PHYSICAL REVIEW D 107, 073004 (2023)

Role of polarizations and spin-spin correlations of Wsine~e* - W-W* at
\/s =250 GeV to probe anomalous W~ W*Z/y couplings
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We study anomalous W~WT*Z/y couplings due to dimension-6 operators in the production process
e~et > W-WT followed by semileptonic decay using polarizations and spin-spin correlations of W

bosons. The construction of some of the polarization and spin-spin correlation asymmetries required one to
distinguish between two decay quarks coming from W decay. We developed an artificial neural network
and a boosted decision tree to distinguish down-type jets from up-type jets and used them to put constraints

on anomalous couplings at the International Linear Collider (ILC) running at /s = 250 GeV with
integrated luminosities of £ € {100 fb=1,250 fb~!, 1000 b1, 3000 fb‘l}. We find that the use of
polarization and spin-correlation observables, on top of the cross sections, significantly improves the

limits on anomalous coupling compared to the earlier studies.
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I. INTRODUCTION

The SU(3),xSU(2), x U(1)y, group structure of
Standard Model (SM) predicts self-interactions of weak
gauge bosons. The predicted self-interactions, i.e., triple
and quartic gauge-boson couplings, provide a unique
testing ground for new fundamental interactions. The
couplings related to fermions with gauge bosons predicted
by SM are experimentally confirmed by various experi-
ments to high accuracy. With the discovery of SM-like
Higgs boson at LHC [1,2], the particle spectrum of SM is
complete. Though SM remains the best-tested theory for
the particle and their interactions to date, we have a
growing plethora of phenomena that remain unexplained
in the domain of SM. It is known [3] that nearly 80% of
matter of our Universe is dark matter, and till now, the
detailed structure of the dark matter is still a mystery. The
recently reported mass of W bosons [4] and the magnetic
moment of muons [5] are in tension with the predictions of
SM. All these results, along with the theoretical natural-
ness in the mass of the Higgs boson, do tell us that the SM is
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incomplete and the fundamental theory is still lurking in
the dark. However, experiments have failed to produce
any significant evidence for the many explicit models of
physics beyond the SM (BSM) viz. supersymmetry,
models with universal extra dimensions (UED), technicolor,
and so on. As a result, one moves to a model-independent
way to search for a wide range of possible BSM effects. We
follow a model-independent way of expanding SM called
effective field theory (EFT). In this approach, SM is extended
by nonrenormalizable gauge-invariant operators with mass
dimensions D > 4, which encodes the effects of new
particles with the mass scale A much larger than the
W-boson mass my,. All the higher-dimensional operators
are constructed out of the SM fields assuming the new
physics is too heavy that we can integrate them out of the
Lagrangian. Assuming lepton-number conservation, the
effective Lagrangian is written as [6]

1 6) (6 1 8) (8
gEFT235M+PZc5 )6 H—chﬁ. )ﬁ§, S, (1)
! J

where c§6’8> are Wilson’s Coefficient or the couplings of the

higher-dimension operators. The effects of the new physics
are translated to the weak scale via these Wilson coefficients.
In this paper, we study dimension-6 effective operators which
gives the anomalous triple-gauge couplings (WWV,V € Z,

y) and constrain those couplings [cl@ ]. Considering both CP-
even and odd, the relevant dimension-6 effective operators in
the HISZ basis contributing to the WWYV couplings are [7,8]
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ﬁwww - TI‘[WWWWW%],
Oy = (D,®)"W"(D,®),
Op = (D,®)'B"(D,®),
Oy = (D,®)"W*(D,®), (2)

where ® = (ﬁg) is the Higgs double field and W, B*

represents the field strengths of W and B gauge fields,
respectively and are defined as

i

i
D”:aﬂ+§gfwﬂ+2

9B,
i . ) . .

W, = Egr’(aﬂW,’J — 0, W + geix WiWy),
i

B, = Eg/@qu —0,B,).

The first three operators are C and P conserving, and the last
two violate C and/or P. All these operators of Eq. (2) after
electroweak symmetry breaking (EWSB) give rise to non-
standard triple-gauge couplings. Conventionally the WWV
vertices are parametrized by the effective Lagrangian [7,9]

A -
LUV = igwwy |g] WHLWH = WHW VY + ky Wi W, Vi m—‘z/W,”ﬁW,,pVﬁ + igy Wi W, (0#V¥ + 0*VH)

w
. . A .
— igl e (Wio,Wy — 0,W W, )V, + kyWiWy 7w 4 m_% Wy W, (3)
[
with gyw, = —e and gyy; = —ecotfy and dual field  Large Hadron electron Collider (LHeC) [37-41]. On the

v =1/ 2e#7°V ., where ¢ is the Levi-Civita tensor
with standard convention, €”'2 = 1. The first three terms
of Eq. (3) respect C and P, and the remaining four violate C
and/or P. Within the SM, the couplings are given by
g7 = ky = 1, and other couplings are zero. While the value
of ¢}, g,. g are fixed by the electromagnetic gauge invari-
ance, the presence of the operators Oywyw,Ow,
Oy, Oy, Owww in the effective Lagrangian will change
the other values to [9]
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with sy = sin Q.

The anomalous WWZ/y vertex has been studied exten-
sively at phenomenological and experimental levels. The
phenomenological studies are done at the e~e™ collider
[10-21], the Large Hadron Collider [20,22-36], and the

experimental side, many results are reported by different
experiments like the e~e™ Collider [22,42-47], CMS [48—
60], ATLAS [61-68], and Tevatron [69—75]. We list the best
constrained values for various anomalous couplings (c;)
obtained experimentally in Table I accordingly.

The limits given in Table I are obtained by varying one
parameter at a time, and others are kept at zero (SM value). It
has been shown in Ref. [11] that using the polarized beam in
e~ et collider, some of the anomalous couplings are con-
strained better. In our current article, we construct spin-related
observables like polarization asymmetries and spin-spin
correlation asymmetries along with a cross section to constrain
the above discussed anomalous couplings. The use of asym-
metries will bring the directional limits on various couplings,
resulting in better constraining anomalous couplings.

We probe W~WT production process in the e~e™
collider at /s = 250 GeV using unpolarized beams, and
the W's are decayed semileptonically such that the whole
process is defined as

e~ +et > W W = [yjj. (5)

TABLE 1. The list of tightest constraints observed on the
effective operators in SU(2) x U(1) gauge at 95% CL from
various experiments.

c,’) Limits (TeV~2) Remarks
cwww/ N [-0.90, +0.91] CMS [49]
ey /N? [-2.5,40.3] CMS [48]
cg/N? [-8.78, 4-8.54] CMS [57]
e/ A2 [-20.0, +20.0] CMS [49]
CWV/AZ [-0.45,4+0.45] CMS [49]
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Here I~ € (e”, ™) and j's are the light quarks viz. ud/cs.
The production process e~et — W~W™ proceeds through
one neutrino mediated t-channel and two y*/Z mediated
s-channels. The s-channel diagrams contain trilinear WWV
gauge boson couplings whose deviations from SM value in
the presence of Lagrangian given by Eq. (3) are studied in this
article. For the implementation of anomalous couplings, we
create a Universal FeynRules Output (UFO) [76] model file
using Eq. (3) in FeynRules [77]. The translation of couplings in
Eqg. (3) to dimension-6 couplings can be done using Eq. (4).
We perform our analysis at the particle level, i.e., the quarks
obtained at the matrix element level are allowed to undergo
showering and hadronization. While constructing some spin-
related asymmetries, we need the correct information of
daughter particles of W boson. For that, we used machine
learning (ML) techniques, particularly artificial neural net-
work (ANN), and boosted decision trees (BDT).

In Sec. II we describe the spin, and the observables
obtained using the spin of a particle. We primarily focused
on the asymmetries and the spin-spin correlation asymme-
tries of spin-1 boson. We also list down the relevant
observables affected by flavor tagging and those which
are not. A method of ML techniques used for flavor tagging
the jets to the light quarks is explained in Sec. III. In Sec. IV,
we discuss parameter estimation and the limits obtained on
the five anomalous couplings. We conclude in Sec. V.

II. SPIN AND RELATED OBSERVABLES

All the fundamental particles have a finite spin, and all the
fundamental interactions conserve angular momentum. The
spin of a given particle decides the Lorentz structure of
the couplings it will have with other particles, hence its
production and decay mechanism. A decaying particle’s
spin and polarization information gets encoded in the
angular distribution of its decay products. One can use
various kinematic distributions of decay products to decode
the spin content and dynamics of any process [78]. The range

J
lda _i 2
cdQ, 8z |\3

2 : T
+ (apy + 2\/;(1 —36)T,, cos @, sinb, cos ¢, + (1 — 35) (

2
- \/3(1 — 38)T,,sin%0,, sin(2¢a)] ,

of spin and polarization sensitive observables discussed in
this section are broadly divided into two classes. The first
deals with asymmetries that measure various polarization
parameters of a resonance. The second class involves
asymmetries that probe the spin-spin correlation between
two resonances. We discuss them here one by one.

A. Polarization asymmetries

Let us consider a scattering process of particles B, and
B, where a resonance A of spin s along with some other
particles is produced followed by its subsequent decay to a
and b, shown in Fig. 1. The differential rate for such a
process, assuming a narrow width approximation (NWA)
for resonance A, is given as [79],

(27)*

— 1 s4
do = ;[ﬂp(ﬂ,ﬂ)é (kBl +k32 _PA —Zpi)

&’ p; 1 (2z)* ,
2EA(27T 3H2E 277: :| |:F 2mA r<ﬂ’l)
&p, dp
F(Pa=Pa=P)op (27)? 2Eh(2;) ] (6)

where I3 g, is the flux factor and A's, T4, m, are the helicities,
total width, and mass of A, respectively. Rewriting the two
terms of the differential rate in terms of polarization density,
P4(A,2) and decay density matrix, I'y(4,4’), the decay
angular distribution can be written down as

1d0'

2s+1
N ZPA (A, A)Tu(2. 1), (7)

A4

The production dynamics are encoded in the given polariza-
tion density matrix and one can calculate to quantify the
production rate of various quantum interference states. The
general expressions for P4 (4, 4") and T'4(4,4) for a spin-1
particle are given in Egs. (A1) and (A2) of the Appendix,
respectively. Using these expressions one can rewrite the
angular distribution for a spin-1 particle as

3 2
- (1-39) \/6) +ap.cosf, + \/%(1 —38)T,.cos*0, + (apx + 2\/;(1 —36)T,. cos 9a> sinf, cos ¢,

_Tyy> ) )
———— |sin“f, cos(2¢,
76 ¢

(8)

where 0, ¢, are the polar and azimuthal angle of daughter « in the rest frame of the parent, A with its would be momentum
along the z-axis. The initial beam direction and the A momentum in the lab frame define the x-z plane, i.e., ¢ = 0 plane, in
the rest frame of A as well. For A being a vector boson decaying to a pair of fermion through V — A interaction, the
parameters a and & are given by [79]
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FIG. 1. Schematic diagram showing the production of a
resonance A in a scattering process followed by its decay to
particles a and b.

_2(RE—L3) V1 + (31 —x3)” = 2(x] +x3)
12L, R x1xy + C(R% + L2)?
- 4LaRax]x2 + (Rg + LZ)(C - 2) (9)
12R,L,xx, + C(RZ +L2%)

9’

where C=2—(x{ —x3)* + (x] +x3),x; = i~ In the
high-energy limit, the final-state fermions
(eT,uT,u,d,c,s) can be taken to be massless which
1’;3;222 Further,
for the decay of W, within the SM, R, =0 hence
a = —1. The vector p and tensor T; ; polarization can be

implies x; - 0,x, - 0 and 6 - 0,a —

calculated from the production part. For example P, and
T, can be calculated as follows:

p_ lpr(+,0) +pr(0. )] + [pr(0. =) + pr(=, 0)]]
X \/Eg s
_ V3lpr(+,0) + pr(0, )] = [pr(0, =) + pr(=,0)].

@ 46

T
(10)

All other polarizations can be found from the different
combinations of density matrix and tracelessness of 7';; as
shown in [80,81].

Similarly, at the level of decay products, one can find the
same polarization parameters by using different asymmetries
constructed from the decay angular distribution of fermions.
Different asymmetries can be calculated using different
combination of angular variables (c;) as given below,

A o(c; > 0)—o(c; <0)
" o(c;>0)+o(c;<0)

(11)

Here c; is a function of ¢ and 6 of the final-state fermions. The
relation of different asymmetries with the angular functions c;
is listed in Table I1. The angular functions c,—c5 are parity odd
while c¢4—cg and parity even. This means that asymmetries
A;—A; can be nonzero only if there is parity violation in the
decay process, i.e., a # 0, as these three asymmetries are

TABLE II. Table showing the asymmetries of a spin-1 particle
and the angular parameters that are used to find the respective
asymmetries.

A; C; Functions
A, cl=c, sin @ cos ¢
A, cy=cy sin @ sin ¢
A, c3=c, cos 6

Ay €4 = Cyy sin?@ sin(2¢)
A, s =y, sin @ cos 0 cos ¢
Ay, Co = Cy, sin @ cos @ sin ¢
Ap_yp 7= Cp_y sin’6 cos(2¢)
A.. g =y, sin(30)

proportional to the a parameter. The other five asymmetries
A,—Ag are nonzero as long as the corresponding tensor
polarization appearing in Eq. (8) are nonzero.

For two body decay in the rest frame, two daughters
emerge in opposite directions, i.e., if we average over them,
then the asymmetries A;—A; will vanish. In other words, to
construct the vector polarizations p we need to be able to
distinguish between two daughters. This is possible in the
leptonic decays of W+ but for the hadronic decay channels,
we need a method to identify (tag) them. This issue is
addressed in Sec. III.

B. Spin-spin correlation

For a polarization asymmetry to be nonzero, we need the
corresponding particle being produced with nonzero polari-
zation. In the case of an unpolarized beam collisions produc-
ing a pair of fermions, we require parity violation in the
production process to have a nonzero polarization. But for 77
pair production at LHC through QCD interactions, we have
no parity violation and hence unpolarized top-quarks.
However, due to the vectorial nature of the gluons interaction
with top-quark one has a certain kind of spin-spin correlations
between ¢ and 7 spins. And experiments [75,82,83] have
shown the spin correlations in 77 systems. These additional
sets of observables will provide an additional probe for the
possible NP signal. The spin-spin correlation asymmetries
can be calculated in the similar fashion as we have shown for
single particle calculations of asymmetries. We consider a
generic scattering process in which two spin full resonance is
produced, followed by its decay as shown in Fig. 2. The
differential rate for this process would remain similar to
Eq. (8) but with few changes; the single particle density matrix
p(A, ") is replaced with two particle density matrix
p(Aa. Ay, Ag, Ap) and there is an additional factor of square
bracket terms containing I'(4, 4) one for decay of particle A
and another for particle B. The full-spin correlated polariza-
tion density matrix for a pair of spin-1 particles defined as
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PAB(/lA’j‘IAalBa/l/B) =

p(Aa. Ay Ap. )/ Tr(p)

can be parametrized in terms of polarizations and spin correlation variables as [81]

2 2

1 3., = 3 ap = 3
Pap(Aa, Xy, g, ) = 9 |:I3><3 QL33+ SQ® I3 + =15, Q@ pE.S + \/%T?J‘(Sisj +5;5:) ® L33

3
+\/;I3X3®T (S8, +8;8:) + ppiPS; ® S; + pTES: ® (S;Sk+ SiS;) + Tpii(S:S; +8;8:) ® Sk

ijk

+TT,jkl(SiSj+SjSi)®<SkSl+SlSk):|v (i,j,k:x,y,z). (12)

The indices 1, and 2/, label the left matrices in the tensor products while A5 and 1 label the right matrices. By combining
Egs. (12) and (A2), the normalized joint decay angular distribution can be written as

1 d?% B
6dQ,dQ, \4

where dQ, and dQ, are the solid angle measure for the
decay product A and B particle. To compute the various
polarization and spin correlation parameters appearing in
Eq. (12) we can define asymmetries similar to Egs. (10)
and/or (11) as described in detail in Ref. [81]. For the
present work, we choose to discuss the asymmetries
defined using angular distribution Eq. (13) of the final-
state decayed particles. The set of spin-correlation asym-
metries can be defined as

. olcd b>0) —a(c
Ay = a(c”c > 0) + o(c

where i, j € (1..8) and the parameters ¢’s can be read out
from the previous section. These asymmetries probe the spin

correlation parameters like: pp7?, pTt®, TpiP, and TT}?

which are vector-vector, vector-tensor, tensor-vector, and

al

a2

Bl

bl

b2

FIG. 2. Schematic diagram showing the production of two
resonance A and B followed by their decay to ala2 and b1b2,
respectively.

< > ZPAB A Aas g, Ap)

FA(AA’AAOFB(/IB?/IB')’ (13)

tensor-tensor correlations, respectively. For example, A8

probes ppi?, A}

Furthermore, the angular functions c;, ¢,, and c¢3 require
the identification of the flavor of the daughter particles;
hence, some of the spin-correlation asymmetries will vanish
if we average over the flavor in the case of hadronic decay of

probes pT ., correlation parameters, etc.

W=, Thus, for the semileptonic final state that we are
considering in this work, it is of utmost importance to do
flavor tagging to be able to construct all the asymmetries.
Additionally the angular functions c¢,, ¢4, and ¢4 are CP-
odd, so the corresponding polarization asymmetries are
expected to be zero for the CP-conserving production
processes. In this case all the spin-correlation having one
(and exactly one) factor of CP-odd angular the function
will also vanish. Examples are Aj,, A3, etc. However
the correlation asymmetries depending upon two of the
CP-odd angular functions are CP-even and will be nonzero
in general, even in the absence of CP-violation in the
production process. The CP properties of all the polarization
and spin correlation asymmetries are listed in Fig. 3 with
letters “E” and “O” denotes CP-even and -odd, respectively.
The asymmetries that require flavor reconstructions are
marked in light red color and the asymmetries that are
immune to the flavor are marked in light blue. There are a
total of 25 spin correlation asymmetry and ten polarization
asymmetry that is independent of flavor tagging, while there
are 39 spin correlation asymmetries and six polarization
asymmetries that will vanish without flavor tagging. The
flavor tagging is trivial in the leptonic branch and very
obscure in the hadronic branch. In the next section, we
try to use machine learning methods to train models
(tagger) to tag the light quark flavors for our purpose in
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N > N N>‘ N
ol ||| |<|<|2|<
Ay E (0] E (6] E E E

Az E (0] E (0] E (0] E E

FIG. 3. Table of polarization asymmetries (first row and first
column) and spin correlation asymmetries (all others) along with
their CP parities. For spin correlation asymmetries “E” stands for
CP-even and “O” for CP-odd. The polarization asymmetries
linear in y are also CP-odd and others are CP-even. The light red
color indicates that the asymmetries require flavor tagging, and
light blue indicates immunity to the flavors.

the eme™ — W~ W™ process with W~ decaying leptonically
and W decaying hadronically.

III. FLAVOR TAGGING

We need to develop a light flavor tagger for W’s decaying
hadronically to exploit all the asymmetries. For that, we
developed an artificial neural network and boosted decision
tree. These kinds of techniques have long been used in the
field of high-energy physics. It was used for track
reconstruction in wire chambers [84] and cluster finding
in cellular calorimeters [85]. The ML technique is also
applied extensively to classify the jets initiated by quarks
and gluon [86-94]. A similar algorithm can be used for
flavor tagging to distinguish the jets initiated by heavy or
light quarks or gluons [95-99]. The jet images are also used
by the ML algorithm to tag electroweak or QCD jets
[100,101]. A similar technique can be used to distinguish
between the electroweak bosons (W+/W~,W/Z) [102];
this can be further utilized for studying the fully hadronic
channel of WTW~ which receives a large background
contribution from ZZ — hadrons. While studying BSM
models or finding rare particles which require solving
difficult signal versus background classification problems,
ML techniques are used [103—114]. We can also use such
ML methods to correctly identify the nature and properties

of outgoing particles from high-energy collisions [115-
117]. In our study, the W+ boson decays to light quarks
(ud/c5), and due to the similar signature of the jets
produced from these light quarks, it is nontrivial to tag
the jets efficiently. When the W' boson decays hadroni-
cally, the antiquark (down-type quark) comes with the
higher energy. So, if we exploit these asymmetries in
energy between two types of quarks, we can correctly tag
the jets roughly 75% of the time. Since the energy of final
state fermions depends on the polarization of the W boson,
we cannot use energy as a variable to tag the jets. We tried
to classify the jets on an event-by-event basis into two
classes based on the processes used: (i) ¢ vs 5 for Wt — ¢5
sample, (if) u vs d for W+ — ud sample, (iii) cs vs ud, and
(@v) cu vs sd for the combined sample. We train separate
ANN and BDT models for each of the four cases.

We used MadGraph5_aMC@NLO [118] for event generation.
The process generated is

e tet->W +WhH, W -l Wr-jj, (15
where j are the light quarks (u, d, ¢, s) at an center-of-
mass energy /s = 250 GeV. The events are generated
using a diagonal Cabibbo-Kobayashi-Maskawa matrix.
These are then passed to PYTHIA 8 [119] for showering and
hadronization. The final-state particle is selected with
pr > 0.3 GeV and with || <3.0. The lepton from the
decay of W~ is excluded from further analysis. We have
used two sets of jet clustering algorithms in Fastet
[120,121]; firstly, the final set of particles are clustered
using anti-ky jet clustering [122] with jet radius R =
0.7 and those ant i -k jets are further clustered using ky
algorithm [123] with jet radius R = 1.0, such that the
excluded soft particles are also clustered. It is seen that
these combinations of clustering reduce the number of jets
in each events. We have found that the first two hardest
jets amount to approximately 90% of all jet momentum in
each event, so it makes perfect sense to work with just two
hardest jets rather than the whole sets of jets. To put the
truth label on the jet for supervised learning, we used the
geometric distance AR;; between reconstructed jets and
the initial partons (quarks). Considering only two hard
jets, there are four combinations:

(1) hardest jet near up-type quark;

(2) hardest jet near down-type quark;

(3) both jet near up-type quark; and

(4) both jets near down-type quark.
The first two conditions are straightforward, but for any
event satisfying the third or fourth condition, we always
set the hardest jet to the respective quark. Once the truth
labeling is set, we obtained various parameters of jets and
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the particle within the jets to make them as input for
different ML models. We choose the following features
for each of the jets:

(i) Total number of leptons (nlep);

(i) Total energy of positive and negative leptons
(el+,el-);

(iii) Total number of hadrons (nhad), total energy of
hadrons (ehad);

(iv) Total number of charged hadrons (nChad)
and the total energy of positive and negative hadrons
(ehad+, ehad—);

(v) Total number of charged particles (nch);

(vi) Total number of positive and negative charged
particles (nch+,nch—) and their total energy
(ech+, ech-);

(vii) Total number of visible particles (nvis) and their
total energy (evis);

(viii) Total energy of the photons (egamma);

(ix) Displaced Tracks: Particles like A° baryon
(t=2.631x107105), K9(r =8.954 x 107" 5) [124]
have a significant lifetime when decaying to a
pair of oppositely charged daughters in case of a
neutral unstable mother or a charged and neutral
daughter in case of charged unstable mother would
produce measurable secondary displaced tracks.
The A, and Ag would also give rise to displaced
tracks. The tracks are binned with their decay length
(A = cpyr) mm:

(a) c1: 1€[0.3,3.0],
(b) c2: 1 € [3.0,30.0],

(c) ¢3: 1 € [30.0,300.0],

(d) c4: 1 € [300, 1200.0],

(e) ¢5: 1€ [0.3,1200.0], and
(f) c6: 1€ [1200.0, c0].

(x) Total number of charged tracks with nonzero impact

parameter (tip);

(xi) A pair of charged tracks can meet at a point
indicating a common mother. For such cases, we
also count the number of tracks with positive and
negative impact parameters separately;

(xii) Total count of secondary displaced vertex (sdv) is
constructed by noting a pair of charged particles coming
from a displaced point from the primary vertex; and

(xiii) The transverse mass (mT7j) of the jet.

The above set of discrete and continuous variables are
used to train our ML models. The Pearson’s correlation
coefficients of the variables with the jet labels
(cu=1,5d=0) are shown in Table III. The table lists
only those variables with more than 5% correlation with
the jet class. For training ANN and BDT models, we

TABLE III. Table showing the Pearson’s correlation (PC) of
features with the label in cu/5 d case. The table shows only those
features which have a correlation of 5% and higher.

Features PC Features PC
mTj -27.0 c2 13.7
c6 9.7 nvis -10.0
nch+ -5.0 nch— 6.0
nch 10.0 nlep 11.4
nChad —10.0 nhad —-11.0
el+ 16.0 ehad -9.0

TABLE IV. The table shows the architecture of the artificial
neural network used. It contains two hidden layers (Layers 1 and
2), and in each layer, a different number of nodes is used and
given in column 2. The activation function used for each layer is
given in the third column. We used weights as Glorot-Normal in
our first hidden layer.

Layers Nodes Activation function Weights
Layer 1 80 Tanh Glorot Normal
Layer 2 40 Tanh

Output 1 Sigmoid

generate 10 million events, and a separate set of one
million events are used for testing the models. We used
Keras With TensorFlow as a backend to implement ANN,
while we used XGBoost [125] to implement BDT. The
parameters for BDT are chosen as follows:

(i) Learning rate, n = 0.01;

(i) Maximum depth = 6;

(i) L2 Regularization = 1; and

(iv) Number of gradient boosted trees = 100.
The architecture of ANN is given in Table IV. The
optimization of the ANN model is done using Adam.
We estimate the efficiency of the ML models by running
them 1000 times on a random subset of size 60% of our
test sample. The histograms of thus obtained efficiencies
are shown in Fig. 4 for both ANN and BDT models. The
mean value of these efficiencies is taken as our estimated
efficiency of the corresponding model. We observe that
the accuracy obtained using two different algorithms
(ANN and BDT) overlap for three cases, i.e., u vs d,
¢35 vs ud, cu vs 5d, and for ¢ vs 5 case the two algorithm
differ by =1%. The first two classifications are useful if
one has a perfect knowledge of the event, i.e., the model
making the third type of classification (c5 vs ud) is ideal.
The ML model performs worst for the classification of u
vs d events as the final state signature obtained from the
hadronization of these light quarks are nearly similar. The
c vs § event classification is fairly good with an accuracy
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FIG. 4. Accuracy obtained using ANN and XGB for a different
combination of the jet.

of ~80%. Recent analysis performed for strange tagging
in [126,127] found the efficiency to distinguish a strange
jet with another jet initiated by light quarks to be ~60%
which is lower than our result. The efficiency of our
models are better since the task of classification is
relatively simpler as the targeted class is either up-type
or down-type in each events. For variable polarization
reconstruction, it is sufficient to distinguish the up-type
jets from down-type jets, i.e., cu vs 5d case. We choose
the BDT algorithm for the rest of the analyses. It is to be
noted that the above analysis is done using default tune of
PYTHIA 8, i.e., the Monash tune [128]. The momenta and
number distribution of final-state particles depend on the
showering and fragmentation model and to check the
robustness of our model, we train and test the models
using different PYTHIA tunes. The different tunes used are
Tune:.ee = 3, Tune..ee = 6, Tune.:pp =6 [129],
Tune::pp = 21 [130] and we found that the accuracy
in each tunes overlaps to the Monash tune within a
variance shown in Fig. 4. For further analysis, we used
Monash tune.

IV. PARAMETER ESTIMATION

Apart from the cross section, we have a total of 80
asymmetries, as discussed in Sec. II. Of these, 44 are CP-
even and 36 are CP-odd asymmetries. We note that the
W~W™ production process had chiral couplings; hence the
polarizations and spin-spin correlation are dependent upon
the production angle fy-. The anomalous contribution is

also cos @y~ dependent, and using that can improve the
sensitivity. We achieved this by dividing the cos 8y~ into
eight bins and construct all 81 observables in each bin. This
gives us a total of 648 observables. The value of observables
in each bin is obtained for a set of couplings, and then those
are used for numerical fitting to obtain a semianalytical
expression of all the observables as a function of the coup-
lings. For the cross section, which is a CP-even observable,
the following parametrization is used to fit the data,

3 5 33
. 1
o({c;}) =09+ E clo; + E cloy; +5 E g cic;o;;
Py Py T )=l

+C4C5045. (16)

For the asymmetries, the denominator is the cross section,
and the numerator Ac{c;} = A{c;}o is parametrized sep-
arately. For the C P-even asymmetries the parametrization of
Ao is same as in Eq. (16) and for CP-odd asymmetries it is
done using

5 3 3
Ao({c;}) = zci0i+zcic40i4+zcicso"i5- (17)
i—a i=1 i=1

Here, ¢; denotes the five couplings of the dim-6 operators
¢; = {cwww, Cw- g, Ciirs cm}. We define y? distance

between the SM and SM plus anomalous point as
0i(c) = 0} (0)\?
20=Y 3 (P00, oy
kol 60,

where k and [ correspond to observables and bins,
respectively and ¢ denotes some nonzero anomalous

couplings. The denominator 60 = \/(5ﬁm,)2 + (60 ys)*
is the estimated error in &. If an observable has asymmetries

_ NT-N"
A= N*T+N~

the error is given by

+ €3, (19)

where N + N~ = N; = Lo, L being the integrated lumi-
nosity of the collider, which we will call luminosity for the
rest of the article unless otherwise mentioned. The error in
the cross section ¢ is given by

b0 =\ [+ (e,0)". (20)

Here ¢4, and e, are the fractional systematic error in
asymmetries (A) and cross section (o), respectively. The
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FIG. 5. j? of cross section (¢), asymmetries of W boson and
their combinations (W), spin-spin correlation asymmetries
(Corr), combination of all polarization and correlation
(WF + Corr) and combination of all observables (All) as a
function of anomalous couplings ¢; (TeV~2) one at a time. The
legend is kept only for cy; (right panel top row) and is the same
for all panels. The dashed horizontal line at y*> = 3.84 indicates
the 95% CL bound on the anomalous couplings. The systematic
errors are kept to zero.

analyses in our current article is done for /s = 250 GeV
and luminosity,

£ € {100 f6!,250 61,1000 fb=!,3000 fb='}.  (21)

The SM cross section for the process given in Eq. (15) at
Vs = 250 GeV is 2.347 (pb), and with this cross section, we
estimate the pure statistical error for a set of luminosity in
Eq. (21) and they are

oo

o

€ {0.2%,0.1%,0.06%, 0.03%}. (22)

To the pure statistical error given above, we add a systematic
error which is chosen as

(ex.€,) € {(0,0).(0.25%.,0.5%), (1%.,2%)}.  (23)

We perform analyses with each value of luminosity, and for
each luminosity, all systematics are chosen to give us a total
of 12 different analyses.

A. One-parameter estimation

In this section, the observables are obtained by varying
one anomalous coupling at a time and keeping all others to

TABLE V. The list of constraints on five anomalous couplings
at 95% confidence level obtained by varying one parameter at a
time and keeping the other at zero. The limits are obtained for
V/s =250 GeV, luminosity £ = 100 fb~! and 3000 tb~!. The
systematic errors are kept to zero.

Parameters (TeV~—2) 100 fb! 3000 fb~!

Cyww/A? [-1.12,+1.09] [-0.20, +0.20]
cw/ N2 (~0.84, +0.82] [~0.15, 40.15]
X [~2.65. +2.58] [~0.48, +0.47)
e/ N2 [-10.76,+10.76]  [~2.00, +2.00]
¢ [N (—1.24,+1.24] [~0.22,+0.22]

zero. We describe the role of various sets of observables in
obtaining the constrain on those anomalous couplings. The
systematics is kept at zero for this analyses. It is observed
that the spin-spin correlation asymmetries contribute sig-
nificantly to y2. Together with polarization asymmetries of
W's it enhances the overall limits. In the case of CP-even
couplings like cywyw and cyy, the limits obtained by spin-
spin correlation alone are approximately a factor of two
tighter than the limits obtained using polarization asym-
metries alone, see Fig. 5 bottom row. For the CP-odd
couplings ¢y and €y the limits are saturated by

polarization and spin-spin correlation, i.e., the cross section
plays little role. This is because the cross-section in the case
of CP-odd coupling behaves as

}- (24)

2
o =0+ ci Xo0;,¢c; €E{Cyp, C——
0 i i “i {W’ WWW

And for small ¢;, the change in cross section is tiny.
Whereas, in terms of CP-even couplings like cyww, cw,
and cp, the cross section does provide a tighter limit on
respective couplings because of linear dependence on c;.
We also note that in the case of spin-related observables,
the polarization asymmetries of W' provide a more
negligible contribution compared to that of W~ (see the
green curve in Fig. 5). It is because we have reconstructed
asymmetries related to W' using ML models, and the
reconstruction is imperfect. The best limit is obtained
using all the observables together. The one parameter
95% confidence level limits on various anomalous cou-
plings ¢; at £ =100 fb~! and 3 ab~! with zero system-
atics are listed in Table V.

The limits on anomalous couplings cy, cg, and cy, are
tighter than the experimental limits quoted in Table I. The
limits on cywyw and €y Te comparable to the best

experimental limits. In comparison to the projected limits
of CP-even couplings with FCC-ee [131], the limits remain
comparable.
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FIG.6. Two-dimensional contour plot showing y*> = 1 for cross
section (o), asymmetries of W boson and their combination
(W), spin correlation (Corr), a combination of spin-related
observables (WT + Corr) and all observables (All) as a function
of two anomalous couplings ¢; (TeV~2) at a time. The legend for
each panel follows that of the right panel top row (cy, cg). The
systematic errors are chosen to be zero.

B. Two-parameter analysis

Here we discuss the case where two out of five anomalous
couplings are varied at a time, and others are kept at zero, i.e.,
(¢is€j)izj» Cir€j € (Cwww» Cws Cps C» cm). We study
how various sets of observables perform on constraining
pairs of anomalous couplings. Each observable correspond-
ing to individual pair (c;, c;) is fitted to Egs. (16) and (17)
and the fitted function are used to compute y? using Eq. (18).
We kept the systematic error at zero for this analysis. In
Fig. 6, we show four different pairs depicting y* = 1 contour
from a total of (3) = 10 pairs. It is observed that only
certain combinations are correlated like {(cy, ¢g), (cwww,
cw)s (ews cm)} and the other remaining pairs shows little

or no correlations. The contribution of various observables
on constraining the anomalous couplings is shown in various
panels of Fig. 6. The behavior of red contours due to cross
section ¢ can be understood as follows. In terms of two
parameters ¢ behaves as

6 =0y + €16y + 200, + ¢io1) + 30241201, (25)

In the bottom right panel of Fig. 6, both the parameters are
CP-odd, i.e., the linear terms in the above equation are
absent, as was observed in the previous section. This leads
to a poor constraint on both parameters; hence, the

X=1.0 V5 =250 GeV 5 x*=10 V5 =250 GeV
15 £=100 fb~! £.2100 fb~1

Cwww
o

_______ =

-1.5 -—- FlavDep _2 === FlavDep
v Flavindep | 1 e Flavindep

-2 -1 0 1 2 -15 -10 -5 0 5 10 15
Cwww w

FIG. 7. y* =1 contour for combinations of all asymmetries,
flavor-dependent, and flavor-independent asymmetries as a
function of two anomalous couplings c; (TeV~2) at a time.
The results is obtained for /s = 250 GeV, £ = 100 fb~!, and
Zero systematics.

corresponding contour is large. In the top row, both the
parameters are CP-even, and hence all terms of Eq. (25) are
nonzero. The contribution from the quadratic pieces, i.e., the
last two terms, is always positive. The contribution from
the linear can be of either sign depending upon the sign of the
couplings and the sign of the interference terms o(; and o¢,.
They lead to a vanishing contribution along the line

002
Cl = —Cr—.

001

C100] + €000 = 0 or

Asitis clear from the figure, 6 and o), are of the same sign
and hence a poor limit along the above line in the second and
fourth quadrants. The same leads to a tighter constraint in the
orthogonal direction. In the case of pair containing CP-even
and CP-odd parameters, the cross section as defined in
Eq. (25) contains only one linear term coming from CP-even
parameter, thus we see tight constraints on the x-axis
(CP-even) and loose constraints on the y-axis (CP-odd).
The asymmetries are rational polynomials of the second
degree and can have complicated shapes depending upon
their CP nature and the pair of couplings we are probing. The
contours from the W polarization alone are wider than
the one obtained from W™ as in one-parameter analyses. The
contours due to correlations alone are comparable to the
contribution of other observables. A combination is
expected to improve the constraint.

At this juncture, it is essential to question the importance
of flavor tagging. To do that, we show how the contour
changes with different asymmetries, viz. flavor dependent,
flavor independent, and their combinations as a function
of anomalous couplings. The y> =1 contour plots for
(cwww- cw) and (cy, cm) are shown in the right and

left panel of Fig. 7 respectively. In both the panel, it is clear
that even with 70% accuracy on flavor tagging, the
dominant contribution on constraining the anomalous
couplings comes from the flavor-dependent observables.
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W

FIG.8. Marginalized 1D projections at 95% CL from the MCMC for the effective operators ¢; (TeV~2) for a set of systematic error and
luminosities. The value of the systematics used is given in the first plots of each row.

This suggests that we need to develop a higher-accuracy
model. For further analyses, we consider all the observables
(cross section and asymmetries).

C. Five-parameter analysis

Next, we move to a full 5-dimensional parameter space,
where all parameters can vary simultaneously. We also did
five parameters fitting as in Eqgs. (16) and (17). We used
the fitted function to perform Markov Chain Monte Carlo
(MCMC) [124] analyses to estimate simultaneous
limits on the anomalous couplings. MCMC is essentially
Monte Carlo integration using Markov chains. This kind of
integration is usually used over the high-dimensional
probability distributions to make inferences about model
parameters or to make predictions. The chain can be
constructed following the general algorithm suggested by
Metropolis and Hastings [132,133]. If O denotes the
observed data and € denotes model parameters; we can
set up joint probability distribution P(O, #) over all random
quantities which can be defined as

P(O,0) = P(O|6)P(9), (26)
where P(6) and P(O|0) are prior and likelihood distribu-
tion, respectively. Bayes theorem can be used to find the
posterior distribution of 6,

P(0)P(O]0)

P00 = Tro o

(27)

Any features of the posterior distribution can be expressed
in terms of posterior expectations of functions of 4 given by

R T S

Our current analysis has five different parameters (c;) and
648 observables, as already described. We defined a like-
lihood function by using the y* defined in Eq. (18) and is
defined as

)
2

P(ci|0) x e (29)

The further interpretation of the posterior probability to
find the Bayesian confidence interval is made using GetDist
[134]. It is a Python package for analyzing Monte Carlo
samples, including correlated samples from MCMC. The
samples are obtained for a set of luminosities £ with
different combinations of systematic error of cross section
and asymmetries. For each combination of luminosity and
systematic error, we generated 50 chains of samples
initiated with different values of parameters. We begin
by observing marginalized 1d projections at 95%
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FIG.9. Marginalized 2D projections of the maximally correlated anomalous couplings c; (TeV~2) at 95% CL from the MCMC for a
set of systematic error and luminosities obtained using GetDist at the reconstruction level.

confidence level (see Fig. 8) obtained using MCMC at
different luminosities and systematics. We observed (top
row of Fig. 8) that when systematics is chosen to be (0,0),
the confidence interval on anomalous couplings (c;) tight-
ens on increasing luminosity £. The limits vary as z%
And when the systematics is chosen at (0.25%,0.5%) for
asymmetries and cross sections, respectively, we note
(middle row of Fig. 8) the confidence interval tightens
with increasing luminosity £ € [100 fb~!, 1000 fb~!] and
the limits on every anomalous couplings saturates above

1000 fb~!. The bottom row of Fig. 8 represents the
variations of the confidence interval of various anomalous
couplings when the systematics are kept at (1%, 2%) and
it is observed that the limits saturate at luminosity
L =250 fb~!. Similar arguments can be made by observ-
ing Fig. 9, which is a marginalized 2d projection of the
correlated parameters at 95% confidence level. Other
combinations of parameters are found to be minimally
correlated or uncorrelated. The plots are shown for three
sets of systematic errors at different luminosities. The left,
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FIG. 10. The variation of the values of the five anomalous couplings ¢; (TeV~2) with respect to luminosities £ at different value of

systematic error (e, €,).

middle, and right panel of each row of Fig. 9 represent
when systematics are chosen to be (0,0), (0.25%,0.5%),
and (1%,2%), respectively. As one moves from the left
to the right panel (increasing systematic error) in each row,
the simultaneous limits on two anomalous couplings get
saturated at a certain luminosity. As can be noted from the
middle and right panel of Fig. 9, the simultaneous limits on
two parameters saturate around 1000 fb~!' and 250 fb~!,
respectively. Finally, we show in Fig. 10 the variation of
limits of all five anomalous couplings with respect to £ at
fix €4 and ¢,. It depicts how the limits of different couplings
vary with respect to luminosities at a fixed systematic error.

TABLE VI.  Thelist of 95% BCI of anomalous couplings (TeV~?)
of effective operators for /s =250 GeV and £ € {100 fb~!,
250 tb=!, 1000 fb=!,3000 fb~'} at systematic error of (¢4, €,) =
(1%,2%) from MCMC global fits at the reconstruction level. The
reconstruction of W is done using XGBoost.

Parameters 100 fb~! 250 fb~' 1000 fb~' 3000 fb~!
Cwww +2.1 +1.8 +1.6 +1.5
A2 -2.3 -1.9 -1.7 -15
cw +23 +1.9 +1.6 +1.6
A? -2.0 -1.7 -1.5 -1.4
93 +5.0 +4.2 +3.6 +3.5
A? —6.4 -53 —4.5 —4.3
cy +17.7 +15.3 +13.4 +12.8
A2 -17.8 —15.4 —-13.5 -13.0
¢~ +2.6 +2.1 +1.8 +1.7
‘X“;W -2.6 2.1 -1.8 -1.7

As can be seen in Fig. 10, the limits at systematics of
(1%,2%) for asymmetries and cross section, respectively,
shown by black curve saturates, suggesting that the best
limits set on various couplings do not improve with
luminosity. It can be further noted that the limit set at
chosen maximal luminosity (3000 fb~') and maximal
systematics (1%, 2%) is still worse than when we chose
minimal luminosity (100 fb=') but reduced systematics
(0.25%,0.5%). For example, we take cyww, the limit at
(€4,€5) = (1%,2%) and £ = 100 fb~! is approximately
[-2.2,+42.2] and these limit becomes approximately
[<2.0,+2.0] at a luminosity value of 3000 fb~!. The latter
value can be achieved if we choose the systematics to be
(0.25%, 0.5%) and luminosity is kept at 100 fb='. All the
other anomalous couplings show the same behavior. These
suggest that increasing the luminosity would not be very
advantageous unless the systematic error is not brought
down to a sizeable value. The limit for different parameters
(¢;) at 95% confidence interval for (e, €,) = (1%,2%) are
noted down in Table VI. We found that the limits set by our
analyses on the parameters like cz and cy, are tighter than
that of the quoted experimental value in Table I while the

limits on other anomalous couplings (cWWW,cW,cm)

remains comparable. The limits on ¢y improve by a factor
of ~1.18, and for cp, the limit shrinks by a factor of ~1.7.
We further note that the limit obtained in this article for
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anomalous couplings like ¢y, and cp are tighter by a factor
of ~1.5 and 2.3, respectively, than those obtained by [11].
The limits by [11] were obtained at /s = 500 GeV at the
level of parton, i.e., there was no error in the reconstruction
of W' boson.

V. CONCLUSION

In this article, we use machine learning techniques like
artificial neural networks and boosted decision trees to tag
the jets initiated by light flavor quarks with about 70%
accuracy. The classification is made on two classes defined
as up-type or down-type jets. The reconstructed W+
remains a faithful object for constructing all the observables
we have used in this work to constrain the anomalous
couplings. It is always an advantage to have as many
observables as possible to probe or measure various
parameters of new physics. We have shown that spin-spin
correlation asymmetries can provide constraints compa-
rable to those of polarization asymmetries. We also exploit
the fact that the spin and polarization asymmetries vary
with the production angle 0y~ by dividing the cos 6y~ into
eight equal bins and constructing all 80 asymmetries in all
those bins. This and the cross sections in those bins give us
a total of 648 observables that depend upon the five
anomalous couplings.

Our one parameter limits shown in Table V for £ =
100 fb~! are better than the one parameter limits in Table I
obtained from various analyses [48,49,57] at CMS. Our
five parameter simultaneous limits in Table VI for £ =
100 fb~! are also comparable to the one parameter limits in
Table I for cyy, cp, and cy. While for ¢y and o the

CMS limits obtained using production rates alone are better
than what we quote. This is because the contributions
proportional to cyww and o have an extra factor of p?

in the matrix element, which leads to an enhanced con-
tribution in machinelike LHC running at 13 TeV. In our
case, the limit o is derived mainly from the asymme-

tries and without the advantage of large momentum. For
cwww, however, the cross section provides a strong limit
(Fig. 5), but there is some cancellation in the cross section
due to nonzero values of ¢y, and cp (Fig. 6) which leads to a
poorer limit than Table V when all parameters are varied.

We showed how systematic error act as a brick in
constraining anomalous couplings. For example, for a
conservative choice of systematics to be (e4,€,) =
(1%,2%), the limits on the anomalous couplings improve
by a factor of only ~1.4 when we increase the luminosity
from 100 fb~! to 3000 fb~!. This indicates that with large
systematics, it is wise to look for additional observables from
various processes to constrain the couplings better than to run
the machine for a higher luminosity. One can also try to
improve the flavor tagging, use the beam polarization, and
use a finer binning of the production angle cos 8y~ while
running the machine at /s = 250 GeV.
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APPENDIX: NORMALIZED POLARIZATION
AND DECAY DENSITY MATRIX

The polarization density matrix for a spin-1 particle is
given as p(4,1) =

1 P: L px—ipr‘, T,, lT}M TXZ—T},),—ITX),
Y2t % a2 T V6
Pxtipy 4 T, +iT,, 1_ 2T, Px—ipy Ty —iT,,
2V2 V3 3 Ve 2V2 NV
TaTy 2Ty petipy _ Tetily 1 _p. T,
V6 2V2 V3 32 Ve
(A1)
and the normalized decay density matrix I'(4, ") =
1+5+[)C5+2(139 sg+ddcy €[¢ p (1—65) ei2¢
4 22 4
sola+pco) ,—ig 9 sela=peo) ig A2
N o+p3 2 € ) (A2)
P (1—403) o2 59(;—/%03) it 1+5+/’Z§—2‘“‘0

where ¢y and sy are cos 0 and sin 6 of the polar angle of the
decay products respectively and p = (1 — 36).
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