauge-boson vertex, it

is necessarily initiated by quarks and anti-quarks with opposite helicity, i.e. � 6= �0. All the

quark flavor combinations are possible in the SM, aside from u+d� and d+u� that vanish in

the SM due to the absence of W couplings to right-handed quarks. BSM e↵ects that interfere

with the SM must thus also occur in opposite-helicity quark anti-quark scattering, with the

exception of u+d� and d+u�.

Leading-order BSM contribution to the amplitude can be either due to the insertion of

one anomalous vertex in the s- or t-channel diagrams, or to contact interactions. Among the

former diagrams, s-channel gauge bosons exchange is once again the only relevant topology

because the others require one insertion of the SM Yukawa couplings. These contribute to

the J = 1 angular momentum configuration like the SM terms. Contact interaction terms

can in principle contribute to all partial waves, however it is not hard to see that only J = 1

is possible for d = 6 operators. This follows from the fact that J � 2 would require more

derivative than those allowed by dimensionality and that J = 0 ��0 production from opposite-

helicity quark and anti-quark would require operators with one right-handed fermion singlet,

one left-handed fermion doublet and two Higgs doublets that are forbidden by the SM group.

In conclusion, relevant BSM e↵ects can be parametrized as corrections to the J = 1 partial

wave amplitudes, namely
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q
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0
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where sin ✓ is the scattering angle in the center of mass and
p
s is the center of mass energy.

The azimuthal angle, upon which the amplitude depends as e±i�, has been set to zero for
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Table 1: Dimension-six operators in the Warsaw basis [3] relevant for the high-energy longi-

tudinal diboson production qq̄ ! WLVL, VLh that interfere with the SM.

In conclusion, relevant BSM e↵ects can be parametrized as corrections to the J = 1 partial

wave amplitudes, namely
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(s) sin ✓ = 4A��
0
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sin ✓ +O(s2/⇤4) , (4)

where sin ✓ is the scattering angle in the center of mass and
p
s is the center of mass energy.

The azimuthal angle, upon which the amplitude depends as e±i�, has been set to zero for

shortness. The dependence on ✓ (and on �) is fixed by angular momentum conservation, as

a simple application of the Jacob-Wick formula [12] to the case J = 1, �in,1 � �in,2 = ±1 and

�fin,1 � �fin,2 = 0.

Eq. (4) shows that at the leading order in the SM EFT expansion each diboson process

is sensitive at high energy to a single constant new-physics parameter A��
0

q
0
±q⌥

, which can be

taken real since its imaginary part does not interfere with the SM. The SM symmetry group,

which is restored in the high-energy limit, as previously explained, implies several relations

among these parameters, namely

AW
+
W

�
u+u� = AZh

u+u� = au , AW
+
W

�

d+d�
= AZh

d+d�
= ad ,

AW
+
W

�
u�u+

= AZh

d�d+
= a(1)q + a(3)q , AW

+
W

�

d�d+
= AZh

u�u+
= a(1)q � a(3)q

AhW
+

u+d�
= AZW

+

u+d�
= AhW

�
d+u�

= �AZW
�

d+u�
=

p
2a(3)q (5)

where au, ad, a(1)q and a(3)q are the coe�cients of the decomposition of the amplitude in

GSM-invariant tensors, which we work out in Appendix A. In au, ad, a
(1)

q the incoming (and

outgoing) states form an SU(2)L singlet, while in a(3)q they form a triplet. The four quantities

au, ad, a
(1)

q and a(3)q define our high-energy primaries (HEP). These parametrize all possible

BSM e↵ects that can interfere with the SM at O(E2/⇤2) in diboson production at high-energy.

Our above analysis show that there must be four dimension-six operators associated to our

four HEP. These are given in Table 1 in the particular Warsaw basis [3]. They correspond to

contact interaction between quarks and scalars (Goldstones or Higgs). Other dimension-six

operators a↵ecting the SM gauge propagators or triple gauge coupling (diagram fig. XX) that

make the WLVL, VLh production grow at O(E2/⇤2), as for example those in Table 3, can be

eliminated using field redefinitions, leaving only those of Table 1. The relation between our
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ūLuL ! WLWL a(1)q + a(3)q �
g
2
⇤
2

2m
2

W

⇥
YLt2✓W �� + T uL

Z
�gZ

1 + c✓W �gZ
dL/g

⇤

d̄LdL ! ZLh

d̄LdL ! WLWL a(1)q � a(3)q �
g
2
⇤
2

2m
2

W

h
YLt2✓W �� + T dL

Z
�gZ

1 + c✓W �gZ
uL/g

i
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Table 2: High-energy primaries and the corresponding deviations from SM couplings con-

tributing to the diboson amplitudes, where T f

Z
= T f

3
�Qfs2✓W and YL,fR

is the hypercharge of

the left-handed and right-handed quark (e.g., YL = 1/6).

HEP and the Wilson coe�cients of the operators of Table 1 is one to one. In particular we

have

au = cu
R
, ad = cd

R
, c(1)

L
= a(1)

q
, c(3)

L
= a(3)

q
. (6)

It can be more convenient, in order to compare with low-energy experiments, to relate the HEP

to deviations in SM couplings. These relations are possible when restricting to dimension-six

operators. Following the parametrization of Ref. [4], we find that the relevant couplings for

our analysis are

�LBSM = �gZ
uL


ZµūL�µuL +

c✓W
p
2
(W+µūL�µdL + h.c.)

�
+ �gZ

uR ZµūR�µuR
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µ
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⌫

i

+ ie �� (Aµ⌫ � t✓WZµ⌫)W
+µW�⌫ , (7)

where the first 3 lines parametrizes deviations from already existing SM couplings, while

the last line corresponds to a new SM interaction. Notice that modifications of the left-

handed quark couplings to the W are related to modifications to the Z couplings, due to

an accidental custodial symmetry present in the dimension-six operators [4]. In Table 2 we

present the relation of the parameters of Eq. (7) with the HEP. This allows to understand to

which deviations in SM couplings we are sensitivity to in the di↵erent high-energy diboson

processes.

In a certain class of BSM scenarios, called ”Universal”, fermions do not couple to the new

dynamics and appear only forming SM SU(2)L ⇥ U(1)Y currents Jµ

Y
and Jaµ

L
. In this type

of BSM the five operators in Table 1 reduce to two, those arising from Jµ

Y
JY µ and Jaµ

L
Ja

Lµ
.

This implies the following relation between HEP:

au = �2ad = 4a(1)
q

. (8)
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GSM restoration implies relations among H and VL high-energy production

Equivalence Theorem makes such relations evident:  [see also AW, 2014]

5 Conclusions

A Amplitude decomposition

The particles involved in high-energy diboson production are the quarks and anti-quarks

doublets and singlets and the Higgs doublet, which groups together the Higgs particles and the

Goldstone boson states |w±
i and |zi associated with longitudinally polarised vector bosons.

In terms of physical particles, the Higgs doublet particle multiplet |�ii and the anti-particle

one |�ii reads

|�ii =

2

4
|w+

i

1
p
2
(|hi � |zi)

3

5

i

2 21/2 , |�ii =

2

4
�|w�

i

1
p
2
(|hi+ |zi)

3

5

i

2 2�1/2 , (28)

while for the quark anti-quark multiplets we have

|q�ii =


|u�i

|d�i

�

i

2 21/6 , |u+i 2 12/3 , |d+i 2 1�1/3 ,

|q
+
i
i =


|u+i

|d+i

�

i

2 2�1/6 , |u�i 2 1�2/3 , |d�i 2 11/3 .

(29)

Eq. 28 requires some clarification. It is obtained from the standard expression for the Higgs

doublet field � = (�i'+, (h + i'0)/
p
2) by quantising the Goldstone fields using a cre-

ation/annihilation operators decomposition that contains unconventional i factors. Equiv-

alently, it can be obtained from the standard decomposition by reabsorbing a �i factor in the

Goldstone particles states. This automatically keeps track of the �i factor that appears in

the Equivalence Theorem relation [10, 11] among longitudinal vectors and Goldstone boson

external states.

Scattering amplitudes involving these particles as external states transform as tensors

under the GSM group, and the GSM invariance of theory ensures that they must be invariant

tensors. The tensor structure is particularly simple for u+u� and d+d� initial states since

only two indices are those from the Higgs doublets, namely the amplitudes have the form

(Au)
j

i
= h�i �

j
|T |u+u�i , (Ad)

j

i
= h�i �

j
|T |d+d�i , (30)

where T denotes the T -matrix. There is of course only one invariant tensor with one 2 and

one 2 index, namely �i
j
, therefore

(Au)
j

i
= au�

j

i
, (Ad)

j

i
= ad�

j

i
. (31)

The case of q�q+ initial state is a bit more complicated because the amplitude has 4 indices

(Aq)
jl

ik
= h�i �

j
|T |(q�)k(q+)

l
i . (32)
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Figure 1: Feynman rules for longitudinally polarized incoming W ’s. The standard rule
is depicted on the upper part, while the lower one shows how it gets modified in the
Equivalent Gauge.

standard definition of the state (31) to the one of the Equivalent Gauge in eq. (32).

Obviously this change will not a↵ect the final result provided we compute physical

quantities, i.e. the matrix elements of gauge-invariant operators. To derive the rule,

let us write down the matrix elements of the fields among the vacuum and the single

particle states. Focusing on the bosonic sector we have

h0|Wµ(x)|wh(p)i = ✏hµ(p) e�ipx ,

h0|Wµ(x)|s(p)i = � ✏sµ(p) e�ipx ,

h0|⇡(x)|g(p)i = e�ipx ,

(33)

where the negative sign in the scalar state matrix element is due to its negative norm.

Now, imagine computing the matrix element of some time-ordered product of fields

with one |WLi as incoming external particle. With the standard definition of eq. (31),

the incoming |WLi can be annihilated only by the action of the Wµ field operator,

and therefore its Feynman rule is depicted as in the upper part of Figure 1, with one

external gauge field line entering into the diagram. When Wµ annihilates the state, it

leaves behind, in the momentum space, a wave-function factor

✏0µ(p) =
1

m

⇢
|p|, �Ep

|p|p
�

. (34)

Instead, consider the Equivalent Gauge definition of |WLi in eq. (32). In this case

the incoming state can be annihilated by two di↵erent fields. Either by Wµ, which can

annihilate |w0i or |si, or by the Goldstone boson field ⇡, which annihilates the Goldstone
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qq ! ��0

Figure 2: Representative diagrams for q0q ! ��0 production.

denoted as ��0 in what follows, should be considered together, like we do in the present

article.

We consider the production of ��0 out of a quark q0 with helicity � and an anti-quark q

with helicity �0, with the aim of classifying possible growing-with-energy contributions induced

by BSM higher-dimensional operators. Working at the leading order in the EFT expansion

(keeping only dimension-six operators), such e↵ects are of order E2/⇤2 by dimensional analy-

sis. Furthermore, among those contributions we would like to identify the ones that interfere

with the SM amplitude as previously explained. The tree-level Feynman diagrams responsible

for the process, schematically depicted in fig. XX, can have s-channel, t-(or u-)channel, or

contact interaction topology. The s-channel gauge bosons exchange is the only relevant topol-

ogy in the SM because H vertices with the light quarks are proportional to the tiny Yukawa

couplings. In the SM, the process thus exclusively occurs in the J = 1 angular momentum

configuration. Furthermore, because of the structure of the fermion-gauge-boson vertex, it

is necessarily initiated by quarks and anti-quarks with opposite helicity, i.e. � 6= �0. All the

quark flavor combinations are possible in the SM, aside from u+d� and d+u� that vanish in

the SM due to the absence of W couplings to right-handed quarks. BSM e↵ects that interfere

with the SM must thus also occur in opposite-helicity quark anti-quark scattering, with the

exception of u+d� and d+u�.

Leading-order BSM contribution to the amplitude can be either due to the insertion of

one anomalous vertex in the s- or t-channel diagrams, or to contact interactions. Among the

former diagrams, s-channel gauge bosons exchange is once again the only relevant topology

because the others require one insertion of the SM Yukawa couplings. These contribute to

the J = 1 angular momentum configuration like the SM terms. Contact interaction terms

can in principle contribute to all partial waves, however it is not hard to see that only J = 1

is possible for d = 6 operators. This follows from the fact that J � 2 would require more

derivative than those allowed by dimensionality and that J = 0 ��0 production from opposite-

helicity quark and anti-quark would require operators with one right-handed fermion singlet,

one left-handed fermion doublet and two Higgs doublets that are forbidden by the SM group.

In conclusion, relevant BSM e↵ects can be parametrized as corrections to the J = 1 partial

wave amplitudes, namely
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where sin ✓ is the scattering angle in the center of mass and
p
s is the center of mass energy.

The azimuthal angle, upon which the amplitude depends as e±i�, has been set to zero for
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tudinal diboson production qq̄ ! WLVL, VLh that interfere with the SM.
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where sin ✓ is the scattering angle in the center of mass and
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s is the center of mass energy.

The azimuthal angle, upon which the amplitude depends as e±i�, has been set to zero for

shortness. The dependence on ✓ (and on �) is fixed by angular momentum conservation, as

a simple application of the Jacob-Wick formula [12] to the case J = 1, �in,1 � �in,2 = ±1 and
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taken real since its imaginary part does not interfere with the SM. The SM symmetry group,

which is restored in the high-energy limit, as previously explained, implies several relations
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q and a(3)q define our high-energy primaries (HEP). These parametrize all possible
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Table 2: High-energy primaries and the corresponding deviations from SM couplings con-

tributing to the diboson amplitudes, where T f

Z
= T f

3
�Qfs2✓W and YL,fR

is the hypercharge of

the left-handed and right-handed quark (e.g., YL = 1/6).

HEP and the Wilson coe�cients of the operators of Table 1 is one to one. In particular we

have

au = cu
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, c(1)

L
= a(1)

q
, c(3)

L
= a(3)

q
. (6)

It can be more convenient, in order to compare with low-energy experiments, to relate the HEP

to deviations in SM couplings. These relations are possible when restricting to dimension-six

operators. Following the parametrization of Ref. [4], we find that the relevant couplings for
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where the first 3 lines parametrizes deviations from already existing SM couplings, while

the last line corresponds to a new SM interaction. Notice that modifications of the left-

handed quark couplings to the W are related to modifications to the Z couplings, due to

an accidental custodial symmetry present in the dimension-six operators [4]. In Table 2 we

present the relation of the parameters of Eq. (7) with the HEP. This allows to understand to

which deviations in SM couplings we are sensitivity to in the di↵erent high-energy diboson

processes.

In a certain class of BSM scenarios, called ”Universal”, fermions do not couple to the new

dynamics and appear only forming SM SU(2)L ⇥ U(1)Y currents Jµ

Y
and Jaµ

L
. In this type

of BSM the five operators in Table 1 reduce to two, those arising from Jµ

Y
JY µ and Jaµ

L
Ja
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.

This implies the following relation between HEP:

au = �2ad = 4a(1)
q

. (8)
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Longitudinal DiBosons
[Franceschini, Panico, Pomarol, Riva, AW, to appear]

Naive estimate of the reach (on one benchmark operator)

Leading order, high PT, no systematics, no detector

Top/bb Higgs fakes 
Maybe promising [for a(1)]
Swamped by VT production
Less VT background

Channel Bound without bkg. Bound with bkg.

Wh [�0.0096, 0.0096] [�0.036, 0.031]

Zh [�0.030, 0.028] –

WW [�0.012, 0.011] [�0.044, 0.037]

WZ [�0.013, 0.012] [�0.023, 0.021]

Table 5: Bounds on a(3)q (in TeV�2) from the estimates of table 4.

the last bin, hence it entails a considerable loss of rate and in turn of sensitivity.8 The Wh

background estimate is also taken from Ref. [44]. Its impact on the reach is considerable, as

shown in table 5, meaning that a significant improvement of boosted Higgs reconstruction

techniques would be needed in order to make this channel competitive. We are not aware

of detailed analyses focused on the high-pT,V regime of the Zh process, therefore we studied

this channel in the unrealistic hypothesis of no background. The reach in Zh is slightly worse

than the one in WZ even in the absence of background because of the small leptonic Z

branching ratio. The background will further worsen the situation similarly to what happens

in Wh. The two channels Wh and Zh are expected to face similar challenges for background

reduction.

We see that the fully leptonic WZ process is expected to have the best reach among

the channels we considered. Compared with associated Higgs production processes, it does

not su↵er from the large background due to boosted Higgs mistag and from the potentially

sizable systematic uncertainties that could emerge when dealing with hadronic final states.

Compared with WW , WZ has a smaller background from transverse polarizations. This

properties follows from a reduction of the transverse amplitude in the central region, as we

will now discuss. While in what follows we will focus on this channel, it should be kept in mind

that WZ is only sensitive (see table 2) to a(3)q , so that other channels will have necessarily

to be studied in order to probe all the 4 HEP parameters. We will further comment on this

aspect in the Conclusions.

3.2 Leptonic WZ

The fully leptonic WZ process

pp ! W±Z + jets ! `⌫`0 ¯̀0 + jets , with l, l0 = e, µ ,

is likely to be measured with good accuracy. The leptons can be accurately reconstructed

and the reducible background from other processes (which might hamper the whole procedure

if not modeled well enough) is very low [6]. At the experimental level the situation might

not be too much di↵erent from the neutral Drell-Yan process, in which a measurement with

8Actually, in the case of Wh the “substr.” line in table 5 also includes the e�ciency of the jet veto cut of
Ref. [44]. The latter e�ciency is however marginally relevant as it ranges from 60 to 80%.
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Figure 3: Di↵erential cross section for the pp ! W+Z production process as a function of the

scattering angle cos ✓WZ. LEFT: LO results at an invariant mass mWZ = 1 TeV. RIGHT:

Results obtained by a tree-level computation matched with an extra jet with an invariant mass

cut mWZ � 1 TeV. In both panels, the solid lines correspond to the final state with two

longitudinally polarized gauge bosons, while the dashed lines correspond to the sum on all the

other polarization channels. In the right panel, the black lines correspond to the full cross

section, whereas the green and red lines are obtained by imposing a cut on the transverse

momentum of the WZ system (|pT,WZ | < 100 GeV and |pT,WZ | < 70 GeV respectively).

longitudinally-polarized events in the high-pTV
bins.

A more quantitative understanding of the e↵ect can be obtained by analyzing the di↵er-

ential cross section as a function of the scattering angle. In left panel of fig. 3 we show the

pp ! W+Z LO di↵erential cross section for the fully-longitudinally polarized channel (solid

line) and for all other polarizations (dashed line) at fixed scattering energy (mwz = 1 TeV).

The plot clearly shows the suppression of the transverse channels for cos ✓wz ⇠ 0. For exactly

central scattering the longitudinal channel cross section is nearly one order of magnitude

larger than all the other channels. This means that a centrality cut can be quite e↵ective in

enhancing the longitudinal signal events with respect to the background. We will discuss this

aspect more quantitatively later on, when devising a suitable cuts for our analysis.

The picture described so far is significantly modified when NLO e↵ects are taken into

account. It turns out that NLO corrections are sizable (they enhance the total cross section

by a factor ⇠ 2) and do not have an amplitude zero for central scattering. The main NLO

contribution to the cross section comes from events with an additional jet, whereas virtual

contributions have only a marginal impact. The sizable contribution to the cross section is

due to the fact that an additional channels opens at NLO, namely the qg initial state, which

was absent at LO. The large gluon PDF compensate for the phase space suppression due to

the additional jet, so that the contribution of this channel nearly matches the full LO one.

A peculiar feature of the events with one extra jet, is the fact that they almost exclusively

contribute to the transverse channels, while their contribution to the fully longitudinally-

polarized final state is quite small. The net e↵ect of the NLO corrections is to remove the

transverse channel suppression for central scattering, so that the longitudinal final state is
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Figure 5: Rescaled accuracy as a function of the cut on the scattering angle | cos ✓⇤| (left

panel) and of the transverse momentum of the WZ system pT,V V (right panel). The solid,

dashed, dot-dashed and dotted lines correspond to the three pT,V bins described in the main

text. The black lines are obtained by imposing the additional cuts pT,V V  pT,V /2 in the left

plot and | cos ✓⇤| < 0.5 in the right plot. The orange lines are obtained with no additional

cut.

As far as pT,V V is concerned, we instead employ a pT,V -dependent cut, namely

pT,V V /pT,V < [pT,V V /pT,V ]max = 0.5 . (18)

The dependence of the rescaled accuracy on [pT,V V /pT,V ]max is very mild, as the right panel of

fig. 5 shows. The chosen value of 0.5 is slightly above the absolute minimum for the relevant

pT,V bins, however this does not entail a significant loss of sensitivity. We took it somewhat

larger than the minimum because it could be di�cult to obtain accurate predictions for too a

low pT,V V cut, as previously explained. Choosing [pT,V V /pT,V ]max = 0.5 should leave enough

phase space to real emission and allow for trustable fixed-order QCD calculations. Indeed we

will verify in section 3.2.4 that scale uncertainties are not enhanced by this cut, while they

would increase significantly if a tighter selection was adopted.

There are a few additional insights that can be extracted from the plots in fig. 5. First of

all it can be seen that the bins with pT,V > 400 GeV and pT,V > 600 GeV have the best, and

comparable, sensitivity. They are followed by the bin pT,V > 200 GeV, whose sensitivity is

roughly a factor 4 lower. This means that a possible new physics e↵ect in this channel would

not show up as a departure from the SM prediction which is localized in a single bin, but

rather as a (arguably more convincing) tension with the SM distributed over a wide energy

range. Second, from the figure we see that the cuts we devised increase the accuracy of around

30% in the highest bin, 50% in the intermediate and 70% in the lowest. We checked that this

is mainly due to the reduction of the signal over background ratio that mitigates the impact

of systematic uncertainties.
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text. The black lines are obtained by imposing the additional cuts pT,V V  pT,V /2 in the left

plot and | cos ✓⇤| < 0.5 in the right plot. The orange lines are obtained with no additional

cut.

As far as pT,V V is concerned, we instead employ a pT,V -dependent cut, namely

pT,V V /pT,V < [pT,V V /pT,V ]max = 0.5 . (18)

The dependence of the rescaled accuracy on [pT,V V /pT,V ]max is very mild, as the right panel of

fig. 5 shows. The chosen value of 0.5 is slightly above the absolute minimum for the relevant

pT,V bins, however this does not entail a significant loss of sensitivity. We took it somewhat

larger than the minimum because it could be di�cult to obtain accurate predictions for too a

low pT,V V cut, as previously explained. Choosing [pT,V V /pT,V ]max = 0.5 should leave enough

phase space to real emission and allow for trustable fixed-order QCD calculations. Indeed we

will verify in section 3.2.4 that scale uncertainties are not enhanced by this cut, while they

would increase significantly if a tighter selection was adopted.

There are a few additional insights that can be extracted from the plots in fig. 5. First of

all it can be seen that the bins with pT,V > 400 GeV and pT,V > 600 GeV have the best, and

comparable, sensitivity. They are followed by the bin pT,V > 200 GeV, whose sensitivity is

roughly a factor 4 lower. This means that a possible new physics e↵ect in this channel would

not show up as a departure from the SM prediction which is localized in a single bin, but

rather as a (arguably more convincing) tension with the SM distributed over a wide energy

range. Second, from the figure we see that the cuts we devised increase the accuracy of around

30% in the highest bin, 50% in the intermediate and 70% in the lowest. We checked that this

is mainly due to the reduction of the signal over background ratio that mitigates the impact

of systematic uncertainties.
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Leptonic WZ
[Franceschini, Panico, Pomarol, Riva, AW, to appear]

LHC vs LEP (Univ. Th.)
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Table 3: Operators relevant for the high-energy diboson production qq̄ ! WLVL, VLh in uni-

versal theories (in the SILH basis [6]).

This implies the following relation between HEP:

au = �2ad = 4a(1)
q

. (8)

When considering these Universal Theories, it can be more convenient to work with the SILH

basis [6], in which the dimension-six operators are written as a function only of SM bosons.

In this basis, the relevant operators for our analysis are given in Table 3, and the particular

combinations of Wilson coe�cients contributing to the two independent HEP are given by

a(3)
q

=
g2

4
(cW + cHW � c2W ) , a(1)

q
=

g02

12
(cB + cHB � c2B) . (9)

These relations can also be written using a more familiar parametrization of Universal The-

ories, based on the Ŝ, T̂ , W and Y parameters (we follow the notation of Ref. [7]) and triple

gauge couplings (TGC), �gZ
1
and ��, as defined in Eq. (7). 5 We have
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1
� Y

⌘
. (10)
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Leptonic WZ
[Franceschini, Panico, Pomarol, Riva, AW, to appear]

The most important plot: reach now extends to reasonable theories! 
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Figure 1: Bounds from LEP [15], run-1 LHC (which includes 20 fb�1 at 8TeV and 3 fb�1 at

13TeV) [16], and the expected 95% CL reach from fully leptonic WZ, on the high-energy

primary parameter a(3)q as a function of the new physics scale M . See section 3.2.4 for a

detailed description of the figure.

UV model, the amplitude growth can be smoothly saturated at that scale, or display a reso-

nant peak one could more e↵ectively see by dedicated resonance searches. In no case it will

display the growing with energy behavior predicted by the EFT, making our search strategy

ine↵ective. Accurate experimental measurements that are sensitive to relatively small BSM

e↵ects, still performed at high energy such as to exploit the enhancement as much as possible,

are needed in order to overcome this potential limitation.

We can quantitatively illustrate this point by anticipating some of our results, reported in

figure 1. The figure shows the 95% CL reach, in the WZ production process, on one of our

“high energy primary” parameters (a(3)q , introduced in section 2) that describe growing-with-

energy e↵ects in the amplitude for diboson production. In particular, in the WZ channel

�A(q̄q0 ! WZ) ⇠ a(3)q E2 . (1)

The reach on a(3)q is displayed as a function of the cuto↵ scaleM , and it is obtained by including

in the analysis only events that occur at a center of mass energymwz belowM , i.e., events that

originate in an energy regime where the EFT prediction is trustable and the energy growth

is physical. The di↵erent lines correspond to di↵erent assumptions about the systematic

relative uncertainty in the experimental measurement of the di↵erential cross-section and in

the theoretical prediction of the SM contribution. The “�syst = 100%” curve corresponds to an

inaccurate determination of the cross-section, which is only sensitive to order one departures

from the SM. In the figure, the reach on a(3)q is compared with theoretical expectations on the

relation between a(3)q and M . The line “Fully Strong” corresponds to the rather implausible

(although, strictly speaking, allowed) physical situation where all the particles involved in

3
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Indirect reach on Composite Heavy Vector Triplets:

Leptonic WZ
[Franceschini, Panico, Pomarol, Riva, AW, to appear]
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Figure 8: Bounds on the mass and coupling of a heavy triplet resonance (see text).

over T̂ , respectively. In addition, LEP has access to the low-energy value of Ŝ, which di↵ers

from the high-energy value (to which our analysis is sensitive) by renormalization e↵ects in-

duced by other operators [66].

Our discussion so far has been based on the assumption that the new dynamics is much

heavier than the LHC kinematic reach, so that an EFT approach is appropriate. It is however

instructive to confront these indirect searches in the EFT framework, with direct resonance

searches in explicit models. We do this in figure 8 in the context of models with heavy

vector triplet resonances W 0, as introduced in eq. (11). For concreteness, we have performed

this comparison with vector resonances arising from composite Higgs models, fixing the W 0

couplings according to the scaling described in model B of Ref. [67]. More specifically, in

eq. (11) we chose gH = g⇤ (left panel of figure 8) and gH = 3g⇤ (right panel), while the

coupling to fermions is controlled by gf = g2/g⇤, reflecting the fact that fermions are external

to the strong dynamics.15 The region excluded by our results in WZ production is shown in

orange (using eq. (12)), while in purple is shown the exclusion from direct searches at the LHC

and HL-LHC [68]. The dashed red lines show di↵erent values of �/MW 0 : in regions where

�/MW 0 & 0.2 the resonance becomes broad and bounds from direct searches are inaccurate.

Dashed lines provide bounds from Higgs physics. In particular, regions above these lines lead

to deviations from the Higgs coupling to V V larger than 10% (bound expected at the LHC)

and 5% (bound expected at the HL-LHC). Figure 8 shows that indirect bounds from our

analysis can be stronger than those from direct searches. This is especially relevant for large

couplings between W 0 and the Higgs (gH � gf ).

15In the notation of [67], we have g⇢ = g⇤, cH = gH/g⇤, and cF = 1.
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Transverse DiBosons
[Panico, Riva, AW, 2017]

Sensitive to transverse aTGC operators, e.g.

SM BSM

qL,Rq̄L,R ! VLVL(h) ⇠ 1 ⇠ E2/M2

qL,Rq̄L,R ! V±VL(h) ⇠ mW/E ⇠ mWE/M2

qL,Rq̄L,R ! V±V± ⇠ m2
W/E2

⇠ E2/M2

qL,Rq̄L,R ! V±V⌥ ⇠ 1 ⇠ 1

Table 1: High-energy scaling of diboson amplitudes for transverse (±) and longitudinal (L)

polarizations in the SM and in BSM (parametrized by d = 6 operators suppressed by M).

amplitudes are suppressed by the quark Yukawa couplings in the SM, making the interference

term negligible in these channels.

The results of the Table can be understood as follows. Maximal helicity violating (MHV)

amplitudes qq̄ ! V±V± are suppressed in the SM massless limit [20,21], and scale like m2
W/E2

for finite mass; MHV selection rules don’t apply in BSM, where they grow therefore unsup-
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is part of the SM gauge group and hence it is respected both by the SM and the BSM La-

grangian. Since the symmetry is only broken by the Higgs VEV v, it produces a selection

rule that controls whether even or odd powers of v (actually, of mW ) are present in the

amplitudes [23]. Transversely polarized vector bosons are even under the symmetry, while

longitudinal polarizations are odd because they are related to the Goldstone components of

the Higgs doublet through the Equivalence Theorem.4 The amplitudes for producing one

transverse and on longitudinal state (or a Higgs) are odd, hence they scale like mW/E and

mWE/M2 in the SM and in the d = 6 EFT, respectively, as the Table shows.

In summary, we see that VLVL and VLh production are the only processes that display

quadratic energy growth at the interference level. We thus focus on the latter in the rest

of the paper. Notice however that promising strategies to circumvent the non-interference

problem have recently being proposed [24, 25], which allow for instance to “resurrect” inter-

ference e↵ects in transverse vector bosons production. Since these strategies require measuring

additional observables other than the “inclusive” diboson di↵erential cross-sections that we

consider here, we leave to future work studies in this direction.

4The fact that longitudinals are odd can be established also in the unitary gauge, by noticing that the
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Figure 2: Correlation between the real and reconstructed angles 'true, 'reco in W+� (W+ ! e+⌫) processes, without detector e↵ects (left)

and including detector e↵ects, simulated with Delphes (right). Events are selected if they pass the following selection criteria: p?� >
300 GeV, p?l, Emiss

? > 80 GeV, �R(�, l) > 3 and ⌘l < 2.4. Points with a unique solution '+ = '�
are highlighted in orange.

The peculiar behaviour of the reconstructed ', summa-
rized in eqs. (12,13), is illustrated in fig. 2, where the true
'true is compared with the reconstructed one 'reco in the
example ofW� final states (that is relevant for the analysis
of the next section). We have selected events with photon
transverse momenta p?� > 300 GeV, while p?l, E

miss
? >

80 GeV in order to avoid pathological cases where one
of the final state leptons is extremely soft. Generation-
level (MadGraph [24], [25]) events are shown on the left
panel while Delphes [26] detector e↵ects are included in
the right one (Pythia 8 [27] is used for showering and
hadronization). If m?l < mW (blue points) we take one
of the two solutions at random as previously discussed,
however we verified that the figure (and the rest of the
analysis) would not change if we had taken systematically
the + or the � solution. The events where m?l > mW ,
marked in orange, mostly give a reconstructed angle of
±⇡/2, often also in events where the true angle was far
from ±⇡/2. Detector resolution has a considerable impact
on the determination of ', as it was to be expected be-
cause in the boosted regime the lepton and the neutrino
get close to each other and the determination of the scat-
tering plane becomes increasingly sensitive to uncertainties
in ~E

miss
? and in the lepton momentum. Notice also that de-

tector e↵ects populate the m?l > mW region, making in-
deed more orange points appear in the figure. This induces
an anomalous concentration of points at 'reco ⇠ ±⇡/2.

4. Anomalous Gauge Couplings in W�

The only d = 6 EFT operators that give unsuppressed
high-energy contributions to the W� channel are (with the
conventions of ref. [1])
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that are respectively CP -even and CP -odd, and corre-
spond to modifications of the trilinear gauge couplings
of ref. [6], as �� = 6C3Wm
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W /g (and similarly for CP-

odd quantities), where Ci are the coe�cients, with energy

dimension �2, appearing in the Lagrangian as LBSM =P
CiOi. At high energy they give a quadratically en-

hanced contribution only to same-helicity W� final states,
namely
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where ⇥ is the diboson scattering angle and MW� the in-
variant mass of the W� system; e is the electric charge.
Their contribution is instead not enhanced in the opposite-
helicity channel, which on the other hand is the only siz-
able one in the SM, where A
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W� . This fact

is the essence of the non-interference problem [15] men-
tioned in the introduction. By eq. (9), after summing over
the photon polarizations (which are not observable), we
obtain
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By looking at these equations one might worry about pos-
sible cancellations, occurring in one of the two interference
terms, in the presence of exact or approximate relations
between the (�+) and (+�) SM amplitudes. However no
such relations exist and the two interference terms are of
comparable magnitude once integrated over the diboson
scattering angle d cos⇥.

Following our discussion in section 3, we should aver-
age our interference formula (15) over the two ambiguous
configurations in eq. (12), obtaining the following interest-
ing result. Interference with CP -odd new physics O3fW ,
is opposite in the two ambiguous configurations, there-
fore it cancels in the average giving us no chance to de-
tect it in the W� final state. Interference with CP -even
new physics O3W , is instead invariant under ' ! ⇡ � ',
hence it is una↵ected by the average and perfectly visible
in spite of the ambiguity. This is verified in fig. 3, where
we show the reconstructed ' distribution with the same
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polarizations in the SM and in BSM (parametrized by d = 6 operators suppressed by M).
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term negligible in these channels.

The results of the Table can be understood as follows. Maximal helicity violating (MHV)

amplitudes qq̄ ! V±V± are suppressed in the SM massless limit [20,21], and scale like m2
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for finite mass; MHV selection rules don’t apply in BSM, where they grow therefore unsup-

pressed. On the other hand, qq̄ ! V±V⌥ are not suppressed in the SM at high-energy, but

don’t receive contributions from dimension-6 operators [18,22]. The suppression of SM ampli-

tudes with one longitudinal only can be understood is a consequence of the symmetry under
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and LL ! �LL. This operation corresponds to the “gL = � ” element of SU(2)L, which

is part of the SM gauge group and hence it is respected both by the SM and the BSM La-

grangian. Since the symmetry is only broken by the Higgs VEV v, it produces a selection

rule that controls whether even or odd powers of v (actually, of mW ) are present in the

amplitudes [23]. Transversely polarized vector bosons are even under the symmetry, while

longitudinal polarizations are odd because they are related to the Goldstone components of

the Higgs doublet through the Equivalence Theorem.4 The amplitudes for producing one

transverse and on longitudinal state (or a Higgs) are odd, hence they scale like mW/E and

mWE/M2 in the SM and in the d = 6 EFT, respectively, as the Table shows.

In summary, we see that VLVL and VLh production are the only processes that display

quadratic energy growth at the interference level. We thus focus on the latter in the rest

of the paper. Notice however that promising strategies to circumvent the non-interference

problem have recently being proposed [24, 25], which allow for instance to “resurrect” inter-

ference e↵ects in transverse vector bosons production. Since these strategies require measuring

additional observables other than the “inclusive” diboson di↵erential cross-sections that we

consider here, we leave to future work studies in this direction.

4The fact that longitudinals are odd can be established also in the unitary gauge, by noticing that the
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Figure 2: Correlation between the real and reconstructed angles 'true, 'reco in W+� (W+ ! e+⌫) processes, without detector e↵ects (left)

and including detector e↵ects, simulated with Delphes (right). Events are selected if they pass the following selection criteria: p?� >
300 GeV, p?l, Emiss

? > 80 GeV, �R(�, l) > 3 and ⌘l < 2.4. Points with a unique solution '+ = '�
are highlighted in orange.

The peculiar behaviour of the reconstructed ', summa-
rized in eqs. (12,13), is illustrated in fig. 2, where the true
'true is compared with the reconstructed one 'reco in the
example ofW� final states (that is relevant for the analysis
of the next section). We have selected events with photon
transverse momenta p?� > 300 GeV, while p?l, E

miss
? >

80 GeV in order to avoid pathological cases where one
of the final state leptons is extremely soft. Generation-
level (MadGraph [24], [25]) events are shown on the left
panel while Delphes [26] detector e↵ects are included in
the right one (Pythia 8 [27] is used for showering and
hadronization). If m?l < mW (blue points) we take one
of the two solutions at random as previously discussed,
however we verified that the figure (and the rest of the
analysis) would not change if we had taken systematically
the + or the � solution. The events where m?l > mW ,
marked in orange, mostly give a reconstructed angle of
±⇡/2, often also in events where the true angle was far
from ±⇡/2. Detector resolution has a considerable impact
on the determination of ', as it was to be expected be-
cause in the boosted regime the lepton and the neutrino
get close to each other and the determination of the scat-
tering plane becomes increasingly sensitive to uncertainties
in ~E

miss
? and in the lepton momentum. Notice also that de-

tector e↵ects populate the m?l > mW region, making in-
deed more orange points appear in the figure. This induces
an anomalous concentration of points at 'reco ⇠ ±⇡/2.

4. Anomalous Gauge Couplings in W�

The only d = 6 EFT operators that give unsuppressed
high-energy contributions to the W� channel are (with the
conventions of ref. [1])

O3W = ✏
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⇢ , O3fW = ✏
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that are respectively CP -even and CP -odd, and corre-
spond to modifications of the trilinear gauge couplings
of ref. [6], as �� = 6C3Wm

2
W /g (and similarly for CP-

odd quantities), where Ci are the coe�cients, with energy

dimension �2, appearing in the Lagrangian as LBSM =P
CiOi. At high energy they give a quadratically en-

hanced contribution only to same-helicity W� final states,
namely
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where ⇥ is the diboson scattering angle and MW� the in-
variant mass of the W� system; e is the electric charge.
Their contribution is instead not enhanced in the opposite-
helicity channel, which on the other hand is the only siz-
able one in the SM, where A

SM
±± ⇠ m

2
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2
W� . This fact

is the essence of the non-interference problem [15] men-
tioned in the introduction. By eq. (9), after summing over
the photon polarizations (which are not observable), we
obtain
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By looking at these equations one might worry about pos-
sible cancellations, occurring in one of the two interference
terms, in the presence of exact or approximate relations
between the (�+) and (+�) SM amplitudes. However no
such relations exist and the two interference terms are of
comparable magnitude once integrated over the diboson
scattering angle d cos⇥.

Following our discussion in section 3, we should aver-
age our interference formula (15) over the two ambiguous
configurations in eq. (12), obtaining the following interest-
ing result. Interference with CP -odd new physics O3fW ,
is opposite in the two ambiguous configurations, there-
fore it cancels in the average giving us no chance to de-
tect it in the W� final state. Interference with CP -even
new physics O3W , is instead invariant under ' ! ⇡ � ',
hence it is una↵ected by the average and perfectly visible
in spite of the ambiguity. This is verified in fig. 3, where
we show the reconstructed ' distribution with the same
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Figure 2: Correlation between the real and reconstructed angles 'true, 'reco in W+� (W+ ! e+⌫) processes, without detector e↵ects (left)

and including detector e↵ects, simulated with Delphes (right). Events are selected if they pass the following selection criteria: p?� >
300 GeV, p?l, Emiss

? > 80 GeV, �R(�, l) > 3 and ⌘l < 2.4. Points with a unique solution '+ = '�
are highlighted in orange.

The peculiar behaviour of the reconstructed ', summa-
rized in eqs. (12,13), is illustrated in fig. 2, where the true
'true is compared with the reconstructed one 'reco in the
example ofW� final states (that is relevant for the analysis
of the next section). We have selected events with photon
transverse momenta p?� > 300 GeV, while p?l, E

miss
? >

80 GeV in order to avoid pathological cases where one
of the final state leptons is extremely soft. Generation-
level (MadGraph [24], [25]) events are shown on the left
panel while Delphes [26] detector e↵ects are included in
the right one (Pythia 8 [27] is used for showering and
hadronization). If m?l < mW (blue points) we take one
of the two solutions at random as previously discussed,
however we verified that the figure (and the rest of the
analysis) would not change if we had taken systematically
the + or the � solution. The events where m?l > mW ,
marked in orange, mostly give a reconstructed angle of
±⇡/2, often also in events where the true angle was far
from ±⇡/2. Detector resolution has a considerable impact
on the determination of ', as it was to be expected be-
cause in the boosted regime the lepton and the neutrino
get close to each other and the determination of the scat-
tering plane becomes increasingly sensitive to uncertainties
in ~E

miss
? and in the lepton momentum. Notice also that de-

tector e↵ects populate the m?l > mW region, making in-
deed more orange points appear in the figure. This induces
an anomalous concentration of points at 'reco ⇠ ±⇡/2.

4. Anomalous Gauge Couplings in W�

The only d = 6 EFT operators that give unsuppressed
high-energy contributions to the W� channel are (with the
conventions of ref. [1])

O3W = ✏
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spond to modifications of the trilinear gauge couplings
of ref. [6], as �� = 6C3Wm
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W /g (and similarly for CP-

odd quantities), where Ci are the coe�cients, with energy
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where ⇥ is the diboson scattering angle and MW� the in-
variant mass of the W� system; e is the electric charge.
Their contribution is instead not enhanced in the opposite-
helicity channel, which on the other hand is the only siz-
able one in the SM, where A
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W� . This fact

is the essence of the non-interference problem [15] men-
tioned in the introduction. By eq. (9), after summing over
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By looking at these equations one might worry about pos-
sible cancellations, occurring in one of the two interference
terms, in the presence of exact or approximate relations
between the (�+) and (+�) SM amplitudes. However no
such relations exist and the two interference terms are of
comparable magnitude once integrated over the diboson
scattering angle d cos⇥.

Following our discussion in section 3, we should aver-
age our interference formula (15) over the two ambiguous
configurations in eq. (12), obtaining the following interest-
ing result. Interference with CP -odd new physics O3fW ,
is opposite in the two ambiguous configurations, there-
fore it cancels in the average giving us no chance to de-
tect it in the W� final state. Interference with CP -even
new physics O3W , is instead invariant under ' ! ⇡ � ',
hence it is una↵ected by the average and perfectly visible
in spite of the ambiguity. This is verified in fig. 3, where
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Measuring diboson diff. cross-sections is not enough

r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V

1

direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
duced exactly parallel to the z-axis.

x

z

y

r̂

V1

V2

f 2
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Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations

cos ✓1 = tanh
⌘
s(f1

+)� ⌘
s(f1

�)

2
,

cos ✓2 = tanh
⌘
s(f2

�)� ⌘
s(f2

+)

2
, (2)

where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
s(f1

�) + ⇡ ,

'2 = ��
s(f2
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s(f2

�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [20] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [22, 23]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [21] are employed here.
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r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V

1

direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
duced exactly parallel to the z-axis.
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Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations

cos ✓1 = tanh
⌘
s(f1

+)� ⌘
s(f1

�)

2
,

cos ✓2 = tanh
⌘
s(f2

�)� ⌘
s(f2

+)

2
, (2)

where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
s(f1

�) + ⇡ ,

'2 = ��
s(f2

+) = ⇡ � �
s(f2

�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [20] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [22, 23]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [21] are employed here.
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Figure 3: Reconstructed azimuthal angular distribution in the SM (black lines) and BSM (blue area, with C3W = 0.2 TeV
�2

), normalized to

unity with Delphes detector study (right) and without (left). Same selection cuts as fig. 2.

cuts of fig. 2. The SM is nearly flat, as expected5, while
BSM (taking C3W = 0.2 TeV�2 for illustration) introduces
a cos 2' behaviour. The little bumps at ±⇡/2 are due to
m? > mW configurations. Aside from those, the e↵ect of
the Delphes smearing on the distribution is mild.

The rest of the analysis is straightforward. We simu-
late leptonic decays of W+

� where, in addition to the cuts
for fig. 2, we consider p?� bins of {150, 210, 300, 420, 600,
850, 1200} GeV, increasing linearly in size to accomodate
experimental resolution on p?� , but as fine as possible to
maximize the sensitivity to BSM e↵ects. In addition, we
consider 10 azimuthal angular bins 2 [�⇡,⇡], where we fit
the number of events to a quadratic function of C3W . We
repeat the simulation with and without Delphes detector
simulation, to quantify the impact of these e↵ects. Notice
that when quoting generator-level results, we take into ac-
count an overall reconstruction e�ciency ⇠ 0.6 extracted
from the comparison with Delphes.

The results are shown in fig. 4, in terms of the projected
sensitivity at the end of the High-Luminosity LHC pro-
gram (3ab�1, left panel) and at an earlier stage (100fb�1,
right panel). The left vertical axis shows the reach in terms
of anomalous couplings �� while the right axis is expressed
in terms of C3W . As in ref. [5], we show how the reach de-
teriorates when high-energy (high-p?�) bins are ignored in
the fit, with the aim of outlining which kinematical regime
(p?� . 1 TeV, in this case) is relevant for the limit. Accu-
rate experimental measurements are needed in this regime,
together with a trustable EFT prediction, i.e. an EFT cut-
o↵ ⇤ > 1 TeV.6 The full simulation, with a 10% systematic
relative uncertainty, summed in quadrature with the sta-
tistical one, is portrayed in black in the figure, while the

5In fact, even in the SM, interference between the±⌥ and the lon-
gitudinal 0⌥ amplitudes – which are suppressed by only one power
of the energy in the boosted regime – induces a mild ⇠ cos' be-
haviour, that is however invisible due to the reconstruction ambigu-
ity of eq. (12).

6This way of assessing the EFT validity was advocated in [14, 28–
30].

analogous analysis, but without binning in the azimuthal
angle ', is shown dashed. The comparison of these two
lines shows the added value of our analysis. Detector ef-
fects can be quantified instead by comparing with the gray
line, while the impact of systematic errors is captured by
comparison with the blue line.

For reference, we also show in green (dotted, dashed)
theoretical curves corresponding to di↵erent power count-
ings, C3W = g/⇤2 and C3W = g

3
/(16⇡2⇤2), reflecting dif-

ferent BSM hypotheses, see ref. [31]. Here we approximate
⇤ ' 2p?� to argue that, for models that reflect the first
power counting (dotted curve), the bounds we obtain are
well within the EFT validity, in all transverse-momentum
bins. For weakly coupled models, where these e↵ects arise
at loop-level (dashed curve), the projected sensitivity is
instead not enough. A popular heuristic method to as-
sess the validity of the EFT expansion is to present re-
sults with and without the BSM-squared contributions in
the cross-section. We have checked that, with this proce-
dure, bounds without interference resurrection deteriorate
by one order of magnitude, while interference-resurrection
bounds are much more stable.

Our analysis could be improved by considering addi-
tional variables, such as the polar angle ✓. A central cut
in ✓ would indeed enhance the interference term (9) com-
pared to the non-interference ones that are proportional to
d
2
± and are thus preferentially forward or backward. We

could also exploit the dependence on ⇥, which we could
readily get from eq. (15). We leave this for future work.

5. Other Channels

Interference resurrection could be useful in all channels
where BSM e↵ects hide in vector boson final states that
are rare in the SM. In this section we mention some other
interesting applications.

Hadronic W decays and CP-odd e↵ects. CP -odd
new physics cannot be detected in the leptonic W� chan-
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r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V

1

direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
duced exactly parallel to the z-axis.
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Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations

cos ✓1 = tanh
⌘
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where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
s(f1

�) + ⇡ ,

'2 = ��
s(f2
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s(f2

�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [20] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [22, 23]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [21] are employed here.
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Figure 3: Reconstructed azimuthal angular distribution in the SM (black lines) and BSM (blue area, with C3W = 0.2 TeV
�2

), normalized to

unity with Delphes detector study (right) and without (left). Same selection cuts as fig. 2.

cuts of fig. 2. The SM is nearly flat, as expected5, while
BSM (taking C3W = 0.2 TeV�2 for illustration) introduces
a cos 2' behaviour. The little bumps at ±⇡/2 are due to
m? > mW configurations. Aside from those, the e↵ect of
the Delphes smearing on the distribution is mild.

The rest of the analysis is straightforward. We simu-
late leptonic decays of W+

� where, in addition to the cuts
for fig. 2, we consider p?� bins of {150, 210, 300, 420, 600,
850, 1200} GeV, increasing linearly in size to accomodate
experimental resolution on p?� , but as fine as possible to
maximize the sensitivity to BSM e↵ects. In addition, we
consider 10 azimuthal angular bins 2 [�⇡,⇡], where we fit
the number of events to a quadratic function of C3W . We
repeat the simulation with and without Delphes detector
simulation, to quantify the impact of these e↵ects. Notice
that when quoting generator-level results, we take into ac-
count an overall reconstruction e�ciency ⇠ 0.6 extracted
from the comparison with Delphes.

The results are shown in fig. 4, in terms of the projected
sensitivity at the end of the High-Luminosity LHC pro-
gram (3ab�1, left panel) and at an earlier stage (100fb�1,
right panel). The left vertical axis shows the reach in terms
of anomalous couplings �� while the right axis is expressed
in terms of C3W . As in ref. [5], we show how the reach de-
teriorates when high-energy (high-p?�) bins are ignored in
the fit, with the aim of outlining which kinematical regime
(p?� . 1 TeV, in this case) is relevant for the limit. Accu-
rate experimental measurements are needed in this regime,
together with a trustable EFT prediction, i.e. an EFT cut-
o↵ ⇤ > 1 TeV.6 The full simulation, with a 10% systematic
relative uncertainty, summed in quadrature with the sta-
tistical one, is portrayed in black in the figure, while the

5In fact, even in the SM, interference between the±⌥ and the lon-
gitudinal 0⌥ amplitudes – which are suppressed by only one power
of the energy in the boosted regime – induces a mild ⇠ cos' be-
haviour, that is however invisible due to the reconstruction ambigu-
ity of eq. (12).

6This way of assessing the EFT validity was advocated in [14, 28–
30].

analogous analysis, but without binning in the azimuthal
angle ', is shown dashed. The comparison of these two
lines shows the added value of our analysis. Detector ef-
fects can be quantified instead by comparing with the gray
line, while the impact of systematic errors is captured by
comparison with the blue line.

For reference, we also show in green (dotted, dashed)
theoretical curves corresponding to di↵erent power count-
ings, C3W = g/⇤2 and C3W = g

3
/(16⇡2⇤2), reflecting dif-

ferent BSM hypotheses, see ref. [31]. Here we approximate
⇤ ' 2p?� to argue that, for models that reflect the first
power counting (dotted curve), the bounds we obtain are
well within the EFT validity, in all transverse-momentum
bins. For weakly coupled models, where these e↵ects arise
at loop-level (dashed curve), the projected sensitivity is
instead not enough. A popular heuristic method to as-
sess the validity of the EFT expansion is to present re-
sults with and without the BSM-squared contributions in
the cross-section. We have checked that, with this proce-
dure, bounds without interference resurrection deteriorate
by one order of magnitude, while interference-resurrection
bounds are much more stable.

Our analysis could be improved by considering addi-
tional variables, such as the polar angle ✓. A central cut
in ✓ would indeed enhance the interference term (9) com-
pared to the non-interference ones that are proportional to
d
2
± and are thus preferentially forward or backward. We

could also exploit the dependence on ⇥, which we could
readily get from eq. (15). We leave this for future work.

5. Other Channels

Interference resurrection could be useful in all channels
where BSM e↵ects hide in vector boson final states that
are rare in the SM. In this section we mention some other
interesting applications.

Hadronic W decays and CP-odd e↵ects. CP -odd
new physics cannot be detected in the leptonic W� chan-
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r̂ goes in the positive x direction or, equivalently, such
that the y axis (for left-handed orientation of the x-y-z
system) is parallel to the cross-product between the V
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direction and r̂. For a 2 ! 2 production process, r̂ coin-
cides with the collision axis, oriented in the direction of
the parton that carried the larger energy in the lab frame.
In the special frame the collision thus occurs in a rather
special configuration, where the initial states move in the
x-z plane while the intermediate bosons happen to be pro-
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Figure 1: Definition of the decay angles for the diboson system.

The reader might be confused by the fact that the spe-
cial reference system depends on the kinematical configu-
ration of the event, i.e. di↵erent systems are employed for
the calculation of the amplitude at di↵erent phase-space
points. The amplitude obtained in this way does not in-
deed coincide with the one evaluated directly in the lab
frame. To obtain the latter out of the former one has to
act with the phase-space dependent Lorentz transforma-
tion that connects the special frame with the lab, introduc-
ing in this way an additional and complicated dependence
on the kinematical variables. However the physical exter-
nal states of the process are the massless helicity eigenstate
fermions, and Lorentz transformations act as multiplica-
tive phase factors on massless states helicity amplitudes.
Therefore this additional dependence on the kinematics
drops from the amplitude modulus square and is unobserv-
able. Stated di↵erently, the amplitude for each kinemati-
cal configuration corresponds to one individual quantum-
mechanically distinguishable process. As such, each one
can be safely computed in its own frame.

In the special frame the amplitude reads

A / g1g2

X

h1,2

Ah1h2e
ih1'1e

ih2'2dh1(✓1)dh2(✓2) , (1)

where g1(2) are the couplings responsible for the V
1(2) de-

cays and Ah1h2 denotes the amplitude for the produc-
tion of on-shell vector bosons with helicities h1 and h2,
evaluated in the special frame. Normalizations and '1,2-
dependent overall phases, that will drop from the ampli-
tude modulus square, have been absorbed in the propor-
tionality factor. The above equation relies on the narrow-
width approximation for the decaying bosons only to the

extent to which it ignores possible Feynman diagrams where
the fermion pairs do not originate from the virtual vector
bosons, and by the fact that the “hard” amplitude Ah1h2 is
computed with exactly on-shell bosons. Its validity does
not require the fermion pairs invariant masses being ex-
actly equal to the pole mass of the corresponding bosons,
though the amplitude is peaked around this configuration,
because of the usual Breit-Wigner factors that we reab-
sorbed in the normalization factor.

The variables ✓1(2) 2 [0,⇡] are the polar decay angles of
each boson in its rest frame, oriented in the direction that
goes from the 3-momentum of the V

1(2) boson to the one

of the right-handed fermion f
1(2)
+ produced in its decay. In

the special frame they are obtained from the rapidities ⌘

of the final state fermions by the relations
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where the “ s ” subscript denotes spacial frame quantities.
The azimuthal variables '1(2) 2 [0, 2⇡] are defined in the
center of mass frame of the diboson system (see fig. 1) as
the angles between the decay plane of each boson and the
x-z plane of the special coordinate system. The orienta-
tion of the decay plane is taken in the direction that goes

from V
1(2) to f

1(2)
+ . In the special frame, '1(2) are simply

the azimuthal angles � of the final state fermions. More
precisely

'1 = �
s(f1

+) = �
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�) + ⇡ ,
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s(f2
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�) , (3)

modulo 2⇡. Notice that our seemingly asymmetric defi-
nition of the decay angles for the two bosons is actually
what is needed to describe their decay symmetrically in
their own rest frames. Indeed it produces 1 $ 2 symmet-
rical angular factors in eq. (1).

With these definitions, eq. (1) is easily obtained by
direct calculation or by applying the Jacob–Wick partial
wave decomposition formula [20] to the case of a J = 1,
m = h particle decaying to two particles with helicity dif-
ference � = �1 � �2 = +1.1 Partial wave decomposition
determines the '1(2)-dependent phase factors in eq. (1) (up
to the previously mentioned overall phases) and gives us
dh(✓) equal to the d

J
m,� Wigner function, i.e.

d±1(✓) =
1± cos ✓

2
, d0(✓) =

sin ✓
p
2

. (4)

Our azimuthal angles '1(2) are similar to those defined
in Higgs to 4 leptons decay analyses [22, 23]. There is how-
ever one important di↵erence, namely the fact that their

1The result does depend on conventions in the definition of the
vector boson polarization vectors: di↵erent definitions can produce
phases in the vector boson decay amplitudes, that compensate for
the extra phases that will emerge from the diboson amplitude calcu-
lation. The standard HELAS conventions [21] are employed here.
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Next to simplest case is WZ:  [see also Azatov, Elias-Miro, Reyimuaji,Venturini, 2017]


Maximal information from 2 azimuthal angles, plus one polar, plus …



Conclusions

 EWPT’s are possible at the LHC

Exploiting energetic and accurate measurements

 LHC will be better than LEP in W and Y determination

Most sensitive probes of W-compositeness “remedios” scenario, and 

of Heavy (composite) spin-1 resonances at low coupling
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Backup

Assumptions behind primaries dominance:

Figure 2: Representative diagrams for q0q ! ��0 production.

denoted as ��0 in what follows, should be considered together, like we do in the present

article.

We consider the production of ��0 out of a quark q0 with helicity � and an anti-quark q

with helicity �0, with the aim of classifying possible growing-with-energy contributions induced

by BSM higher-dimensional operators. Working at the leading order in the EFT expansion

(keeping only dimension-six operators), such e↵ects are of order E2/⇤2 by dimensional analy-

sis. Furthermore, among those contributions we would like to identify the ones that interfere

with the SM amplitude as previously explained. The tree-level Feynman diagrams responsible

for the process, schematically depicted in fig. XX, can have s-channel, t-(or u-)channel, or

contact interaction topology. The s-channel gauge bosons exchange is the only relevant topol-

ogy in the SM because H vertices with the light quarks are proportional to the tiny Yukawa

couplings. In the SM, the process thus exclusively occurs in the J = 1 angular momentum

configuration. Furthermore, because of the structure of the fermion-gauge-boson vertex, it

is necessarily initiated by quarks and anti-quarks with opposite helicity, i.e. � 6= �0. All the

quark flavor combinations are possible in the SM, aside from u+d� and d+u� that vanish in

the SM due to the absence of W couplings to right-handed quarks. BSM e↵ects that interfere

with the SM must thus also occur in opposite-helicity quark anti-quark scattering, with the

exception of u+d� and d+u�.

Leading-order BSM contribution to the amplitude can be either due to the insertion of

one anomalous vertex in the s- or t-channel diagrams, or to contact interactions. Among the

former diagrams, s-channel gauge bosons exchange is once again the only relevant topology

because the others require one insertion of the SM Yukawa couplings. These contribute to

the J = 1 angular momentum configuration like the SM terms. Contact interaction terms

can in principle contribute to all partial waves, however it is not hard to see that only J = 1

is possible for d = 6 operators. This follows from the fact that J � 2 would require more

derivative than those allowed by dimensionality and that J = 0 ��0 production from opposite-

helicity quark and anti-quark would require operators with one right-handed fermion singlet,

one left-handed fermion doublet and two Higgs doublets that are forbidden by the SM group.

In conclusion, relevant BSM e↵ects can be parametrized as corrections to the J = 1 partial

wave amplitudes, namely

�A
�
q0±q⌥ ! ��0� = f��

0

q
0
±q⌥

(s) sin ✓ = 4A��
0

q
0
±q⌥

s

⇤2
sin ✓ +O(s2/⇤4) , (3)

where sin ✓ is the scattering angle in the center of mass and
p
s is the center of mass energy.

The azimuthal angle, upon which the amplitude depends as e±i�, has been set to zero for

5

1) Anomalous Hqq negligibly small:

2) d=6 interactions only: [implies purely J=1 partial wave amplitude]

All the rest is derived from GSM symmetry



Backup
Neutrino Reconstruction
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Figure 2: Correlation between the real and reconstructed angles 'true, 'reco in W+� (W+ ! e+⌫) processes, without detector e↵ects (left)

and including detector e↵ects, simulated with Delphes (right). Events are selected if they pass the following selection criteria: p?� >
300 GeV, p?l, Emiss

? > 80 GeV, �R(�, l) > 3 and ⌘l < 2.4. Points with a unique solution '+ = '�
are highlighted in orange.

The peculiar behaviour of the reconstructed ', summa-
rized in eqs. (12,13), is illustrated in fig. 2, where the true
'true is compared with the reconstructed one 'reco in the
example ofW� final states (that is relevant for the analysis
of the next section). We have selected events with photon
transverse momenta p?� > 300 GeV, while p?l, E

miss
? >

80 GeV in order to avoid pathological cases where one
of the final state leptons is extremely soft. Generation-
level (MadGraph [24], [25]) events are shown on the left
panel while Delphes [26] detector e↵ects are included in
the right one (Pythia 8 [27] is used for showering and
hadronization). If m?l < mW (blue points) we take one
of the two solutions at random as previously discussed,
however we verified that the figure (and the rest of the
analysis) would not change if we had taken systematically
the + or the � solution. The events where m?l > mW ,
marked in orange, mostly give a reconstructed angle of
±⇡/2, often also in events where the true angle was far
from ±⇡/2. Detector resolution has a considerable impact
on the determination of ', as it was to be expected be-
cause in the boosted regime the lepton and the neutrino
get close to each other and the determination of the scat-
tering plane becomes increasingly sensitive to uncertainties
in ~E

miss
? and in the lepton momentum. Notice also that de-

tector e↵ects populate the m?l > mW region, making in-
deed more orange points appear in the figure. This induces
an anomalous concentration of points at 'reco ⇠ ±⇡/2.

4. Anomalous Gauge Couplings in W�

The only d = 6 EFT operators that give unsuppressed
high-energy contributions to the W� channel are (with the
conventions of ref. [1])

O3W = ✏
ijk

W
i⌫
µ W

j⇢
⌫ W

kµ
⇢ , O3fW = ✏

ijkfW i⌫
µ W

j⇢
⌫ W

kµ
⇢ ,

that are respectively CP -even and CP -odd, and corre-
spond to modifications of the trilinear gauge couplings
of ref. [6], as �� = 6C3Wm

2
W /g (and similarly for CP-

odd quantities), where Ci are the coe�cients, with energy

dimension �2, appearing in the Lagrangian as LBSM =P
CiOi. At high energy they give a quadratically en-

hanced contribution only to same-helicity W� final states,
namely

A
BSM+

++ = A
BSM+

�� ⇡ C3W 6e
p
2M2

W� sin⇥ ,

A
BSM�
++ = �A

BSM�
�� ⇡ iC3fW 2e

p
2M2

W� sin⇥ , (14)

where ⇥ is the diboson scattering angle and MW� the in-
variant mass of the W� system; e is the electric charge.
Their contribution is instead not enhanced in the opposite-
helicity channel, which on the other hand is the only siz-
able one in the SM, where A

SM
±± ⇠ m

2
W /M

2
W� . This fact

is the essence of the non-interference problem [15] men-
tioned in the introduction. By eq. (9), after summing over
the photon polarizations (which are not observable), we
obtain

I
W�
�⌦+=2g2sin2✓ABSM+

++

⇥
A

SM
�++A

SM
+�

⇤
cos 2' ,

I
W�
�⌦+=2ig2sin2✓ABSM�

++

⇥
A

SM
�+�A

SM
+�

⇤
sin 2' . (15)

By looking at these equations one might worry about pos-
sible cancellations, occurring in one of the two interference
terms, in the presence of exact or approximate relations
between the (�+) and (+�) SM amplitudes. However no
such relations exist and the two interference terms are of
comparable magnitude once integrated over the diboson
scattering angle d cos⇥.

Following our discussion in section 3, we should aver-
age our interference formula (15) over the two ambiguous
configurations in eq. (12), obtaining the following interest-
ing result. Interference with CP -odd new physics O3fW ,
is opposite in the two ambiguous configurations, there-
fore it cancels in the average giving us no chance to de-
tect it in the W� final state. Interference with CP -even
new physics O3W , is instead invariant under ' ! ⇡ � ',
hence it is una↵ected by the average and perfectly visible
in spite of the ambiguity. This is verified in fig. 3, where
we show the reconstructed ' distribution with the same
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Figure 3: Reconstructed azimuthal angular distribution in the SM (black lines) and BSM (blue area, with C3W = 0.2 TeV
�2

), normalized to

unity with Delphes detector study (right) and without (left). Same selection cuts as fig. 2.

cuts of fig. 2. The SM is nearly flat, as expected5, while
BSM (taking C3W = 0.2 TeV�2 for illustration) introduces
a cos 2' behaviour. The little bumps at ±⇡/2 are due to
m? > mW configurations. Aside from those, the e↵ect of
the Delphes smearing on the distribution is mild.

The rest of the analysis is straightforward. We simu-
late leptonic decays of W+

� where, in addition to the cuts
for fig. 2, we consider p?� bins of {150, 210, 300, 420, 600,
850, 1200} GeV, increasing linearly in size to accomodate
experimental resolution on p?� , but as fine as possible to
maximize the sensitivity to BSM e↵ects. In addition, we
consider 10 azimuthal angular bins 2 [�⇡,⇡], where we fit
the number of events to a quadratic function of C3W . We
repeat the simulation with and without Delphes detector
simulation, to quantify the impact of these e↵ects. Notice
that when quoting generator-level results, we take into ac-
count an overall reconstruction e�ciency ⇠ 0.6 extracted
from the comparison with Delphes.

The results are shown in fig. 4, in terms of the projected
sensitivity at the end of the High-Luminosity LHC pro-
gram (3ab�1, left panel) and at an earlier stage (100fb�1,
right panel). The left vertical axis shows the reach in terms
of anomalous couplings �� while the right axis is expressed
in terms of C3W . As in ref. [5], we show how the reach de-
teriorates when high-energy (high-p?�) bins are ignored in
the fit, with the aim of outlining which kinematical regime
(p?� . 1 TeV, in this case) is relevant for the limit. Accu-
rate experimental measurements are needed in this regime,
together with a trustable EFT prediction, i.e. an EFT cut-
o↵ ⇤ > 1 TeV.6 The full simulation, with a 10% systematic
relative uncertainty, summed in quadrature with the sta-
tistical one, is portrayed in black in the figure, while the

5In fact, even in the SM, interference between the±⌥ and the lon-
gitudinal 0⌥ amplitudes – which are suppressed by only one power
of the energy in the boosted regime – induces a mild ⇠ cos' be-
haviour, that is however invisible due to the reconstruction ambigu-
ity of eq. (12).

6This way of assessing the EFT validity was advocated in [14, 28–
30].

analogous analysis, but without binning in the azimuthal
angle ', is shown dashed. The comparison of these two
lines shows the added value of our analysis. Detector ef-
fects can be quantified instead by comparing with the gray
line, while the impact of systematic errors is captured by
comparison with the blue line.

For reference, we also show in green (dotted, dashed)
theoretical curves corresponding to di↵erent power count-
ings, C3W = g/⇤2 and C3W = g

3
/(16⇡2⇤2), reflecting dif-

ferent BSM hypotheses, see ref. [31]. Here we approximate
⇤ ' 2p?� to argue that, for models that reflect the first
power counting (dotted curve), the bounds we obtain are
well within the EFT validity, in all transverse-momentum
bins. For weakly coupled models, where these e↵ects arise
at loop-level (dashed curve), the projected sensitivity is
instead not enough. A popular heuristic method to as-
sess the validity of the EFT expansion is to present re-
sults with and without the BSM-squared contributions in
the cross-section. We have checked that, with this proce-
dure, bounds without interference resurrection deteriorate
by one order of magnitude, while interference-resurrection
bounds are much more stable.

Our analysis could be improved by considering addi-
tional variables, such as the polar angle ✓. A central cut
in ✓ would indeed enhance the interference term (9) com-
pared to the non-interference ones that are proportional to
d
2
± and are thus preferentially forward or backward. We

could also exploit the dependence on ⇥, which we could
readily get from eq. (15). We leave this for future work.

5. Other Channels

Interference resurrection could be useful in all channels
where BSM e↵ects hide in vector boson final states that
are rare in the SM. In this section we mention some other
interesting applications.

Hadronic W decays and CP-odd e↵ects. CP -odd
new physics cannot be detected in the leptonic W� chan-
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