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(now -> 2030's)
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frontier

Focus: Standard Model Precision Tests

(2016: 40 fb-1)

(2035: 3000 fb-1)

LHC Exploration

?

10-100 TeV

- small statistics 
- more challenging measurement 
- more space for improvement
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Difficult measurement with many challenges:

Precise SM theoretical predictions

LHC Experimental control of systematics

BSM understanding
!(non-)interference!
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For small BSM effects           ,  

     interference dominates �BSM � �2BSM

1 � �BSM

�BSM = c
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If SM and BSM contribute to different amplitudes:

interference 
vanishes

The leading effects BSM are        O

✓
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⇤4

◆

Small effects, even smaller!
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(2->2,high-E,tree-level)
Azatov,Contino,Machado,FR’16
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No-Interference

Poor Measurement

Small in inclusive xsec

I will discuss:

Revitalize Interference

Resurrect Interference

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

E � mW
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Interference Resurrection
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✏abcW
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µ W b
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c ⇢µfW

CP-even
CP-odd

Focus on dibosons, with these operators that 
do not interfere with the SM
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Differential measurements WƔ

No (leptonic) 
Branching Ratio

W�

IntCP =

IntCP/ =

Differential azimuthal distributions = SM-BSM interference

Panico,FR,Wulzer’17,

Hagiwara,Peccei,Zeppenfeld,Hikasa’86

Duncan,Kane,Repko’86
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Longitudinal gauge bosons
 

 

WL

WL

In the SM, all scalars belong to Higgs doublet 
✓

h+

h+ ih0

◆WL

ZL

Their interactions are related*:

* This relation is valid at leading order in the EFT

g
2
⇤

M2
H

†
DµH ̄�

µ =
g2⇤
M2

⇣ ⌘ 

 

WL

WL

 

 

Z

h

+ + · · ·

See 1405.0181 for specific relations

di-boson experiments complementary to Higgs Physics       
                                                (->combination)



Simplicity at High-E

At high-E only one effect survives (for given i, f states)
Jackob,Wick’59, Franceschini,Panico,Pomarol,FR,Wulzer


iH
†
�
a
$
DµHQ̄�

a
�
µ
Q

a(3)

TeV2

a(3)e.g.

+ high-E

dimension-6 operators



Di-Bosons

Estimate (no syst, LO,…):

Boosted higgs for 
top:h->bb fakes?

Large VT bgnd

Challenge:

}
}

(WW pT>1000GeV 3/ab: 7 LL events, 70 TT events)

Franceschini,Panico,Pomarol,FR,Wulzer’17

Which channel has the best reach?
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Challenge:
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}

(WW pT>1000GeV 3/ab: 7 LL events, 70 TT events)
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Which channel has the best reach?

WZ most promising

LL

TT
/

d�
/d

✓
A+�(d̄u ! WZ) / cos ✓ � tan ✓W

3 Baur,Han,Ohnemus’95
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TT has central zero at LO 
(not at NLO) cos ✓



Fully leptonic WZ 

pT cut on extra radiation:
(kinematics close to LO) (exploit radiation-zero)

Cos  cut close to central✓



Results - NLO - LHC

LEP

LHC Run1

3ab-1
δsyst=5%
δsyst=0%
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Scale variation 5%
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the generation of such couplings is also presented. We then give the corresponding NP
contributions to the helicity amplitudes for the f f̄ → ZZ, Zγ processes. Our conventions
are fully defined by the expressions for the SM parts of the amplitudes that we give
in Appendix A. The expressions of the observables (cross sections and asymmetries) at
the various colliders are given in Appendix B. In Section 3 we give explicit illustrations
showing how the observables react to each of the anomalous couplings, in particular
the interference patterns for the case of CP-conserving couplings. We emphasize the
special role that longitudinal polarization would play at the LC Collider, for disentangling
photon and Z anomalous couplings. We also devote a special attention to the way these
anomalous effects would be analyzed at hadron Colliders and the respective merits of
transverse momentum, invariant mass and c.m. scattering angle distributions. Finally we
summarize our observations and suggestions in Sect.4 .

2 Description of anomalous neutral boson couplings

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

Γαβµ
ZZV (q1, q2, P ) =

i(P 2 − m2
V )

m2
Z

[
fV

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

]
, (1)
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2 P β]

− hV
3 ϵµαβρq2ρ −

hV
4

m2
Z

P αϵµβρσPρq2σ

}
. (2)

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

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

LNP =
e

m2
Z

[
− [fγ

4 (∂µF µβ) + fZ
4 (∂µZ

µβ)]Zα(∂αZβ) + [fγ
5 (∂σFσµ) + fZ
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− [hγ
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σFσµ) + hZ
1 (∂σZσµ)]ZβF
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2
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hγ

4
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[!∂σF ρα] +
hZ

4

2m2
Z

[(! + m2
Z)∂σZρα]

}
ZσF̃ρα

]
, (3)

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

4

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

6 Phenomenology of the new colored states

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

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

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

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

u
⇥ SU(3)F lav

d
are

XXX� 2
3
= (1,6,3,1)� 2

3
, XXX 1

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

3
, YYY 2

3
= (1,6⇤,3⇤,1) 2

3
, YYY � 1

3
= (1,6⇤,1,3⇤)� 1

3

(65)

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

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

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

its value from the coupling to the SM quarks.

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

2 Description of anomalous neutral boson couplings

Assuming only Lorentz and U(1)em gauge invariance as well as Bose statistics, the most
general form of the V1V2V3 vertex function defined in Fig.1, where V1, V2 are on shell
neutral gauge bosons, while (V3 = Z , γ) is in general off-shell but always coupled to a
conserved current, has been given in2 [2]
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Compared to [2], we have introduced in (2) an additional factor i in order for the
related effective New Physics (NP) Lagrangian to be hermitian. Of course, the choice of
the sign of this factor is a convention.

The effective Lagrangian generating the vertices (1, 2) is3
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erators are typically subleading in theories without symmetries and therefore these type of

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

6 Phenomenology of the new colored states

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

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

fermions and not pseudo-Goldstini) partners. Their quantum numbers under the gauge and
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They have the same quantum numbers as uc and dc except they transform as a 6 of SU(3)C .

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

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

its value from the coupling to the SM quarks.

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

2 Description of anomalous neutral boson couplings

Assuming only Lorentz and U(1)em gauge invariance as well as Bose statistics, the most
general form of the V1V2V3 vertex function defined in Fig.1, where V1, V2 are on shell
neutral gauge bosons, while (V3 = Z , γ) is in general off-shell but always coupled to a
conserved current, has been given in2 [2]
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Compared to [2], we have introduced in (2) an additional factor i in order for the
related effective New Physics (NP) Lagrangian to be hermitian. Of course, the choice of
the sign of this factor is a convention.

The effective Lagrangian generating the vertices (1, 2) is3
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2We define ϵ0123 = +1.
3Some specific terms of this Lagrangian have been considered in [16].
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DµHD⌫B⌫⇢Bµ⇢. This kind of op-

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

6 Phenomenology of the new colored states

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

R-symmetry require the existence of new exotic colored particles and their extra (non-SM
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They have the same quantum numbers as uc and dc except they transform as a 6 of SU(3)C .

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

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

its value from the coupling to the SM quarks.

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

2 Description of anomalous neutral boson couplings

Assuming only Lorentz and U(1)em gauge invariance as well as Bose statistics, the most
general form of the V1V2V3 vertex function defined in Fig.1, where V1, V2 are on shell
neutral gauge bosons, while (V3 = Z , γ) is in general off-shell but always coupled to a
conserved current, has been given in2 [2]
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Compared to [2], we have introduced in (2) an additional factor i in order for the
related effective New Physics (NP) Lagrangian to be hermitian. Of course, the choice of
the sign of this factor is a convention.
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erators are typically subleading in theories without symmetries and therefore these type of

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

6 Phenomenology of the new colored states

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

R-symmetry require the existence of new exotic colored particles and their extra (non-SM
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They have the same quantum numbers as uc and dc except they transform as a 6 of SU(3)C .

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

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

its value from the coupling to the SM quarks.

22This is due to Ref. [58] providing a parametrization for anomalous neutral triple gauge couplings that
limit the process to take place through the s-wave, which forbids in this case identical bosons in the final
state; in our case higher waves are allowed and di↵erent final states open.
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Dimension-8 and ZZ, ZƔ

Is there a symmetry/theory such that first effects in ZZ/ZƔ?

YES! (non-linearly realized Supersymmetry 1706.03070 
or tree-level Kaluza-Klein graviton exchange)

What is the EFT?   …surprise…
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YES! (non-linearly realized Supersymmetry 1706.03070 
or tree-level Kaluza-Klein graviton exchange)

What is the EFT?   …surprise…

very different from nTGC parametrization!
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Energy-Growth

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

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

No LT (no mZ/E suppression) 

Both grow as E4/Λ4  in amplitude
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Helicity

00 +-

Interferes with largest  
SM contribution

Sensitivity enhanced!
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Positivity Constraints
Fundamental principles from unitarity/analyticity imply 
constraints on coefficient in front! unique of these dimension-8

Adams,Arkani-Hamed,Dubovsky,Nicolis,Rattazzi’hep-th/0602178

Bellazzini’1605.06111
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Positivity Constraints
Fundamental principles from unitarity/analyticity imply 
constraints on coefficient in front! unique of these dimension-8
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Message
SM precision tests will define  the new distance frontier

1m
10-15

10-35
107

1021
10271027

10-8

LHC - direct

Precision is a collective goal:
SM Group

LHC Experiments } Precision SM…

BSM Group …as a tool for BSM

Precision SM tests more similar to BSM searches now



Message

Challenges: 
- Non-interference limits precision in learning about transverse vectors 
- longitudinals hidden in transverse background

LHC good in High-E 2>2 processes 

Azimuthal distributions crucial (Realistic in other 
processes? WZ? VBF? )

SM precision program LHC completes LEP



Comparisons
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…with TGCs at LEP2 …with S-parameter at LEP1 

high-E is unique, but it compares at lower-E with different effects:

Genuine SM precision test


