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EXTENSION OF THE STANDARD MODEL
WITH CHERN-SIMONS TYPE INTERACTION'!

Extension of the Standard Model (SM) with a Chern—Simons type interaction contains a new
vector massive boson (Chern—Simons boson) that couples to electroweak gauge bosons by the
so-called effective Chern—Simons interaction. There is no direct interaction between the Chern—
Simons bosons and SM fermions. We consider the existing restrictions on the parameters of
this SM extension, the effective loop interaction of a mew wvector boson with SM fermions,
and the possibility of the manifestation of the long-lived GeV-scale Chern—Simons bosons in

collider experiments.
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1. Introduction

While the Standard Model (SM) has proven remark-
ably successful in describing collider experiments [1],
there is compelling indirect evidence pointing toward
the existence of new physics. Some examples of phe-
nomena that SM cannot explain are active neutrino
oscillations [2—4], dark matter [5-8], and the baryon
asymmetry of the Universe [9-11]. We can suggest the
existence of new particles beyond SM (BSM parti-
cles) to solve SM’s problems. However, there is also
a possibility that there are new particles unrelated to
solving these problems.

A natural question arises: if there are new parti-
cles, why have they not been detected in numerous
experiments? There are two possible answers. First,
the particles might be too heavy, and current accel-
erator energies are not sufficient to produce them. In
this case, detection would require new, more powerful
accelerators such as the FCC [12, 13]. Alternatively,
the new particles could be light enough to be pro-
duced nowadays at the existing accelerators [14-17],

Citation: Gorkavenko V., Hrynchak I., Khasai O., Tsaren-
kova M. Extension of the Standard Model with Chern—Imons
type interaction. Ukr. J. Phys. 69, No. 11, 832 (2024).
https://doi.org/10.15407 /ujpe69.11.832.

© Publisher PH “Akademperiodyka” of the NAS of Ukraine,
2024. This is an open access article under the CC BY-NC-ND li-
cense (https://creativecommons.org/licenses/by-nc-nd/4.0/)

832

but their interactions with SM particles are so weak
that they have not yet been observed. The search
for such long-lived particles is already under way
in the so-called intensity frontier experiments such
as MATHUSLA [18], FACET [19], FASER |20, 21],
SHiP [22, 23], NA62 [24-26], DUNE |27, 28], LHCb
[29], ete.

To develop the phenomenology of these particles,
we need to consider the different types they can be.
Namely, they can be scalar [30-32], pseudoscalar (ax-
ionlike) [33-36], fermion (heavy neutral leptons) [37—
40], or vector (dark photons) [41-44] particles, see
details, e.g., in reviews [18, 23]. Each of these possi-
bilities results in a theory that introduces different
new terms in the SM Lagrangian, often referred to
as portals. This work focuses on a portal involving
a new massive vector boson with Chern—Simons-like
interaction.

Chern—Simons interactions are known to arise in a
variety of theoretical models, including those with ex-
tra dimensions and string theory frameworks [45-50].

The idea of creating a Chern—Simons portal is
based on the phenomenon of chiral anomaly cance-
lation in physical theories. Interest in the Lagrangian
terms generated by the chiral anomaly is explained
by the fact that their appearance does not depend on

1 This work is based on the results presented at the 2024 “New
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the mass of the particle, which runs along the inter-
nal triangular loop. This means that if it exists a very
heavy particle that cannot be born in a collider exper-
iments and detected directly, then this heavy particle
can manifest itself by generating the corresponding
chiral term of the interaction. Actually, it is the only
way heavy fermions with a mass that can exceed the
capabilities of modern accelerators by many orders of
magnitude can manifest themselves in low-energy ex-
periments. For example, if we assume that the capac-
ities of modern accelerators are not sufficient for the
discovery of the heavy t-quark, then it would manifest
itself as a necessary additional term for cancelation of
the chiral anomalies in SM.

Following [51], we will be interested in the possi-
bility of the manifestation of the interaction of the
new vector massive gauge field X, for example, of
the group U;(X), with SM particles that are gen-
erated by the condition of cancellation of the chiral
anomaly. Assume that there are new heavy fermions
charged with respect to the gauge group of the SM
Uy (1) and certain additional group Ux(1). At the
same time, SM fermions are considered as uncharged
with respect to the Ux(1) group and, accordingly,
do not directly interact with the X, field. Heavy
fermions cannot manifest themselves at modern ac-
celerators; accordingly, it would seem that the X,
field cannot manifest itself at low energies either. In
[51], SM is modified to a theory with symmetry
SUc(3) x SUw(2) x Uy (1) x Ux(1), in which the
X, boson manifests itself in the interaction with
SM vector fields thanks to the diagrams presented
in Fig. 1.

As a result of the chiral anomaly effect, the in-
teraction between the new vector bosons (henceforth
we will call them Chern—Simons or CS bosons) and
SM particles is induced in the form of gauge-invariant
Lagrangian described by operators with minimum di-
mension 6 [23, 51]:

Cy

Li= X, (®,H)'HBy, - " +h.c., (1)
Y
C
Ly = A§U(2) X, (D, H) F\,H - "> + h.c. (2)
SU(2)

Here, Ay and Agy (o) represent new scales of the the-
ory, while Cy and Cgy () are dimensionless coupling
constants. e***? stands for the Levi-Civita tensor
(9123 = 41), and X, is a CS vector boson. Please,
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Fig. 1. Diagrams generating the Chern—Simons interaction.

Heavy fermions, beyond the Standard Model, run in loop tri-
angular diagrams

note that X, is a Stueckelberg field [52,53], which en-
sures the gauge invariance of the Lagrangians (1) and
(2). The Higgs doublet scalar field is denoted by H,
and By, = 8,B, — 0,B, and F,, = —ig ¥, | TV},
refer to the field strength tensors of the Uy (1) and
SUw (2) gauge fields of the SM, respectively.

After the electroweak symmetry breaking, the La-
grangians (1) and (2) produce many terms, including
three-field interactions written as four-dimensional
operators

Lcs = CZE#VAPXILZD(%\Z,, + CVENVAPXMZyaAAp +
+ {cwe“”)“’XMVV;8>\VVP+ +h.c.}, (3)

where A, is the electromagnetic field, and Wf
and Z, are the fields associated with weak interac-
tions. The coefficients c;, ¢y, and ¢,, are independent
and dimensionless. Both ¢, and c, are real, but c,
can be complex ¢,, = Ow1 + 1Oy 2. Importantly, the
CS vector boson X,, does not directly interact with
SM fermions.

In this paper, we will consider existing restrictions
on the parameters of this SM extension in the case of
light CS bosons, the effective loop interaction of a new
vector boson with SM fermions and the possibility
of the manifestation of the long-lived GeV-scale CS
bosons in collider experiments.

2. Constrains from Interaction
with Vector Fields of SM

In the case Mx < My, My interaction in the form
(3) leads to the additional channel of W*- and Z-
boson decay. Namely, the following processes are al-
lowed: Z, — X, + 7, Wj[ — Xy + @n + @m,
Wi — Xy + 1o + Ui

The corresponding decay width of Z-boson can be
easily calculated:

F(Z—)Xv)chMfr( —M)Q‘)S (1+M%>. (4)
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Fig. 2. CS boson loop interactions with two quarks of different
flavour

In the limit of small Mx, Mx/Mz < 1, we have

20z (20z), )

Tzx =56 Ol

The corresponding decay width of the W boson
can also be analytically calculated in the approxima-
tion of massless quarks and leptons and considering
no hadronization effects
— Ul

3456+/273
X O%1 F1(x) + OFy o Fa(x)), (6)

T(WT = Xud) =

where © = Mw /Mx, No = 3 — number of quark
colors and Fy, F5 are dimensionless functions

4

Fi(r) = — —6lnz (24 - 10822 + 202* — 2°) —
X

— 392 + 63922 — 274x* + 2325 +

+ 30(14—2?) (4—a2?)3/? (ﬁ—Qarctan (3—2%) )>,

Va—z2(1—z2
Fy(x) = 4+ 625 Ina — 4527 + 182 + 2325 +

323(20+222% — %) x(3—2?) )
Va—2? Va—22(1-22))
It should be noted that in (6) there is no terms
~Ow10Ows. So contributions from real and imagi-
nary parts of the coupling ¢,, do not interfere with

each other.
In the limit of small Mx, Mx /My < 1, we have

<7r —2arctan

_ NoM3,GpV2, My
(Wt = Xud) = 62 W ud (7

In view of the channels of decay of a W-boson into
X-boson and quarks (main contribution is from de-
cay into u, d and ¢, § because of diagonal elements of
the CKM matrix) and into three generations of the
charged lepton and corresponding neutrino also. So,
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the full decay width of the W*-boson with the pro-
duction of X-boson for the case Mx /My < 1 can
be written as

Twx =T(W' = Xud) (V4 +
2 M{%VGF Mgv
Wlo6/2r3 M2

Vi +3/Ne) ~

~
~

(®)

Current measurements of the decay width of the
W, Z bosons are in agreement with SM predictions.
However, experimental measurements have some un-
certainties [54], namely, we have T'yy = 2.085+
+0.042 GeV and I'z = 2.4955 + 0.0023 GeV. So, new
possible channels of the W, Z decay into CS boson
can exist, only if I'zx < 2AI'z and T'wx < 2ATw,
where AI'z = 0.0023 GeV, Al'yy = 0.042. Therefore
we can roughly estimate from above the magnitude
of couplings [23]

Mx \ Mx \
2 < 10~ X 2 <102 X )
&R 10 <1 Ge\/)’ [Reeu]” 5 10 (1 Gev): @

It should be noted that, in the case of c,, a sig-
nificantly stronger bound comes from the measuring
of the single photon events at LEP [55]. There the
branching at the level Br = I'zx /T 7 tota1 < 1076 was
established for photons with energy above 15 GeV.

. 2 —9 ( Mx \?
This leads to the stronger bound ¢ < 10 (1Gé‘v) .

In the case of light CS bosons (Mx /My < 1), we
expect Z — X+ decays with photon energy E <

< 45 GeV.

3. Effective Loop Interaction
with Fermions of the Different Flavors

In addition to interaction with SM vector fields, the
CS boson can interact effectively with SM fermions
due to loop diagrams. Such interaction of the CS
bosons with quarks of different gbfs, see Fig. 2, was
considered in [56-58]. In this case, effective interac-
tion occurs only due to the interaction of the CS bo-
son with W= boson via coupling ¢, = Op1 + iOws.

It was shown that the divergent part of the loop
diagrams is proportional to a non-diagonal element of
the unity matrix V*+V (V is the Cabibbo-Kobayashi—
Maskawa matrix) and is removed. It allows one to
construct an effective Lagrangian of the interaction
of the CS bosons with quarks of different flavour. If
Ow1 # 0 than the dominant terms of this Lagrangian

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11
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have form [58]

Z@Wlx

m<n

x (cmn Aoy Ppdo X, + C 4" Pp dmxﬂ), (10)

quarks -

where d,, is down-type quark, the summation occurs
over the quark generations,

Cln = 2\[7T2 Grm? Vi Via, (11)
and

|Cap| = 4.43 x 107>, |Cys| = 1.77 x 1076

As one can see the effective Lagrangian depends only
on one of two unknown couplings (O 1) of the CS
boson interaction with W boson. It was shown that
the interaction of the GeV-scale CS boson with up-
type quarks can be neglected.

The obtained effective Lagrangian (10) allows us
to compute dominant production channels of GeV-
scale CS bosons in decays of mesons due to reactions
b - s+ X,b—>d+ X, s > d+ X. These reac-
tions correspond to the production of the CS bosons
in the following decays of charged and neutral mesons:
B—-K+X,B > 7+ X, K - 7+ X, where fi-
nal mesons may also be in excited states, see details
in [58].

4. Effective Loop Interaction
with Fermions of the Same Flavour

Unlike the case of effective loop interaction of the CS
bosons with quarks of the different flavour, where in-
teraction is defined only by diagrams with W-bosons,
see Fig. 2 and by coupling ¢,,, in the case of interac-
tion of the CS boson with quarks of the same flavour
or with leptons the diagrams with Z-bosons and pho-
tons are also important, see Fig. 3. Thus the interac-
tion with quarks of the same flavour or leptons de-
pends on ¢, ¢y and cz couplings of Lagrangian (3).
We would like the divergences in the loop diagrams
of the interaction of the CS bosons with fermions of
the same flavour to be automatically removed as well
otherwise we will have a problem. These divergences
cannot be removed via counterterms because the ini-
tial Lagrangian (3) does not contain terms of the in-
teraction of the CS boson and SM fermions.

ISSN 2071-0194. Ukr. J. Phys. 2024. Vol. 69, No. 11

Fig. 3. Diagrams of the CS boson’s decay into leptons in
the unitary gauge. The interaction depends on cy, ¢y and cz
couplings

As was shown in [58], for effective loop interac-
tion of CS bosons with quarks of the same flavour
or with leptons, divergences in loop diagrams with
vertex XWW are not automatically removed during
calculations. In [59] this interaction was considered
in the unitary gauge taking into account all corre-
sponding diagrams, see Fig. 3. It was hoped that the
sum of the divergences of all diagrams could be can-
celled for a certain relation between c,, ¢, and cz
couplings. Unfortunately, it was concluded that us-
ing Lagrangian (3), we can not eliminate the diver-
gences in the effective interaction of the CS bosons
with fermions of the same flavour.

We can only hope that, perhaps, further consid-
eration of this problem in non-unitary gauge will
help solve the problem of divergences. Otherwise, it
will mean that the interaction of the CS bosons
with fermions of the same flavour must be consid-
ered within the framework of an effective field the-
ory, namely with the help of corresponding effective
operators with a set of new couplings. Or maybe it
will be necessary to supplement the initial Lagrangian
(3) with additional terms, which will allow us to re-
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move differences via corresponding counterterms. In
both cases, additional couplings appear in addition
to cw, ¢y and cz couplings, which complicates the
task of finding manifestations of the CS bosons in
experiments.

5. Discussion

In this paper, we considered an extension of the SM
including a new light massive vector boson with the
Chern—Simons interactions. We considered the low
energy Lagrangian of the CS boson interaction with
vector fields of SM (3) and we have given the known
limits on the parameters of this Lagrangian ¢, ¢z,
c~. Also, we considered the effective loop interaction
of the CS bosons with fermions. While the interaction
with quarks of different flavour is well defined, the in-
teraction with fermions of the same flavour contains
divergences that have not yet been removed [59].

Even though there is no hope of seeing the direct in-
teraction of the BSM particles with collider detectors,
the BSM long-lived particles can still be searched in
collider experiments. The main idea of such experi-
ments is not to directly search for the BSM parti-
cles but to search for products of its decay into the
SM particles. To do this, it is necessary to produce as
many BSM particles as possible as a result of SM reac-
tions, e.g., in proton-proton collisions. The produced
BSM particles must be further isolated from the SM
particles to avoid background events, and then look
for very rare decay events of the BSM particles. This
is the idea of the intensity frontier experiments men-
tioned in the Introduction.

As is well known, before the experimental search
of a BSM particle at intensity frontier experiments
one has to compute the sensitivity region of these ex-
periments, namely the parameter region of the new
particle (mass and coupling of interaction with SM
particles) where the particle will manifest itself in the
experiment. The procedure of computation sensitiv-
ity region is well known, see e.g. [60]. It should be
noted, that for computation of sensitivity region, one
needs to know the technical parameters of the exper-
iment facility and all dominant channels of the BSM
particle production and decays.

Let us now consider the possibility of experimen-
tally searching for the CS boson in the intensity fron-
tier experiments.

Regarding production channels, only the produc-
tion from heavy mesons’ decay into the lighter mesons
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is currently calculated [56-58] due to obtained effec-
tive Lagrangian (10) of the interaction the CS bo-
son with quarks of different flavour. But the CS bo-
son can be produced and via interaction the CS bo-
son with quarks of the same flavour. For example,
in reactions, e.g, 7% = Xv, w = nX, ¢ — nX or
due to bremsstrahlung, or deep inelastic scattering in
proton-proton interactions.

As for the decay channels, we can only consider de-
cays of the CS bosons into quarks of different flavors
followed by hadronization, but even the decays into
lepton pairs are not yet available for calculation.

As one can see, the question of the effective interac-
tion of the CS bosons with fermions of the same flavor
is crucial for the experimental search for the Chern—
Simons bosons. This is what should be the main focus
of further research.
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PO3MIMPEHHA CTAHIAPTHOI MOJEJII
31 B3AEMO/JIICIO TUITY YEPHA-CAVIMOHCA

Posmupenns Crangapraoi Mogeni (CM) 3i B3aemomiero tuiy
Yepua—CaiimMonca MiCTUTH HOBUM BEKTOPHUN MacCHBHUI G030H
(6030m Yepna—CaiimoHca), AKHH B3a€MOJI€ 3 €JIEKTPOCIaOKH-
MU KaJribpyBaJbHUMU Oo30HaMU. B JaHOMY PO3IIMpEHHI HEMAE
npsimol B3aemoil mixk 6o3onamu Hepua—Caiimonca Ta gpepmio-
namu CM. Mu posrisiaemo icHyiodi 06MeXKeHHsI Ha mapaMe-
Tpu nporo posmupenass CM, edeKTUBHY meTyieBy B3a€MOIIIO
HOBOTI'O BEKTOpPHOro 6030Ha 3 depmionamu CM Ta MOXKJIMBICTH
posiBY JOBrokuBy4unx 6o30HiB Yepna—CaiiMoHCa 3 Macoi B
nexinbka I'eB B excriepumenTtax Ha Kosaiizepi.

Katwwoei caosa: 3a mexxamn CraHapTHOT MOJEJI, PO3IIH-
penHs KaaibpyBajabHOro cekropa, Teopii Hepuna—CaliMmomca.
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