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i [oyeMy 3TO BaXKHO?

= Bce dpyHAaMeHTanbHble B3aMMOAENCTBUS
(U3BECTHbIE U — NOKa? - HET) ONUCbIBAOTCH
Ha A3blKe KBapKOB U rIIOOHOB

= HabnwoagaloTcs ToNbKO aipoHbl —
HEOBbIYHbIE cBg3aHHble cocToAHUS -
KOH(ANHMEHT - pyHAaMeHTaNbHas
MaTeMmaTmndeckas npobnema (“Millenium
problems” — 1 M$ -
http://www.claymath.org/millennium/Yang-
Mills Theory/)



http://www.claymath.org/millennium/Yang-Mills_Theory/
http://www.claymath.org/millennium/Yang-Mills_Theory/
http://www.claymath.org/millennium/Yang-Mills_Theory/

[louyeMy 3TO BaXKHO? - II

= B3anmopencrtBme ¢ aapoHaMmn —
CYLLECTBEHHbIN 3NEMEHT Nnoucka nobown
HOBOW (DU3NKM

= AJPOHbI — NPOTOHbI - NNEMYE YCKOPUTb U OHM
CU/IbHO B3aUMOAENCTBYIOT - MO3BONSAIOT
NONYYNTb BbICOKYHD CTaTUCTUYECKYHO
obecneyeHHOCTb

= HeneptypbaTtmBHas KX/[] — oTBETCTBEHHA
noytu 3a BCHO BUANMYIO maccy BceneHHou



Kakas nonb3a oT aCUMMNTOTUYECKOM
cBo60abl, €Cn ecTb KOHPAUHMEHT?

= DPPeKTMBHASA KOHCTAHTa Mana, ecnu
BE/IMKN UMNYSbCbl (Masibl PACCTOSIHUS)

= Ho aapoHbl Ha MaccoBOW NOBEPXHOCTU
— Masnble KBaapaTbl UMMNYbCOB

s MOXHO N1 oTAennTb 6onbLume
DACCTOSIHUSA OT MasibiX U Pa3rnsgeTb
KBapKu B aapoHax?




ACUMNOTOTUKMN aMMJ NTya

i (A.B. Edppemos,...)

= MIHCTpYyMeHT — 1 [ da

k2 — m? +ie

= VIMNYNbCHbIK MHTErpan — KpacuBas
Tononorunyeckast uHtepnpetaumnsa  (bLU —
29.5)

= 2XBOCTKa = (POTOHHbIM NpornaraTtop - OCHOBA
NJ151 XXECTKOro npoLecca — 31eKTPOoH-
NO3UTPOHHOM AHHUTUNALMN B aApPOHbI
(nekumnn A.B. HectepeHko)



DNEeKTPOH-MO3UTPOHHAHA
i AHHUMUMSIUMS B 3ZIPOHB!

= CoxpaHeHue BeposaTHOCTU: Bce KBapKku
-> BCe aApOoHbl -(rnobanbHas) KBapK-
a[lpOHHas AyanbHOCTb

= KBapKu ->CTpyn — nokasnbHas (no yrny)
= P@30HaHCbl — Mo Macce

= /CeYEHME aHHUTUNALNN SNEKTPOH-
NO3UTPOHHOM Mapbl B
MIOOH-aHTUMIOOHHY!O R = chezq

q



i R-OTHOLLEHNe

= 3aBUCUT OT 3Heprumn: c-keapk: 2 ->10/3

= A 3KCNepuMeHTaNbHO? — 3 UBEeTa U
APOOHbLIe 3apsabl BrosiHe BUAHbI (HO...)
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iACMMI‘ITOTMKM amMnauTyg -1I

m 2-X -> 4 —X XBOCTKaA




[[nyboko Heynpyroe
i paccesiHve ep -> e'X

= BupTyanbHbin ¢potoH (W,Z) — npobHmK
(KBaHTOBOMEXaHu4eckoe nimepenuel)
aJJPOHHOU CTPYKTYpb!




* ACMMNTOTUKMN amnnuTyy 111

s bonbline KnHeMaTnyeckme
nepemMeHHble — MaJble napaMeTphbl

= JDJIeKTpoTEXHMNYECKasa aHanornsg —
60NbLLON TOK -> KOPOTKOE 3aMblKaHMe




Amnnutyna HP B koopanHaTHOM
npeacTtaBfieHnn - pakTopusaLns

s AIPOHHbIE MaTPUYHbIE 31EMEHTHI
KBapKOBbIX Noneu!

= Pag Tennopa




i dakTopusaums - II

= JlopeHU-MHBApWaHTHOCTb

= BOT U napTOHHaa Moaenb




CnnHopHble cBoboaHblE

* KBapKu

= CBObOAHbIE KBapKnN — MaTpumLa
nnotHoctun (JIJ1-1V,

= BbiCOKMe aHepruu




i KBapKu 1 rO0HbI B afipOHE

= [1poaoNbHO NONAPU30BAHHbLIM aApPOH

= E(0,z) — Wilson path-ordered
exponential

= [ JTIOOHBI




[1lpaBuia CyMM —
i COXpaHSIIoLLMECs onepaTopsb!

= BEKTOpHbIN TOK [} defu(x) — a(x)] = 2

deld(z) — d(z)) =
= BaneHTHbIE KBApKY Jp deld@) = d)] =1

ful dz|s(x) — §(x)| =0

= [€H30p 3Heprum nMnynbca — nepBoe
SKCNepuMeHTaNlbHOe yKa3aHue Ha
[TOOHDI

[ dex(Sg(x) + q)] + Gla)) = 1



!-| CnuHoBbIE NpaBu/ia CyMM




i NMonpaBku?

= OnacHble — pakTopm3auus — 3BOSIOLMS
AT NAT




[loxoXke Ha ypaBHeHue Tuna

* BonbLUMaHa

= 3aMeHa nepemMeHHbIX

s Inun




* HanpasneHHas 3Bonioums

s OT 60/bLUMX K MANbIM X




& CoxpaHeHVe TokKa

= [lepBble MOMEHTbl (HECUHINETHbIX,
BaJIEHTHbIX) KBAPKOBbIX pacrnpeaeseHnm
— HE MEHSOTCS




[lepekayka n3 60nbLLUNX B
Manble X




[1pMepbl NApPTOHHbIX
pacnpeaeneHnm

http://durpdg.dur.ac.uk/HEPDATA/PDF
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[lpouecc Apenna-AHa (MaTBeeBa,
i MypaasHa, TaBxenumase)

= BupTyanbHbit GOTOHHbBIN NPOBHUK B
a[JpOHHbIX coyaapeHusx - [[ae »ecTkmn
npouecc??




i Npouecc Apenna-AHa

= YCpeaHeHue No nonepeyHoMy UMMysbey

= ObMeH apyrumMn 6030HaMK

(rpaBUTOHOM) - NONSpPU3aLUS



Ob6pa3oBaHue Xurrca — aHasIormM4yHo-
[N1F0OOHbI BMECTO KBApKOB

= XUITC - XOPOLIO CBA3aH C rniooHaMu yepes t-
KBAapKOBYIO MET/NIO

= XapaKTepHble 40N UMMYJIbCOB —
= M/2E — 14 TeV/100+ GeV — Manbl

0 I'IpM MaJibiX X MKOOHbl AOMUHNPYIOT

= YYyeT nonepeyHoro nMnynbca — apyroe
onncaHne — HenpuHTerpMpoBaHHbIe
[ ntooHHble PacnpeneneHna - bOKJI



i Kak oTnmunTb Xurrc?

= Peaknmn akckno3mBHBIN MPOLECC —
amnnmtyna! — HecummeTpuyHbie HI'P




‘L Me30Hbl 40 XUrTca

s CeyeHune
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= [lpoBepKa Ha ceveHUax TaXKenbIX ME30HOB



Obpa3oBaHue CTpyu B
i alPOHHbIX COYAapeHUsIX

= Othnyme ot DY — noanpouecc 2 -> 2

= MHOro gmarpamm!

= Hy>XHbl A1 MOMCKOB HOBOW (DU3NKU




i UTak...

= KX/[] ¢ dpakTopusaumnen 6e3 Teopun
KOH(aNHMEHTa — KaK 300/10rns nocne
KioBbe, HO A0 /[lapBWHa

= 300MapK obwmpeH — HeobxoanM Ao
HOBOW (PU3NKU




i OT cTapbIX K HOBbIM

HoBble
Manbie X - HENPOUHTErpUPOBaAHHbIE

DKCKJTHO3UBHbIE XXECTKUE NpoLecChl —
0600l eHHbIe

[lonapusaumoHHble 3P PEeKTbl - CMUMHOBLIE

OAMHOYHbIE CNMHOBbLIE dCUMMETPUN —
3C|Z)C|)€KTM BHbIE Polarization data has often been the grave-

vard for fashionable theories. If theorists had
their wayv they might well ban such measure-
ments altogether out of self-protection.

J.D. Bjorken, 1957



OOMHOYHbIE CNMUHOBbIE
i acnmmeTpumn (OCA)

= Heobxoanmoe ycnosue (B T-MHBAapMaHTHOW TEOPUM)
— MHTEeppepeHuUns aMnanTya ¢ @as3oBbiM CABUMOM
MeXxay HUMMK

= KX/ dakTopm3aumnsa — dasbl U3 KECTKOU U MSTKOW
YyacTen aMnanTydbl @ TakKXe U3 NepekpbITUa 3TUX
Yyacreu

= (O60b6WeHHas) onTnyeckas Teopema — asbl
CBSI3a@Hbl CO CKQ4YKaMu MO NONOXUTENbHbIM
KUHEMaTUYEeCKUM nepeMeHHbIM (MHBAapUaHTHbIM
MaccaMm)

= XecTkas yacTb : Teopus Bo3myLleHnn (a la QED:
Barut, Fronsdal (1960), HegaBHO 0bHapy>keHa B

JLAB):Kane, Pumplin, Repko (78), A.B. Ecdbpemos (78)




[epTypbaTtmBHbIEe Pa3bl B KX/




JKCrnepuMeHTanbHO — 60nbLune
‘L OAMHOYHbIE aCUMMETPUM

A(n) at 62 GeV

= RHIC (07
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Koppensaums >XecTkon u
i MSIFKOM 06/1aCTV — TBUCT 3

= KBapKku — TONbKO U3 apOHOB

= Pa3Hble BO3MOXHOCTU AN (paKTopm3auum —
COBWUI rPaHULbl MEXAY XXECTKOU U MSATKOU
obnacTamm

S0
—

7

= HoBasi BO3MOXHOCTb: BMecTo of 1-netnesoro -
bopHoBckun TBUCT 3: A.B. Edppemos, OT (85,
(depMUOHHbIE MoJtoca — MArkmMe Keapku); Qiu,
Sterman (91, rnOOHHBLIE NOAOCA — MArKUE FNIOO0HbI)



KoppenaTopsl




OCA 13 pyHKLUMN
pacnpeaeneHuns

= D. Sivers (90) - koppensdumsa cnnHa NpoToHa
1 NornepeyHoro nMmnysbca KBapka

a7 / d* krdr fs(x, k) Ir [”. Hi{x P, bp _fl] ePsb ke

= OTKyaa @aza?! — HeT cKkayka no Macce
NPOTOHA %I'IpOTOH cTtabunen). Ho! Bknaa
TBUCTa 3 (Pa3a eCTb) MOXHO 3anucaTh B
BuAe 3(PhEKTUBHOM PYHKLIUM pacnpeaesneHmns
Boer, Mulders, OT, 97), okasblBatoLeNcs

YHKLIMEN CMBepca (Boer Mulders, Pijlman,
2001)



YTO 3HAUNUT, UTO DYHKLUUSA

i 3pdheKTNBHAN?

= MArkue rnooHbl —
HU3KO3HEpreTnyeckast Teopema -
XXECTKUM MOoANPOLIECC MOXOX HAa TBUCT 2

(Ratcliffe, OT, 2007) ¢ To4HOCTbIO A0
LIBETHOrO (paKTopa = LBETHOro 3apsaa
NapTOHOB




[pocTtenwasn dopma 3pOEKTUBHOCTH
— 3HaK (Collins, 2002)




i Mpouecchl ¢ 60nbwnM PT

= LiBeTHblE (haKTOPbI — OTNNYAKOTCA AN
dparMeHTaunmn n3 KBapkoB 1 rtOOHOB

RSV
ww‘ ,mﬁ_{ Ne/2

= AZIpOHHbIE NPOLIECCHl — pa3Hble (pakTopbl AN
Da3HbIX AnarpaMM - HETpMBUASIbHASA
KanmbpoBoYyHad MHBAPMAHTHOCTb




OyHKuma Cneepca B
‘L MonyuHKIO3MBHOM THP

Sivers asymmetry

appears in SIDIS as a modulation in the “Sivers angle” @
N (@s)=Ny-[1£Pr-Ag, -sind]
Dy = ¢, - O

¢, azimuthal angle of hadron momentum
¢, azimuthal angle of the spin of the nucleon




HabntogaemMble acMMMeTpun

- proton data
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- Sivers DF for
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- deuteron data
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N3BnevyeHne MyHKUNM
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AAPOHHbIE MNMPOLUECCHI — ABYXCTPYUHAA
a3nMyTasibHass aCMMMETPUS — ITTIOOHHAS

dYyHKUMA CnBepca
Boer & Vogelsang (PRD 69, 094025 (2004)) f "

=) Jet direction

Jet direction

proton spin

i
parton ki «<== ,
X &




Relation of Sivers function to

i GPDs

= Qualitatively similar to Anomalous Magnetic
Moment (Brodsky et al)

= Quantification : weighted TM moment of
Sivers PROPORTIONAL to GPD E
(hep-ph/0612205 ): xf _(x)~xE(x)

s Burkardt SR for Sivers functions is now
related to Ji SR for E and, in turn, to
Equivalence Principle

> IdxxfT(x):Z _[dxxE(x):O



How gravity is coupled to
i nucleons?

= Current or constituent quark masses ?—
neither!

= Energy momentum tensor - like
electromagnertic current describes the
coupling to photons




i Equivalence principle

Newtonian — “Falling elevator” — well known
and checked

Post-Newtonian — gravity action on SPIN —
known since 1962 (Kobzarev and Okun’) —
not yet checked

Anomalous gravitomagnetic moment iz ZERO
or

Classical and QUANTUM rotators behave in
the SAME way



i Gravitational formfactors

WThylp) = 00)|[Agg(ADY WD)+ By g(A%) PHia" 2N /2M u(p)

= Conservation laws - zero Anomalous
Gravitomagnetic Moment :  1c=7J  (g=2)
! Fag = AaglU) 4 (0) + A,(0) = 1
Jos = 5 Aag(O) + Bag O 4 (0) 4 B(0) + 4,(0) + By(0) = 1
= May be extracted from high-energy

experiments/NPQCD calculations

= Describe the partition of angular momentum between
quarks and gluons

s Describe interaction with both classical and TeV
gravity — similar t-dependence to EM FF



i Electromagnetism vs Gravity

s Interaction — field vs metric deviation
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= Mass as charge — equivalence principle



i Gravitomagnetism

= Gravitomagnetic field — action on spin — 2
from M = =S PTG P a)

i

i, — spin dragging twice

smaller than EM
s Lorentz force — similar to EM case: factor 2

cancelled with 2 from /oo =20(x)
Larmor frequency same as EM 1 = rotg

= Orbital and Spin momenta dragging — the

same - Equivalence principle L _bay _Hu
T 2

h..-l —

rotg: gi = goi

LT



Sivers function and Extended

i Equivalence principle

Second moment of E — zero SEPARATELY for quarks
and gluons —only in QCD beyond PT (OT, 2001) -
supported by lattice simulations etc.. ->

Gluon Sivers function is small! (COMPASS, STAR,
Brodsky&Gardner)

BUT: gluon orbital momentum is NOT small: total —
about 1/2, if small spin — large (longitudinal) orbital
momentum

Gluon Sivers function should result from twist 3
correlator of 3 gluons: remains to be proved!



Generalization of Equivalence

i principle

= Various arguments: AGM 0 separately for quarks
and gluons — most clear from the lattice
(LHPC/SESAM, confirmed recently)
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CONCLUSIONS

= Sivers and other TMD functions contain infinite tower of twists
starting from 3 — special role of moments

= Colour charge of initial/final partons crucial — NO factorization in
naive sense (cf Abelian raodel of Collins&Qiu)

= Transverse momentum dependence of Sivers SSA in SIDIS and
DY (PAX) is a new sensitive test of QCD

= Relation of Sivers function to twist 3 in DIS: Reasonable
magnitude, but problems with flavor dependence.Bochum
results with suppressed singlet twist 3 supported!

= Relation of Sivers to GPD’s — link to Nucleon Spin and
Equivalence Principle

= Problems: evolution (no WW for Sivers) and SR from twist 3.



