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Yro Takoe cTaHIApPTHAS MOIEH !
CM sro:
> — caMasl yCHelIHasd U3 BeeX (PU3MIECKUX MOojeell B
HCTOPUN
— HaIlNCAaHAa Ha SI3bIKe KBAHTOBOW TEOPUU ITOJIsT
— OCHOBaHa, Ha MPUHIUIIAX CAMMETPUN

MHHHUMaJIbHasdA MOIECJIb

vVYyVvVYy
|

— MOJEJIb C OI‘pOMHOI'?'I Hpe,H,CKaSaTeJH:HOIjI CIIOCOOHOCTDIO

O/ 1HaKO MBI He TIOHUMaeM, [I0eMYy OHa TaK XOPOIIOo paboTaer . . .

Bompocsr k CM:

> pisierca sim CM dyHIaMeHTATBHOM?

» FEciu Her, rje rpaHuIlbl €e IPUMEHUMOCTH !

» Tlosis u BanmoseiicrBust CM dynamenTanbHbie?
» Moxnuo aun obbeguanTs CM ¢ rpaBuTarue?

» Jlaer im CM ykazanus, e UCKAThb “HOBYIO Gu3nKy’? 504



YHacruips! (nosst) CM
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Bzanmopeiicteua 8 CM

’ Ckosbko B [Ipupojse dpyHIaMEHTATBHBIX B3aUMOALHCTBII?

CKOJIBKO B3aUMOJEHCTBUI B CTAHIAPTHONR MOIe I’

s oTBeTa HAIO TOCMOTPETHh Ha Jarpamkuan CM.

5 /24



Jlarpamxkunan CM

.
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[Tpuamuner 1 cammerpun CM

[Mpuanuns (momunm, ayro CM C KTII):

>

>
>
>
>

coorBercTBUE: KB. MexaHuka, KQJI, momens Pepmu . . .
MUHUMAJBHOCTD: TOJIBKO MU3BECTHOE U /MM HEOOXOIUMOe
yuanrapaocts: 0 < P <1 u P(Q) =1
[IEPEHOPMUPYEMOCTh: KOHEUHBIE MTPEJICKA3AHUS
CUMMETPUN !

Cummerpun:

>

>
>
>
>

cuMMeTpust 1o rpymmne Jlopenna

cumMtpuss CPT

kasmbposounsie cummerpun: SU(3)ec @ SU(2), @ U(1)y
riobasbHast cuMM. y 6030Ha Xurrca (CIIOHTAHHO HADYIIEHA)

HEIIOHATBIEC CUMM.: MEZKJTy ITOKOJICHUAMU, COKpalleHue
aHomaJnit, KoudopMHasi etc.)
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Parameters in the SM

Let us count:

> + 3 gauge charges (g1, g2, Js)
> + 2 parameters in the Higgs potential

> + 9 Yukawa couplings for charged fermions
» -+ 4 parameters in the CKM matrix
» + 1 strong CP phase in QCD (6 ~ 0)

So the canonical SM contains 19 free parameters
+ 4 (or 67) parameters of the PMNS matrix

+ 3 Yukawa couplings for neutrinos

N.B.1. gs +> Agcp, but Agep is not in Lgep

N.B.2. There is only one dimensionful parameter in the SM.
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Input parameters: experimental values

[Particle Data Group 2022]

— The fine structure constant:
a~'(0) = 137.035999084(21) from (g — 2)e

— The SM predicts My = Mzcosb, = My < Mz
Mz =91.1876(21) GeV from LEP1/SLC
My = 80.377(12) GeV from LEP2/Tevatron/LHC

— The Fermi coupling constant:
Grermi = 1.1663788(6) - 1075 GeV 2 from muon decay

— The top quark mass:
my = 172.69(30) GeV from Tevatron/LHC

— The Higgs boson mass:
My =125.25(17) GeV from ATLAS & CMS
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The anomalous magnetic moment of electron

The Dirac equations predict gyromagnetic ratio gr = 2 in the fermion
magnetic moment

M gf S

One-loop QED vertex correction gives ( . Schwinger ’1948) the
anomalous magnetic moment

gr — Ng_
as = 5 27770'001 161 ...

The Harvard experiment:
aZ® =1 159 652 180.73 (28) - 10~ 2 [0.24ppb]
The SM (T. Kinoshita et al.):

aM =1 159 652 181.643 (25)gn(23)10tn(16) Ewhad.(763)sa - 10712

N.B.1. ar # 0 is a pure quantum loop effect

NB2 agf=aM=a'0)=...
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The anomalous magnetic moment of muon
E821 experiment at BNL (2006) & Muon g-2 at Fermilab (2021):

a® =116 592 061 (41)-10~"" [0.5ppm]
a =116 591 804 (51)-10~""  [0.5ppm]
Aa, =a&® — aM =257 (65)- 10" [~ 4.20]

Theory (the SM): a,, = a,(QED) + a,(hadronic) + a,(weak)

a,(QED) = 116 584 718 845 (9)(19)(7)(30) - 10~ [5 loops]
a,(hadronic) = @, (had. vac.pol.) + a,(had. 1.b.1)

= 6949 (37)(21)-10~"" + 116 (40) - 10~
a,(weak) = 154 (2) - 10~ [2 loops]

N.B.1. Ag, ~ 2 x a,(weak), how can it come from new physics?

N.B.2. Here “weak” = EW - “pure QED”
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Recent results

Brookhaven __
result ®
Fermilab °
result
—— O
Standard Model Experiment
Prediction Average

175 180 185 190 195 200 205 210 215
9
apX'IO -1165900
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Rk and Rp anomalies

Br(B — D& rv)

R *
DO = BB — DOIv)’

There are some anomalies

Rp? = 0.339 £ 0.030,

Rp? = 0.295 +0.014,

]F:’;X(p D(* M| ~31-0,

N.B. Remind the 5-sigma rule

Br(B — K& ptpu™)

R * =
KO~ BB — KMete)

R3M = 0.248 4+ 0.001

RSM = 0.289 + 0.004 (1)

IREY — RM |~ 25.0
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W boson mass puzzle

SM

DO 80478 = 83 —_—

CDF | 80432 = 79 —————

DELPHI 80336 = 67 ——

L3 80270 + 55 +——e——

OPAL 80415 + 52 e

ALEPH 80440 =+ 51 ——

Do 80376 + 23 ——

ATLAS 80370 = 19 -

CDF 1l 80433 + 9 -
a0 ot Sk A

“SM” = fit of experimental data within the Standard Model
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Experimental tests of the SM at the LEP era

Stanford 1999

Measurement Pull Pull
3210123

m,[GeV] 91.1871+0.0021 .08
I,[GeV]  2.4944+0.0024  -56 -
ob [nb]  41544£0037  1.75 f—

. 20768 +0.024  1.16 o
Al° 0.01701 +0.00095 .80 -
A, 0.1483+0.0051 .21 1
A, 0.1425+0.0044  -1.07 -
sin®0?" 0.2321+0.0010 .60 -
Ry 0.21642£0.00073 .81 o
R, 0.1674£0.0038  -1.27 —
AP 0.0988+0.0020 -2.20  m—
Ale 0.0692+0.0037 -1.23 —
A, 09110025  -95 -
A, 0.630 £0.026  -1.46 —
sinel'  0.23099 +0.00026 -1.95 —
sin%6, 0.2255+0.0021  1.13 o
my[GeV] 80.448+0.062  1.02 -
m, [GeV] 174.3+5.1 22 "
Ac)(m,) 0.02804 0.00065 -.05

3210123

Pulls for pseudo-observables. The pull is defined as the difference between the measurement
and the SM prediction calculated for the central values of the fitted SM IPS [&(M%) =1/128.878,

as(Mg) =0.1194, My = 91.1865 GeV, m; = 171.1 GeV] divided by the experimental error.
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Blue-band plot 2009

6 _ August 2009 mL‘mm‘= 157 GeV
5- Aoy = i
— 0.02758+0.00035

1 - 0.02749+0.00012 :: 1

44 incl. low Q° data : E

™, 3 1 : 1

4
2 i
14 i
0 | Excluded Preliminaryi
30 100 300
m,, [GeV]

The same curve but for state of the analysis on August 2009. The 95% CL exclusion limits on
My from the direct searches at LEP-II (up to 114 GeV) and the Tevatron (160 GeV to 170

GeV) are shown.

http://lepewwg.web.cern.ch/LEPEWWG /plots /summer2009/.
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Ceuenus uporeccos CM na BAK

Standard Model Total Production Cross Section Measurements
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Status: February 2022
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Standard Model at the ElectroVVeak

and Planck Scales

State-of-art analysis Measured value of the Higgs boson mass indicates
that the SM can be extrapolated to a very high

requires: (e.g. Planck) scale.
1.0
I. Three-loop evolution equations of all SM parameters \ oy
Bednyakoyv, Pikelner, Velizhanin, 0.8 \\ G mmem mTeV
JHEP 1301 (2013), Phys.Lett. B722 (2013), Nucl.Phys. B875 (2013), % S
Nucl.Phys. B879 (2014), Phys.Lett. B737 (2014) (with flavor mixing) 0.6f " imees -‘.\\_ S
and boundary values from I T8
K e |
2. Relations between observables and the parameters: . EW ———— Planck
Bednyakov, Phys.Lett. B741 (2015) “heei--
Kniehl, Pikelner, Veretin, Nucl.Phys. B896 (2015) o
180 2 1 6 8 10 12 14 16 18Mu20
Instability ~ ) ) logyy(n/GeV') »
\a%"“°\ * Higgs self-coupling A(n) > 0 tests the SM vacuum stability.
175 W * Crucial dependence on physical masses of
8 Top-quark and Higgs boson - M and My
~ s For a fixed value of My=125.7 GeV
o absolute SM stability leads to a bound on the measured
il it —0.36
- Absolute stability Mt < Mtcm — 171'44_*_0.17 GeV
120 125 130 135 140
Mh, GeV theoretical uncertainty - decreased by 10-20 % due to 3 loops
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Relation between EW and Planck scales?

180

eV

M. C

Instability

Absolute stability

130
My, GeV

135

140
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[Ipobsiema HaTypabHOCTH

The most serious, actually the only one real theoretical problem
of the SM is the naturalness = fine-tuning = hierarchy problem,

Note that all but one masses in the SM are generated due to the
spontaneous symmetry breaking in the Higgs sector. While the
Higgs mass itself has been introduced by hands (of Peter Higgs
et al.) from the beginning. The tachyon mass term breaks the
scale invariance (the conformal symmetry) explicitly.

So the running of all but one masses is suppressed by the
classical symmetries = they have only logarithmic UV cut-off
dependence, but the Higgs mass gets the quadratic divergence:

3A?

M2 = (MP)? + 52,2 M2 +2MZ,+ M2 — 4m?

It is unnatural to have A > My.

The most natural option would be A ~ My, e.g. everything is
defined by the EW scale. But this is not the case of the SM. ..
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Hocronrcrea CM

[TeperopMupyema = KOHEYHBIE ITPE/ICKA3AHMS
IIpejickazanmst cOraacyoTCs C OIBITOM
Wcmnb30Batbl TPUHIMIILI CUMMETPUN
MuHUMAaJILHOCTE

Bcee wacTuinr CM naligennt

CrpyKTypa B3aMMOIECTBHII N3BECTHA,

Bce mapamerpsl onpejiesieHb

Ectb ncrounuk mapymenns CP-cummerpun

MokHO onncaTh MacChl I CMEITNBAHNIE HefITpI/IHO

VVvVVvyVvVvVVvVYVYyVvVYVyYVYY
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IIpobaemsr CM
A: ne (ouenn) mongrsie cBoiicra CM

[IpoucxoxkieHue cuMmmeTpuit

[IpoucxoxkieHne MacITaboB SHEPTUH
[Ipoucxoxkienne Tpex mokojaenuit hbepMruOHOB
[IpoucxoxkieHne Macc HERTPUHO

OrcyrcrBue CP-napymennst 8 KX/I
[TpobeneMbl HATYPAIBHOCTH U TPUBUAJIHLHOCTH
Bkiag B sHEpruio Bakyyma

Koudaitament B KX /I;

vVvVvvyVvYVvyVvyVvyy

B: dpenomenonmorus

> AcummeTpusi BEIeCTBa U AHTU-BEIIECTBA
> Temuast MaTepusi, TEMHAasT SHEPIUsT, THQDJISITHS

> (ng)M, Rk, My, ...
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Sakiouenue

CM mnocrpoena Ha 0CHOBe (DyHIaAMEHTAJIbHBIX (7) NPUHIUIIOB
HO C y4IeToM HabJIIogaeMbIX (HhaKTOB

Hawubosiee Bazxuoit 3a1ateil ceifaac siBJIeTCs OIpPe/Ie/IeHIe
rpanutl, npuMmenumoctu CM

JIioboit Bua HOBOI (bu3uKM J0J2KeH cobsoctu coorBercTBrue CM

CM comepKuT MexaHu3Mbl TeHEePAIIUH MacC JacTUIl, HO He
[IOKA3BIBAET UCTOYHUK IIPONCXOZKICHIST COOTBETCTBYIOIIIX
MAacIITabOB SHEPTUn

CM He MoxKeT OBITh TEOPHEl BCero, €CTh OIPOMHBINA OKeaH JIJjIsi
HOBBLIX OTKPLITHIA!
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Cracu6oo!

Viaun!
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