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Merox penopmanuzanuonnoii rpyuust (PT) nossossier cucremaruuecku yiyu-
IIATh TOYHOCTh PACYETOB B TEOPUU BO3MYIIeHUi. KII0ueByo poiab B HEM UTpa-
0T PEHOPMIPYNIOBbIe (DYHKIWH, 33JAM0IINE OTKJIUK PA3JUIHBIX BEJUYUH HA
u3Menenue macrrada. UIx pacder siBjisiercst OTIEIbHON 3a1a4eil u mpeaCcTaBIs-
erT coboit omHy W3 Hambo/ee TPYJAOEMKHX M TEeXHUIECKH CIOXKHBIX dacreil PT
aHasmn3a.

Jlaboparopus Teopernueckoii pusnkn nm. H.H. Boromiobosa nMeer qaBHio0
u 6OraTyr UCTOPHIO MOMOOHOTO poa Bhraucenuii. Haunuas ¢ 0CHOBOMOIArato-
mx pabor H.H. Boromo6osa u /I.B. Illupkosa, PI' Mmeron u cBsi3anHbIE C HUM
pacdersl MHOTOMET/IEBbIX quarpamm PeffHMana HA MPOTAKEHUNA MHOTHX JIET WC-
nosib3oBasiuch B OUAN st monyverus: pesyiabraroB MupoBoro yposus. Cpeau
HUAX MOXKHO OTMETHTbH IIMPOKO U3BECTHbIE PAOOTHI, IOCBANIEHHDIE BHIYUCJIEHU-
M B craaspHoit ¢* m kBanToBOI Xpomommmamuke (KX/I). Yo xacaerca Cran-
napraoii mogesu (CM), To 60IbII0# PE30HAHC B JIMTEPATYPE BHI3BAJIM HEIABHUE
pacuerst TpexmnerieBbix PI' ¢pyukmii. [Tocme n3mepenns: macesr 6030Ha XHUIrTca,
B 2012 r. oHM O3BOJIMJIM MIPOBECTH HAWOOJIEE TIOJHBIA U CAMOCOIJIACOBAHHBIHN
araym3 TpobIeMbl CTAOMIBHOCTH BAaKyyMa, IMOBJEKINUil 3a coboil OypHBbIE anc-
Kyccuu O BO3MOXKHON Hectabuabaoctu CM u HeoOxommmocTu BBemenust HoBoit
duznrn.

B npeacraBienHOM 1uKII€ PAOOT O0CYKIAIOTCS PA3IUIHBIE ACTEKTHI MHO-
TOTETJIEBBIX PACYETOB, & TAKXKE TIOCIEIHIE [TOCTUYKEHNs, CBsA3AHHbIE C 00001Ie-
HUeM HeJaBHUX pexopaubix Beraucienuit 8 CM u ¢* Ha ciyuail 1poM3BOIBLHBIX
KBAHTO-TIOJIEBBIX MOJEIeit.

B pamkax mHanbosiee o0IIIel MepeHOPMUPYEMOIl TEOPUHU B Y€THIPEX U3MEPEHT-
sIX BIIEPBbIE OBLIM BbIBEIEHBI (DOPMYJIBI i OeTa-pyHKINI KaJInOPOBOIHBIX U
IOKABCKUX KOHCTAHT B3aMMO/IECTBYS B YETHIPEX M TPEX IETJISIX, COOTBETCTBEH-
HO [1]. OpuruHaJIBLHOCTD UCHOJIB3YEMOrO MOAX0/A COCTOMT B TOM, YTO PACCMAT-
PUBAJIUCDH [IPOCTHIE UIPYINEYHbIE TEOPUU U C UX IIOMOINHIO (DUKCHPOBAJIUCH MO-
JIeJTBHO HE3ABUCUMbBIE KO3 DUIMeHTh! B Bhipaxkenusx 1jas PI' dbyaknmit, Mmuryst
TPYAOEMKHE U TPOMO3KHUE BBIYUCJIEHWS. Biiaromaps HAIUM pPacderaM CTaJIo
Bo3MOkHO TipoBecTr PI' amamu3 mpom3BoabHoi Momenn Hosoit ¢u3uku Ha HO-
BOM yPOBHE TOYHOCTH 0e3 HeOOXOIMMOCTH SBHOTO JAMATPAMMHOIO CIETA U MPO-
eypol nepeHopMupoBku. B KadecTsBe npusioxkenus HalIeHHbIX (HOPMYJI HAMEI
OBLIN BBIBEIEHBI UETHIPEXTIETIIEBbIE 0eTa-(DyHKIMN BCEX KAJIUOPOBOYHBIX KOH-
craut B CM, a Takke B ee 0DOOIIEHNN C HECKOJIBKUMU XUTTCOBCKUMU J1y0sIeTa-
mu. Kpome Toro, BriepBbie ObLIN IOy Y€HBI MTECTUTIET/IEBbIE BhipaxKkeHus s P



dyHKIHMiIT Kak 6e3pa3MepHbBIX, TAK U PA3MEPHBIX [TapaMeTpOB Hambo ee OOIIEero
papuanTa Teopuu ¢t [2]. OHUM U3 BOZMOKHEIX TTPUMEHEHMUIT 3TOTO pesy/IbTaTa
SIBJISIETCS] M3y4YeHUEe KJIACCOB YHUBEPCAIBHOCTH B TEOPUHM KPUTUYIECKOTO TIOBE-
JIEHWST, COOTBETCTBYOIINX PA3JUIHBIM CUMMETPHUIM U PA3JIUIHBIM TapaMeTpaM
MOPSJIKA.

Baxk#biM m1arom Ha myTH K YKA3aHHBIM PE3YJIbTATAM SIBJISIIOTCA PACYETHI B
PaMKax KOHKPETHbIX (pu3nmdeckux mogesieit. B gacraocru, cymecrBenHoe Bjim-
SHIUE Ha JAJbHEHINne UCCIeIOBAHNS OKA3aJI0 BBIYHCIIEHNE YeTHhIPEXIETIEBBIX
3JIEKTPOCTa0BIX BKIAIOB B Gera-dyHKINIO CHIbHOI KoHCTaHTh! cBsizun B CM [3].
Braromapsi TiarebHOMY aHATU3Y HEOMPEIeTEHHOCTEH, BOSHUKAIOIIUX TPU Ha-
HWBHOM TIO/IXO/I€ K PA3MEPHO Peryaapu3alui KUPaIbHbIX TeOPUil, ObLIT MOy 9eH
OTBET, MOATBEPXKIEHHBIN BIIOC/IECTBAN HE3ABUCUMBIM BbIYUCJIEHUEM U 0000-
MIEHHBIN B JAJIbHEHUIIeM Ha Caydail TpON3BOJIBHOI TEOPUH MO [Poole&Thomsen
(2019)]. Tak:ke GBI PACCMOTPEH CKAJISPHBIH CEKTOD TIPOCTEHIIIEr0 PACITUPEHNUST
CM ¢ [OTONHATENBHBIM XUTTCOBCKUM 1y0sieToM [4] u HailZeHbl COOTBETCTBYIO-
e PT dyskiuu Ha ypoBHe Tpex meresib. OQHUM U3 MOGOYHBIX PE3YTbTATOBR
pacdera 0OKa3ajaoCh UCIPaBIEHWEe OMedaToK B paborax 80X rofoB, MOBCEMECTHO
MCIOJIb3YEMBIX B KOMIIBIOTEPHBIX KO/ax /st anaan3a Hosoit dhusukn.

JIlpyruM MpUOPUTETHBIM PE3YIbTATOM SIBJISETCS BBIBOJ TPEXITETIEBBIX (DOP-
MYJI, TIO3BOJISIONINAX CBSA3ATH HEMEPTYPOATUBHBIE PACIETHI HA PEIIeTKE C KIII01Ie-
Bbivu napamerpavu KXJI (cunbHoli KoHCTaHTO cBsA3M [5] u Maccamu KBapKOB
[6]), ucnosb3yeMbiMuU pY BbIYUCJIEHUN HAOIIIOAAEMbIX B KOJIANIEPHBIX IKCIIe-
pumenTax. st 9TuX 1esnei BIepBble ¢ MOMOIIbI0 OPUIUHAJIBHBIX UJIeil OBbLIO
MPOBEIEHO TPYI0EMKOE QAHAIUTHIECKOE BHIUUCIEHNE TPEXTIETIEBhIX BEPITHHHBIX
dbyuxumit [7] B cuMMeTpHYHON KHHEMATHKe. AKTYaJbHOCTh PacdeTa MOATBEp-
JKJIAETCS TEM, 9TO MOJIyYeHHbIH pe3ysbrar [6] ObLl HEMEJIEHHO MCIO/Ib30BAH
kosnaboparumeit HPQCD st ynydiieHus TOYHOCTH PEIIETOYHOTO BBIYUCTICHUS
MACChI OYAPOBAHHOIO KBAPKA.

CoBpeMeHHBIE PACYETHI B CTAPIINX TOPSIIKAX BO3MYINEHUS HEMBICITUMBI O€3
ABTOMATHU3AINN U MPUMEHEHNS HOBBIX MOJXOIOB U AJTOPUTMOB JJIsi BBIYUCIIE-
nua auarpamm Qeitimana. B paborax mukiaa ObLI pa3pabOTaH ONTHMH3UPO-
BAHHBINA MyOIUIHO JTOCTYIHBIN KO/ I/ PACYETA YETHIPEXTIETIEBBIX BAKYYMHBIX
nuarpamum [8]. OH 103BOJIMII B JasibHEIIEM OCYIECTBUTH HETPUBUAJILHOE BbI-
YUCJIEHUE KOHTPYICHOB JIjisl BCEX IIATUIETJIEBbIX UArPAMM, HEOOXOMUMbIX JIJIsk
BeiBoZia PT' byHKImit cKaJISAPHBIX MOJeseil B mecTuMepnn [9], OTKPHIB TeM ca-
MBIM HOBBIE BO3MOXKHOCTHU 1isi PI' anajim3a B mMpOCTPAHCTBE BBICITUX Pa3Mep-
HOCTeM.

OrMeruM TakKe, YTO OCODEHHOCTHIO TPEICTABICHHOIO UK PADOT sIBJIsi-
eTCsl BOCTPeOOBAHHOCTD PE3Y/IbTATOB B PA3HBIX 00IACTIX COBPEMEHHON (hU3UKH.
Hawm ymasmock BBIfiTH 32 Tpeesbl CTaHIAPTHBIX MOIXOA0B U pa3dpaborarh HEOD-
XOAUMBIH HAOOP WHCTPYMEHTOB, TMO3BOJIAIOIINN HECIEINAJNCTAM B MHOTOIET-
JIEBBIX BBIYUCJIEHUSX WCIOJIH30BATH PEHOPMIPYIIIOBON METO/ [IJIsi TOJIYY€HUS
BaXKHBIX (PU3UIECKUX PE3YIIHTATOB.
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A new era of RG calculations at BLTP: modern
methods, tools, and recent achievements

Alexander Bednyakov (BLTP JINR)
Andrey Pikelner (BLTP JINR)

The renormalization group (RG) method allows one to systematically im-
prove the accuracy of calculations in perturbation theory. The key objects of
the method are the renormalization group functions, which specify the response
of various quantities to a scale variation. Their calculation is a separate task
and turns out to be one of the most time-consuming and technically complex
parts of an RG analysis.

The Bogolyubov Laboratory for Theoretical Physics has a long and rich
history of this kind of calculation. Starting with the fundamental works of
N.N. Bogolyubov and D.V. Shirkov of the middle of the last century, the RG
method and related multi-loop calculations of Feynman diagrams have been
used at JINR to deliver many interesting results during past years. Among
them are well-known calculations in scalar ¢* and quantum chromodynamics
(QCD). As for the Standard Model (SM), the recent computation of three-
loop RG functions caused a great resonance in the literature. After measuring
the mass of the Higgs boson in 2012, these results allowed one to carry out the
most complete and self-consistent vacuum-stability analysis, which led to heated
discussions on possible instability of the SM and a need for New Physics.

In the presented series of papers, we discuss various aspects of multiloop
calculations, as well as our recent achievements. The latter are related to the
generalization of the state-of-the-art modern results in the SM and ¢* to the
case of arbitrary quantum field models.

In the framework of the most general renormalizable theory in four dimen-
sions, for the first time we derive the expressions for the beta functions of gauge
and Yukawa coupling constants at our and three loops, respectively [1]. The
main feature of the utilized approach lies in the fact that we bypass tedious
and cumbersome calculations by considering simple toy models and fixing un-
known model-independent coefficients in general expressions for the RG func-
tions. Thanks to our results, it became possible to carry out precision RG
analysis of an arbitrary New Physics model without the need for explicit dia-
grammatic calculation and renormalization. As an application, we derived the
four-loop beta functions of all gauge couplings in the SM and its generalization
with several Higgs doublets. In addition, for the first time, six-loop expressions
were obtained for the RG functions of both dimensionless and dimensional pa-
rameters of the most general ¢* model [2]. One of the possible applications
of this result is the study of various classes of universality corresponding to
different symmetries and different order parameters.

Calculations within the framework of specific physical models were an impor-



tant step towards the indicated general results. In particular, the computation
of the four-loop electroweak contributions to the beta function of the strong cou-
pling in the SM [3] had a significant impact on further research. Thanks to a
careful analysis of the uncertainties arising from a naive approach to dimensional
regularization of chiral theories, we obtain a result, which was subsequently con-
firmed by an independent calculation and further generalized to the case of an
arbitrary field theory [Poole & Thomsen (2019)]. We also considered the scalar
sector of simple SM extension with an additional Higgs doublet [4] and found
the corresponding RG functions at the three-loop level. As a by-product of the
calculation, we corrected a typo in the well-known papers of the 1980s, which
were widely used in computer codes for the analysis of New Physics.

Another important result is the derivation of three-loop formulas that make
it possible to relate the results of nonperturbative lattice calculations with the
key QCD parameters (strong coupling [5] and quark masses [6]) used in calcu-
lations of observables for collider experiments. For this purpose, we use original
ideas to perform sophisticated analytical calculations of the three-loop vertex
functions [7] in symmetric kinematics. It is worth mentioning the fact that
the obtained result [6] was immediately used by the HPQCD collaboration to
improve the accuracy of the lattice determination of the charmed quark mass.

It is fair to say that modern calculations at high orders can not be carried
out without computers and the use of new approaches and algorithms. In the
papers of the series, an optimized publicly available code was developed for the
computation of four-loop vacuum diagrams [8]. It allowed subsequently to carry
out a non-trivial calculation of counterterms for all five-loop diagrams necessary
for the derivation of RG functions of scalar models in six dimensions [9], thereby
opening up new possibilities for RG analysis in higher dimensions.

To conclude, we provide state-of-the-art results important for different areas
of modern physics. We managed to go beyond the standard approaches and
develop a necessary set of tools that allows non-specialists in multiloop calcu-
lations to use the renormalization group method to obtain important physical
results.
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