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Precision measurements at the LHC are complementary to direct new physics searches. The high-energy
distribution of diboson processes [WW, WZ, V(W,Z)h] is a promising place, with the possibility of
significant improvement in sensitivity as the data accumulates. We focus on the semileptonic final states
and make projections of the reach for future runs of the LHC with integrated luminosities of 300 fb~! and
3 ab~!. In the semileptonic channel of WV, we have employed a combination of kinematical distributions
of both the W and Z and their decay products to select the longitudinally polarized W and Z to enhance the
sensitivity. The measurement in this channel can surpass the sensitivity of the precision measurement at
LEP, and they can be significantly more sensitive than the HL-LHC h — Zy measurements. Compared
with the fully leptonic channel, the reach from the semileptonic channel can be better with effective
suppression of the reducible background and systematic error. We also considered the reaches on the new
physics mass scale in different new physics scenarios, including the strongly interacting light Higgs
(SILH), the strongly coupled multipole interaction (Remedios), and the class of models with partially

composite fermions.
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I. INTRODUCTION

Precision measurement at the LHC will be one of its
most important legacies. Electroweak symmetry breaking
is one of the central questions of the Standard Model.
Focusing on the electroweak sector of the Standard Model
(SM), precision measurements can provide valuable les-
sons which will help us address this question.

With the assumption that new physics particles would
not be produced directly at the LHC, we parametrize their
effect by a set of dimension-six effective field theory (EFT)
operators [1-3]. In this paper, we focus on operators
relevant to electroweak precision measurements. Such
measurements on the Z-pole have been carried out at
LEP [4], with typical precisions on the order of 1073,
Given that new physics effects are roughly of O(m%/A?),
this can be interpreted as constraining the scale of new
physics to be higher than A ~2 TeV. At the LHC, effects
of new physics can potentially grow with energy. For
example, if the leading effect is through interference
between a dimension-6 operator and the SM, it could grow
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with energy as o« E2/A2. In this case, since energies around
TeV can be probed at the LHC, i.e., E~1 TeV, we only
need ~20% measurement of the cross section in this energy
bin to achieve a reach on A ~2 TeV similar to that of LEP
precision measurements. In order to fully take advantage of
this effect, it is important to focus on final states whose
amplitude not only grows like E2, but also interferes with
an approximately constant SM amplitude. In practice, this
requires carefully designed cuts to select such final states.
As we review in Sec. II, in the two-vector-boson channels
(WW and WZ), an obvious channel would be the produc-
tion of longitudinally polarized vector bosons. Polarization
tagging would be crucial to separate it from channels with
other polarizations. At the same time, such inference is
guaranteed for the VA channel.

The present bounds on these operators from LHC
diboson processes have been studied in Refs. [5-14].
The prospects of probing these operators in the trilepton
channel WZ — 3/ and the dilepton channel WW — 272v
have been studied in Refs. [15,16], while the Higgs-
associated production channels for the SM case have also
been considered in Refs. [17,18]. In this paper, we focus
our attention on the semileptonic channel of WW, WZ
production. In comparison with the pure leptonic channel,
the semileptonic channel has a larger rate. At the same time,
it presents new challenges. Not being able to clearly
distinguish hadronically decaying W and Z, we will have
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to consider them together. Unlike the WZ channel, the WW
channel does not have the sharp “amplitude zero” feature in
the central region. In this paper, we employ additional
information from the distribution of the decay products of
the vector boson to help tag its polarization. We have also
included our analysis for the VA channel, which is in broad
agreement with the results in Ref. [15]. Based on this analysis,
we make projections for the sensitivity to new physics.
The rest of this paper is organized as follows. In Sec. II,
we describe the EFT framework of our analysis and offer
general discussions of key aspects in the analysis of
diboson channels. We present our analysis of the potential
of the semileptonic channel, which is the main result of this
paper, in Sec. III. In Sec. IV, we apply the result of our
analysis to estimate reaches in the new physics scale in

several more specific scenarios. Our conclusions are con-
tained in Sec. V.

II. THEORETICAL APPROACH

After integrating out new physics, the SM Lagrangian is
modified by the addition of higher-dimensional operators.
We have

Ci
£:£SM+ZP01‘+"” (1)

where A has no 7 dimension and it should be interpreted as
a mass threshold. We have only included dimension-6
operators [1-3]. The operators most relevant for the
diboson channel are
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where H'D*H = H'D,H — (D,H)"H. From this list, we
will not further consider T-parameter operator Or. It has
been well constrained by LEP experiment, and it is unlikely
that LHC measurement can reach a comparable level. We
have also not included the operator Oy = 217 (0|H|*)? in
the list. It modifies the Higgs gauge boson coupling.
Current results of Higgs coupling measurement have
already constrained f = 800 GeV [19,20], and the preci-
sion can reach f 2 1200 GeV with the HL-LHC [21-23]. It
will lead to strong W; W, (hh) scattering, as dictated by the
Goldstone equivalent theorem [24,25]. However, the effect
is more prominent at higher energies ~(f/v)? x TeV. The
sensitivities of LHC to Oy in the diboson channels are
weak, reaching f 2 350 GeV at the HL-LHC in the double
Higgs final states [26] and f = 550 GeV at the HL-LHC in
the same sign dilepton channel of W*W# [27]. It cannot
compete with the Higgs coupling measurement.

The contributions of these operators to scattering ampli-
tudes depend on the final states. We will consider the
so-called diboson processes gq — V,V, and gq — Vh,
where V = W+, Z. With our normalization, the largest
SM amplitude is a constant." For dimension-6 operators,

'There are also t-channel poles in the forward region; here for
simplicity we are focusing on the central region.

their contributions to the amplitudes can grow at most as E.
Hence, we should look for a channel with interference
between the SM and the new physics amplitude growing as
E?, or at least growing with energy. In order to have the
energy growing behavior, it is not enough to just have the
contribution of dimension-6 operators to the amplitude to
grow with energy. It is crucial to have the corresponding SM
amplitude not decreasing at least as fast with energy. This
condition can in principle be relaxed if the SM background
interfering with the signal is the only SM background. In

this case, we can have good sensitivity as long as S/v/B
grows with energy. A SM background decrease with energy
can in principle satisfy this condition, even if the interfer-
ence piece does not grow. However, in practice, such cases
are difficult to find. There are almost always (ir)reducible
SM backgrounds which do not decrease with energy.
Hence, the channels which have the interference piece
growing with energy remain our best hope.2

Perhaps the most straightforward cases to consider are
the Wh and Zh channels. In this case, the new physics

“In this paper, we will simply extract the expected sensitivity
on the new physics effects by combining the different energy
bins; see Ref. [28] for a more dedicated study on obtaining the
optimal estimations of the dimension-six deformations on the
differential distributions of the SM observables.
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TABLE 1. High-energy behavior for the helicity amplitudes
qg — WTW~, where we omit the gauge couplings g7, ¢ in front
of the amplitudes [32]. O,y has similar behavior as Oy .
E can be thought as half of the partonic center-of-mass energy
(i.e., the energy of a single W boson). For the zeros in the table,
the corresponding amplitudes are zero in the zero mass limit. For
the WZ final state, the only nonzero amplitudes are those from the
left-handed quarks. In addition, only the Oy yy operators have
energy growing behavior in the purely longitudinal helicity state.

(hy+ . hy-) SM Oy

qrdr > WW-
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amplitude interferes with the full Standard Model ampli-
tude. The only challenge would be to identify the final
states amid the reducible SM backgrounds. This has been
demonstrated to be feasible [29]. In particular, boost
techniques play an important role in separating signal from
reducible background [30,31]. At the same time, the
boosted regime is also precisely the place for enhancing
the new physics effect. Further studies of this channel have
been presented recently [17,18].

The channels with two vector gauge bosons are more
complicated. In Table I, we have shown the high-energy
behavior for the helicity amplitudes of the process gg —
W*W~ in the SM case and also the contribution from
dimension-six operators. We have omitted the gauge cou-
pling squares g%, ¢ in front of the amplitudes [32]. From
Table I (see also [33]), we conclude that the most promising
channels are those with longitudinally polarized vector
bosons, as the interference piece grows with energy as
o E?. Hence, we expect that isolating events with longi-
tudinal polarized vector bosons will be particularly impor-
tant. There can be two strategies in achieving this goal. One is
to take advantage of the fact that final states with different
polarizations have different kinematical distribution [32].
A particularly useful example is the so-called “amplitude
zero” in the transversely polarized WZ final states [34,35]. In
this case, using kinematical cuts which select the central
region enhances the longitudinally polarized component.
This approach has been used in Ref. [15].

The second strategy is directly tagging the polarization
of a gauge boson from the angular distribution of its decay
products. Such a polarization tagging can be challenging.
The basic difference would be in the angular distribution of

TABLE II. Observables for probing the higher-dimensional
operators. ¢, denotes the Wilson coefficients of the fermionic
operators in Eq. (2). For reference, we have also included
contributions from potential dimension-8 operators with Wilson
coefficients denoted by c7y. See Appendix C of Ref. [37] for the
definition of the dimension-8 operators.

Observable 60/0gy

WiWL [(CW+CHW_CZW)T}+(CB+CHB_C2B)thgv}/%? Cf,%
WiWz C3W’Zizv+0§w%, CTWW/ETj

Wiz, (cw + caw — cow + 40?”)%

W%ZT (r) Caw T\;.g’ + C%W %, Crwa %

Wih (CW+CHW_C2W+4c<L3>q)/%

Zh [(Cw+CHW—02W)T;—(CBJFCHB—CzB)Yff»zv]%’ Cf/ETi
ZrZy (crww + therss = 2T crwp) %

4 (crww + crsp + 2T}crwp) =

§ (ew + CB)n;T%zV

h= 2y (caw — cup) (423)2

h—> WHtw-

2
(CWJFCHW)’%V

the decay product in the rest frame of the gauge boson.
Even with perfect reconstruction and identification, one
would not expect the difference between different polar-
izations to be much more than order 1. In practice, one
strategy would be to reconstruct the rest frame of the gauge
boson, and use the angular distribution of the decay product
[36]. The systematic error in the reconstruction needs to be
taken into account. Another strategy would be to use the
kinematical feature of the decay product in the lab frame.
This has the advantage of skipping the step of reconstruct-
ing the rest frame of the gauge boson. However, some of the
information of the angular distribution will be washed out.
A list of diboson channels and other observables, and the
contributions from new physics operators, are presented in
Table II. For reference, we have also included the contri-
bution of dimension-8 operators, where we refer to
Appendix C of Ref. [37] for the definitions. §0/Ogy,
denotes the ratios between the contribution to the cross
sections or decay widths from higher-dimension operators
and the SM prediction. We see that each of the observables
receives contributions from multiple operators. More spe-
cifically, the contributions to diboson production in the high-
energy limit depend on the following combinations [15]:

CE;;,) =cw+cyw — Cow + 4C(L3)q,

(1) q
cuy, = cg+cyp—copt+écr,

(1 _ q
CdL = Cp +CHB — Cop —4CL,

(1)
ug = Cp+ Cpp — Cop + 3¢y,

1
CEZ'R) :CB+CHB_C2B_6CdR~ (3)

c
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This result can be understood easily by using the following operator relations (together with additional equations of motion) to

rewrite operators Oy g, Ow.p» Oaw.2p in terms of the operators with more fields, such as Oy wp g, O{ z» Oap, Oy, and

so on [2,3]:

1
Op = Opg + Opg +ZOWB’

1 1
Ow = Opw +ZOWW +ZOWBv

O4f :];Wffhﬁ Oyf :nyTHfLHfR-

The resulting set of operators is called the Warsaw basis [1].
For example, from the first relation on the first line of Eq. (4),
the operators Op and Oyp contribute in the same way to
longitudinal diboson final states, since Oy and Ogp only
contribute to the production of the transverse diboson final
states. Similarly, the operator Oy can be related to the (’){_ R
operators by equations of motion of the hypercharge
gauge field.

It is impossible to distinguish separate contributions
from operators within each combination from diboson
measurement. Besides diboson production, one of the most
important observables is the oblique S-parameter [38],
which has been well constrained by LEP precision electro-
weak measurement [4]. It depends on a different combi-
nation of the operators Oy + Op. Therefore, it is
complementary to the diboson measurement at the LHC.
At the same time, we do not expect large cancellation
among operators short of large fine-tuning or special
symmetry. In this case, we can view the LEP measurement
of the S-parameter as setting a generic limit on the size of
Oy and Op and use that as a target for the LHC experi-
ments. A similar argument also applies to the measurement
of Higgs rare decay i — Zy at the HL-LHC, which will be
sensitive to the operator combination Oy — Ogp. For this
measurement at the HL-LHC, we will use the projections
made in Ref. [23].

So far, our discussion is at the level of the parton level
cross section. The observable cross section is obtained after
convolution with parton distribution functions. Taking this
into account, the signal cross section scales with energy as

ENd—4 /1\ n+2
asigocMSM<X> (E) ) (5)

where d is the dimension of the EFT operator responsible
for the signal, and Mgy, is the SM amplitude with which
the new physics amplitude interferes. n; parametrizes the
dependence of parton luminosity on the parton center-of-
mass energy. Parton luminosity is a sharp falling function
of E. Typically, n; is a large power, around 4-6. If the
search channel is statistics dominated, we have

Ows = g9 (H 6“H)W{, B*,

yi?

OBB = g/zHTHBMDBm/

Oww = ¢HTHWS, W

4)

S E\ d—4 /1 ne/2+1

G R
where £ is the integrated luminosity. To obtain this
qualitatively scaling behavior, we have made the crude
approximation that oy, ~ | Mgn|*. This means the sensi-
tivity of different energy bins depends on the dimension of
the EFT operator to be probed. For example, for d = 6
operators in Eq. (2), lower energy bins have higher
sensitivity. On the other hand, for probing d =8 EFT
operators, we expect that higher energy bins yield better
sensitivity. However, the assumption of statistics domination
is certainly not realistic. Systematic error is very important,
particularly for precision measurements. Lower energy bins,
typically with a smaller S/B, will be more affected (and
sometimes dominated) by systematics. Therefore, in reality,
the most sensitive energy bin is typically determined by a
trade-off between systematics and statistics.

III. PHENOMENOLOGY OF DIBOSON
PROCESSES IN THE SEMILEPTONIC CHANNEL

We will focus on the following semileptonically
decaying channels at the LHC:

pp = Wh = ¢ubb,
pp — Zh — vobb,  (7)

pp —» WV = fuqq,
pp = Zh = ¢+ ¢7bb,

where £ = e, yand V=W, Z.

For the Monte Carlo simulation, we first implement the
dimension-six operators in Eq. (2) in a UFO model by
using FeynRules [39]. We then use MadGraphS [40] to
simulate the signal and background events at leading order
(LO). The cross sections of the processes considered in this
paper are also calculated using MadGraph5 at the LO. For
the studies in this paper, we have used NNPDF2.3LO1 [41] as
the parton distribution functions.

A. WV processes

We start from the semileptonic final states from the WV
processes. The longitudinal modes of WV tend to be
produced more centrally than the transverse ones. Two
possible kinematical variables which can capture this
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Contours of production cross section of longitudinally polarized vector bosons o;; and its ratio to the total cross section,

611/ 6 in the | cos Oy | — p¥ plane. Oy is the scattering angle in the parton center-of-mass frame. The left (right) panel is for WZ (WW)

production. We require |n7y| < 2.5.

feature are the transverse momentum, p¥, and the scatter-
ing angle in the parton center-of-mass frame, 8y, of the
vector bosons. In Fig. 1, we plot the contours of the
production cross section of longitudinally polarized vector
bosons o, ;, and its ratio to the total cross section, 6;; /6
in the |cos @y | — p¥ plane. We see that the W, Z; can be
dominant in the central region, while W; W/ is at most 10%
of the total rate. This is due to the presence (absence) of the
so-called “amplitude zero” in WZ (WW) channels [34]. The
behavior of the contours can be understood qualitatively. In
the high-energy regime, we can approximately neglect
effects of the gauge boson masses my, ;. The differential
production cross section for vector bosons with helicity &y
and hy, from initial parton i and j is

o] ZﬂdL,»j dE
1282N, 4~ E* dE dp V

|th1hv2 (ev E) ‘2

dedCOSQV
(8)

where E is the energy for the single vector boson in the
partonic center-of-mass frame. We have

p dE_ pr _ P
E' dp} Esin’0, sinfy’

©)

pr=psindy, =

where p = |p| denotes the magnitude of the three-momen-
tum of the gauge boson in the partonic center-of-mass
frame. For simplicity, we define the helicity states in the

dL;
partonic center-of-mass frame.

ik
defined as
dL;; 8E (! dx
v S =4E2, (10
GBS oy /5K s (10)

where s denotes the square of the partonic center-of-mass
energy and S means the proton-proton center-of-mass
energy squared. First, we consider the WW production.
To get a qualitative understanding, we can ignore the
contribution from hypercharge gauge coupling since it is
small in comparison with the SU(2), contribution. In the
high-energy limit, we have

4,2 2
|MEL P = ?‘(,]2 (S + 2 )sm Oy (1 + cos?0y),

2 _ g* 2
My |* = 35 sin*0y. (11)

where the amplitudes are summed over initial states ui and
uu. These are even functions of cos@y. Including the
contribution from dd + dd does not change the form of the
squared amplitudes. Thus, the parton luminosity can be

factored out, and the ratio d’>c5%, /d*cL}, only depends on
the ratio of the squared amphtudes

doffyy 1 (1 —cos®Oy)’
d*olly 8 (1 +cos?Oy)*

(12)
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FIG. 2. Distribution of the cos@* for the longitudinal W and transverse W bosons with p7w € [200,400] GeV (left plot) and
pr.w € [800, 1000] GeV (right plot). The transverse W bosons include both + and — helicities. The distributions are normalized to 1.
The blue and the red lines are for the truth-level leptons and neutrinos, obtained from MadGraph5 [40] LO simulation. The brown and
orange lines are obtained by smearing the truth-level energy of leptons by 5% and neutrino by 15%. The black and purple lines are
obtained by smearing the truth-level energy of both leptons and neutrinos by 15%.

Since the total cross section is dominated by the production
of the transversely polarized W’s, Eq. (12) explains the flat
contours for this ratio in the right panel of Fig. 1 in the large
pr regime. The factor 1/8 in front of the right-hand side of
Eq. (12) also explains the small value ~0.1 in the most
central region with cos @y, — 0.

A very similar analysis applies to WZ except that there is
an amplitude zero for the transverse mode production in the
central region. More specifically (again neglecting the
contribution from the hypercharge), the squared amplitudes
for the production of longitudinally and transversely
polarized modes are

4 2
|IMEL 2 = gz (5 - 5) sin®0y (1 + cos?dy),

4
g
|IMEL|? = Rsmze (13)

As in the case of WW production, the squared amplitudes
are the same for initial states ud +du and dii + id.
Equation (13) then explains the flat behavior for the
contours of the ratio in the left panel of Fig. 1. In contrast
to the WW channel, here the transverse amplitude vanishes
in the cosfy ~ 0. The ratio of the polarized production
cross section is

dzaﬁfz 1

T "~
d*oll,

1 —cos? 6y
8 cos? Oy 1 + cos? Oy

(14)

where it is clear that the longitudinal component is
dominant in the central region, also shown in Fig. 1.
Since it can be challenging to fully distinguish hadronic
W and Z at the LHC, both signal and background will
receive contributions from both WW and WZ channels.

Therefore, event selection based on simple kinematical
cuts such as pY and cos@y will always suffer from the
contamination from the transversely polarized W’s and may
not achieve optimal results.

For the semileptonic channel, polarization tagging using
the information of the decay products can provide additional
information to further enhance the signal. Such a strategy has
been considered in Ref. [36]. Here, we further explore its use
in the case under consideration. The basic strategy is based on
the well-known results that the distribution of the polar angle
0 for the lepton in the W-rest frame are different for the
longitudinally and transversely polarized W bosons. The
z-axis is typically chosen as the direction of the momentum
of the W boson in the laboratory frame [36]. The probability
distributions of the polar angle for different helicity states in
the W+ decay are given by (see Appendix B)

3 3 3
P.=g(1=cos0")%, P_=g(l+cos0")%, Po=_sin’0".

4
(15)

Note that cos §* can be obtained directly from the momenta
of the lepton and neutrino in the laboratory frame as’ (see
Appendix B for a more detailed derivation)

E,-E,

cosff = ———
D+ Dol

(16)

Normalized distributions of reconstructed cos 8* from lon-
gitudinally and transversely polarized W’s are shown in

’In practice, the transverse momentum of the neutrino is
identified with the missing energy. The longitudinal momentum
of the neutrino is obtained by imposing the mass shell conditions
for the neutrino and the W boson.
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TABLE III. Two benchmarks for the longitudinal and transverse polarization tagging. The transverse W bosons

include both 4 and — helicities with equal probability.

Cut w2 <2.5 Prew > 25 GeV, || < 2.5 |cos 6| < 0.6 €prn X €costr
prw € [200,400] GeV

Efficiency L 0.572 0.943 0.810 0.764

Efficiency T 0.572 0.776 0.665 0.516
pr.w € [800, 1000] GeV

Efficiency L 0.853 0.995 0.791 0.787

Efficiency T 0.854 0.921 0.553 0.509

Fig. 2.* A major uncertainty in reconstructing the rest frame
of the W boson is the detector resolution in measuring the
momenta of its decay products. As an example, we can use
the CMS detector performance during LHC Run 1 [42]. For
the electrons with p; ~ 45 GeV, the energy resolution is
better than 2% in the central region (|| < 0.8) and is 2%—5%
elsewhere. For the muons, the energy resolution is 1.3%—
2.0% in the barrel and better than 6% in the end caps in the p;
region of [20,100] GeV. For the high p; muons, the
resolution in the barrel is better than 10% up to 1 TeV.
The jet energy resolution is approximately given by the
following formula:

AE
E

~ 0% & sq. (17)
E[GeV]

Usually, the transverse missing energy resolution is domi-
nated by the hadronic activity of the event. Similar results can
be found for the ATLAS detector [43]. To estimate the
resolution effects on the cos 8* distribution, we included the
Gaussian smearing of the lepton and neutrino energy scale
with the following two benchmark resolutions:

AE AE
(1) ==£ = 5%, L= 15%,
Ef El/
AE AE
(2) ==£ = 15%, L = 15%. (18)
Ef Ev

From the plots in Fig. 2, we can see that the distribution is
relatively stable under such smearing. This is due to the fact
that cos * is reconstructed as a ratio, as shown in Eq. (16).

From Fig. 2 and Eq. (16), we see that the decay products
are more central (forward) for longitudinally (transversely)
polarized W’s. This implies that the energies of the lepton
and the neutrino in the lab frame tend to be symmetric for
the longitudinally polarized W boson. On the other hand,
the decay products of W’s with transverse polarization are
more asymmetric. One of them tends to be hard, while the

*Note that for the quarks from hadronically decaying W
bosons, the distribution is the same. However, it is not possible
to construct similar simple observables since we cannot identify
the charge of the quark very well. Instead, some jet substructure
variables need to be used to take advantage of this information.

other tends to be soft. Due to these kinematical differences,
the pr, n cut on the charged leptons will already have some
differential power on the longitudinal and transverse W’s.
In addition, we can impose a cut on the reconstructed cos *
directly to further distinguish the two polarizations. In
Table 111, we have presented the effect of these cuts in two
different kinematical regimes, one with moderately boosted
W boson pry € [200,400] GeV, and the other with highly
boosted W boson pry € [800, 1000] GeV. Table III shows
that cos 8" cuts can help with the signal significantly for a
highly boosted region. For the moderately boosted region,
pr, 1 cuts on leptons are already quite useful in suppressing
the contamination from transverse W’s. The addition of a
cut on cos #* does not significantly improve it. Based on
this discussion, in the following analysis, we will use the
following values for the polarization tagging’:

xek . =0.75,

— L
€L=¢€ cosf*

o er=e¢), ,xel =05 (19)

Ccos

The difference in the distribution of decay products also
has a direct impact on tagging the hadronically decaying
W boson using the jet substructure method, with the
longitudinal W-tagging efficiency higher by 40% (see
Ref. [46]). One can also use jet substructure observables
to develop a polarization tagger based on these kinematical
features. We will leave this interesting topic for a future
study. For this moment, we will assume the same polari-
zation tagging efficiencies for the hadronically decaying W,
Z gauge bosons as Eq. (19).°

The dominant reducible background for the semileptonic
channel is expected to be W 4 jets, as shown in the 8 TeV

>The reconstruction efficiency of the electrons and the muons
has mild dependence on the 7, which ranges from 95% to 99% for
|7] < 2.5 [44,45]. In our estimate, we have neglected the small
difference.

®For the reducible backgrounds, we have assumed the same
polarization tagging efficiencies as Eq. (19). This is fine for the
leptonically decaying W boson in the W + jets background because
of its transverse nature. For the QCD jet faking the hadronically
decaying W, Z bosons, it remains to be seen to what extent some jet
shape variable carrying information of cos@* could help. The
assumption does not affect our second benchmark in Eq. (20), as we
assume that the reducible backgrounds are negligible.
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Ratlo between WV(IVJV) and Wj(lvj) at the LHC14
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FIG. 3. The cross section ratio between SM WV — £vjy and
Wj — Zvj at the 14 TeV LHC. The branching ratios to the
particular final states are taken into account. We have required
[nw ;| < 2.5.

analysis [47,48]. We show in Fig. 3 the LO cross section
ratio between the SM WV — £vj, and Wj — £uj as a
function of p} at the 14 TeV LHC, where j denotes the jet
resulting from the hadronic decay of a vector boson. The
simulation is carried out at the parton level using
MadGraph [40], and we have required |ny ;| < 2.5. We

see that this ratio ranges from 1% to 1.5% as plft increases
from 200 GeV to 1 TeV. The most important tool to
suppress this background is tagging hadronically decaying
W, Z using jet substructure observables. In Ref. [49],
the ATLAS Collaboration studied the performance of the
W-boson tagging in Run 2 and made projections of the
efficiency of W-tagging and the rejection of the QCD-jet
background. A benchmark point in the p’' range [500,
1000] GeV for the W-tagging efficiency is 6té,g =0.3,
while the miss-tagging efficiency for the QCD jet is

|

Osemi—lep — E

p.p'=L,T

ej-niss = 0.004. Combining this with the cross section ratio
shown in Fig. 3, we could suppress the reducible back-
ground W + jets to the same order of SM WV production in
the semileptonic channel. Reference [49] does not show the
results for the W-tagging efficiency below 0.3. In an earlier
study of Ref. [50], the ATLAS Collaboration has shown the
W-tagging efficiency below 0.3, but with higher overall

miss-tagging efficiency for the QCD jet. For the e}y = 0.3,
the miss-tagging rate is em‘bs = 0.006, while for et;,g =0.1,
the miss-tagging rate is ezm“ = 0.0014. Compared with
Ref. [50], the authors of Ref. [49] have improved the QCD-
jet miss-tagging rate by 33% for the €};° = 0.3. If we
assume the same improvement can be achieved for the case
of e;avg = 0.1, the miss-tagging rate for the QCD jet
becomes em‘“ = 0.0009. The resulting reducible back-

ground for the WV channel is roughly 20% of the SM
WV process and thus is subdominant. In our study, we will
assume that for ey;¢ = 0.1, the reducible backgrounds can
be reduced to a neghglble level. We choose the following
two benchmarks for the performance of vector boson

tagging:

tag
ey =03,

ey = 0.1,

Nred = Mirred

Ned = 0, (20)

where V denotes the hadronically decaying W, Z bosons.
Nieq 1 the number of irreducible background events, which
come from SM WYV production. n.4 is the number of
reducible background events which mostly come from SM
W + jets production. We have assumed that the tagging
efficiencies for hadronically decaying Z’s and W’s are
similar.

To summarize, the cross section in the semileptonically
decaying channel from WV production is given by

5) X BRyw_pyj; X ey x el x e”

+ Z ol‘fV”Z/(pT_V > 200 GeV, |iny| < 2.5) X BRyz_z,j; X €y° X €” x ¥, (21)

p.p'=L,T

with various efficiencies taking on benchmark values
discussed in this section.

B. Vh production

For the Vh(bb) processes, the longitudinal component is
dominant in the high-energy region for the SM. Therefore,
we would not need to worry about contamination from final
states with transverse polarization. In this case, suppressing
the reducible background is essential to enhance the new
physics effects. The dominant reducible backgrounds are

Vbb, tf, and single top processes. It has been firmly
established that the use of the jet substructure method
can be effective in separating signal from background in the
kinematical regime where the Higgs has a sizable boost
[17,29]. This is also the regime where new physics effects
considered here are enhanced. In particular, the authors of
Ref. [17] studied the prospect for the discovery of the SM-
like Higgs using a boosted Higgs tagging method, mainly
in the Wh — £uvbb channel. They demonstrated that, in the
kinematic region py > 200 GeV, a signal to background
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ratio of Sqy/Breg ~ 0.2 is achievable. Here, Sqy refers to
the rate of SM Wh-associated production, while B,.q is the
rate of the reducible background. The signal efficiency
obtained by the analysis using jet substructure in Ref. [17]
depends on the pr bins. For the bins [200,400], [400,600],
and >600 GeV, the efficiencies are 0.1, 0.2, and 0.3,
respectively.7 More recently, the author of Ref. [18] studied
these SM processes in the 0-, 1-, and 2-lepton states at the
13 TeV LHC using a combination of boosted Higgs tagging
variables. They obtained Sgp/Bjeq ~ 1 with signal effi-
ciency €, ~ 0.1 in the kinematic region pjy > 200 GeV.
Of course, such phenomenological studies of the perfor-
mance of the Higgs taggers and background rejection
power are not fully realistic; they will need to be further
studied by the experimental collaborations. At the same
time, we also expect potential improvement both on the
optimization of the variables and the reduction of exper-
imental systematics. In our projection for the potential of
HL-LHC, we will use the following benchmark:

€ot = 0.1, Nyed = Migred (22)
in the 0-, 1-, and 2-lepton channels of V% production,
focusing on the boosted regions p;y > 200 GeV. Here,
Nigeq refers to the number of events from the SM Vi
production.

C. Reach of the scale of new physics

Based on our analysis of the semileptonic channels of
diboson production, we now turn to the reach of new
physics, parametrized by the dimension-6 EFT operators in
Eq. (2), through precision measurement in these channels.
We make projections for the 95% confidence level reach of
the scale A, denoted as Agsq,, While setting the correspond-
ing Wilson coefficient ¢; = 1.

As shown in Table II, production of diboson final states
in the high-energy limit only depends on a certain combi-
nation of the EFT operators. Hence, in generating signal
events, it is sufficient to include one of the operators in the
combination. In particular, we generate the events using the

Opyw operator for the combination cf,i), while for the
combination cgz + cyp — Cp, We use operator Oyp. We
are not going to discuss the U(1), current-current fer-
mionic operators (0%, O4, O), as the sensitivity to them is
expected to be similar to that of Oyp. We “turn on” one
operator at a time. Including multiple operators at the same
time can lead to potential correlations and flat directions.
We will leave a more comprehensive treatment for a future
study. We first show the bound from WV, Wh channels
in each diboson invariant mass (or equivalently parton

7, . . .
The number of events in each bin is

n' = o x BR x €.

given by

center-of-mass energy) bin in Fig. 4 for integrated lumi-
nosities L = 300 fb~! or L = 3 ab~!. For the studies of the
semileptonically decaying channel of WV by CMS at
8 TeV [47], the systematics is dominated by the W +
jets background normalization, which is around 20%. We
expect that significant improvement in the HL-LHC, and
the systematics can be reduced. Similar expectations apply
to the V& channels. In making this figure, we have assumed
that the systematic error is 5%. For our final combined
results presented later, we vary the systematics between 3%
and 10%.

For the WV channel, in each diboson invariant mass bin,
we divided the partonic scattering angle cos @y, into four
bins: [0,0.2], [0.2,0.4], [0.4,0.6], and [0.6, 1.0]. Then, we
combined the bins with a number of events greater than 5.
This effectively put a cut on cos#y which enhances the
longitudinal new physics signal. From Fig. 4, we can see
that higher energy bins, or equivalently larger myyy or my;,
bins, generically yield better reaches. This is due to the
inclusion of the systematic error, which limits the effective-
ness of lower energy bins. For the high-luminosity LHC
(L = 3 ab™!), the reach of the cutoff Aysg, in each diboson
invariant mass bin is larger than the value of myy (my;,).
Therefore, the reach is consistent with effective field
assumptions from integrating out weakly coupled UV
physics with cf,? ~ 1. On the other hand, for integrated
luminosity L = 300 fb~!, not all the bins can be used to put
a consistent bound for the A in the weakly coupled theory
[12,51]. It is still useful when the new physics is strongly
coupled and the Wilson coefficients are enhanced by the
strong coupling, as will be discussed in Sec. IV. In Fig 4, we

have also plotted the limit on the validity of EFT in the most
strongly coupled case c<3L) ~(2L2>2 (orange dashed line),
which can arise if ¢; is fully composite.

We have also evaluated the reach on Osy using the
semileptonically decaying WV channel. The result is
shown in Fig. 5, where we have performed an analysis
similar to the Ogy case, i.e., using similar cos @y, bins and
an assumption about the reducible backgrounds. As
expected, the sensitivity to the Oy operator is weaker
than the Oy, operator. This is due to the fact that the new
signal from the Oy, operator does not interfere with SM
amplitudes (see Table II and also Ref. [33]). In fact, it only
contributes to diboson states with helicities ++.* The
corresponding SM amplitudes with the same helicities
go to zero in the high-energy limit, scaling like m3,/E>.
From Fig. 5, we can infer that the reach is in mild tension
with the weakly coupled effective field theory even for the

¥In principle, we can use the correlation between the cos 6*
distribution of the two gauge bosons to distinguish the ++ and
+— helicity final states. But for the semileptonically decaying
channel, since we cannot distinguish the up-type quark from the
down-type quark for the W-boson decay, the information will be
lost.
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pp — WV(Ivjj) @ LHC14, ¢ = 1, &y = 0.3, freq = Nism
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FIG. 4. Aysq, the 95% lower limit on the scale A at the LHC is shown as a function of parton center-of-mass energy myy. The Wilson

coefficient is set to be cf,?

= 1, and the limit is set using channels pp — WV — Zvgq (upper two plots) and pp — Wh — £vbb (lower

plot) for integrated luminosities L = 300 fb~! (solid blue) and L = 3 ab~! (solid black). The dashed red line, for ntyy, = Agsq, is the
condition for the consistency of weakly coupled effective field theory. The dashed orange line, for my, = 4?”/\95%, is the condition for

the consistency of the most strongly coupled effective field theory [operator enhanced by (47)2/g?]. If the limit Agsq, > myy in a
particular my,y bin, it is consistent with SM effective field theory. For the WV process, we have explored two benchmark values for the
boosted V-jet tagging efficiency and the reducible background, i.e., ey = 0.3, nq = ngy (upper left) and e, = 0.1, n,q = 0 (upper
right). In addition, we assume that the W(V) polarization tagging efficiencies are ¢; = 0.75, ez = 0.5.

high-luminosity LHC. But for strongly coupled transverse
gauge bosons, the Wilson coefficient can be enhanced by
the strong coupling. In this case, the projected reach is
consistent with effective field theory as long as the coupling
is large enough (see the orange dashed line in Fig. 5 for the
most strongly coupled case with ¢z ~ 47/g). This reach
may be further improved by using an azimuthal angle
distribution of the decay information of the W, Z bosons,
which results in interference with the leading nonvanishing
SM amplitude (see Refs. [52,53]). We will not explore this
possibility further here.

Finally, we combine all the bins and make projections on
the reach of cutoff A for different operators in different
processes. The results are summarized in Fig. 6. We have
varied the systematics from 3% to 10%. For the semi-
leptonically decaying WV channel, we only show the
benchmark values for etf,'g = 0.3, neq = Nieq- For the
second benchmark point of Eq. (20), there is no big

difference except that the dependence on the systematic
uncertainty is weaker. This is because of the assumption

of zero reducible background. From Fig. 6, we can infer

that for the case of C<q3L) =1, the most important bound

comes from both Wh(£vbb) and WV (£vjj) channels.
Taking Ay = 5% as a benchmark point, the reaches in
these two channels are comparable, around 3.8(2.5) TeV
in the WV(¢vjj) channel for integrated luminosities
L =3 ab~'(300 fb~!) and 4.0(2.3) TeV for the Wh chan-

nel. Note that cEfL) is the combination of the operators

C((]3L) =cCwy+ cyw — Cow + 4c<LS)q. If we assume that there is

no big cancellation in different Wilson coefficients, we can
compare the reach from diboson processes with the bound
from EWPT at the LEP and Higgs coupling measurement at
the HL-LHC, even though the latter two depend on
different combinations of operators (see Table II). The
operator Oy, will contribute to the S-parameter [38,54].
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FIG.5. 95% lower limit on the scale A at the LHC for Wilson coefficient c3y = 1 in the channel pp — WV — £vqq, with systematics
Ay = 5%, for the integrated luminosities L = 300 fb=! (solid blue) and L =3 ab~! (solid black). The dashed red line, for
m = %> 18 the condition for the consistency of the we coupled effective field theo the Wilson coefficient 1s . e
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dashed orange line, for my,, = \/‘%Ags%, is the condition for the consistency of the most strongly coupled effective field theory (the
Wilson coefficient is 47/ g).
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FIG. 6. Reach in different channels at the 14 TeV LHC for different combinations of the operators assuming the systematic error varies
from 3% to 10%. The grey and blue regions denote the reach of the scale in the case of cE,SL = 1 for integrated luminosities L = 3 ab™!
and L = 300 fb~!, respectively. The red and magenta regions denote the reach in the case of cg + cyg — cop = 1 for integrated
luminosities L = 3 ab~!' and L = 300 fb~!. The orange and purple regions denote the reach of the size of Oy, operator with c3y, = 1,
for integrated luminosities L = 3 ab™' and L = 300 fb~!. We also show the present bound from the LEP S-parameter on the

combination of operators Oy and Op with ¢y + ¢z = 1 (red dashed line), the bound from the LEP &g, ;, measurement on the operator
c(L3)q = 1/4 (purple dashed line), based on flavor-universal effects. The case of ¢y — cyp = 1 is shown as the orange dashed line from

the 3 ab~! HL-LHC measurement of the 7 — Zy decay partial width, with a projected precision of ~20% from Ref. [23].

Suppose it is the dominant contribution;. the bqund is C(L3)q = 1/4 [55,56].” We have shown the three bounds as
~2.5 TeV at 95% C.L. for cyy = 1. Opy will contribute to

the Higgs rare process i — Zy. The h — Zy measurement
at HL-LHC will put a limit around 1.7 TeV [23] for
cyw = 1. For the flavor-universal operator (’)(L3)q, from the
LEP 69z, ,, measurement, the bound is around 1.1 TeV for 9c(L3)" = 1/4 is chosen such that c<q3 ) =1 [see Eq. (3)].

the red, orange, and purple dashed lines in Fig. 6. The
comparison above shows that diboson measurement is very
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promising to probe the new physics scenario in which the
operators considered here give the most important effect.
For the operator O,y, it will contribute to the four fermion
operator by the equation of motion, especially to the Drell-
Yan processes gg — £7¢~. This has been studied in
Ref. [57] and the expected reach is 13.4 TeV at the HL-
LHC for ¢,y = 1. Usually, this operator will be suppressed
by a factor of g>/g2. However, in a certain scenario with
strong multipole interactions (the so-called Remedios
scenario) in Ref. [37], this operator may become as relevant
as others. We will discuss this in detail in the next section.
For the operator combinations of cg + cyp — ¢, the reach
is relatively weak (1.3 TeV at the HL-LHC) from the
diboson process. This is a result of the smallness of the
hypercharge coupling ¢'. This makes it difficult to compete
with the S-parameter and #Zy measurement, and the reach
is also not consistent with the weakly coupled effective
field theory. We finally mention that the bound for Oz is
2.4 (1.9) TeV at 3 ab~' (300 fb~!), which is also only
meaningful if its Wilson coefficient is enhanced by a strong
coupling.

IV. REACH OF NEW PHYSICS SCALES IN
DIFFERENT SCENARIOS

In Sec. II1, we have presented the projection on the reach
of A in a model independent way with unit Wilson
coefficients (c((fL) =1, czy =1, etc.). In different new
physics scenarios, the size of Wilson coefficients can be
quite different. Assuming that the new physics is broadly
characterized by a mass scale of new states m, and a
coupling g,, the Wilson coefficients are

n
9
~

n
Ism

g% nLoop
~E(E)T wsn©)-2 @

where ggy denotes the SM gauge and Yukawa couplings g,
g, yr. n(O;) is the number of fields in the operator O,. In
particular, 7(Ow g uw.upsw) =3, n(Oywap) =2, and
n(Of r) = 4. Note that a covariant derivative is not counted
as a field. ny o, is the number of loops needed to generate
the operator. Note that n can also be negative. The bounds
Agsq, obtained in the previous section can be easily
translated into the bounds on the mass scale m,, as
functions of Wilson coefficients c;:

m, > Ao X \/ci. (24)

In the following, we will consider the strongly interacting
light Higgs (SILH), strong multipole interaction (Remedios),
and the (partially) composite fermion scenarios.

A. SILH scenario

We start with the SILH scenario [58]. There are two basic
assumptions. First, the Higgs and the longitudinal

components of the SM gauge bosons are pseudo-
Nambu-Goldstone bosons associated with the global sym-
metry breaking in a strongly interacting sector [59]. In
addition, the SM fermions acquire masses from their linear
mixing with corresponding strongly interacting sector
states (the so-called partial compositeness [60]). This leads
to the following power-counting rules for the Wilson
coefficients:

(i) Each Higgs and Goldstone field will be associated
with a strong coupling g, in the operators which
preserve the global symmetries of the strongly
interacting sector, including those which are non-
linearly realized.

(i1) Explicit breaking of the strongly interacting sector
symmetries will be associated with SM gauge
couplings and Yukawa couplings, g, ¢, and V-

Following these rules, we have summarized the size of the
Wilson coefficients of the operators for the SILH scenario
in the second row of Table IV. None of the operators
considered in our paper is enhanced by the strong coupling
g., mainly due to the fact that the transversely polarized
gauge bosons belong to the elementary sector. In the second
row of Table V, we summarize the reach of the mass scales
in the SILH scenario from the HL-LHC measurements of
the diboson, h — Zy, h — yy [23], and dilepton processes.
For comparison, we have also included the bound from
S-parameter measurement. In comparison with other mea-
surements, diboson processes have the best reach in the
SILH scenario.

B. Strong multipole interaction (Remedios) scenario

The authors of Ref. [37] considered the possibility that
the SM transverse gauge bosons are part of the strong
dynamics. This so-called Remedios scenario is based on the
observation that the normal SM gauge interactions (monop-
ole) and multipole interactions (involving the field strength
and its derivatives) have different symmetry structures.
Therefore, they can have different coupling strengths in
principle. The small Standard Model couplings, such as g,
control the renormalizable interactions between the gauge
boson and the fermions. At the same time, the large
coupling ¢, determines the strength of the multipole

TABLE IV. Power counting of the size of the Wilson coef-
ficients in different scenarios, where g, denotes the coupling in
the strong sector. For completeness, we have added
Opp = g*H'HB,, B".

Model Oy Orp Oz Opw Onp Owp Opp

SILH [ - S-S
gz gz 1672 1672 1672 1672

Remedios 1 1 9—;

Remedios + MCHM 1 1 % 1 1 1 1

Remedios + 1SO(4) 1 1 % 97/* 1 1 1
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TABLE V. The bounds (in TeV) for different scenarios from different measurements. The LHC measurements are

prospectives at the integrated luminosity L = 3 ab~".

Model Diboson S-parameter LHC h — Zy LHC h — yy LHC dilepton
SILH 4.0 2.5 1.7./% 0.34 0.69\/‘;:7
Remedios 10.61/% 13.4
Remedios + MCHM 10.6\/% 2.5 1.7 6.5 13.4
Remedios + ISO(4) 17.6\/;% 2.5 7,5\/% 6.5 13.4

interactions of the gauge bosons with the resonances of the
strong sector. This will lead to the following new power-
counting rules for the gauge bosons:

(i) The field strengths of the gauge boson and their
derivatives are associated with a strong coupling g,,
if the interactions preserve the global symmetries of
the strong sector. The normal gauge interactions are
realized by changing the partial derivative to the
covariant derivative: 9, — D, = 0, — igA,,.

In this case, the O3y operator is enhanced by the strong
coupling, while the O,y ,p operators have O(1) Wilson
coefficients. The power counting of these operators con-
sidered in this scenario have been summarized in the third
row of Table IV. We can consider further the scenarios in
which both transverse gauge bosons and Higgs bosons are
part of the strong dynamics. Depending on the symmetry of
the strong sector, we have two benchmark scenarios:

(i) Remedios + MCHM: The symmetry breaking of the

strong sector will be SO(5) x SU(2) x U(1)y —
SO(4) x SU(2) x U(1)y, where another global

symmetry SU(2) is needed to stabilize the Higgs
potential.

(ii) Remedios 4 ISO(4): The symmetry breaking of the
strong sector will be ISO(4) x U(1)y — SO(4)x
U(l)y, where the ISO(4) is the noncompact
group SO(4)xT*.

The corresponding power-counting rules for the size of the
Wilson coefficients are presented in the fourth and fifth
rows of Table I'V. We summarize the reaches for these three
benchmark scenarios from different measurements of
Table V. Several comments are in order. If only the field
strengths are strongly coupled (third row), the most relevant
operators are O, with O(1) Wilson coefficients and O3y
with the enhanced Wilson coefficient ~O(g,/g). Dilepton
measurements at HL-LHC will reach 13.4 TeV. The reach
from diboson measurements is weaker, which is 10.6 TeV
for the most strongly interacting case g, = 4x. The pro-
jection is similar for the Remedios Remedios + MCHM
scenario. For the Remedios + ISO(4) scenario, Oy is
enhanced by the strong coupling g,. Its Wilson coefficient
is g./g. As a result, diboson measurement can reach higher

~17.64/g,/4r TeV, which becomes better than dilepton
measurement for large coupling g, 2 7.

C. Partially composite fermions

Finally, we discuss the fermionic operators. We focus on
the operators (’)(L3)q, and we expect the conclusions for other
fermionic operators are similar. We will also focus on the
flavor-universal effects that are invariant under SU(3)
flavor transformation. Other effects will be suppressed
by the Yukawa couplings under the assumption of minimal
flavor violation (MFV) [61]. As discussed before, the LHC

Ba_1
diboson measurement (A;g%f“ ~4 TeV) will be much

(3)a
‘L

better than the LEP measurement (A%, = 1.1 TeV) for
such effects. Now if we assume that the SM fermions have
some degrees of compositeness €, (for example, the partial
compositeness scenario in Ref. [60]), the size of the Wilson

coefficient of the (923)q by power counting is

1
C(3)qLN 9= 2 (25)

where we have factored out a 1/4 factor to be consistent
with the above consideration. The HL-LHC diboson
measurement will reach the mass scale:
9«
m, 2 77EeqLTeV @95%C.L. (26)
In the meantime, the following four-fermion operator will
also be present in the low-energy effective field theory:
2 4

m;h qr*qrqryudr- (27)

’C4f -

This will lead to energy growing behavior in the dijet
processes at the LHC. The present bound from ATLAS
dijet measurement [62] at 13 TeV with the integrated
luminosity of 15.7 fb~! is given by (see Refs. [63,64])

m, 2629 (e, )Tev

@95%C.L. (28)
4

The authors of Ref. [65] have studied the prospectives on
the following operator at the HL-LHC with 13 TeV center-
of-mass energyloz

10Actually, this operator arises from —%(DMGA’“’)2 by the
equation of motion of the gluon fields.
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2.4 2
gx€ _
—2m§<§ qy”TAq> : (29)
* q

where T4 is the generators of the QCD SU(3),. group. The
expected 95% C.L. bound on the scale is

m, > 835—; (€, )*TeV  @95%CL.  (30)
Although this operator is different from the one in Eq. (27),
it can provide a rough idea about what scale can be probed
in the diet process at the HL-LHC. We can see that for the
smaller values of €, < 0.9, the LHC diboson measurement
can be more promising than the dijet process.

V. CONCLUSIONS

The future runs of the LHC in the next decade or so will
collect nearly 30 times more data than currently available.
There is great potential to improve the precision measure-
ments with this new data set. The measurements of the SM
electroweak sector are particularly important, as it is closely
related to new physics associated with electroweak sym-
metry breaking. Studies of diboson channels, VV and Vh,
where V can be the SM W and Z, give a promising window
into such new physics. Such measurements can be com-
plementary to the direct search for new physics particles. In
certain scenarios, new physics particles can be too heavy to
be produced at the LHC. At the same time, their presence
can lead to observable effects in precision measurements.

In this paper, we parametrize the new physics effects
with dimension-6 EFT operators. We focus on operators
which are most relevant for the diboson final states. In
particular, we study the reach in the semileptonic final
states. In order to fully take advantage of the larger effect of
EFT operators at higher energies, we need to select final
states which interfere with the SM background. While this
is guaranteed for the VA channel, we have to select
longitudinally polarized W and Z in the WW and WZ
channels. There are two possible strategies to achieve
polarization tagging. First, the angular distributions of
longitudinally and transversely polarized gauge bosons
are different. This effect is most dramatic in the WZ final
state with the so-called amplitude zero in the central region
for the transverse vector bosons. This has been crucial for
the analysis in the pure leptonic channel [15]. For the
semileptonic channel we studied here, since we cannot
distinguish hadronic W and Z very well, this effect is less
prominent. Another approach is to directly tag the polari-
zation of the gauge boson by the angular distribution of
their decay products. We find that this approach increased
the sensitivity a lot in our analysis. For example, for the
systematic Ay = 5%, the HL-LHC reach on the mass

scale of the operator combination c(q‘? =1 has increased

from 3.4 to 3.8 TeV for benchmark et‘?g = 0.3, Neq = Rirred

and from 3.5 to 3.8 TeV for the benchmark e}® = 0.1,
neqg = 0. In our study, we use a combination of both
approaches. Since the precision measurements typically
focus on cases where S/B is small, the sensitivity depends
crucially on systematic error and background estimates (in
particular, reducible background). For the reducible back-
ground of the semileptonic WV channel, we have consid-
ered the dominant background W + jets at the parton level
and applied the W-tagging efficiency and QCD-jet miss-
tagging efficiency based on the study of Ref. [49]. The
resulting two benchmarks are summarized in Eq. (20). For
the Vh(bb) channel, we have adopted the study of Ref. [18]
about the reducible backgrounds in the 0-, 1-, and 2-lepton
channels, which leads to Eq. (22) as our benchmark in these
channels. Our results show that precision measurement at
the LHC can have good sensitivity in probing new physics
at the multiple-TeV scale. It can surpass the sensitivity of
LEP precision measurements, such as those from the
S-parameter and Z coupling measurements. Compared
with fully leptonic decaying WZ channels, the semileptonic
decay WV channel has an order-of-magnitude larger rate.
At the same time, semileptonic decay channels suffer from
large reducible backgrounds. During the upcoming runs of
the LHC, we expect significant improvement in under-
standing the reducible background and reducing system-
atics. Anticipating this, we make optimistic projections of
the reducible background for the semileptonic decay
channels based on extrapolations of the ATLAS study.

®

Based on this, our result (A;é%/a ~ 4 TeV) is better than the
)

fully leptonic WZ channel (Ag%, ~ 3.2 TeV) studied in
Ref. [15]. As an application of our result, we derived the
reach of the new physics scale in several new physics
scenarios. In the SILH scenario, which models the generic
feature of composite Higgs models, the diboson measure-
ment can be more sensitive than other experimental
observables. For the scenario with strong multiple inter-
actions (the so-called Remedios), the diboson is either
slightly weaker or comparable with the measurements in
the dilepton channel.

It is worth emphasizing that the estimates we made here
are based on our assumptions about systematics and
efficiencies achievable at the HL-LHC. More detailed
and realistic studies, presumably based on real data and
full-fledged simulations, would be necessary to determine
the precise reach. In this sense, the numbers presented here
are better considered as benchmarks or targets, which could
give us good reach in these channels. We have also
identified several directions in which improvements can
be crucial to enhance the sensitivity in the diboson channel.
Obviously, any new technique to tag the polarization of the
vector bosons can be very helpful. A major direction to
pursue is the tagging of polarization of the hadronic W and
Z. In addition, distinguishing hadronic W and Z can also be
very helpful in enhancing longitudinal final states.
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APPENDIX A: CROSS SECTIONS OF THE
DIBOSON PROCESSES AT THE LHC

In Table VI, we have reported the cross section for the
diboson processes at the 14 TeV LHC as a function of the
cutoff A in each p; bin with the Wilson coefficient ¢y set
to 1. The cross sections are calculated using MadGraph
[40] at LO simulation with parton level cuts |y 7| < 2.5.
We can see clearly that the new physics effects manifest in
the purely longitudinal helicity final states of W, Z gauge

bosons and the Higgs boson with energy growing behavior.
It results in the fact that the coefficients of 1/A” become
larger as the py increases. In addition, the ratios between
the coefficients of 1/A* and that of 1/A” grow as the py
becomes larger, which indicates that the larger value of A is
needed for 1/A” terms to dominate. For the processes
including one transverse gauge boson and one longitudinal
gauge boson (including the Higgs boson), the cross
sections are comparable to the transverse one in the low
pr bin [0, 400] GeV and decrease very fast as pr increases.
It results in less than 5% of the LL one for the WW, WZ
processes and less than 1% of V; h for the Vi processes for
the largest p; bin. For the SM WW, the purely transverse
helicity final states 77 dominate over LL by a factor of 16
in the moderately boosted region p; € [200,400] GeV
and a factor of 12 in the highly boosted region
pr € [1000, 1500] GeV. While for the WZ process, the
TT cross section is only a factor of 3 of the LL one in the
moderately boosted region and becomes comparable to LL
in the highly boosted bin. This is due to the amplitude zero
in this process as discussed in the main text.

TABLE VI. Helicity cross sections (in fb) for the diboson processes at the 14 TeV LHC as a function of the cutoff A (in TeV) in each

pr bin with the Wilson coefficient cgy set to 1.

o (fb), pr (GeV) [0,200]

Wiz, 784 (1 + QL6 4 000625)
Wf(T)ZT(L) 1614 (1 +%+O-0f\)#)
WrZr 5755

WiwL 1416 (1 -+ 0318 | 0.00203)
Wi Wra) 4866 (1 + 2008 4 0008
Wy Wy 17987

Wih 387 (1 + 2149 4 0.00776)
Wih 270 (1 + 00302 4 0.000146)
Zih 198 (1 + M + m)
Zrh 154 (1 + 0361 0%61 + oooom)
o [fb], pr [GeV] [600 800]

Wiz, 0.799 (1 + %30 4 87)
Wf(T)ZT(L) 0.0471 (1 + 291 42 60)
WiZy 1. 74

Wiwg 0.442 (1 4324 4 £13)
WinWrw 0.0652 (1 4 0858 4 0589
Wi Wy 5. 92

Wih M%(+%+m)
Wih 0.0112 (1 -+ 00283 4 0.000218)
Zh 0.367 (1 + 3 4 430)
Zrh 0.00737 (1 + 0318 165)

(200, 400] [400,600]

58.5 (1 + 00682 4 0.1 4.84 (1422 4 129)
23.0 (1 +°j\‘#+0?\#) 0.598 (1 +l40+0623)
164 12.0
34.0 (1 + 937 4 021 2.75 (1 + 183 4 105)
34.6 (1 —5—0”04—00207) 0.848 (1 + 429+0213)
523 39.1

46.5 (1 +0712+014g)
4.93 (1 + 00287 4 0000217
245 (1+ 628+0136)
3.30 (1 + 00688 4 0.00501)
[800,1000]

0.188 (1 +6A922+ 134)
0.00634 (1 +489+734)
0.357
0.102 (1 +613 11.4)
0.00873 (1 + 149+247)
1.28
0.169 (1 +7A125+ 133)
0.00153
0.0835 (1 + 52 + 124)
0.000991 (1 +0523+0455)

4.30 (1422 + 13
0.140 (1 +M+M)
2.24 (14104 L1y
0.0941 (1 4 2165 4 00413)
[1000,1500]
0.0749 (1 + 12430
0.00149 (1 + 801 4 206)
0.121
0.0405 (1 + 104 104 32,6)
0.00204 (1 +=% 243 + 679)
0.475
0.0671 (1 + 122 4387
0.000364
0.0327(1 4 L2+ 32)
0.000231 (1 + 2838 4 133

055001-15



DA LIU and LIAN-TAO WANG PHYS. REV. D 99, 055001 (2019)

APPENDIX B: POLARIZATION MEASUREMENT OF THE W BOSON

To measure the W polarization, we need to study the angular distribution of its decay products. We choose
the polarization axis to be the direction of the W in the laboratory frame. The amplitude for the W' (py,) = [T (p,)v(p,) is

M =L, (p)rvi(pr)es(pw). (BI)

V2
Let us start from the rest frame of the W+. We parametrize the momenta of leptons as follows:

py = (k, I_é) = (k, ksin 0" cos ¢*, k sin 6* sin ¢*, k cos 8*),
i = (k, _/?) = (k, —k sin 0* cos ¢*, —k sin 6* sin ¢*, —k cos 6%), (B2)

where k = |l;| = myy /2. The general expressions for the helicity spinors are given by

—e~i9"/2 sin% ei"/2 COSG—;
ulpy) = ( > Sr(py) = ( )

el /2 cos‘% e’ /2 sin%

e=0'/2 cos % —e ' /2sin%
s(py) = < >, Sr(ps) = ( ) (B3)

el /2 sin% e /2 COS%

and the left-handed current is as follows:
- o* - o ... o - o H
i (pi)rivL(pl) = 2k (0, —e'" cos? 5+ e~ sin? 5 ie'? cos? -+ ie”" sin’ 5 sin 9*) . (B4)

By using the formulas of the polarization vectors,

0 0 0
1 |1 1 1 0
et =— , eH =— , e = , B5
V2l V2| -i 0 (B5)
0 0 1
we can easily obtain the helicity amplitudes:
MT = —gke™" (1 — cos 6*), M~ = gke'" (1 + cos 6%), MO = —\/2gk sin 6, (B6)

which leads to the distribution in Eq. (15). Turn to the laboratory frame and suppose that we can reconstruct the z-momentum of
the neutrino by imposing the condition that the lepton-neutrino system should correctly reproduce the mass of the W boson. The
momentum of the charged lepton and neutrino in the laboratory frame can be obtained from the momentum in the W rest frame
by a Lorentz boost:

- o T -1, -
Ef:y(k+vk), pf:k+v<yk+y1}2 1}k>

- —1_ -
E,=y(lk—7-k), ﬁU:—k—i—E(yk—y 5 T)~k>, (B7)
v

where 7 = g—”‘;, v = |U| is the velocity of the W in the laboratory frame. Then the formulas of cos #* can be obtained by the

energy difference of the lepton and neutrino in the laboratory frame as follows:

E’k_Ef_Ev_‘ﬁf|_|ﬁv‘

cos O = — = —— = A (B8)
kv |Pwl |De + Do
where we have used
m -
k = TW |Pw| = myyv. (B9)
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