
9 

Raw ΣET~2 TeV 
14 jets with ET>40 GeV 
Estimated  PU~50 

Joint Institute for Nuclear Research

Dmitry Kazakov

THE STANDARD MODEL 


AND 


EXPERIMENTAL ANOMALIES  

Bogoliubov Laboratory of Theoretical Physics 



<latexit sha1_base64="R/w/J6K0ciwnxBM7f9zaIdiRpb0=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSIIQkhKsfZW9OKxFvsBbSib7aZdutmE3Y1QQv+BFw+KePUfefPfuE0jqOiDgcd7M8zM82POlHacD2tldW19Y7OwVdze2d3bLx0cdlSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68XfveeSsUicadnMfVCPBYsYARrI7XOW8NS2bHrGdCS1Ko5qbvItZ0MZcjRHJbeB6OIJCEVmnCsVN91Yu2lWGpGOJ0XB4miMSZTPKZ9QwUOqfLS7NI5OjXKCAWRNCU0ytTvEykOlZqFvukMsZ6o395C/MvrJzq49FIm4kRTQZaLgoQjHaHF22jEJCWazwzBRDJzKyITLDHRJpyiCeHrU/Q/6VRs98Ku3FbLjas8jgIcwwmcgQs1aMANNKENBAJ4gCd4tqbWo/VivS5bV6x85gh+wHr7BOpgjaU=</latexit>

+R
<latexit sha1_base64="R/w/J6K0ciwnxBM7f9zaIdiRpb0=">AAAB6XicdVBNS8NAEJ34WetX1aOXxSIIQkhKsfZW9OKxFvsBbSib7aZdutmE3Y1QQv+BFw+KePUfefPfuE0jqOiDgcd7M8zM82POlHacD2tldW19Y7OwVdze2d3bLx0cdlSUSELbJOKR7PlYUc4EbWumOe3FkuLQ57TrT68XfveeSsUicadnMfVCPBYsYARrI7XOW8NS2bHrGdCS1Ko5qbvItZ0MZcjRHJbeB6OIJCEVmnCsVN91Yu2lWGpGOJ0XB4miMSZTPKZ9QwUOqfLS7NI5OjXKCAWRNCU0ytTvEykOlZqFvukMsZ6o395C/MvrJzq49FIm4kRTQZaLgoQjHaHF22jEJCWazwzBRDJzKyITLDHRJpyiCeHrU/Q/6VRs98Ku3FbLjas8jgIcwwmcgQs1aMANNKENBAJ4gCd4tqbWo/VivS5bV6x85gh+wHr7BOpgjaU=</latexit>

+R

Утренний кофе теоретика

<latexit sha1_base64="fJoA1IMaUOAoRZdcmDdtmgh88ds=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoMgiMuuxqi3oBePUcwDskuYncwmQ2YfmekNhCXf4cWDIl79GG/+jbNJBBUtaCiquunu8mLBFVjWh5FbWFxaXsmvFtbWNza3its7DRUlkrI6jUQkWx5RTPCQ1YGDYK1YMhJ4gjW9wXXmN0dMKh6F9zCOmRuQXsh9TgloyT1y1FBCetybOPiuUyxZ5mWGUzwjlYxYZduyz7BtWlOU0By1TvHd6UY0CVgIVBCl2rYVg5sSCZwKNik4iWIxoQPSY21NQxIw5abToyf4QCtd7EdSVwh4qn6fSEmg1DjwdGdAoK9+e5n4l9dOwL9wUx7GCbCQzhb5icAQ4SwB3OWSURBjTQiVXN+KaZ9IQkHnVNAhfH2K/yeNE9OumOXbcql6NY8jj/bQPjpENjpHVXSDaqiOKBqiB/SEno2R8Wi8GK+z1pwxn9lFP2C8fQK285IY</latexit>

+
p
�g R



Higgs sector
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SUSY Higgs Bosons

4=2+2=3+1

8=4+4=3+5
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The Higgs Sector:  Alternatives

Model Particle content

SМ h CP-even

2HDM/MSSM
h,H CP-even

A CP-odd

H
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H1,H2,H3 CP-even

A1,A2 CP-odd

H

Composite h CP-even
+ excited states
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It may well be that we see one of these states
One has to check the presence or absence of 

heavy Higgs bosons
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EXTENDED HIGGS SECTOR 6

The mass spectrum of the 
Higgs bosons (GeV)

•  Probe deviations from the 
SM Higgs couplings

• Perform direct search for 
additional scalars

How to probe?
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EXTENDED HIGGS SECTOR 6

The mass spectrum of the 
Higgs bosons (GeV)

We may have found one of these states
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ee -> HZ  diff. decay channels ΔmH =    40 MeV 
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Heavy Higgs!ττ 
•  In 2HDMs a heavy Higgs boson can have enhanced couplings to down-

type fermions 
–  Increased heavy Higgs production decaying mainly to b quarks and τ leptons 

•  New ATLAS analysis includes new triggers and event categories 
–  Combine all categories but separate limits for production mechanism 

Florencia Canelli - University of Zurich 35 

ATLAS-CONF-2016-041 

Higgs!hh!bbττ 
•  Resonance search 

–  generally one h(125)!bb [BR=58%]  
–  resonance searches benchmark models: spin-0 (radion) and spin-2 (G) 

•  Non-resonance search 
–  BSM can be enhanced by resonance or particle in the loop and can be modeled 

in EFT adding dim-6 operators to the SM Lagrangian 
•  can be described with 5 parameters: λhhh, yt, c2, c2g, cg 

Florencia Canelli - University of Zurich 36 

CMS-PAS-HIG-16-029 

CMS-PAS-HIG-16-028 

Higgs!hh!bbττ 
•  Resonant search 

–  Fit to the invariant mass of ττ and bb 
–  At high mH�boosted regime, uses substructure information for jets, b-tag 

•  Non-resonant search 
–  Limits as a function of the ratio of the anomalous trilinear coupling to the SM 

trilinear coupling (κλ=λhhh/λSM
hhh)  

–  At κλ=1 value corresponds to ~200 (170) x SM prediction 

Florencia Canelli - University of Zurich 37 

CMS-PAS-HIG-16-029 
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Charged Higgs bosons appear in many extensions of the SM 
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Search for H±WZ  
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ATLAS-CONF-2016-089 
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Heavy Higgs!ZZ!4l 
•  Search for an additional heavy scalar 

–  Assumed to be produced via the ggF and VBF processes  

•  Extension of the H!ZZ measurement and fits the m4l distribution 

•  No signal seen we set limits for different decay width ΓX assumptions 

Florencia Canelli - University of Zurich 34 
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SUSY Searches



SUSY PRODUCTION



SUSY LIMITS



SUSY LIMITS
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Neutrinos
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THE STANDARD MODEL: THE STATUS REPORT AND OPEN QUESTIONS

Neutrino Physics 
 Absolute value of neutrino masses ?
 Mass hierarchy? 
 Dirac or Majorana?
 Fourth sterile neutrino?
 Neutrino dark matter? 

0.06 eV <
X

m⌫ < 0.12 eV

 -osc  CMB

de Salas et al, 1708.01186

Normal hierarchy favoured at 3.1 𝜎
Nonzero CP phase favoured
Upper octant favoured 

PMNS-matrix parameters are measured 
with high accuracy of few %
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BEYOND THE STANDARD MODEL: THE MASS SPECTRUM AND MIXINGS

CKM vs. PMNS 

ICHEP, Melbourne, July 9, 2012 � 4 

Why these values? Are the two related? Are they related to masses? 
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• Mass spectrum? • Mixing Matrices?

mquark = yquark · v
mlepton = ylepton · v

mW = g/
p
2 · v

mZ =
p

g2 + g02/
p
2 · v

mH =
p
� · v

m� = 0

mgluon = 0

• Quark-Lepton Symmetry
• Strong difference in parameters

SM
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ANOMALOUS MAGNETIC MOMENT

Experimental status

• April 7
th

2021: Muon g � 2 experiment at FNAL confirms BNL!

M. Passera    IAS    13.4.2021 2

Muon g-2: FNAL confirms BNL μ

aμEXP = (116592089 ± 63) x 10-11 [0.54ppm]  BNL E821 

aμEXP = (116592040 ± 54) x 10-11 [0.46ppm]  FNAL E989 Run 1 

aμEXP = (116592061 ± 41) x 10-11 [0.35ppm]  WA 

FNAL aims at 16 x 10-11. First 3 runs completed, 4th in progress. 

Muon g-2 proposal at J-PARC: Phase-1 with ~ BNL precision.

4.2 σ

3.7 σ

3.3 σ

• FNAL aims at 16 ⇥ 10
�11

. First 4 runs completed, 5th in progress.

• Muon g � 2 proposal at J-PARC: Phase-1 with similar BNL precision.

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles 3 / 29



ANOMALOUS MAGNETIC MOMENT

“Old muon g-2 puzzle”

New Physics for the muon g � 2: at which scale?

• �aµ discrepancy at ⇠ 4.2 � level:

�aµ = a
EXP
µ � a

SM
µ ⌘ a

NP
µ = (2.51 ± 0.59) ⇥ 10

�9

�aµ ⌘ a
NP
µ ⇡ (aSM

µ )weak ⇡ m
2
µ

16⇡2v2
⇡ 2 ⇥ 10

�9

I NP is at the weak scale (⇤ ⇡ v ) and weakly coupled to SM particles.*
I NP is very light (⇤ . 1 GeV) and feebly coupled to SM particles.
I NP is very heavy (⇤ � v ) and strongly coupled to SM particles.

*Favoured by the hierarchy problem and by a WIMP DM candidate but disfavoured
by the LEP and LHC bounds (supersymmetry being the most prominent example).

[For a through compilation of models, see Athron, Balazs, Jacob, Kotlarski, Stockinger, Stockinger-Kim, ’21.]

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles 4 / 29



ANOMALOUS MAGNETIC MOMENT

⇤ ⇡ v : SUSY and the muon (g � 2)
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Figure: LHC Run 2 bounds on SUSY scenario for the muon g � 2 anomaly for tan � = 40.
Orange (yellow) regions satisfy the muon g � 2 anomaly at the 1� (2�) level [Endo et al., ’20].
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ANOMALOUS MAGNETIC MOMENT

⇤ . 1 GeV: Axion-like Particles and the muon (g � 2)

Axion-like Particle effective Lagrangian

L = e
2
C��
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Figure: Contributions of a scalar ‘s’ and a
pseudoscalar ‘a’ ALP to the (g � 2)`.

[Marciano, Masiero, PP, Passera ’16]

[Cornella, P.P., Sumensari ’19]
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Figure: �aµ regions favoured at 68% (red), 95% (orange)
and 99% (yellow) CL. Gray regions are excluded by the BaBar
search e

+
e
�!µ+µ�+µ+µ� [Bauer, Neubert, Thamm, ’17]

�aµ =
m
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ANOMALOUS MAGNETIC MOMENT

Breakdown of SM contributions

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles 12 / 29



ANOMALOUS MAGNETIC MOMENT

HLO contribution from e+e� ! hadrons

Hadronic vacuum polarization

aHVP
µ =

µ µ

Optical theorem (from unitarity; conservation of probability) for hadronic contribution

! dispersion relation:

Im �
2

� �(e+e� ! �� ! hadrons)

aHVP
µ =

1
3

�↵
⇡

�2
Z 1

0

ds
s

K(s) R(s), R(s)=
�(e+e� ! �� ! hadrons)
�(e+e� ! �� ! µ+µ�)

[Bouchiat, Michel ’61; Durand ’62; Brodsky, de Rafael ’68; Gourdin, de Rafael ’69]

K(s) slowly varying, positive function � aHVP
µ positive. Data for hadronic cross section

� at low center-of-mass energies
p

s important due to factor 1/s: ⇠ 70% from

⇡⇡ [�(770)] channel, ⇠ 90% from energy region below 1.8 GeV.

Other method instead of energy scan: “Radiative return”

at colliders with fixed center-of-mass energy (DA�NE, B-

Factories, BEPC) [Binner et al. ’99; Czyż et al. ’00-’03]

Hadrons

γ

γ

e−

e+

a
HLO
µ,e+e� = 6931(40) ⇥ 10

�11(0.6%) [WP20]

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles 13 / 29



ANOMALOUS MAGNETIC MOMENT

HLO contribution from lattice QCD

Paride Paradisi (University of Padova and INFN) On the old and new muon g-2 puzzles 14 / 29



ANOMALOUS MAGNETIC MOMENT
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ANOMALOUS MAGNETIC MOMENT

Consequences of the BMW result

• Can �aµ be due to missing contributions in �(e+
e
� ! had)?

I An upward shift of �(s) also induces an increase of �↵
(5)
had(MZ ) defined by:

↵(MZ ) =
↵

1 � �↵(MZ ) � �↵(5)
had(MZ ) � �↵top(MZ )

a
HLO
µ '

m
2
µ

12⇡3

Z 1

4m2
⇡

ds
�(s)

s
, �↵(5)

had =
M

2
Z

4⇡↵2

Z 1

4m2
⇡

ds
�(s)

M2
Z

� s

Hadronic vacuum polarization

aHVP
µ =

µ µ

Optical theorem (from unitarity; conservation of probability) for hadronic contribution

! dispersion relation:

Im �
2

� �(e+e� ! �� ! hadrons)

aHVP
µ =

1
3

�↵
⇡

�2
Z 1

0

ds
s

K(s) R(s), R(s)=
�(e+e� ! �� ! hadrons)
�(e+e� ! �� ! µ+µ�)

[Bouchiat, Michel ’61; Durand ’62; Brodsky, de Rafael ’68; Gourdin, de Rafael ’69]

K(s) slowly varying, positive function � aHVP
µ positive. Data for hadronic cross section

� at low center-of-mass energies
p

s important due to factor 1/s: ⇠ 70% from

⇡⇡ [�(770)] channel, ⇠ 90% from energy region below 1.8 GeV.

Other method instead of energy scan: “Radiative return”

at colliders with fixed center-of-mass energy (DA�NE, B-

Factories, BEPC) [Binner et al. ’99; Czyż et al. ’00-’03]

Hadrons

γ

γ

e−

e+

• A change in �(e+
e
� ! had) is strongly disfavoured by:

I EW-fit for
p

s & 1 GeV [Marciano, Passera, Sirlin, ’08, Keshavarzi, Marciano, Passera, Sirlin, ’20,
Crivellin, Hoferichter, Manzari, Montull, ’20]. A shift of �(e+e� ! had) to accomodate the
�aµ anomaly would necessarely require new physics to show up in the EW-fit!

• A check of the BMW results by other lattice QCD (LQCD) coll. is worth.

• LQCD coll. should provide �↵LQCD
had to be compared with �↵e

+
e
�

had .
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Lepton Flavour Universality (LFU) 

 LFU is a cornerstone of the SM : charged leptons (e, μ , τ) 
couple in a universal way to the SM gauge bosons 

 If NP couples in a non-universal way to the three lepton 
families, then we might see differences in rates of rare 
decays involving different lepton pairs (e.g. e/μ or μ/τ ) 

 Hence - LFU is tested in b → s ℓ+ℓ− transitions. These are 
FCNC’s with amplitudes involving loop diagrams 



2.5�

LEPTON (NON) UNIVERSALITY (?!)
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R(D)SM = 0.299± 0.003
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R(D⇤)SM = 0.258± 0.005
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R(K⇤)SM = 1.0

Charged currents at tree level Neutral currents at one-loop level

THE STANDARD MODEL: THE  STATUS AND OPEN QUESTIONS
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Several R-ratio measurements
 Compare the rates of B → Xse+e− and B → Xs μ+μ−

[where B is B+, B0, B0
s , Λ0

b and Xs is  K+, K*0, ϕ , pK . . .]
 This allows precise testing of lepton flavour universality
 We can construct the ratio :

 Small theoretical 
uncertainties because 
hadronic uncertainties cancel 

 This ratio is unity in the SM, 
neglecting lepton masses, 
with QED corrections at the 
% level 

 Five different ratios published so far by LHCb:    
Xs = K+, K0

S, K*0, K*+ and pK-

47Corfu Summer Institute                     31 August 2022                            N. Harnew

Several R-ratio measurements
 Compare the rates of B → Xse+e− and B → Xs μ+μ−

[where B is B+, B0, B0
s , Λ0

b and Xs is  K+, K*0, ϕ , pK . . .]
 This allows precise testing of lepton flavour universality
 We can construct the ratio :

 Small theoretical 
uncertainties because 
hadronic uncertainties cancel 

 This ratio is unity in the SM, 
neglecting lepton masses, 
with QED corrections at the 
% level 

 Five different ratios published so far by LHCb:    
Xs = K+, K0

S, K*0, K*+ and pK-



LEPTON FLAVOR UNIVERSALITY

47Corfu Summer Institute                     31 August 2022                            N. Harnew

Several R-ratio measurements
 Compare the rates of B → Xse+e− and B → Xs μ+μ−

[where B is B+, B0, B0
s , Λ0

b and Xs is  K+, K*0, ϕ , pK . . .]
 This allows precise testing of lepton flavour universality
 We can construct the ratio :

 Small theoretical 
uncertainties because 
hadronic uncertainties cancel 

 This ratio is unity in the SM, 
neglecting lepton masses, 
with QED corrections at the 
% level 

 Five different ratios published so far by LHCb:    
Xs = K+, K0

S, K*0, K*+ and pK-

47Corfu Summer Institute                     31 August 2022                            N. Harnew

Several R-ratio measurements
 Compare the rates of B → Xse+e− and B → Xs μ+μ−

[where B is B+, B0, B0
s , Λ0

b and Xs is  K+, K*0, ϕ , pK . . .]
 This allows precise testing of lepton flavour universality
 We can construct the ratio :

 Small theoretical 
uncertainties because 
hadronic uncertainties cancel 

 This ratio is unity in the SM, 
neglecting lepton masses, 
with QED corrections at the 
% level 

 Five different ratios published so far by LHCb:    
Xs = K+, K0

S, K*0, K*+ and pK-



LEPTON FLAVOR UNIVERSALITY

50Corfu Summer Institute                     31 August 2022                            N. Harnew

LFU results :  Rx

NEW

NEW

 All measurements have values less than unity
 The puzzle persists →  we eagerly await Belle-II & CMS results
 LHCb is now focused on completing a combined analysis of RK & RK* with 

the Run 1+2 dataset.  This work has led to a deeper understanding of 
systematics which will be reflected in the final result. 
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R(D) vs R(D*) 

 Intriguing as anomaly occurs in a tree-level SM process

 New LHCb result 

R(Lc) = 0.242 ± 0.026 ± 0.040 ± 0.059(ext) 

Measurement is consistent with SM (~1s “low”) [SM=0.324±0.004].

arxiv:2201:03497

 All experiments 
see an excess wrt 
SM predictions 

 Combining 
R(D)/R(D*) 
average ~3.4 s
tension with SM



Anomalies in B-meson decays: experiment = the SM predictions/
D-mesons К-mesons

THE STANDARD MODEL: THE  STATUS AND OPEN QUESTIONS
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Anomalies in B-meson decays: experiment = the SM predictions/
D-mesons К-mesons

Discrepancy may increase but may decrease ….
Uncertainty of baryon contribution might be crucial!

THE STANDARD MODEL: THE  STATUS AND OPEN QUESTIONS
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R(K⇤)SM = 1.0

THE LHCB RECENT RESULTS



Dark matter



Тёмная материя
СТАНДАРТНАЯ МОДЕЛЬ: ПУТИ РАЗВИТИЯ



H. Baer et al., Phy. Rep. 555, 1(2015) 

Главная проблема: 85% материи является тёмной и 
остаётся невидимой!
Совместимо ли это с Стандартной моделью? 
Требует ли это модификации СМ или добавление гравитации?

Много кандидатов в разбросов масс в несколько порядков

СТАНДАРТНАЯ МОДЕЛЬ: ПУТИ РАЗВИТИЯ - ТЁМНАЯ МАТЕРИЯ

Прямые, косвенные и коллайдерные 
поиски тёмной материи



BEYOND THE STANDARD MODEL: DARK MATTER SEARCHES

Direct W
IMP

Colliders WIMP

Axion-likes

Y. Semertzidis 



Baryon Asymmetry of the 
Universe



•Барионное число сохраняется 
в СМ с экспоненциальной 
точностью

•Нарушение барионного числа 
имеет место в Теориях 
Великого Объединения и в  
моделях Пати-Салама 
(лептон = четвертый цвет)
Новые частицы = 
лептокварки, расширенный 
хиггсовский сектор

CP• Нарушение СР инвариантности в СМ достигается за счёт фаз в матрицах  
смешивания СКМ и PMNS

BB =
Nq �Nq̄

3

СТАНДАРТНАЯ МОДЕЛЬ: КОНЦЕПТУАЛЬНАЯ ПРОБЛЕМА

• BAU требует бо’льшего CP нарушения чем есть в СМ

Барионная асимметрия Вселенной

•  Возможен бариогенезис через лептогенезис

• В расширенных моделях (2HDM, SUSY, etc)  существуют новые фазовые факторы



Gravity



Задача № 3:


Как проквантовать 
гравитацию?



Общая теория 
Относительности 

тензор Риччи
скалярная кривизна

тензор энергии-импульса материи Космологическая постоянная

Rµ⌫ � 1

2
gµ⌫R =

8⇡G

c2
Tµ⌫

Rµ⌫ � 1

2
gµ⌫R+ gµ⌫⇤ =

8⇡G

c2
Tµ⌫

<latexit sha1_base64="xXlkfhZh5qkmFQH9H+4C4vW4yDk="></latexit>

Action =

Z
d4x

p
�g


c4

16⇡G
(R� 2⇤) + LM

�

Космологическая постоянная есть 
вакуумная энергия = Λ 4

Приводит к антигравитации, что 
порождает ускоренное расширение 

Вселенной

Чтобы получить ~ 70 % вклада в энергетический баланс 
Вселенной Λ должна быть порядка 10   эв. -3 ?!
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gµ⌫ = gclasicµ⌫ + hµ⌫

метрика квантовые флуктуации (гравитон)

Квантование

Проблемы:

• Лишние степени свободы: духи

• Рост вероятностей с энергией: 

• Наличие бесконечного числа бесконечностей: неперенормируемость
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⇠ E2/M2
Pl
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Квантование
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• Лишние степени свободы: духи

• Рост вероятностей с энергией: 

• Наличие бесконечного числа бесконечностей: неперенормируемость

Пути решения:

• Модификация сектора материи (суперсимметрия)

• Модификация гравитации (высшие члены по кривизне)

• Нелокальная теория (струна)

• Обуздание неперенормируемости 
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<latexit sha1_base64="RVn2EfAJZvjbIHD6p2f+tEk+ZgY=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgasy09dFdUQQ3QgX7gHY6ZNK0Dc08SDJKGfspblwo4tYvceffmGkrqOiBC4dz7uXee7yIM6kQ+jAyC4tLyyvZ1dza+sbmlpnfbsgwFoTWSchD0fKwpJwFtK6Y4rQVCYp9j9OmNzpP/eYtFZKFwY0aR9Tx8SBgfUaw0pJr5juS+fCiWzy8cpMan3SLrllAViXFMZyRUkUTVLZRqQRtC01RAHPUXPO90wtJ7NNAEY6lbNsoUk6ChWKE00muE0saYTLCA9rWNMA+lU4yPX0C97XSg/1Q6AoUnKrfJxLsSzn2Pd3pYzWUv71U/Mtrx6p/6iQsiGJFAzJb1I85VCFMc4A9JihRfKwJJoLpWyEZYoGJ0mnldAhfn8L/SaNo2UcWui4XqmfzOLJgF+yBA2CDE1AFl6AG6oCAO/AAnsCzcW88Gi/G66w1Y8xndsAPGG+fdEWTgA==</latexit>

⇠ E2/M2
Pl

?!



<latexit sha1_base64="hAK3eMFG/W0ePHOVh32OZn7LlVQ=">AAACEnicdZDLSgMxFIYzXmu9jbp0EyyCIgwztl66EIpuXFawF+jUkkkzbWgmMyQZoQzzDG58FTcuFHHryp1vY6atV/SHwMd/zklyfi9iVCrbfjOmpmdm5+ZzC/nFpeWVVXNtvS7DWGBSwyELRdNDkjDKSU1RxUgzEgQFHiMNb3CW1RvXREga8ks1jEg7QD1OfYqR0lbH3O11EjeIXR6nJ194lWCGJMXpXv/T65gF2ypnOoRjKJY12CXHLhahY9kjFcBE1Y756nZDHAeEq+w22XLsSLUTJBTFjKR5N5YkQniAeqSlkaOAyHYyWimF29rpQj8U+nAFR+73iQQFUg4DT3cGSPXl71pm/lVrxco/bieUR7EiHI8f8mMGVQizfGCXCoIVG2pAWFD9V4j7SCCsdIp5HcLHpvB/qO9bzoFlX5QKldNJHDmwCbbADnDAEaiAc1AFNYDBDbgDD+DRuDXujSfjedw6ZUxmNsAPGS/v+xOflg==</latexit>

gµ⌫ = gclasicµ⌫ + hµ⌫

метрика квантовые флуктуации (гравитон)

Квантование

Проблемы:

• Лишние степени свободы: духи

• Рост вероятностей с энергией: 

• Наличие бесконечного числа бесконечностей: неперенормируемость

Пути решения:

• Модификация сектора материи (суперсимметрия)

• Модификация гравитации (высшие члены по кривизне)

• Нелокальная теория (струна)

• Обуздание неперенормируемости 

<latexit sha1_base64="RVn2EfAJZvjbIHD6p2f+tEk+ZgY=">AAAB+nicdVDLSgMxFM3UV62vqS7dBIvgasy09dFdUQQ3QgX7gHY6ZNK0Dc08SDJKGfspblwo4tYvceffmGkrqOiBC4dz7uXee7yIM6kQ+jAyC4tLyyvZ1dza+sbmlpnfbsgwFoTWSchD0fKwpJwFtK6Y4rQVCYp9j9OmNzpP/eYtFZKFwY0aR9Tx8SBgfUaw0pJr5juS+fCiWzy8cpMan3SLrllAViXFMZyRUkUTVLZRqQRtC01RAHPUXPO90wtJ7NNAEY6lbNsoUk6ChWKE00muE0saYTLCA9rWNMA+lU4yPX0C97XSg/1Q6AoUnKrfJxLsSzn2Pd3pYzWUv71U/Mtrx6p/6iQsiGJFAzJb1I85VCFMc4A9JihRfKwJJoLpWyEZYoGJ0mnldAhfn8L/SaNo2UcWui4XqmfzOLJgF+yBA2CDE1AFl6AG6oCAO/AAnsCzcW88Gi/G66w1Y8xndsAPGG+fdEWTgA==</latexit>

⇠ E2/M2
Pl

?!

Решение пока отсутствует



 Модификация ОТО

Квантование

<latexit sha1_base64="+wRBZuvibbTIFjR/Sw3W7A20BXc=">AAACCHicdVDLSgMxFM3UV62vqksXBosgFMpMW6rdFd24rIN9QKctmTTThmYyQ5IRytClG3/FjQtF3PoJ7vwbM32Aih4IHM65l5tz3JBRqUzz00itrK6tb6Q3M1vbO7t72f2DpgwigUkDBywQbRdJwignDUUVI+1QEOS7jLTc8VXit+6IkDTgt2oSkq6Phpx6FCOlpX722HZUAO283Svm7X7s+JHDo6ndW7J+NmcWqgkqcE5KVU3MsmWWStAqmDPkwAL1fvbDGQQ48glXmCEpO5YZqm6MhKKYkWnGiSQJER6jIeloypFPZDeeBZnCU60MoBcI/biCM/X7Rox8KSe+qyd9pEbyt5eIf3mdSHkX3ZjyMFKE4/khL2JQZ09agQMqCFZsognCguq/QjxCAmGlu8voEpZJ4f+kWSxYlULxppyrXS7qSIMjcALOgAXOQQ1cgzpoAAzuwSN4Bi/Gg/FkvBpv89GUsdg5BD9gvH8BuwKZ3A==</latexit>

R ! R+R2 +Rµ⌫R
µ⌫

скалярная кривизна тензор Риччи

 Новая парадигма: Теория струн

Изменение космологических сценариев

Поляризация гравитационных волн

частица

Мировая линия

<latexit sha1_base64="PI/YEKYN7KsJCVDKsb9FgvPJ0qc=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBHqJiRtqXYhFN24rGAf0MQymU7boZNJmJkoJfZT3LhQxK1f4s6/cZJWUNED93I4517mzvEjRqWy7Q9jaXlldW09t5Hf3Nre2TULe20ZxgKTFg5ZKLo+koRRTlqKKka6kSAo8Bnp+JOL1O/cEiFpyK/VNCJegEacDilGSkt9s9C9cYP4LOslV6H4uG8WbaueogbnpFLXxK46dqUCHcvOUAQLNPvmuzsIcRwQrjBDUvYcO1JegoSimJFZ3o0liRCeoBHpacpRQKSXZKfP4JFWBnAYCl1cwUz9vpGgQMpp4OvJAKmx/O2l4l9eL1bDUy+hPIoV4Xj+0DBmUIUwzQEOqCBYsakmCAuqb4V4jATCSqeV1yF8/RT+T9ply6lZ5atqsXG+iCMHDsAhKAEHnIAGuARN0AIY3IEH8ASejXvj0XgxXuejS8ZiZx/8gPH2CQ9vk+Y=</latexit>

Xµ = Xµ(⌧)

открытая струна

<latexit sha1_base64="0XYnqRQFm1GAeZPCtALdntofQFE=">AAACAXicdVDLSgMxFM3UV62vUTeCm2ARKkiZaUu1C6HoxmUF+4DOWDJp2oYmM0OSEcpQN/6KGxeKuPUv3Pk3ZqYVVPTAvRzOuZfkHi9kVCrL+jAyC4tLyyvZ1dza+sbmlrm905JBJDBp4oAFouMhSRj1SVNRxUgnFARxj5G2N75I/PYtEZIG/rWahMTlaOjTAcVIaaln7nVuHB6dpb3gKBQdO5IOOTrqmXmrWEtQhTNSrmliVWyrXIZ20UqRB3M0eua70w9wxImvMENSdm0rVG6MhKKYkWnOiSQJER6jIelq6iNOpBunF0zhoVb6cBAIXb6Cqfp9I0Zcygn39CRHaiR/e4n4l9eN1ODUjakfRor4ePbQIGJQBTCJA/apIFixiSYIC6r/CvEICYSVDi2nQ/i6FP5PWqWiXS2Wrir5+vk8jizYBwegAGxwAurgEjRAE2BwBx7AE3g27o1H48V4nY1mjPnOLvgB4+0TNxGWxQ==</latexit>

Xµ = Xµ(⌧,�)

замкнутая струна

Мировая поверхность

Частицы есть моды колебаний релятивистской струны


