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Introduction |
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The Standard Model and Beyond

o Despite tremendous success, we know that Standard Model is
incomplete!

There are well-established phenomena that are not explained by the Standard
Model:

@ Neutrino masses and oscillations of active neutrinos
@ Dark matter and Dark energy
@ Baryon asymmetry of the Universe

What physics is responsible for it?
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Unsolved problems may imply the existence of new particles

We did not detect them because either

they are heavy
(energy frontier)

OR

they are light but
very feebly interacting
(intensity frontier)
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Portals as a window to New Physics

The BSM Lagrangian can be represented as: Lp = Lsy + Lesy + £’5”,\t4_35M
The interaction part (" portal”) allows to experimentally detect new particles.
The general requirement of gauge invariance and renormalizability

If the “portal particles” are long-lived, they can be searched at the intensity
frontier experiments.

Examples of portals E’s”,\tﬂ ssm With renormalized interaction:

e Scalar portal: (S + \S?)(H'H)
e Vector portal: F/ Fi"

pv

@ Neutrino portal: yu,(L(y . /:/)N,

Examples of portals with non-renormalized effective interaction:

o Pseudoscalar portal (axionlike particles): i’aF’ Finv

@ Chern-Simons portal (CS boson):

G C
vh X, (D,H) HB,, - e 4 /T§ Xy (D, H) Fa,H - €2 + hec.
2 v
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What new particles are they?

What nature of the BSM particles?

@ We do not know the exact nature of the particles in the new physics.
@ They can be scalars, pseudoscalars (axionlike particles), vectors or fermions.
@ Therefore, all possible variants should be considered.

Motivation

@ The scalar, pseudoscalar, vector and fermion extension of the SM are well
investigated theoretically.

@ The extension of the SM with the Chern-Simons type of interaction is not
investigated sufficiently.

@ We will focus our attention on the Chern-Simons extension of the SM.
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Phenomenology of Chern-Simons Portal |
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Chern-Simons modification to the Standard Model

The gauge invariant Lagrangian of the Chern-Simons interaction is presented in
the form of dimension-6 operators:

Ly = 2 Xy (D H) HBy, - € + hoc.
14

X,, is Stiickelberg vector field which is required by the gauge invariance of the
theory.

This extension contains a new massive vector boson X, (Chern-Simons boson)
that does not interact directly with fermions of the SM.

I. Antoniadis, A. Boyarsky, S. Espahbodi, O. Ruchayskiy, J.D. Wells, Anomaly driven signatures of new
invisible physics at the Large Hadron Collider, Nucl. Phys. B 824, 296 (2010)

V. Gorkavenko Effective interaction of CS bosons with SM fermions 16 September 2025 5/21



|
Low energy effective Lagrangian

In the unitary gauge, the effective Lagrangian of three particle interactions of
CS boson with gauge SM bosons contains terms of dimension-4 and dimension-5:

'C(CS) m//\pX 7,007 ,+Cﬁ,e“”’\pX,,,Zya>\Ap+{Cwe“l’/\pXu W, 0 Wp+ + h.c.}

(5) A A
ﬁcs — CA/hGNV /) A + c hE/II/ p

0/\

@ A new massive vector CS boson X, that does not interact directly with
fermions of the SM.

@ The interaction of the CS boson with the SM fermion is derived only by loop
diagrams!
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Vertex diagrams of the interaction of the CS boson with
vector and Goldstone bosons of the SM

zZ h A h
P L > o
k ““p k- p
q q
X X

All possible vertices of the interaction of CS boson with SM bosons in the unitary gauge.

Wo ot wy ot Zp 2 Ap Ez

Additional vertices of the interaction of CS boson with Goldstone bosons in R: gauge.
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Chern-Simons GeV-scale bosons
effective loop interaction with
the SM fermions of different flavour

Production of CS bosons
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Interaction of CS bosons with different fermions
Quark (meson) decay d, — X + ds through the loop

Diagram of decay b-quark into s-quark and X-boson.

For consideration of CS production in quarks decays we need only XWW interaction

A — 9
Lcs = cpe?” /)Xll VVU oy VV/:L + h.c.,

where ¢, = ©1y + IO,y is complex coupling.
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Cancellation of divergence in the loop

The loop diagram of quark decay b — X + s has no divergence because of
divergence term is proportional to non-diagonal elements of unit matrix V1V,
where V' is CKM matrix

Y,V In A2
2735l D(m;)

7

A—oc0 i

= (\/Jr V)b5|n /\2|/\4>30 = Z(V+)bj V,'S In D(m,)

So, for convenience of calculation we can use

2 M2
(V)i S v M
f:%;,t D(m/) AN—oco i;vt D(m,)
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Result of loop computations for external down quarks
My = —i5(ps) Y* b(p)e; ™

YH = <3L/5R7X%7“/17 P |+

PSs Pr A A Ms PS5 A A ms ps. A A
+ by /\;\,2 = Prys PL+c ,\542 A Prvse P+ du 7/\;2A PLvpve P+
w w w
mpms PS5 Po A A mp PS5, A N My P5. A . -
br V2 MR, PLv; Pr + cr Mz, Pr5v5 Pr + dr Mz, Pr5 V5 PR) elrar
a; = —0.13261©;y — dominant term

by = —0.606i©1 — 0.1320,
c. = 0.00771©1 — 0.03266 O
dp = 0.0202i©1 + 0.03266 Oy
br = —0.0281 Oy

cr = 0.0861©1 — 0.0984 O
dr = —0.0581©1 + 0.0984 ©2y
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What about interaction Lagrangian with up quarks?

The effective interaction of up quarks with CS boson is suppressed compared to
the case of down quarks interaction.

At first approximation M3, > m? (m; = my, ms, mp)
D(m;) = Am? + BM3, ~ B M3, # D(m;), so
Mgy

M2
= Z (V+)Ci\/iu In D(m) ~ (V+ V)Cu In TW =0

AN—=00 j=d s b

/\2
YV In
'Z(v )i Viu | ()

Careful consideration of this interaction shows that interaction coupling will be 4
or 5 orders of magnitude lower than coefficients for down quarks decay.

So, interaction of X-particles with up quarks can be neglected compared to
interaction with down quarks.
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Interaction Lagrangian for different down quarks

Neglecting the interaction of the CS bosons with the different upper quarks, we
can write an effective Lagrangian of the interaction only with the lower different
quarks.

Using only dominant term and relation €“/"/*~,,7,7, = 6i7"7° we get effective

Lagrangian of down quarks interactions with CS boson:
£ = =3 01w (Coy dar” PLdnX, + hc.)
m+#n
Cl=197-107*
Cly=443-107°
Ccd =177-107°

This Lagrangian can be used to compute the production of CS bosons in meson
decays.
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Decay of B- and K-mesons with CS boson production

Process final meson lim ( mx )2 BR(mx) | Closing mass
mx—0 \ 1GeV ‘92V\/1 GeV
KT = Xn* pseudo scalar 2.54 - 101 0.35
K? — Xn® pseudo scalar 1.10- 10° 0.36
BT — XK[(1270) | pseudo vector 1.72-10* 4.01
B* — XK; = (700) scalar 1.43-10* 4.46
BT — XK**(892) vector 9.14-103 4.39
B = XK=* pseudo scalar 7.73-10° 4.79
B* — XK; = (1430) tensor 6.03- 103 3.85
BT — XK*¥(1410) vector 3.99 - 10° 3.86
BF — XK*¥(1680) vector 2.53-103 3.56
BT — XK; ™~ (1430) scalar 1.85-10° 3.85
B+ — XK;-(1400) | pseudo vector 2.34- 102 3.88
BT - Xr* pseudo scalar 2.37-10 5.14

Table: Closing mass is difference of initial and final mesons mass.
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CS boson production from decay of mesons

— K + b —— Pseudovector
K XHTO 510° ) —— Vector
— Ks—>X+Tr 4
K —X+17° 410 —— Scalar
A 4 ——Pseudoscalar
310 —— Tensor
2.10*
1.10*
‘ ‘ ‘ ‘ ‘ ) Mx mx
005 015 025 0.35CeV 1 2 3 4 5GeV

mx \2 , .
@) Br(h — h'X) of reactions of the CS

boson production on the CS boson mass. Contributions over the (pseudo)scalar,
(pseudo)vector and tensor channels of the B meson decays are summed up.

Dependence of the branching Br = 0, (

Yu. Borysenkova, P. Kashko, M. Tsarenkova, K. Bondarenko and V. Gorkavenko, Production of Chern—Simons

bosons in decays of mesons, J. Phys. G: Nucl. Part. Phys. 49 (2022) 8, 085003
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Effective loop interaction with the SM
fermions of the same flavours

Decays of the CS bosons
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Statement of the problem

We want to consider the decay of the CS boson into the same quarks X — qg
and consider decay into lepton pairs X — /(1.

In this case, divergences remain in the theory. They are proportional to diagonal
elements of unitary matrix (V7 V);

They can not be removed via counterterms of the CS boson interaction with
fermions because the initial Lagrangian does not contain these terms. We must
find a way to eliminate them.

Next, for the convenience of calculations, we will consider the loop interactions of
the CS boson with two leptons in general case of R: gauge.

LE) = ;"0 X, 2,072, + ¢, "N X, Z,00A, + { Cue N X, W, O\WS + h.c.)

oyh O, h
d/\Ap + Czhfuy)\pX/z & a)\Zp

Vv Vv y

(5) _ N
Les = cyne X
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Diagrams with a circular loop

€ ey,
P (¢
q h
k g-k
w+ w-—
g X

b)

Loop diagrams for leptons production via CS decay due to interactions of the CS boson
with WW, or with W and charged ¢ bosons.

It can be shown that the amplitudes of all diagrams presented here, and any other
diagrams with a circular loop of the same type are equal to zero in the R¢ gauge.
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Triangle diagrams
Triangle diagrams with vertices XWW and XW*¢T

U

Triangle diagrams for lepton production via CS decay due to interactions of the CS
boson with W and charged ¢ bosons, or with two W bosons.

Triangle diagrams with vertices XWW and XW=*¢T

Triangle diagrams for lepton production via CS decay due to interactions of the CS
boson with Z and neutral ¢. bosons, or with two Z bosons.
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Triangle diagrams

Triangle diagrams with vertices XZA and XA¢,

Triangle diagrams for lepton production via CS decay due to interactions of the CS
boson with photons and neutral ¢, bosons, or with Z bosons and photons.

Triangle diagrams with vertices XZh and XAh

Triangle diagrams for lepton production via CS decay due to interactions of the CS
boson with Z bosons and Higgs bosons, or with photons and Higgs bosons.
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Results of calculations

The sum of the divergent parts of all the above-considered diagrams can be
presented as

i B + B 75 W
Y Miaw = MI(P) {(A + As7°) v + TS G| U(=p)epX e,

diagrams

where A, As, B, Bs are dimensionless factors, namely

2
.8 2Cz YW .2 .
A+ Asy° = —i {@Wl + o2 O (t5 (t5 — 2qesin® Ow) + 2q7 sin® Ow) +

+2qec, tan Oy (t§ —2qy sin? GW)}

2t5c,

5g2
Y [@m*coszew

(t§ —2q, sin2 9W) + 2q£tgc’y tan QW} s

my tf — 2qysin% 0
B+ 8575 _ 7t 6W2 o Czhg( 3 ¢} W) o theqé _
v 2 cos by

. ,-%,y;, [Ow1 — c.(t5 — 2qesin® w) — gec, sin 20w .
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Result of problem consideration

Problem terms
The sum of the divergent parts of all diagrams can be presented as

Bsv®

0 B+ v
M) | (A+ AsY) vuav, + QWAYp | L(—P)ey e,

where A, As, B, Bs are factors that go to co.
Unfortunately, there are no non-trivial values of the theory's coupling parameters

(Ow1, Owa, ¢, ¢y, ¢y, and c) that would satisfy the condition of absence of
divergences A= As = B = Bs = 0.

This is true and in the case of calculations in the unitary and R: gauge.

Yu. Borysenkova, V. Gorkavenko, I. Hrynchak, O. Khasai, and M. Tsarenkova. Divergences in the effective
interaction between Chern-Simons bosons and fermions. arXiv, 2505.12550, 2025.

Yu. Borysenkova, V. Gorkavenko, I. Hrynchak, O. Khasai, M. Tsarenkova. Divergences in the effective loop

interaction of the Chern-Simons bosons with leptons. The unitary gauge case, Ukr. J. Phys. 69, 897 (2024).
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Conclusions

@ We considered one of the possible SM extensions, the vector CS portal.

@ Unfortunately, the low-energy dimension-4 Lagrangian of interaction

LE) = e X, 2,05 Z,+ e X, Z, 03 Apt{ cue N X, W, AW +h.c.}

cs —
is the Lagrangian of the non-renormalized interaction.

@ Since the initial interaction of the CS bosons with SM fields is given by
dimension-6 operators, we conclude that interaction of the CS boson with
fermions of the same flavour should be considered within the framework of
the Effective Field Theory approach

mye =
'C')'g;f = L((Yf + ﬂm/5)fXM + Tszal”/(”?’f + 5f“/5)fX;w + L,

where ar, B¢, V¢, 0f are new parameters of theory.

@ It is bad for the sensitivity region of the collider experiments computation,
because many new parameters appear in the theory.
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