
Searches for NP and EFT limits in multi-boson final states
A. Gilbert on behalf of the ATLAS & CMS Collaborations


Multi-boson Interactions | 23 August 2022



A. Gilbert (NWU)23/8/22

Introduction
• Multi-boson processes are powerful probes of new physics, as they 

are sensitive to a wide array of possible BSM effects


• Not covered today: direct searches

- ATLAS and CMS have extensive search programs covering many 

multi-boson final states


- So far, no compelling indication of new physics


• ⇒ How can we probe for indirect evidence of NP in our SM 
measurements?


• Outline of this talk:

- Introduction & motivation for EFT analysis 


- Anomalous triple gauge couplings (aTGCs)


- Neutral triple gauge couplings (nTGCs)


- Quartic gauge couplings (QGCs)


- Combined EFT interpretation
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Bulk RS (kπrc = 35, ΛR = 3TeV) R →WW ,ZZ → ννqq, #νqq, ##qq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.3-3.2 TeV

Bulk RS (kπrc = 35, ΛR = 3TeV) R →WW ,ZZ → qqqq boosted JHEP 06 (2020) 0421.3-3.0 TeV

RS1 (k/MPl = 0.01) GKK → γγ resolved arXiv:2102.134050.5-2.2 TeV

RS1 (k/MPl = 0.05) GKK → γγ resolved arXiv:2102.134050.5-3.9 TeV

RS1 (k/MPl = 0.1) GKK → γγ resolved arXiv:2102.134050.5-4.5 TeV

Bulk RS (k/MPl = 0.5) GKK →WW → eνµν resolved Eur. Phys. J. C 78 (2018) 240.2-0.75 TeV

Bulk RS (k/MPl = 1.0) GKK → ZZ → ###′#′, νν## resolved Eur. Phys. J. C 81 (2021) 3320.6-1.75 TeV

Bulk RS (k/MPl = 1.0) GKK →WW → eνµν resolved Eur. Phys. J. C 78 (2018) 240.2-1.1 TeV

Bulk RS (k/MPl = 1.0) GKK →WW ,ZZ → ννqq, #νqq, ##qq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.3-2.0 TeV

Bulk RS (k/MPl = 1.0) GKK →WW ,ZZ → qqqq boosted JHEP 06 (2020) 0421.3-1.8 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WZ → #ν#′#′ resolved Phys. Lett. B 787 (2018) 680.25-2.26 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WZ → ννqq, #νqq, ##qq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.3-3.9 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WH → #νbb resolved, boosted ATLAS-CONF-2021-0260.4-2.95 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WZ → qqqq boosted JHEP 06 (2020) 0421.3-3.4 TeV

HVT (gF = −0.55, gH = −0.56) W ′ →WH → qqbb boosted Phys. Rev. D 102 (2020) 1120081.5-2.9 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ →WW → eνµν resolved Eur. Phys. J. C 78 (2018) 240.2-1.3 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ →WW → #νqq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.3-3.5 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ → ZH → ννbb, ##bb resolved, boosted ATLAS-CONF-2020-0430.3-2.9 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ →WW → qqqq boosted JHEP 06 (2020) 0421.3-2.9 TeV

HVT (gF = −0.55, gH = −0.56) Z ′ → ZH → qqbb boosted Phys. Rev. D 102 (2020) 1120081.5-2.2 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WZ → #ν#′#′ resolved Phys. Lett. B 787 (2018) 680.8-2.46 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WZ → ννqq, #νqq, ##qq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.8-4.3 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WH → #νbb resolved, boosted ATLAS-CONF-2021-0260.8-3.15 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WZ → qqqq boosted JHEP 06 (2020) 0421.3-3.6 TeV

HVT (gF = 0.14, gH = −2.9) W ′ →WH → qqbb boosted Phys. Rev. D 102 (2020) 1120081.5-3.2 TeV

HVT (gF = 0.14, gH = −2.9) Z ′ →WW → #νqq resolved, boosted Eur. Phys. J. C 80 (2020) 11650.8-3.9 TeV

HVT (gF = 0.14, gH = −2.9) Z ′ → ZH → ννbb, ##bb resolved, boosted ATLAS-CONF-2020-0430.8-3.2 TeV

HVT (gF = 0.14, gH = −2.9) Z ′ →WW → qqqq boosted JHEP 06 (2020) 0421.3-3.1 TeV

HVT (gF = 0.14, gH = −2.9) Z ′ → ZH → qqbb boosted Phys. Rev. D 102 (2020) 1120081.5-2.65 TeV

Excluded mass range [TeV]

0.2 0.4 0.6 0.8 1 2 3 4 5

√

s = 13 TeV
L = 36.1 fb−1

√

s = 13 TeV
L = 139 fb−1

ATLAS Diboson Searches - 95% CL Exclusion Limits
Status: June 2021

ATLAS Preliminary

L = (36.1 – 139) fb−1
√
s = 13 TeV

*small-radius (large-radius) jets are used in resolved (boosted) events
†with # = µ, e
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Effective field theory approach
• Strong motivation for new physics at the TeV scale


- Energy scale of new physics (Λ) may be beyond our direct reach


• Construct an effective field theory starting from the known SM fields 
and symmetries

- No specific high-energy (UV complete) theory required


- Provides a renormalisable quantum field theory


- Universal - can connect to other experiments


• Expand in powers of (1/Λ):

3

Λ

~ 1 TeV 10-100 TeV

Beyond the 
Standard Model

Standard 
Model 

Events

Energy

LEFT = LSM + ∑
i

C(5)
i

Λ
𝒪(5)

i + ∑
i

C(6)
i

Λ2
𝒪(6)

i + ∑
i

C(7)
i

Λ3
𝒪(7)

i + ∑
i

C(8)
i

Λ4
𝒪(8)

i + . . .

 : operators = interaction terms  at a given expansion order𝒪i

 : operators = Wilson coefficients, free parametersCi

Lepton-number 
violating Violates B-L • First relevant order at dimension 6


- Multi-boson: connection to anomalous triple gauge 
couplings


• Dimension 8 also important

- Tree-level neutral triple gauge coupling 


- Quartic gauge couplings
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• Dim-6: up to 2499 distinct operators [1312.2014], reduced to 85 with flavour assumptions


• Cross section in the presence of a single dim-6 operator:


• Gives all Λ-2 terms ⇒  linear in dim-6 coefficients (ci)


• With multiple operators also have cicj/Λ4 interference terms


• But Λ-4 incomplete ⇒ neglects SM-dim8 interference at the same order


- In practice parameterisations may neglect quadratic c2 terms


- Ideally: dim-6 squared small, but for many measurements not the case

Effective field theory approach

4

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)$ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.
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ℳ = ∼
c

Λ2
+

σ(c) ∝

2

+ +2 Re ×

2

SM-dim6 interference ∼
c

Λ2 dim6 squared ∼
c2

Λ4
SM

|ℳ | 2

“Warsaw” basis [1008.4884]


https://arxiv.org/abs/1312.2014
https://arxiv.org/abs/1008.4884
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Anomalous triple gauge couplings

5
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• Long history of constraining BSM effects in the WWV triple gauge coupling:


• EFT interpretation now more common

- For historical reasons, many LHC interpretations have used HISZ basis [PRD 48 (1993) 2182]


- Gradual move to towards Warsaw basis [1008.4884] (as in Higgs & top)


• aTGC parameters can be related to coefficients in HISZ and Warsaw bases:

Anomalous triple gauge couplings

6

[1609.06312]

We are interested in diboson production at the LHC, which in general is sensitive to

many (linear combinations of) e↵ective operators. They can a↵ect the process through

their modifications of the couplings of gauge bosons to fermions, the gauge boson propa-

gators or the cubic interactions of the gauge bosons. However, once we take into account

LEP1 constraints [1, 2], CP-conserving observables in diboson production are e↵ectively

controlled by 3 combinations of EFT parameters at O(⇤�2) in the SMEFT, which we can

choose to be the 3 anomalous Triple Gauge Couplings (aTGC), {�g1,z, �� ,�z}, defined as

follows [3, 4]:

Ltgc = ie
�
W+

µ⌫W
�

µ �W�

µ⌫W
+
µ

�
A⌫ + ie

c✓
s✓

(1 + �g1,z)
�
W+

µ⌫W
�

µ �W�

µ⌫W
+
µ

�
Z⌫

+ ie(1 + ��)Aµ⌫ W
+
µ W�

⌫ + ie
c✓
s✓

(1 + �z)Zµ⌫ W
+
µ W�

⌫

+ i
�ze

m2
W


W+

µ⌫W
�

⌫⇢A⇢µ +
c✓
s✓

W+
µ⌫W

�

⌫⇢Z⇢µ

�
, (1.2)

where c✓ =
q
1� s2

✓
, �z = �g1,z �

s
2
✓

c
2
✓

�� . These aTGC can be computed in function of

Wilson coe�cients of D = 6 operators in Eq. (1.1), and they are formally of order 1

�g1,z, �� , �z ⇠ c(6)
m2

W

⇤2
, (1.3)

so that in the SM limit all three aTGC vanish. Let us stress that in deriving this matching

one should be careful to redefine fields and input parameters in a way which satisfies the

property that after imposing LEP-1 bounds the aTGC are the only three unconstrained

parameters relevant to diboson production (see e.g. Refs. [1, 7–11]). The dictionary be-

tween the aTGCs and Wilson coe�cients of D = 6 operators in various bases can be found

in Appendix B (from Ref. [7]).

Any experimental observable (such as di↵erential cross section, number of signal events

in a bin, etc.) obtained from the e↵ective Lagrangian in Eq. (1.1) takes the following form

� = �SM+
X

i

 
c(6)
i

⇤2
�(6⇥SM)
i

+ h.c.

!
+
X

ij

c(6)
i

c(6)⇤
j

⇤4
�(6⇥6)
ij

+
X

j

 
c(8)
j

⇤4
�(8⇥SM)
j

+ h.c.

!
+ . . . .

(1.4)

It is important to notice that the D = 6 squared terms are of the same order in the EFT

expansion parameter ⇤ as the (neglected) interference of the D = 8 with the SM.

Precision constraints on aTGCs can be derived from W+W� production in LEP-2 [12],

see e.g. [1, 13] for EFT interpretations. Meanwhile, it has been pointed out that the LHC

Higgs data can also lead to meaningful indirect constraints on the aTGC in the context

of SMEFT [10, 14–18]. This becomes evident when the e↵ective operators that generate

the aTGC defined in Eq. (1.2) are written in an explicitly gauge-invariant form, since they

involve not only gauge bosons but also the SU(2)L Higgs doublet (see Eq. B.3 and B.6).

Recently, Ref. [19] reported a global fit in the SMEFT to LEP-2WW and LHC Higgs signal-

strength data, by working consistently at O(⇤�2). In particular, the analysis considered

1
See App. B for the explicit dependence of the aTGC in Eq. (1.2) on the gauge-invariant operators in

the Warsaw [5] and SILH [6] bases.

– 2 –

q'

q

W

W

Z
W/Z/γ

Parameter 68% C.L. 95% C.L. SM

gZ1 +0.984+0.018
−0.020 [0.946, 1.021] 1

κγ +0.982+0.042
−0.042 [0.901, 1.066] 1

λγ −0.022+0.019
−0.019 [−0.059, 0.017] 0

Table 6.3: The combined results for the 68% C.L. errors and 95% C.L. intervals obtained
for the charged TGC parameters from the four LEP experiments. In each case the parameter
listed is varied while the other two are fixed to their SM values (also shown). Both statistical
and systematic errors are included.
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Figure 6.1: The logL curves of the four experiments (thin lines) and the LEP combined curve
(black line) for the three charged TGCs gZ1 , κγ and λγ. In each case, the minimal logL value
is subtracted.
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TABLE I: The 95% C.L. one-parameter limits on ATGCs from WZ → !ν!! and WW + WZ → !νjj (l = µ, e) final states
with Λ = 2 TeV. The analyzed integrated luminosity for each analysis is also presented together with the time period of data
collection.

LEP parametrization Integrated luminosity ∆κγ λ ∆gZ1
WZ → !ν!! 8.6 fb−1 (2002 − 2011) − [−0.077, 0.089] [−0.055, 0.117]
WW +WZ → !νjj 4.3 fb−1 (2006 − 2009) [−0.27, 0.37] [−0.075, 0.080] [−0.071, 0.137]

Equal couplings parameterization Integrated luminosity ∆κ λ
WZ → !ν!! 8.6 fb−1 (2002 − 2011) − [−0.077, 0.090]
WW +WZ → !νjj 4.3 fb−1 (2006 − 2009) [−0.078, 0.153] [−0.074, 0.079]

λ
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FIG. 3: WZ → !ν!! (l = µ, e). The 68% and 95% C.L. two-
parameter limits on the γWW/ZWW coupling parameters
assuming the LEP parametrization with Λ = 2 TeV. The
black circle indicates the most probable values of ATGCs from
the two-parameter fit.

final states are shown in Table II and limits in two-
parameter space are shown in Fig. 4. The limits in
both scenarios represent an improvement relative to pre-
vious results from the Tevatron [6, 7, 14–17]. For the
LEP parametrization, our combined measurement with
68% C.L. allowed intervals of κγ = 1.048+0.106

−0.105, λ =
0.007+0.021

−0.022, and gZ1 = 1.022+0.032
−0.030 presented in this paper

has similar sensitivity to the results from the individual
LEP experiments [8–11]. The combined D0 limits are
more stringent than those set by the ATLAS Collabo-
ration for Λ = 2 TeV [12]. The limits from the CMS
Collaboration [13] are not directly comparable to our re-
sults due to a different assumption for Λ value that af-
fects a dipole form factor and thus, the sensitivity to
ATGCs [34]. Nevertheless, the combined D0 limits on
∆κγ , λ and ∆gZ1 are more stringent than both ATLAS
and CMS current limits for Λ → ∞.
Using observed limits we extract measurements of the
W boson magnetic dipole and electric quadrupole mo-
ments. When assuming the LEP parameterization with
gZ1 = 1, we set the 68% C.L. intervals of µW =
2.012+0.035

−0.034 (e/2MW ) and qW = −0.995+0.042
−0.043 (e/M

2
W ).

The 68% and 95% C.L. limits on µW and qW in both
scenarios are shown in Fig. 5.
In summary, we have presented new searches of anoma-

TABLE II: One-dimensional χ2 minimum and 68% and
95% C.L. allowed intervals on anomalous values of
γWW/ZWW ATGCs from the combined fit of WW+WZ →

!νjj, WZ → !ν!!, Wγ → !νγ, and WW → !ν!ν final states.

Results for LEP parameterization
Parameter Minimum 68% C.L. 95% C.L.
∆κγ 0.048 [−0.057, 0.154] [−0.158, 0.255]
∆gZ1 0.022 [−0.008, 0.054] [−0.034, 0.084]
λ 0.007 [−0.015, 0.028] [−0.036, 0.044]

µW (e/2MW ) 2.012 [1.978, 2.047] [1.944, 2.080]
qW (e/M2

W ) −0.995 [−1.038,−0.953] [−1.079,−0.916]
Results for Equal couplings parameterization

Parameter Minimum 68% C.L. 95% C.L.
∆κ 0.037 [−0.007, 0.081] [−0.049, 0.124]
λ 0.008 [−0.017, 0.028] [−0.039, 0.042]

µW (e/2MW ) 2.016 [1.982, 2.050] [1.948, 2.082]
qW (e/M2

W ) −1.009 [−1.050,−0.970] [−1.092,−0.935]

lous γWW and ZWW trilinear gauge boson couplings
from WW +WZ → $νjj and WZ → $ν$$ channels an-
alyzing 4.3 fb−1 and 8.6 fb−1 of integrated luminosity,
respectively, and we set limits on ATGCs for these fi-
nal states. The limits from 4.3 fb−1 $νjj analysis are
the best limits to date at a hadron collider in this fi-
nal state. The limits from 8.6 fb−1 $ν$$ analysis are
comparable to those set at the LHC and improve rela-
tive to previous limits set in this final state at the Teva-
tron [35]. We have combined these results with those
previously published from WW+WZ → $νjj (1.1 fb−1),
Wγ → $νγ (4.9 fb−1), and WW → $ν$ν (1.0 fb−1) final
states using up to 8.6 fb−1 of integrated luminosity. No
deviation from the SM is found in data. We set the most
stringent limits on ∆κγ , λ and ∆gZ1 at a hadron collider
to date complementing similar measurements performed
at LEP and LHC. Using the LEP parameterization we set
the combined 68% C.L. limits of −0.057 < ∆κγ < 0.154,
−0.015 < λ < 0.028, and −0.008 < ∆gZ1 < 0.054.
At 95% C.L. the limits are −0.158 < ∆κγ < 0.255,
−0.036 < λ < 0.044, and −0.034 < ∆gZ1 < 0.084. Based
on the combination of all diboson production and de-
cay channels we set the most stringent 68% C.L. con-
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example, the aTGCs are related to the coe�cients in the Warsaw basis by
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where we use the original operator normalization of Ref. [5] (and [7, 8]). See also Ref. [7]

for the relation between the vertex correction �gV q and the Wilson coe�cients. Plugging

in these formulas in the helicity amplitudes above, the helicity cross sections schematically

take the form,
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�uū!±± ⇠
g4SM
s

⇣m4
W

s2
+ gSM c̄3W + 0

s2

m4
W

g2SM c̄23W

⌘
,

(B.4)

where ↵,�, �,’s are numerical O(1) coe�cients (in general depending on s✓) whose exact

values are not relevant for this discussion, and the vectors of Wilson coe�cients are defined
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In a similar way we can find how the SILH basis [6] operators a↵ect which helicity ampli-

tude by using the map [7, 8]
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where we use the notation and normalizations of Ref. [49]. In the SILH basis the helicity

cross sections take the same form as in Eq. (B.4) with c3W ! gSMc3W and

cLL = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW ) ,

cLT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄HB, c̄HW , c̄3W ) ,

cTT = (c̄0Hq, c̄Hq, c̄2B, c̄2W , c̄W , c̄B, c̄T ) .

(B.7)
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For completeness, we also give the relation between the anomalous TGCs and the HISZ basis
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Inverting the transformations, the relation between the Wilson coe�cients in the HISZ basis
and the Higgs basis parameters reads
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B.3 Higgs Characterization framework

The Higgs Characterization (HC) framework [24] in general cannot be mapped to the Higgs basis
or any other dimension-6 EFT basis. However, it is possible to to related the HC and EFT
parameters in certain situations when a simplified EFT description is employed. In particular,
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W+W-

• Both experiments set EFT constraints in the HISZ basis


• ATLAS: constraints set via unfolded leading lepton pT,  
on both CP-even and CP-odd operators
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Figure 1: One of the Feynman diagrams through which six-dimension elec-
troweak operators modify the pp ! W

+
W

� cross section.

found in [REF]. The current PDG limits on the coupling constants of CP-
preserving higher-dimensional operators, as well as the limits from the CMS
7TeV WW analysis in the fully leptonic final state, can be found in table 1.

Operator PDG limit (TeV�2) CMS 7TeV WW ! 2`2⌫ (TeV�2)
cWWW (via ��) [-9.7, -0.7] [-11.3, 11.3]
cWWW (via �Z) [-35.2, -5.7] -
cW (via g

Z
1 ) [-8.7,0.5] [-22.8, 22.8]

cW (via � ,Z) [-34.5,-3.9] -
cB (via � , g

Z
1 ) [-15.3,12.3] [-68.8, 71.9]

cB (via Z , g
Z
1 ) [-3.1,135.4] -

cB (via � ,Z) [-35.2,-5.7] -

Table 1: Current limits at 95% C.L. on the coupling constants of CP-preserving
six-dimensional operators (see eq. (1)). The limits were set using the aTGC
approach and translated into the EFT approach using the results from [REF]).
When limits from �WW and ZWW anomalous trilinear gauge couplings exist,
they are given separately.

2 Signal simulation

We use MadGraph5 version 2.1.2 with CTEQ6L1 PDF set for signal genera-
tion. Although MadGraph is a leading-order generator, it is well suited for this
study since it can re-calculate the invariant amplitude with di↵erent coupling
constant hypotheses for the 6-dimensional operators in each phase-space point
simulated. It can also includes the real contribution from NLO (WW + 1jet)
using a MLM-matching approach. Further QCD jets are generate via shower-
ing. Showering and hadronization of the events are made with pythia version
6.2. The showering and hadronization uses the Z2⇤ tune, and matching uses
the same configuration as in the o�cial pp ! W

+
W

�
! 2`2⌫ sample.

To each event, 108 weights are assigned which correspond to three 6 ⇥

6 grids in cWWW ⇥ cW , cWWW ⇥ cB , and cW ⇥ cB . We used equal bins
between [�50, 50] TeV�2 for cWWW /⇤2 and cW /⇤2, and equal bins between

2

Coefficients 68% confidence interval 95% confidence interval
( TeV�2) expected observed expected observed

cWWW/L2 [�1.8, 1.8] [�0.93, 0.99] [�2.7, 2.7] [�1.8, 1.8]
cW/L2 [�3.7, 2.7] [�2.0, 1.3] [�5.3, 4.2] [�3.6, 2.8]
cB/L2 [�9.4, 8.4] [�5.1, 4.3] [�14, 13] [�9.4, 8.5]

Parameter Observed 95% CL [TeV
�2

] Expected 95% CL [TeV
�2

]

cWWW/⇤2
[ �3.4 , 3.3 ] [ �3.0 , 3.0 ]
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[ �7.4 , 4.1 ] [ �6.4 , 5.1 ]
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[ �21 , 18 ] [ �18 , 17 ]
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2
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• CMS: direct fit to mll distribution

Operator 95% CL (linear and quadratic terms) 95% CL (linear terms only)

cWWW/⇤2
[�3.4 TeV

�2
, 3.3 TeV

�2
] [�179 TeV

�2
, �17 TeV

�2
]

cW/⇤2
[�7.4 TeV

�2
, 4.1 TeV

�2
] [�13.1 TeV

�2
, 7.1 TeV

�2
]

cB/⇤2
[�21 TeV

�2
, 18 TeV

�2
] [�104 TeV

�2
, 101 TeV

�2
]

Limits with and without quadric EFT terms


[Eur. Phys. J. C 79 (2019) 884] [Phys. Rev. D 102 (2020) 092001]

https://inspirehep.net/literature/1734263
https://inspirehep.net/literature/1814328
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WZ (3l)
• Also sets limits in the HISZ basis coefficients


- Best sensitivity for CW


• Limits given as a function of maximum M(WZ) included in the fit


• And with and without the inclusion of the quadratic EFT term 
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[JHEP 07 (2022) 032]

https://inspirehep.net/literature/1949191
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Wγ: interference resurrection
• CMS analysis of the W±(lν)γ channel


• Focus on the  operator:


- with Wilson coefficient C3W in the Warsaw basis (also denoted CW)


• Start with standard approach:


- Exploit energy growth of BSM ⇒ measure high pTγ 


• Issue: pure BSM term drives current sensitivity

- We neglect SM-dim8 interference which also enters at 1/Λ4 - validity becomes  

model dependent


• At LO, SM-dim6 interference not observable in inclusive quantities like pTγ  


• Effect due to helicity suppression

𝒪3W
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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-

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

which all the SM doublets (Higgs and fermions) change sign, namely � ! ��, QL ! �QL

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
longitudinal polarization vectors are proportional to 1/mW,Z .
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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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Challenging, because of non-interference: 

[Azatov, Contino, Machado, Riva, 2016]

BSM enhanced where 
SM suppressed.

No energy growth at the 
interference level

Solution is Interference Resurrection:
V decay products are not in an ang. mom. (V-helicity) eigenstates. 
Linear (entangled) superposition of eigenstates.
Different V helicites interference cancels 
only in quantities that are inclusive over 
the azimuthal decay angle 

σ = σSM + C3Wσint + C2
3WσBSM

[Phys. Rev. D 105 (2022) 052003]

https://inspirehep.net/literature/1978840
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Wγ: interference suppression
• “Interference resurrection” technique proposed [PLB 776 (2018) 473, JHEP 04 (2019) 075]


- Measure decay angle φ of the final state fermions in a special reference 
frame


- Interference causes characteristic modulation


• To constrain interference make a simultaneous measurement of pTγ 
and |φf|
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Wγ: interference suppression
• Extract 95% CL intervals on C3W  vs. maximum pT(γ) bin included in fit


• Overall sensitivity still dominated by pure BSM contribution…

- … but with increasing integrated luminosity, probe smaller values of C3W where interference term will come to dominate


• Binning in φ significantly improves sensitivity to SM-BSM interference, up to a factor of 10

- Improves the validity of the constraints


- Significant gain in fits where only the leading interference effects are included
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WW + 1 jet: interference suppression
• Another way to break the helicity suppression 


- Additional jet requirement introduces different helicity configurations ⇒ reduced suppression


• Parameterisation of most sensitive observable (meμ)

- Raising jet pT cut to 200 GeV improves sensitivity to the interference part


- Overall sensitivity remains dominated by pure BSM part
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Neutral triple gauge couplings

13
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Neutral triple gauge couplings
• Neutral triple gauge couplings forbidden at tree level (ZZγ, Zγγ)


• Traditional anomalous vertex parameterisation:

- All fiV, hiV = 0 in the SM


• Related to dim-8 EFT operators:
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1 Introduction

The recent discovery of the Higgs boson has increased the confidence in the validity of the
Standard Model (SM). On the other hand, the remaining issues of the SM like the absence
of a dark matter candidate claim for new physics. This dilemma can only be solved exper-
imentally by either directly searching for new particles or by looking for deviations from
the SM predictions. In this article, we use the well motivated effective field theory (EFT)
approach to pin down the expected first deviations from heavy new physics on the neutral
triple gauge couplings (nTGC).
Anomalous neutral gauge couplings have been actively searched for at LEP [1–3], at the
Tevatron [4, 5] and at the LHC [6, 7]. The constraints are given following the parametriza-
tion of the anomalous vertices for the neutral gauge bosons [8–11]

ie�↵�µ
ZZV (q1, q2, q3) =

�e(q23 �m2
V )

M2
Z

h
fV
4 (q↵3 gµ� + q�3g

µ↵)� fV
5 ✏µ↵�⇢(q1 � q2)⇢

i
, (1.1)

ie�↵�µ
Z�V (q1, q2, q3) =

�e(q23 �m2
V )

M2
Z

(
hV1 (q

µ
2g

↵�
� q↵2 gµ�) +

hV2
M2

Z

q↵3 [(q3q2)gµ� � qµ2q�3 ]

� hV3 ✏
µ↵�⇢q2⇢ �

hV4
M2

Z

q↵3 ✏µ�⇢�q3⇢q2�

)
(1.2)

where V is a photon or a Z boson and is off-shell while the two other bosons are on-shell.
The parametrization of those vertices has been extended for off-shell bosons in ref. [10].
So far, the size of the fV

i and hVi coefficients is unknown. Since the vertices contain three

– 1 –

where V = Z,γ (off-shell)

ZZ production

Zγ production

CP violating

CP conserving

with nTGC remain after replacing Fµ⌫ by Bµ⌫ or Wµ⌫ ,

OBW = iH†Bµ⌫W
µ⇢

{D⇢, D
⌫
}H, (2.20)

OWW = iH†Wµ⌫W
µ⇢

{D⇢, D
⌫
}H, (2.21)

OBB = iH†Bµ⌫B
µ⇢

{D⇢, D
⌫
}H. (2.22)

Four extra operators with nTGC can be obtained with the dual strength tensors,

O eBW = iH† eBµ⌫W
µ⇢

{D⇢, D
⌫
}H, (2.23)

O
BfW = iH†Bµ⌫fWµ⇢ {D⇢, D

⌫
}H, (2.24)

OfWW
= iH†fWµ⌫W

µ⇢
{D⇢, D

⌫
}H, (2.25)

O eBB = iH† eBµ⌫B
µ⇢

{D⇢, D
⌫
}H. (2.26)

The identity,
Bµ⌫

eB⌫⇢ = �
1

4
�⇢µB⌫�

eB⌫�, (2.27)

and its equivalent for W transform the two last operators to operators with more Higgs
or dimension-six operators. The operators from Eq. (2.24) is equivalent to the one from
Eq. (2.23) up to operators with more currents, more strength tensors or with quartic gauge
boson couplings only due to Eq. (2.15).

If there are only three strength tensors in addition to the two Higgs fields, the operator
is antisymmetric under the exchange of the three strength tensors and no nTGC can be
generated. There are also no operators with one dual strength tensor and two strength
tensors due to Eq. (2.27).

2.3 With four Higgs fields

If the four derivatives are applied each on one Higgs doublet, only quartic interactions are
generated. Two derivatives should then be applied on one Higgs field and they should have
different Lorentz indices due to the Higgs equation of motion. Only the Z field can be
selected with the Higgs vacuum expectation value. Consequently, the part of the operators
with four Higgs contributing to the nTGC can be written as ZµZ⌫@µZ⌫ and have all the
same nTCG vertex proportional to

X

perm(1,2,3)

⌘µ1µ2pµ3
3 . (2.28)

This vertex does not contribute when the vector bosons are on-shell or attached to a massless
fermion line. There are also no operator with one or two strength tensors with nTGC.

3 Phenomenology

Once added to the Lagrangian with their hermitian conjugate, the four operators found in
section 2.2 produces nTCG vertices independent of the imaginary part of their coefficients.
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with nTGC remain after replacing Fµ⌫ by Bµ⌫ or Wµ⌫ ,

OBW = iH†Bµ⌫W
µ⇢

{D⇢, D
⌫
}H, (2.20)

OWW = iH†Wµ⌫W
µ⇢

{D⇢, D
⌫
}H, (2.21)

OBB = iH†Bµ⌫B
µ⇢

{D⇢, D
⌫
}H. (2.22)

Four extra operators with nTGC can be obtained with the dual strength tensors,

O eBW = iH† eBµ⌫W
µ⇢

{D⇢, D
⌫
}H, (2.23)

O
BfW = iH†Bµ⌫fWµ⇢ {D⇢, D

⌫
}H, (2.24)

OfWW
= iH†fWµ⌫W

µ⇢
{D⇢, D

⌫
}H, (2.25)

O eBB = iH† eBµ⌫B
µ⇢

{D⇢, D
⌫
}H. (2.26)

The identity,
Bµ⌫

eB⌫⇢ = �
1

4
�⇢µB⌫�

eB⌫�, (2.27)

and its equivalent for W transform the two last operators to operators with more Higgs
or dimension-six operators. The operators from Eq. (2.24) is equivalent to the one from
Eq. (2.23) up to operators with more currents, more strength tensors or with quartic gauge
boson couplings only due to Eq. (2.15).

If there are only three strength tensors in addition to the two Higgs fields, the operator
is antisymmetric under the exchange of the three strength tensors and no nTGC can be
generated. There are also no operators with one dual strength tensor and two strength
tensors due to Eq. (2.27).

2.3 With four Higgs fields

If the four derivatives are applied each on one Higgs doublet, only quartic interactions are
generated. Two derivatives should then be applied on one Higgs field and they should have
different Lorentz indices due to the Higgs equation of motion. Only the Z field can be
selected with the Higgs vacuum expectation value. Consequently, the part of the operators
with four Higgs contributing to the nTGC can be written as ZµZ⌫@µZ⌫ and have all the
same nTCG vertex proportional to

X

perm(1,2,3)

⌘µ1µ2pµ3
3 . (2.28)

This vertex does not contribute when the vector bosons are on-shell or attached to a massless
fermion line. There are also no operator with one or two strength tensors with nTGC.
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Once added to the Lagrangian with their hermitian conjugate, the four operators found in
section 2.2 produces nTCG vertices independent of the imaginary part of their coefficients.
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Namely, none of the combinations Oi�O†

i contains vertices with three neutral gauge boson.
The Lagrangian for nTGC can therefore be written as

L
nTGC = LSM +

X

i

Ci

⇤4

⇣
Oi +O†

i

⌘
(3.1)

where i run over the label of the four operators from equations (2.20) to (2.23). In the
definitions of the operators we use the following convention :

Dµ ⌘ @µ � i
g0

2
BµY � igwW

i
µ�

i (3.2)

and

Wµ⌫ = �I(@µW
I
⌫ � @⌫W

I
µ + g✏IJKW J

µW
K
⌫ ) (3.3)

Bµ⌫ = (@µB⌫ � @⌫Bµ) (3.4)

with
⌦
�I�J

↵
= �IJ/2.

The CP-conserving anomalous couplings for the production of two on-shell Z bosons
(see Eq. (1.1)) are given by

fZ
5 = 0 (3.5)

f�
5 =

v2M2
Z

4cwsw

C eBW

⇤4
(3.6)

and the CP-violating by

fZ
4 =

M2
Zv

2
⇣
cw2CWW

⇤4 + 2cwsw
CBW
⇤4 + 4sw2CBB

⇤4

⌘

2cwsw
(3.7)

f�
4 = �

M2
Zv

2
⇣
�cwsw

CWW
⇤4 + CBW

⇤4

�
cw2

� sw2
�
+ 4cwsw

CBB
⇤4

⌘

4cwsw
(3.8)

For one on-shell Z boson and one on-shell photon (see Eq. (1.2)), the CP conserving cou-
plings are

hZ3 =
v2M2

Z

4cwsw

C eBW

⇤4
(3.9)

hZ4 = 0 (3.10)
h�3 = 0 (3.11)
h�4 = 0 (3.12)

(3.13)

and the CP-violating couplings are

hZ1 =
M2

Zv
2
⇣
�cwsw

CWW
⇤4 + CBW

⇤4

�
cw2

� sw2
�
+ 4cwsw

CBB
⇤4

⌘

4cwsw
(3.14)

hZ2 = 0 (3.15)

h�1 = �

M2
Zv

2
⇣
sw2CWW

⇤4 � 2cwsw
CBW
⇤4 + 4cw2CBB

⇤4

⌘

4cwsw
(3.16)

h�2 = 0. (3.17)
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NB: new modified form factors proposed: [Ellis, He, Xiao '22]

https://inspirehep.net/literature/1251546
https://arxiv.org/pdf/2206.11676.pdf
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Z(νν)γ
• nTGC sensitivity will be in statistically limited high pTγ region 


- ⇒ benefit from Z→ νν branching ratio vs. Z→ll


• Strongest constraints to date
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Translated to dim-8 EFT:

[JHEP 12 (2018) 010]

https://inspirehep.net/literature/1698006
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Z(ll)Z(νν),  ΖΖ(4l)
• ATLAS analysis of 2015+16 data in llνν channel


• Interpretation via unfolded pTll distribution
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control of SM process:

qq-induced: 

NNLO QCD + NLO EW

gg-induced:

NLO QCD

Comparable sensitivity, 
with trade-offs in:

 - Integrated lumi

 - Observable sensitivity

 - νν vs ll branching ratio

• CMS analysis of full Run 2 in 4l channels


• Fit to mZZ distribution

[JHEP 10 (2019) 127]

[EPJC 81 (2021) 200]

https://inspirehep.net/literature/1735352
http://EPJC%2081%20(2021)%20200
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Anomalous quartic gauge couplings
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EFT parameterisation
• Represented by dim-8 operators:


• Set of 20 CP-conserving operators built from covariant derivate of the 
Higgs doublet and the SU(2) gauge fields strength tensors


• Primarily studied in vector boson scattering processes:


• Typical signature:

- Exploit both leptonic and hadronic V decays


- Large pseudo-rapidity separation and invariant mass of the jets


- Strong cross section growth with energy for non-zero Wilson coeff.
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Figure 1: Representative Feynman diagrams of a VBS process contributing to the EW-induced
production of events containing W±W± (left) and WZ (right) boson pairs decaying to leptons,
and two forward jets. New physics (represented by a dashed circle) in the EW sector can modify
the quartic gauge couplings.

Figure 2: Representative Feynman diagrams of the QCD-induced production of W±W± (left)
and WZ (right) boson pairs decaying to leptons, and two jets.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead-tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap de-
tectors up to |h| < 5. Muons are detected in gas-ionization chambers embedded in the steel
magnetic flux-return yoke outside the solenoid. A more detailed description of the CMS detec-
tor, together with a definition of the coordinate system and the relevant kinematic variables, is
reported in Ref. [18]. Events of interest are selected using a two-tiered trigger system [29]. The
first level, composed of custom hardware processors, uses information from the calorimeters
and muon detectors to select events at a rate of around 100 kHz with a latency of 4 µs. The sec-
ond level, known as the high-level trigger, consists of a farm of processors running a version of
the full event reconstruction software optimized for fast processing, and reduces the event rate
to around 1 kHz before data storage.

3 Signal and background simulation
Multiple Monte Carlo (MC) event generators are used to simulate the signal and background
contributions. Three sets of simulated events for each process are needed to match the data-

assumed luminosity is the statistical error due to the size of
the event sample and not the precision in the determination
of the background given the expected size of the electro-
weak corrections. Ultimately if enough statistics are accu-
mulated it will become important to incorporate the
electroweak radiative corrections in the background calcu-
lations since they might have an impact on the final accu-
racy [44].

It is also interesting to notice that the achievable sensi-
tivity at the LHC is close to the recently derived lower
bounds based on the usual analytical properties associated
with causal, unitary theories [45]. The lack of observation
of an anomalous coupling !4 and !5 below that bound,
would indicate the breakdown of some of these basic
properties of the S-matrix. In particular, as pointed out in
Ref. [45], since string theory is designed to produce the
S-matrix with these properties and therefore, the experi-
mental verification of those bounds could be used to falsify
string theory.
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APPENDIX: DIMENSION 8 EFFECTIVE
OPERATORS

We list here the parity conserving effective Lagrangians
leading to pure quartic couplings between the weak gauge
bosons assuming that a Higgs boson has been discovered,
that is, employing the linear representation for the higher
order operators. Denoting by ! the Higgs doublet and byU
an arbitrary SU!2"L transformation, the basic blocks for
constructing the effective Lagrangian and their transforma-
tions are:

 !; that transforms as !0 # U!; (A1)

 D"!; that transforms as D0"!0 # UD"!; (A2)

 

Ŵ"# $
X
j
Wj
"#
$j

2
; that transforms as

Ŵ0"# # UŴ"#Uy; (A3)

 B"#; that transforms as B0"# # B"#; (A4)

where Wi
"# is the SU!2"L field strength and B"# is the

U!1"Y one. The covariant derivative is given by D"! #
!@" % igWj

"
$j
2 % ig0B" 1

2"!.

The lowest dimension operator that leads to quartic
interactions but does not exhibit two or three weak
gauge-boson vertices is dimension 8. The counting is
straightforward: when one can get a weak boson field
either from the covariant derivative of ! or from the field
strength tensor. In either case the vector field is accompa-
nied by a VEV or a derivative. Therefore genuine quartic
vertices are of dimension 8 or higher.

There are three classes of such operators:

1. Operators containing just D!!

The two independent operators in this class are

 L S;0 # &!D"!"yD#!' ( &!D"!"yD#!'; (A5)

 L S;1 # &!D"!"yD"!' ( &!D#!"yD#!': (A6)

2. Operators containing D!! and field strength

The operators in this class are:

 LM;0 # Tr&Ŵ"#Ŵ
"#' ( &!D%!"yD%!'; (A7)

 LM;1 # Tr&Ŵ"#Ŵ
#%' ( &!D%!"yD"!'; (A8)

 LM;2 # &B"#B"#' ( &!D%!"yD%!'; (A9)

 LM;3 # &B"#B#%' ( &!D%!"yD"!'; (A10)

 LM;4 # &!D"!"yŴ%#D"!' ( B%#; (A11)

 LM;5 # &!D"!"yŴ%#D#!' ( B%"; (A12)

 LM;6 # &!D"!"yŴ%#Ŵ
%#D"!'; (A13)

 LM;7 # &!D"!"yŴ%#Ŵ
%"D#!': (A14)

3. Operators containing just the field strength tensor

The following operators containing just the field
strength tensor also lead to quartic anomalous couplings:

 L T;0 # Tr&Ŵ"#Ŵ
"#' ( Tr&Ŵ!%Ŵ

!%'; (A15)

 L T;1 # Tr&Ŵ!#Ŵ
"%' ( Tr&Ŵ"%Ŵ

!#'; (A16)

 L T;2 # Tr&Ŵ!"Ŵ
"%' ( Tr&Ŵ%#Ŵ

#!'; (A17)
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ÉBOLI, GONZALEZ-GARCIA, AND MIZUKOSHI PHYSICAL REVIEW D 74, 073005 (2006)

073005-12
 L T;3 ! Tr"Ŵ!"Ŵ

"#Ŵ$!# $ B#$; (A18)

 L T;4 ! Tr"Ŵ!"Ŵ
!"Ŵ#$# $ B#$; (A19)

 L T;5 ! Tr"Ŵ"$Ŵ
"$# $ B!#B!#; (A20)

 L T;6 ! Tr"Ŵ!$Ŵ
"## $ B"#B!$; (A21)

 L T;7 ! Tr"Ŵ!"Ŵ
"## $ B#$B$!; (A22)

 L T;8 ! B"$B"$B!#B!#; (A23)

 L T;9 ! B!"B"#B#$B$!: (A24)
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P. Hernández, and E. Massó, Nucl. Phys. B384, 3 (1992);
K. Hagiwara, S. Ishihara, R. Szalapski, and D. Zeppenfeld,
Phys. Lett. B 283, 353 (1992); Phys. Rev. D 48, 2182
(1993).

[24] T. Appelquist and C. Bernard, Phys. Rev. D 22, 200
(1980); A. Longhitano, Phys. Rev. D 22, 1166 (1980);
Nucl. Phys. B188, 118 (1981).

[25] M. S. Chanowitz, M. Golden, and H. Georgi, Phys. Rev. D
36, 1490 (1987).

[26] G. Altarelli and R. Barbieri, Phys. Lett. B 253, 161 (1991);
G. Altarelli, R. Barbieri, and S. Jadach, Nucl. Phys. B369,
3 (1992); B376, 444(E) (1992).

[27] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381
(1992).

[28] T. Stelzer and W. F. Long, Comput. Phys. Commun. 81,
357 (1994).

[29] H. Murayama, I. Watanabe, and K. Hagiwara, KEK report
91-11 (unpublished).

[30] A. Denner, S. Dittmaier, M. Roth, and D. Wackeroth,
Nucl. Phys. B560, 33 (1999).

[31] C. Oleari and D. Zeppenfeld, Phys. Rev. D 69, 093004
(2004).

pp! jje%"%$$ AND jje%"&$$ AT O'!6
em( AND O'!4

em!2
s ( FOR THE . . . PHYSICAL REVIEW D 74, 073005 (2006)

073005-13

Longitudinal

Mixed

Transverse

LEFT = LSM + ∑
i

C(8)
i

Λ4
𝒪(8)

i



A. Gilbert (NWU)23/8/22

W±W± / WZ
• W±W± final state with much reduced 

background compared with W±W∓


• Transverse di-boson mass as sensitive 
observable:


• Limits recomputed after applying unitarity constraint

- No enhancement when M(VV) above unitarity limit (~ 1.5 TeV) - calculated with VBFNLO 1.4.0

- Sensitivity worsens by factor ~ 5
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systems with respect to the SM prediction. The diboson transverse mass, defined as

mT(VV) =

s✓
Âi

Ei

◆2

�

✓
Âi

pz,i

◆2

, (2)

where Ei and pz,i are the energies and longitudinal components of the momenta of the leptons
and neutrinos from the decay of the gauge bosons in the event, is used in the fit for both W±W±

and WZ processes. The four-momentum of the neutrino system is defined using the ~pmiss
T ,

assuming that the values of the longitudinal component of the momentum and the invariant
mass are zero.

A two-dimensional distribution is used in the fit for the W±W± process with 5 bins in mT(WW)
([0, 350, 650, 850, 1050, •] GeV) and 4 bins in mjj ([500, 800, 1200, 1800, •] GeV). The SM WZ
contribution is considered to be background. Similarly, a two-dimensional distribution is used
in the fit for the WZ process with 5 bins in mT(WZ) ([0, 400, 750, 1050, 1350, •] GeV) and 2 bins
in mjj ([500, 1200, •] GeV). The mjj distribution is used for the nonprompt lepton, tZq, and ZZ
CRs in both fits with 4 bins ([500, 800, 1200, 1800, •] GeV). The distributions of mT(VV) in the
W±W± and WZ SRs are shown in Fig. 6.

Figure 6: Distributions of mT(WW) (left) in the W±W± SR and mT(WZ) (right) in the WZ
SR. The gray bands include uncertainties from the predicted yields. The SM predicted yields
are shown with their best fit normalizations from the corresponding fits. The contribution of
the QCD W±W± process is included together with the EW W±W± process. The overflow is
included in the last bin. The bottom panel in each figure shows the ratio of the number of
events observed in data to the total SM prediction. The solid lines show the signal predictions
for two illustrative aQGC parameters.

No excess of events with respect to the SM background predictions is observed. The observed
and expected 95% confidence level (CL) lower and upper limits on the aQGC parameters f /L4,
where f is the dimensionless coefficient of the given operator and L is the energy scale of new
physics, are derived from a modified frequentist approach with the CLs criterion [72, 73] and
asymptotic results for the test statistic [75]. The expected cross section depends quadratically
on aQGC, therefore the expected yields are calculated from a parabolic interpolation from the
discrete coupling parameters of the simulated signals. Table 6 shows the individual lower
and upper limits for the coefficients of the T0, T1, T2, M0, M1, M6, M7, S0, and S1 operators

Apply 
unitarity 

constraint
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yield as a function of the aQGC coefficient value, separately in each mWg bin in the aQGC re-
gion, defined by the selection described in Section 5, with further requirements as the aQGC
contributions arise from pure VBS diagrams and are thus enhanced in the VBS phase space
region, and the anomalous operators lead to more energetic final state particles. These require-
ments are optimized to enhance the aQGC sensitivity based on the simulation studies, and are:
mjj > 800 GeV, |Dhjj| > 2.5, mWg > 150 GeV, and p

g
T > 100 GeV.

No statistically significant excess of events relative to the SM prediction is observed. We there-
fore set upper and lower limits on the operator coefficients through a limit-setting procedure
that involves first obtaining the global maximum of the profile likelihood function, and then the
maximum of the profile likelihood function at fixed coefficient values, which can be compared
with the global maximum and converted to CLs. Figure 6 shows the resulting mWg distribution
and the likelihood scan for the fT,0/L4 parameter in the calculation of the observed limits, as
an example.

The observed and expected 95% CL limits on the aQGC coefficients are summarized in Table 2.

Table 2: Exclusion limits at the 95% CL for each aQGC coefficient, derived from the mWg distri-
bution. Unitarity bounds corresponding to each operator are also listed. All coupling parame-
ter limits are in TeV�4, while Ubound values are in TeV.

Expected. limit Observed. limit Ubound
-5.1 < fM0/L4 < 5.1 �5.6 < fM0/L4 < 5.5 1.7
-7.1 < fM1/L4 < 7.4 �7.8 < fM1/L4 < 8.1 2.1
-1.8 < fM2/L4 < 1.8 �1.9 < fM2/L4 < 1.9 2.0
-2.5 < fM3/L4 < 2.5 �2.7 < fM3/L4 < 2.7 2.7
-3.3 < fM4/L4 < 3.3 �3.7 < fM4/L4 < 3.6 2.3
-3.4 < fM5/L4 < 3.6 �3.9 < fM5/L4 < 3.9 2.7
-13 < fM7/L4 < 13 �14 < fM7/L4 < 14 2.2

-0.43 < fT0/L4 < 0.51 �0.47 < fT0/L4 < 0.51 1.9
-0.27 < fT1/L4 < 0.31 �0.31 < fT1/L4 < 0.34 2.5
-0.72 < fT2/L4 < 0.92 �0.85 < fT2/L4 < 1.0 2.3
-0.29 < fT5/L4 < 0.31 �0.31 < fT5/L4 < 0.33 2.6
-0.23 < fT6/L4 < 0.25 �0.25 < fT6/L4 < 0.27 2.9
-0.60 < fT7/L4 < 0.68 �0.67 < fT7/L4 < 0.73 3.1

They are obtained by varying the coefficient of one operator at a time, with all others set to 0,
the SM value. The yield of the EW signal in any bin is a quadratic function of the coefficient,
whose minimum in general does not occur at a coefficient value of 0 because of interference
with the SM operators. The constraints on aQGC are compatible with the SM predictions. NLO
EW corrections to VBS Wg can be sizable and increase as a function of mjj, which may bias the
aQGC measurement. Although there is no NLO EW calculation available yet for VBS Wg,
we have checked using the numbers from same-sign WW scattering [54, 55], that the effect on
the aQGC limits is negligible. The unitarity bound (Ubound) is defined as the scattering energy
at which the aQGC coupling strength, when set equal to the observed limit, would result in
a scattering amplitude that violates unitarity. The value of Ubound is determined using the
analytical formulas from Ref. [56]. These are the most stringent limits to date on the aQGC
parameters fM,2–5/L4 and fT,6–7/L4.

Most stringent limits on 
M2-5, T6-7

Unitarity:

 - No explicit clipping

 - Ubound reported: 
scattering energy, given 
coupling of observed 
limit at which unitarity 
violated  

[PRD 104 (2021) 072001]

[CMS-PAS-SMP-21-011]

https://inspirehep.net/literature/1869513
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Τri-boson production
• Analysis target W(lν)γγ and Z(ll)γγ channels


• Complementary to VBS processes

- Several parameter constraints competitive
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Parameter Expected Observed Expected Observed

fM2/L4 [�57.3, 57.1] [�39.9, 39.5] — —

fM3/L4 [�91.8, 92.6] [�63.8, 65.0] — —

fT0/L4 [�1.86, 1.86] [�1.30, 1.30] [�4.86, 4.66] [�5.70, 5.46]
fT1/L4 [�2.38, 2.38] [�1.70, 1.66] [�4.86, 4.66] [�5.70, 5.46]
fT2/L4 [�5.16, 5.16] [�3.64, 3.64] [�9.72, 9.32] [�11.4, 10.9]
fT5/L4 [�0.76, 0.84] [�0.52, 0.60] [�2.44, 2.52] [�2.92, 2.92]
fT6/L4 [�0.92, 1.00] [�0.60, 0.68] [�3.24, 3.24] [�3.80, 3.88]
fT7/L4 [�1.64, 1.72] [�1.16, 1.16] [�6.68, 6.60] [�7.88, 7.72]
fT8/L4

— — [�0.90, 0.94] [�1.06, 1.10]
fT9/L4

— — [�1.54, 1.54] [�1.82, 1.82]

[JHEP 10 (2021) 174]

https://inspirehep.net/literature/1865855
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Global fits
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pp→4l
• Analysis considers all possible EFT contributions to 4l final state at dim-6


- Not only triple gauge couplings


• Fit to the optimal unfolded observable for each operator, e.g. m34:

23

cHG = -0.13

• Many operators would create a similar pattern in the data

- Not possible to determine all coefficients simultaneously


• Others are more strongly constrained elsewhere


- E.g. Z→ll constraints from LEP precision measurements


• Strong motivation for combined EFT fits of multiple processes

[JHEP 07 (2021) 005]
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pp→4l
• Analysis considers all possible EFT contributions to 4l final state at dim-6


- Not only triple gauge couplings


• Fit to the optimal unfolded observable for each operator, e.g. m34:
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cHG = -0.13
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Higgs couplings

Gauge boson couplings

Z→ll vertex

4-fermion interactions

• Many operators would create a similar pattern in the data

- Not possible to determine all coefficients simultaneously


• Others are more strongly constrained elsewhere


- E.g. Z→ll constraints from LEP precision measurements


• Strong motivation for combined EFT fits of multiple processes

[JHEP 07 (2021) 005]

https://inspirehep.net/literature/1849535
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WW, WZ, 4l and Z+2-jet combination
• Combined likelihood fit to multiple channels and observables


- Takes correlation of expt. & theory systematics into account


• Includes effect of 33 operators


- Input analyses considered different subsets / bases / or no EFT at all ⇒ reinterpretation possible by 

intermediate unfolding step

25
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WW, WZ, 4l and Z+2-jet combination
• Not possible to constrain all parameters simultaneously


• One solution is to identify a set of linear combinations

- Eigenvector decomposition of the EFT approx. Hessian, from propagating linearised EFT parameterisation to measurement Hessian


- Drop poorly constrained directions with small eigenvalues - impact on fitted ones verified to be negligible
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WW, WZ, 4l and Z+2-jet combination
• Result: fit for 15 linear combinations of operators, both one at a time, and all profiled together


- In many case sensitivity is similar ⇒ justifies eigenvector approach


- Limits also given with and without quadratic  terms 
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2q2lc'

qe 0.16c− ed 0.22c− eu 0.26c+ ld 0.39c− lu 0.79c+ (1)
lq 0.27c− ≈ [3]

2q2lc'
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One step further
• Combination of multiboson, LEP EWPOs and Higgs simplified template cross section 

measurements ⇒ fit for 28 linear combinations


- Clear complementarity for many of the operators considered
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(Some) open issues for the EFT interpretation
• Is the way in which we make our EFT measurements useful for future (re-)interpretation?


- If not, what additional steps or approaches should we use?


- Is there additional information we need to publish, e.g. full likelihoods? Unfolded distributions?


• Distinction between signal and background? Should consider EFT effects in both


• What should be the default presentation of results - include dim62 or not?


- If neglected, take care of fitting regions where 


• EFT validity: a BSM model including a new state with mass M naturally limits validity to E < M


- Should also verify that unitarity not violated at probed  for given c/Λ2


- Can necessitate “clipping” of the data (or the prediction) - no completely standard approach for this


• Truncation uncertainty: how to estimate impact of missing dim8 terms?


• Combined fits with dim-6 and dim-8 a possibility? 

σSM + Ciσint < 0

̂s
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Summary

• ATLAS and CMS have performed extensive measurements of multi-boson processes, with strong constraints on:

- Anomalous (neutral) triple gauge couplings and anomalous quartic gauge couplings


• SMEFT becoming a common tool for the interpretation of these measurements

- Consistently includes all possible NP effects at a given order in the EFT expansion


• EFT operators typically affect multiple processes, and any given process is affected by multiple operators

- Strong motivation for global fits


- Close collaboration between experiments and theory required
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