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Ìåòîä ðåíîðìàëèçàöèîííîé ãðóïïû (ÐÃ) ïîçâîëÿåò ñèñòåìàòè÷åñêè óëó÷-
øàòü òî÷íîñòü ðàñ÷åòîâ â òåîðèè âîçìóùåíèé. Êëþ÷åâóþ ðîëü â íåì èãðà-
þò ðåíîðìãðóïïîâûå ôóíêöèè, çàäàþùèå îòêëèê ðàçëè÷íûõ âåëè÷èí íà
èçìåíåíèå ìàñøòàáà. Èõ ðàñ÷åò ÿâëÿåòñÿ îòäåëüíîé çàäà÷åé è ïðåäñòàâëÿ-
åò ñîáîé îäíó èç íàèáîëåå òðóäîåìêèõ è òåõíè÷åñêè ñëîæíûõ ÷àñòåé ÐÃ
àíàëèçà.

Ëàáîðàòîðèÿ òåîðåòè÷åñêîé ôèçèêè èì. Í.Í. Áîãîëþáîâà èìååò äàâíþþ
è áîãàòóþ èñòîðèþ ïîäîáíîãî ðîäà âû÷èñëåíèé. Íà÷èíàÿ ñ îñíîâîïîëàãàþ-
ùèõ ðàáîò Í.Í. Áîãîëþáîâà è Ä.Â. Øèðêîâà, ÐÃ ìåòîä è ñâÿçàííûå ñ íèì
ðàñ÷åòû ìíîãîïåòëåâûõ äèàãðàìì Ôåéíìàíà íà ïðîòÿæåíèè ìíîãèõ ëåò èñ-
ïîëüçîâàëèñü â ÎÈßÈ äëÿ ïîëó÷åíèÿ ðåçóëüòàòîâ ìèðîâîãî óðîâíÿ. Ñðåäè
íèõ ìîæíî îòìåòèòü øèðîêî èçâåñòíûå ðàáîòû, ïîñâÿùåííûå âû÷èñëåíè-
ÿì â ñêàëÿðíîé φ4 è êâàíòîâîé õðîìîäèíàìèêå (ÊÕÄ). ×òî êàñàåòñÿ Ñòàí-
äàðòíîé ìîäåëè (ÑÌ), òî áîëüøîé ðåçîíàíñ â ëèòåðàòóðå âûçâàëè íåäàâíèå
ðàñ÷åòû òðåõïåòëåâûõ ÐÃ ôóíêöèé. Ïîñëå èçìåðåíèÿ ìàññû áîçîíà Õèããñà
â 2012 ã. îíè ïîçâîëèëè ïðîâåñòè íàèáîëåå ïîëíûé è ñàìîñîãëàñîâàííûé
àíàëèç ïðîáëåìû ñòàáèëüíîñòè âàêóóìà, ïîâëåêøèé çà ñîáîé áóðíûå äèñ-
êóññèè î âîçìîæíîé íåñòàáèëüíîñòè ÑÌ è íåîáõîäèìîñòè ââåäåíèÿ Íîâîé
ôèçèêè.

Â ïðåäñòàâëåííîì öèêëå ðàáîò îáñóæäàþòñÿ ðàçëè÷íûå àñïåêòû ìíî-
ãîïåòëåâûõ ðàñ÷åòîâ, à òàêæå ïîñëåäíèå äîñòèæåíèÿ, ñâÿçàííûå ñ îáîáùå-
íèåì íåäàâíèõ ðåêîðäíûõ âû÷èñëåíèé â ÑÌ è φ4 íà ñëó÷àé ïðîèçâîëüíûõ
êâàíòî-ïîëåâûõ ìîäåëåé.

Â ðàìêàõ íàèáîëåå îáùåé ïåðåíîðìèðóåìîé òåîðèè â ÷åòûðåõ èçìåðåíè-
ÿõ âïåðâûå áûëè âûâåäåíû ôîðìóëû äëÿ áåòà-ôóíêöèé êàëèáðîâî÷íûõ è
þêàâñêèõ êîíñòàíò âçàèìîäåéñòâèÿ â ÷åòûðåõ è òðåõ ïåòëÿõ, ñîîòâåòñòâåí-
íî [1]. Îðèãèíàëüíîñòü èñïîëüçóåìîãî ïîäõîäà ñîñòîèò â òîì, ÷òî ðàññìàò-
ðèâàëèñü ïðîñòûå èãðóøå÷íûå òåîðèè è ñ èõ ïîìîùüþ ôèêñèðîâàëèñü ìî-
äåëüíî íåçàâèñèìûå êîýôôèöèåíòû â âûðàæåíèÿõ äëÿ ÐÃ ôóíêöèé, ìèíóÿ
òðóäîåìêèå è ãðîìîçäêèå âû÷èñëåíèÿ. Áëàãîäàðÿ íàøèì ðàñ÷åòàì ñòàëî
âîçìîæíî ïðîâåñòè ÐÃ àíàëèç ïðîèçâîëüíîé ìîäåëè Íîâîé ôèçèêè íà íî-
âîì óðîâíå òî÷íîñòè áåç íåîáõîäèìîñòè ÿâíîãî äèàãðàììíîãî ñ÷åòà è ïðî-
öåäóðû ïåðåíîðìèðîâêè. Â êà÷åñòâå ïðèëîæåíèÿ íàéäåííûõ ôîðìóë íàìè
áûëè âûâåäåíû ÷åòûðåõïåòëåâûå áåòà-ôóíêöèè âñåõ êàëèáðîâî÷íûõ êîí-
ñòàíò â ÑÌ, à òàêæå â åå îáîáùåíèè ñ íåñêîëüêèìè õèããñîâñêèìè äóáëåòà-
ìè. Êðîìå òîãî, âïåðâûå áûëè ïîëó÷åíû øåñòèïåòëåâûå âûðàæåíèÿ äëÿ ÐÃ
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ôóíêöèé êàê áåçðàçìåðíûõ, òàê è ðàçìåðíûõ ïàðàìåòðîâ íàèáîëåå îáùåãî
âàðèàíòà òåîðèè φ4 [2]. Îäíèì èç âîçìîæíûõ ïðèìåíåíèé ýòîãî ðåçóëüòàòà
ÿâëÿåòñÿ èçó÷åíèå êëàññîâ óíèâåðñàëüíîñòè â òåîðèè êðèòè÷åñêîãî ïîâå-
äåíèÿ, ñîîòâåòñòâóþùèõ ðàçëè÷íûì ñèììåòðèÿì è ðàçëè÷íûì ïàðàìåòðàì
ïîðÿäêà.

Âàæíûì øàãîì íà ïóòè ê óêàçàííûì ðåçóëüòàòàì ÿâëÿþòñÿ ðàñ÷åòû â
ðàìêàõ êîíêðåòíûõ ôèçè÷åñêèõ ìîäåëåé. Â ÷àñòíîñòè, ñóùåñòâåííîå âëè-
ÿíèå íà äàëüíåéøèå èññëåäîâàíèÿ îêàçàëî âû÷èñëåíèå ÷åòûðåõïåòëåâûõ
ýëåêòðîñëàáûõ âêëàäîâ â áåòà-ôóíêöèþ ñèëüíîé êîíñòàíòû ñâÿçè â ÑÌ [3].
Áëàãîäàðÿ òùàòåëüíîìó àíàëèçó íåîïðåäåë¼ííîñòåé, âîçíèêàþùèõ ïðè íà-
èâíîì ïîäõîäå ê ðàçìåðíîé ðåãóëÿðèçàöèè êèðàëüíûõ òåîðèé, áûë ïîëó÷åí
îòâåò, ïîäòâåðæä¼ííûé âïîñëåäñòâèè íåçàâèñèìûì âû÷èñëåíèåì è îáîá-
ùåííûé â äàëüíåéøåì íà ñëó÷àé ïðîèçâîëüíîé òåîðèè ïîëÿ [Poole&Thomsen
(2019)]. Òàêæå áûë ðàññìîòðåí ñêàëÿðíûé ñåêòîð ïðîñòåéøåãî ðàñøèðåíèÿ
ÑÌ ñ äîïîëíèòåëüíûì õèããñîâñêèì äóáëåòîì [4] è íàéäåíû ñîîòâåòñòâóþ-
ùèå ÐÃ ôóíêöèè íà óðîâíå òðåõ ïåòåëü. Îäíèì èç ïîáî÷íûõ ðåçóëüòàòîâ
ðàñ÷åòà îêàçàëîñü èñïðàâëåíèå îïå÷àòîê â ðàáîòàõ 80õ ãîäîâ, ïîâñåìåñòíî
èñïîëüçóåìûõ â êîìïüþòåðíûõ êîäàõ äëÿ àíàëèçà Íîâîé ôèçèêè.

Äðóãèì ïðèîðèòåòíûì ðåçóëüòàòîì ÿâëÿåòñÿ âûâîä òðåõïåòëåâûõ ôîð-
ìóë, ïîçâîëÿþùèõ ñâÿçàòü íåïåðòóðáàòèâíûå ðàñ÷åòû íà ðåøåòêå ñ êëþ÷å-
âûìè ïàðàìåòðàìè ÊÕÄ (ñèëüíîé êîíñòàíòîé ñâÿçè [5] è ìàññàìè êâàðêîâ
[6]), èñïîëüçóåìûìè ïðè âû÷èñëåíèè íàáëþäàåìûõ â êîëëàéäåðíûõ ýêñïå-
ðèìåíòàõ. Äëÿ ýòèõ öåëåé âïåðâûå ñ ïîìîùüþ îðèãèíàëüíûõ èäåé áûëî
ïðîâåäåíî òðóäîåìêîå àíàëèòè÷åñêîå âû÷èñëåíèå òðåõïåòëåâûõ âåðøèííûõ
ôóíêöèé [7] â ñèììåòðè÷íîé êèíåìàòèêå. Àêòóàëüíîñòü ðàñ÷åòà ïîäòâåð-
æäàåòñÿ òåì, ÷òî ïîëó÷åííûé ðåçóëüòàò [6] áûë íåìåäëåííî èñïîëüçîâàí
êîëëàáîðàöèåé HPQCD äëÿ óëó÷øåíèÿ òî÷íîñòè ðåøåòî÷íîãî âû÷èñëåíèÿ
ìàññû î÷àðîâàííîãî êâàðêà.

Ñîâðåìåííûå ðàñ÷åòû â ñòàðøèõ ïîðÿäêàõ âîçìóùåíèÿ íåìûñëèìû áåç
àâòîìàòèçàöèè è ïðèìåíåíèÿ íîâûõ ïîäõîäîâ è àëãîðèòìîâ äëÿ âû÷èñëå-
íèÿ äèàãðàìì Ôåéíìàíà. Â ðàáîòàõ öèêëà áûë ðàçðàáîòàí îïòèìèçèðî-
âàííûé ïóáëè÷íî äîñòóïíûé êîä äëÿ ðàñ÷åòà ÷åòûðåõïåòëåâûõ âàêóóìíûõ
äèàãðàìì [8]. Îí ïîçâîëèë â äàëüíåéøåì îñóùåñòâèòü íåòðèâèàëüíîå âû-
÷èñëåíèå êîíòð÷ëåíîâ äëÿ âñåõ ïÿòèïåòëåâûõ äèàãðàìì, íåîáõîäèìûõ äëÿ
âûâîäà ÐÃ ôóíêöèé ñêàëÿðíûõ ìîäåëåé â øåñòèìåðèè [9], îòêðûâ òåì ñà-
ìûì íîâûå âîçìîæíîñòè äëÿ ÐÃ àíàëèçà â ïðîñòðàíñòâå âûñøèõ ðàçìåð-
íîñòåé.

Îòìåòèì òàêæå, ÷òî îñîáåííîñòüþ ïðåäñòàâëåííîãî öèêëà ðàáîò ÿâëÿ-
åòñÿ âîñòðåáîâàííîñòü ðåçóëüòàòîâ â ðàçíûõ îáëàñòÿõ ñîâðåìåííîé ôèçèêè.
Íàì óäàëîñü âûéòè çà ïðåäåëû ñòàíäàðòíûõ ïîäõîäîâ è ðàçðàáîòàòü íåîá-
õîäèìûé íàáîð èíñòðóìåíòîâ, ïîçâîëÿþùèé íåñïåöèàëèñòàì â ìíîãîïåò-
ëåâûõ âû÷èñëåíèÿõ èñïîëüçîâàòü ðåíîðìãðóïïîâîé ìåòîä äëÿ ïîëó÷åíèÿ
âàæíûõ ôèçè÷åñêèõ ðåçóëüòàòîâ.
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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 φ4 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 φ4 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 φ4 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-
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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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