V. Gorkavenko, I. Hrynchak, O. Khasai et al.

https://doi.org/10.15407 /ujpe71.2.108

V. GORKAVENKO,"? I. HRYNCHAK,! O. KHASAI? YU. BORYSENKOVA,3
M. TSARENKOVA'!
1 Faculty of Physics, Taras Shevchenko National University of Kyiv
(64, Volodymyrs’ka Str., Kyiv 01601, Ukraine)
2 Bogolyubov Institute for Theoretical Physics, Nat. Acad. of Sci. of Ukraine
(14-b, Metrolohichna Str., Kyiv 03143, Ukraine)
3 Institut de FI'sica d’Altes Energies, The Barcelona Institute of Science and Technology
(Campus UAB, 08193 Bellaterra (Barcelona), Spain)

DIVERGENCES IN THE EFFECTIVE
INTERACTION BETWEEN CHERN-SIMONS BOSONS
AND SM FERMIONS IN NON-UNITARY GAUGE'"

A vector extension of the Standard Model (SM) involving an interaction of the Chern—Simons
type is analyzed. The model introduces a new massive vector field, referred to as the Chern—
Simons (CS) boson, which does not couple directly to the fermionic sector of the SM. The study
focuses on the structure and renormalizability of the effective loop-induced interactions between
the CS boson and SM fermions in an arbitrary gauge. It is demonstrated that the ultraviolet
divergences arising in the loop calculations cannot be consistently removed for interactions
involving fermions of identical flavor, while the corresponding loop-induced couplings between
fermions of distinct flavors remain finite. The specific interaction operators associated with
divergent coefficients are identified, and their treatment within the framework of effective field
theory is proposed.
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1. Introduction

Although the Standard Model (SM) [1] has been ex-
traordinarily successful, it leaves several key observa-
tions unexplained. Among these are the presence of
dark matter [2—4], the phenomenon of neutrino os-
cillations [5-8], and the observed matter—antimatter
asymmetry of the Universe [9, 10]. These shortcom-
ings suggest the existence of an additional (hidden)
sector of particles. Such a hidden sector may con-
tain new particles that are either too massive to be
produced at current collider energies or interact only
feebly with the SM degrees of freedom. Light feebly
coupled particles may be found in intensity-frontier
experiments at present [11-13].
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The nature of these particles remains uncer-
tain. Depending on the underlying theory, they could
manifest as new vector [14,15], scalar [16,17], or pseu-
doscalar bosons [18, 19], or fermions [20, 21]. In the
present paper, we concentrate on an extension of the
SM that introduces a massive vector boson (the CS
boson), which directly interacts only with the Higgs
and vector fields of the SM.

The simplest gauge-invariant realization of such in-
teractions can be formulated in terms of dimension-
six operators [11, 22]:

L=y X, (®,H)'H By, e +h.c., (1)
Y
C
Ly = A§U(2> X, (D, H) Fy,H ¢ + h.c., (2)
SU(2)

where X, denotes the new vector field with mass
My, and e***? is the Levi-Civita tensor normal-
ized as €123 = 41. The Higgs doublet is denoted

I This work is based on the results presented at the 2025 “New
Trends in High-Energy Physics” Conference.
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by H, while B, and F,, are the field strength ten-
sors of the Uy (1) and SUyw (2) gauge groups, respec-
tively. The constants Cy and Cgy(2) are dimension-
less coefficients, and Ay, Agy(2) represent the heavy
mass scales associated with new physics. The The La-
grangians remain gauge invariant because X, is the
Stueckelberg field.

After electroweak symmetry breaking, the opera-
tors in Egs. (1), (2) give rise (among other terms) to
a set of three-field interactions between the physical
Higgs field, the Standard Model vector bosons, and
the CS boson:

LY = . X, 7,002, + ¢y N X, 7,0\ A, +

+ {cw ™ X, W, W, +he.}, (3)
duh
55358) = Cyh GW/\pXu 0 A+
d,h

A
+en X,

v 8)\va (4)
where Eq. (3) contains dimension-four operators,
while Eq. (4) represents dimension-five contribu-
tions. The field A corresponds to the physical exci-
tation of the Higgs doublet with vacuum expectation
value v, and A4, Wf, and Z, denote the photon and
the electroweak vector bosons, respectively. The co-
efficients ¢y, c.n, ¢y, and c, are real-valued, whereas
Cy May, in general, possess a complex phase. Notably,
the Chern—-Simons field X, interacts only with the
bosonic sector of the Standard Model and has no di-
rect coupling to fermions.

The renormalizability of the interactions in Eq. (3)
has been the subject of several earlier analyses [23-
25]. These studies established that loop interactions
of the CS boson with quarks of different flavors are
finite, while loop interactions with leptons or quarks
of the same flavor contain ultraviolet divergences
[26]. Calculations performed in the unitary gauge [27]
further demonstrated that such divergences cannot be
removed.

In this paper, we extend the analysis of renormaliz-
ability to the case of a general R¢ gauge, incorporat-
ing the full set of diagrams that include both Higgs
and Goldstone bosons. The purpose of this investiga-
tion is twofold: first, to determine whether the di-
vergences persist when the gauge parameters &; are
finite, and second, to establish the correspondence be-
tween results obtained in the R¢ and unitary gauges.
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A rigorous treatment of loop-induced interactions
between the Chern—Simons boson and Standard
Model fermions is necessary for experimental searches
for feebly-coupled vector extensions of the Standard
Model [28]. Following the approach of Ref. [27], we
will focus primarily on leptonic interactions, thereby
avoiding the additional complexities associated with
quark flavor mixing through the CKM matrix.

2. Interactions in the R; Gauge

In a general R, gauge, the Higgs doublet takes the
form
ot

v+h+ig, | (5)
V2

Here ¢+ and ¢, correspond to the charged and neu-
tral Goldstone bosons, respectively, and h denotes the
physical Higgs field. Within this gauge choice, the
three-point Chern—Simons (CS) interactions defined
by Egs. (3) and (4) acquire additional contributions
that explicitly involve the Goldstone bosons. These
new vertices can be obtained directly from the higher-
dimensional operators in Egs. (1) and (2), and their
explicit forms read

H =

9%
£X¢4:Wi — “ (Cw Xu 51/(25_ 3/\W;;|r _
qu

— 5 X, B, 6" 8,\Wp_> enie, (6)
c 0, N

£X¢ZZ = 2COZSg€W Xu j’z 8)\Zp et )\p7 (7)
¢ 9 ¢ w

L4 = 2 col O " v OnAp e (8)

In what follows, we analyze the decay process of a
massive Chern—Simons boson into a pair of charged
leptons X — (10~ (¢ = e, pu,7) within the R, gauge
formalism.

3. Triangle Diagrams

An example of triangle diagrams describing lepton
production in the decay of the CS boson, mediated
by interactions with W* and Goldstone bosons, is
shown in Fig. 1. In addition to the diagrams dis-
played, the R¢ gauge also introduces analogous di-
agrams involving photons, Z bosons, the Higgs bo-
son h, and the Goldstone fields ¢+ and ¢., as deter-
mined by the Feynman rules derived from interactions

(3)7 (4)a and (6)7(8)'
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A direct calculation shows that the amplitudes cor-
responding to these triangle diagrams include both
logarithmic and linear divergences, leading to the ap-
pearance of divergent (infinite) parameter

w2 A?

It can be shown that one-loop diagrams with two
internal lines for lepton production from interactions
of the CS boson with vector fields of the SM, Gold-
stone bosons, or Higgs bosons give zero contribution
due to the properties of the Levi—Civita tensor.

4. Sum of Divergent
Terms in the R; Gauge

The divergent summarized contributions from all di-
agrams can be written as

> My aiw =AM L(p) {(A + A57°) ey, +

diagrams

LB+ B

q,ﬁm/p] (—p) Eff‘ AP, (10)

Here A, As, B, and Bs are dimensionless coefficients
given by

A+A5’y5 =

2¢c, .
m (tg (té — 2qg Sln2 GW) +

+2¢7 sin* Oy ) + 2qec, tan Oy (15 — 2q sin® Oyy) | —

2the,

£ 202
m(t?) — QqZ Sin ew)+

e
- i’YSZ [G)Wl +

+ 2qgt§07 tan GW],

(11)

th — 2q,sin? 0
B+ Bsy" = — % |Owy —Czhg( 3~ 2qesin”bw)
v 2 cos Oy
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Fig. 1. Representative tri-
angle diagrams contributing to
lepton pair production in CS
boson decay via interactions
with two W bosons or with W
c and charged ¢ bosons

.My .
— c,yhqu] — 1775 [@Wl — cz(tg — 2qy sin® By ) —

— e sin 29W}. (12)
The divergences vanish only when the conditions
A = A5 = B = Bs =0 are satisfied. We did not find
any relation between the couplings c., cy, cyn,
Czhy Owi, and Owo for which these conditions are
true. They are met only when all couplings vanish.

5. Comparison with the Unitary Gauge

Calculations carried out in the unitary gauge [27]
similarly indicate that ultraviolet divergences in the
effective loop coupling between the Chern—Simons
(CS) boson and Standard Model leptons cannot be
eliminated 2.

At first sight, the divergent terms obtained in [27]
appear to be structurally more complex than those
arising in non-unitary gauge, Eq. (10). Nevertheless,
once the lepton equations of motion are applied,

(p)p" =mel(p'), — pl(—p) = mel(—p),

the divergent parts in both gauge choices are found
to be equivalent, confirming the gauge independence
of the divergence structure.

(13)

6. Discussion

In this paper, we study a vector extension of the SM
with a Chern—Simons-type interaction. It contains a
new massive vector boson that does not directly cou-
ple to SM fermions.

It is well established that loop-induced interac-
tions of the CS boson with fermions of different fla-
vors remain finite because the divergent contribu-
tions are proportional to the off-diagonal elements

2 All expressions in this paper follow the corrected arXiv
version of [27], which resolves several typographical errors
present in the published text.
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of the unit matrix (VTV);;, where V denotes the
CKM matrix [23-25]. The situation changes for inter-
actions involving fermions of identical flavor: earlier
computations performed in the unitary gauge [27],
based only on the Lagrangian (3), demonstrated that
the divergent terms cannot be canceled or renorma-
lized away.

In the present paper, we extend this analysis to
the general R¢ gauge, allowing arbitrary, finite val-
ues of the gauge parameters &;. Our calculations show
that the ultraviolet divergences persist in the effec-
tive loop-induced CS-fermion interaction even after
the inclusion of all relevant diagrams derived from
the Lagrangians Egs. (3), (4), and (6)—(8). This di-
vergence cannot be canceled by counterterms for the
CS boson—fermion interaction, since such terms are
absent in the original Lagrangians of the theory. Con-
sequently, the Lagrangian (3), although composed of
operators of dimension four, is a Lagrangian describ-
ing a nonrenormalizable interaction.

Two terms in the effective CS-fermion interac-
tion (10) are found to contain divergences, which are
consistent across both the unitary and R, gauges.

Therefore, the interactions of the CS boson with
fermions of the same flavor after electroweak sym-
metry breaking should be considered only within the
framework of effective field theory [29-31]. These in-
teractions can be parameterized as

L% = [y (ay + By [ X+

m —
+72foW(7f+5f’75)quu+£/Xff» (14)
where ay, B¢, 75, and 6 are dimensionless new cou-
plings of the theory, and £’ 7 denotes the finite, well-
defined interaction Lagrangian.
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AHAJII3 PO3BIXKHOCTEN B EOEKTUBHIN
B3AEMOII MI>K BOSOHAMI YEPHA-CAVIMOHCA
TA ®EPMIOHAMU CTAHJIAPTHOI

MOJIEJII B HEVHITAPHOMY KAJIIBPYBAHHI

PosrasnyTo BekropHe posmupennst Crangapraol mogeni (CM)
31 B3aemoziero Tuny Yepua—Caiimonca. B maniii mozeni BBogu-
ThCsI HOBE MAaCHBHE BEKTODHE IIOJie, KBAaHTAMH SIKOTO € 6030-
uu Yepna—Caiimonca (IC-6o3ouu). HoBe BekTOpHE IOJIE HE
B3aeMo/Iie HanpsMy 3 ¢depmionHuM cekropoM CM. locmimky-
€ThCsl IUTAHHS CTPYKTYPU 1 HEPEHOPMOBHOCT] €heKTUBHUX I1e-
TIbOBUX B3aeMogiil Mixk HC-6030H0M 1 CM-depmionamu B J10-
BisibHOMY KautibpyBanHi. [Tokazano, mo yabrpadiosnerosi pos-
Oi>KHOCTI, SIKI BUHMKAIOTh IIPU PO3PaxXyHKax IE€TJIbOBUX B3ae-
MOz, He MOYKHa YCYHYTH JJIsl B3a€Moziil 3 (bepMmioHaMu onHa-
KOBOI'O apoMaTy, TOJ1 siK BiZIToBiAHi 1eTyiboBi B3aemoil 3 dep-
MioOHaMM Pi3HUX apoMariB ros3basieHi posbikHocreil. Busna-
YeHO ABHMI BUIVIAJ OIEPATOPIB B3a€MOZil, IO MICTATH PO3-
6ikHiI KoedillieHTH, Ta 3aIIPOIIOHOBAHO IX PO3IVISAM y IMiIXOI1
edeKTuBHOI Teopil moJIs.

BeKTOpHe posmmpenHss CraHgapTHOL
Mopei, edexkTuBHa Teopis moss, B3aeMofiist Tumy YUepHa—

Katwwoei caosa:

CaiimoHnca.
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