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AHOTAIIIM

TI'opkaBenko B.M. llonryk nmposiBiB YaCTUHOK Ta TOMNOJIOTTYHUX CTPY-
HOIIOAI0OHMX 00’eKTIiB 3a MexkaMm CTaHIAPTHOI MOJEJIi.

Hucepraliisgs Ha 3700yTTs HAYKOBOI'O CTYIIEHS JIOKTOpa (Pi3MKO-MaTeMaTH -
HIX Hayk 3a creriasibhictio 01.04.02 "teoperuuna disuka" (10 — [Tpupomandi
naykn). — KuiBebkuit namionanpauit yaisepenrer imeni Tapaca [llesuenka, [u-
ctutyT Teoperudnol ¢isuku iMm. M.M. Boromobosa HAH Ykpainu, Kuis, 2023.

ucepraliito NpucBA4YeHo JocaijizKeHHo dizuku 3a Mexkamu CraHapTHOT
mogtesti disukn eementapanx dactuHok (CM) Ha pisHHX eHepreTHIHNX Mac-
mTabax. Ha macmirabdi enepriii, JOCTyIHUX Ha CyYaCHUX MPUCKOPIOBaYax, Po3-
TISIJIQTUCS PI3HI ACHeKTH MOYKJIMBUX €KCIePUMEHTAJbHUX ITPOSIBIB YaCTUHOK
disukn 3a Mexkamu CTaHgapTHOT MOJIEI, a caMe: CKaJISIPHOr0, HEHTPUHHOTO Ta
i3 B3aemosiero tuny Yepua-Caiimonca posmmperb CM. Takoxk posriisgmaincs
MOZKJINBI TIPOSIBU TOTIOJIOTIYHUX 00’€KTIB y BUIIA/II KOCMIYHUX CTPYH 3 "'MarHti-
tHuM" mosiem KasibpysasibHOT rpym Ux (1), 1o Morim yTBOPpUTHCS BHACIILIOK
dazoBux nepexoiB y panHboMy BcecBiTi Ha MacmiTadl eHepriit, 1o 3HaqHO Iie-
PEBUIIYE MOYKJINBOCTI CydacHUX HMPUCKOPIOBadiB. A came, pO3TJIsiIaINCs KBaH-
TOBI epeKTH y BaKyyMi IOJIB CKaJsipHOI Ta pepMiOHHOI MaTepii B IIPUCYTHOCTI
KocMmigHO! "MaruiTHOI" CTpyHH, IO MOE/OBaJIaCs HEIPOHUKJINBOIO [IJIsT I10-
JIiB MaTepil TpyOKOIO CcKiHdeHoro pasiyca 3 "marniTaum" mosem. Bukopucrana
MOJIETb JTO3BOJINIA PO3TJISHYTH KBAHTOBI e(heKTH Y BaKyyMi MOJIB MaTepil B
HaOLIBIT 3araIbHOMY BUIAJIKY HE3aJEKHO BijJ KOHKPETHOI ITPUPO/IN YTBOPEH-
Hsl KOCMIYHOI CTPYHH.

Y nepLuomy po3gini mucepraliii po3ryIsiHyTO CKaJsipHe, (hepMioHHE Ta i3 B3a-
emoietro Tuny Yepua-Caitmonca posmupennst CM. Posrisiaiorsbes Jiesiki 3a-
raJibHi uTaHHs pos3mupedb CM Ta KaHa/ M HApOJKEHHS Ta PO3ITa/ly YacTHHOK

3a Mexkamu CTaHgapTHOI MOJEl 3 Macoo MOPSIIKY JieKiibkox I'eB.



Y migposaii 1.1 3pobseHo moBHMIT 1 caMOY3TOJXKEHMI OINC BCIX KaHAJIIB
HApPO/PKEHHS Ta PO3Ia/ly MaCUBHUX CKaJIsIpiB 3 Macolo B JieKiibka ['eB B cka-
nsipHoMy posmuperdi CM. 3naiijieHo Ta JIOC/TiKEeHO JIOMIHYIOUl KaHaJ 1l Ha-
POJIZKEHHsI Ta, pO3Iajly MacUBHUX CKaJspiB s ymMoB ekcrepumMentisB DUNE
(Fermilab), SHiP (SPS CERN) ta ekcnepumentis va LHC. ¥V migposmini 1.2
OTpUMAaHO eeKTUBHUII JIarpaHzKiaH B3a€MO/Iil MACUBHOIO BEKTOPHOI'O OO30HY
(B posmmpenni CM 3i Bzaemogieto tumy Yepua-CaiiMoHca) 3 KBapKaMu PisHIX
apomartis. [Tokazano, mo edpekTBHA B3a€MO/Tisi BEKTOPHOT'O OO30HY 3 KBapKaAMU
PI3HUX apoMaTiB He BUMAara€ 3acTOCYyBaHHS MPOIeypH nepenopmyBanusd. [lo-
CJIJTOBHO PO3IVISTHYTO BCl KaHAJM HAPOJKEHHT MACUBHOTO BEKTOPHOI'O O0O30HY
3 posna/iiB B ta K me3oniB. ¥ migposaiii 1.3 oTpuMaHo opuriHaJibHI PO3B’I3KN
Ta BUPayKEHO €JIEMEHTH I0KaBIBCHKOI MaTpuUIll B HefirpuHHOMY po3mupenni CM
3 MapaMeTpaMH MacoBOI MATPHINl aKTUBHUX HefiTpuno. Y mijaposmaia 1.4 3po-
OJieHa OIiHKa IIOXUOKH B Po3paxyHKax obJsacTi 4y TimBocTi ekcriepumenTy SHiP,
OB’ s13aHOI 3 BUKOPUCTAHHSIM JIJIsT OMKICY HAPOJZKEHHS MPABOKIipaJbHUX MaCHB-
HUX HEHTPUHO B TPUIACTUHKOBUX pPO3MaJIax ME30HIB CIHPOIIEHNX MATPUIHUX
eJIEMEHTIB, 10 BUKOPUCTOBYIOTHCS B IIpOrpaMi MOJIETIOBaHHS IIPOIECIB 3iITKHEe-
HHsT 9acTUHOK 11pu Bucokux eneprissx PYTHIA, B mopiBHsAHHI 3 BUKOpUCTAHHSIM
KOPEKTHUX MaTPUIHUX €JIeMEHTIB. 3allPOHOBAHO BUOID CIIPOIICHUX MATPUIHIX
enemenTiB cepegouia PYTHIA, mo garors HaiiMeHIne BiIXMJIEHHS BiJl Kope-
KTHUX PO3PaxyHKIB.

Y APYromMy po3gini posrisiaroTbest eeKTH MOJsIpu3alil BaKyyMy CKaJIsip-
HOI'O II0JIg MaTepll y BULJIAJ] 1HJYKYBaHHA BaKyyMHOI €Hepril 3a HasBHOCTI
TOIOJIOTIYHOIO JIepeKTy, a caMe KocMidHol "mMaruiTHol" CTPYHH, 10 MOJIE/IIOE-
ThCsI HEIIPOHUKJINBOIO JIJIsI OB MaTepil TpyOKOI0 CKiHYeHOro paJiyca 3 "ma-
raiTHrM" mosieMm. BBarkaeThest, 110 101t MaTepil € 3apsiyKeHIMI BIJIHOCHO Ka-
nibpysasibaol rpymu Ux (1).

Y migpozain 2.1 po3ragaaeTbed 1HIYKyBaHHS BaKyyMHOI €Hepril cKaJisap-



HOTO T0JI MaTepil 3a HagBHOCTI TpaHndHOl yMOBH Tuity /lipixyie Ha 1moBepxHi
TPYOKHN CKIHYEHOTO paJiiycy. ¥ Mipo3/Iiii 2.2 po3rIsgIacThesd IHIYKYBAHHS Ba-
KYYMHOI eHepril CKaJIsiPHOTO 110JIsl MaTepil 3a HasBHOCTI I'PAHUYHOI YMOBU THUITY
Heiimana na moBepxHi TpyOKH cKiHdeHoro pajiycy. [lokazaHo, 1o mossipusartis
BaKyyMy 3a HagBHOCTI I'PaHUYHOl yMOBI THIy Helimana cyTTeBO mepeBHUILye 11
3HAYEeHHs 3a HasgBHOCTI rpanndnol ymosu tumy /ipixie. [Tokazano, mo mosrs-
pusallisg BakyyMy OyJie CYTTEBOIO y BUIAJKY, KOJIU Maca KBAHTOBAHOTO ITOJIS
MaTepil € 3HAaUHO MEHIIIOI0 38 Macy XIITCIBCHKOI'O 10JIs, M0 IPU3BEJIO JI0 CIIOH-
TAHHOTO TOPYIIEHHs CUMETPIl i BUHUKHEHHS TOTOJIOTTIHOTO JIeeKTy Y BUTIST
"maraiTHO!" KOCMIUHOL cTpyHHU. Y MiAPO3ii 2.3 po3IIsIaeThCs 1HIyKYBaHHs
BaKyyMHOI €HEePril CKaJIAPHOrO Mo MaTepil 3a pi3HUX 3HAUYEHb CTAJIOl 3B 3Ky
CKQJIPHOT'O T10JIs1 3 KPUBU3HOIO [IPOCTOPY-4Yacy JiJjisl BUIIAQJKY I'DAHUYHOI YMO-
BI Ha 1oBepxHi TpyOku Tuiy Jlipixie. [lokazano, 1110 B IIbOMY BUIIAJIKY ITOBHA
1H/IYyKOBaHa eHeprisd BaKyyMy He 3aJIe’KUTh BiJ CTAJI0l 3B’ I3KY CKaJSPHOrO I0-
JIst 3 KPUBU3HOIO ITPOCTOPY-9acy. & Mipo3aii 2.4 po3rasaaeThes 1HyKyBaHHI
BaKyyMHOI eHepril CKaJIIPHOTO IOJI MaTepil 3a Pi3HUX 3HAUEHb CTAJIOl 3B’ SI3KY
CKAJIPHOTO 10JIS 3 KPUBU3HOIO ITPOCTOPY-4acy /i BUIIAJIKY TPAHUIHOI YMOBU
Ha MoBepxHI TpyOKm Tumy lipixjie y nmpocropi-yaci JOBLJIHHOI pO3MIPHOCTI.

Y TpPeTboMy PO34iNi posristaaioThesd epeKTH MoJsIpr3alil BaKyyMy CKa-
JISSIPHOT'O Ta (PePMIOHHOI'O TOJIIB MaTepil y BUIVISl 1HJIYKYBaHHA Y BaKyyMi Ma-
HITHOTO TTOTOKY 3a& HAasBHOCTI TOIOJIOTTYIHOTO JIeheKTy, a came KocMigHol "Ma-
rHITHOI" CTPYHH, IO MOJIETIOETHCA HEIMPOHUKJINBOIO JJId MOJIB MaTepil TpyO-
KOIO CKiH4YeHOTo paJiyca 3 "maraiTHum" mnojiem. BBazkaeTbest, 110 110151 MaTepil
€ 3apsipKeHnMI BigHocHO Kamiopysaabaol rpynn Ux (1) Ta MaioTh ejekTpudHi
3apsIn.

Y mijposiii 3.1 posrsgiaeTbesd 1HYKYBaHHS MArHiTHOTO TIOTOKY Y BaKyy-
Ml CKaJIIPHOTO T0JI MaTepil 3a HagBHOCTI rpanuvnol ymosu tuiy /[lipixie na

MOBEPXHI TPYOKN CKIHIEHOTO pajiiycy. &Y Miapo3/iii 3.2 po3rIsaIaeThbes iHTyKY-



BaHHsd MAarHITHOIO IIOTOKY y BaKyyMl CKaJIAPHOI'O IMOJiS MaTepll 3a HasgBHOCTI
rpanmgHol ymoBu Tuily Hefimana na moBepxHi TpyOKM CKiHUEHOTO pajiiycy. ¥
1JIPO3/ILJIL 3.3 PO3IVISIAEThCs 1H/IYKYBaHHS MArHITHOI'O IIOTOKY Y BaKyyMil CKa-
JITPHOTO TIOJI MaTepil 3a HAgBHOCTI TpaHUIHOI yMOBH THITY Pobena Ha moBepxmi
TPYOKHU CKIHYEHOT'O paJjiycy B IIPOCTOPi-daci JoBiIbHOI po3mipHOCTi. JlocimKy-
€TbCs ePeKT IHYKyBaHHS MArHITHOTO IMMOTOKY Y BAKyyMi CKaJSPHOTO MO Ma-
Tepil 3a BCIX MOXKJIMBUX 3HAYCHBL TapameTrpa I'paHnvdHol ymoBu Tumy Pobena.
[Tokazano cyTTeBO pi3Hy MOBEMIHKY IHIYKOBAHOTO MArHITHOTO TOTOKY 3a JO-
JIATHIX Ta B €MHUX 3HAYeHb NapamMeTpa TpaHundHol ymoBu Tuiy Pobena. V
i/1po3/11l 3.4 po3rIgIacThes 3araJbHuil BUTJIS] TPAHTYHOT YMOBHU Ha MTOBEPX-
Hi TPYOKM JIjIsT BUNIAAKY (DEPMIOHHOTO TOJIA MaTepil 3 YMOBU CAMOCIIPSIZKEHOTO
PO3MHUPEHH JTIPAKOBCHKOIO TaMiJIbTOHIaNy Yy IpocTopi-yaci po3mipHocTi 2+1.
Posrsaerbes 1HIyKyBaHHA MArHITHOTO MOTOKY Yy BaKyyMi (hepMiOHHOTO TIO-
JIst Marepil 3a HagBHOCTI "MaruiTHOI" TPYOKHM CKIHUEHOrO paJjiycy 3a Pi3HHX
3HAUYEHb MTapaMeTpa CaMOCIPAXKEHOTo posiupennd. [lokazano, mo Jjmire mpn
JIeIKUX 3HAUEHHIX TTapaMeTpa caMOCIPIZKEHOI'0 PO3IIUPEHHS 1H/IyKOBaHUT Ma-
THITHUI 1TOTIK Oyne ckindeHHuM. IlokazaHo, 110 JJIsl 3HAXOMXKEHHsT (PI3MIHIX
3HAYEHb ITapaMeTpa CaMOCIPSIYKEHOTO PO3IMINPEHHsT He0OXiTHO JI0/IaTKOBO Ha-
KJIaJIaTH BUMOTY CIIaJIAHHA BEJTMINHI KBAHTOBUX €(DEKTIB TP 301IbIIEeHH] TOB-
MITHT MarHiTHOI TPYOKH.

KntouoBi cnoBa: ¢isuka 3a mexkamu CramgapTHOl MOZAEl, PiAKiCHI Me30H-
HI posnaJii, ckajdpHe posmupenns CranmapTHOI MOJEsl, BaXKKi HelTpaJibHi
JICIITOHM, PO3IIUPEHHs KaJaibpyBabHOro cekropa CrangapTHOI MOJIEi, Teopis
Yepua-Caiimonca, Torojoriuni jedeKTn, KOCMivHI CTPYHH, HOJIAPU3aIlis BaKy-

ymy, epext Kaszumupa, edpexr Aaponosa-bBowma.



ABSTRACT

Gorkavenko V.M. The search for manifestations of particles and
topological string-like objects beyond the Standard Model.

Thesis for the degree of Doctor of Physical and Mathematical Sciences by
speciality 01.04.02 — theoretical physics (104 — physics and astronomy). — Taras
Shevchenko National University of Kyiv, Bogolyubov Institute for Theoretical
Physics of the NAS of Ukraine, Kyiv, 2023.

This thesis is dedicated to exploring physics beyond the Standard Model of
particle physics (SM) at different energy scales. It examines various aspects of
potential experimental manifestations of particles beyond the Standard Model
of the scalar, neutrino, and Chern-Simons extensions of the SM at energy scales
available for modern accelerators. Possible manifestations of topological objects
in the form of cosmic strings with "magnetic" field of gauge group Ux(1),
which could have formed due to phase transitions in the early Universe at
energy scales significantly exceeding the capabilities of modern accelerators,
were also considered. Specifically, quantum effects in the vacuum state of scalar
and fermion fields in the presence of a cosmic "magnetic" string, modeled as an
impermeable for the fields of matter tube of finite radius with "magnetic" field
were considered. The employed model allows for a comprehensive examination
of quantum effects in the vacuum of the matter fields in the most general case,
irrespective of the specific nature of cosmic string formation.

The first section explores SM extensions involving scalar, fermion, and Chern-
Simons portals. It addresses general issues concerning these SM extensions and
investigates the production and decay channels of beyond the Standard Model
particles with mass of the GeV scale.

In subsection 1.1, a complete and self-consistent account of all the producti-

on and decay channels of massive scalars at the GeV mass scale of the scalar



SM extension is presented. Dominant production and decay channels of massi-
ve scalars have been identified and studied for experiment conditions at DUNE
(Fermilab), SHiP (SPS CERN), and LHC experiments. In subsection 1.2, an
effective Lagrangian for the interaction of a massive vector boson (of the SM
extension with Chern-Simons-like interactions) with quarks of different flavors
has been derived. It has been shown that the effective interaction of the vector
boson with quarks of different flavors does not require a renormalization proce-
dure. All the production channels of a massive vector boson in decays of B
and K mesons were systematically considered. Subsection 1.3 shows the deri-
vation of an original solution and expresses Yukawa elements of the neutrino
SM extension via the parameters of active neutrinos’ mass matrix. In subsecti-
on 1.4, an estimation of the error in the computations of the SHiP experiment
sensitivity region, caused by the usage of simplified matrix elements for describi-
ng the production of right-handed massive neutrinos in three-particle decays of
mesons in PYTHIA (simulation program for particle collisions at high energies),
has been made. The choice of simplified matrix elements in the PYTHIA envi-
ronment that minimizes deviations from exact calculations has been proposed.

The second section delves into the effects of vacuum polarization of a scalar
matter field in the form of induction of vacuum energy in the presence of a
topological defect, namely a cosmic "magnetic" string, modeled as a finite
radius impenetrable tube for matter field with a "magnetic" field inside. It
is considered that matter fields are charged with respect to the Ux (1) gauge
group.

Subsection 2.1 examines the induction of a scalar field vacuum energy in
the presence of a tube of finite radius with Dirichlet boundary condition at
the edge of the tube. In subsection 2.2, the induction of vacuum energy of
a scalar field of matter under a Neumann boundary condition at the edge of

the tube is studied. It is demonstrated that the vacuum polarization effect in



the case of a Neumann boundary condition significantly surpasses the vacuum
polarization effect under a Dirichlet boundary condition. It is also shown that
vacuum polarization will be substantial when the mass of the quantized field
of matter is considerably smaller than the mass of the Higgs field that leads to
spontaneous symmetry breaking and the emergence of a topological defect in
the form of a "magnetic" cosmic string. Subsection 2.3 addresses the induction
of vacuum energy of a scalar field of matter for various values of the scalar field’s
coupling to space-time curvature, under a Dirichlet boundary condition at the
edge of the tube. It is demonstrated that in this case, the total induced vacuum
energy does not depend on the scalar field’s coupling to space-time curvature.
In subsection 2.4, the induction of vacuum energy of a scalar field of matter is
studied for different values of the scalar field’s coupling to space-time curvature,
under a Dirichlet boundary condition on the tube’s surface in a space-time of
arbitrary dimension.

In the third section, the effects of vacuum polarization of scalar and fermion
matter fields in the form of induction of vacuum magnetic flux in the presence
of a topological defect, specifically a cosmic "magnetic" string, modeled as a
finite radius impenetrable tube for matter field with a "magnetic" field inside,
are investigated. It is considered that matter fields are charged with respect to
the gauge group Ux (1) and also possess electric charges.

Subsection 3.1 examines the induction of a vacuum magnetic flux for a scalar
field of matter in the presence of a Dirichlet boundary condition at the edge
of the tube. In subsection 3.2, the induction of a vacuum magnetic flux for a
scalar field of matter under the presence of a Neumann boundary condition at
the edge of the tube is studied. Subsection 3.3 addresses the induction of vacuum
magnetic flux for a scalar field of matter under the presence of a Robin boundary
condition at the edge of the tube in the space-time of arbitrary dimension.

The effect of inducing vacuum magnetic flux for a scalar field of matter is



explored for all possible values of the Robin boundary condition parameter. The
substantially different behavior of the induced magnetic flux for positive and
negative values of the Robin boundary condition parameter is demonstrated.
In subsection 3.4, the general form of the boundary condition on the tube’s
edge is considered for the case of fermion matter fields from the condition of
self-adjoint extension of the Dirac Hamiltonian in 2-+1 dimensional space-time.
The induction of vacuum magnetic flux for a fermion field of matter in the
presence of a "magnetic" tube of finite radius is examined for different values
of the self-adjoint extension parameter. It is shown that only for certain values
of the self-adjoint extension parameter, the induced magnetic flux will be finite.
Additionally, it is demonstrated that to determine the physical values of the
self-adjoint extension parameter, an additional requirement of the decrement of
quantum effects with an increase in the thickness of the magnetic tube needs
to be imposed.

Key words: Beyond Standard Model, rare decays of mesons, scalar extension
of Standard Model, heavy neutral leptons, extensions of gauge sector, Chern—
Simons theories, topological defects, cosmic string, vacuum polarization, Casi-

mir effect, Aharonov—Bohm effect.
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