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The Standard Model and Beyond

@ In the past, the structure of the Standard Model was predicting where to
expect new particles

@ Higgs boson was the last predicted particle to be discovered

@ Standard Model is consistent up to the Planck scale

[ o But 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 weakly interacting
(intensity frontier)
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Portals as a window to New Physics

@ The BSM Lagrangian can be represented as: L = Loy + Lasy + L2 gow

@ The interaction part ("portal”) allows to experimentally detect new particles.

@ The general requirement of gauge invariance and renormalizability determines
the explicit expression for the portal Lagrangian.

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

Examples of portals £}, ¢, with renormalized interaction:

@ Scalar portal: (1S + AS?)(H'H)
@ Vector portal: F,, Fi”
@ Neutrino portal: y. (L - H)N,
y
Examples of portals with non-renormalized effective interaction:
@ Axion: ga Fi Fhev
A2 Ty
@ Chern-Simons boson (CS boson):
G C +
 Xu(DuH) HBy, - € 4 2 X, (DL H) A H - e 4 e,
Ay A3
A

— —r = — Ty
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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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How to search for new hidden particles |
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Intensity frontier experiments

To search for light BSM particles we need the intensity frontier experiments such
as MATHUSLA, FACET, FASER, SHiP, NA62, DUNE, LHCb, etc.

HS decay spectrometer
HS decay volume

Scattering and
neutrino detector

Muon shield
Target and

hadron absorber

SHIP Collaboration, The SHiP experiment at the proposed CERN SPS Beam Dump Facility,
arXiv:2112.01487 (2022)
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What do we need to build a sensitivity region?

-85 .
The number of detected particles:
Upper bound
-9.0F Ndet ~ Nprod X €tot X Pdecay
RS Max mass where
8’9 -9.5} . — Npyrod is @ number of produced
= S-particles
_10.0- — €tot = €geom X Bryis X €det
— Pgecay is a probability of S-particle
Lower bound decay inside the decay volume. It

depends on decay length
lgecay = €y, where 7 is a S particle
lifetime

-10. : : : : : :
8.5 1.0 1.5 20 25 3.0 35 40
Scalar mass [GeV]

Sensitivity region Nyer > 3

We need the full decay width of the BSM particles (we need all decay channels)
and channels of its production. J
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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 = L X, (D,H)HBy, - e + hc.
Vv
L2 = 55 Xu(DH) FagH - ™ + hic.

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

In the low energy limit (unitary gauge) the effective Lagrangian of three particle
interaction of CS boson with gauge SM bosons is of dimension-4 form:

Lcs = G X, 2,00 Z,+cy e X, Z,07Ap+{ e X, W, AW + h.c.}

It looks like a renormalized Lagrangian!

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)
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Vertex diagrams of the interaction of the CS boson with
vector fields of the SM
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Interaction of CS boson with SM particles
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Chern-Simons GeV-scale bosons
effective loop interaction with
the SM fermions of different flavour

Production of the CS bosons
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Quark decay of d, — X + ds via the loop diagram

Diagram of the decay of the d,-quark
into the d,,-quark and the CS boson
(X). The interaction of the CS boson
with W bosons is described by

cw = Owi + iOwo.

The given loop diagram does not contain divergence, since the divergence term is
proportional to the off-diagonal element of the unit matrix V"V, where V is the
CKM matrix

/\2
> (VH)piVis In = (VI V)os INA?|, = (VH)piVisIn D(m;)
: D) gy 2R v ™ 2
Therefore, we can write
N2 M3
(V*)piVis In = (V)b VisIn W
Z D(m,) A—s 00 i:u;.t D(m,)

i=u,c,t
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Result of loop calculation

g2 mf L 5/ ./ d / A
A“:3%2M§Wm%¢%W)ﬂ%mpﬁMM%x

JH = (af Pr Yo YA Vv P+

Mmm a m' py

Fas A m’p,\ N N
PR’YpPL'f'CL PL/yprVPL—’_dfMTPL’yp’VVPLJF
W w w
be mm' P>\Pu

mpy A 5. 1 gd MPA 5\ (v
R M2, PUMPR+CRA%VPR%ﬂbPR+dRAﬁVPR%VuHO<# r

We see a difficult structure of interaction of the CS bosons with fermions!
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Coefficients of effective interaction

coeff. | value coef. | value-10°
af ] 01310y, a? | (—0.98 + 1.131)On
bi’ 0.051@y1 +4-10°Op» b” | (6.4 +7.41)Ow1 — (1.1 +0.981)O»
Cf —0.05810,1; — 0.098 O p» Ct’p (0 27 — 0. 311)@\/\/1 + (0 57 + 0. 491)ew2
de 0.0861 01 + 0.098 © > d,” | (0.38 — 0.441)©; — (0.57 + 0.491)O
(=
(
(=

bg | —0.028i Oy by 0.64 + 0.751)O 1
cg 10.08610Oy; — 0.098 Oy, 0.87 —1)0w1 + (1.1 + 0.981)Op
d,g —0.05810 1 + 0.098 O > d’tép 0.23 + 0.251)@W1 (1.1 + 0.981)@\/\/2

Table: Coefficients in the expression for the amplitude of a heavy quark decay into a
down-type quark and the CS boson. Superscript d stands for the decay of down-type
quark d, — dn + X, superscript up is for the decay of up-type quark u, — u, + X.
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Effective Lagrangian

If ©1 # 0, then the effective Lagrangian of the interaction of the CS boson

(with a mass up to several GeV) with down-type quarks of different generations
takes the form

quarks Z er (Cmna"/“ ﬁ)L d”XM + C,dein";'“ ISL deH)

m<n

3a
(@——— Grm? V Vi
2’\/577_ F Il td,

|Cop| =1.97-107%,  |Cyp| =4.43-107°, |Cy|=1.77-107°

CPdp~" PLdpX, = dyy* PLdmX,, CPX, =—X*
That is, the CP parity of the CS boson is the same as that of the Z boson. The
interaction Lagrangian will be CP invariant only if the C,,, matrix is real.

@ The interaction of the CS boson with the upper quarks of different generations
can be neglected.

@ The interaction of the CS boson with quarks of the same flavour is an unsolved
problem due to renormalization problems.

J
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Production of the CS bosons in mesons decays

2
Process final meson Jim (l’gg\/) B';)(Q’"X) Closing mass [GeV]
W1

KT = Xn+ pseudo scalar 2.49 10" 0.35

KY — Xn° pseudo scalar 1.56 - 10 0.36

K2 — X7¥ pseudo scalar 1.61-10 T 0.36

BT - Xr* pseudo scalar 237107 5.14

BT = XK* pseudo scalar 7.73-10 4.79

BF — XK; = (700) scalar 1.43-10° 4.46

BT = XK =(892) vector 9.14-10 439

BT — XK{(1270) | pseudo vector 1.72-10° 4.01

BT — XK{7(1400) | pseudo vector 2.34 - 107 3.88

BT — XK*=(1410) vector 3.99 10 3.86

BT & XK, (1430) scalar 1.85-10° 3.85

B* — XK, =(1430) tensor 6.03 - 10° 3.85

BF — XK**(1680) vector 2.53-10 3.56
% — Bk —xer) 510" Br — ;P/setudovector
20 100 Br(Kg—X+m%) 4 o Yedlor

— BHK, xen® 410 —— Scalar
15 L=X4m) 4 —— Pseudoscalar
310

mx

—— Tensor

mx

b o0

L
0.15

0.25

035 GV

1 2

4 5 GeV

Y. Borysenkova, P. Kashko, M. Tsarenkova, K. Bondarenko, V. Gorkavenko, J. Phys. G: Nucl. Part. Phys. 49, 085003 (2022)
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Decay channels of the CS boson

Effective loop interaction with the SM
fermions of same flavour
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Statement of the problem

We can hope that the main channel for the production of the CS boson is the
decay of mesons.

We can consider some channels of decay of CS boson into mesons using its
interaction with down-type quarks of different flavours.

But we can not consider the decay of the CS boson into the same quarks X — qg
and can not consider decay into lepton pairs X — £~ /",

In this case, divergences remain in the theory. This divergence 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.
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CS boson decay into leptons in the unitary gauge

Ve

e Pk e
P N F T
w- w-
a) X
q
¢ Pk ¢
P W p’
A z
c) ng

e)

L
L P’ Let us limit ourselves to consideration to

z z
q%x b considering the operators of dimension 4
- P + ¢, M X, Z,00A )+

9 + {cwe™ M X, W, 0\ W,f + h.c.}

It would be nice if he sum of divergences
from all those decay modes should
cancel.

f)
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Results of calculations

The divergent part of the diagrams can be presented as

MEY ~ T )14~ p)ep
where /* has a complicated form

|F = (A Vo VA Ve + B axYp /7’)/1, +C ar\Vp /b’yu +D Gp VA Ve + E QA”/pPy) eHvAP

V. Gorkavenko Chern-Simons type interaction 02 September 2024 18/21



N
Results of calculations

Owg , g
A=~5S | ZWS z
! 2{ 2 cos? Oy

g [OYg c.g . .
-8 [OhE  E (of[f —2grsin ] + 2675 ) ~

i.“3 [ - 2q,csm HW] -

C’y are f
t3| —
cos Oy

cygre
cos Oy

(tg — 2¢gr sin® aw):| s

g
B=_-°
"amz,
wg

4 g2 {— +cg (t3 [ — 2grsin QW} + 24?2 sin HW) = cwqfecosﬁw( — 2grsin QW)} ,
e, | 2

[ . + c.gt] [ — 2gy sin? Ow] —cwq,cecosﬁwt3} 4

(1_ ,5) D — gCIft3e my¢

. g
=02
Sw 2c050WM2 CRE

4M3,

o
[E= 7/5 g2 Swé + czgt3 [ — 2gfsin (JW} — cyqgrecos 9wt3
3My, 2

-]
32
44

1
[@\;vg_kczg (t [ — 2qs sin? HW} +2qfsm F)W) —cwqfecosé)w( — 2qs sin? GW)-‘

o

We got cumbersome expressions! J

™ i - = = o
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Result of problem consideration in the unitary gauge

It would be good to have some relationships between coefficients ©},, ©7,, ¢, ¢,
of the interaction Lagrangian, under which the divergent terms of the loop
diagrams are eliminated, i.e. the condition A= B = C = D = E = 0 would be
satisfied. But that's not true.

The system of the other equations A=B=C=D=E =0
has only a trivial solution ©},, = 07, = ¢, = ¢, = 0.

The problem remains unresolved and it needs additional consideration in a more
general approach of non-unitary gauge.

Yu. Borysenkova, V. Gorkavenko, |. Hrynchak, O. Khasai, M. Tsarenkova, Divergences in the effective loop
interaction of the Chern-Simons bosons with leptons. The unitary gauge case, arXiv:2405.00164 (2024)
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Summary

@ We considered one of the possible BSM portals, the CS portal.

o We get effective Lagrangian of the CS interaction with quarks of different
flavours.
@ We analyzed the production of the CS boson in decays of mesons.

@ We considered the effective loop interaction of CS boson with two same
leptons in unitary gauge including all diagrams with XWW, XZZ, XZA
interactions in the third order of perturbation theory. We do not get
cancellation of the divergent parts of diagrams.

@ The problem has to be considered more carefully in the non-unitary R: gauge.

Thank for your attention!
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