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EinHast Teopusi SIIEKTPOCIa0bIX
B3aUMOIEACTBUN

CranpapTHasi MOIEIb



KammOpoBoYHasH TEOpUst 3JEKTPOCIADBIX
B3auMoaencIBun

Cli1a0bIc B3anMOJICHCTBIS OTBCYAIOT 32 PACIIAIbI
HEVTPOHA, IIMOHA 1 MIOOHA:

Pacmaj Bpems Kn3Hn
n-—>pe Vs t,=920c
™ — ¥, t _=2,6-10%c
- — e v, v, t._=22:10%c

Teraa kak
A—>pm t, =10%°Cc  cwmbHoe B3aVIMOAENCTBIE
o — vy to, 10" c  snektpomarHuTHOE



Toxu B oiickrpoMaraiabx (OM) u ciiaobix ()
B3ANMO JICUCTBUSAX

OM BZanMOIENCTBIIE MO0 ONNCATH KAk BanuMoaencisrue 9M
T0Ka ¢ (HOTOHAMM.

Ci1ab0e B3anMOACHCTBIC MOKHO PACCMOTPETH KAk
B3aNMOACUCTBIE ciiaboro toxka ¢ W, W= u Z°— 6o30HaMu.

SapsKCHHBIC TOKH UCITYCKAT U IorIomaroT W', W -0030HbI;

Hentpansabie - Z° — 0030HbL; €€, {/IJ Vi H U v T.A4., e

Bxogduive v Bbixoagduiye YacTulbl ogNHAKOBHI.






ToKm B Ciia0bIx B3anMOICACTBISX

JIeHTOHBL BXOIAT B BaprKeHHEJﬁ TOK CUMMCTPUYHO,

KBapKoOBbIV 3aPsiKEHHBIN TOK COMCPKUT BEPXHME KBAPKUA — U,C,t 1
OPTOHOPMUPOBAHHBIC KOMOMHAINY d, S, b'— KBAPKOB.

JIersiTb KO3 (MHOUIMECHTOR, OMUCHIBAOMINX ST KOMOUHAINN COCTABIISIIOT
yansapayro martpuy CKM 3x3



HEanHas 3JeKTpocaadass Moaeiab Kak
KoMioHeHT CranaapTHon Moae/ M

CraniaptHasi MOJIEIb, YCIEIIHO ONMCHIBACT B3ANMOACACTRBUS SJIEMEHTAPHBIX
YJACTHI] MATEPUN Ha pAcCTOAHMAX 10 107 M 1 mpw TOCTHRIMBIX Ha
naHHoe Bpemsi sHeprusix (~200 ['5B).

CMi ectb KBAaHTOBAS! TEOPYSL TOJISH [Tl B3AUMOACACTBUN T0YCHHBIX
(HEpPMHUOHOB CO CIIMHOM 72 YEPE3 0OMEH KaJIMOPOBOIHBIMI O030HAMM CO
ciiHOM: . D11 6030HbI ABJISIOTCS CIECACTBUEM JIOKAILHON KAINOPOBOYHON
MHBAPHAHTHOCTH NPUMEHUTEIBHO K (DEPMUOHHBIM HOJSIM U CIEACTBUEM
rpyiim cuvmerpun SU(3)xSU(2)xU(L).

DyHAaMEHTANBHBIMIA HepMUOHAMHA CITY KAT JCHTOHBI 1 KBapku. JIeBbIC
KOMIIOHEHTHI IoJeH Ty0iieThl U cooTBeTcTByoT SU(2) rpyiiie CMMMETPHH,

[IpaBbie — CUHTJIETHI.

CyliiecTByeT TpHy HOKOJCHUS (DEPMUOHOB, PA3TNYAIOIIMX.CS JIMIIIb 110 MACCE.
Vcrounnk 3T0M CUHMMETPUN 1 €€ HapyUICHYsI HEVBBECTHBL.



EauHass 3/1eKTpocaadas Moaelab KAK KOMIIOHEHT
CranpapTHON MOae N

Coc1aB MOKOMEHNAN:
Ve U V|.I ¢ Vi L — (Vl) L (qu) L> l_Ra Yur> Ydr

e d° WU s T b’ (DL (gg) L
+ COOTBETCTBYOUINE aHTYacTLbI

CMELLVIBaHVE KBapKOBbIX COCTOSHUW onpeaensencs CKM matpyilien, Ho HE OO6bSICHIETCS
B CTaHAapTHOW MOAEW

SJekTpocaabble B3anMoaencTBms coorBeTciByton rpymnne SU(2)xU(1). Ee cnoHTaHHOE
HapylLLUeHne 06eCcneYrBaETcs CyLLECTBOBaHMEM! NOMS XUrrca, Win-6030HOM XUrTca
HO, MosensaoTca maccBHble W* 1 Z0, Ho 6e3MaccoBbIv (POTOH.

SU(3) COOTBETCTBYET KBAHTOBOW XPOMOAVHaMUKE Kak TEOPUM CUMIBbHBIX
B3aMOEVCTBMS, B3aMMOAENCTBIS NEPEHOCATCS BOCEMBIO LIBETHBIMWI FAIOOHAMM,
obsiagarolmMy TakxKe camofencTeyieM. KoHCTaHTa B3aviMOAENCTBYS d. Maa fpy
MaJibIX MEPEAAHHBIX MMMYAbCaX W 06ECTEYMBAET KOHDANHMEHT KBAPKOB BHYTPU
6ecLBETHBLIX aAPOHOB. BbICBOOOXXAEHNE KBapka W3 aApoHa NPVBOANT K
06pa3oBaHNIO CTPYMI aAPOHOB, 06pPasyIoLLUVXCS 3a CUET 06Pas30BaHNS KBapK-
AHTVKBAPKOBLIX Map W [IHOOHOB.



CranpapTHas Moae/ib

veen 19 mapamMespon: (B IpocicHiieM BAPUAHTC): TpH
KOHCTAHTEI CBS3W KaJIMOPOBOYHOM Teoprm SU(3)xSUR)xU(1),
TP JIETOHHBIX 1 6 KBAPKOBBIX MACE, Macca Z-0030Ha,
OIIPECACIIAIONIAS KLY CIa00ro B3auMOACUCTBIS, 4 IapaMenpa
CKM matpuiisl. Bee amy mapaMeTpbl U3BECTHBL € PAZHBIMMI
HOFPEUTHOCTAM.

N3 aByx ocraBmmxcs oayn oreeuact CP HapymeHnio 3a cUeT
CHJILHBIX B3aUMOACUCTBUN U JOJKEH ObITH OUCHE MAJL,
[lociieian accoumnpyecs: ¢ MEXAHN3MOM HAPYIIECHU
IICKTpOoCcIadon cumMeTpun SUR)xU(L) 10 U(1)gy, A
COOTBETCTBYET MACCE XUITCOBCKOr0 0030HA, MOKA HE
OTKPBITOr'0. Ero KOHCTAHTEI CBA3U ONPECIISIOTCA YEPE3 €10
MacCy, KOTOPYIO CIIEAyET HANTH B SKCIIEPUMEHTE.



Mexannsm XuILnca

[Ipsivbie CBUACTENLCTRA 32 WV POTUB MPOCTEAIIET0 MEXAHN3MA
XULTCA Jisi HAPYIICHYS SJICKTPOCIa0on CUMMETPUN
OTCYTCTBYIOT, HET YKA3AHUM Ha €50 MACCy BHYTPH MOICIIN, €CTh
JiAb HEKOTOPHIE OrpannyeHus. Ecim macea Xurrca 160-170
['5B, CM meperopmupyema BILIOTh A0 Maceh! Llmanka ~10
['313, J1is MHBIX MACC HYKHO, OKUIATE NOABICHU HOBOM
(OMBHUKW B 00JACTH 10 Macehl IiaHka.

JUJist OOIBIIVIX My, YBEIMYMBAOTCS KOHCTAHThI cBA3H. 1.6, H-
0030H A0JKCH nMeTh Macey MeHee 800 I'5B, min auHamuka
WW. n ZZ B3anMoieCTBYS J0JIKHA 00HAPYKUTH HOBYIO
CIPYKTYPY. OTO OLPEAEISIET SHEPIETAUECKY O IKAILY, [IE
HPEACTOUT BBISICHUTH MEXAHU3M, WIN MPUPOILY HAPYICHWS
IEKTPOCIA00M CUMMETPHH.



Bozon Xurrca

CyiiieciBOBaHNE CAMHCTBEHHOIO CKAJISIPHOI0 XUITC —0030Ha
HEKETATENBHO) IS MHOIMX TCOPHUMH.

Avnsencs i CM gacthro 00Jice 00MICH TECOPUN ¢ OOJIbIICH
MACCOBOM MKkaion? JIOKEH OTBETHTH SKCIIEPUMEHT B ToB-HoM
00JIaCTH SHEPI M.

CyniepcuMMeTprs [OKA HE NOATBEPKAACTCA SKCIEPUMEHTOM, HO
510 EANHCTBEHHBIN MEXAHN3M, [HO3BOJISIOIIMN BKIHOUNTE
IPABUTAINEO B KBAHTOBY0 TEOPHIO B3ANUMOMECUCTBUN YaCTHILL.

Mojienm cynepeuMMETPHN HOCTYJIMPYIOT CYIIECTBOBAHNE
CYIEPHAPTHEPOB IS BCEX CYIICCTBYIOMINX YACTHILL: 0030HHBIE
cylieprapTHEPbI PEPMUOHOB — CKBAPKY 1 CICIITOHBI,
(hepMHUOHHBIE CyIIEpIAPTHEPHI O030HOB — IIFOMHO U ZaUZINOS.
[TosBasgercsa Heckoabko XurrcoB — h, H, A, H*=. Macchl nx Takxe
HEU3BECTHHL.

Mojiens TeXHuIBETa, HAPUMED, HPEAyCMATPUBACT MMHAMNYUECKOE
HapyIIEHE CUMMETPHMN.



HoBas dhnznka

CyinecTByer MHOI'O MHBIX BO3MOMKHOCTEH il HOBOM
(DHUBUKH, HE CBA3AHHBIX C IIKAMION HAPYIICHMS
ICKTPOCIIA0OM CUMMETPUN. DTO MOLYT ObITH HOBBIC
HENTPAIBHBIC WIIN 3apssKCHHBIC) KaIOPOBOYHBIC
0030HBI C MACCON, IPCBBIIAOMICH MACChl W. 1, Z; HOBBIC
KBAPKH, 3aPsKCHHBIC JICHITOHBI M MACCUBHBIC
HEWTPUHO, WIN COCTABHAS NPUPOHA KBAPKOB 1
JgentToros. OTBeThl Ha BCe DT BO3SMOYKHOCTH HOJIKEH
HATh SKCrepuMeHT mpu sHeprum LHC.



a M,,=80.404 = 0.030 Ge\/
a Mz =91.1875 + 0.0021

m There are 6 quarks

o Mi=1725+23

o M == all the other quark masses




1 Higes Model

Wiy are the Wy and £ boson masses non-zZera'’

U1y gauge theory with single spin-1 gauge field, A,
r=-lg F

i
=4

=

M

Fd

A-8 4

LI 1) local gauge invariance:
A= Ax-3 nix

Mass term for Awould ook like:

-

[=——F F* +Lm A A"
P L 7 :

Mass term violates local gauge invariance

We understand whyy Mg =0

(rauge invariance 15 guiding principle




= Yyeak mixing angle defined

S

cosd = —_— si1 &




Fermi Model

» Current-current interaction of 4 fermions

= Only left-handed fermions feel charged current
ak interac Jalation
= This induces

This structure known since Ferrmi




« EW Theory:

For | k| == My, o~1/E?




Parameters of SU(2) x U(1) Sector

m g, []. L, L= Trade for:
o =137 0358991 146) from (g-2)e and
|.1|_1;;1r‘|t|_1rr| Hall effect
g Gp=1.16637(1) x 10° .H '
o My=91. 187510 002




Where are we with Z’s’

m At the Z pole:

LD with Pe ~75%
= What did we measure at the Z7

)

o £ line:




LR+,
1 1 [
] .||_Ilj|-" h.] +=




2 Cross section

ALEPH

DELPHI ) ' '
= RECIU"'ES prECISE

OPAL calibration of energy

of machine

Number of light neutrinos: N,=2.9840+0.0082




OCMHMAHOBCKHAC THATPAMMBI C XULLC-
0030HO0M

e Couplings to EW gauge bosons (V=W, Z):
yH vi JH

2 - M2 :
}___-Hﬂﬁvugnv } =2i¥¢» m Higgs couples to heavy
v 2 b particles

e Couplings to fermions (f =1,q): = No tree level coupling to

gluons (g) or photons (y)
Mp?=2v2L = large My is
strong coupling regime




Higgs Decays

N G_m M'

T(h— ff)= iff;:r

o= f-’lmf2

= 1
M,

= h—ff proportional to ms

BR(I}—)Z)Z;) v mb ‘ﬁb ‘
BR(?}—)fr_) o

‘\?-'/'\

p° typical of scalar
(pseudo-scalar decay ~p)
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For My=2My, decays
to bb most important




Higos Decays to (Gauge Bosons

s h —>dd sensitive to top loops

2 Remember no coupling at tree level
= h — yy sensitive to W loops, only small

contribution from top loops
» h >WW- >fff

' has sharp threshold at 2 My, but

large branching ratio even for M,=130 GeV

T(h—>1T)=

G.M,;

8\57?

O, [(..)

Oy, =21

Cubic 1in M+ <o for heavv Hicoe decave to vector bo<on dominate



Higgs Branching Ratios to Gauge Boson Pairs
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Higges Searches at LEP2

LEP2 searched for ete—Zh

Rate turns on rapidly after threshold,
peaks just above threshold, 6~3%/s

Measure recoil mass of Higgs; result
independent of Higgs decay
pattern

=

Pe.=Vs/2(1,0,0,1)
P.,=Vs/2(1,0,0,-1)

Pz=(Ez, pz)
Momentum conservation;:

(PetPes- PZ)2= F’hz:Mh2

2T M.=70,80,90,100,110 GeV

s-2 \S Ez+M22= |V||~,2
LEP2 limit, M, > 114.1 GeV




Production in Had1«

= Gluon fusion Largest contribution
o Largest rate for all M} at LHC is top loop

o Gluon-gluon initial state --H
o Sensitive to top quark Yukawa 7.
= Lowest order cross section:

2

2
. oo . -
Gy(gg > 1 =Ll s 504, -5)

(] ‘l.--q=4'\&'11;|21/|\\/1|'|2
o Light Quarks: Fi2—>(Mp/Mp)?log(Mp/Mp)
o Heavy Quarks: Fi2 —>-4/3

Rapid approach to heavy

P S L)

‘ In SM, b-quark loops nnimportant ‘



Gluon fusion, continued

m Integrate parton level cross section with
gluon parton distribution functions

dx

1
c,(pp — h) = &O:I

— g(x, 1) g(=. )
X X

2 z=My?/S, S is hadronic center of mass energy
= Rate depends on ug, ur

= Rate for gluon fusion independent of M; for
M; >>M;,
2 Counts number of heavy fermions




100s production at the LITC

LHC, /s = 14TeV, My/2 < p < 2Mjy,

.. NLO,qG— Zh,
L NLO,gn@@— . o(pp— h+ X) [pb]

NNLO, gg — h

150 160 170 180 190

My [GeV]




Vector Boson Fusion

WHW- —Xis a real process:

-
-

oW

Rate increases at large s: 0=(1/ My/? )log(s/M?)

Integral of cross section over final state phase space has
contribution from W boson propagator:

dae

Jor =]
(F* =MyuH? Y (QEE' (1-cos6)+ A, )?

Peaks at small 6

Outgoing jets are mostly forward and can be tagged

Idea: Look for h decaying to
several difterent channels

Ratio of decay rates will have
smaller systematic errors




Jipyrue MexaHM3MbI POKICHUA XUITCA

tth Production

otth production unique channel to measure top quark Yukawa
coupling

—h—{t never important

*bbh small in SM., but can be enhanced in SUSY models with
large tan 3 12 .

q t q 1
7 h

-.h

a i a i

= Large QCD effects

n=m+M,/2
Vs=14 TeV




B03MOKHOCTH HAOJIIOMEHNA XUITCA

Ha LHC
th at the LHC

= gg—>tth —>ttbb SR
. o int —
= Spectacular signal = k=15
O t —)-Wp g gen. m,;: 115 GeV/c?
© const.: 13.63+3.76

mean : 1103+4.14 |
sigma: 14.32+370

o Look for 4 b jets, 2
jets, 1 lepton

250 300
m,_ () [GeV/c’]

Unique way to measure top
quark Yukawa coupling

Early studies looked promising



Vector Boson Fuston for Heavy Higgs

200 Gel” <M, < 600 Ge:

- discoveryin h —» ZZ — I'F I'T Gold-plated

*Background smaller than signal
*Higgs width larger than h— 77 — I I

experimental resolution (M, > 300
GeY)

- confirmation in h - ZZ — I'T ij
channel

-
w

[Ldt=10fb"
(no K-factors)

Events/7.5 GeV

-
(=]

4 lepton channel statistically limited

h— ZZ—> 1T vv

h— ZZ—>1I'tjj,h—> WW > 1vij
-150 times larger BR than 41 channel




MoaeanpoBanme CUIHAJA XULTICA B
ykcnepuMente ATLAS

. H
JLdt=30'h L I.'I.HTHTIP hh!

{no K-factors)

ATLAS H — WW o vl
= oqqH — qq ww'
4 qqH — qq Tt
— Total significance

® H—=7yy + WHtH(H = ¥7y)
® tH{H — bb)
a H = ZZ" = 41
H = ww™ o wiv
H = ZZ —= lvww
= H — WW — Ivij
= Total significance

E
8
=
S
E
S
o

Signal significance

ATLAS
I A — LN -I

200
my (GeV/ch)
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