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ABSTRACT: We study the electroweak dilepton production with two forward jets at the
LHC, aiming to measure the anomalous triple gauge couplings in the Effective Field The-
ory (EFT) approach. This process exhibits a distinctive feature, namely, the interference
between Standard Model (SM) and beyond the SM is resurrected in the inclusive cross
section of the full amplitude, including two forward jets. As a concrete illustration, we
perform the detailed analytic and numerical study of the interference using a simpler toy
process, and discuss the subtlety of the effective W approximation. We propose a new kine-
matic variable, VBFhardness, that controls the amount of energy flowing into the dilepton
subprocess. We show that an appropriate cut on VBFhardness makes the interference
resurrection manifest. Finally, we use the invariant mass of the dilepton system as well as
the transverse momentum, as done in the literature, to derive the sensitivity to anomalous
triple gauge couplings at the LHC and the high luminosity LHC. Our result is compared
with the existing limits from the experiments.
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1 Introduction

Although the LHC has been performing great including the discovery of the Higgs bo-
son [1, 2], it continuously shows no evidence for the new physics, or beyond the Standard
Model (BSM), only confirming the Standard Model (SM) to a better precision. It indicates
that either new particles, if they exist, are very weakly coupled to the SM or they may be
hidden in the energy scale beyond the LHC reach, especially, if a new physics has a sizeable



coupling to the SM. Given the strong indication for the mass gap between the electroweak
and new physics scales, the effective field theory approach makes sense to parametrize the
possible new physics effects encoded in the higher-dimensional operators. Deviating from
the SM with the Higgs doublet under the SM gauge symmetry, the effective Lagrangian,
known as the SM Effective Field Theory (SMEFT), below the cutoff A is written as

(6) (8)
c C
L=Lou+ ) 500+ 3 S0 4o (1.1)

where the lepton number conservation was assumed and ng) is the Wilson coefficient for the
dimension-d operator Ogd). The non-vanishing effect from the new physics on the Wilson
coefficients of higher-dimensional operators will cause a deviation of couplings among SM
particles from the SM prediction.

In this work, we focus on the precision measurements of the cubic interaction of the
gauge bosons at the LHC. Taking into account the property of the SMEFT up to dimension-
6 operators, the deviation of the triple gauge couplings from the SM can be parametrized

in terms of three anomalous Triple Gauge Couplings (aTGC) as
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where ¢y = /1 — s% and 0k, = dg1,, — i—g(s/{v. Considering only amplitudes with a single
0
insertion of aTGC, the cross section is in general a quadratic function of aTGC and it can
be parametrized as

o = osm + Ciodarxpsm + CiCiomsn xBSM - (1.3)

where the index ¢ runs over three aTGCs, C; = {\;, dg1 2, 0k}

Typically, measurements of aTGC at the LHC have been performed by using diboson
processes such as WW, WZ, and W+ in the lepton-enriched final state channels [3-5].
Unlike the precision measurement in LEP from WW production process with the fixed
center of mass energy around the electroweak scale, the sensitivity on aTGC from the LHC
relies on the accessibility to the higher energy as long as it does not violate the validity
of the EFT [6], or one should not use the data at the energy E above the cutoff A, or
E/A < 1. While the leptonic channel is clean and thus provides good sensitivity, the
accompanying neutrinos can make it difficult to experimentally extract the exact scale of
the hard process, especially in the dileptonic WW process. The neutrino reconstruction is
rather straightforward in the fully leptonic WZ and W+ processes [5] . When one can not
impose an appropriate cut on the scale of the hard process to ensure E/A < 1, one can
only set a conservative bound in this situation [7, 8].

An interesting aspect in the diboson process, especially in their transverse modes, has
been the noninterference between the SM and BSM amplitudes which was found to be



dictated by the helicity structure of the amplitudes [9, 10]. Including only dimension-6
operators, in the absence of interference, the leading BSM contribution to the total cross
section scales O(A™%), and it may invalidate the EFT expansion in terms of A. This also
makes the translation of the data to the SMEFT sensitive to the dimension-8 operators
as the leading contribution is in the same order of the interference between dimension-8
operators and the SM. There have been many attempts to resurrect the interference in
the diboson process. While 2 — 2 diboson processes are subject to the noninterference,
unstable vector gauge bosons must decay. Once the 2 — 2 diboson amplitude is extended
to 2 — 3, 4 by gluing with the three point amplitude(s) for a gauge boson decay into two
fermions, the total helicity of both amplitudes of the dimension-6 and the SM can match
and thus interfere. The authors in [8, 11, 12] suggested to look into differential angular
distributions in the leptonic decay channels to resurrect the interference. See [13, 14]
for a related discussion. The authors in [8, 12] pointed out the partial resurrection of the
interference due to the QCD next-to-leading order (NLO) effect. The role of off-shellness of
the vector gauge bosons in the diboson process on the interference has been studied in [15].

In this work, we newly add the dilepton production process with two associated forward
jets in the vector boson fusion (VBF) to the list regarding the interference resurrection.
This process at /s = 13 TeV, using the integrated luminosity of 35.9fb~!, has been ana-
lyzed by the CMS collaboration [16] (see [17] for the ATLAS study). Although the signal
rate of the VBF process is smaller than the diboson production from the QCD process, it
may not be practically irrelevant compared to the diboson process. Besides, it has its own
theoretical interest: the interference between the amplitudes with dimension-6 operators
and those from the SM is resurrected in the inclusive cross section of the 2 — 4 process,
and it reveals a nontrivial phase space of the process. While the electroweak (EW) £¢ +
jets process which is our main interest in this work may be considered as the EW Drell-
Yan process, we aim to measure aTGCs via the tree-level process whereas QCD Drell-Yan
process can access them via one loop effect [18]. One can see [19-24] (and [25, 26] for the
experiment) for the precision study at the high energy tail of the QCD ¢/ process focusing
on the tree-level four-fermion interactions.

A confusion arises due to the usual effective W approximation (EWA) [27-40] which
factorizes the gauge boson radiated off the quark line and the WW initiated subprocess.
If this is the case, the interference will be suppressed again as total helicities of the SM
and BSM amplitudes of WW — ¢¢ do not match in the massless limit [10]. For better
understanding, an analytic study of the process that takes the full effect of the forward
quark current would be highly beneficial. To this end, we carry out the full analytic
calculation for a simpler process uy — dve™ that has only one forward quark current and
one intermediate gauge boson as a toy process. As will be discussed below in detail, we
find that the interference cross section of uy — dre™ with respect to the SM counterpart
does resurrect the energy growing behavior, interestingly, in the inclusive cross section, that
would have been lost in the typical EWA limit. The resurrected energy growing interference
in the inclusive cross section appears in the full uy — dve’ process when enlarging the
phase space to cover beyond the relevant regime for the EWA, and thus provides a counter-
example to the usual EWA assumption (see [40] for a related discussion). Our simpler



Figure 1. Interference between BSM and SM diagrams in the massless limit where only two types
of SM diagrams are shown. The blob denotes the insertion of the dimension-6 operator tr(WE’V).
The helicity assignment is displayed as an example.

toy process provides the proof of concept example for the resurrected interference in the
inclusive cross section, and the intuition from it greatly helps for a better qualitative
understanding of our EW ¢¢ production process with two associated jets.

It turns out to be crucial that an enough energy must flow into the £¢ hard subprocess
to resurrect the energy growing interference in the inclusive cross section of the full 2 — 4
process. Unlike the QCD Drell-Yan process where my, directly controls the fraction of the
energy that goes into the dilepton system, it becomes ambiguous in our EW ¢¢ with two for-
ward jets process because some fraction of energy goes to the scattered quarks. In this work,
we propose a new variable, what we call VBFhardness, that allows to control the fraction of
energy carried by the £¢ subsystem. We demonstrate that the energy growing interference
with respect to the SM is clearly resurrected with an appropriate cut on VBFhardness.

In section 2 we briefly sketch the (non)interference of the dilepton production with two
associated jets. In section 3 we provide the analytic result of a simpler 2 — 3 (instead of our
2 — 4) toy process as this simpler example can be analytically calculated to capture the full
effect of the forward jet from the viewpoint of the interference resurrection and the validity
of the EWA. In section 4 we perform the numerical simulation of the EW ¢/ production with
two associated jets as our main process of interest. In particular, we validate our simulation
against the CMS cut-and-count analysis. We carry out the multivariate analysis using the
Boosted Desicion Tree (BDT). We finally derive the sensitivity of aTGC at the LHC and
high luminosity LHC (HL-LHC). Our results are compared to the existing limits from
various diboson processes.

2 EW dilepton production with two associated jets

Figure 1 illustrates the subset of diagrams for the 2 — 4 amplitudes, leading to the dilepton
with two associated jets, and possible helicity assignments which allow the interference
between SM and BSM amplitudes. There is no similar diagram to the first one in figure 1
with the SM triple gauge couplings of the transverse modes as the helicity can not be
correctly assigned. Its non-vanishing diagram can arise via helicity flips along with the
Higgs VEV insertions and it will be suppressed by O(m#,/E?).

The virtuality of W emitted off the initial quark current induces the energy uncertainty
of W whose inverse sets the time uncertainty At ~ E/V? where V is the virtuality of W and



Figure 2. Noninterference between BSM and SM amlitudes for WW — ¢£. The blob denotes the
insertion of the tr(W?3)) operator. The helicity assignment displayed is an example.

nv

FE is the scale of the hard process. As long as At is much longer than the typical interaction
time ¢ ~ 1/E, one can not distinguish the virtual W from on-shell one. In this situation,
one can typically compute the partonic cross section of the hard subprocess whose leading
contribution is approximated by those, effectively treating W as on-shell gauge boson, and
convolutes it with the probability distribution function of the W gauge boson [40]. This
factorization is known as the effective W approximation (EWA). Apparently, the SM am-
plitudes of the WW — ¢¢ process in figure 2 do not interfere with the BSM amplitudes
in the massless limit, known as noninterference [10]. From the viewpoint of the afore-
mentioned 2 — 4 amplitudes, the amplitudes from the SM and BSM do interfere as total
helicity allows. However, it can be shown rigorously that the interference vanishes upon the
integration over the phase space if the relevant regime for the EWA is the dominant one.

The middle diagram in figure 2 can interfere with the BSM amplitude via helicity flips
in the sub-leading order. It is consistent with that it can extend to the 2 — 4 amplitude
by attaching two quark currents upon helicity flips. On contrary, the extended amplitude
with two attached quark currents of the third diagram in figure 2 can interfere with the
corresponding BSM amplitude without any suppression as is evident in figure 1.' In this
work, we newly point out that the EW £¢ process in VBF reveals a new sizable phase space
which, otherwise, gets lost in the typical EWA limit, and thus interference can survive in
the total cross section.

3 Toy process for analytic study: single lepton with an associated jet

The purpose of this section is to analytically investigate (and numerically confirm) the
helicity structure and related kinematics of simpler 2 — 3 process uy — dve™ (see figure 3
and figure 4) that captures the full effect of the quark current attached to a vector gauge
boson. While the analytic calculation of the full 2 — 4 process in section 2 is beyond the
scope of this work, our analytically calculable 2 — 3 toy process® provides the proof of

In the 2 — 4 diboson process decaying into two pairs of fermions, the narrow width approximation
allows to factorize the phase space of decaying on-shell gauge bosons from that of the hard process, and
the process is subject to the noninterference. In this situation, the interference can appear, for instance, in
the differential cross section of the azimuthal angle [8, 11].

2A similar explicit computation may be applicable to the 2 — 3 process of g¢' — YW* — ~fv, where
the effect of the off-shell W gauge boson on the interference, for instance, whether the interference between
SM and BSM amplitudes can be resurrected in the inclusive cross section, can be explicitly understood.
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Figure 3. The interference (noninterfernce) in the 2 — 3 process (2 — 2 subprocess). The blob
denotes the single insertion of the tr(Wgu) operator. The complete set of diagrams are shown in
figure 4.

concept for the resurrected interference and an intuition on the validity of the EWA in the
SMEFT. We expect this simpler toy process to capture important missing properties when
simply approximating with 2 — 2 VBF process under the EWA assumption. We consider
wy — dve™ since it involves with the exchange of only the W gauge boson. A similar
discussion is applied to gV — ¢'¢¢ although the evaluation is more challenging.

The helicity assignments of two diagrams in figure 3 indicate that the interference be-
tween the SM and BSM amplitudes in the 2 — 3 process can be allowed. We separately
consider the kinematic regions for the on-shell and off-shell intermediate W gauge bosons
decaying to fv; since they have different qualitative behaviors. For the resonant on-shell
W gauge boson, the 2 — 3 process is factorized into the production of the on-shell W
gauge boson and its decay. It is expected that the inclusive cross section is subject to the
noninterference and the interference at best can be resurrected only in the differential cross
section of an angular observable (although it is difficult to be reconstructed in the experi-
ment). On contrary, for the non-resonant 2 — 3 process, the aforementioned factorization
is not possible and the interference in principle can appear in the inclusive cross section.

The full set of SM diagrams of the EW uy — dve™ process are shown in figure 4. We
classify the first two diagrams a and b as the process of interest that probe the hard 2 — 2
subprocess and the last two diagrams ¢ and d as the radiation type. All four diagrams in
figure 4 are required to satisfy the Ward identity, namely py - (Mg + M+ M.+ My) = 0.
For the resonant intermediate W, the Ward identity can be shown to be satisfied among
three diagrams, ps - (Mg + M. + My) = 0, using the narrow width approximation. We
postpone all the details for the analytic calculation of uy — dre™ to appendix B. In what
follows, we quote only the final result.

3.1 Cross section for on-shell W boson

The diagrams a, ¢, and d in figure 4 mainly contribute to the resonant 2 — 3 process where
we can restrict the phase space to those in the W mass window, or k% = (22 — 1)3 ~ m%v
where z = [1/2, 1] is the fraction of the total energy /5 flowing into the v.e™ system and
k is the four-momentum of it. The process can be factorized into the 2 — 2 process of
uy — dW and the decay of W to veet using the narrow width approximation for the
on-shell W boson of the width T'yy.



Figure 4. The complete set of SM diagrams for the process uy — dve™. These four diagrams are
required to guarantee the Ward identity and to get the correct high energy behavior.

We evaluate the partonic differential cross section with respect to ¢ in the limit of
5> m%[, where ¢ is the angle between the planes made out of the forward quark current
and the lepton current (see figure 17). The SM contribution is rather subtle to evaluate
due to the forward singularity in the massless fermion limit. Its size is roughly given by

dcos0

- = 3.1
0s emin d¢d COSG 2 . 2 5127-[-2 3 FW § 5 9 ( )

d¢

dbsm /Cosemax d*69m 1 1 8me?g* mw 11
C

where § = 2p%. . /8 assuming § < 1 and it comes from the integration regularized by the
pr cut of the forward quark,

P% i 2P 2 2
€08 Omax /min = T4/ 1 — ﬁ ~NE+(1- % for §>miyy, P  (3.2)

On the other hand, the leading contribution to the partonic differential cross section for
the interference in the high energy limit, § > m%[,, is estimated to be

dé 1 A melgt 2 5
ISMxBSM _ e 9 lcos(2¢) (2 — log S2> +0(571%). (33)
m

dp  2-25127% 3 mplw 2

Upon the integration over the angle ¢, the interference term vanishes while it is recovered
in the differential cross section with respect to ¢. The individual contributions to the total



cross section for the interference are given by
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where linear terms in cos ¢ cancels upon the summation and there is no contribution from
the right-handed quark in the massless limit. In the same high energy limit, the quadratic
term in the anomalous coupling A, is approximately estimated to be

doggyz 1 N ome?gt i

dp — 2-25127% 6 mPTw

(1+061), (3.5)

where ¢ dependent terms are subdominant. For the quadratic terms in aTGC couplings,
the leading contributions from both photon polarizations are the same.

The energy flowing into the on-shell W is z2v/§ ~ /3 /2 as usual in the high § limit
because of z ~ 1/2+m#,/(258) — 1/2 for § > m},. The produced on-shell W gets boosted
with the transverse momentum of the order @(v/5). The boosted W boson requires a large
recoiling against a hard quark jet which likely invalidates the EWA as the jet can not be
treated as a forward jet anymore. The process is subject to the noninterference, as is seen in
eq. (3.3), since it is basically 2 — 2 process uy — dW where the W decay can be factorized.
In this situation, the interference can be accessed through the differential distribution of ¢
of the quark jet. A large number of signal events in the on-shell mass window may help.

When generalizing our toy process to the 2 — 4 process with the intermediate resonant
W by attaching the fermion line to the photon, the situation becomes less obvious. Similarly
the EWA of either jet or both will not be valid if the boosted W boson is considered. The
interference will be similarly resurrected via the differential cross section of an appropriate
angular variable out of two quark jets [17].

3.2 Cross section for off-shell W boson

Alternatively, one can probe the high energy behavior of the anomalous coupling by directly
accessing far off-shell region of W, or k? = (22 — 1)3 > m%V For this case, the full matrix
element for the 2 — 3 process needs to be considered. One new feature will be the
resurrection of the interference in the inclusive cross section, and its size is expected to
be proportional to the off-shellness of the W boson. While the analytic evaluation of the
differential cross section in terms of ¢ is challenging due to the diagram b in figure 4, we
have managed to get the leading contribution only for the left-handed polarization of the
photon in the high energy limit. Similarly to the previous section 3.1, we will use § to take



a high energy limit. The cross section for the interference in the limit of § 3> m¥, far away
from the W mass window, k% >> m%,[,, is estimated to be

2

T
6
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where 'y dependent terms are not shown as they contribute to the region of the W mass
window. Although the off-shell contribution is suppressed by the factor of O(I'w /my ), or
~ O(1/m%;), compared to the cross section from the W mass window, the interference term
can survive in the inclusive cross section even after the integration over all angular variables
(see the first term in eq. (3.6)). The cross section for the quadratic term in A, is given by
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where ¢ dependence only appears in cos ¢ and cos(2¢) terms. For the quadratic term, the
analytic expression in the high energy limit outside the W mass window can be obtained
for both polarizations of the photon, and the summed and averaged cross section over
helicities is given by

doggyz 1 Ne2gt 3
do 2-2 512r* my,

1 8
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(1+0671) .

While we have shown the evidence of the resurrected interference in the inclusive cross
section through the computation of the differential cross section in terms of ¢ only for the
left-handed photon helicity, it may be more convenient to access directly to the inclusive
cross section summed and averaged over helicities. For the direct analytic computation of
the inclusive cross section, we have managed to get the final result for both helicities of the
photon by performing the integration over ¢ first and the remaining variables later. The
leading contribution of the summed and averaged cross section over helicities is given by

1 X\ ¢t o« ( 5
OSMxBSM = 7——=7n 75 X 5 (13—6ln— | +---, (3.9)
2-2512n* m, ~ 3 myy
where - - - denotes the higher order in § and the logarithmic term is due to the contribution

from the right-handed helicity of the photon. The summed and averaged cross section
which is quadratic in A, can be easily obtained by integrating eq. (3.8) over the angle ¢.



For more off-shell W, more energy flows into the erv system. We can isolate the behavior
of the corresponding phase space by integrating over only the interval z = [1 — ¢, 1] with
e K1,

5127t m3,
6 —_— 3.10
OSMxBSM N, 2melgt (3.10)
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where --- denotes the higher order terms in ¢ and m%,v /3. In the high energy limit of

§ — oo, the first constant term will eventually dominate, and it will appear as the energy
growing interference in dgvxpsm/dsm assuming gy ~ 1/§. The variable me, may be
considered to be more relevant one to take a high energy limit of the hard subprocess
W~ — vel inside uy — dret. Simply changing variable from /s to me, in expressions
obtained in the high § limit in eqgs. (3.6), (3.7) and (3.8) could be misleading or not well
defined, for instance, a wide range of v/ can be associated with a small value of m., for
z ~ 1/2 (see the right panel of figure 5). The analytic computation of the interference in
terms of me,, performed at this time starting from amplitudes, reveals a similar energy
growing behavior to eq. (3.10).

3.3 Numerical calculation of toy process and interference resurrection

We numerically investigate the analytic behavior discussed in sections 3.1 and 3.2. To
this end, we generate partonic level events for the EW uy — drve™ process using MAD-
GrapPHS_aMC@NLO v2.6.7 [41] only with the nominal pr cuts of 10 GeV for the final
quark, neutrino, and electron. As the noninterference is well established for the operator
involving ., the events for the interference are generated only for A\, coupling. While
the separation of the off-shell region from the on-shell one in section 3.2 was done just by
dropping out all I'yy dependent terms by hand, we numerically control the separation using
two variables Amy = me, — my and z for the purpose of the demonstration.

The fraction of the energy, z, = 1/2+m3,/(23), carried by the on-shell vee™ system is
roughly order one for § ~ m%/v, and it rapidly drops to 1/2 with increasing V/§ as is seen in
the left panel of figure 5. Due to the relation me, = \/(2z — 1)3, two variables m,, and v/3
are comparable to each other only for a low v/§ where 2z — 1 is roughly order one and they
can be very different for a large v/5 as 2z — 1 can be almost zero. The region bounded by
red lines in the left panel of figure 5 corresponds to the z value for the W mass window of
10 GeV, or |my, (= /(22 — 1)§) — mw| < 10 GeV. To access the off-shell region, we impose
the cut on z such as |z — z.| = |(m2%, — m%,)/(28)| > 0.05 and 2 > 0.9 and they are shown
by gray lines in figure 5. The selected region by z > 0.9 isolates the phase space where
most of the center of mass energy v/§ flows into the v.et system and me, can be as large
as v/ § as is seen in the right panel of figure 5. It is also the phase space where the condition
for the typical EWA is expected to be satisfied. While the cut of z — z, > 0.05 makes it
possible to access a deeper off-shell region in a large v/§ region than that specified by the
W mass window of 10 GeV (red lines in figure 5), most events are still populated near the
lower m,, value than v/3.
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Figure 5. Left: the fraction of the energy that flows into the ev system, z = E,, /V/3, as a function
of V4. The band bounded by red lines correspond to the W mass window of 10 GeV. Black line
denotes the z value for the on-shell W of the mass my,. Right: the correlation between m,, and
V5 depending on the cut on z.
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Figure 6. The differential distribution of |ocgyxpsm|/osm in V'3 for the EW uy — dieet at
the parton level. Black lines demonstrate the interference at off-shell region specified as |z — z.| >
0.05 and me, > 90 GeV. Red lines demonstrate the noninterference for the on-shell W defined by
|z — 2] < 0.05 and |me, — mpy| < 10 GeV.

Our numerical simulations of |osar«x psar|/osa binned in V/§ is illustrated in figure 6.2
As is evident by the red-colored almost flat distribution in figure 6, the noninterference
predicted for the on-shell W in section 3.1 is numerically confirmed. The black-colored
distribution in figure 6 demonstrates the resurrected energy growing interference in the
inclusive cross section for the off-shell W and they agree with our expectation in section 3.2.

The left panel of figure 7 illustrates the interference cross section with respect to the SM
in terms of the m,, variable for the same phase space as those in figure 6, and the energy-
growing behavior is clearly seen. In the right panel of figure 7, we take a limit where almost
all energy v/3 flows into the ev system (see the solid gray line in the left panel of figure 5).

3In this work, we will not explore the sign of the interference and its sensitivity at the collider. The sign
of the interference depends on the phase space (see appendix B.3 for the related discussion).
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Figure 7. The differential distribution of |osarx psa|/0sar in me, for the EW uy — dveet at the
parton level. Events are restricted to satisfy |z — z.| > 0.05 and me, > 90 GeV (left) or z > 0.9 and
Mey > 90 GeV (right).

As is clearly seen in the right panel of figure 7, the energy growing interference term looks
survive in this limit of the full 2 — 3 process. However, this energy growing interference
term allowed by the helicity selection rule of the full 2 — 3 process will get lost if one
simply assumes the EWA and works on the 2 — 2 hard subprocess. Recall that the helicity
selection rule of the 2 — 2 subprocess does not allow the interference in the massless limit.

While we have exploited the variable z to distinguish the phase spaces of the on-shell
and off-shell regions, it can be traded for a combination of experimental variables. Using the
transverse momentum of the forward quark, pr(q) = (1—2)v/3sin @ (with sinf = 1/ cosh ),
and me, = /22 — 15, one can easily derive the relation,

pr(g) cosh 1—z L — zmi m
(9) n_ < —— = 0min — P7(q) < Smin—0—

Mew V22 —17 /2%mm — 1

cosh7 (3.11)
where zpin = {2.+0.05, 1—¢} was used in the plots in figure 7 and 7 is the pseudorapidity of
the outgoing quark. Note that z, (thus oy, as well) is still a function of the experimentally
inaccessible § although its dependence gets mild in the high § limit. For the hard cut on
Z, Omin becomes a constant. We have numerically checked that the cut pr(q) < 0.112 x
(mey/ coshn) is physically equivalent to z > 1 — ¢ (with € = 0.1) and reproduces the same
plot as the right panel of figure 7.

3.4 Beyond the effective W approximation

We provide a brief qualitative comparison with the derivation of the effective W approx-
imation in literature to understand better what really happens regarding the interference
resurrection. This reveals a nontrivial nature of the interference resurrected in the inclusive
cross section that was demonstrated above. The full detail of the comparison is given in
appendix C. Here, we quote only the final essence. Motivated by the discussion in [40], the
total amplitude of uy — drve™ from the SM and BSM is decomposed into Fourier modes
in ¢, or e- M =3, Cp, e where the coefficient C,, can be easily obtained by the residue
theorem. In the forward quark limit, § = 7 —¢e with ¢ < 1 (with the abuse of the notation),
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the full amplitude can be expanded in powers of & = ee™* and its complex conjugate &*
and so on,

e- M= (MPY 4 MUz 4 PPy o)

(3.12)
+& (MO MUV MOV ) e

where € is the polarization of the photon and all M7 have the same energy dependence.
Two groups of terms, denoted by =+, being proportional to the overall £ and £* in eq. (3.12)
are associated with the contributions from two transverse polarizations. The contributions
associated with the longitudinal polarization and those suppressed by 7%—2%" are denoted by

- in eq. (3.12). Since pr(q) = p1 ~ (1—2)V3sine and m?2, = (22—1)3 in our toy process,
taking me, ~ E for z ~ O(1) as an energy of the hard subprocess, we have the relation
pL ~ Ee¢ from which we can relate £ with p; = p e ™ introduced in [40]. Therefore,
the expansion of our full amplitude in powers of £ and its complex conjugate should be
equivalent to the expansion in powers of % and its complex conjugate as was done in [40],

g DL ()00 (10) 1P
e- M E(M + MY + MY E+ )

PL (00 (1,0)&L ODPL ).
+E(M_ + MUV MODEL )+ .

(3.13)

From our explicit expressions of the full amplitude with only the coupling A, for the left-
handed photon polarization as an illustration, given in appendix C, we find that

MO #£0 MO =0, MEG, =0 MED,, #0, (3.14)

which is consistent with the helicity selection rule, namely noninterference in the subpro-
cess. The leading contribution to the interference that can survive in the total cross section
comes from, when squaring the full amplitude,

o ()2 (MUGEMP Ry +hee) - (3.15)
whereas the leading SM and quadratic terms of the BSM are given by

2
x (82 MPBen| ++ (3.16)

0,0) |2 .
(_’5)]\/[‘ +(€€)

where only leading terms that should survive in the inclusive cross section (¢-independent
terms) are shown. Therefore, the leading contributions to the interference and quadratic
terms in the inclusive cross section with respect to the SM cross section scale as, keeping
only leading ¢-independent contributions,

2
[ M|SM><BSM 2E2 le- Mﬁasz\ﬁ 2E4
5 ALE = g X A —— 1 (3.17)
le - M|gp A |- Mg A

where only the interference with respect to the SM appears suppressed by €2 compared
to the typical energy-growing behaviors. Note that there could be also terms suppressed

2
by “;—gv in the interference in eq. (3.17). Although our demonstration was done assuming
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the limit € < 1, our exact result (for instance, eq. (C.4)) extends to the situation with a
sizeable € which can be thought of kind of the resummation, and this phase space is not
caught in the EWA limit. If only leading terms MSS ) were taken (as was in the derivation
of the EWA in [40]), the interference between the SM and BSM would have been lost upon
the integration over ¢ and the situation falls into the usual expectation from the typical
EWA. In this work, however, we newly point out that the sizable interference terms to the
total cross section can come from higher-order terms beyond the regime for the EWA. We
suspect that our situation should belong to an exceptional case, the helicity selection rules,

briefly mentioned in [40], as a case where their derivation may become invalid.

4 Numerical analysis of EW dilepton with two associated jets

In this section we numerically investigate the EW £¢ + two jets process at the LHC. We
take the CMS analysis in [16] as our baseline for both the validation of our analysis and
the derivation of the sensitivity on aT'GCs at the LHC.? The detail of the event generation
can be found in appendix A.

4.1 Interference resurrection

We can use the intuition from the EW wy — dre™ process in section 3 to isolate the
phase space that reveals the interference resurrection in the EW £/+ two jets process. In
the partonic EW £¢ 4+ qq' process, we can treat the £/ (qq’) system effectively as a single
particle with the energy of 2v/3 ((1—2)v/3) and the invariant mass of mg (myy). Similarly
to our toy process in section 3, the variable z represents the fraction of the total energy
flowing into the dilepton system. Three momentum conservation, pr () = —pr(qq’), in

the center of mass frame of two initial quarks leads to m3, — m2, = (2z — 1)§ where z

varies over the range z = [myg/V/3, 1 — Myq' /| V/3]. Similarly to (tlille previous section, we
start with the variable z = 1/2 + (m3, — mgq,) /(28) to separate the off-shell phase space
from the on-shell one where z, = 1/2+(m?% —mgq,) /(28) at the Z pole. An appropriate cut
on z such as |z — z.| = |(m3, — m%)/(28)| > Az or 2 > 2y, will select the corresponding
off-shell region, while ensuring a certain correlation between myg and v/5. Combining

m2, — mgq/ = (22 —1)§ with the transverse momentum of the effective qq¢’ system pr(qq’) =

(1—2)%8— mgq, sin 044, the variable z can be translated into the nontrivial combination

of various kinematic variables via the relation,

2 2
Mgy — M, 2z—1 2Zmin — 1
VBFhardness = a4 a4’ = > T 5 for 2> zmin,

P3(aq) cost® g +mZ, (1= 2)2 = (1= 2min)

(4.1)
where the ratio is the monotonically increasing function, while it can have either sign, and
sin @,y = 1/ coshnyy was used to express in terms of the pseudorapidity of the g¢’ system.
The positive value of the VBFhardness (or equivalently z > 1/2) corresponds to the case
where more than half the total energy flows into the dilepton system. Just like the case of

4Similar study by the CMS collaboration for the EW fv, + two jets process has been made in [42].
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Figure 8. The distributions of |csyxBsa|/osa in mye for the partonic EW €€ + q¢’ (black lines
in both panels) for the A, coupling (other couplings are set to zero). Similarly for |opgar2|/osm
(red lines). Events for solid lines are restricted to those with VBFhardness > 5 in eq. (4.1) along
with pr(q) > 25GeV, pr(€) > 10GeV, and mgy > 120 GeV. For dashed lines in the right panel,
the VBFhardness cut is removed while others kept the same.

our toy process in section 3, zpin still has the § dependence if one intends to impose a cut
on |z — z,| instead of a constant cut on z itself.

As is evident in the right panel of figure 8 (see black dashed lines), the interference
does not reveal the energy growing behavior without a cut on the ratio in eq. (4.1). As an
illustration, the resurrected interference in the inclusive cross section for the A\, coupling
is clearly shown in the left panel of figure 8 for VBFhardness > 5 that corresponds to
2z > Zmin = 0.71. We checked that a similar energy growing interference appears in terms
of V3 as well. The same interference is displayed again with the quadratic cross section in
the right panel of figure 8. The square of the interference term in this illustrative example
in figure 8 appears to have a milder energy growing behavior than the quadratic term itself.
The interference would have been lost if one has not included the full effect of the forward
quarks or not imposed a cut on a proper variable like the one in eq. (4.1). In figure 9, we
show the resurrected interference pattern continues to survive at the hadron level where
the VBFhardness is constructed out of two forward jet candidates and lepton pairs. The
CMS analysis in [16] derives the sensitivity on aTGC using the pr distribution of Z only for
the events inside the Z mass window. In the bottom panel of figure 9, the interference and
quadratic terms of the inclusive cross section are illustrated in pr(¢¢) only for the events
in the Z mass window |my — mz| < 15 GeV.

4.2 Validation against the CMS analysis and BDT analysis

We adopt the CMS analysis in [16] for the validation of our framework. Events with two
isolated leptons (electrons or muons) and at least two jets are selected. A lepton is declared
to be isolated if the ratio of the pp-sum of all particles within the isolation cone R;s, = 0.4
around the lepton to the pr of the lepton is below 15% and 25% for electrons and muons,
respectively. While two isolated leptons need to satisfy pr > 20 GeV and |n(¢)| < 2.4, and
have the opposite electric charges, the harder lepton must pass the cut pr > 30 GeV as well.
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Figure 9. |ox|/0sy where X = SMxBSM (black) or BSM? (red) for the EW £/ + two jets for the
coupling C; = A, (other couplings are set to zero). Plots are made with events at the jet level after
imposing the loosened cuts, compared to the CMS analysis [16], pr(j) > 30 GeV, pr(£) > 20 GeV,
In(j)] < 4.5, n(0)| < 2.5, and m;; > 120 GeV.

The particles excluding the isolated leptons are clustered into jets by anti-k; algo-
rithm [43] with the distance parameter of Rj.; = 0.4. Jets are required to satisfy pr(j) >
15GeV and |n(j)| < 4.7. Two hardest jets, called the tagging jets, are required to have
pr(7) > 50GeV and pr(j) > 30GeV for the leading and subleading jets, respectively, and
their invariant mass should satisfy m;; > 200 GeV. The initial cuts in CMS analysis in [16]

are defined as

pr(f1) > 30 GeV, pr(l2) > 20 GeV, [n(u)| <24, [n(e)] <2.1,
pr(j1) > 50 GeV, pr(j2) > 30 GeV, |n(j)| <4.7, (4.2)
Imz —myge| <15 GeV, and mj; > 200 GeV

where the subscripts 1 and 2 mean leading and subleading objects, respectively. The event
yields after imposing the initial cuts are given in table 1 where we included only two largest
backgrounds. The smaller yield of the ee channel is due to the lower selection efficiency of
electrons. We adopted the pp-dependent electron selection efficiency [44] in our analysis,
while setting the selection efficiency for muons to unity. The electron selection efficiency is

roughly 0.7 — 0.8 for the pr of interest.
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Initial
Sample ee I
tt 5454 (5363+48) 13962 (12938+81)
DY Zjj (pythia8) | 146147 (152750+£510) 373731 (394640+880)
EW Zjj (pythia8) 2639 (2833+10) 6328 (6665+16)

Table 1. Validation of our simulation at /s =13 TeV assuming 35.9fb~! of the integrated lumi-
nosity. The numbers in parenthesis are CMS values for comparison. The k-factor of 1.7 was applied
for the tt process.

Having our analysis validated with the initial cuts, we move onto the BDT analysis.
The CMS analysis introduces two additional variables. Event balance variable, R(p]%ard),
is defined as - - -

R(phad) — lijl + P'ri, +p{Z|
‘ij1| + |ij2| + 1zl
The z* Zeppenfeld variable is defined as

(4.3)

*

* Y
z" = , 4.4
Ay (4.4)

where y* = yz — % (yj; + y;2). Additionally, the quark-gluon discrimination is applied to
two tagging jets. Instead of constructing a likelihood function for the ¢/g discrimination
and use it in the BDT analysis afterwards as done in the CMS analysis [45], we directly use
the three input variables to the likelihood in our BDT. They are multiplicity, jet shapes,
and the fragmentation function. The jet shape variable is defined as

1/2

1/2
o=1/o?+03 with o= (Al/ngﬂz) , 09 = </\2/Zp?p’i> , (4.5)

where the sum runs over the jet constituents. Ay and Ao are the two eigenvalues of the
matrix with the elements, My = Eip%’iAnZ-z, Moy = Zip%iAd)?, and Mo = My =
—> pQTﬂAniAqbi where An; and A¢; are the pseudorapidity and azimuthal distances be-
tween a constituent and the average direction which is defined as the p%’i—weighted direction
of jet constituents in 17 — ¢ space. The fragmentation function is captured by the variable,

\/ i p%‘,i (4.6)
Sipri '

where the sum runs over the jet constituents. For the multiplicity we count all charged and

prD =

neutral constituents of a jet whose energy is above 1 GeV, and it is denoted as ngacks(J)-
Similarly to the CMS analysis in [16], we use the following set of the BDT variables
to train and test our signal and background samples with the initial cuts in eq. (4.2):

myi , [Angl, pr(ii), R, 24(2),

| | . (4.7)
ntracks(]l,Z) , pTD(Jl,2) s 0'1(]1,2) y
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Figure 10. The normalized distribution of VBFhardness for the EFT signal for A\, = 0.04, EW
dilepton (denoted by EW Zjj), tt+jets, and QCD Drell-Yan backgrounds (denoted by Z-+jets)
after imposing pr(j) > 30GeV, pr(£) > 20GeV, In(j)| < 4.5, [n(¢)] < 2.5, and m;; > 120 GeV.
Right panel is logarithmic plot of the left panel in a large VBFhardness range.

where m;, 1j;, and pr(jj) are the invariant mass, pseudorapidity, and transverse momen-
tum of two leading jets system, respectively. To simplify our analysis and at the same time
to take full advantage of kinematic distribution to efficiently suppress the largest QCD
Drell-Yan background, we first train and test over the EW £/ + jets in the SM as a sig-
nal and the remaining samples as the background using the gradient boosting algorithm
(BDTG) provided by the TMVA package [46]. Since the signal and the dominant background
have the largest population in the Z mass window with the small transverse momentum,
the BSM effect is expected to be small. This rejects the QCD Drell-Yan and top pair back-
grounds as much as possible. We impose an appropriate cut on the BDT variable, that
was computed in the previous training, for all the samples of EW #¢ + jets in the SM and
BSM, and background processes. While it is nontrivial to exactly reproduce the outcome
of the CMS BDT analysis, the outcome of our BDT training, illustrated in figure 20 in
appendix D, shows the clear separation between the signal and background.

We do not add our newly introduced VBFhardness in eq. (4.1) to the BDT variable
set although it has a correlation with mjj;, n;;, and pr(jj). Since we take the EW £¢ +
jets in the SM as a signal in the training, we expect its effect on the signal/background
discrimination to be mild as is indicated in figure 10. While the VBFhardness variable
helps in resurrecting the interference, its effect should be small as well in the situation
where the sensitivity of aTGCs is mainly driven by the quadratic terms. It will be relevant
in case where the sensitivity is derived by the interference cross section. As is seen in
figure 10, although a proper cut may reduce the signal rate, VBFhardness seems to be a
good discriminator for the EFT signal as it controls the amount of energy going into the
dilepton subsystem. It will be important at the HL-LHC or future collider and we leave
more dedicated analysis for the future study.
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Figure 11. The distributions of pr(£€) (left) and my, (right) at 13 TeV, using the integrated
luminosity of 35.971, for backgrounds and two selected EFT benchmark signals with the SM con-
tribution subtracted. Events are restricted to those satisfying CMS initial cuts in eq. (4.2).

Using the template analysis of pr(¢¢) in the Z mass window at 13 TeV, £ = 35.9 fb1

No BDT cut BDT > 0.6
aTGC 68% CL 95% CL 95% CL (Linear) 68% CL 95% CL 95% CL (Linear)
A- |[-0.026, 0.025] [~0.036, 0.036]| [-0.20,0.20]  |[-0.015, 0.016] [—0.025, 0.026]|  [—0.099, 0.1]
8g1.- |[~0.069, 0.040] [~0.130, 0.068]| [-0.096, 0.097] |[~0.029, 0.024] [—0.066, 0.043] | [—0.051, 0.051]
Sk. | [-0.18,0.19]  [-0.29, 0.32] [-0.41,0.41]  |[-0.089, 0.095] [—0.16, 0.18] [~0.18, 0.18]

Table 2. One-dimensional limits on aTGCs at 68% and 95% CL. Linear denotes the limits obtained
using only the interference cross section between the SM and BSM amplitudes.

Using the template analysis of mge at 13TeV, £ = 35.9fb~!

No BDT cut BDT > 0.6
aTGC 68% CL 95% CL 95% CL (Linear) 68% CL 95% CL 95% CL (Linear)
X- | [=0.031,0.029] [—0.045,0.043] | [~0.22,0.22]  |[-0.025, 0.023] [—0.039, 0.035]|  [—0.13, 0.13]
Sg1.- |[-0.074, 0.056] [-0.13,0.094] | [-0.13,0.13]  |[-0.033, 0.029] [0.067, 0.052]| [~0.062, 0.063]
k. |[—0.099, 0.099] [—0.14, 0.15] [~0.56, 0.56]  |[—0.062, 0.062] [—0.097, 0.098]|  [~0.26, 0.26]

Table 3. Similar caption to table 2.

4.3 Sensitivity to aTGC at the LHC

To evaluate sentivity to aT'GC, we construct 1D templates binned either in pr(£¢) and myy.
Events are distributed over 20 equal-spaced bins of pr(¢f) between 0 and 1200 GeV where
the last bin contains events beyond 1200 GeV. ¢ includes both electrons and muons.” We
also newly construct templates of myy with 10 equal-spaced bins between 0 and 2000 GeV
where the last bin contains events beyond 2000 GeV. The distributions of backgrounds and
two selected EFT benchmark points (with the SM contribution subtracted) are illustrated

in figure 11.  We construct a log likelihood in terms of aTGCs, assuming the Poisson

®On the contrary, the CMS analysis in [16] separately distribute events in 15 bins in pr (£¢) = [0, 900] GeV
and 20 bins in [0, 1200] GeV for electrons and muons, respectively.
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distribution,
—2Alog L(A;,001,2,0k%) , (4.8)

where A indicates that the minimum is subtracted. We include only the statistical uncer-
tainty since the systematic uncertainty in each bin is not reported in [16] and the overall
size of it in table 1 looks subdominant to the statistical one.

The 68% and 95% CL intervals of an individual aTGC, where two others are set to
zero without the marginalization, are presented in table 2 and 3. For the result with
the BDT cut, we estimated the sensitivity with the incremental BDT cut starting with
a mild value, and did not find visible improvement with a stronger BDT cut than 0.6.
For )., the 95% CL interval from BDT > 0.6 is worse than the expected value of the
CMS one, or ASM5 = [-0.014, 0.014] [16].° For the &g; . coupling, our analysis gives
roughly comparable with the CMS one, ¢ 91071;/18 = [—0.053, 0.061] [16]. The two-dimensional
exclusion regions from the binned analysis of pp(¢¢) in the Z mass window are illustrated
in figure 12 where the remaining coupling is set to zero without the marginalization. The
gray lines in figure 12 illustrate the exclusion region at 95% CL using only linear terms
in aTGCs in our parametrization of the cross section (see eq. (1.3)). It indicates that
the sensitivity of A\, is dominantly driven by the quadratic term whereas the effect of the
quadratic term is less pronounced for two other aTGC couplings.

We newly derive the sensitivity using the binned analysis of mygs. As discussed in
section 4.1, the invariant mass of the dilepton system has the relation m%K —mjzj = (2z2—1)8,
where mj; is the invariant mass of two forward jets, z is the fraction of the total energy of the
partonic system carried by the ¢¢ system, and my, alone does not guarantee the hardness
of the ¢¢ subsystem. However, while a nominal cut on the VBFhardness (see eq. (4.1)
for the definition) ensures that at least some amount of the total energy goes into the ¢/
subsystem and greatly helps recovering the interference, as is clearly seen in figure 8, it may
not improve the situation for the case where the sensitivity is dominantly driven by the
quadratic terms. For this reason, we have not exploited VBFhardness. The 68% and 95%
CL intervals of an individual aTGC are presented in table 3. From the comparison between
tables 2 and 3, we observe that dx, is better constrained by the binned analysis of myy
whereas A, and dg; , are better constrained by the analysis using the distribution of pr(¢¢).

The two-dimensional exclusion regions from the binned analysis of my, are illustrated
in figure 13 where similarly the remaining coupling was set to zero without the marginal-
ization. Unlike the case using pr(¢¢) in figure 12, the sensitivity, for instance, of A, is
significantly weakened (see upper right panel of figure 13) when the quadratic term is re-
moved. This is due to the interference suppression as illustrated by the black dashed line in
the right panel of figure 8. The situation is contrasted to those obtained using the binned
analysis with pp(€¢). As observed in the bottom panel of figure 9, the discrepancy between

SComparing two distributions of pr(Z) in figure 8 of [16] (separately displayed for electrons and muons)
and figure 11 (summed over both leptons), our signal to background ratio looks rather smaller than the
CMS one in a high pr region where a large statistical power is expected. We suspect that this discrepancy
could be partly due to the different configuration for simulation of the aTGC signal and lepton selection
efficiency and so on. As our estimation is conservative, we leave it as-is.
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Figure 12. Two-dimensional limits on aTGCs at 68% (dashed) and 95% CL (solid) regions obtained
using the binned analysis of pr(¢¢) in the Z mass window, assuming the integrated luminosity of
35.9fb~! at /s = 13 TeV. Compared to the red solid lines, thin gray lines were obtained only with
the interference term which is linear in the aT'GC coupling for the BDT > 0.6.

the interference and quadratic terms in the pp(¢¢) distribution is less pronounced, compared
to the current case, and the interference term itself also shows the pr-growing behavior.

Figure 14 illustrates how the sensitivity in the plane (A, dg; ) changes as some of the
higher bins are removed in the binned analysis of pr(£¢) and myy, respectively, for two cases
without (left panels of figure 14) and with the BDT cut (right panels of figure 14). This
practice is meaningful especially for my, as the EFT cutoff can be directly imposed on the
mye variable. For the case with the BDT cut, sensitivity to dg; . mostly comes from the
first small number of bins, corresponding to the well below sub-TeV in both pp(¢¢) and my
whereas a wider range of the energy contributes to the sensitivity to A,. On the contrary,
for the case without the BDT cut, dg; . becomes sensitive to the wide range of the energy.

We derive the sensitivity at the LHC and HL-LHC, assuming an integrated luminosity
of 300fb~! and 3 ab™!, respectively. We assume that the systematic errors remain to be
negligible, and we include only the statistical uncertainty. Our projection for the LHC and
the HL-LHC is illustrated in table 4. The 95% CL contours in the two-dimensional plane are
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Figure 13. Two-dimensional limits on aTGCs at 68% (dashed) and 95% CL (solid) regions obtained
using the binned analysis of myy, assuming the integrated Iuminosity of 35.9fb~! at /s = 13 TeV.
Compared to the red solid lines, thin gray lines were obtained only with the interference term which
is linear in the aTGC coupling for the BDT > 0.6. No cuts on VBFhardness was imposed.

shown in figure 15 where upper two plots were obtained by the template analysis of pp(¢f)
and the bottom ones using mys. The comparison between two analyses for dg; . and k.,
namely, one by total cross section up to the quadratic order in aTGC and the other only
with the interference cross section, indicates that the sensitivity is mainly driven by the lin-
ear term for the case of pp(¢¢). While, for the case of myy, the role of the interference hardly
becomes important except for dg;. where the other two couplings were set to zero, the
VBFhardness may help making the interference more important. Although, as is evident in
figure 10 a cut on VBFhardness may reduce the signal rate, loosening other cuts may com-
pensate it and it can be an important variable at the HL-LHC regarding the interference.

4.4 Sensitivity to EFT operators and comparison with diboson

In this section, we also derive the sensitivity to dimension-6 operators from the EW #/+jets
process. For a clear comparison, we adopt the same basis as in [16], namely HISZ basis [50].
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Figure 14. Breakdown of pr(¢¢) (top) and mye (bottom) categories in the plane (\., dg1,.),
assuming the integrated luminosity of 35.9fb~! at /s = 13 TeV. Curves of various styles indicate
the 95% CL contours.

Three operators that contributes to aTGCs are given by

Cwww, & ¢ 1+ Cw v Cg
N 8 W W) (D, 1) (D, 11y, B (D) Bu(D, ). (09)
where W, = Wl‘jy‘g gand B, = = B, 3¢ were defined in [50]. They contribute to aTGCs
via the relations [51],
39°miy miy (4.10)
>\Z =\ = T2 0 0 z — ) 5 ) :
v = Cwww =5 912 = (Cw + Cp) = 2A2 — Oy 2A2

from which we derive the sensitivity to the EFT operators. They are summarized in table 5
for the integrated luminosity of 35.9 fb~!. The sensitivity on the tr(Wg’V) operator has been
measured by the recent CMS W+ analysis [5], using the differential distributions of the
azimuthal angle and transverse momentum of the photon. The corresponding operator
in [5] in the Warsaw basis [52] was defined as

Cawei Wi, Wi, Wr,, (4.11)

which connects to Cyww via Cywy = %CV‘A# ~ 0.07 x CV‘j\Vg’W. We can translate the
observed sensitivity on Cyyw /A% = [~2.6, 2.6] (TeV~2) at 95% CL from the CMS £/+
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13TeV, £ = 300fb™"
Using the template analysis of pr(¢¢) in the Z mass

No BDT cut BDT > 0.6
aTGC 68% CL 95% CL 95% CL (Linear) 68% CL 95% CL 95% CL (Linear)
Az [—0.017, 0.017]  [—0.025, 0.024] [=0.070, 0.070] [—0.0076, 0.0081] [—0.012, 0.012] [—0.035, 0.035]
0g1,- | [—0.019, 0.016] [—0.042, 0.029] [—0.033, 0.033] [—0.0093, 0.0087] [—0.019, 0.017] [—0.018, 0.018]
0K [—0.069, 0.072] (—0.13, 0.14] [—0.14, 0.14] [—0.032, 0.033] [—0.062, 0.065] [—0.064, 0.064]
Using the template analysis of mee
Az [—0.017, 0.016] [—0.025, 0.023] [=0.075, 0.075] [—0.013, 0.012] [—0.022, 0.018] [—0.045, 0.046]
dg1,- | [—0.025, 0.022] [—0.051, 0.040] [—0.047, 0.047] [-0.011, 0.011] [—0.023, 0.020] [—0.022, 0.022]
0K [—0.054, 0.054] [—0.080, 0.080] [—0.19, 0.19] [—0.031, 0.030] [—0.049, 0.048] [—0.089, 0.089]

13TeV, £ = 3000fb~*
Using the template analysis of pr(€¢) in the Z mass

Az |[-0.0077, 0.0072] [—0.011, 0.011] [—0.022, 0.022] [—0.0036, 0.0039] [—0.0056, 0.0060] [(—0.011, 0.011]
dg1,= |[—0.0055, 0.0052] [—0.011, 0.010] [-0.011, 0.011] [—0.0029, 0.0028] [—0.0057, 0.0055] | [—0.0057, 0.0057]
0Kz [—0.023, 0.023] [—0.044, 0.045] [—0.045, 0.045] [—0.010, 0.010] [—0.020, 0.020] [—0.020, 0.020]

Using the template analysis of mye

Az |[-0.0090, 0.0077] [—0.013, 0.012] [—0.024, 0.024] [—0.0060, 0.0053] [—0.0096, 0.0085] [—0.014, 0.014]
dg1,= | [—0.0076, 0.0077] [—0.015, 0.014] [-0.015, 0.015] [—0.0035, 0.0034] [—0.0070, 0.0067] | [—0.0069, 0.0069]
0Kz [—0.025, 0.025] [—0.040, 0.040] [—0.062, 0.062] [—0.013, 0.013] [—0.022, 0.022] [—0.028, 0.028]

Table 4. One-dimensional limits on aTGCs at 68% and 95% CL at 13 TeV using the integrated
luminosity of £ = 300fb~! and £ = 3000fb~!. No cut on VBFhardness was imposed.

jets analysis [16], using the integrated luminosity of 35.9fb~!, in terms of C3yy, importantly
taking into account roughly four times more data of 139 fb=1:"

Ctranslated from EW ll+jets 0.07 x [_2-67 26] X

3W, assuming 139fb~? = [_0'13’ 013] : (412)

1
V1.97
That is, the CMS result from EW #/+jets, assuming 139 fb~! of data, looks roughly two
times worse than the sensitivity from the CMS W+, namely C3y = [—0.062, 0.052] (TeV~2)
at 95 % CL [5]. Our analysis of the EW £/-+jets gives the three times worse result compared
to the CMS £/+ jets analysis, or C;;;?Sllggefgfi"m our EWtbtjets _ 1_0.303, 0.314] (TeV—2),
which is roughly six times worse than the CMS W+ result. We think that, given the
discrepancy between the CMS analysis [16] and our re-analysis (see footnote 6 and 9),
whether the EW ¢/+jets process is practically relevant or not for the tr(Wj’V) operator,
compared to the diboson process, remains inconclusive. The observed sensitivity from the
ATLAS Zjj analysis [17], using 139fb~! of data, which is Csyr = [~0.19, 0.41] (TeV~2)
at 95% CL looks slightly weaker than the result from the CMS analysis in [16] except
that the sensitivity has been derived mainly by the interference term unlike the case of
the CMS one (one also notes that the sensitivity derived from the CMS W+ analysis [5]
is still dominated by the quadratic term). The sensitivity on the same operator from the
WW, W Z processes, using the integrated luminosity of 137 fb~!, in the ATLAS analysis [3]

"1/4/1.97 ~ 1/+/2 is multiplied since roughly four times more luminosity is equivalent to increasing the
signal by the factor of 2 which translates to the improvement of Csw by the factor of v/2, assuming that
the cross section is dominated purely by the quadratic term.

— 24 —



0.15F T T T — r T T T T — T T
0.4 0.4+ B
/s =13 TeV, BDT >0.6 \'s =13 TeV, BDT >0.6 1 /s =13 TeV, BDT >0.6

010 - 359 fb " 359 fb " 39T -
et 3006~ 300 b ! . { | 3007

(' --e 359 fb " (Linear ) 0.2r ... 35.9 b (Lineapy” " ‘\\ I 0.2 NP
0.05f ; etk 300! (Lnear)] | eee-- 300167 (Lipbar) v
<~ 0,00 D ; <00 ’ ,/ ) & 0.0 7

-~ 359 fb " (Linear ) ]
- === 300X " (Linear )

0

-0.05+
-0.2
-0.101
-0.15L ‘ . ‘ I ‘ ‘ ‘ o 04p ‘ ‘ ]
010 -0.05 0.00 0.05 010 0.15 2015 —0.10 —0.05 0.00 0.05 0.10 004 002 000 002 004
5g1,z 5g1,z /1_7
0.5 . ! . [ ; ; —ry 7‘ ; —
Vs =13 Tev, BDT >06 0.4 Vs =13 TeV, BDT >0.6 T 0.4 Ns =13 Te\ -BDT 506
3 359 fb ' 359 b~ o _—k==T359 b
.10} 3 g g A0 :
' —— 300 fb 300 fb P A SUPPE ——— 300"
N ---2¢ 359 b (Linear) 02- ... 359 fb ' (Linear ) FAN 0.2 -f=-- 359 " (Lingar) |

0.05[ "

" K,_ ----- 300161 (Linear) ] | ----- 3006 (Linear) /) .
& 0.00 \\(\:D/\/ £ 00 Z} /i
-0.05[ R e NN 1 / :

-0.101

= W)

5 L L L \‘ y L ‘\A \ ) L L (l '/ L // " L A >‘\ = L L L 1
-0.10 -0.05 0.00 0.05 0.10 0.15 -0.3 -0.2 -0.1 0.0 0.1 ~0.04 -0.02 0.00 0.02 0.04
5g1,z 6g1,z Ag

Figure 15. The two-dimensional contours at 95% CL, obtained using the binned analysis of
pr(¢0) (upper) and my, (bottom), assuming the integrated luminosities of 35.9fb~1 and 300 fb~1
at v/s = 13 TeV. The dashed lines were obtained only with the interference term which is linear in
the aTGC coupling.

reports Cay = [—0.14, 0.15] (TeV~2) at 95% CL which is similar to the CMS EW #/-+jets
analysis [16] as is seen in eq. (4.12). The recent CMS W Z analysis [4], using the integrated
luminosity of 137fb~!, reports the observed limits Cyww /A? = [-1.0, 1.2] (TeV~2) at
95% CL which translates to O;;;?Sllggefg_fgom WZ ~0.07x[-1.0, 1.2] = [-0.07, 0.084] (TeV~2)
which is consistent with the CMS W+ analysis [5].

The coupling A, is probed only by the transverse modes in the diboson process and
thus it is subject to the noninterference issue. Whereas the couplings dg1, . and 0k, are also
probed by the longitudinal polarization of the gauge bosons (see [7], for instance), and they
are not necessarily subject to the same issue. The CMS W Z analysis [4], using 137 fb~! of
data, obtained the observed limits, Cyy /A% = [~2.5, 0.3] (TeV~2) and Cp/A? = [-43, 113]
(TeV—2) at 95% CL. The CMS EW //-jets analysis [16], using 35.9 fb~! of data, obtained
the observed limit Cy /A% = [—8.4, 10.1] (TeV—2) with no limit on Cg/A%. Our analysis
of EW £/+jets, assuming 139fb~! of data, leads to Cy /A% = [-10.2, 7.69] (TeV—2) and
Cp/A? =[-10.7, 7.72] (TeV~2).

On the other hand, due to the Goldstone boson equivalence theorem at the high en-
ergy, the couplings dgi, . and 0k, (or k., depending on literature) can also be probed by
the Wh, Zh measurements where the gauge bosons are longitudinal. This was discussed
in [13, 53, 54] in the context of high energy primaries, and was revisited in [55] with an
updated analysis for further improvement. For the comparison with the high energy probe
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13TeV, £ = 35.9fb~!
Using the template analysis of pr(£¢) in the Z mass

aTGC No BDT cut BDT > 0.6
(TeV—2) 68% CL 95% CL 95% CL (Linear) 68% CL 95% CL 95% CL (Linear)
Cwww /A?|[—6.35, 6.18]  [-9.0, 8.8] [—49.7, 49.8] [—3.79, 3.95] [—6.08, 6.30] [—24.5, 24.7]
Cw/A? |[-27.3,12.5] [—46.1, 21.2] [—31.4, 31.5] [—10.2, 7.68] [—25.8, 13.9] [—16.9, 17.1]
Cgp/A* |[-30.8,12.4] [—47.1, 21.0] [-31.7, 31.8] [-10.7, 7.71] [-30.1, 13.8] [—17.1, 17.4]
Using the template analysis of mge
Cwww /A? | [~7.65, 7.13] [-11.1, 10.5] [-53.4, 53.5] [—6.21, 5.58] [-9.71, 8.68] [—32.2, 32.5]
Cw/A? |[—40.2, 20.2] [—40.2, 34.7] [—50.4, 50.5] [—14.5, 10.6] [—90.8, 19.2] [—23.5, 23.7]
Cp/A?  |[-32.1,21.1] [-32.1, 35.5] [-55.1, 55.2] [—17.5, 11.3] [—88.8, 20.1] [—25.7, 25.9]

Table 5. One-dimensional limits on dimension-6 operators at 68% and 95% CL at 13 TeV using
the integrated luminosity of £ = 35.9fb™1. Cx/A? (X = WWW, W, B) in the TeV—2. No cut on
VBFhardness was imposed.

by the V'V and V' h measurements, it will make a sense to compare with the projections for
the stage with higher luminosities. Assuming the class of universal theories and neglect-
ing the vertex corrections, the analysis in [55] derives the bounds on aTGCs as dg;,. =
[—2.7(1.3), 4.3(1.7)] x 1073 and 6k, = [—13(7.1), 22(16.4)] x 103 at the LHC Run 3 with
300 fb~! (HL-LHC with 3 ab™!) from one-parameter fit. Combining with the W Z analysis
from [13] tightens the bound on dg; , which reads dg; . = [~1.6(0.71), 2.5 (0.89)] x 1073
at the Run 3 (HL-LHC) [55]. Our projections using only the pp(¢¢) distributions are
8g1,. = [-21(6.3), 17(5.8)] x 1073 and k- = [—216 (68), 206 (67)] x 1073 at the LHC Run
3 (HL-LHC) from one-parameter fit which look weaker than the V'h analysis by the factor
of 4 ~ 8 (4 ~ 17) for dg; . (dk~) depending on the side of the intervals and luminosities.®
This shows that the VA measurement should be an essential part of the precision program
for aTGCs in the phase of the LHC with the higher luminosities. It will be interesting to
explore if more customized analysis of the EW dilepton process aiming for the LHC with
higher luminosities can improve the sensitivity.

5 Conclusion

We have explored the EW dilepton production with two associated jets for the precision
measurement of aTGC couplings. As was explicitly shown (both analytically and numer-
ically) in this work, the full amplitude, including the forward quarks that radiate off the
vector gauge bosons, exhibits the interference in the inclusive cross section. It reveals an
intriguing feature regarding the interference between the SM and BSM amplitudes (that is

8The sensitivity on the EFT operators in the Warsaw basis that enters the high energy primaries, assum-
ing the class of universal theories and leaving only aTGCs, can be obtained via (using the notation in [55])

(3) QZC‘Z/V (1) 1 1 92 2 2
Ckpq = 74m‘2}V (591127 Cnpq = chu = 7§C*Pd = 7@ (tW(SH’Y — Swégl,z) . (413)
Our projections using only the pr(¢¢) distributions are cfp‘q’q) = [-0.22(0.075), 0.27 (0.079)] (TeV~2) and

cg,lq) = [~0.33(0.11), 0.34 (0.11)] (TeV~2) at the LHC Run 3 (HL-LHC) from one-parameter fit.
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Figure 16. The visual presentation of the sensitivity of aTGCs at 13 TeV, assuming three different
luminosities, given in tables 2, 3, and 4.

subject to the helicity selection rule), or the sizable interference in the total cross section can
arise from beyond the relevant regime for the EWA. For the purpose of the interference res-
urrection in our dilepton production in vector boson fusion, we have introduced a new vari-
able, VBFhardness, that can control the amount of energy flowing into the dilepton system.
Using this variable, we have demonstrated that the interference clearly appears when an ap-
propriate cut is applied. As a proof-of-concept example for the interference resurrection in
the inclusive cross section, we have performed the analytic study using the simpler toy pro-
cess, or uy — dve™, which was numerically confirmed as well. In the same toy process, we
have newly identified that the sizable interference term in the total cross section arises be-
yond the relevant regime for the EWA which apparently looks negligible in the EWA limit.

We have derived the sensitivity to aTGCs for three scenarios of the LHC and HL-LHC,
assuming the integrated luminosity of 35.9fb~!, 300 fb=!, and 3000 fb~!. In addition to the
template analysis using the transverse momentum of the dilepton, we also carried out the
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template analysis using the invariant mass of the dilepton in this work. While the bounds on
A, and 6g1 ., from the dilepton invariant mass are rather weaker than those from the trans-
verse momentum of the dilepton system, the situation is opposite for dx,. The final result
of the one-dimensional bounds at 68% and 95% CL is summarized in figure 16. Our analysis
using the dilepton invariant mass may further be optimized. Vetoing b-jets could help sup-
press top-enriched backgrounds. Exploiting VBFhardness may help in enhancing the role of
the interference with respect to the quadratic terms in aTGCs. Our results were compared
with the existing limits from the CMS and ATLAS diboson processes in terms the EFT
operators. While the sensitivity from the diboson process seems apparently stronger than
the one from EW {¢/+jets for the measurement of the tr(W[j’l,) operator involving only the
transverse polarizations, some other directions seem to be better constrained in our process.
However, the constraints on those other directions may have a chance to be eventually taken
over by the associated Higgs production and diboson processes of the longitudinal gauge
bosons which probe the same aTGCs in the high energy thanks to the equivalence theorem.
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A  Details on simulation

A.1 Signal and background generation

The aTGC interaction in eq. (1.2) is implemented in FEYNRULES [47] from which we
generate the UFO output for the MADGRAPH. Electroweak £/~ jj samples were simulated
at leading order (LO) by MADGRAPH5 aMC@NLO v2.6.7 [41] (QED=4, QCD=0) with the
default factorization and renormalization scales, interfaced with the PYTHIA8 v8.306 for
the parton shower and hadronization. For the parton distribution function, the NNPDF30
(lo_ as0130) [48] is used. The linear (or interference) and quadratic terms in aTGC in our
parametrization of the cross section in eq. (1.3) were separately simulated by using flags
TGC? = 1 and TGC? = 2, respectively,’ where TGC denotes the order of aTGC interaction.
The phase space was restricted to those satisfying my, > 50 GeV, pr(j) > 25GeV, and
mj; > 120 GeV at the generation level.!"

°0On the other hand, the CMS analysis [16] generated aT'GC signal samples (differently from ours)
effectively over 5x5x5 grid of cwww /A% xcw /A% x cp /A? which were equivalent to our aTGCs. We suspect
that this could be partly responsible for the discrepancy between our sensitivity of aTGCs and that in [16].

10Ty guarantee enough statistics and the smoothness of the differential distribution in the high invariant
mass tail, events were generated separately for multiple intervals of mg, and combined. Similarly for the
EW /#45j samples in the SM.
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Figure 17. The angular configuration of the illustrative toy process, uy — dve™.

All background samples were similarly simulated at leading order (LO) by MAD-
Graprub aMC@NLO v2.6.7 [41] with the default factorization and renormalization scales,
interfaced with the PyTHIA8. The NNPDF30 (lo_as0130) was used. The QCD Drell-Yan
process v*/Z (T4~ )+jets samples where jets arise from QCD interaction were matched
using kr-jet MLM matching at LO up to three extra jets in 5-flavor. k-factor of 1.23 was
applied [16]. The ¢t samples were matched using kp-jet MLM matching (QCUT = 45 GeV)
at LO up to two extra jets in 5-flavor and the total cross section was rescaled to match the
NLO value from Powheg [49] by applying the k-factor of 1.7.

B Computation detail of qV — q'v£

B.1 Choice of four momenta and amplitudes

The polarization vectors of the photon are obtained by rotating ez ,r = %(O, 1, £, 0)
(for the massless momenta moving to —z axis) with angle 6 about y-axis (similarly angle
¢ about z-axis).

1
e’z/R(pg) = 7 (0, cosfcos ¢ Fising, cosfsing £ icos¢p, —sinb) . (B.1)

The spinor solutions in our coordinate system are
(k) = 8'/4 (O, 0, —v2z -1 1Sln 15)

vr, (k) = 84 <\/2z 1(:03— sin 1’5, ) (B.2)
B.2

0 0
UL(pl):§1/4< s1n§ e¢cos , 0, 0) )

ﬂL(k?)) =gt/ \/ 2(1 - Z) (07 Oa _17 O) )

where T' denotes the transpose. We choose the following four momenta of the particles in
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our 2 — 3 process, uy — dve’ and they are illustrated in figure 17.

i = \ég (1, sin @ cos ¢, sin @ sin ¢, cosf) ,

ph = \f(l, —sin 6 cos ¢, —sin @ sin ¢, — cosh) ,

k“—ﬁ z4 (1= 2z)cosp, /(22 — 1) sine), 0, (1 — 2) + zcos )

1 = 2 9 9 Y ? <B3)
NG

0 .

B = (z—(l—z>cosw, —/(22 = 1)sinw, 0, <1—z>—zcosw) ,

kg:@(1_27 07 07 _(1_Z))7

k=V3(2,0,0, (1—2)),

where the momentum & has the invariant mass of mj = (22 — 1)3. Note that the 2 — 3
process can be effectively factorized into 2 — 2 and 1 — 2 via an intermediate momentum
k. The momenta k; and ko in eq. (B.3) are obtained by boosting those in the ve rest frame,

K = % (1, sin®, 0, cosv) ) ,

(B.4)
K = T (1, —sing, 0, —cos ) ,
along the z-axis with the boosting factor,
; B 2 (B.5)
— m = — = . .
2z = V2P Vz . \/227_1
When the intermediate W emitted from the quark line is produced nearly on shell, z is
nearly fixed to be
1 m?
~o T+ B.6
sl ( o ) (B6)
The helicity amplitudes for four diagrams in figure 4 are given by
: _ . g —in™
ie - Mg = ur(ks) (z'y")uL(pl)
‘ V2 ¢ —mi,
X ex(pa) i 6{ 1 (a = k)Y = 2+ 65,) (W — o) + 0k — |
A
+ - |0 = ™) (k- @) + (¢ — g0 (k- p2)
w (B.7)

+ (K — k") (g - p2) — K g ph + kkq"pﬂ }

—inko

_ . g
k e k
kz—m%[/—kimWFWUL( 1)<Z\/§W )UL( 2)
2 2
. g . (—i) 1 AU YA
g —_— v V V/’[’_
(Z\/i) (ze)q2 —miy k% —miy, +imwTw € Jai
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where ¢ = po — k = k3 — p1.

ie- My = ey (k) (15527 m>”“;
_ g o\ ik — o)
X uL(kl)(z\/i’y >( )2

2 —1)1
:Gg)(ﬁ@; L k)bl — o ks)

¢* —miy (p2 — k2)

(—iev") v (k2) (B.8)

where ¢ = k3 — p1.

ie- M= eu(p2)ur(ks) <—;€’Y“) m (i\%’Yp) ur(p1)

—inPo B . .
% kz—mﬁviimwfwudkl)@jiv )UL(kZ)
. 27 —4)i 1 .
- (Zji) (_36) k‘2—m%,i, —l—)imwfw (kg—pQ)QUL(k?’)’{(k/?’_m)ﬁuLO?l)’

(ph +12p) <

\/§V >(P1 +p2)?
_/1/77'00- _ . g o
k —_— k
X kQ—m%V+imWFWuL( 1)(2\&7 )UL( 2)

:(i\%)z(?e> k2 — 2(_i)'i : sur(k3)fi(ph+ph)fur(p1)

miy +imwTw (p1+p2)

(B.9)

ie-Mg= eu(pQ)UL(k3)< €Y > ur(p1)

3

where j& = g (ka)y*ur(p1) and j;° = ar (ki)y*or (k).

B.2 Phase space integration

The partonic cross section of 2 — 3 process in our coordinate system is obtained by the
following phase space integration,

1 2
o = (1-— B.1
0= 51 1/2dz z / dcos@/ dcosz/z/ dqb’/\/l‘ (B.10)

2
where ‘./\/l‘ is the summed and averaged amplitude-squared over polarizations of the initial

partons and ‘M’ has a negative mass dimension of one.

B.3 Interference between SM and BSM amplitudes for coupling A,

In our 2 — 3 toy process, diagrams a and b in figure 4 are those of interest that probe
the hard subprocess and diagrams ¢ and d belong to the radiation type where W decaying
to etv is attached to either incoming or outgoing quark line. Restricting only to the
interference, we split the contribution into two categories.

~hard ~rad __ aac ~ad
OSMxBSM = JSMXBSM + USMXBSM » OSMxBSM = OSMxBSM T OSMxBSM » (B.11)

where 6éjMxBSM refers to the partonic cross section from the product of two diagrams ¢
and j in figure 4. The relative difference between two categories is purely due to the SM as
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Figure 18. The partonic inclusive cross section in an arbitrary rate for the interference between
the SM and BSM, #smxpsm(urnyr — dret), integrated over the entire phase space.
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v A hard ~ab
A T sMxBSM 0.00002} — OsumxesM |
= R R EE PP -1 il = ~ac
e} t aama= 1%%) —
Qg 5.x107F \* TsMxBSM ;s 0.00000 SMxBSM
= ~ad
(g’ <§ O sMxBSM
-0.00002 - |
-1.x1078f
-0.00004 B
2000 4000 6000 8000 1000 2000 3000 4000
\5 [GeV] V3 [GeV]

Figure 19. The partonic inclusive cross section in an arbitrary rate for the interference between
the SM and BSM, ésmxpsm (uryr — dre™), integrated over the restricted phase space z = [1—¢, 1]
where € = 0.1 was chosen.

the A, dependence comes from the common diagram a. The left panel of figure 18 shows
that 6409 pon and 6584, sy are comparable. While the magnitude of each 6%, payy and
63 psy and 68 pay, there is a cancellation between two
contributions from the hard subprocess, dictated by the gauge symmetry. It should be an
artifact due to the gauge choice in the photon polarization. One may choose a particular
gauge for the photon polarization to suppress the contribution from the radiation type
diagrams. The observed property is more pronounced when the phase space is restricted
to z = [1 — ¢, 1] with e = 0.1. As is clearly seen in figure 19, an individual contribution
from the hard subprocess becomes much bigger than those involving the radiation type

diagrams, and the cancellation is more dramatic. The gauge dependence may not be a

62, psu 18 bigger than both

problem in the 2 — 4 process where all gauge bosons including the photon are attached to
the fermion currents.

Another interesting observation is that the sign of interference is v/3-dependent. For
instance, in figure 18, the interference stays positive until around v/s ~ 4 TeV whereas, in
the situation corresponding to figure 19, the interference becomes negative well before TeV.
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C Beyond the effective W approximation in qV — q'vf

It will be interesting to understand our result in the context of the EWA. In this section, we
carefully compare the derivation of the EWA presented in [40] in the axial gauge with our
amplitudes computed in the unitary gauge. In the unitary gauge, it is difficult to clearly
separate the contributions from sub-amplitudes with definite polarizations. However, de-
spite the different gauge choices, a meaningful comparison with [40] can be done. We start
our discussion by presenting our full amplitude decomposed into Fourier modes in e?™?
(with m as an integer of either sign or zero) only for the left-handed polarization of the

photon as an illustration.'!

C.1 Full amplitude of qV — q'v¢

All the amplitudes of ¢V — ¢'v¢ below, focusing only on the coupling A, are multiplied
by an overall phase factor e~ (without loss of generality) for better comparison with
literature. The amplitude is decomposed into the SM and BSM ones. After substituting
6 — m — 0 to parametrize the forward quark region in terms of angle 6 (the forward quark
corresponds to # ~ 0 after the substitution), our evaluation of the amplitudes for the SM
and BSM for the coupling A, are given by (showing only terms relevant for the forward

"The diagram b in figure 4 takes the form

_ Zn Cnein¢ _ ime
eL.Mb_m_Zcme , (C.1)

where «, 8 > 0 and the summation over n in the numerator stops at a finite n. Using the residue theorem
to obtain C),, the Fourier decomposition is given by

In—ml
EL‘Mb:*Z Zc (O‘_ 0‘2_52> e (C.2)
R T |

where m runs over [—o0, 00]. \/a? — 82 in eq. (C.2) in terms of 6 after the substitution is given by

Va2 —p2=|-1+2z+zcosy + cosO(z — cos + zcos )| , (C.3)

where —1 + z + zcos® + cos@(z — cosf + zcosy) > 0 in the forward quark limit & — 0 (the opposite
sign for the backward quark limit). We will refer to the forward quark region by phase space satisfying
—1+4 z+ zcos + cos@(z — cos @ + zcosp) > 0 and the backward quark by those with the opposite sign.
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quark, see footnote 11)
0 .
25/2 _ — in = o
eg? 8 (22 —1)(1 — 2z)sin 5 €
4m2, [(2z — 1)§ — m,] [m3, + 8(1 — 2)(1 — cos6)]
X {2\/2z'j sin1) cos @ — (1 — cos ) sin § e~

+ (22 = 1)(1 + cos ) sin@eiﬂ ,

er, - Mpsm = Az

1 §3/2 1—2
m?, + §(1 — z)(1 — cos6) 2z -1

(14 cos ) sec g

4(1— 2)(2z — 1)(1 — cosf) — 2(5 — 4z)m§%v (C.4)

6 (22 —1)§ — m]
1 — 2)3/2 0 ,
+ §1/2(22)1 sin 1 sec? 3 sin 0 '
Z_
1-2\*%1 0 :
£1/2 1 57 29 2i¢
+35 (22_1) 2(1 cos 1)) sec 5 Sin fe

+§1/2(1 - 2)3/21
(22-1)24

2
€L - Msy = —eg

X

0 )
(1 — costp)? cscp sec” B sin®0 e ... | |

where coefficients of Fourier modes are exact without any approximation, importantly, it
works for § ~ O(1), and T'yy was neglected since here we focus on the off-shell W decaying
to fvp. The series expansion in e*™® for a large m without being truncated arises due to
the ¢-dependence in the denominator of diagram b in figure 4. In the forward limit of the
quark, namely 6 < 1, the amplitudes for the SM and BSM will be approximated in power
series of small 6:

e M=8(MPY+ MEDG+ MPVG )

y ) ] (C.5)
+ 0 (MOY 4 MG MOV )

where a subscript + is to distinguish two groups of terms multiplied by an overall § and 6*
outside parenthesis. The contributions suppressed by WE—QVQV (and, in general, those from the
longitudinal polarizations although they do not appear in our computation as the external
fermions are taken to be massless) are denoted by - - - in eq. (C.5). It is important to notice
that the factor e*™? is always accompanied with 6" for m < n in the expansion in terms
of # < 1 (due to a possible product of 0 = fe~'® and 5*) 0 and 0* can be used as a way to
compare with the derivation in [40] (this property will be clear below) as they are correlated
with the specific polarization of W radiated off the quark current (thus we can extract the
information about the sub-amplitude with a specific polarization). By looking into the

analytic evaluation of the SM and BSM amplitudes in eq. (C.4), we definitely see that
0,0 0,0
M(—S)M # 0 M(—,B)SM =0,

(C.6)
0,0 0,0
MEGy =0 MPPop #0,

which is the reflection of the helicity selection rule.
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C.2 What gets lost in effective W approximation

The derivation of the EWA in 2 — 3 process in [40] has been carried out in the axial gauge
where all radiation type diagrams were supposed to be sub-dominant. The derivation starts
with the full matrix element expanded in power series of the virtuality of the gauge boson
V = m?—¢? radiated off the forward quark line, while assuming zE ~ (1—-2)E, 6,, = m/E,
01 =pi/E < 1 (FE as the scale of the hard subprocess, m the gauge boson mass, p, the
transverse momentum of the quark). Quoting eq. (37) of [40] in their notation, the full
amplitude takes the form

Asotal = V2 hzzgl [JM *} [EﬁAﬁard}

- [y Kl— :;) evAtara

where the splitting amplitudes for the transverse polarizations were given by (similarly for

(C.7)
(14002 +32)) .

the longitudinal polarization)

- S ] =20 ijgi(x) (1+002 +42)) , (C.8)

where g4 () is the splitting function for transverse polarizations. In our toy process uy —
dve™ only with )., the full amplitude would include terms in their language

oc [ (6] ey Aaa] + [ 78] e ABsud] - (C.9)

where the polarization is that of W radiated off the quark current. Note that the total he-
licity of the sub-amplitude of W~ — fv;, for the SM and BSM with the insertion of tr(W3 )
are different while the total helicity of the full amplitude can match. Followmg the notation
of [40] and its procedure, the sub-amplitudes are expanded in 2+ and i + (eq. (55) of [40]),

As = gu(z) [e5A7] = ADY +A1°pE +ADY pbf

(C.10)
(1,1 prl (2,0) pL (0,2) P
+A 2 +.A 2 +A E2 +
where p; = pll — 2‘102L = pLe ™ and Pl = pLe® is the complex conjugate. Since

pr(q) = (1 — 2)V/5sin@ and m?2, = (22 — 1)3 in our toy process, taking m,, ~ E for
z ~ O(1) as an energy of the hard subprocess, we have the relation p; ~ E6 with 0 < 1
from which we can relate p, and 6. The total amplitude is rewritten as, keeping only
transverse polarizations to simplify the discussion,

2C .
Atotal = e} LA +p1A]
2C

:VZ[M(A<°°+A”% A(01E+ ) (C.11)

o (400 | ,00DPL | 00Dl |
—i—pL(A_ + ATV ABDEL o )]
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where we also kept higher-order terms which are important in our situation unlike the case
of the derivation in [40] which keeps only the leading terms Af ), Upon squaring the full
amplitude, we would expect interference terms to the total cross section such as

=k \2
p1p ,0)* ;
o (Bup1)” J'E;) (A(flyg)]\/[A(leg)SM + h.c.) +oe (C.12)

whereas the leading SM and quadratic terms of the BSM are given by
. 0,0) |2 I 0,0 2

where only leading ¢-independent terms (that can survive in the inclusive cross section)
were written in egs. (C.12) and (C.13) for an illustration. Therefore, the leading contribu-
tions to the interference and quadratic terms in the inclusive cross section scale as, showing
only leading ¢-independent terms,

2
| Avtotal lsarx BS M 2B | Awalbsye 2 B
5 x A0 AT 5 AL AL (C.14)
|Atotal ysM ‘Atotal ’SM

The interference appears suppressed by 62 in case of # < 1, compared to the typical
energy-growing behavior. Note that there could be also terms suppressed by 62, = %; in the
interference in eq. (C.14). However, importantly, our exact result in eq. (C.4) extend to the
situation with a sizeable # which can be thought of kind of the resummation. If only leading
terms A(io ) are taken as in [40], the interference between the SM and BSM would have only
cos(2¢) term which vanishes upon the integration over ¢. The explicit analytic evaluation
and numerical confirmation of our toy process reveals a sizable phase space beyond the
relevant regime of the EWA that contributes to the interference in the inclusive cross
section. We suspect that our situation belongs to an exceptional case mentioned in [40].

D Detail of BDT analysis

For the purpose of the training and testing, we made separate inclusive EW #¢55 and
QCD Drell-Yan samples over the entire my, range whereas the samples (for the same
processes) for the actual BDT analysis were generated in multiple my, bins to guarantee the
smoothness with enough statistics up to the high invariant mass tail. The ratio of samples
for the training and testing to those for the actual analysis is 1 to 4. For tt+jets samples, we
used 30% for the training and testing and the remaining 70% for the analysis. We trained
and tested over the EW £/jj in the SM as a signal and the remaining as the background
using the gradient boosting algorithm (called BDTG) provided in TMVA package. Our
validation of the BDT analysis is illustrated in figure 20 which shows the clear separation
of the EW /¢ + jets events from the QCD Drell-Yan and top pair backgrounds.

Training and testing by taking EFT benchmark points as signals and the remaining
as backgrounds may help in boosting the discrimination of the EFT signals from the back-
ground, and VBFhardness may play a role in that situation. We also have not included
any top-related variables, including b-jets, which may be important in the binned analysis
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Figure 20. Our validation of the BDT analysis with the variable set in eq. (4.7), using the gradient
boosting algorithm in TMVA package.

of my; as top backgrounds remain significant up to a higher energy tail (see right panel
of figure 11). The distributions for part of the BDT variables, given in eq. (4.7), after
imposing pr and 7 cuts on jets and leptons are illustrated in figure 21 where we also added
one selected EFT benchmark point for A, = 0.04 as an illustration.
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Figure 21. The normalized distribution of BDT variables for the EFT signal for A\, = 0.04 and
backgrounds after imposing pr(j1) > 50 GeV, pr(j2) > 30GeV, pr(£1) > 30 GeV, pr(¢2) > 20 GeV,
In(3)| < 4.5, [n(¢)] < 2.5. Recall that EW Zjj and EFT samples were generated with m;; >

120 GeV at the generation level.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

— 38 —


https://creativecommons.org/licenses/by/4.0/

References

1]

ATLAS collaboration, Observation of a new particle in the search for the Standard Model
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214] [INSPIRE].

CMS collaboration, Observation of a new boson at a mass of 125 GeV with the CMS
experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] INSPIRE].

ATLAS collaboration, Combined effective field theory interpretation of differential
cross-sections measurements of WW, WZ, 4, and Z-plus-two-jets production using ATLAS
data, ATL-PHYS-PUB-2021-022, CERN, Geneva, Switzerland (2021).

CMS collaboration, Measurement of the inclusive and differential W Z production cross
sections, polarization angles, and triple gauge couplings in pp collisions at \/s = 13 TeV,
JHEP 07 (2022) 032 [arXiv:2110.11231] [INSPIRE].

CMS collaboration, Measurement of W*~ differential cross sections in proton-proton
collisions at /s = 13 TeV and effective field theory constraints, Phys. Rev. D 105 (2022)
052003 [arXiv:2111.13948] [INSPIRE].

R. Contino et al., On the validity of the effective field theory approach to SM precision tests,
JHEP 07 (2016) 144 [arXiv:1604.06444] [INSPIRE].

A. Falkowski et al., Anomalous triple gauge couplings in the effective field theory approach at
the LHC, JHEP 02 (2017) 115 [arXiv:1609.06312] [INSPIRE].

A. Azatov, J. Elias-Miro, Y. Reyimuaji and E. Venturini, Novel measurements of anomalous
triple gauge couplings for the LHC, JHEP 10 (2017) 027 [arXiv:1707.08060] INSPIRE].

C. Cheung and C.-H. Shen, Nonrenormalization theorems without supersymmetry, Phys. Rev.
Lett. 115 (2015) 071601 [arXiv:1505.01844] [INSPIRE].

A. Azatov, R. Contino, C.S. Machado and F. Riva, Helicity selection rules and
noninterference for BSM amplitudes, Phys. Rev. D 95 (2017) 065014 [arXiv:1607.05236]
[INSPIRE].

G. Panico, F. Riva and A. Wulzer, Diboson interference resurrection, Phys. Lett. B 776
(2018) 473 [arXiv:1708.07823] [INSPIRE].

A. Azatov, D. Barducci and E. Venturini, Precision diboson measurements at hadron
colliders, JHEP 04 (2019) 075 [arXiv:1901.04821] [INSPIRE].

R. Franceschini et al., Electroweak precision tests in high-energy diboson processes, JHEP 02
(2018) 111 [arXiv:1712.01310] [INSPIRE].

R. Aoude and W. Shepherd, Jet substructure measurements of interference in non-interfering
SMEFT effects, JHEP 08 (2019) 009 [arXiv:1902.11262] [INSPIRE].

A. Helset and M. Trott, On interference and non-interference in the SMEFT, JHEP 04
(2018) 038 [arXiv:1711.07954] [INSPIRE].

CMS collaboration, Flectroweak production of two jets in association with a Z boson in
proton-proton collisions at /s = 13 TeV, Eur. Phys. J. C 78 (2018) 589 [arXiv:1712.09814]
[INSPIRE].

ATLAS collaboration, Differential cross-section measurements for the electroweak production
of dijets in association with a Z boson in proton-proton collisions at ATLAS, Eur. Phys. J.
C 81 (2021) 163 [arXiv:2006.15458] [INSPIRE].

-39 —


https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/literature/1124337
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/literature/1124338
http://cds.cern.ch/record/2776648
https://doi.org/10.1007/JHEP07(2022)032
https://arxiv.org/abs/2110.11231
https://inspirehep.net/literature/1949191
https://doi.org/10.1103/PhysRevD.105.052003
https://doi.org/10.1103/PhysRevD.105.052003
https://arxiv.org/abs/2111.13948
https://inspirehep.net/literature/1978840
https://doi.org/10.1007/JHEP07(2016)144
https://arxiv.org/abs/1604.06444
https://inspirehep.net/literature/1450010
https://doi.org/10.1007/JHEP02(2017)115
https://arxiv.org/abs/1609.06312
https://inspirehep.net/literature/1487539
https://doi.org/10.1007/JHEP10(2017)027
https://arxiv.org/abs/1707.08060
https://inspirehep.net/literature/1611592
https://doi.org/10.1103/PhysRevLett.115.071601
https://doi.org/10.1103/PhysRevLett.115.071601
https://arxiv.org/abs/1505.01844
https://inspirehep.net/literature/1368926
https://doi.org/10.1103/PhysRevD.95.065014
https://arxiv.org/abs/1607.05236
https://inspirehep.net/literature/1476663
https://doi.org/10.1016/j.physletb.2017.11.068
https://doi.org/10.1016/j.physletb.2017.11.068
https://arxiv.org/abs/1708.07823
https://inspirehep.net/literature/1620056
https://doi.org/10.1007/JHEP04(2019)075
https://arxiv.org/abs/1901.04821
https://inspirehep.net/literature/1713823
https://doi.org/10.1007/JHEP02(2018)111
https://doi.org/10.1007/JHEP02(2018)111
https://arxiv.org/abs/1712.01310
https://inspirehep.net/literature/1641091
https://doi.org/10.1007/JHEP08(2019)009
https://arxiv.org/abs/1902.11262
https://inspirehep.net/literature/1722532
https://doi.org/10.1007/JHEP04(2018)038
https://doi.org/10.1007/JHEP04(2018)038
https://arxiv.org/abs/1711.07954
https://inspirehep.net/literature/1637386
https://doi.org/10.1140/epjc/s10052-018-6049-9
https://arxiv.org/abs/1712.09814
https://inspirehep.net/literature/1645246
https://doi.org/10.1140/epjc/s10052-020-08734-w
https://doi.org/10.1140/epjc/s10052-020-08734-w
https://arxiv.org/abs/2006.15458
https://inspirehep.net/literature/1803608

18]
[19]
[20]
21]
[22]
23]
[24]
[25)

[26]

[27]

28]
[29]

[30]
[31]

[32]

[33]
[34]
[35]
[36]

[37]

S. Dawson, P.P. Giardino and A. Ismail, Standard model EFT and the Drell-Yan process at
high energy, Phys. Rev. D 99 (2019) 035044 [arXiv:1811.12260] InSPIRE].

M. Farina et al., Energy helps accuracy: electroweak precision tests at hadron colliders, Phys.
Lett. B 772 (2017) 210 [arXiv:1609.08157] INSPIRE].

A. Greljo and D. Marzocca, High-pp dilepton tails and flavor physics, Eur. Phys. J. C 77
(2017) 548 [arXiv:1704.09015] [INSPIRE].

G. Panico, L. Ricci and A. Wulzer, High-energy EFT probes with fully differential Drell-Yan
measurements, JHEP 07 (2021) 086 [arXiv:2103.10532] [InSPIRE].

L. Allwicher et al., Drell-Yan tails beyond the Standard Model, JHEP 03 (2023) 064
[arXiv:2207.10714] [NSPIRE].

L. Allwicher et al., HighPT: a tool for high-pr Drell-Yan tails beyond the standard model,
Comput. Phys. Commun. 289 (2023) 108749 [arXiv:2207.10756] [INSPIRE].

A. Greljo, J. Salko, A. Smolkovi¢ and P. Stangl, Rare b decays meet high-mass Drell-Yan,
JHEP 05 (2023) 087 [arXiv:2212.10497] [INSPIRE].

CMS collaboration, Search for resonant and nonresonant new phenomena in high-mass
dilepton final states at \/s = 13 TeV, JHEP 07 (2021) 208 [arXiv:2103.02708] [INSPIRE].

ATLAS collaboration, Search for heavy Higgs bosons decaying into two tau leptons with the
ATLAS detector using pp collisions at /s = 13 TeV, Phys. Rev. Lett. 125 (2020) 051801
[arXiv:2002.12223] NSPIRE].

R.N. Cahn and S. Dawson, Production of very massive Higgs bosons, Phys. Lett. B 136
(1984) 196 [Erratum ibid. 138 (1984) 464] [INSPIRE].

S. Dawson, The effective W approzimation, Nucl. Phys. B 249 (1985) 42 [INSPIRE].

G.L. Kane, W.W. Repko and W.B. Rolnick, The effective W=, Z° approzimation for
high-energy collisions, Phys. Lett. B 148 (1984) 367 [INSPIRE].

R.N. Cahn, Production of heavy Higgs bosons: comparisons of exact and approximate results,
Nucl. Phys. B 255 (1985) 341 [Erratum ibid. 262 (1985) 744] [INSPIRE].

J. Lindfors, Distribution functions for heavy vector bosons inside colliding particle beams, Z.
Phys. C 28 (1985) 427 [INSPIRE].

J.F. Gunion, J. Kalinowski and A. Tofighi-Niaki, Fxact FF — FFWW calculation for the
charged current sector and comparison with the effective W approximation, Phys. Rev. Lett.
57 (1986) 2351 [INSPIRE].

R. Kleiss and W.J. Stirling, Anomalous high-energy behavior in boson fusion, Phys. Lett. B
182 (1986) 75 [INSPIRE].

G. Altarelli, B. Mele and F. Pitolli, Heavy Higgs production at future colliders, Nucl. Phys. B
287 (1987) 205 [INSPIRE].

P.W. Johnson, F.I. Olness and W.-K. Tung, The effective vector boson method for
high-energy collisions, Phys. Rev. D 36 (1987) 291 [INSPIRE].

Z. Kunszt and D.E. Soper, On the validity of the effective W approximation, Nucl. Phys. B
296 (1988) 253 [INSPIRE].

I. Kuss and H. Spiesberger, Luminosities for vector boson-vector boson scattering at
high-energy colliders, Phys. Rev. D 53 (1996) 6078 [hep-ph/9507204] [INSPIRE].

40 —


https://doi.org/10.1103/PhysRevD.99.035044
https://arxiv.org/abs/1811.12260
https://inspirehep.net/literature/1705861
https://doi.org/10.1016/j.physletb.2017.06.043
https://doi.org/10.1016/j.physletb.2017.06.043
https://arxiv.org/abs/1609.08157
https://inspirehep.net/literature/1488288
https://doi.org/10.1140/epjc/s10052-017-5119-8
https://doi.org/10.1140/epjc/s10052-017-5119-8
https://arxiv.org/abs/1704.09015
https://inspirehep.net/literature/1597310
https://doi.org/10.1007/JHEP07(2021)086
https://arxiv.org/abs/2103.10532
https://inspirehep.net/literature/1852614
https://doi.org/10.1007/JHEP03(2023)064
https://arxiv.org/abs/2207.10714
https://inspirehep.net/literature/2121116
https://doi.org/10.1016/j.cpc.2023.108749
https://arxiv.org/abs/2207.10756
https://inspirehep.net/literature/2121076
https://doi.org/10.1007/JHEP05(2023)087
https://arxiv.org/abs/2212.10497
https://inspirehep.net/literature/2616316
https://doi.org/10.1007/JHEP07(2021)208
https://arxiv.org/abs/2103.02708
https://inspirehep.net/literature/1849964
https://doi.org/10.1103/PhysRevLett.125.051801
https://arxiv.org/abs/2002.12223
https://inspirehep.net/literature/1782650
https://doi.org/10.1016/0370-2693(84)91180-8
https://doi.org/10.1016/0370-2693(84)91180-8
https://inspirehep.net/literature/14236
https://doi.org/10.1016/0550-3213(85)90038-0
https://inspirehep.net/literature/200030
https://doi.org/10.1016/0370-2693(84)90105-9
https://inspirehep.net/literature/200720
https://doi.org/10.1016/0550-3213(85)90514-0
https://inspirehep.net/literature/206871
https://doi.org/10.1007/BF01413605
https://doi.org/10.1007/BF01413605
https://inspirehep.net/literature/16126
https://doi.org/10.1103/PhysRevLett.57.2351
https://doi.org/10.1103/PhysRevLett.57.2351
https://inspirehep.net/literature/231347
https://doi.org/10.1016/0370-2693(86)91081-6
https://doi.org/10.1016/0370-2693(86)91081-6
https://inspirehep.net/literature/230448
https://doi.org/10.1016/0550-3213(87)90103-9
https://doi.org/10.1016/0550-3213(87)90103-9
https://inspirehep.net/literature/249192
https://doi.org/10.1103/PhysRevD.36.291
https://inspirehep.net/literature/244804
https://doi.org/10.1016/0550-3213(88)90673-6
https://doi.org/10.1016/0550-3213(88)90673-6
https://inspirehep.net/literature/246919
https://doi.org/10.1103/PhysRevD.53.6078
https://arxiv.org/abs/hep-ph/9507204
https://inspirehep.net/literature/396908

[38]

E. Accomando, A. Ballestrero, A. Belhouari and E. Maina, Isolating vector boson scattering
at the LHC: gauge cancellations and the equivalent vector boson approximation vs complete
calculations, Phys. Rev. D 74 (2006) 073010 [hep-ph/0608019] [INSPIRE].

A. Alboteanu, W. Kilian and J. Reuter, Resonances and unitarity in weak boson scattering at

the LHC, JHEP 11 (2008) 010 [arXiv:0806.4145] [INSPIRE].

P. Borel, R. Franceschini, R. Rattazzi and A. Wulzer, Probing the scattering of equivalent
electroweak bosons, JHEP 06 (2012) 122 [arXiv:1202.1904] [INSPIRE].

J. Alwall et al., The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations, JHEP 07 (2014)
079 [arXiv:1405.0301] [INSPIRE].

CMS collaboration, Measurement of electroweak production of a W boson in association with
two jets in proton-proton collisions at \/s = 13 TeV, Eur. Phys. J. C' 80 (2020) 43
[arXiv:1903.04040] [iNSPIRE].

M. Cacciari, G.P. Salam and G. Soyez, The anti-k; jet clustering algorithm, JHEP 04 (2008)
063 [arXiv:0802.1189] [NSPIRE].

CMS collaboration, FElectron and photon performance in CMS with the full 2016 data
sample, CMS-DP-2017-004, CERN, Geneva, Switzerland (2017).

CMS collaboration, Performance of quark/gluon discrimination in 8 TeV pp data,
CMS-PAS-JME-13-002, CERN, Geneva, Switzerland (2013).

TMVA collaboration, TMVA — toolkit for multivariate data analysis, physics/0703039
[INSPIRE].

A. Alloul et al., FeynRules 2.0 — a complete toolbox for tree-level phenomenology, Comput.
Phys. Commun. 185 (2014) 2250 [arXiv:1310.1921] [InSPIRE].

NNPDF collaboration, Parton distributions for the LHC run II, JHEP 04 (2015) 040
[arXiv:1410.8849] [INSPIRE].

P. Nason, A new method for combining NLO QCD with shower Monte Carlo algorithms,
JHEP 11 (2004) 040 [hep-ph/0409146] [INSPIRE].

K. Hagiwara, S. Ishihara, R. Szalapski and D. Zeppenfeld, Low-energy effects of new
interactions in the electroweak boson sector, Phys. Rev. D 48 (1993) 2182 [inSPIRE].

C. Degrande et al., Effective field theory: a modern approach to anomalous couplings, Annals
Phys. 335 (2013) 21 [arXiv:1205.4231] [INSPIRE].

B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek, Dimension-siz terms in the
standard model Lagrangian, JHEP 10 (2010) 085 [arXiv:1008.4884] [INSPIRE].

S. Banerjee, C. Englert, R.S. Gupta and M. Spannowsky, Probing electroweak precision
physics via boosted Higgs-strahlung at the LHC, Phys. Rev. D 98 (2018) 095012
[arXiv:1807.01796] INSPIRE].

S. Banerjee et al., Towards the ultimate differential SMEFT analysis, JHEP 09 (2020) 170
[arXiv:1912.07628] [INSPIRE].

F. Bishara et al., Revisiting Vh(— bb) at the LHC and FCC-hh, JHEP 06 (2023) 077
[arXiv:2208.11134] [NSPIRE].

ATLAS collaboration, Combined measurements of Higgs boson production and decay using
up to 139 fb=1 of proton-proton collision data at \/s = 13 TeV collected with the ATLAS
experiment, ATLAS-CONF-2021-053, CERN, Geneva, Switzerland (2021).

— 41 —


https://doi.org/10.1103/PhysRevD.74.073010
https://arxiv.org/abs/hep-ph/0608019
https://inspirehep.net/literature/722914
https://doi.org/10.1088/1126-6708/2008/11/010
https://arxiv.org/abs/0806.4145
https://inspirehep.net/literature/789119
https://doi.org/10.1007/JHEP06(2012)122
https://arxiv.org/abs/1202.1904
https://inspirehep.net/literature/1088565
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
https://arxiv.org/abs/1405.0301
https://inspirehep.net/literature/1293923
https://doi.org/10.1140/epjc/s10052-019-7585-7
https://arxiv.org/abs/1903.04040
https://inspirehep.net/literature/1724439
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
https://arxiv.org/abs/0802.1189
https://inspirehep.net/literature/779080
http://cds.cern.ch/record/2255497
http://cds.cern.ch/record/1599732
https://arxiv.org/abs/physics/0703039
https://inspirehep.net/literature/746087
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1016/j.cpc.2014.04.012
https://arxiv.org/abs/1310.1921
https://inspirehep.net/literature/1257621
https://doi.org/10.1007/JHEP04(2015)040
https://arxiv.org/abs/1410.8849
https://inspirehep.net/literature/1325552
https://doi.org/10.1088/1126-6708/2004/11/040
https://arxiv.org/abs/hep-ph/0409146
https://inspirehep.net/literature/659055
https://doi.org/10.1103/PhysRevD.48.2182
https://inspirehep.net/literature/353285
https://doi.org/10.1016/j.aop.2013.04.016
https://doi.org/10.1016/j.aop.2013.04.016
https://arxiv.org/abs/1205.4231
https://inspirehep.net/literature/1115311
https://doi.org/10.1007/JHEP10(2010)085
https://arxiv.org/abs/1008.4884
https://inspirehep.net/literature/866649
https://doi.org/10.1103/PhysRevD.98.095012
https://arxiv.org/abs/1807.01796
https://inspirehep.net/literature/1681010
https://doi.org/10.1007/JHEP09(2020)170
https://arxiv.org/abs/1912.07628
https://inspirehep.net/literature/1771350
https://doi.org/10.1007/JHEP06(2023)077
https://arxiv.org/abs/2208.11134
https://inspirehep.net/literature/2141291
http://cds.cern.ch/record/2789544

	Introduction
	EW dilepton production with two associated jets
	Toy process for analytic study: single lepton with an associated jet
	Cross section for on-shell W boson
	Cross section for off-shell W boson
	Numerical calculation of toy process and interference resurrection
	Beyond the effective W approximation

	Numerical analysis of EW dilepton with two associated jets
	Interference resurrection
	Validation against the CMS analysis and BDT analysis
	Sensitivity to aTGC at the LHC
	Sensitivity to EFT operators and comparison with diboson

	Conclusion
	Details on simulation
	Signal and background generation

	Computation detail of qV -> q' nu ell
	Choice of four momenta and amplitudes
	Phase space integration
	Interference between SM and BSM amplitudes for coupling lambda(z)

	Beyond the effective W approximation in qV -> q' nu ell
	Full amplitude of qV -> q' nu ell
	What gets lost in effective W approximation

	Detail of BDT analysis

