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DIVERGENCES IN THE EFFECTIVE LOOP
INTERACTION OF THE CHERN-SIMONS BOSONS
WITH LEPTONS. THE UNITARY GAUGE CASE

We will consider the extension of the Standard Model (SM) with Chern—Simons type inter-
action. This extension has a new vector massive boson (Chern-Simons bosons). There is no
direct interaction between the Chern—Simons bosons and fermions of the SM. Using only three-
particle dimension-4 interaction of the Chern—Simons bosons with vector bosons of the SM, we
consider effective loop interaction of a new vector boson with leptons. We consider the renor-
malizability of this loop interaction and conclude that, for the computation of loop diagrams
in the unitary gauge, we can not eliminate the divergences in the effective interaction of the

Chern—Simons bosons with leptons.
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1. Introduction

Despite the success of the Standard Model (SM) [1]
in describing numerous collider experiments, SM is
not a complete theory, because it cannot explain phe-
nomena such as active neutrino oscillation (see, e.g.,
[2-4]), baryon asymmetry of the Universe (see, e.g.,
[5-7]), dark matter (see, e.g., [8-10]). In all likelihood,
the SM needs to be extended to include new particles
and new interactions.

It may turn out that SM has a hidden sector with
many new particles and some of these particles are
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not relevant to solving problems of the SM. We do
not detect new particles, because they are quite heavy
or light but very feebly interact with particles of the
SM. If the new particles are quite heavy and can not
be produced at current accelerators, we hope for that
they will be detected at more powerful future accel-
erators such as FCC [11,12]. But if the new particles
are light, they can be found at existing accelerators
nowadays, see, e.g., [13-15], in the intensity frontier
experiments such as MATHUSLA [16], FACET [17],
FASER [18,19], SHiP |20, 21], NA62 [22-24|, DUNE
[25,26], LHCb [27], ete.

We do not know what type of particles of the
new physics they will be. They can be scalar [28—
30], pseudoscalar (axionlike) [31-34], fermion [35-
38|, or vector (dark photons) [39-41] particles, see
reviews [16, 21]. In this paper, we consider the ex-
tension of the Standard Model with Chern—Simons
type interaction with a new massive vector bosons
(Chern—Simons bosons or CS bosons in the follow-
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ing). The Chern—Simons interactions appear in var-
ious theoretical models, including extra dimensions
and the string theory, see, e.g., [42-47|. The mini-
mal gauge-invariant Lagrangian of the interaction of
the CS bosons with SM particles has a form of 6-
dimension operators [21, 48]:

C
Ly = A—ZY X, (D,H)'HB,, " +h.c., (1)
Y
c
Ly = Afm) X, (D, H) F\,H " + h.c., (2)
SU(2)

where Ay, Agy (o) are new scales of the theory; Cly,
Csu(2) are new dimensionless coupling constants;
" is the Levi-Civita symbol (123 = +1); X, -
CS vector bosons; H — scalar field of the Higgs dou-
blet; By, = 0B, — 8y By, Fu = —igY s TV},
field strength tensors of the Uy (1) and SUw (2) gauge
fields of the SM. The gauge-invariance of Lagrangians
(1), (2) is achieved, because X, is the Stueckelberg
field [49, 50].

After the electroweak symmetry breaking, Lagran-
gians (1), (2) generate (among other terms of higher
dimensions) Lagrangian of three fields interactions in
the form of 4-dimension operators:

Los = e X, 2,007, + c e X, 7,00A, +
+ {ewe™ P X, W, W 4+ hel, (3)

where A, is the electromagnetic field; Wff and Z,
are fields of the weak interaction; and c;, ¢y, ¢, are
some dimensionless independent coefficients. Coef-
ficients ¢, and ¢, are real, but ¢,, can be complex. As
one can see, there is no direct interaction of the CS
vector boson X,, with fields of the matter.

If one rewrites the coefficients before operators in
(1), (2) as Cy/A} = Cy/v? and CSU(Q)/A%U@) =
= Cy/v?, where C; = ¢ +icyj, and Co = o +icy; are
dimensionless coefficients, then, in a unitary gauge,
one can obtain

C C
¢, = —cng + 5292, Cy = c1ig + 5299’, (4)
Co + ico; .
Cow = Tlg2 = Ow1 + iOwoa. (5)

Effective interaction of the CS bosons with quarks
of different flavors was considered in [51-53]. It was
shown that, in this case, the divergent part of the
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loop diagrams (containing only W+ bosons) is pro-
portional to a non-diagonal element of the unity ma-
trix V*V (V is the Cabibbo—Kobayashi-Maskawa
matrix) and is removed. Note that the interaction of
the CS boson with down-type quarks of different fla-
vors turned out to be dominant, whereas the interac-
tion with up-type quarks of different flavors can be ne-
glected, because it is proportional to (VFV )y, u,, X
X > f(ma,,mw)<1, where the summation is
performed over the mass of down-type quarks,
and f(mg,,mw) is almost constant because of
mg, < my.

It is interesting to note that if we take into account
that active neutrinos are a superposition of massive
neutrino states that are defined by Pontecorvo—-Maki—
Nakagawa—Sakata (PMNS) matrix [3] then the inter-
action of the CS bosons will neutrinos will be similar
to the case of interaction with quarks. In this case, de-
cays of the CS bosons in neutrinos with different lep-
ton flavors are possible. These decays will be strongly
suppressed for the same reason as the interaction of
the CS boson with up-type quarks but will not con-
tain divergences.

Consideration of the effective interaction of CS
bosons with quarks makes it possible to construct
an effective Lagrangian of the interaction of the CS
bosons with quarks of different flavors and compute
the GeV-scale CS bosons’ production in meson de-
cays. At the same time, it was shown that effective
interaction of the CS bosons with quarks of the same
flavors or with leptons contains divergence. This di-
vergence can not be removed via counterterms of the
CS boson interaction with fermions, because the ini-
tial Lagrangian does not contain these terms.

The question of the effective interaction of the CS
bosons with fermions of the same flavor is very im-
portant. Solving this problem will make it possible to
find all decay channels of the CS boson and compute
the CS boson’s lifetime, which, in turn, will allow
us to compute the sensitivity region of the intensity
frontier experiments for searching the CS boson.

In order to avoid unnecessary complications tak-
ing into account the CKM matrix, in this paper,
we will consider the effective interaction of the CS
bosons only with leptons! and compute all corre-

1 We will consider neutrinos as massless particles of SM, other-
wise, we would have to deal with elements of PMNS matrix,
which would clutter up the calculations.
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sponding loop diagrams (containing W*, Z bosons,
and photons) in the unitary gauge. We will be inter-
ested in the processes of decay of the CS boson into
a lepton pair £7¢~ (¢ = e,u,7) and neutrinos. We
want to check whether there will be a cancellation
of divergences when accountrng for all corresponding
diagrams.

2. Lepton Pair Production in the CS
Boson Decays. Direct Computations

In the unitary gauge, to compute the amplitude of the
CS boson’s decay into leptons, one has to consider the
following diagrams presented in Fig. 1, where for the
vertex of the CS boson interaction with vector fields
(3), we have the following rules, see Fig. 2

XWW = (cwp — k) ae™ ™, (6)
XZZ — capre P, (7)
XZA — ey pretr. (8)

It is also necessary to take into account that the dia-
gram with vertex X ZZ in Fig. 1, b and Fig. 1, f actu-
ally corresponds to two diagrams (line with a deriva-
tive from Z can be from the left side or the right side
of the diagram).

2.1. Production via XWW interaction

Lepton pair production via XW W interaction is de-
scribed by the diagrams a and e in Fig. 1. The am-
plitude of the lepton pair production via diagram e
in Fig. 1 is identically equal to zero due to the pres-
ence of the Levi-Civita symbol in the vertex of XWW
interaction. The amplitude of the lepton pair produc-
tion in the CS boson decays via diagram a in Fig. 1
is given by

= L) Prlfy Put(-p) (9)

ww
MY A%,

2

1= ())/2,

I, = / W VG (=p — k) D,5(k + q) x

where g is SU(2) 1, coupling, Pr(g) =

% [cw(k +q)x + c5hs] Dy (k) 7" ™7 (10)
and P ok

o mf+ \% o v
Gy(p) = Wa D,uu(k) = 9pv — AZ‘Q/ (11)

are propagators for vector field V' in unitary gauge
and for fermion f.
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Fig. 1. Diagrams of the CS boson’s decay into leptons in the
unitary gauge

Fig. 2. Vertex diagrams of the interaction of the CS boson
with vector fields of the SM in accordance with (3)

After computation using the technique of «
(Schwinger) representation, see, e.g., [54], one can get
similarly to [53]:

Iy = f\”m{ »(P— P (O (4—2P)5 + O3¢5} +

MQ X Pop ¢ 20P)+ d P~ d B} — 208 P>+
L A
.Cy ;

+ ]\ql)é [@7'% qvo — 6'56114/%37)’7 -

W’Yp ]’j'Yu]} 5\'57 (12)
where
P =zxp+yq (13)
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AfgV o A fgV
and A", AJ?
function:

are integral operators acting on some

1—x

1
2
14
o [ [ Wy 00
0 0

A 174
ATV u(a,y)

A%V u(z,y) =

1 1—x
—7? A%z
- de | dyu(z,y)in ———r 15
)t / ' / v prav gy 1
DIV (z,y) = xm?c —xz(l — x)mg +
+(1—2)M§ —y(1 -z — y) MX, (16)

A is some constant with dimension of mass (it should
be put to infinity in the final result, A — o). So, the
divergent part of the loop diagram is hidden in the
operator A fov

2.2. Production via X ZZ interaction

Lepton pair production via XZZ interaction is de-
scribed by the diagrams b and f in Fig. 1. The am-
plitude of the lepton pair production via diagram f in
Fig. 1 is identically equal to zero due to the presence
of the Levi-Civita symbol in the vertex of X ZZ inter-
action. The amplitude of the lepton pair production
via diagram b in Fig. 1 is given by

92

727 _ N TS Th oA

M % 4C082 GW E(p) PZIZPZK( p)eu ) (17)
where

Py =t5(1 —~°) — 2q¢sin” 0w, (18)
Py =t5(1++°) — 2qssin® Oy (19)
and

14 —/d4k “Go(—p — k)D7(k+ q)ez(2k + q)5 x

Z — (271')47 \—P q)cz q

x DZ, (k)y" e"">7, (20)

where Gf(p) and D}, were defined in (11), Oy is
Weinberg angle, g, is electric charge of lepton £ in the
units of proton charge and tg is the third component
of the weak isospin (+1/2 for neutrinos and —1/2 for
electrically charged leptons).

One can get

1% = mycz A2 {Vp%(q 27)))\+ 7’ mp}
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Y cZA“Z{WD Prvo(a — 2P)5 +
Py (~2P 4+ 2(pP)+ f P d %)}G”M’HL

MZ
O | pdre iAp
{ quﬂLME{ ”2 —6%7%]}6“ .

where A4Z, A%Z are defined in (14) and (15).

2.3. Production via X Z A interaction

The amplitude of the lepton pair production via X Z A
interaction is described by the diagrams c,d in Fig. 1

Az _ __99C G NTE p( o\ AX
Mz 2COS€W é(p)IZAZ( p)eu ’ (22)
where
- 5
Ba=e, [osi [P Gulop = DE 0+ 0)

(2
X kx D3, (k)" +~4"Ge(=p — k) D)5k + q)(k + )5 X
X DZ, (k)7 Pz | = e, P11l 4y + ¢, 1 43Pz, (23)

Py, ﬁz are defined by (19), G(p), and DL/I, were
defined in (11).
One can get

1,07~ 9p
my |:AO {’7 +
P M%

Iy = (P- q>} WP+
Al EZ'yZ 95 ADAD Al,éZ'y 7( 79) ~
2 g W) ¢ AT p= P +
gz [P B=P2ro— 4= P fPsc™ +
i
+A}’””2{ Y+ 7 (7a Bt
b -
and
Igm =—my [Ag,ezw { o(Px —ax) +
ax BONG | A 242y _
2z 7+ AT - PPy -
+ M%(ﬁ P - PQ)PD}J‘W +
Z
Y AN
B —m)} 7 (25)
M,
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RilZy RilZy . .
where AG"?7, A7"?7 (i = 1,2) are integral operators
acting on some function

1 11—z
Ai,0Zy u(z,y)
Ay u(z, 4/d$ / dy DilZy(z,y)’ (26)
] 0 0
AV u(z,y) =
9 1 1—x A2
™ x
0 0
and

DM (e y) = atmd + yM3
D2z, y) = amd +

+(1 -z —y)M; —y(l -z —y)Mx.

—y(l -z —y)Mg, (28)

(29)

3. Combining Divergent Parts
of Diagrams in the Direct Approach

Let us look only at divergent parts of the diagrams
(9), (17), (22) to find the possible conditions for can-
cellation of divergences. It is the parts containing cor-
responding operators AJ, see (15), (27). We can see
that different AJ1 operators contain equal divergent

parts
9 1 l1—z M
i / dr [dy [ +In W2 }—
" @) o Dir.y)
_ 7’/T2 In +A]ﬁmte L+Aj,ﬁnite (30)
2(2m)4 M2 Lo

We can write the following useful relation for the op-
erator:

Nz = L/3+ Aty (31)

where

A2
= 2 M
w

— 00. (32)

The part of My; = M}/YW + MZZ + MAZ propor-
tional to divergent quantity L is given by

M§Y = L' )I"0(—p)ey™ (33)
where
"= A%ﬂxwe’mﬁ + Basyp Aive" 7 +

+Cq5v5 proe”

+ D Qp’}/)\’}/ud“»\p + E axVpPu€ )\[),
(34)
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t! [tg,f — 2¢; sin? GW} +

9 [Owg | cyg
A=37| 2wd
79 [ 2 cos? Oy

ce ] g [Oho

cos Oy 2 2

2
€9 Ilef 02 2 4
o5 Oy (t3 [ts — 2¢y sin GW] + 2g5 sin GW) +

Cyqye (f . 9 )
I (9, sin® 0
+ cos Oy \3 dy st ow ]’
9 _|wd
AMZ, | 2

(35)

B=—~° + ngtg {tg — 2q5 sin” HW} +

9 |cwy
102, [ 5 "

+cyqrecos thg} +

+c.g (tg {tg —2qy sin® HW} + 2q]2¢ sin? GW) +

+cyqrecos Oy (tg — 2qy sin? 9w)} (36)
gqft3e mg
C=i0} 1—° = 37
? W4M2 ( ,y )7 2COS€W M2 ’Y’y ( )
E _ ,)/5 g GWQ + ngtf |: _ qu sin2 9W:| +
3M§V 2
9 [Owy
—|—cyqfecosﬁwt4 —3M2 [ ;V +

+c.g <t3 [ — 2qy sin GW} —|—2qf sin 9W>

+ cyqrecos Oy (tg — 2qy sin® 9W>}. (38)

It would be good to have some relationships between
coefficients Oy, @%,V, ¢y, ¢, of the interaction La-
grangian (3) like (4)—(5), under which the divergent
terms of the loop diagrams are eliminated, i.e., the
condition A = B =C = D = F = 0 would be sat-
isfied. But that is not true. Putting C = D = 0, one
gets ©F, = 0 and ¢, = 0. In this case, the system of
the other equations A = B = E = 0 has only a trivial
solution O = ¢, = 0.

Expressions (10), (21), and (23) contain linear di-
vergent integrals. They will change, when the inte-
gration variable is shifted by a constant, as when con-
sidering the chiral anomaly, see [55]. However, such a
change of variables will cause the value of the integrals
to change only by a finite value. So, the expressions
for A — FE will not change.
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4. Conclusions

In this paper, we considered the extension of the Stan-
dard Model with the Chern—Simons type interaction
with a new massive vector particle — Chern—Simons
(CS) boson. The Lagrangians of such interaction (1),
(2) contain operators of dimension 6, but, after the
spontaneous symmetry breaking of the Higgs field,
these Lagrangians generate operators of dimension 4
among operators of higher dimensions. Limiting our-
selves to considering only the three-particle dimen-
sion 4 (possibly, renormalizable) interaction of the
Chern—Simons bosons with vector bosons of the SM
(3), we considered the effective loop interaction of a
new vector boson with leptons.

As was shown in [51-53], the effective loop in-
teraction (with only W-bosons in the loop) of the
CS bosons with fermions of different flavors (quarks)
does not contain divergences, but interactions with
fermions of the same flavors suffer from diver-
gences. But the initial interaction Lagrangian (3) has
no direct interaction of the CS boson with fermions;
so, we cannot use counterterms to eliminate the diver-
gences. Therefore, the interaction of the CS bosons
with vector bosons of the SM (3) is self-consistent,
only if divergences in the effective CS boson’s inter-
action with fermions of the same flavors will be elim-
inated accounting for all appropriate loop diagrams.

Taking interaction of the CS bosons with vector
fields of the SM in the form (3), we considered loop
diagrams of the CS boson interaction with leptons
that include all possible three-particle vertices, see
Fig. 1. We concluded that, for the computation of
loop diagrams in the unitary gauge, we can not elim-
inate the divergences in the effective interaction of
the Chern—Simons bosons with fermions of the same
flavors (leptons), except for the trivial case of the ab-
sence of interaction of the Chern—Simons boson with
SM particles (¢, = ¢y = ¢, = 0), see (3).

Note that we made these disappointing conclusions
after considering the loop interaction of the CS bo-
son with leptons in the unitary gauge. Despite theo-
retical expectations that calculations in the unitary
and R gauges should lead to the same results, they
can give different results for the SM processes in re-
ality 2. Examples of such situations are directly cal-
culating Feynman diagrams of Higgs boson’s loop de-

2 It seems that, for Abelian theories, such a problem does not
exist [56].
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cays h — ~vvy and h — Z~v [57]. In particular, it has
been shown that the answer depends on whether the
process is calculated in the unitary gauge or the pro-
cess is calculated in the R¢ gauge, and then we put
& — o0. On the other side, direct calculations in the
R¢ gauge give the same results as calculations in the
unitary gauge using the dispersion-relation approach
with a subtraction determined by the Goldstone bo-
son equivalence theorem, see, e.g., [58]. So, the ques-
tion of agreement of results of calculations in the uni-
tary and R¢ gauges is interesting and not trivial.
Thus, for definitive conclusions, the problem of di-
vergences in the CS boson’s interaction with fermions
of the same flavors requires an additional con-
sideration within the framework of a non-unitary
gauge. Suppose, it turns out that using a non-unitary
gauge does not help solve the divergence problem. In
that case, this will mean that the interaction of the
Chern—Simons bosons with fermions of the same fla-
vors must either be considered within the framework
of an effective field theory or it will be necessary to
supplement the Lagrangian (3) with additional terms.
In both cases, additional couplings appear besides ¢,
¢, and cz couplings, which will complicate finding
manifestations of the CS bosons in experiments.
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1.B. I'punuax, O.B. Xacati, M.C. I[apenxosa

PO3BIXKHOCTI Y EGOEKTUBHIN
IMMETJIBOBIN B3AEMO/IIi BOSOHA
YEPHA-CAMMOHCA 3 JIEIITOHAMMU.
BUIIAJIOK YHITAPHOI'O KAJIIBPYBAHHS

Mu posriamaemo posmmupenns Crangapraol momemi (CM)
31 B3aemogiero Tuny Yepua—Caiimonca. B 1boMy posmmpen-
Hi iCHye HOBHI BeKTOpHMI MacuBHHII 6030H (6ozom Yepna—
Caiimonca), akuil HaupsaMmy He B3aemoaie 3 depmionamu CM.
BukopucroByoun Juine TPpUYACTHHKOBY B3a€MOII0 GO30HIB
Yepua—Caiimonca 3 BekTopHuMu 6030oHamu CM y Buriisizi ome-
paTopiB po3MipHOCTi 4, MU PO3IJISAIAEMO €(DEKTUBHY IETIHOBY
B3a€MOJII0 HOBOT'O BEKTOPHOro 6030Ha 3 JrerrroHaMu. Mu pos-
IJISAE€MO [IEPEHOPMOBHICTD 11€1 TETILOBOI B3a€MOJIl Ta Ipu-
XOOUMO O BHCHOBKY, IO Yy BUIIAAKY pO3anyHKiB IIEeTJIBOBUX
niarpaM B yHiTapHiil KaJiOpoBIi He MOXXHa MO30YTHUCH PO30i-
JKHOCTel B edpeKTUBHIN B3aemo/il 6030niB Hepua—Caiimonca 3
JIeIITOHaAMH.

Kawwosei caosa: disuka 3a Mexxkamu CrangapTraoi Mo-
ZeJti, PO3IIMPEHHs KaJIiOpyBaJIbHOTO ceKTopa, Teopil Yepma—
Caiimonca.
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