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Motivations (1): large cross section
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Motivations (2): clean experimental signatures1

14µ candidate event, ATLAS-CONF-2011-162.
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Motivations (3): background to other SM measurements2
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Figure 3. Distribution of the reconstructed four-lepton invariant mass m4� in the full mass range

(left) and the low-mass range (right). Points with error bars represent the data and stacked his-

tograms represent expected signal and background distributions. The SM Higgs boson signal with

mH = 125GeV, denoted as H(125), and the ZZ backgrounds are normalized to the SM expectation,

whilst the Z+X background is normalized to the estimation from data. The order in perturbation

theory used for the normalization of the irreducible backgrounds is described in section 7.1. No

events are observed with m4� > 1TeV.

In the case of the measurements which use event categorization, experimental and the-

oretical uncertainties that account for possible migration of signal and background events

between categories are included. The main sources of uncertainty in the event categoriza-

tion include the renormalization and factorization scales, PDF set, and the modeling of

the fragmentation, hadronization, and the underlying event. These uncertainties amount

to 4–20% for the signal and 3–20% for the background, depending on the category, and are

largest for the prediction of the gg → H yield in the VBF-2jet-tagged category. Additional

uncertainties come from the imprecise knowledge of the jet energy scale (from 2% for the

gg → H yield in the untagged category to 15% for the gg → H yield in the VBF-2jet-tagged

category) and b tagging efficiency and mistag rate (up to 6% in the ttH-tagged category).

10 Results

The reconstructed four-lepton invariant mass distribution is shown in figure 3 for the sum

of the 4e, 4µ, and 2e2µ channels, and compared with the expectations from signal and

background processes. The error bars on the data points correspond to the so-called

Garwood confidence intervals at 68% confidence level (CL) [71]. The observed distribution

agrees with the expectation within the statistical uncertainties over the whole spectrum.

In figure 4, the reconstructed four-lepton invariant mass distributions are split by event

category, for the low-mass range.

The number of candidates observed in data and the expected yields for the backgrounds

and the Higgs boson signal after the full event selection are reported in table 1 for m4� >

70GeV. Table 2 shows the expected and observed yields for each of the seven event

categories and their total.

– 15 –

2from JHEP 11 (2017) 047
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Motivations (4): SM background to NP searches3

8 6 Search for three light leptons consistent with WZ production and pmiss
T

To improve the separation between signal and background in the WZ corridor, we exploit ISR
by further categorizing the events in HT, the scalar pT sum of the jets with pT > 30 GeV. Due
to the presence of the �χ0

1 LSPs, signal model points in the WZ corridor will tend to have more
events at high values of pmiss

T and MT than the SM background for the same value of HT, with
the effect becoming relevant at m�χ0

1
≈ mZ and more pronounced at higher HT. This is demon-

strated in Fig. 4, which shows the expected distributions of pmiss
T for background and two signal

model points after requiring (left) HT < 100 GeV and (right) > 200 GeV. The HT categorization
is applied in the regions m�� < 75 GeV and 75 ≤ m�� < 105 GeV. The full set of search regions
is summarized in Table 2.
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Figure 4: Distributions of pmiss
T for two representative signal points in the WZ corridor as well

as the expected SM background for HT < 100 (left) and >200 GeV (right). For larger values of
HT the shape difference between signal and background becomes more pronounced due to the
presence of �χ0

1 LSPs with large Lorentz boost.

The dominant background in this search is SM WZ production, which provides a signature
very similar to the signal process in the form of three isolated leptons and substantial pmiss

T due
to the neutrino from the W boson decay. This background is estimated from simulation, while
two control regions are used to assess the overall normalization and to validate the modeling of
events at large values of pmiss

T , MT, or both. Further backgrounds arise from misidentification
of nonprompt leptons from processes like tt production, external and internal photon conver-
sions, and rare SM processes such as triboson production, ttW, and ttZ. The contribution of the
nonprompt lepton background is predicted using the “tight-to-loose” ratio method [89], which
relies entirely on data. External and internal photon conversions as well as rare SM processes
are predicted from simulation, and a dedicated data control region is used to constrain the
normalization of the conversion background.

The SM WZ background normalization is constrained in a data control region requiring 75 <
m�� < 105 GeV, MT < 100 GeV, 35 < pmiss

T < 100 GeV, and HT < 100 GeV. The fraction of
selected background events arising from SM WZ production in this region is approximately
86%. The validation of the pmiss

T and MT shape modeling is done using a data control sample
enriched in Wγ events, with the remainder of events coming mainly from W+jets production.
A photon with pT > 40 GeV is required together with a lepton and pmiss

T > 50 GeV, correspond-
ing to a leptonic W boson decay. The minimum photon pT threshold ensures that the photon
does not arise from final-state radiation. The motivation behind this selection is that the W
boson MT distribution in both Wγ and W+jets events is found to be consistent with that of SM

3from arXiv:1801.03957
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Motivations (5): sensitivity to non SM gauge boson
interactions4

Z/γ∗

q

q

Z

Z

Figure 2: Example Feynman diagram of ZZ production containing an aTGC vertex, here indicated by a red dot,
which is forbidden in the SM.

center-of-mass energy by the CMS collaboration [20]. This paper represents an extension of the ATLAS
measurement, using a total of (36.1 ± 1.1) fb−1 of data collected with the ATLAS detector in the years
2015 and 2016.

In this analysis, candidate events are reconstructed in the fully leptonic ZZ → �+�−��+��− decay channel
where � and �� can be an electron or a muon. Throughout this analysis, “Z boson” refers to the superposi-
tion of a Z boson and a virtual photon in the mass range from 66 GeV to 116 GeV, as these are not strictly
distinguishable when decaying to charged leptons. A fiducial phase space is defined, reflecting both the
acceptance of the ATLAS detector [21–23] and the selections imposed on the reconstructed leptons in this
analysis. Both integrated and differential cross sections are measured, the latter with respect to twenty
different observables. Ten of these directly measure additional jet activity in the events. The observed
event yields are unfolded to the fiducial phase space using simulated samples to model the detector ef-
fects. The integrated cross sections are inclusive with respect to additional jets. For easier comparison to
other measurements, the combined integrated cross section is also extrapolated to a total phase space and
to all Z boson decay modes. A search for aTGCs is performed by looking for deviations of the data from
the SM predictions at high values of the transverse momentum of the leading-pT Z boson, which is one
of the observables most sensitive to the energy scale of the interaction.

Differential fiducial cross sections are measured with respect to the following observables.

• Transverse momentum of the four-lepton system, pT, 4�

• Absolute rapidity of the four-lepton system, |y4�|
• Separation in azimuthal angle between the two Z boson candidates, δφ (Z1, Z2), defined such that it

lies in the interval [0, π]

• Absolute difference in rapidity between the two Z boson candidates, |δy (Z1, Z2) |
• Transverse momentum of the leading-pT and the subleading-pT Z boson candidate, pT, Z1 and pT, Z2 ,

respectively

• Transverse momentum of each of the four leptons

• Number of jets with pT > 30 GeV and |η| < 4.5

• Number of jets with pT > 30 GeV and |η| < 2.4

• Number of jets with pT > 60 GeV and |η| < 4.5

• Scalar sum of the transverse momenta of all jets in the event with pT > 30 GeV and |η| < 4.5

• Absolute pseudorapidity of the leading-pT and the subleading-pT jet

3

aTGC Limits @95% C.L.
0.02− 0 0.02 0.04 0.06

September 2017
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4from https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMPaTGC
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Theoretical predictions for pp→ V V ′: current status

QCD

NNLO : qq→ V V ′→ 4f

NNLO+NNLL : massive V (′), inclusive observables

NLO+PS : V (′) decays, exclusive observables

EW

NLO : qq→ V V ′→ 4f
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Theoretical predictions for pp→ V V ′: current status

QCD

NNLO : qq→ V V ′→ 4f
Grazzini et al. 1507.06257,1604.08576,1605.02716,1711.06631, Heinrich et al. 1710.06294

NNLO+NNLL : massive V (′), inclusive observables
Grazzini et al. 1507.02565, Dawson et al. 1606.01034

NLO+PS : V (′) decays, exclusive observables
Frixione et al. hep-ph/0204244, Nason et al. hep-ph/0606275,1311.1365, Hamilton 1009.5391, Höche et

al. 1008.5399, Melia et al. 1107.5051

EW

NLO : qq→ V V ′→ 4f
Biedermann et al. 1605.03419, 1601.07787, 1611.05338, 1708.06938, Kallweit et al. 1705.00598
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Anomalous V V V interaction: aTGCs

L= LSM +L′WWV

most general interaction terms compatible
with a given set of symmetries

L′WWV =igWWV

(
δgV1 (W+

µνW
−µ−W+µW−µν)V ν + δκVW

+
µ W

−
ν V

µν

+ λV
M2

W
W+µνW−ρν Vρµ− κ̃VW+

µ W
−
ν Ṽ

µν − λ̃V
M2

W
W+µνW−ρν Ṽρµ

)

no clear generalization beyond LO
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Anomalous V V V interaction: EFT

Leff. = LSM +
∑
i

ci6
Λ2O

i
6 +
∑
i

ci8
Λ4O

i
8 + · · ·

OWWW =−g
3
w
4 εijkW

i
µνW

νρ jW µ k
ρ

OW =−igw(DµΦ)† τk2 W
µν k(DνΦ)

OB = +ig1
2 (DµΦ)†Bµν(DνΦ) Dim6 operators

O
W̃WW

= +g3
w
4 εijkW̃

i
µνW

νρ jW µ k
ρ

O
W̃

= +igw(DµΦ)† τk2 W̃
µν k(DνΦ)

defined beyond LO
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Anomalous V V V interaction: EFT vs aTGCs
at LO, for constant aTGCs (no form factors):

gZ1 = 1 + cW
M2

Z
2Λ2

κγ = 1 + (cW + cB)
M2
MW

2Λ2 ,

κZ = 1 +
(
cW − cB

s2
w
c2w

)
M2
MW

2Λ2

λγ = λZ = cWWW g2
w

3M2
MW

2Λ2

κ̃γ = cW̃
M2
MW

2Λ2

κ̃Z =−cW̃
s2
w
c2w

M2
MW

2Λ2

λ̃γ = λ̃Z = cW̃WW g2
w

3M2
MW

2Λ2
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Anomalous V V V interaction: aTGCs (2)

LV V V = e

M2
Z

[
− [fγ4 (∂µAµβ)−fZ4 (∂µZµβ)]Zα(∂αZβ)

+ [fγ5 (∂σAσµ)−fZ5 (∂σZσµ)]Z̃µβZβ
+ [hγ1 (∂σAσµ)−hZ1 (∂σZσµ)]ZβAµβ

+ [hγ3 (∂σAσρ)−hZ3 (∂σZσρ)]ZαÃρα

+
{
hγ2
M2

Z
[∂α∂β∂ρAρµ]− hZ2

M2
Z

[∂α∂β(�+M2
Z)Zµ]

}
ZαAµβ

−
{

hγ4
2M2

Z
[�∂σAρα]− hZ4

2M2
Z

[(�+M2
Z)∂σZρα]

}
ZσÃρα

]
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Anomalous V V V interaction: EFT (2)

Dim8 operators:

OBW =−iΦ†Bµν
τi
2 W

µρ i {Dρ,D
ν}Φ + h.c.

OWW = iΦ† τi2
τj
2 W

i
µνW

µρ j {Dρ,D
ν}Φ + h.c.

OBB = iΦ†BµνBµρ {Dρ,D
ν}Φ + h.c.

O
B̃W

=−iΦ†B̃µν
τi
2 W

µρ i {Dρ,D
ν}Φ + h.c.

no Dim6 operator contributes to neutral TGCs
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Anomalous V V V interaction: EFT vs aTGCs (2)
at LO, for constant aTGCs (no form factors):

fγ4 =
vev2M2

Z
4cwswΛ4

(
cwswcWW −

(
c2w−s2

w
)
cBW −4cwswcBB

)
fZ4 =

M2
Zvev2

4cwswΛ4
(
c2wcWW + 2cwswcBW + 4s2

wcBB
)

fγ5 =
vev2M2

Z
4cwsw

c
B̃W

Λ4

hγ1 =−
vev2M2

Z
4cwswΛ4

(
s2
wcWW −2cwswcBW + 4c2wcBB

)
hZ1 =

vev2M2
Z

4cwswΛ4
(
−cwswcWW +

(
c2w−s2

w
)
cBW + 4cwswcBB

)
fZ5 = hγ2 = hZ2 = hγ3 = hZ4 = hγ4 = 0

hZ3 =
vev2M2

Z
4cwsw

c
B̃W

Λ4
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Theoretical predictions for pp→ V V ′ with anomalous
V V V interactions

aTGC framework
WW at NLO QCD in NWA (Baur et al. hep-ph/9507336) , including leptonic decays (Campbell et al.
hep-ph/9905386,1105.0020)
WZ at NLO QCD in NWA (Baur et al. hep-ph/9410266) , including leptonic decays (Campbell et al.
hep-ph/9905386,1105.0020)
ZZ at LO in NWA (Baur et al. hep-ph/0008063)

aTGCs for WWγ and WWZ available at NLO QCD in MCFM, MADLOOP, POWHEG, VBF@NLO.

aTGCs for neutral and charged aTGCs available in SHERPA

EFT framework:
WW at NLO QCD with OS Ws (Baglio et al. 1708.03332)
WZ at NLO QCD+PS (Franceschini et al. 1712.01310)
ZZ at LO (Degrande 1308.6323)
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Anomalous triple-gauge-boson interaction with RECOLA2

FEYNRULES

REPT1L

RECOLA2

Monte
Carlo

1
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Anomalous triple-gauge-boson interaction with RECOLA2

FEYNRULES

REPT1L

RECOLA2

Monte
Carlo

1

LSM and relevant Dim6/8 operators implemented in
a FEYNRULES model file

FEYNRULES writes the corresponding Feynman rules
in a UFO model file

Feynrules: Christensen et al. 0806.4192, Alloul et al. 1310.1921
UFO: Degrande et al. 1108.2040
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Anomalous triple-gauge-boson interaction with RECOLA2

FEYNRULES

REPT1L

RECOLA2

Monte
Carlo

1

REPT1L:

converts the UFO model file in a RECOLA model file

computes R2 terms

performs renormalization

writes the corresponding Feynman rules in the
RECOLA model file

RECOLA: Actis et al. 1605.01090
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Anomalous triple-gauge-boson interaction with RECOLA2

FEYNRULES

REPT1L

RECOLA2

Monte
Carlo

1

RECOLA2:

enhanced version of RECOLA

generates and computes LO and one-loop matrix
elements

can be linked to any user-provided RECOLA model file

RECOLA2: Denner et al. 1705.06053,1711.07388

Mauro Chiesa ATGCs in pp→ V V ′ with RECOLA2



Anomalous triple-gauge-boson interaction with RECOLA2

FEYNRULES

REPT1L

RECOLA2

Monte
Carlo

1

RECOLA2 has been interfaced to multichannel Monte
Carlo integrator

for cross-checks RECOLA2 has been interfaced also to
POWHEG-BOX-V2

POWHEG-BOX-V2: Nason hep-ph/0409146, Frixione et al. 0709.2092, Alioli et al. 1002.2581
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pp→WZ→ e+νeµ+µ− at
√
s= 13 TeV (1)

ATLAS setup (1603.02151):

pT,li > 15GeV, |ηli |< 2.5, pT,lW > 20GeV, |ηlW |< 2.5,
|M inv

l1l2 −MZ|< 10GeV, MT,W > 30GeV,
∆Rli,lW > 0.3, ∆Rl1,l2 > 0.2, pmax

T,l > 25GeV

CMS setup (1609.05721):

pT,l > 20GeV, |ηl|< 2.5, Emiss
T > 30GeV, M inv

3l > 100GeV,
M inv
l1l2 ∈ [71,111] GeV, ∆Rli,lW > 0.1
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pp→WZ→ e+νeµ+µ− at
√
s= 13 TeV (2)

Setup LO [fb] NLO QCD [fb] NLO EW [fb]

W−Z ATLAS 12.6455(9)+5.5%
−6.8% 23.780(4)+5.5%

−4.6% 11.891(4)+5.6%
−6.9%

W−Z CMS 9.3251(8)+5.3%
−6.7% 17.215(4)+5.4%

−4.3% 8.870(2)+5.5%
−6.7%

W+Z ATLAS 18.875(1)+5.2%
−6.4% 34.253(6)+5.3%

−4.3% 17.748(8)+5.3%
−6.5%

W+Z CMS 14.307(1)+5.0%
−6.2% 26.357(6)+5.4%

−4.3% 13.600(4)+5.1%
−6.3%

δEW '−5/6%

δQCD '+80/90% (gq channels open at NLO QCD)
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pp→WZ→ e+νeµ+µ− at
√
s= 13 TeV (3)
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Remark: 1/Λ2 expansion

σ = σSM2 +σSM×EFT6 +σEFT62 +σSM×EFT8 +σEFT82 + . . .

with

σSM×EFT6 ∝
c6
Λ2 , σEFT62 ∝

c26
Λ4 σSM×EFT8 ∝

c8
Λ4 , σEFT82 ∝

c28
Λ8

if Dim8 operators are not included:

in general including the σEFT62 is not consistent

the σEFT62 term may be included in specific models where c8� c26
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Input parameters: Dim6 Wilson coefficients

c+
W

Λ2 = 3×10−6 GeV−2,
c−
W

Λ2 = −3×10−6 GeV−2,
c+
B

Λ2 = 1.5×10−5 GeV−2,
c−
B

Λ2 = −1.5×10−5 GeV−2,
c+
WWW

Λ2 = 3×10−6 GeV−2,
c−
WWW

Λ2 = −3×10−6 GeV−2,
c̃+
W

Λ2 = 1×10−6 GeV−2,
c̃−
W

Λ2 = −1×10−6 GeV−2,
c̃+
WWW

Λ2 = 3×10−6 GeV−2,
c̃−
WWW

Λ2 = −3×10−6 GeV−2

Experimental limits ( from 1703.06095 )

7

Table 2: Summary of expected and observed one-dimensional limits in the LEP parametriza-
tion. Each number pair represents the observed 95% confidence interval for that parameter.

Parameter Expected Limits Observed Limits
λZ [−0.014, 0.013] [−0.011, 0.011]
Δκγ [−0.068, 0.082] [−0.044, 0.063]
ΔgZ

1 [−0.018, 0.028] [−0.0087, 0.024]

Table 3: Summary of one-dimensional limits in the EFT formulation for this analysis (*) com-
pared to previous results.

cWWW/Λ2 cB/Λ2 cW/Λ2

( TeV−2) ( TeV−2) ( TeV−2)
* [−2.7, 2.7] [−14, 17] [−2.0, 5.7]

[6] [−5.7, 5.9] [−29.2, 23.9] [−11.4, 5.4]
[7] [−4.61, 4.60] [−20.9, 26.3] [−5.87, 10.54]
[43] [−4.6, 4.2] [−260, 210] [−4.2, 8.0]
[44] [−3.9, 4.0] [−320, 210] [−4.3, 6.8]

The uncertainty in the signal shape coming from the effects of reconstruction is estimated by
comparing the aTGC/SM ratios at the generator level and the aTGC/SM ratios at the recon-
struction level after all major selections are applied for both samples. The ratio is consistent
with unity, and therefore only the statistical error on the ratio is propagated as an uncertainty
in the modeling of different aTGC signal grid points.

The uncertainty in the luminosity measurement is 2.6% [40]. Additional sources of uncertainty
from limited MC sample size, jet energy scale and resolution, Emiss

T resolution, trigger efficiency,
lepton reconstruction and selection efficiency, additional jet veto, pileup, and b-tag efficiency
are negligible in comparison to the primary sources. These uncertainties are treated as nuisance
parameters in the model and profiled according to Ref. [41], Appendix A. Luminosity and
theory uncertainties are treated as 100% correlated between the two channels.

7 Coupling limits and summary
Two-dimensional likelihood fits are performed in the three planes described in Sec. 5.3. Each
time the third parameter is profiled. The electron and muon channels are fitted simultaneously
in the limit setting procedure. No evidence for anomalous couplings is found, and we calculate
the 68 and 95% confidence level (CL) exclusion contours, using the differences of the negative
log likelihood (ΔNLL) relative to the best fit point. No form factors are used. The limits are
subsequently translated [3] into equivalent limits on the parameters within the EFT approach,
namely cWWW/Λ2, cW/Λ2, and cB/Λ2, shown in Fig. 3. We also set 1D 95% CL limits on all six
parameters, with the second parameter profiled and the third parameter fixed to zero. These
are shown in Tables 2 and 3. The latter also shows other recent 8 TeV results for comparison.

In summary, our limits are consistent with the SM prediction and improve upon the sensitivity
of the fully leptonic 8 TeV results [6, 7] and the combined LEP experiments [37, 42].
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pp→WZ→ e+νeµ+µ− at
√
s= 13 TeV (4)
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pp→WZ→ e+νeµ+µ− at
√
s= 13 TeV (5)
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pp→WZ→ e+νeµ+µ− at
√
s= 13 TeV (5)
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pp→WZ→ e+νeµ+µ− at
√
s= 13 TeV (6)
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pp→ ZZ→ e+e−µ+µ− at
√
s= 13 TeV (1)

ATLAS setup (1610.07585):

pT,l > 7GeV, |ηl|< 2.5, pmax
T,l > 25GeV, ∆Rli,lj > 0.2,

M inv
Z1 ∈ [66,116] GeV, M inv

Z2 ∈ [66,116] GeV

LO [fb] NLO QCD [fb] NLO EW [fb] gg [fb]
11.0768(5)+6.3%

−7.5% 14.993(2)+3.1%
−2.4% 10.283(2)+6.4%

−7.6% 1.8584(4)+25%
−18%

δEW '−8%

δQCD '+35%

δgg '+17%

1 Introduction

Study of the production of Z boson pairs in proton–proton (pp) interactions at the Large Hadron Collider
(LHC) [1] tests the electroweak sector of the Standard Model (SM) at the highest available energies.
Example Feynman diagrams of ZZ production at the LHC are shown in Figure 1. In pp collisions at a
center-of-mass energy of

√
s = 13 TeV, ZZ production is dominated by quark–antiquark (qq) interactions,

with an O(10%) contribution from loop-induced gluon–gluon (gg) interactions [2, 3]. The production of
ZZ in association with two electroweakly produced jets, denoted EWK-ZZ j j, includes the rare ZZ weak-
boson scattering process. Study of the inclusive ZZ production in association with jets is an important
step in searching for this process, which has so far not been experimentally observed by itself.

q

q

Z

Z

(a)

g

g

Z

Z

(b)

Z, W±

q�

q

q���

Z

Z

q��

(c)

W±

q�

q

q���

Z

Z

q��

(d)

Figure 1: Examples of leading-order SM Feynman diagrams for ZZ production in proton–proton collisions: (a)
qq-initiated, (b) gg-initiated, (c) electroweak ZZ j j production, (d) electroweak ZZ j j production via weak-boson
scattering.

The SM ZZ production can also proceed via a Higgs boson propagator, although this contribution is
expected to be suppressed in the region where both Z bosons are produced nearly on-shell, as is the case
in this analysis. Non-Higgs-mediated ZZ production is an important background in studies of the Higgs
boson properties [4–7]. It is also a major background in searches for new physics processes producing
pairs of Z bosons at high invariant mass [8, 9] and sensitive to anomalous triple gauge couplings (aTGCs)
of neutral gauge bosons, which are not allowed in the SM [10]. The SM does not have tree-level vertices
coupling three neutral gauge bosons (ZZZ, ZZγ), because these would violate the underlying SU(2)L ×
U(1)Y symmetry. However, these couplings exist in some extensions of the SM, where they enhance the
ZZ production cross section in regions where the energy scale of the interaction is high. An example
Feynman diagram of ZZ production via aTGC is shown in Figure 2.

Integrated and differential ZZ production cross sections have been previously measured at
√

s = 7 and
8 TeV by the ATLAS and CMS collaborations [11–14] and found to be consistent with SM predictions.
The integrated pp → ZZ → �+�−��+��− cross section at

√
s = 13 TeV was recently measured by the

ATLAS [15] and CMS [16] collaborations, each analyzing data corresponding to an integrated luminosity
of about 3 fb−1. Searches for aTGCs have previously been performed at lower center-of-mass energies
by ATLAS [13], CMS [12, 17], D0 [18], and by the LEP experiments [19] and recently also at 13 TeV

2
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pp→ ZZ→ e+e−µ+µ− at
√
s= 13 TeV (2)
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Input parameters: Dim8 Wilson coefficients

c+
BB
Λ4 = 2×10−12 GeV−4,

c−
BB
Λ4 = −2×10−12 GeV−4,

c+
WW
Λ4 = 3.5×10−12 GeV−4,

c−
WW
Λ4 = −3.5×10−12 GeV−4,

c+
BW
Λ4 = 2×10−12 GeV−4,

c−
BW
Λ4 = −2×10−12 GeV−4,

c+
B̃W
Λ4 = 2×10−12 GeV−4,

c−
B̃W
Λ4 = −2×10−12 GeV−4

Experimental limits ( from ATLAS-CONF-2017-031 )

They are shown in Figure 17. No significant deviations from the SM are observed.

Coupling strength Expected 95% CL
� × 10−3� Observed 95% CL

� × 10−3�

f γ4 −2.4, 2.4 −1.8, 1.8
f Z
4 −2.1, 2.1 −1.5, 1.5

f γ5 −2.4, 2.4 −1.8, 1.8
f Z
5 −2.0, 2.0 −1.5, 1.5

Table 7: One-dimensional expected and observed 95% CL intervals on the aTGC coupling strengths. Each limit is
obtained setting all other aTGC coupling strengths to zero.

Confidence intervals are also provided for parameters of the effective field theory (EFT) of Ref. [92],
which includes four dimension-8 operators describing aTGC interactions of neutral gauge bosons. The
coefficients of the operators are denoted CB̃W/Λ

4, CBW/Λ
4, CWW/Λ

4, and CBB/Λ
4, where Λ is the energy

scale of the new physics described by the EFT. They can be linearly related to the parameters f γ4 , f Z
4 , f γ5 ,

and f Z
5 as described in Ref. [93]. Thus Eq. 7 can be reformulated in terms of the EFT coefficients and

confidence intervals set in the same way as for the coupling strengths. The resulting one-dimensional
EFT confidence intervals can be found in Table 8. Two-dimensional EFT confidence intervals are shown
in Figure 18.

EFT parameter Expected 95% CL
�
TeV−4� Observed 95% CL

�
TeV−4�

CB̃W/Λ
4 −8.1, 8.1 −5.9 , 5.9

CWW/Λ
4 −4.0, 4.0 −3.0 , 3.0

CBW/Λ
4 −4.4, 4.4 −3.3 , 3.3

CBB/Λ
4 −3.7, 3.7 −2.7 , 2.8

Table 8: One-dimensional expected and observed 95% CL intervals on EFT parameters using the transformation
from Ref. [93]. Each limit is obtained setting all other EFT parameters to zero.
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pp→ ZZ→ e+e−µ+µ− at
√
s= 13 TeV (2)
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pp→ ZZ→ e+e−µ+µ− at
√
s= 13 TeV (3)
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pp→ ZZ→ e+e−µ+µ− at
√
s= 13 TeV (4)
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pp→ ZZ→ e+e−µ+µ− at
√
s= 13 TeV (5)
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Conclusions

WW/WZ/ZZ(→ 4f) in the EFT framework at NLO QCD

impact of Dim6/8 operators compared to NLO QCD and NLO
EW corrections in the SM

automated computation of all matrix elements with the same
tool (RECOLA2)

first application of RECOLA2 in the EFT framework
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Backup Slides
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Input parameters: SM

Gµ = 1.1663787×10−5 GeV−2,
MOS

W = 80.385GeV, ΓOS
W = 2.085GeV,

MOS
Z = 91.1876GeV, ΓOS

Z = 2.4952GeV,
MH = 125GeV, ΓH = 4.097MeV,
mt = 173.2GeV, Γt = 1.369GeV

All other masses set to 0

VCKM = Id

NNPDF23_nlo_as_0118_qed

Mauro Chiesa ATGCs in pp→ V V ′ with RECOLA2


