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Multiple weak-boson production via gluon fusion

Kaoru Hagiwara®
Department of Physics, University of Durham, Durham, DHI1 3LE, England

Hitoshi Murayama
Department of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan
(Received 25 September 1989)

We note here that this chiral transformation produces no

anomaly for a degenerate quark doublet in the QCD sec-
tor. The resulting Yukawa Lagrangian is simply
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This is our main result.

The “Feynman rules” for gg— multiple W and Z bo-
sons are obtained by expanding the effective action (4).
From its form, we see immediately that only even num-
bers of W/Z are produced, which is analogous to the G-
parity selection rule for the pions. The vertex for 2n

fields (v+H,x',x%x%) where y T =(x' +iy?)/v/2. This W/2Z’s which contain m pairs of W*W ~ and (2n—2m)
symmetry is a reflection of the SU(2); xSU(2)z symme- Z’s is
J
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where the colors of gluons are denoted by a,b, and their four-momenta by k%,k3. These “vertices” correspond to the
infinitely-heavy-quark loop with Goldstone-boson legs [we call these direct amplitudes; see Fig. 1(a)l. The cross sections

averaged over colors and helicities of two gluons are
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Fig. 3. Additional HELAS Feynman rules including a Higgs boson which is represented by a dashed

line.
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HELAS: HELicity Amplitude Sub.routines
for Feynman Diagram Evaluations
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Chapter 2

How to use HELAS

2.1 Basic Idea

The basic idea of HELAS is to begin with the external lines by creating the
wavefunctions explicitly using a fixed notation, and to give rules to join the
lines. You may suppose that there are too many possibilities for a complete
set of joining rules but in fact they can all be classified into a finite set in

renormalizable theories. We will show all the possible rules of renormalizable
theories in Table 2.1.

Vertex interaction

FFV | vector or axial vector couplings

FES Yukawa couplings

VVV Yang-Mills couplings
VVS Higgs interaction

S0V scalar gauge couplings

S99 scalar self-couplings
VVVV Yang-Mills couplings
VVSS | scalar gauge couplings (seagull)
SOSS ~ scalar gelf-couplings




2.8. HELAS Feynman Rules 31

Figure 5: The steps ydu follow when coding with HELAS . The shown exa_ﬁnple
is an extended version of Fig. 4(a), where the final W+ decays into ud, and
W~ into'li)g. |




2.9.3 Goldstone bosons and the BRS invariance tests

What we find most efficient in testing the helicity amplitudes with one or
more external vector bosons is the BRS identity [4]

(phys; out| (0*V,, — Evmyxv) |phys; in) =0, (2.35)

where £y is the covariant Re gauge parameter and xy the Goldstone mode
associated with the vector boson V. The states (phys; out]| and |phys; in)
are arbitrary physical states of on-shell external particles. By using the
reduction formula, the identity (2.35) leads to an exact relationship between
the S-matrix elements of the four-divergence of the vector boson and those
of the associated (Goldstone boson

(phys, Vs; out|phys; in) = —(phys, xv; out, |phys; in), (2.36)

where Vs denotes the ’scalar’ component _of the vector boson. Eq. {2.36)
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A.4 Collinear Singularities
The output of the JEEXXX is simply

() = (~e)alp, I ulk,a), (A.24)

for the t-channel photon emission from the electron current. Since the problem is

For the helicity non-flip case ¢ = ¢’, the truncated current reads

6 _; : 6
Jh = (—e)vz(2E) (cos g, si §e"“’¢, z'orsingefw‘p, cos 5), (A.27)

where the terms of order O(m2/E?) are neglected. One can check the conservation
of the current by contracting with the four-momentum of the photon

Py = K-p*
= E(l1-—=z, —zf sinfcos¢, —zf sinfsin ¢, 8 — =3 cos f)

m

._ | 2
E(l —z, —xsinfcos ¢, —x sin fsin ¢, l—mcos9)+0(—e) .

{

E

- (A.28)
Since the problem lies in the collinear limit cos § — 1, it is instructive to give

the expression in the limit,

py = E(1-=,0,0,1~z). - (A.29)
. < 6 - 2 0
Jh — Jﬁi—i = (—e)y/z(2F) Sin§ (0, e 7% ¢ ] j:c cos? 5 Cos o,
. 0
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1—=x 2 2
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New HELAS

1015
_g- -
o . W-W+* — W-W* (longitudinal)
© 10" V8=10TeV
" 1-cos0>10"
105
1
103
10 - s=channel
10 - t-channel
- contact
1015
-1 -0.5 0 0.5 1
cos 0

Total

- s-channel

- t-channel

- contact

cos 0

[arXiv:2203.10440, EPJC2023,Chen, KH, Kanzaki & Mawatari]
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JLC Physics

Hitoshi Murayama,

Dept. of Physics, Univ. of Tokyo,
113 Tokyo, Japan

Abstract
We discuss what will be the physics goal of JL.C. We briefly summa-

rize our status of electroweak physics. Possible scenarios at and beyond
Fermi scale are listed, one is the SU(2)z x U(1)y gauge theory and the
other is the composite scenario. The experimental consequences of each
scenarios are discussed. Some suggestions on minimal requirements on
the detector and the accelerator to achieve the physics goals are given.

1 Introduction

To my understanding, the aim of this workshop is to discuss the following
three points.

1. How we can build JLC.
2. What we can do at JLC.
3. What the goal of JLC is.
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Top-quark pair production near threshold
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FIG. 1. The diagram for the #f pair production process and
their subsequent decays into bW’s. The box with the dashed
line shows the three-point function K(x,y,z) that carries the in-
formation of the toponium resonance.

The nontrivial and interesting part of the process is
contained in the three-point Green’s function

K(x,9,2) 4, 5p= (0| Tt ,(x)T5(y):T, (2)t5(2):|0) , (2.6)

which expresses the amplitude where a ¢f pair is created
at a space-time point z and the ¢(f) quark decays at
another point x(y), see Fig. 1. This three-point function
contains the effect of full QCD interactions, in the ab-

A
v

FIG. 2. A figure that shows the time evolution of the non-
relativistic ¢7 system.




Toponium formation

Production at the LHC
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g2 Toponium at the LHC

T Ya-Juan Zheng
CMS [CMS JHEP2019] 35.9 fo'' (13 TeV) (Iwate University)
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<+ In the ttbar cross section measurement, both ATLAS
and CMS observed excess of Data over the ‘SM’
prediction at low phi(llI’), m(II’) bins.

+ This may suggest that either ttbar production MC
underestimates dileptons in small angle region, or
new physics.

+ The standard ttbar MC does not have toponium.

Based on Workshop for Tera-Scale Physics and Beyond, KEK, December 18, 2024

[1] Benjamin Fuks, Kaoru Hagiwara, Kai Ma and YJZ, ‘Signatures of toponium formation in LHC run 2 data’, Phys. Rev.D 104 (2021) 3, 034023.
[2] Benjamin Fuks, Kaoru Hagiwara, Kai Ma and YJZ, ‘Simulating toponium formation signals at the LHC’, arXiv:2411.18962.

“ We include the toponium effect in the simulation, in
the small separation region between the two final
state leptons, 9 sigma significance is expected with
integrated luminosity 140/fb.



Excavating the Road to the ILC

A decade ago, our goal was to have the ILC running concurrently with the LHC.
Today, | think we need to uncover hints of new physics within the LHC data that
could guide future explorations at the ILC.

A Lesson from the Toponium ‘Discovery’ at the LHC

New physics can easily be obscured by subtle adjustments to SM event
simulation programs, particularly it we assume that "'nothing beyond the SM is
within reach.”

Instead, we should adopt the opposite bias: assume that new physics is hiding
within the data—from the LHC, flavor physics experiments, and precision
measurements—and actively seek evidence for it.

The key question is: How do we look for this evidence?

It may be our imagination that paves the way to the ILC.



