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GU3UKA IJIEMEHTAPHBIX YACTHLL, 4T0 Mbl
SHAEM W TIbITAEMCS Y3HATb.

Zhevlakov Alexey (TSU).




E = mc?
1 eV (electronvolt) = 1,6:10-12J ~ 1,78:10-% kg
1 keV = 1000 eV
1 MeV = 1000 000 eV

1 GeV = 1000 000 000 eV
1 TeV = 1000 000 000 000 eV

DHEPruu B MUPE PJIEMEHTAPHBIX YACTHUI] TOXKE CIUILIKOM MaJjbl, 4TO0 U3MEPTh X B JxKoyisix. BMeCTO 3TOro HCnoib3yroT
CAVHULLY SHEPTUU AIEKTPOHBOJALT (3B). 1 3B, mo onpeaenennto, 3170 3HEPrUsi, KOTOPYIO TPUOOPETET SIECKTPOH B
ANEKTPUYECKOM TOJIE TIPU MTPOXOKACHUN PA3HOCTU NMOTEHIMAIOB B 1 BonbT. 1 3B ipumepno pasen 1,610+ []x.



KAPTHHA 3JIEMERTAPHbBIX HACTWL
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The SM Lagrangian

Excrcise 1.1.1.1.1a: Given locality, causality, Lorentz invariancoce, and known
prhysical data since 1860, show that the Lagrangian describing all observed phys-
ical processes (sans gravity ) can be written:
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Discovery of partons

Friedman, Kendall, Taylor, SLAC, 1968

2=h/p
10 GeV/c ~ 0,1 fm e
Nucleon radius ~ 1 fm o 07
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KOH®AUHMEHT KBAPKOB

0000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Heg03MoxcHo Habarodamb c80000HbBLE
COCMOSHUS K8APKO8

» Bce Habatodaroujuecst cocmosiHust a0poHos
aeasomcs becysemHuiMuU - Me30HbL (Gq) U

bapuonslt (qqq)

Jet

g€ 2> 2 H I

Jet formation in the reaction

e'+e —=y,.., —= qg+qg.



UCTOPUSA PA3BUTHUS KOJITAHIEPOB
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Hcmopusa pazseumus 31eKmpoHHbIX U
A0pOHHBIX MAWUH UMeem 0012Y10

LHC

1,000}  Hadron Colliders

Tevatron 1 LC500
u Tl]lOaOmBOPHaﬂ JIUHUO.

100

. T o J/v at SPEAR (eTe™) and
AGS (proton fixed target)

o T discovery at E288 (p fixed
target), precision B studies at
the et e~ B factories

o ...

o top quark at LEP and

: : | | | Tevatron
1970 1980 1990 2000 2010

YEAR OF COMPLETION @ IHC. EIC. NICA. etc
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{ |9 Prin-Stan, VEPP II, ACO




CPABHEHHE ALPOHHOTO U 3NIEKTPOHHOIO KOJUTAMIEPA

IIpomon (anmunpomon) konnazidep O1eKMpOoH-NO3UMPOHbLI Koatidep

> Bosee 8bicoKue dHepeuu, oepaHuveHue cunou » SHepzug 02paHuvenHa CURXpompoHHbIM

MAZHUMOS. U3JryyeHueM.
> KomnosumHvle uacmuybl: Heussecmmbole u » ToueuHble vacmuuybl: MOUHO 3HAeM HAUAIbHbLE
pasnvle CMoNKHOBEHUS cocmasisitoujue, COCMOSTHUSL Yacmuly, U UX K8aHmosbvle Hucaa

3HepauuU 6 Kanc0om cmoJKHO8eHUU
» TouHasa mawluHa

» Omxkpoiau (W, Z, t)
> BobWloll NOMeHYUAT OMKPpblmusl, HO

> B HeKOmopuwlx caydasx: 603MONCHbL MOUHbBLE 02paHu1eHo IHepzemuuecku
usmepenust (macca W 6030Ha Ha masampoHe)



Extensive Air Showers
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Cummempuu KAK 603MOMHOCMDb noucka uvacmuuy,
Symmetries

Symmetries imply
conservation lawsl!

Conserved quantities - Electric Charge

g 8 T

Rules for interactions ﬂ Gauge symmetry




Cummempuu 8 me3oHax u bapuonax (u,d,s)

KII

mesons
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Electron-positron annihilation cross-section
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Electron-positron annihilation cross-section

Richter, Ting, 1974
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Electron-positron annihilation cross-section

E288 experiment, Fermilab
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Modenu:
Standard Model,

EFT (ChPT, NRQCD) and etc.

What The Umverse Is Made Of

DARK MATTER , NORMN. MATTER
N / - )
241%0x 2
2 )

DARK ENERGY

749%
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1909
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LEP 510 m quark . electron <1

Standard-
model
neutrinos

Sterile
neutrinos

Neutrinos

Super- Extra
symmetry dimensions

Dark matter Weak scale

Simplified Ef;?;gve
models theory

. Other .
Macroscopic Macros particles WIMPzilla

i i : Self-
bF;;gT(or:gigls Rl Superfiuid interacting




HAPYILIEHUS CHMMETPHA. e
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[IPOTOH PALINYC PUZZLE

e-p scatt.
]
uD + iso H spect.
o s |
uH CODATA 2016
Beyer et al. Fleurbaey et al.
O | , L 4
0.82 0.84 0.86 0.88 0.90

Proton radius r, (fm)

Bce makue omauvus 0arom cuzHai 018 noucka u 000CHO8AHUS HAAUYUSL HOB0U (PU3UKU
yuacmeyroueti u daroujeil 6k1ad 6 Habi0aemyo eUUUHY.
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Modenuposaarue .
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Kak cyuTtaloTt 310 B Teopumn?

ki ka

(m)




Free real scalar field

Lagrangian




Free real scalar field

Lagrangian
1 me s

L = 9 (Oup) (0%0) 5

Functional integral m? — m? — 0

_ Je¥¥o(z1)p(z2) Dy

<T{p(x1)p(z2) }> [ 5@ Dy

S() = [ Ld's Do =] de(@



Free real scalar field

Lagrangian
1

L= 5 (8#90) (")

Functional integral m? — m? — i0

<T{p(x1)p(x2)}>

S(p) = / Ld*x

Generating functional

<T{p(z1)p(x2)}> =

_ Je®¥o(a1)p(z2) Dy

f eZS(SO)D(P
Dy = || de(z)

1 1 o 1 o

Z(J) i 6J(x1) i 6T (x5)

2(J)

2(0) = [ 5 IDp(a)  S(p,d) = [(L+ o)t



Quadratic form

L:%QOMQO M(9) = —8°* — m?

Minimum of S(¢, J)

Mpo+J=0 ©o=—-GJ G=M"



Quadratic form

| -
L:§cng0 M(9) = -0 — m?

Minimum of S(¢p, J)
Mpo+J=0 ©o=—-GJ G=M"1

polz) = — / Glz—y)i@)dy MC(z—y) =b(z—y)

Momentum space

G(p) = M~ (—ip) =

6@) = [ G =k,




Free propagator

<T{p(x1)p(T2)}> = — = 1G (71 — T9)

Wick theorem

<T{p(x1)p(T2)p(T3)p(Ta) }>




Interaction

1

L=LotLi  Lo=(

Symmetry ¢ — —¢

0

7

p) (O*p)



Interaction

2
1 e 5

L="LotLi  Lo=5(0up)(0%p)=—-¢ Ly =

Symmetry ¢ — —¢
Perturbation theory

Z(J) = / &90e) (1 438y (p) +---) Dy



Vacuum — vacuum

OO

Vacuum energy density — phase
Propagator

[ SO i) + - olar)plaz) Do =

——/\.— o . ——-)\

Ty To A 234 x 4! 1,

Diagrams with vacuum bubbles cancel



Feynman rules

r——
—>
P

Beware of symmetry factors!




_—

| Asymptotic final states
" (free fields)

Asymptotic initial states
(free fields)

0 Rown
. MIRA(LF _& nis ‘_L'

"I think you should be more explicit here in
step two,”

DNeKTPOH U NO3UTPOH CTaJIKMBaKOTCA, OOMEHMNBAKTCA BUPTYASIbHbIM (POTOHOM U
CcO34aloT Napy MIOOH U aHTU-MIOOH.

CTpenka BpeMeHU roOBOPUT HAM, YTO AnarpaMmma A0J1XKHa YMTaTbCA CZieBa HANpaso.

OAHaKo eCcTb AnarpamMmbl, rae CTpeaka BpeMeHU UaeT CHU3Yy BBEPX.

HayanbHOE U KOHEeYHOE COCTOAHUSA ABNAOTCA CBOOOAHBIMU COCTOSAHUAMMU,
NOAUYMHAOLLNMUCA YpAaBHEHUIO upaka.



The matrix elements for a scattering or decay process are written in terms of an
invariant amplitude —z.#. As an example, the S-matrix for 2 — 2 scattering is related

to .# by

(P1p5 |S| p1p2) = I —i(2m)* 6% (p1 + p2 — P) — Ph)
y M (p1, p2; Py, Pb)
(2E1)Y/2 (2E2)Y/2 (2E})Y/2 (2E4)1/2

(47.8)

The state normalization is such that

('lp) = (2m)°6*(p — P) - (47.9)

For a 2 — 2 scattering process producing unstable particles 1’ and 2’ decaying via
1”7 — 3’4’ and 2 — 5’6’ the matrix element for the complete process can be written in the
narrow width approximation as:

M2 — 1) M (1 — 34 (2 — 5'6)
2
34/

M(12—345'6")= Y~
hs,,h

47.10
(m%, ., — m%, + imllf‘l/)(mg,G, — mg, + imorT'or) ( )

2/

lls

1 g2
& dor — (2m)"|#|
W 4\/(171 -p2)? — mim3

X d®n(p1 +p2; p3, ..., Pnt2) -



''he partial decay rate of a particle of mass M into n bodies in its rest frame is given
in terms of the Lorentz-invariant matrix element .# by

(2m)°
oM

where d®,, is an element of n-body phase space given by

dl’ = | #|? d®n (P; p1, ..., Pr); (47.11)

d®n(P; p1, ..., Pn) = & (P — Zpi) (2,”)32E, : (47.12)
i=1  i=1 "
This phase space can be generated recursively, viz.
d®n(P; p1, ..., Pn) = d®;(g; p1, ..., P;)
X d®,_j11 (P; @ Pj+1s ---, Pn)(2m)3dg? (47.13)
: . 2
where ¢ = (3.7_, E;)? — ' % pz-| . 'This form is particularly useful in the case where a

particle decays into another particle that subsequently decays.



LHC Discovery of a New Scalar Particle

ATLAS-CONF-2013-12 CMS-PAS-HIG-13-002
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