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Abstract: Measuring vector boson scattering (VBS) precisely is an important step toward understanding the elec-

troweak symmetry breaking of and detecting new physics beyond the standard model (SM). Herein, we propose a
neural network that compresses the features of the VBS data into a three-dimensional latent space. The consistency
of the SM predictions and experimental data is tested via binned log-likelihood analysis in the latent space. We show
that the network is capable of distinguishing different polarization modes of WWjj production in both di- and semi-
leptonic channels. The method is also applied to constrain the effective field theory and two Higgs Doublet Model.

The results demonstrate that the method is sensitive to general new physics contributing to the VBS.
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I. INTRODUCTION

Vector Boson Scattering (VBS) represents sensitive
probe of both the Standard Model (SM) electroweak sym-
metry breaking (EWSB) and new beyond-the-SM (BSM)
physics [1, 2]. If the couplings between the Higgs and
vector bosons deviate from the SM prediction, the cross-
sections of VBS processes will increase with center-of-
mass energy up to the scale of new physics. In addition,
many BSM models predict an extended Higgs sector. The
contribution from new resonances can also increase the
VBS cross-section in certain phase spaces.

Measuring VBS processes at hadron collider is exper-
imentally challenging, owing to their low signal yields
and complex final states. The LHC experiments have per-
formed comprehensive searches for VBS processes [3-5].
The same-sign WW production with leptonic decay has
the largest signal-to-background ratio among VBS pro-
cesses. This channel was the first VBS process to be ob-
served during Run I of the LHC [6, 7] and has been con-
firmed by measurements from the LHC's Run II [8, 9].
The ATLAS and CMS Collaborations have also meas-
ured other VBS channels, including fully leptonic ZZ [10,
11], fully leptonic WZ [12, 13], and semi-leptonic WV or
ZV with the V decaying hadronically [14, 15]. New phys-

ics contributions to the VBS channels are usually para-
meterized by effective field theory (EFT) operators. Pre-
cise measurement of the VBS channels can be recast as
constraints on the coefficients of the operators [16-18].
Understanding the polarization of the gauge bosons is
an important step following measurements of the VBS
processes. Vector bosons are unstable and can only be
observed via their decay products. This generates inter-
ference between different polarizations, which exactly
cancels only when the azimuthal angles of the decay
products are integrated over. Even though selection cuts
in analyses render the cancellation incomplete, it remains
possible to extract polarization fractions by fitting the
data with Monte-Carlo-simulated templates. Studies have
sought to determine the polarization of gauge bosons in
the W=W?* channel [19, 20], fully leptonic W*W#* chan-
nel [21], fully leptonic WZ/ZZ channels [22], the SM
Higgs decay [23], and generic processes featuring boos-
ted hadronically decaying W bosons [24]. Various kin-
ematic observables have been proposed in these works to
discriminate between the longitudinally and transversally
polarized gauge boson. Several recent studies have shown
that deep neural networks inputted with the final states'
momenta can be used for regression of the lepton angle in
the gauge boson rest frame [25, 26] and to classify events
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from different polarizations [27, 28].

Autoencoders have been widely used in model-ag-
nostic searches at colliders (referred to as anomaly detec-
tion or novelty detection). The main function of the au-
toencoder is to learn to map an input to a latent com-
pressed representation and then back to itself. An autoen-
coder trained on known SM processes can identify BSM
events as anomalies [29-36]. In other cases, when the an-
omaly can not be detected on a single event, density-
based novelty evaluators [37-39] are used to detect dis-
crepancies between two datasets in the latent space. Be-
cause the VBS processes are ideal probes for accessing
any new physics relating to EWSB, we adopt autoen-
coders to detect possible new physics contributions to this
process.

In this work, by focusing on the fully leptonic and
semi-leptonic channels of the W*WT¥+jets process, we
propose a neural network based on the transformer archi-
tecture [40], to learn the features of the VBS process.
These features are not only useful for separating the VBS
process from the SM backgrounds but also capable of dis-
criminating between different polarizations of the W bo-
sons in the VBS process. An autoencoder is trained on
features to reduce the dimensionality such that only the
most relevant features are retained. Eventually, we per-
form a binned log-likelihood test in the latent space, to
determine whether the feature distributions coincide with
the SM prediction. The EFT and Two Higgs Doublet
Model (2HDM) are considered as examples, to demon-
strate that the method can test a wide range of BSM phys-
ics.

The paper is organized as follows: in Sec. II, the ana-
lysis framework is introduced, including the event gener-
ation, neural network architecture, and binned log-likeli-
hood analysis; in Sec. III, the discrimination of different
polarization modes of the WW jj production is discussed;
in Secs. IV and V, we consider the application of our
method to the EFT and 2HDM, respectively; our conclu-
sions are presented in Sec. VI.

II. ANALYSIS FRAMEWORK

A. Event generation for signals and backgrounds

The signal and background events in our study are
generated using the MADGRAPHS5 AMC@NLO [41]
framework, in which the MADSPIN is used for the de-
cays of heavy SM particles (top quark, W/Z boson), and
PYTHIA 8.2 [42] is used for the parton shower, hadron-
ization, and hadronic decay. The latest version of MGS5 is
capable of handling polarized parton scattering [43]. This
function is adopted to simulate the events of VBS pro-
cesses exhibiting fixed vector boson polarization in the fi-

nal state. The detector effects are simulated by DEL-
PHES 3 with the ATLAS configuration card, where the
b-tagging efficiency is set to 70%, and the mistagging
rates for the charm- and light-flavor jets are 0.15 and
0.008, respectively [44]. The clustering of final state
particles into jets is implemented by FASTJET [45] us-
ing the anti-kr algorithm with cone-size parameter
R=04.

All of the diagrams at o/éw (agw is the electroweak
coupling constant) are included in simulations of the VBS
process (hereafter referred to as EW production), includ-
ing yy — WW processes with the final state vector boson
radiated from quark directly, as well as the significant in-
terferences between diagrams. Mixed -electroweak--
quantum chromodynamics (QCD) di-boson productions
are also present at O(a?aZ,,), where o is the strong
coupling constant. In the SM, the interference between
the electroweak and mixed EW--QCD production is small
[20, 46, 47]. When simulating the polarized processes,
the definition of the polarization is frame-dependent. In
this work, we take the partonic center of mass frame as
the reference (i.e., the rest frame defined by the two ini-
tial parton in the gg’ —» W*W~jj process”).

We study both the di- and semi-leptonic channels of
the EW W*W? j;j production. Thus, at least one of the W
bosons should decaying leptonically (denoted by
W,Wjj*WV). The dominant backgrounds are the QCD pro-
duction of therf process, single-top production, mixed
EW--QCD production of WW/WZ, and the EW produc-
tion of WZ. Because the fully hadronic final states are ir-
relevant to our analysis, the following requirements are
applied to generate the background events: (1) at least
one of the tops decays leptonically in the 7 process (de-
noted by #t;), (2) either a W or top quark decays leptonic-
ally in the W process (denoted by tW,/1,W), (3) at least
one of the I boson decays leptonically in the mixed elec-
troweak--QCD WWj process (denoted by W,WjjQP),
(4) the W boson decays leptonically in the mixed elec-
troweak--QCD WZjj process (denoted by W,Z;;j%P) and
in the EW WZjj process (denoted by W,Z;j;j*V). In all
cases, the transverse momenta of final state jets should
exceed 20 GeV. We use the measured inclusive cross-
sections at the LHC for 7 [48] and tW [49] processes,
and we use the leading-order cross-sections calculated by
MADGRAPH5 AMC@NLO for di-boson processes.
The fiducial cross-sections at 13 TeV (LHC) are presen-
ted in the second column of Table 1.

The events are divided into two classes with the fol-
lowing preselections [3]:

e Di-lepton: exactly two opposite-sign leptons with
pr(€) >20GeV, In()] <2.5; at least two jets with
pr(j) > 20 GeV, [n(j)| < 4.5; the two jets with leading pr
should produce large invariant mass (m;; > 500 GeV) and

1) One could also use the rest frame of W W~ system as the reference frame, in which the fraction of longitudinal polarized W boson is slightly higher [43].
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Table 1.  Production cross-sections of signal and back-
ground processes before and after pre-selections.
afid/pb o’ /fb alifo
tty 2103 139.8 3007.6
tWelteW 15.9 11.6 224.6
W, W j jACD 4.68 14.7 340.5
W,ZjjeP 2.20 4.49 165.7
Wz jjEW 0.487 3.68 222
W, w j BV 0.738 436 373

have a large pseudorapidity separation (|Az|;; > 3.6); no
b-tagged jet in the final state.

e Semi-lepton: exactly one charged lepton with
pr(€) >20GeV, [n()| <2.5; at least four jets with
pr(j) >20GeV, [n(j)| <4.5; the pair of jets with the
largest invariant mass (m;; > 500 GeV) that also satisfies
|An|;; > 3.6 is taken as the forward-backward jet pair; (4)
of the remaining jets, that with an invariant mass closest
to the W boson mass is regarded as the jet pair from the W
decay.

The cross-sections for signal and backgrounds after
the Di-Lepton and Semi-Lepton selections are provided
in the third and fourth columns of the Table 1, respect-
ively. We find that the ¢ process is the most important
background in both channels; its cross-section is
~ O(100) times larger than that of the VBS process.

The preselected events are fed into the network for
feature learning. The deep learning is understood to be
able to transform lower-level inputs into discriminative
outputs. T)hus, we represent each event by a set of four-
momenta and their identities (the lepton charge is im-
plied). Different networks are adopted for the di- and
semi-leptonic channels. The inputs for the dileptonic
channel network consists of the momenta of two leptons,
forward and backward jets, the sum of all detected
particles, and the sum of jets not assigned as forward-
backward jets. Furthermore, the input for the semi-lepton-
ic channel network consists of the momenta of the lepton,
forward and backward jets, two jets from the W decay,
the sum of all detected particles, and the sum of remain-
ing jetsz). In short, there are six/seven momenta (with
identities) for the inputs of the di-/semi-leptonic channel.

B. Neural network architecture

A simple fully connected neural network can extract
the features of the input data; however, it produces nu-
merous redundant connections, which reduces the extrac-
tion efficiency and increases the likelihood of overfitting.
These problems can be alleviated by including an atten-
tion mechanism. As proposed in Ref. [40], a transformer

1) We use the (py, py, p;, E), although sometimes (pr,7,¢,m) is used.

2) Jets that are not assigned as forward-backward jets and jets from # boson decay.

with a multi-head self-attention mechanism provides a
variety of different attentions and improves the learning
ability; thus, it can be used to effectively extract the in-
ternal feature connections.

The architecture of our neural network is illustrated in
Fig. 1. The input consists of identities and the four-mo-
menta of N particles (N =6/7 for the di-/semi-leptonic
channel). The original particle's momentum (p#) is nor-
malized according to

P = : (1)

where the index i runs over the N particles in an event.
The mean p* and standard deviation o, are calculated
for particles from the full set of the training sample.
Then, we embed the particle identities of each event into
a uniform distribution (N x64) and map the normalized
four-momenta to a matrix (N Xx64) via a mapping net-
work. The mapping network is a fully connected neural
network with four hidden layers (each layer contains 64
neurons). The sum of these two components (which en-
code the particle types into the four-momenta, denoted by
Mpyxes) 1s fed into the transformer. The transformer con-
tains four copies of the encoder layers. Each encoder con-
sists of a self-attention layer and a feedforward neural
network followed by normalization layers. In particular,

the self-attention layer maps the Myxe4 into My, .,

Vv

Lot

, wew"
My 64 =[Softmax _

8

O wKN\NT
W4 (W4

Softmax(T] WX ]NXM . Wé4ox64 , (2)

where W2XV is constructed from Mpyyes - Wﬁ"f;ﬁv and
W’@KV.O are trainable parameter matrices.

The output of the transformer is a matrix of size
Nx64. The features are obtained by averaging over the
particle index (which gives it the shape 1x 64). Finally, a
classifier and autoencoder are applied to classify the in-
puts (according to the processes to which they belong)
and reduce the dimensionality of the feature space. The
classifier and autoencoder are trained simultaneously, us-
ing an Adam optimizer with a learning rate of 3x107*.
Although higher-dimensional feature spaces provides bet-
ter discriminative power, the statistical uncertainty of the
shape analysis is significantly larger owing to the limited
number of simulated events [O(10°) for each signal pro-
cess after preselection]. In Fig. 2, we show the stabilized
loss (typically measured after ~100 epochs of training) of
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Fig. 2.
semi- (right panel) leptonic channels.

the autoencoder for different choices of feature-space di-
mensionality. For all polarization modes in the di- and
semi-leptonic channels, the three-dimensional latent
space can reproduce the 64-dimensional features reason-
ably well (with losses of < 107#). Meanwhile, binned log-
likelihood analysis can be performed with a relatively
small statistical uncertainty.

C. Binned log-likelihood analysis in latent space

The three-dimensional latent space is divided into
8x8x8 and 10x 10x 10 bins for the di- and semi-lepton-
ic channels, respectively, because the latter has a larger
production rate. In principle, one could perform the
binned log-likelihood test over all bins; however, this
renders the result sensitive to the tail of the distribution
when the signal and background event numbers are small.

3 45 10 20 30 50

Latent Dimensionality

2

(color online) Stabilized loss of the autoencoder for different choices of feature-space dimensionality in the di- (left panel) and

Although more dedicated analysis can resolve this issue,
we use only bins that contain relatively large numbers of
signal events, for simplicity. Of the bins that contain at
least 1% of the total signal events, the ten with the
highest signal-to-background ratios are selected for the
log-likelihood test”. Here, the background refers to the
summed contributions of the r,, tW;/t;W, W,WjjoP,
W,Zjj?P and W,Zjj*V processes. Furthermore, the sig-
nal refers to the W, WV and its new physics modifica-
tions. In realistic experiments, the number of signals in
each bin can be obtained by subtracting the predicted
background event number from the measured one. This
procedure selects ~30% of the signal events and ~0.5%
of the total background events in most cases. According
to the cross-sections in Table 1, this procedure reduces
the cross-section of the combined backgrounds to the

1) For the EFT case, since the kinematic feature of W* W™ jj production with non-zero ¢y is similar to that of the SM W*WT jj, the selected bins are identical in
most of the cases. As for the 2HDM, around half of the selected bins are different from those of SM W=W?™ jj. Moreover, the selected bins are different from paramet-

er point to parameter point in the 2HDM.
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same level as that of the VBS signal.

For a given hypothesis H (either the SM or new
physics BSM), the expected number of events (7;) in the
i-th bin can be obtained from Monte Carlo simulations.
The likelihood of the i-th bin featuring »n; observed events
follows a Poissonian probability, #"e™"/n;!. Thus, we can
determine the probability for the full distribution by mul-
tiplying the Poissonian probabilities of the selected bins.
The binned likelihood for hypothesis H,, is defined as

e

LidataHy) = | [ 3)

l

where i runs over the ten selected bins. Subsequently, we
can define the test statistic Q as the log-likelihood ratio
between a given hypothesis H, (i.e., new physics with
fixed parameters) and the null hypothesis Hj (the SM):

“4)

Q=-2log (—L(datalﬂa) ) .

L(data|H,)

We use the predicted numbers of events from the two hy-
potheses (H, and Hj) to generate two sets of pseudo-
data. In each bin, the pseudo-data are obtained by gener-
ating a random number from the Poissonian distribution
(statistical uncertainty) + Gaussian distribution (systemat-
ical uncertainty) with a mean value of ;. We repeat this
procedure 10° times for H, and Ho. This gives two dis-
tributions of the test statistic Q. Finally, the p-value of the
test hypothesis (H,) can be calculated by assuming that,
under the null hypothesis, the actual observation is at the
center of the Q distribution.

III. LEARNING THE FEATURES OF VECTOR
BOSON POLARIZATION

Of the polarization modes of the VBS processes, the
longitudinally polarized component is most closely re-
lated to the unitarity problem (i.e. the properties of the
Higgs boson) and possible new physics. Numerous stud-
ies have sought to separate the polarization of the gauge
boson in the VBS process, by exploiting various kinemat-
ic variables. The lepton angular distribution in the gauge
boson rest frame is understood to be sensitive to the vec-
tor boson polarization, expressed as

1 d 3 3 ;
o dcs;@ - gfL(] +eost)” + ng(l —cos6)’ + Zfo sin’ 6”(5)

where the f; g is the fraction of the corresponding heli-

1) Integrating the distribution over all bins gives one.

city and 6 is the angle between the vector boson flight
direction in a certain frame and the lepton flight direction
in the vector boson rest frame. Even though the shape of
the angular distribution represents a good discriminating
variable, it often cannot be reconstructed precisely. The
dileptonic channel of W*W?¥j; contains two missing
neutrinos in the final state. We cannot reconstruct the rest
frame for individual W bosons. In the semi-leptonic chan-
nel, even though the neutrino momentum can be solved
up to a twofold ambiguity (and thus the full momenta of
all particles can be calculated), large uncertainties are
typically involved when measuring the jets' momenta and
identifying the forward-backward and W-boson-decay-
produced jets. Moreover, the shape of the 6 distribution
can be distorted by the kinematic cuts used to separate the
VBS from its background [50].

In this section, we demonstrate that our network is
capable of discriminating different polarization modes of
the electroweak W*W¥ jj production from low-level in-
puts.

A. The dileptonic channel

We train the network with labeled events of elec-
troweak W W, jj, WS Wz jj, WiW, jj, and W7 W jj pro-
ductions, respectively. Here, W (Wr) represents the lon-
gitudinally (transversely) polarized W boson. The normal-
ized" distributions of these polarization modes in the
three-dimensional latent space are shown in Fig. 3. Lar-
ger cubes indicate more events in that bin. We can identi-
fy remarkable differences between the distributions of
different polarizations.

To assess the discriminative power of our network,
we perform a comparative study on methods using differ-
ent input variables. Besides the three latent features, two
classes of variables are defined”:

o Detector-level variables: Variables in this class
can be reconstructed experimentally; they include the
transverse momenta of two leptons pr(¢; ) and forward-
backward jets pr(ji2), and the azimuthal angle differ-
ence between the forward and backward jets A¢(j, j).

e Truth-level variables: Variables in this class can
only be obtained from Monte Carlo simulations; they in-
clude the transverse momenta of two W bosons pr(W*)
and the lepton angle in the W boson rest frame cos(6).
Pw - br
|Bw|Bel
the W boson momentum in the initial parton center of

The later is calculated from cos8 = , where py is

mass frame and j; is the lepton momentum in the # bo-
son rest frame.

The Gradient Boosting Decision Tree (GBDT) meth-
od is adopted to calculate the receiver operating charac-

2) We have tried many other variables, only those showing significant discriminating power are kept.
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(color online) Normalized distributions of the latent features for different polarization modes in the dileptonic channel.
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(color online) Left: comparison of the discriminative powers of methods using different input variables in the dileptonic chan-

nel. Right: sensitivity to a 1% change in the rate of the W; W; jj mode; the band width indicates the statistical uncertainty, and the col-

ors denote different systematic uncertainties.

teristic (ROC) curves for input variables in a class either
with or without the latent variables. The ROC curves are
shown in the left-hand panel of Fig. 4, where we have
considered the W;/W; jj events as the signal and the
events of other polarization modes as background. Meth-
ods using latent features alone have already outper-
formed the GBDT for all detector-level variables. Fur-
thermore, a GBDT that combines the latent variables with
detector-level ones does not offer a better discriminative
power than the method using latent variables alone. This
indicates that information regarding these detector-level
variables should be included in the latent variables. The
GBDT using truth-level variables offers a slightly im-
proved discriminative power than the method with latent
variables. Interestingly, the discriminative power can be
improved further by combining the truth-level and latent
variables.

When the new physics modifies the Higgs--gauge bo-
son interaction, the incomplete cancellation of the VBS
amplitude increases the fraction of longitudinally polar-
ized gauge boson final states. The current precision meas-
urements of the SM permit the W; W, j; fraction to be in-
creased by a single percentage (e.g., from 6 to 7% in the
following case). To study the sensitivity of latent vari-
ables to this increment of change, we perform binned log-
likelihood analysis, taking the SM cross-section (after ap-
plying the cut of m;; > 500 GeV at parton level) for each
polarized component. These are o(W;W,)=255 fb,

o(WiW;) =732 b, o(WiWw;)=769 fb, and
o(WiW;) =243.8 tb, respectively. The test hypothesis
takes o(W; W, ) =29.7 fb whilst keeping other cross-sec-
tions identical. The p-values for the hypothesis test under
varying integrated luminosity are shown in Fig. 4, where
we have considered the cases with three different system-
atic uncertainties. We can conclude that the future LHC
will be capable of detecting such changes, provided the
systematic uncertainty is below ~5%. Note that the back-
ground processes are negelcted at this stage. Moreover,
the new physics cannot be simply considered as the sum-
mation of the SM components. More complete and real-
istic analysis will be given in the next two sections.

B. The semi-leptonic channel

Compared to the dileptonic channel, the semi-lepton-
ic channel exhibits a much larger production cross-sec-
tion and only includes a single neutrino in the final state.
Improved discriminative power can be achieved in this
channel. Similarly, the network for the semi-leptonic
channel is trained with labeled EW production events for
W*W?7jj under different polarizations. The normalized
distribution for each polarization mode in the latent space
is shown in Fig. 5.

Two classes of variables that are used in the GBDT
method to calculate the ROC curves are listed as follows:

e Detector-level variables: transverse momentum
pr(€) and pseudorapidity n(£) of the lepton, azimuthal
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Latent 3
Latent 3

Fig. 5.

angle difference between the forward-backward jets
A¢(j, j) and the transverse momentum of the W boson
pair pr(W,W) which can be calculated by vector-sum-
ming the transverse momenta of its decay products (in-
cluding the missing transverse momentum).

e Truth-level variables: transverse momenta of two
W bosons pr(W*), the lepton angle in the W boson rest
frame cos(¢), and the invariant mass m;; of the forward-
backward jets.

The ROC curves for methods under different inputs
are presented in the left-hand panel of Fig. 6. Even
though the semi-leptonic channel only contains one neut-
rino in the final state, the large uncertainty in jet measure-
ment and the similarities between forward-backward and
W-boson-decay-generated jets render the polarization-dis-
criminating power of this channel similar to that of the
dileptonic one. However, owing to the sizable production
rate of this channel, a dataset with an integrated luminos-
ity of <600 fb~!' can be used to probe the 1% change in
the W; W, jj fraction.

It should be noted that this result is only provided as a
rough estimation. In a concrete model, the differential
cross-section of the EW W*W~jj channel cannot be
simply given by the combination of the SM polarization
components. Variables other than those listed above can
help to discriminate different polarizations. Meanwhile,
the contribution from the SM background processes
should be taken into account. In the following two sec-
tions, we consider the EFT and 2DHM as a case study.

o o
o ©

o
IS
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e
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Fig. 6.
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(color online) Normalized distributions of the latent features for different polarization modes in the semi-leptonic channel.

IV. APPLICATION TO THE EFFECTIVE
FIELD THEORY

In the absence of direct observations of new states, an
EFT-based description (valid up to the scale of new phys-
ics) represents a practical method for investigating new
physics. The EFT contains a complete set of independent
gauge-invariant operators composed of the SM fields.
Numerous studies have sought to constrain the coeffi-
cients of these operators with precise experiments [51-
55]. Most operators are tightly constrained by the elec-
troweak precision tests (EWPT) of the SM. We consider
the operator [56, 57]

c - - c
Oy = 2—:’2(9#[@'@]0# (@' 0] = THG“haﬂh (6)

because it is less constrained by the EWPT. The @ field
is a Higgs doublet and / denotes the Higgs boson field
with the vacuum expectation value v =246.2 GeV. The
Oy operator contributes to the Higgs boson kinetic term,
and the field redefinition required to return the kinetic
term to its canonical form is as follows:

hﬁh[l—%c‘H}. (7)

This leads to the following changes to the Higgs
couplings:

10702

B Null Syst. err.
5% Syst. err.

10% Syst. err.
10-075 |

10-10 |

95% C.L.

10-125

10-15

10-175

T T T
400 600 800

Integrated Luminosity [fb~!]

1000

(color online) Same as Fig. 4 but for the semi-leptonic channel. Note that the variables used for plotting the ROC differ from
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1
Ly Dgn/lTW [1 - EE'H
Cw

1 :
Z,7"h+ gmy [1 - EEH] Wi Wh

+

®)

y—\/fi [1— %EH]fPth+h.c.

The updated global fit to the EFT coefficients constrains
¢y <04 (neglecting all other operators) [58]. Future
lepton colliders (e.g., the ILC) will constrain the ¢y to the
1% level [59].

We study the effects of this on EW W*W~ jj produc-

tion at the LHC. The polarization vector
my\ . .
e’L‘ ~ » + O(—V) increases with momentum p; hence, the

my
longitudinally  polarized gauge boson scattering
(W.W, — W, W) dominates at high energies. In the high-
energy limit, the amplitude for longitudinal / boson scat-
tering (without Higgs contribution) is

2
MemEe = —f#w()(so) , )

w

which cancels with the amplitude from the Higgs ex-
change

23\2 23\2
_ ga (s_mW) (t_mW) S, USS Ty 1y ga/

2
4mW

MHiggs —

u,
s—m%_l t—m%l 4m‘24,
(10)

leaving terms that do not increase with energy. Here,
s,t,u are Mandelstam variables. However, the cancella-
tion only holds if the Higgs boson's couplings to gauge
bosons are exactly SM-like. The Oy operator modifies
the Higgs boson couplings as shown in Eq. (8), leading to
an incomplete cancellation up to the scale at which new
physical states emerge. As a result, the fraction of
W/ Wy jj is increased and the kinematic properties of the
final states are changed.

We adopt the Universal FeynRules Output (UFO)
model (as implemented in Ref. [60]) to generate the EW
W*W~jj events in the EFT. All coefficients except ¢y
are set to zero. Both the di- and semi-leptonic channels
are considered. Only those events that pass through the
preselection cuts (as listed in Sec. I1IA) are fed into the
network for further analyses. The production cross-sec-
tion of the EW W*W~jj process (for different choices of
¢y) before and after preselections are given in Table 2.
The ¢y =0 case corresponds to the SM. We find that the
fraction of the longitudinal W production increases with
|cy| as the cancellation become less exact. Furthermore,
our preselection cuts can increase the fraction of the lon-
gitudinal W/ W, jj, especially for the dileptonic channel.
After the preselections, the production rate of the semi-
leptonic channel is one order of magnitude larger than

0 LL
Table 2. Tin5500 and T 5500

tions (requiring the invariant mass of forward-backward jets to
exceed 500 GeV at parton level) for the total and longitudin-

ally polarized EW W*W~ jj productions. o-EIL/lL; corresponds to

the cross-section of the dileptonic channel (/) and semi-

are the production cross-sec-

leptonic channel (/;) after preselection cuts.

G 0 LL
CH a'm//>500/fb oy/fb oyj/fb 0',,,”>500/fb bk tb a',LjL/tb

-1.0 440.6 4.82 40.2 46.29 0.754 5.28
-0.5 421.8 4.44 37.7 29.68 0.397 3.04

0 419.7 4.36 37.3 25.84 0.314 2.40
0.5 426.7 4.48 37.9 28.79 0.356 2.79
1.0 436.2 4.62 39.3 34.01 0.462 3.50

that of the dileptonic one.

In this and the following section, the same network
(trained on the labeled SM background processes and the
SM W#W% jj for different polarizations) is used for test-
ing. Events of the new physics are not used for training
the network, to demonstrate that our method is model-ag-
nostic. Analyzing the preselected events of both SM
background processes and the EFT processes for the pre-
trained network, we can obtain the distributions of those
processes in the three-dimensional latent space. The nor-
malized distributions are presented in Fig. 7, where the
background corresponds to the weighted sum of all SM
processes (including tz,, tW,/t,W, W, W j P, W,Z;;CP,
and W,Z;jjFV) as discussed in Sec. IIA. Because the net-
work is trained to classify the SM background processes
using the SM WWjjEV, the background events are well
separated from the signal events (EW WW j; production
in the EFT), as predicted. Moreover, the distributions of
EW WWjj production under different values of ¢y vis-
ibly differ. This feature can be used to constrain the value
of ¢y.

To measure the consistency of the SM and EFT for
non-zero ¢y, we perform a binned log-likelihood test in
the latent space. As discussed in Sec. IIC, the ten bins
with the highest signal-to-background ratios are used. Ac-
cording to our simulation, this includes ~30% signal
events and ~0.5% background events after preselection.
The null hypothesis is the SM backgrounds + SM EW
W*W~ jj, and the test hypothesis is the SM backgrounds
+ EFT EW W*W~jj with a non-zero ¢y. The integrated
luminosity required to achieve a 95% confidence level
(CL) probing for different ¢y are presented in Fig. 8. It
can be seen that the semi-leptonic channel outperforms
the dileptonic one if the systematic uncertainty can be
controlled below ~5%. Owing to the higher backgrounds
in the semi-leptonic channel, the sensitivity drops rapidly
when the systematic uncertainty exceeds 5%. With a sys-
tematic uncertainty of ~5%, our method can constrain the
¢y to [-0.2,0.1] in high-luminosity LHC conditions.

073104-8



Detecting anomalies in vector boson scattering

Chin. Phys. C 45, 073104 (2021)

Background

Latent 3
Latent 3

Background

Latent 3
Latent 3

Fig. 7.

¢y=0.0 ¢y=1.0

Latent 3
Latent 3

Latent 3
Latent 3

(color online) Normalized distributions of latent features for different processes in the di- (upper panels) and semi- (lower pan-

els) leptonic channels. Processes (from left- to right-hand panels) correspond to the backgrounds and EW W*W~j;j productions in the

EFT model with ¢y = -1.0, 0, 1.0, respectively.
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Fig. 8.
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-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Cn

(color online) Integrated luminosity required to probe the signal (for different ¢y ) at 95% CL in the di- (left panel) and semi-

(right panel) leptonic channels. Several different systematic uncertainties are considered.

A. Effects of event simulation error

Because our network is trained to detect anomalies in
the simulated SM processes, it could be sensitive to the
errors in the simulation. In Fig. 9, we show how the res-
ults of our shape analyses vary when the testing samples
are simulated independently from the training ones. To
calculate the p-values in the figure, the null hypothesis is
always the SM prediction with events simulations, as dis-
cussed above. In the test hypothesis (NSM and N¢g), the
events of the SM processes are simulated independently
with Herwig++ [61, 62] for parton showers and hadroniz-
ation, and Delphes (with ATLAS parameters) for detect-
or simulation. For the SM processes, two independent
simulations produce 5% (3%) systematical deviations in
the selected bins for the dileptonic (semileptonic) chan-
nel. As a result, if the systematic uncertainty in the shape
analysis is chosen to be smaller than the systematical de-
viations caused by the simulation, the event samples of

two simulations for the SM processes can be distin-
guished, as shown by the blues lines in both panels.
Moreover, the difference between the simulations in the
null and test hypotheses produces an over-optimistic
sensitivity to new physics, although the effect is moder-
ate when the systematic uncertainty in the shape analysis
is chosen to be large.

V. APPLICATION TO THE 2HDM

The EFT description may not be valid when the colli-
sion energy approaches the masses of the new states.
Here, we consider a complete ultraviolet model, the
2HDM [63, 64], which is one of the simplest Higgs sec-
tor extensions of the SM. The scalar sector of the 2HDM
consists of two SUw(2) doublets. A discrete Z, sym-
metry is imposed to prevent tree-level flavor-changing
neutral currents. Depending on how this symmetry is ex-
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Fig. 9.

95% C.L.
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(color online) The p-values (at varying integrated luminosity) for independent simulations of event samples and benchmark

points. Left panel: dileptonic channel with benchmark point ¢y =-0.5. Right panel: semileptonic channel with benchmark point

¢y =-0.75. SM denotes the null hypothesis with events simulated as described above. For NSM and N¢g, the background events are

simulated using Herwig++. The o, denotes the systematic uncertainty that we adopt in the binned log-likelihood analysis.

tended to the fermion sector, four versions of the 2HDM
can be realized. The type-Il case is considered in this
work. The 2HDM predicts numerous remarkable signa-
tures at hadron colliders. In particular, resonant signals
are predicted, owing to the existence of extra CP-even,
CP-odd, and charged scalars. Instead of performing a
dedicated search for each of these signals, we show that
our method is sensitive to changes in the polarization and
kinematic properties of EW W*W~j;j production in the
2HDM. Comparing the latent features of the W*W~j;
process in the 2HDM with their measured values, con-
straints on the parameters of the 2HDM can be obtained.
The type-II 2HDM contains six parameters: the scal-
ar masses (mg,,my,, ma, and my:), the mixing angle
abetween two CP -even scalars, and the ratio tanS. The
mpy, has been measured to be ~125 GeV. The m, and mpy-
are irrelevant in the W* W~ jj production; their masses are

g4 cos?(@—p)v?

set to 3 TeV to prevent decays of H, into those states.
The couplings of CP-even scalars to 7 bosons are given
by

Zm%v ) B 2m€v _
LD sin(a —B)H W, W™ + —= cos(a — B)Ha W, WH™ .
v v
(1)

Thus, the combination sin(a—/3) is often used to replace
the @ parameter. The tang is not related to the HWW
couplings; however, it can modify the scalar couplings to
fermion ones, which affects the total decay width of the
H; and therefore the kinematics of W*W~jj. We choose
tanB =5 for simplicityl) . Hence, we are left with two free
parameters: my, and sin(a —p). The partial widths of H,
are given by

2 4 A2 2 4
my, My 4mH2mW+12mW

[(H, » WW) = 1-4—% : 12
(H2 = ) 256mmy, mz m“‘,v (12)
N (e — RV2 m2 mt, —4m%, m2 +12m?
T(H - zz) = 8V COS @BV | Mg T Z M2 T (13)
512nmy, m2, m;,
3y2(sin(B—a) -t - ))? 4m7
Ity i) = 2D PMFON ) B g (14)
16mtmpy, tan* 3 my
_ 3y%(cos(B—a)—tanBsin(8 - @))
I (H, — bb) = Yy, (cos(B— @) —tanBsin(B - @)) (15)

16mtmy,

with g’ = cos(6,,)gw +sin(6,,)g1, and y,/y, represents the
Yukawa coupling of the top/bottom quark.

The model is implemented in FEYNRULES [65]; this
generates the UFO model files for the MGS5, to calculate

1) The influence of the tanf to the W W~ jj production is mild as long as the decay width of the H is not too large.
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Table 3. Similar to Table 2 but for the 2HDM model. The
corresponding parameters are given in the first column.

(mpy,sin(B - a)) foij>500/fb oyu/fo oyj/fb O',Lnipsoo/fb ol ol /fb

(300, 0.7) 636.2 8.362 64.07 170.75 291 2078
(300, 0.9) 492.5 5.853 46.52 79.81 1.27 935
(700, 0.7) 461.9 5.527 43.70 71.58 1.30  9.50
(700, 0.9) 428.5 4.842 39.33 42.65 0.676  5.06

the leading-order production cross-section and simulate
the events. As an illustration, in Table 3, we present the
production cross-sections of the EW W*W~j;j process for
several points in the 2HDM. In particular, the contribu-
tion of the heavy scalar H, is taken into account, which
generally increases the total production rate”.

The cancellation between the amplitudes with and
without Higgs exchange are delayed to the scale of my,,
and the heavy scalar predominantly decays into a longit-
udinally polarized vector boson; hence, the fraction of
W;W; jj is considerably larger than that of the SM. For
relatively light H, and small sin(8— @) (which implies the
significant contribution of H,), the fraction of W/ Wy jj
can reach ~30% before preselection cuts are applied,
whereas it reaches 6% in the SM. The preselections can
increase the fraction even further. This renders our net-
work very sensitive to the signals in the 2HDM.

Moreover, the existence of the H, resonance in
W*W~jj production also generates discriminative fea-
tures in the final state. In Fig. 10, we plot the normalized
distributions of latent features for the W*W~j; produc-
tion from pure H, resonances in the dileptonic channel.
Different masses of the H, exhibit distinct distributions in
the latent space; thus, the network is not only capable of
classifying the polarizations of the vector bosons but is
also sensitive to their kinematic properties, even though
those 2HDM events are not used for trainning.

Finally, we input the preselected events in the di- and
semi-leptonic channels to the pre-trained network, to ex-
tract the latent features. The binned log-likelihood test is
performed in the latent space, to identify the discovery

my, =400 GeV

Latent 3

Fig. 10.

my, =600 GeV

potential of models with different parameters in 2HDM.
Similar to before, the null hypothesis is taken as the SM
background + SM EW W*W~jj, and the test hypothesis
is taken as the SM backgrounds (assuming these pro-
cesses are left intact in 2HDM) + EW W*W~j;j in 2HDM
for different sets of parameters. The integrated luminos-
ity required to achieve a 95% CL probing on the mpy, -
sin(83—«a) plane is shown in Fig. 11 for the di- and semi-
leptonic channels, respectively. In contrast, in the tradi-
tional heavy Higgs resonant searches [66, 67], the sensit-
ivities drop quickly at large my,, owing to the suppressed
production rate. Our method probes both the resonant fea-
tures and the modifications to the Higgs couplings, simul-
taneously. The parameter space featuring a H, as heavy
as 1.5 TeV can be probed with a relatively low integrated
luminosity, provided the sin(3 - «) is not too close to one.
However, when sin(8-a) — 1 (the alignment limit), our
method loses all sensitivity. Searches for the resonances
in fermionic channels are still able to constrain the model
[68-71], because their productions are mainly controlled
by the Yukawa couplings. The production cross-sections
of both channels (before the preselection cuts) are indic-
ated by the color grades in the figure. The sensitivity of
the method is roughly determined by the cross-section,
even though a slightly better sensitivity can be achieved
in the small sin(8—a) region (e.g., compared to the the
point [my, =300 GeV,sin(B8—«a) = 0.9], a lower integrated
luminosity is required to probe the point
[my, =550 GeV,sin(B—a) =0.7], despite their similar
production cross-sections). The improvement of the sens-
itivity is attributed to the fact that the point with a smal-
ler sin(B—a) = 0.7 contains a larger fraction of the longit-
udinal /¥ boson.

VI. DISCUSSION AND CONCLUSION

In this work, we constructed a neural network that
consisted of a classification network and an autoencoder.
When inputted with low-level information (here, the 4-
momenta and the identities of particles), the network
could reduce the dimensionality of the feature space for

my, = 1200 GeV

Latent 3
Latent 3

(color online) Normalized distributions of the latent features for the resonant H, production and decay H, —» W*W~ in the

dileptonic channel. The mass of the H, is given in the title of each subfigure.

1) The cross section in 2HDM can be smaller than that in SM when the mass of the H, is heavy and decay width of the H is large, because of the destructive inter-

ference between H; and H> in some phase space.
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Fig. 11.

1] | 1220
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10210

10205

900
my, [GeV]

1200

(color online) Contours corresponding to the integrated luminosity required to probe the signal [for different sin(8—«) and

mpy, ] at a 95% CL. The color grades correspond to the fiducial cross-sections (requiring m;; > 500 GeV at parton level) multiplied by

the branching ratios. The systematic uncertainties are set to 5% for both the di- (left) and semi- (right) leptonic channels.

WW jj production, without an excessive loss of discrim-
inative power (i.e., to discriminate the EW WWj;j from
other processes and discriminate between the different
polarization modes of the EW WW ;). We found that the
feature space of both the di- and semi-leptonic channels
could be compacted into three dimensions. By perform-
ing a binned log-likelihood test on the distributions of lat-
ent features, we could determine whether the data were
consistent with the SM predictions. We showed that these
latent features were highly sensitive to various possible
new physics contributing to the VBS. Although the scores
given by the classifier network contained a certain
amount of the process information, they were not as com-
plete as the latent features. In Fig. 12, we present the
sensitivities of the latent features and the sensitivities of
the scores'’ obtained by the classifier for two benchmark
points in the EFT and 2HDM. As predicted, the latent
features facilitated superior sensitivities. In particular, the
remarkable kinematic features of the 2HDM were not
very useful for classifying SM processes; thus, this sort of
information might be lost in the scores given by the clas-
sifier. Compared to the EFT case, the advantages of us-
ing latent features were much more significant in the

95% C.L.

D
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10730 4 S
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p
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Fig. 12.

o
El
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2HDM model.

By considering both the di- and semi-leptonic chan-
nels of W*W~ jj production, we showed that our network
can efficiently classify different polarization modes.
When neglecting the background, the LHC dataset with
integrated luminosity <600 fb~! was sufficient to probe
the 1% change in the longitudinal W*W~ jj fraction, us-
ing the semi-leptonic channel. The dileptonic channel
was less sensitive, owing to its low production rate. Then,
the network was applied to the EFT with a non-zero Oy
operator and the type-II 2HDM; the background effects
were included, to obtain more complete and realistic res-
ults. In the EFT, our method could constrain the coeffi-
cient ¢y to [-0.2,0.1], provided that the systematic uncer-
tainty was ~5%. The dileptonic channel outperformed the
semi-leptonic channel when the systematic uncertainty
exceeded 5%. In the 2HDM, because our method was
sensitive to both the resonant decay H, —» W*W~ and the
SM Higgs coupling modifications, the entire region with
sin(B— @) £0.95 and my, < 1.5 TeV can be probed with a
integrated luminosity of ~300 fb~! at the LHC.

We note that modifications of the SM are unlikely to
be confined to VBS processes. By assuming a new phys-

—— Score SM-¢y(—0.75)

—— Score SM-2HDM(1200, 0.95)
—-- Latent SM-4(~0.75)

--- Latent SM-2HDM(1200, 0.95) |

10-07 |
10-08 |

10-10 4

95% C.L.
10-13 ]

10-14
10-15 ]
10-16 ] -

.......................

~~~~~
........

10-17

1000 1500 2000 2500

Integrated Luminosity [fb~1]

0 500 3000

(color online) The p-value (at varying integrated luminosities) of the shape analysis in latent space (dashed lines) and the p-

value calculated only using the classifier score (solid lines) for di- (left-hand panel) and semi- (right-hand panel) leptonic channels.

1) Among the scores, we find the summation of scores of all polarization components of EW WW jj lead to the best result. So it is used for calculating the p-value in

the plots.
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ics scenario of some kind, model-dependent searches can
be more effective at identifying signals. Our method may
not be as sensitive as these more specific searches. For
example, in the 2HDM with tanB =5, our method is in-
sensitive to the parameter space in which cos(8— @) = 0.05
[corresponding to sin(8—a) = 0.9987]. On the other hand,

searches for H — 77 at the LHC have already excluded
the parameter space with my ~ [200,350] GeV [68-70].
The advantage of our method is that it is suitable for de-
tecting a wide range of new physics contributing to the
VBS (i.e., relevant to SM ESB). This is especially useful
when the forms of the new physics are unknown.
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