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The latest results for measurements of electroweak (EW) boson pair production of Vy (V=W or
Z) plus two jets (j) in LHC proton-proton collisions at a center-of-mass energy of 13 TeV are
presented. The measurements are performed in final states of ££yjj and vvyjj in Z boson decay
modes and £vyjj for W boson decay with the data recorded by the CMS and ATLAS detectors
in 2016-2018 corresponding to integrated luminosities of 137 and 139 fb~!'. The inclusive or
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quartic gauge couplings (aQGCs) based on the dimension eight operators of the effective field
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boson to invisible particles (H — yy) and a dark photon (H — yy,) are set in the Z(vv)yjj
measurement assuming the Standard Model (SM) production cross section.
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1. Introduction

The VBS/F process, collectively referred to as VBS below, is of great interest and significance
where the two vector bosons radiated from the incoming quarks scatter or fuse to produce new
vector bosons leading to the two outgoing quarks which appear as jets (j). It thus has the kinematic
features that the two jets tend to be in the forward regions of the detector and have high energy [1].

The VBS Vv production profits from the larger cross section, so more precise measurements
such as the differential cross sections could be carried out, which is a good platform not only
for accurate SM tests but also a window for the beyond SM (BSM) scenarios including the aGCs
at energy scales outside the current reach. Moreover, the presence of the photon leaves more
possibilities for searching for the different BSM hypotheses.

2. The EW Zyjj production measurements

The EW Zyjj production is measured in final states of Z — £ ({ = eoru) by both the
CMS [2] and ATLAS [3] Collaborations [4, 5], and Z — vv by ATLAS [6, 7], in which the €£yjj
measurement gives the first observation of the EW Zyjj production.

In the EW £{vyjj measurement, the main backgrounds are the chromodynamics-induced (QCD)
Zyijj, misidentification of jets as photons, referred to as the nonprompt photon, tty, and VV. The
interference between EW and QCD production is considered as background and included in the
QCD source in the CMS case but as a systematic uncertainty in the ATLAS case. The nonprompt
contribution is estimated from data by so-called methods “template-fit” [5] and “ABCD” [8] in two
experiments, respectively. Others are estimated from the corresponding simulation where the most
important background QCD Zy+jets is simulated by the generator MADGRAPHS5_amc@nLo [9] and
sHERPA [10] in the CMS and ATLAS cases, respectively.

To select the Z boson and reduce the contribution of the final state radiation (FSR), both
the CMS and ATLAS measurements impose the invariant mass of the £ and ¢{y systems. To
define the signal region, similar requirements of mj; > 500 GeV, [An;| > 2.5(|Ay| > 1.0),
n* <2.4({(Zy) <0.4) [11] are used in the CMS (ATLAS) case, where n* = |z, — (nj1 +1;2) /2|
and ¢(Zy) = |%§yﬂ)/2|. To define the control region, the requirement of 150 < mj; <
500 GeV (¢ (Zy) > 04“) is used in the CMS (ATLAS) case. In the signal region, requirements of
Adzy ii = |ozy — dj1j2| > 1.9 and ]\/J 8% — () [4] are further applied in two measurements. By utilizing
the maximum likelihood fit [12] simultaneously for events in both the SR and CR, the inclusive
and differential cross sections for EW and EW+QCD are measured in both the CMS and ATLAS
measurements. Post-fit results in the SR in distributions of m;; are shown in Fig. 1 (left and center).

In the EW vvyjj measurement, the signature of signals comprises moderate missing transverse
(E‘Tniss), a photon, and a pair of forward jets. Results are measured separately in two different photon
energy ranges of 15 < p%’ < 110 GeV [6] and p% > 150 GeV [7]. The latter benefits from the
QGC contribution. Since the Z boson could be barely selected, the irreducible background in this
situation thus includes additional W+y+jets production besides the QCD Zy+jets production. The
contribution from tty and VV production is small due to the lack of leptons. For the contribution from
misidentification estimated by data, both jets misidentified as photons and electrons misidentified
as photons [14] are needed. For separating signal and background further, a variable C, =
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Figure 1: Post-fit results in distributions of m;; for productions of EW Z(££)yjj (left and center) and EW
Wyjj (right) [4, 5, 13].

exp[— (77j1_477j2)2 (17y 77”;”2)2] [15] is defined which varies from 0 to 1 corresponding to the photon

out of and in the center of two VBS jets. Another variable C; is obtained, if replace 7, to 1;3.
The SR events are required to pass C, > 0.4 and C3 < 0.7 due to C,, = 0.4 when the photon
aligns with one of the VBS jets. To constrain the normalization and validate the modelling of the
main backgrounds, a Zy CR dominated by the QCD Zy+jets contribution is defined by requiring
C, < 0.4. Two Wy CRs are defined according to the lepton flavour with merely the same kinematic
selection as the SR except for allowing lepton existence as well as removing E%“i“ requirement.
Simultaneous maximum likelihood fit is used in bins of mj; and boost decision tree (BDT) [16]
distributions for 15 < p% < 110 GeV and p% > 150 GeV corresponding to the observed (expected)
significance 5.2 (5.1) and 3.2 (3.7) standard deviations.

3. The EW Wyjj production measurement

The EW Wvjj production is measured via the W boson leptonic decay by the CMS experiment
based on both the 2016 and full Run 2 data [13, 17]. The former gave the first observation and the
latter provided precise differential cross sections.

In the EW {v7yjj measurement, events of interest have exactly one lepton, at least one photon and
two jets. To reduce multijet contribution, the basic selection is m‘T’v > 30 GeV and p?i“ > 30 GeV,

where m‘T’v = \/Zp,‘;p?“[l — cos(Ad,, p%mss)]. The source of backgrounds in this measurement

contains the contribution from jets misidentified as leptons, referred to as nonprompt lepton, except
for the nonprompt photon contribution, estimated by the “tight-to-loose” method [18]. Other
backgrounds are the QCD Wrvjj, tty, VV, and Zy productions, in which the Zy contribution in the
electron channel is largely suppressed by the requirement of |m., — mz| > 10 GeV. What’s more,
the double misidentification is also added properly.

The signal region (SR) is defined with the additional requirements of mj; > 500 GeV, |An;;| >
2.5, myyy > 100 GeV, |yW7 - (yjl + yj2)/2| < 1.2 [11], and A¢Wy,jj = |¢Wy - ¢j1j2| > 2, where
variables in the Wy system are built from the estimation of the longitudinal component of the
neutrino momentum referred to Ref. [19, 20]. The CR is with requirement 200 < mj; < 400 GeV.
Results are extracted by performing a binned likelihood fit to the data of the two-dimensional (2D)
distribution in m;; and m,,,, signal significance, inclusive and differential cross sections for both EW
and EW+QCD are calculated. Fig. 1 (right) shows the post-fit result of significance measurement.
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4. The BSM search in the VBS Vy process

For VBS Vv production, the new physics BSM could induce aGCs which enlarges the cross
section. The effect could be described using the effective theory (EFT) [21] linearly parameterised
Lagrangian as follows:

(6) (8)
-EEFT:-£SM+ZC;§_20(6)+C;§_4O(8)+---’ (D
1

where O™ is dimension-n operators [22] induced by integrating out the new degrees of freedom,
¢; is the corresponding coeflicient, and A is a mass-dimension parameter related to the energy scale
of the O™ operators. The VBS Vy process is more sensitive to aQGCs than aTGCs and any
aGCs could lead to the large invariant mass in the Vy system. Limits on the dimension-8 operator
coeflicients are then derived using test statistics based on the profile likelihood ratio with a large
value for p%. Fig. 2 shows the post-fit my, distribution with the number of events in the case of
a non-zero EFT coefficient set. The constraints are either competitive with or more stringent than

those previously published results [23, 24].
For the measurement of EW Z(vv)yjj with low p% requirement, searches for the Higgs boson
to invisible particles () and a dark photon (y,) are performed. The observed (expected) branching

upper limit for the Higgs boson to invisible particles is 0.37 (0.34t%'_111) at 95% confidence level.

The observed (expected) H — yy,4 branching ratio upper limit is 0.018 (0.017*%.%7) at 95% CL
when my = 125 GeV. The limits are also interpreted on oygr X B(H — yy,) for different Higgs

mass hypotheses ranging from 60 GeV to 2 TeV.
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Figure 2: Post-fit results in distributions of mass or energy in Vy system for productions of EW Wrjj (right),
EW Z(vv)yjj (center), and EW Z(££)yjj (left) with the histogram of non-zero EFT coefficient [5, 7, 13].

5. Conclusion

The recent VBS Vy measurements from the CMS and ATLAS experiments are introduced.
The CMS reports the first observations of the EW Zyjj and Wyjj production. The ATLAS provides
the first EW Zyjj measurement in Z — vv decay mode. Plenty of BSM searches are performed
including limits for the aQGC and rare Higgs decay branching ratio.
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