Peructpaums (aetextmposaHue)

yactumu
Hukonav 3umuH
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«PUsmka - HayKa 3KCcrnepumeHTtasibHasa>»> I@L‘)}‘

R.Feynman

Peructpaumsa (QetexktuposaHue) - OYeHb eMKUue CJ10Ba

OnpeaeneHue (U3BneYeHUe) Kakow-nmbo MHpopmaumm ob
3M1eMeHTapHO YacTuue NocpeacTBOM NpoBeaeHUM (KOCBeHHBIX)
U3MepeHU C NOMOLLbHO «AeTeKTOpoB» YacTuL

LetekTop - ToXe o4YeHb eMKoe CNoBO
Knaccuopukaumi mHoro

MO HA3HAYEHUIO - KYTO perncTpupoBaTHL»

MO NPUHLMNY perucTpaumm

MO TUNY KOHCTPYKLUU

MO pasmepam, YUCNy KaHanoB pernctpaumm v T.4., T.e.
cueTuuk lMerirepa, Apenposas Tpybka Unm CUUHTUNNATOP U
Lenble ruraHTckue Komnnekceor (ATITAC, CMS, DELPHI, DO ..)
370 Bce [JETEKTOPBLIL

Yactuua (anemeHTtapHaa) - nubo npeamet usyyeHus, nnubo
KUHCTPYMEHT>» 4119 U3yYeHUsa NpoLiecCOoB B3aUMOLeUCTBUS
UK Apyrux vactul, (KOpOTKOXUBYLUMX, COCTABHLIX U T.A.)




(nasHaa uenb EU3MKKU BLICOKUX 3Hepruu -
usyyeHue «<PYHAAMEHTANbHLIX>» UMK «<311eMeHTAPHBIX>>
4acTUL U UX B3AUMOAEUCTBUMA.

Y10 ang aToro Hapo?

Teopua (CM, SUSY ...) unu naesa dukc

Yckoputenu (LHC, Tevatron, LEP, SPS, ¥-70, NICA ..)

LetekTopbl (OrpOMHbIE KOMMEKCHL...)

YBrneyeHHbIe KBanumULMUPpOBAHHbIE CNEeLUAUCTSL,
pabatarowme B Konnabopaumax




«BcTpeuHbIe nyyku»
CeyeHue u CeetumocTb (JTrommHocUuTH)

CeueHne o nnun anddpepeHumanbHoe
ceyeHune do/dC) —3TO BEPOATHOCTb
B3aMMOAENCTBMA MeXAY d/1eMEHTAPHbIMMU

4acTULAMM MW YaCTULAMU U aTOMAMMU ...
«IIarHO» myuka A

Mpumep: 2 cranpaiownca v QUK S— <G
@, = N,/t D, = N,/t
G MMeeT pa3MepHOCTb NaoLLLaau
EanHuua: 1 barn (b) = 1024 cm? Rt < N\N,/(A-1) =o-L

Luminosity L [ecm2s]
YacToTa pernctpupyembix cobbITUM NpONOPLMOHASIbHA
ux o n CeeTUMOCTU, KoTOopas obecneuymsaeTcs
KONAUAEPOM.
TTpocymmuposae no sBpemeHu paboTbl AeTekTopa
nony4um Yucno cobertuin ang aaHHou MHTerpanbHou LHC ~ 1034cm-2s-1
CsetumocTtu. OHa ucnonbsyetcs ans A6ContoTHOU
HopMupoBku, UTo 66 CPABHUBATL AAHHBIE PA3HEIX LEP ~ 10%'cm™s
3KCNepUMeHTOB.
H.3umnH OkTabpb 2014 Wkona UHNP-ONAN-LIEPH



XapakTepHbIe BeUUYUHBL @‘\‘
LA‘

1 eV-310 OYeHb maneHbkas 3Heprua 1 eV=1.6-10-1° x

m,,. = 1g = 5.8:1032 eV/c? - DHeprusa E: eV, TeV
% Vpee= IM/s — E,. =103 ik = 6.25:10'° eV - Umnynbc p: eV/c
E c=7-102eV =7 TeV - macca m,; eV/c?

NMonHana 3anaceHHas 3Heprusa nyykoB: (6bonbwaa) makpo
E. ., = 10'protons -2808 bunches - 7-10'2eV ~ 7-10%° eV ~ 3.5% 1k

(o)

Myyek = 80T
Veuek = 300 km/h




«IJNeMeHTapHbIe» YacTULbL

Bzaumopeucteusa(e)

clectron neutrino muon neutrino tau neutrino

Cnaboe
Z v W 6030HbI

H.3umuH OkTabpb 2014 LWkona LHNP-ONAN-LLEPH 6



Bce ussectHbre yactuubr (> 200 ¢ pesoHaHcamum)
MOryT 6bITb CKOHCTPYUpPOBAHHLI NOAOC6LIM O6pasom
KombuHauuu pasHeIX TUNOB KBApKOB
Hapno nobasutb «uLBeT> Ans KBapKos

Teopua: QCD (eng) unu KX (pyc)

Quarks

Nucleus .,
g

[
Electron

Atom

/ Molecule

Matter :'

Green

Green

Antibaryon

Antiblue

Antired




T MCTOPMQ OTKPbITUA «K3JIEMEHTAPHbBIX>» YacTuUl I@J
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«OTKpbITUE» KBAPKOB U 1960 1970 l 1*&5{} 1990
NPOMEXYTOUHbIX 6030HOB IHIIIIIHIIH A I
++++ 1 v
u,d,s (ton) v tDT ANB WZ
C ¥4YaPMOHUMN» OYAPOBAHHBIN P WX T E D,
b «60TTOMOHUIN» KpacoTa 1990 l 000 ¥ T o0 E
'I'«TOl'l» IIIIIIIIIIIIIIIIIIIIlII
BekTopHb1e 6030HLT Z, W A A | |
R t



CeyeHuna B3aUMOLENCTBUS @‘
=

© LHC s=14TeV L=10%cm2s™ rate e"/vef"
barn g — T T T — S10 V7
B : 3 : ] 18
= cinelastic, | | |LV{ input—— CGHz 210
R NNt I A «XopoLlo n3y4YeHHble
N 0 Jio 1 npouecchbi»,
AN N R T Mz 1o 13 HeT HeobxoaumocTu
] 44 input i ?m 02 perucrtpupoBaTtb Bce
T R THela 1 mpat = _E
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3ameuaHus...

MbI He 6yaem paccmaTpueaTth BCe U3BECTHLIE YAaCTULIBL...

CKOHLEHTpupyemcsa TONbKO Ha YacTuLax ¢ AOCTATOUHO
60NbLWMM BpeMeHeM XU3HU, NO3BONAHOLLMM UX
3aperucTpupoBaThb

«Cemenictea» V, €, 4, T, K, p, n

HacTuua, YTOo 6bI 6bITL 30perucTpUpOBAHHOU, AOMXKHA
UCMbITATb KaKoe-TO B3aumogaeucrteue ¢ [letektopom

Ecnu B pesynbtate Yactmua He CUNTbHO MeHseT CBOU
CBOUCTBA, B3aUMOAECTBUE AOJIXHO bbITb

SJIEKTPOMATHUTHBIM
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U [erextop - 370 Nto60V (KGKOWI-TO) UHCTPYMEHT, UTO Bbl [@‘

WU3MEPATb KaKUEe-TO XAPAKTEPUCTUKUA UNU CBOUCTBA YacTUL T.e.
3apan, E, p, m, Bpema XuU3HWU, CNUH, KBGHTOBLIE HOMEPA, YTO 6bl
WAEHTUPUUUPORATL ee (YacTuuly)

bl
blood hipolar & inner

optic  vessel atracrine segments
NErVes cells I choroid
; TR v

Koxa yenoseka - «kanopumeTp»,
AeTeKTop YynbTpagpuonerta

“Crapenwnin petektop poToHOB”
(BocnpousBeaeH map-apl pas)

LR © L1 L
@ndion T
cdls

Adapted from Boyoott & Dowding, 1060 epithelium

Xopollee NpoCcTpacTBEHHHOE pa3peLleHme

Bonbloi AuHammnyecknin amanasoH (1:10°)
+ aBTOMaTUYyeCcKana aganTtauma nopora

JHepreTnyeckas (aanHa BOAHbI) ANCKPUMUHALMA

Xopowaa yysctemutenbHOCTb: 500 - 900 gosKHbI NONAaAaTb B a3 KaxKAyto CeKyHAY U
Aasiee B MO3r, YTO Obl PErMCTPMPOBATb HEMPEPDLIBHbINA CUTHAN

Xopouwee bbicTpoaencteme (~ 10Hz Bkatoyas 06paboTKy AN BOCCTaHOBNAEHUA

n3obpaxkeHusn)
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MarHuTHoe none

B knaccuyeckon 31EKTPOAUHAMUKE B3AUMOAEUCTBUE 3Clp$'lﬂ.Clg C
SNEKTPUYECKUM U MATHUTHBIM NOJ1IEM ONMUCBLIBAETCA CUTOU

INopeHua
q<o0
—> = > >
F=q(€+v=B) B
d N,
o °
q q=0 \_/
YckopseTca BAonb CUNOBOU NIUHUM, q>0

BpaALLAETCA MO OKPYXHOCTU

- -S> > -
F, E, B, v(ckopocTb yactuuer) (Bektopa)
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3apsxeHHas YactTuLa 8 MGrHUTHOM I@‘
e

noJje

=N
N

B=0 B>0 B>0

3-3
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3apsaxeHHas Yactuua B MGrHUTHOM I@‘
e

noJje

pr =qBp  — p; (GeV/c)=0.3Bp (T-m)

L=Sin05/2zoc/2 — azo'sL.B
\ 20 Pr
a’° 03L°B

= pll— 2) ~
: s=pll-cosa/2) ~ p=— = — y
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Z, electrons, q=-¢,

B3aumopgeincrTeyn ¢
aTOMHbIMU
3NEeKTPOHaAMM,
yacTtuua Tepser
9Hepruio Ha
MOHU3ALUIO U
BO36y)XaeHue
aTOMOB.

B3aumopgeincraysn ¢
AApPaMM, 4acTuua
OTKNOHAETcA (McnbiTbiBaeT
paccesAHue).

Mpu atom moryr
MCNYCKaTbCA POTOHbI
TOPMO3HOIO U3/Ty4YeHMUS.

U npoasnsaertca

MHOroKpaTHoe paccesiHue.

YepeHKOBCKOE
nanydyeHme. Korpga yacrmua nepecekaer
rpaHuLy ABYX cpea, € pasHbiMmu
noKasarensamm npenomneHus, obpasyerca
MNepexopgHoe usnyyeHne B peHTreHOBCKOM
AnanasoHe.
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Bsaumopencteue yactuu ¢ BeWeCTBOM [22‘

B 3aBucumocTu OT TMNA YacTULBI,NPOXOASLLEN Yepes BellleCTBO OHA Tem Unu
WMHBIM CNOCO6OM B3AUMOAEUCTBYET C ATOMAMM BELUECTBA (¢ ero 3rekTpoHamu 1 sapamm)

3apsXeHHbIE YaCTULIbI: 3MeKTPOMArHUTHbIE B3aUMOACUCTBUS

WUCNBITLIBAOT: TeparoT 3Hepruto:
Ynpyroe paccesHue NoHusaums n so3byxaeHue
MHorokpaTtHoe paccesHue TopmosHoe unsnyyeHue

YepeHkoBCKOe UsnyveHue
TTepexoaHoe nsnyyeHue

POTOHbBI:  ®oTo-3p@exT, KoMNTOHOBCKOE paccesHue,

(1 oT npeapiAyLWwero
B3AUMOAENCTBUSA) PO)K.D.eHVle napbr Yactuu => 3N1eKTPOH-NO3UTPOH

ALPOHBI: Heynpyrue aaepHble npoLieccl
MiooHbr:  [axe 3neKTpoMnrHUTHOe B3ammopgeucteme nogasneHo, MIP's

Kackaabl (nUBHWM):
Onsa aneTpoHOB U (POTOHOB Ona appoHos

SNeKTpo-MarHUTHbIE SINBHU AAPOHHbIE NIUBHU
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B3aumoaencteme yactul, C BelleCTBOM I@;,‘)}‘

3apsKeHHbIe YacTULbI
Ynpyroe (Pesepgopaosckoe) paccesHue

HaneTatowan 3apsrKeHHan 4acTuua ¢ UMNy/IbCOM p
3N1aCTUYHO B3aMMOAEMNCTBYET C AAPOM MULLIEHWN Z
CeuyeHue onucbiBaeTca popmynoi Pesepdopaa

Mpubnnxenne A

- He penatuBucrcKoe
- be3cnnHoBoOe do/dQ

Cpeanum yron pacceaHus = 0.
CevyeHune ans HyneBoro yrna 6eckoHeyHoe !

TaKoe paccesiHMe He BeAEeT K 3HaYUTE/IbHbIM MNOTEPSAM
aHeprumn (aagpo Taxenoe!) 0

MoxeT urpatb posib B AeTeKTOpax ¢ TOHKUMU
NSIeHKAMU U NPOBOSTOYKAMMU
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B3saumopencrteue yactul, C BelecTBOM 3ap5|>KeHHbIe yacTuubl |@‘
V)

B AOCTAaTOYHO TO/ICTOM C/10€ BelecTBa YacTuLa UCNbITbIBaeT
MHorokpaTtHoe paccesHue

P 4 9
L dnHanbHOEe cMmeLlleHne ‘%Rutherford tails
E ; 1 HanpasreHue — 7
pe3ynbrat MHOIMX w(e /)
He3aBUCUMbIX
% CIy4anHbIX paccesHun
Oojane - LleHTpanbHas 0 0
npegenbHasa TeopemMa plare
—> [ayccosckoe
Mpubnnxenne g, s [ e 0, =05 = <6’ 2> :LHRMS
D Xo plane plane \/E space

X, - PaAnaunoHHan AnHa BelecTsa (cpeapl)

00 00
Pa3peweHue petektopa aerpaaupyet k l/
! g -
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B3saumopencrteue yactul, c BelecTBOM @\
3apsxeHHbIe YacTULIbT NS

MoTepu 3Heprum Ha TOPMO3HOE U3NTyueHUue

2 2 NG
B YN T Y
dx A 4z, mc Z% m
2 2 2
OdpdeKT BaxkeH Ansa e* u W 105°MeV _4.4.10*
AN ynbTpapenAaTUBUCTCKNX me2 0.5°MeV?
p (>1000 GeV)
2
“E N, E rEn 182
dx A Z%
dE E [oTepwn aHeprnm pacTyT C —x/ X,
Cdx Xg - s E—E.¢
X 0 POCTOM Ha4ya/lbHOW 3HepPrnu 0
Xo = A radiation length [g/cm?]
46N AZ %1% In i
A 7 /3 }/ (divide by specific density to get X, in cm)

Hawnu yacTtuuyy, npoweAawyro KanopumMeTp - 3To |

19



A

et 3apskeHHbIe uacTULLT [RG)
- s

YepeHKoOBCKOE U3nyYeHue - 3apseHHaa YactuLia B cpefe CO CKOpOCTbHO,

6onblie noporosou
L-tané

1 7 1 .
B, == — . ~0 1epeHKOBCKUU I Omax =arccos—  TTpefenbHbIv yron (B=1)
4 nopor 4

Ynucno ucnylweHHbIX (POTOHOB Ha ea.
ANUHLL U ef. ASIUHBLI BOSTHBI

A
dN/dA dN/dE
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B3aumopencteue yactuy ¢ BELEeCTBOM BGPQ)KQHHbIe Yyactumuubl @

[epexoaHoe nsnyyeHmne 6bl1o npeackasaHo MH3byprom n ¢paHkom B 1946

Penatusuncrckan Teopua: I. lfapnban, XHITP 63 (1958) 1079 YacTo HasbIBatoT [lognoporosbim
l'IGDEHKOBCKMN\ n3nydeHnem

€

Bo3HMKAET Npu NepeceyeHnn rpaHnLbl Mexay cpeaamm c
Pa3HbIMW NOKa3aTeNAMU NPENOMAEHNA (ra3 — ANINEKTPUK) !

AUDBJICKTPUK | Ta3

Ime

absorptive X-ray ®

yn poweHHaA KapTUHa - regime: optical

effect:  Cherenkov
radiation

Cpena nonspusyeTtca. IreKTpoHHas NNOTHOCTbL CMeLLaeTcs OT paBHOBECUS
= Onnonb, U3MEHAETCA BO BPEMEHU = U3Ny4aeTCHd SHeprus.

lonisation | yransition radiation

Ha ogHow rpaHuue:

1 N e? ( plasma

W =—aho,y 0] -
3 frequency

j hw, ~20eV (plasticradiators)
gM

e
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Bsaumopencreme Yactul C BelleCTBOM ®OTOHbLI @‘
7\

®OTOH, UTO 6bI ObITb 3aperecTPUPOBAHHBIM, AOSIKEH UMU POAUTD
3apaXeHHyHo YacTuuy(bI), UNK NepeaaTb e 3Hepruro

I doro-adpodeKr:

A Bo3moxeH TONbKO B COCeACTBe C TPeTbUM
ARAVA. o @ @ NAapTHepOM CTOJIKHOBeHUS
— BbIOUBAFOTCS 3MeKTpOHbI K-060104KM.

y+atom—ion” +e”

CeyeHue cUNbHHO BO3pacTaet, ecnu  E, ~E

: E
ol (gj a‘Z°c;. e=—25 o, =5%m’ (Thomson)

hoto :
i g’ m.c

TTpy BbICOKUX 3Hepruax (e>>1)

K 2 4551 5
O photo = 4e @' Z . O photo z

22



A B3aumopaencreme Yactmul C BeleCTBOM POTOHbI @

Bnepsbie Habnroaan Heinrich Hertz 8 1887
JJ Tompson noHsan, uto 370 “corpuscles” (electrons) in 1897
Einstein o6bacHun B 1905
Been noctoaHHyro TTnaHka

OAWH U3 KpaeyronbHbIX KaMHeW KBAHTOBOW peBOnHoLUU

OyeHb WKUPOKO Ucnonblyerca B8 Tusmke U bbITy...
@O0TOANOALL, POTOTPAH3IUCTOPLI, POTOYMHOKUTENU
CeHcopbl n3obpaxeHuin ( 2oto/Buseo kamepsr, TB...)
POTO3NEKTPOHHAA CNeKTpocKoNus
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B3aumopencteume yactul C BeleCTBom POTOHbLI @‘
®OTOH, YTO 6bI 6bITL 3apereCTpUPOBAHHLIM, AOSKEH UMU POAUTD 7\
3apaXeHHYHo YacTuuy(bI), UNU NepeaaTb e SHepruro

PoxaeHue napbr

y+nucleus — e"e” +nucleus

Bo3moxHo B KynoHOBCKOM nosie aapa Unu anekT OHaq, ecnin 2
Y Ap P E, >2mgC TTopor

CeyeHue (B penaTUBUCTCKOM NpUbNUXEHUU)

7. 183 "~ ete +e
O pair ® 4are222[§ In— | He 3aBucuT ot 3Heprum ! 7{}3._3\?\6 A
Z 3 .'-( “‘:"M '.:E:‘:\:;\«* \
7 A1l L) 3}
AL &)
9N, Xy -
n < n _ - y +nucleus —e"e” +nucleus
A1 ona nepeaaHHou e” U e p ,5.)\ . .
N _ 7 3Heprum He CUMMeTpUYHa ) ' TR e
N A ﬂ’pair p p [- (C;":)/ \“\ S
NpU BbICOKUX 3Hepruax. ~ ~
ﬂ*pair == Xo

7
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3apseHHbIe YacTULbI U

B3aumopencrteme yactuu ¢ BELLEeCTBOM POTOHBI

r  MoHusauums Y v POTO-3ppeKT

A ™

r  TopmosHoe usnyyeHue
» PoxpeHue
nap

L~

dE/dx

A

25



@

JuseHb OT 3neKkTpoHa B
“T  KOAeHCAUMOHHOW Kamepe CO
CBUHLIOBLIM MOrNoTUTEleM

MoxeT MHULMMPOBATLCA 3NEKTPOHOM UNU POTOHOM

PaccmoTpum TONMbKO TOpMO3HOE U3NyYeHue
W poxaeHuve nap.

TTpeanonoxum: X, ~ A ;.

N(t) = 2" E(t)/particle=E,-2™

iz
=
= éég
N

TTpouecc npoponxaetca E()<E,

T caono tmaX E
- < noonoc|loooe NtOtaI:ZZt :2(tmax+1) _1z2.2tmax :2 0
‘Y t=0 Ec
_InE,/E,
max
By Bog Bosg Fosg In2
T R T TTocnet =1, AOMUHUpPYHOLME NPOLIECChI -
L norusaums, apgekT KoMnToHa u poTo-3PPeKT

— TTornoweHuve 3Heprum.
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B3aumopencteme YacTuL C BelLeCTBOM A.D,pOH bl @l
7\

SnepHbre B3aUMOAEUCTBUSA

Bsaumopencteume aApOHOB BbICOKUX 3H€p|'l/lljl C BeleCTBOM NponucxoamuT B OCHOBHOM NnocCpeacTesom

Heynpyrux aAepHLIX npoleccos. . Z:ﬁ:

TTpoucxoamT Bo3byxaeHue M'passc.:m anep ﬂ*n MHO>KECTBEHHOCTE o¢ In(E)
— SlpepHble pparmeHThl (radioactive) R A
+ poxAeHUe BTOPUYHBIX YacTULL. e p, ~ 0.35 GeV/c

HauyuHas ¢ aHepruu (>1 GeV) ceuveHue cnabo 3aBUCUT OT 3HEPrum U oT TUNa
HaneTarolen yactmusl (w, p, n, K...).

Mo aHanorum ¢ X, BBOAUTCA afipOHHaA A/IMHA NOrNoLeHna
1
i 0.7
Ay =—— o A* because oy = 0pA
ACinel

M AagepHada a1nHa B3aMMOﬂ,eVICTBMﬂ

A i

1
= oC A3 ﬂ,| < ﬂa
N ACotal
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B3aumogaenicTeme YacTuL C BeleCTBOM Aﬂ,pOH bl @)
7\

Material z A plglem’ Xo[glemT A [g/lcm?]
Hydrogen (gas) 1 1.01  0.0899 (g/l) 63 50.8
Helium (gas) 2 400  0.1786 (9/l) 94 65.1
Beryllium 4 9.01 1.848 65.19 75.2
Carbon 6 1201 2.265 43 86.3
Nitrogen (gas) 7 1401 1.25 (9/l) 38 87.8
Oxygen (gas) 8 16.00 1.428 (g/l) 34 91.0
Aluminium 13 26.98 2.7 24 106.4
Silicon 14 28.09 233 22 106.0 ForZ>6: A >X,
Iron 26  55.85 7.87 13.9 131.9
Copper 29 63.55 8.96 12.9 134.9 100
Tungsten 74 183.85 19.3 6.8 185.0 3
Lead 82 207.19 11.35 6.4 194.0 1 N o
Uranium 92 238.03 18.95 6.0 199.0 1 & \
10 5 = * +

lgl

EX

<

< " Xo

1 ]
] ]
u ]
0_1 T 1T 1T 1T jrrrrjrrrrjrrrryprrrrygrrrryrrrryrrrryrrrrTryrrTr T
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,‘m v/
Za7= u| B3aumopelicTBMe YaCTULL C BELLEeCTBOM AAPOHHbIE NINBHU @
7\

NINIINRZ 4

BoeneyeHbr pa3zHoobpasHble
npoLecchI.

HamHoro 6onee cnoxHas kapTuHa
MO CpPAaBHEHUHo ¢
3NEeKTPOMArHUTHLIMU KACKAAAMM.

AAPOHHBLIW NBEHb BKNFOYAET 2 KOMMOHEHTHI:
QApPOHHYHO + 3NeKTPOMArHUTHYHO
‘ l
3apAKeHHBIE QAPOHBT  p,et, K HeintpanbHbie MUOHbL 70— 2y
SnepHbIe PparmMeHThI ...
{ OT7 pa3eana aaep (3Heprusa ceasm) n(;zo)z In E(GeV)—4.6
HeUTPOHLI, HEUTPUHO, MATKUE Y, MFOOHBIL
P P Y Tpumep E = 100 GeV: n(rf) ~ 18

—> 3J1eKTPOMArHUTHbIE KaCKaAabl

HeBUAUMas 3Heprus — bonblume PnyKTyaumm — 3HepretTuyeckoe paspelueHue
29



MHroOHbI @

IX B3AUMOLENCTBUSX.
USIbHO NOAABMEHbL.

b —
I nuclear 1

L L Lol L L
1 10 102 103 104 10°
Muon energy (GeV)
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OrpomHoe cnacubo 3a
HeocnabeparoLlee
BHUMAaHue |



