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Contents, 1-st part

#® CranpaptHas Mopenb n KX /I: roe KBapku, rae
JIETITOHEI P

#® KX]JI: kBapkyh BHYTPH, aapoHbl cHapyxu! Kak ObITh?

#® Odakropusanus, MMOHHAsA aMIJINTYAa pachpeneeHus:
(rDA), ee 3Bogtouus B neprypdatupHoit KX (pQCD)

® [lpaBuna cymm KX/I: Kak MOXKHO M3y4yaTb aJpOHLI B
HeneptypbatuBHod KX/ (npQCD).

® [IpaBuna cymm KX/JI ¢ HesoKaabHBIMUA KOHIEHCATAMK
(HJIK) nns DA
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Contents, 2-nd part

#® UYewm nuioxo HauBHOoe pQCD-onucanue opmdpakTopa

FY™(Q?) unu 3aueM HyxHbl KX JI-npaBuaa cyMM Ha
cBeToBOoM KoHyce (LCSR)?

#® QCD LCSR: o6paborka skcnepumenta CLEO no
FYV™(Q?) = u orpaHuuenus Ha wDA

#® Cpasraenne npQCD u pQCD: uto 310 Haet guas wDA?

#® Jlannele E-791 no audpakuroHHoMy 7 + A-POXKAEHUIO 2
cTpy#d U mAP

#® Jlanubie CEBAF mno snekTpomarautHOMY (hopMbaKkTopy
nuoHa u AP

® [lepcnekTHBBl U 3a1a4Hu

Batikansckasa mkona @PIYA@bBonsmne Kotel  [Muonnas amnautyna pacnpenenenus 8 KXJ — ¢. 3



Standard Model:

Quarks,
Leptons,

Bosons
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Standard Model

Yactuubl CranpaptHod Mogeau: 1 =1,2,3 na=1,..8 —
[1IBETOBbIe MHJEKChl KBADKOB H TJIIOOHOB.

N
o o 4i N Ve v, vy
AVAVAVAY W AVAVAVAV
d' s’ b’ Z € K T
§ H?
ga
KX + dnekTpocyaabdbas (Pu3rkKa

[lesb 3TOM JIeKIIMU — TIOHSITh Ha MPHUMeEpPe ONMHUCAHUS MHOHA,

Kak B KX ]l paccuuTeiBaOTCS CBOUCTBA aPOHOB U UX
PEaKLHUH.
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QCD: Lagrangian, quarks and gluons

Kannb6poBouHO-UHBAPUAHTHBIM JarpaHxkuaH KX /]

1 — .
Locp = —7GuG™ + Y Wg(iD —mg)iy (1)

COLEPXKHUT TOJIBKO T0JIst TIIIOOHOB (G, (7)) U KBapKOB (1)4(x)).
DTH MOJIA UMEIT LBETOBbIE CTEMEeHU CBOOOABL: 3 Y KBAPKOB
wgl‘l(x) (A=1,2,3) u 8y rmwoonos G, (r) (a=1,...,8).
BsanmonelcTBre CIpsiTAHO B KOBAPHAHTHOW MPOM3BOIHOM
DAB

]
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QCD: Lagrangian, quarks and gluons

Kannb6poBouHO-UHBAPUAHTHBIM JarpaHxkuaH KX /]

1 — .
Locp = —7GuG™ + Y Wg(iD —mg)iy (1)

COLEPXKHUT TOJIBKO T0JIst TIIIOOHOB (G, (7)) U KBapKOB (1)4(x)).
DTH MOJIA UMEIT LBETOBbIE CTEMEeHU CBOOOABL: 3 Y KBAPKOB
wgl‘l(x) (A=1,2,3) u 8y rmwoonos G, (r) (a=1,...,8).
BsanmonelcTBre CIpsiTAHO B KOBAPHAHTHOW MPOM3BOIHOM
DAB
]
DAB = 9, —igs (t)*" A9
Gh, = OuAL — 0, A% + go f*AD A,

OHO HeJMHeHHO 3a cueT HeabeseBocTH (¢ £ 0).
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Quarks inside,

Hadrons outside,
What one can do?
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QCD: Gluons are coloured = Color Conlinet

e e d

PaccMmoTpuM onucanue ep- ¥ qq-
paccessHusi (d- ¥ u-(pJaedBOPOB):
BOJIHHCTAs JIMHHS 0003HaYaer 7 g
(bOTOH, a NYHKTHUPHAA — TJIFOOH.

[ p u u
[Tapamerp | DoToH [irooH
Macca 0 0
CpaBHeHHe: CnuH 1 1
BepLHI/IHa EVu JsVu (ta)i]’
3apsn 0 # 0
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QCD: Gluons are coloured = Color Conlinet

e e d

PaccMmoTpuM onucanue ep- ¥ qq-
paccessHusi (d- ¥ u-(pJaedBOPOB):
BOJIHHCTAs JIMHHS 0003HaYaer 7 g
(bOTOH, a NYHKTHUPHAA — TJIFOOH.

[ p u u
[Tapamerp | DoToH [irooH
Macca 0 0
CpaBHeHHe: CnuH 1 1
Bepurna eV 957 (t")i
3apsn 0 # 0

HeabeneBocts KX /[ mpuBOAUT K 3apsizKeHHBIM (LBETHBIM)
raooHaM. OTcrona — KoHpalHMeHT!
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VCD: Quarks masses

Up-KBapku U C t

Macca 1.5=45 MsB | 1.0+-1415B | 174.3£5.113B
Down-kBapku d S b

Macca 5.0+ 8.5 Ms3B | 80 =155 MsB | 4.0+4.513B

[loka mMbl HHTepecyeMcss (DU3UKOM OOBIYHBIX alPOHOB,
[IOCTPOEHHBIX M3 u- U d-KBAPKOB, MacCaMH KBapPKOB MOKHO

npenebpeun: —=4 < 1%. AnpoHHbIl MaciTab Macc 3afaH

P

Maccou p-me3oHa (m, = 770 MsB).
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VCD: Quarks masses

Up-KBapku U C t

Macca 1.5=45 MsB | 1.0+-1415B | 174.3£5.113B
Down-kBapku d S b

Macca 5.0+ 8.5 Ms3B | 80 =155 MsB | 4.0+4.513B

[loka mMbl HHTepecyeMcss (DU3UKOM OOBIYHBIX alPOHOB,
[IOCTPOEHHBIX M3 u- U d-KBAPKOB, MacCaMH KBapPKOB MOKHO

npenebpeun: —=4 < 1%. AnpoHHbIl MaciTab Macc 3afaH

P

Maccod p-me3oHa (m, = 770 M3B).

beamaccosas KX ]I: narpanxxuan (1) ¢ cyMMHpOBaHHEM II0
g=1u,d¥u c my =myg=0.

Ecte SU(2)-cumMeTpust © = d — U30CIIHHOBAsT CUMMETPHUSI.
OHa HapyllaeTcs NPy yueTe 3JIeKTPOMarHUTHBIX MOMPaBOK U
MacC KBapKOB.
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Massless QCD: What are Hadrons?

PS- v V-Me30HBI U3 u- U d-KBapKOB
THUIT Me30Ha PS \%
COCTaB muu — dd), 7 [ud, du] | p°(w)[auw — dd], p*[ud, du)
Macca 140 M>B 770(780) M>B
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Massless QCD: What are Hadrons?

PS- v V-Me30HBI U3 u- U d-KBapKOB

THUII ME30OHd

PS

V

COCTaB muu — dd), 7 [ud, du] | p°(w)[auw — dd], p*[ud, du)
Macca 140 MsB 770(780) M>B
bapuonbl U3 u- U d-KBapKoB
cocTaB | pluud] nfudd] | AT uuu], AT uud],
Audd], A~ [ddd]
macca | 938 MsB | 939 MsB 1232 M>B
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QCD Factorization

Pion DA:
Properties and Evolution

in pQCD
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Factorization for v*~* — ©" form factor

\—ﬂ* (q1) BupryasbHble QOTOHBI Y* “Lel-
. JSOTCS 32 3JEKTPOMarHHUTHBIE
L‘<f\ 7TO (P) TOKH, J,u — eddV,ud + €u?7q/MEL,
KBAPKOB B MTHOHE 7 tu — dd
T p—
> V2
(lorward). B xecTkom mpolecce
A BUPTYaJIbHOCTH (oTOHOB
2 2 2
—q%, —q3 > m?2.
7" () LA P
Kunematuka npouecca
P=q+q; 0= (11— q2)/2: Q= —q;
P2=m?~0: Q*=—¢" = (Q1 + @5)/2> m’
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Amplitude (T') and form lactor(F)

T(q1,61;q2,82) = /dZDe_”“Z<0|€’fJu(Z)€5Ju(0)IW(P)>
= ZEMI/pUEngP qa y*y* —>7TO(Q1 Q2)

BeluucisieM B npencTaB/ieHUU B3aUMOIEUCTBHUA:
T (a1ia) = 4P 0501,(2) 1, (08lx(P)

S B () (0 (0) .
f

= Y Ad(2) Wé(z)%} (0)...
f

TO}KILGCTBO (80123 — —I—l)l V,LL'%VV = Sluzyo/ya + i5uzya7a75
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Appearance of the pion DA ¢, (x)

5
g z
T,LLI/ (QI; QQ) ~ /CZZD6 s (;)

[TosiBUJICS HOBBIM 00beKT — wDA

> €01 (2)7a759 £ (0) |7 (P))
f N~
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Appearance of the pion DA ¢, (x)

. ~0 _
(i)~ [ae (5) 30 010l O)lr(P)

A
f

[TosBuJics HOBBIM OOBEKT — ITOT 0OBEKT

COIEPKHUT B cebe BCIO HenepTypOATHUBHYIO HH(POPMALHIO O
MUOHE: BCe, YTO Mbl He MOXKEM BBIYHCJIHUTb B TEOPHUH
BO3MYILIeHHH, yopaHo B Hero. [lapamerpusamnus (back):

(0 | d(=)7a75d(0) | 7(P)) = %m | d(2)vay5u(0) | 7(P))

- 1
_ wapa/ dr eix(zP) S0;1;W 2( T, [ )_|_229"11"W ( 7,“2)}
0

V2

BkJaanbl Benyiiero v BeICLIEr0 TBUCTOB pasieJseHbl.
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Twists and light-cone singularities

UeM BaxkKHO pasjielieHHe CHHTYJISPHOCTEH Mo 227

1
T,uu (ql; q2) ~ 5w/a6p04/0 dx/dzDeZ<q1xP>Z

5 5
2 2
[ —ren (@ 1) + 501 4(w,u2)]

Tem, uTO MBI MOXKEM Cpa3y ONpPEeAeJUTb BEAYIIHUH BKJIAL U €T0
ACUMIITOTHKY IIpU GosbnX Q?. JedicTBUuTenbHO (D = 4 — 2¢):

zﬁ Dypre (1 — Z‘P)ﬂ P oypre . (q1 — sz)ﬁ
= = B .
2 (1 —aP)* ° (1 — xP)

Kycok ¢ qlﬂ IAaCT CTPYKTYPY dopmdakropa 5WQ5PO‘Q15 . A uto

OyIeT C KYCKOM ~ x P W3 4HUCJIUTeas?
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Fourier transtform in D dimensions

HNnsgs D =4 — 2¢:

Z, / e~zdzP  T(D/2—n) 2P 2gD/2
(=22 +i0)"  T(n) (g2 i)™

—i / e dg?  T(D/2-n) 272g D/2
(2m)P ) (—¢* —i0)" P(n) (=224 d0)P>"

3amaua a4 JIOOO3HATeJbHBIX: [10Ka3aTh, UyTO 004
npeoOpasoBaHUsl COTJIACYIOTCS APYT C APYTOM.
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Factorization for v*v* — n¥ form factor

PesyabraT nas ¢gopmbakropa nepexoga v*vy* —
(g1 — 2P)” = 2Q} + 203

! (Q1> QZP ny*fy*—m'o( %7 Q%) —
7(P) g2, =Q2,> 1 5B’

7*(612> P

_\/_i ! Spw(xBHQ) 5’%\”-4
=5 | o et OCG

3nech 0+, — Maciutab BKJana TBHUCTa 4
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Factorization: general scheme

dopmpakTop nepexona Y*y* —
pasieJsieHue MaJibiX U O00JbIIUX PACCTOAHUHU

V@) 2p Fooe o (Q2, Q2) =
T(P) —¢,=Q3},>1TI3B’

02
= O(¢, @3 1% 1) ® @nla;p?) + O 344)

3mech 0% ., — Maciitab BKJana TBHCTa 4

Batikansckasa mkona @IYA@bBonsmne Kotel  ITuonnas amnauryma pacnpegenenus B KX — c. 18



Factorization: general scheme

dopmpakTop nepexona Y*y* —

pasieJsieHue MaJibiX U O00JbIIUX PACCTOAHUHU

Fv*v*—wro( %a Qg) —
T(P) —¢,=Q3},>1TI3B’

5%\7\/—4 )

Qél

3mech 0% ., — Maciitab BKJana TBHCTa 4

=|C(q1, 655 %5 ) |® | onlz; p1°) [+ O
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Factorization: general scheme

dopmpakTop nepexona Y*y* —

©r () TIOSIBJISIETCS B BHUJIE CBEPTOK

2

Batikansckasa mkona @IYA@bBonsmne Kotel  ITuonnas amnauryma pacnpegenenus B KX — c. 18



Factorization: general properties of mDA

Wrak, uto xke takoe DA o (z, 4?) Benyliero Teucra 2°?

#® OHa omnucChbIBaeT ManI/IIIHbII;’I QJEMEHT HEJIOKAJbHOI'O
dKCHAJbHOI'O TOKA Hd CBETOBOM KOHYCE

(0] [d(2) a5 E (2, 0)u(0)] » | 7(P))

22=0

1
if?fpoz/ dx ™) 907Trw-2(37>,u2)
0
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Factorization: general properties of mDA

Wrak, uto xke takoe DA o (z, 4?) Benyliero Teucra 2°?

#® OHa omnucChbIBaeT ManI/IIIHbII;’I QJEMEHT HEJIOKAJbHOI'O
dKCHAJbHOI'O TOKA Hd CBETOBOM KOHYCE

(0] [d(2) a5 E (2, 0)u(0)] » | 7(P))

z2=0
1
ipra/o dv ) 907Trw-2(37>,u2)

#® oOHa KaJuOpPOBOYHO-UHBAPUAHTHA 34 CYET CTPYHBI
doka-1lIBuHrepa:

E(z,0) = Pe" Jo Au(T)dr"
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Factorization: general properties of mDA

Wrak, uto xke takoe DA o (z, 4?) Benyliero Teucra 2°?

#® OHa omnucChbIBaeT ManI/IIIHbII;’I QJEMEHT HEJIOKAJbHOI'O
dKCHAJbHOI'O TOKA Hd CBETOBOM KOHYCE

(0] [d(2) a5 E (2, 0)u(0)] » | 7(P))

22=0

1
if?fpoz/ dx ™) 907Trw-2(37>ﬂ2)
0

#® oOHa KaJuOpPOBOYHO-UHBAPUAHTHA 34 CYET CTPYHBI
doka-1lIBuHrepa:

E(z,0) = Pe" Jo Au(T)dr"

B TBUCTe 4 uMeeTcs 6 pasnuuHbIX TDA, UeTbipe HMeeloT
3HaueHHe NJIs aHanusa [« .0(QF,Q3).
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Factorization: Physical interpretation ol wDA

o (z; 1?) — aMnaMTYga nepexona T — u + d

® HopMHpOBKa Ha |

2 CUMMETPHYHA II0

3aMeHe r = T

(smecb £ =1 —x)
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Factorization: Physical interpretation ol wDA

o (z; 1?) — aMnaMTYga nepexona T — u + d

® HopMHpOBKa Ha |

2 CUMMETPHYHA II0

i 7(P)

3aMeHe r = T

(smecb £ =1 —x)

® MYJbTUIJIMKATHUBHO MEepeHOPMUpYyeMa

| EdbpemoB—Pantomkun; bponckuii—Jlenax, (EPBJI)]

® acumMmnToTrudeckass wDA B 1-meTsieBOM MPUOJIHKEHUH:

o (3 % — 00) = *¥(x) = 62(1 — )
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Factorization: Evolution of mDA in pQCD

or(x; 1?) 3aBUCHUT OT MacwTaba u?. ATa 3aBUCUMOCTD
noaHocThio onpenensietcss B pQCD ypaBHenuem EPDBJI:

d pr (z; 1)
2
qu dInp
V(Jj, U; 043)
d U

Vi, u; 05(1%) @ o (us 1)

— (%) Volx,u) + (Z—S)2 Vi(x,u) + .

47 T

Batikanbckas mkoaa ®PIUA@DBoabmue KoThl
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Factorization: Evolution of mDA in pQCD

or(x; 1?) 3aBUCHUT OT MacwTaba u?. ATa 3aBUCUMOCTD
noaHocThio onpenensietcss B pQCD ypaBHenuem EPDBJI:

dipr (@ 17) . 2 L2
9 d In p? Vi, u; s (”)) %} Or(u; 1)
Iu s Qg 2
Viz,ujas) = (E) Vo(z,u) + (E) Vilz,u) + ..
! w  Pewenne EPBIL  r(x; 1) = p%(2) X

()@ +a @+
< ) rue 02/2(5) — noJuHOMBl [erenbayepa (co6cTBe-

‘ HHble (YyHKUMU l-metsieBoro sapa EPDBJI-
m(P)

9BOJIIOLHH).
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Factorization: Evolution of mDA in pQCD

[Ipy 5TOM BCH [1*-3aBUCUMOCTD MEePeXOAUT B KO3(D(DUIIUEHTH:

%r(%MQ) A {(12(,&2),@4@2), . } :

npudyeM B l-metsieBOM NpUOIUXKEHUN

] Yo(n)/(200)

e ( 112

?

rae vo(n) — aHoMaJibHble Pa3MePHOCTH, ONpeesieMble
cOOCTBEHHBIMH 3HAUEHHUSIMU |-MeTeBOro sapa 3BOJIOLUUHU V),
a bp — nepBbId KO3 (UILIMEHT pa3JioxeHHUsA 0eTa-(QyHKUUN

KX I: ] ]
oy _ dos (7)) a5 (1) as (1)
5 (s(Q7) din(p?) — Ax o+ b1 FE
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QCD Sum Rules:

Hadron Properties
in
Nonperturbative QCD
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QCD Sum Rules: Hadrons in npQCD

[IpoGsema: Kak onMCBIBaTb CBSI3aHHbIe COCTOSIHHUS B KX ]I ?
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QCD Sum Rules: Hadrons in npQCD

[IpoGsema: Kak onuceIBaTh CBSAI3aHHbIE cOoCcTOsIHUSI B KX J1?
Merton npaBus cymMmm KX ]I mo3BoJisieT pacCYUTHIBATH
XapaKTePUCTHKHU aJPOHHBIX COCTOSIHUH (Macchl, pacrnaaHble
KOHCTAHThl, MATHUTHbIE MOMEHTHI), HO HUYEro He TOBOPHUT O
CaMOM IIpoliecce CBSI3bIBAaHUSI KBAPKOB B aJpOH
(ampoHusauusi, KOH(AHHMEHT).
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QCD Sum Rules: Hadrons in npQCD

[IpoGsema: Kak onuceIBaTh CBSAI3aHHbIE cOoCcTOsIHUSI B KX J1?
Merton npaBus cymMmm KX ]I mo3BoJisieT pacCYUTHIBATH
XapaKTePUCTHKHU aJPOHHBIX COCTOSIHUH (Macchl, pacrnaaHble
KOHCTaHTBI, MAaTHUTHbIE MOMEHTHI), HO HUUETO He TOBOPHUT O
caMOM IIpoIlecce CBSI3bIBAHHS KBAapPKOB B aipOH
(ampoHu3alus, KOH(aHHMEHT).

[Ipennoxen B 1977 r. [lIndmanowm, Bavnmrelinom u
3axapoBeiM (MTOD) nna onucaHus crieKTpa COCTOSIHUH
J/1-9acTHlbl, cogepKallel c-KBapK U OTKPbITOH B 1974 r. Ha
ete -komnainepe SPEAR (SLAC) (napa/enbHo Oblia
OTKphITa U B p + Be-B3aumopnehctusix B BNL). B 1979 r.

[IPUMEHEeH [JIsl OTIUCAHUSA JIETKHUX aJlPpOHOB B 0€3MacCOBOK
KX/I.
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QCD Sum Rules: Hadrons in npQCD

[IpoGsema: Kak onuceIBaTh CBSAI3aHHbIE cOoCcTOsIHUSI B KX J1?
Merton npaBus cymMmm KX ]I mo3BoJisieT pacCYUTHIBATH
XapaKTePUCTHKHU aJPOHHBIX COCTOSIHUH (Macchl, pacrnaaHble
KOHCTaHTBI, MAaTHUTHbIE MOMEHTHI), HO HUUETO He TOBOPHUT O
caMOM IIpoIlecce CBSI3bIBAHHS KBAapPKOB B aipOH
(ampoHu3alus, KOH(aHHMEHT).

[Ipennoxen B 1977 r. [lIndmanowm, Bavnmrelinom u
3axapoBeiM (MTOD) nna onucaHus crieKTpa COCTOSIHUH
J/1-9acTHlbl, cogepKallel c-KBapK U OTKPbITOH B 1974 r. Ha
ete -komnainepe SPEAR (SLAC) (napa/enbHo Oblia
OTKphITa U B p + Be-B3aumopnehctusix B BNL). B 1979 r.
[IPUMEHEeH [JIsl OTIUCAHUSA JIETKHUX aJlPpOHOB B 0€3MacCOBOK
KX/I.

OcHoBHas ues: MOCYHUTATb KOPPEJISITOPbl alpOHHBIX TOKOB
(0|T [J1(x)J2(0)] |0) nByMs criocobamu. [IpaBuso cymm —
pe3yJbTaT COrJIacOBaHMUSI.
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QCD Sum Rules: general scheme

KoppensaTop anpoHHBIX TOKOB OepeTcsl B MUCIIEPCHOHHOM
peaCTaBJIeHUH

©.@)

Foag LOIT [ () ()]0} () =11 (@2) = — [ 2522,

T
0

nocJe 4ero K HeMy NpUMeHSIOT npeoOpasoBaHue bopeas:

T

1 T _ o2 dS
B2 [H(QQ)} = - —/p12 M M2
0

KOTOPO€E “JaBUT BKJaJbl BBICIIMX COCTOSSHUH U CIOCOOCTBYET
yJIYUIIeHHUI0 KauecTBa NMpaBuJ cyMM. Kpome Toro, oHO
YHUUTOXKAET BCE BbIYMTAHHUS B JTUCIEPCHOHHOM
NpeacTaBJeHHH.
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QCD Sum Rules: general scheme

I-b1M crioco6: onepaTOpHOe pPasJioKeHHe C YYeTOM HaJUuYHhs
KOHJIEHCATOB KBAPKOBBIX M TJIIDOHHBIX ToJied B KX [-Bakyyme

Xs ~q auv —
® (Q2) — q)pert (QQ) + CGG <?GWG : > + Cgq Oés<CICJ>2
3mech (2:G¢,G) = 0.012 T'3B*, a,(gg)? = 0.0018 I'sB°.

2-01 cnoco0: peHOMEHOJOTHYECKOe HaChILLEHHE
CMIEKTPAJIbHOM MJIOTHOCTH aJPOHHBIMH COCTOSTHUSIMU

Prad (5) = [50 (s = mj) + ppert (5)6 (s — 50)

B BUJle MOJEJIM OCHOBHOE COCTOsIHUe h-continuuim, KOTOPhIU
HauyulHaeTCd ¢ Mopora s = sy.
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QCD Sum Rules: general scheme

Bonpoc: TlouemMy BkJIag KOHTHHYyMa MOAEJHPYIOT C
MOMOIIbIO NepTypOAaTUBHON CIEKTPaJbHOH MJIOTHOCTH?
OTBeT: y HaC UMeeTCs CTPOTOe COOTHOIIEHHE MEXY
KBAaPKOBOM M aPOHHOHM CIIEKTPAJIbHBIMH IJIOTHOCTSMHU TPH

M? — oo (Korma Bce CTelneHHbIe nonpasky obpamanTrcs B 0)

oo oo
/ ppert — / phad
0 0

OHO-TO W JlaeT HaM MPaBO TOBOPHUTb O CIEKTPAJbHOU
NYaJbHOCTH KBAPKOB U aJPOHOB MPU OOJBILIUX S.
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QCD Sum Rules: pion decay constant

PaccMoTpuM KOppessiTop akCHaJbHBIX TOKOB
(@) = d(@)raysu(e) w0 Js5(0) = a(0)y575d(0).

[InoHHass KoHCTaHTa pacnana onpeneasseTcss MaTPUUYHBIM
3JEeMEHTOM

(0 | [d(0)yar5u(0)] | 7(P)) = ifxPa,

TaK 4TO MOJyYaeTcsl CJAeAyIollee MPaBUII0 CYMM

M2 5 Q (=GGE) 176 ﬂoz<_>2

2 _ 7 _ ,—S0/M ) [ | _3} | s | s\49q

— 1 [ ]
Iz A2 ( ¢ L T 12M2 81 M4

OHO maeT XOpOLIYI0 CTaOUJIbHOCTb MPH s ~ 0.7 ['3B2.
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QCD Sum Rules: pion decay constant

Bapuauus npasoit uactu I1C B obmactu M? € [0.7;1.2] ['3B?:

0.138 fq(MQ)

0.136"

0.134

0.132/

0.128"

0.126 M2

naet 3HaueHue fr = 0.133 +0.07 ['3B, Kotopoe cnenyer
CPaBHUTbL ¢ fr = = 0.131 I'sB.
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QCD SRs with NLC:

Nonlocal QCD vacuum

and
Pion DA
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Nonlocal QCD vacuum and QCD Sum Rules

1\

A

(GG) M

(qq)

JI1s1 onycaHusl CTaTHYECKUX XapaKTepUcTuk (mps, far .. .)
Me30HOB (M = p,w, 7 ...) JOCTATOYHO HEOOJIBIIOr0 3HAHUS O
CTPYKType BaKyyMa:

(25 .66 ~0.012 TeBY, (:g¢:) ~ —(250 M3B)3

T
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Nonlocal QCD vacuum and QCD Sum Rules

151 onucanus pacnpenenenuit (AP) kBapkoB B Me3oHax

HeOOXONHUM yUYeT HeJIOKaJbHOCTH KOHJEHCATOB B BaKyyMe
KX I:

Kak nokasbiBatloT oueHkH B pamkax [1C KX ]I KoHmeHcaTsl
(:q(0)E(0,2z)q(z):) MeHSIOTCS Ha PACCTOSTHUAX MOPsIIKA
1/A; >~ 0.3 @M. Idta nirHa o4eHb OJM3KA K TUITUYHOMY
anipoHHOMY Macwtady 1/m, ~ 0.25 Owm.
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NLC from Lattice QCD

0.
0.
0.
0.
0.6 O'8Z[Fm]1
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Non-Local Condensates in QCD SR

# Illustration of NLC-model: (3(0)q(z)) = (g(0)q(0))e~*"1Aa/®
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Non-Local Condensates in QCD SR

# Illustration of NLC-model: (7(0)g(z)) = (g(0)q(0))e~*"Ma/®

® A single scale parameter )\g — (k*) characterizing the
average momentum of quarks in QCD vacuum:

[ 0.4+0.1 GeV? [ QCD SRs, 1987 |
A2 =< 0.5+0.05GeV® [ QCD SRs, 1991 |
| ~0.4-0.5GeV? [ Lattice, 1998-2002 |
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Non-Local Condensates in QCD SR

# Illustration of NLC-model: (7(0)g(z)) = (g(0)q(0))e~*"Ma/®

® A single scale parameter )\g — (k*) characterizing the
average momentum of quarks in QCD vacuum:

[ 0.4+0.1 GeV? ' QCD SRs, 1987 ]
A2 =< 0.5+0.05GeV® [ QCD SRs, 1991 |
| ~0.4-0.5GeV? [ Lattice, 1998-2002 |

» Correlation length A\;' ~ 0.3 Fm ~ p-meson size
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Non-Local Condensates in QCD SR

# Illustration of NLC-model: (7(0)g(z)) = (g(0)q(0))e~*"Ma/®

® A single scale parameter )\g — (k*) characterizing the
average momentum of quarks in QCD vacuum:

[ 0.4+0.1 GeV? ' QCD SRs, 1987 ]
A2 =< 0.5+0.05GeV® [ QCD SRs, 1991 |
| ~0.4-0.5GeV? [ Lattice, 1998-2002 |

» Correlation length A\;' ~ 0.3 Fm ~ p-meson size

#® Possible to include second (A ~ 450 MeV) scale with

(7(0)q(2)) A1 F ~ <q(0)q(0)>e_‘Z|A (not included here)
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NLC SRs for pion DA ¢, (x)

1
Moments (V) = / ox(z) (20 — 1) dz at p?2 ~ 1 GeV?
0

0,30 : : . : . : ! : !
B XN
i <3 > ]
0251 1 p 1q2=o.4 GeV’: T
0,20-— = | fl‘OHl NLC SRS
i A NILC ]
015 a As ol
| 1 ympt | | A PLB (2001)
010} 2
N [ |
0,05 | a _'
: B ]
0,00 | ) | ) | ) | ) |
2 4 6 8 10 N

These (V) values allow one to restore DA ¢ (z)
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NLC SRs for pion DA ¢, (x)

Independent direct estimate of the inverse moment

~1\SR : dx 2 2
(x7 )20 = | or(x)— at p* =1 GeV
0 X

s

3.80 <$_1> determined ONLY
3.60 T ___------""""7 inNLCSRs
3 a0l _--" "~ because
3,20—/: “““““““ efld'pOth Singularities
3.00 absent _
2 80 Asymptotic Value PLB (1998)
2.0 . | PLB(2001)
0.8 1 1.2 1.4 1.6 1.8 - -

M? [GeV?]

Batikanbckasa mkona @IYA@bBonsmne Kotel  [Inonnas ammautyna pacnpenenenus 8 KXJ — ¢. 30



NLC Sum Rules for mDA

produce bunch of seli-consistent 2-parameter models ¢, (x)
at 12 ~ 1 GeV*:

or(z) = 9" (@) [1+02C5/%() +aaCy*(9)]

£=2x—1
CLQb’f’ = +40.188
1. CL4b'f° = —0.130
Y? ~ 0.001
. (z= 1SR = 3.30(30)
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NLC SR Constraints on as, ay of pion DA @,
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How to obtain mwDA?

From QCD theory
® Chernyak&Zhitnitsky model (1982-84)
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How to obtain mwDA?

From QCD theory
® Chernyak&Zhitnitsky model (1982-84)

® NLC QCD SRs: BMR (1986-95), BM (1996-00), BMS
(2001-03)
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How to obtain mwDA?

From QCD theory
® Chernyak&Zhitnitsky model (1982-84)

® NLC QCD SRs: BMR (1986-95), BM (1996-00), BMS
(2001-03)

#® Instanton-induced models: Petrov et al. (1999), Dorokhov et al.
(2000), Praszalowicz et al. (2001-02)
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How to obtain mwDA?

From QCD theory
® Chernyak&Zhitnitsky model (1982-84)

® NLC QCD SRs: BMR (1986-95), BM (1996-00), BMS
(2001-03)

#® Instanton-induced models: Petrov et al. (1999), Dorokhov et al.
(2000), Praszalowicz et al. (2001-02)

» Lattice: Dalley (2000-01), Burkardt&Seal (2001), del Debbio et
al. (2000)
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How to obtain mwDA?

From QCD theory
® Chernyak&Zhitnitsky model (1982-84)

® NLC QCD SRs: BMR (1986-95), BM (1996-00), BMS
(2001-03)

#® Instanton-induced models: Petrov et al. (1999), Dorokhov et al.
(2000), Praszalowicz et al. (2001-02)

» Lattice: Dalley (2000-01), Burkardt&Seal (2001), del Debbio et
al. (2000)

New possibility: Use CLEO data (1998) within Light-Cone SR

approach to extract constraints on as and a4 |Khodjamirian (1999),
Schmedding&Yakovlev (2000), BMS (2001-03)]
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Perturbative Part

NLO Light-Cone SRs =
CLEO data on F.. - (Q*) =

Constraints on

OIYA@Bosbline Kot  IlnoHHas aMmiuT yia pacrpeieseHus B KX - c. 34



v*v — w: Why Light-Cone Sum Rules?

For Q% > m32, ¢* < m? pQCD factorization valid only in

leading twist and higher twists are ol importance
|Radyushkin—-Ruskov, NPB (1996)].

Reason: if ¢° — 0 one needs to take into account interaction
of real photon at long distances of order of O(1/+/¢?)

pQCD is OK LCSR should be applied
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v*v — w: Why Light-Cone Sum Rules?

For Q% > m32, ¢* < m? pQCD factorization valid only in

leading twist and higher twists are ol importance
|Radyushkin—-Ruskov, NPB (1996)].

Reason: if ¢° — 0 one needs to take into account interaction
of real photon at long distances of order of O(1/+/¢?)

To account for long-distance elfects in pQCD one needs to
introduce light-cone DA of real photon
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v*v — w: Why Light-Cone Sum Rules?

For Q% > m32, ¢* < m? pQCD factorization valid only in

leading twist and higher twists are ol importance
|Radyushkin—-Ruskov, NPB (1996)].

Reason: if ¢° — 0 one needs to take into account interaction
of real photon at long distances of order of O(1/+/¢?)

To account for long-distance ee n pQCD one needs to

introduce light-cone ol real photon
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v*v — 7w Light-Cone Sum Rules!

Khodjamirian [EJPC (1999)]: LCSR effectively accounts for
long-distances effects of real photon using quark-hadron

duality in vector channel and dispersion relation in ¢?

I (Q2 2) _ l /80 ImF’S*TY*W(QQa 3) ex m% — 0 ds
1 [ ImFERL. (Q?% s
+ —/ T W(2Q )ds
T S0 S_|_q

sg ~ 1.5 GeV? — effective threshold in vector channel,
M? — Borel parameter (0.5 — 0.9 GeV?).

Real-photon limit q* — 0 can be easily done ...
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v*v — 7w Light-Cone Sum Rules!

Khodjamirian [EJPC (1999)]: LCSR effectively accounts for
long-distances effects of real photon using quark-hadron

duality in vector channel and dispersion relation in ¢?

1 /5o ImFRL. (Q?s) m? — s
Foo (02.0) = — VYT p q
7Y (Qa ) 77/0 m,% CXP M2 5
1 [ ImFSL. (Q? s
+ —/ T (@ )ds
T Js, S

sg ~ 1.5 GeV? — effective threshold in vector channel,
M? — Borel parameter (0.5 — 0.9 GeV?).

... as demonstrated here.
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Revision of CLEO data analysis

® Accurate NLO evolution for both ¢(z, Q¢,,) and
2

as(Qexp), taking into account quark thresholds
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Revision of CLEO data analysis

® Accurate NLO evolution for both ¢(z Qexp) and
s eXp) taking into account quark thresholds

#® The relation between “nonlocality”scale and twist-4

magnitude | 62, ~ )\2/2 was used to re-estimate

07y.q = 0.19£0.02 at A7 = 0.4 GeV?
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Revision of CLEO data analysis

® Accurate NLO evolution for both ¢(z Qexp) and
s eXp) taking into account quark thresholds

#® The relation between “nonlocality”scale and twist-4

magnitude | 62, ~ Ag/Q was used to re-estimate

07y.q = 0.19£0.02 at A7 = 0.4 GeV?

#® New procedure of data processing to disentangle the
statistical and theoretical uncertainties
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Revision of CLEO data analysis

® Accurate NLO evolution for both ¢(z Qexp) and
s eXp) taking into account quark thresholds

#® The relation between “nonlocality”scale and twist-4

magnitude | 62, ~ Ag/Q was used to re-estimate

07y.q = 0.19£0.02 at A7 = 0.4 GeV?

#® New procedure of data processing to disentangle the
statistical and theoretical uncertainties

# Constraints on (z~ 1), from CLEO data
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NLC SR Results vs NLO CLEQO Constraints

[BMS, PRD (2003)]

a4o \ H ©

o )\ = 0.6 GeV?,
02, = 0.28(3) GeV?

0 0.1 0.2 0.3 0.4

No agreement with CLEO data for )\(21 — 0.6 GeV?
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NLC SR Results vs NLO CLEQO Constraints

[BMS, PRD (2003)]

a4
0

_— )\2 — 0.5 GeV?,
02, = 0.23(2) GeV?

0 0.1 0.2 0.3 0.4

Bad agreement with CLEO data for )\(21 — 0.5 GeV?
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NLC SR Results vs NLO CLEQO Constraints

[BMS, PRD (2003)]

a‘% | = ()

A =04 GeV?,
02, = 0.19(2) GeV?

as

(5 Oll 0.2 0.3 0.4

Reasonable agreement with CLEO data for
A2 =0.4 GeV?
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NLC SR Results vs Revised CLEO Constrair

NLO Light-Cone SR & Twist-4 &(u? = Q?)
BMS [PLB 578 (2004) 91]: A2 = 0.4 GeV?,

02, = 0.19(4) GeV?

T
- —
~

i /' N\\
. /\ \~
CL40‘% - ~ .
\ \\\
L . \ - _

0 0.1 0.2 0.3

0.4

as

€ = Asymptotic DA

% = BMS model

m=CZ DA

+ = best-fit point

v, A and 4 = instantons
V¥V = transverse lattice

Even with 20% uncertainty in twist-4
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NLC SR Results vs Revised CLEO Constrair

NLO Light-Cone SR & Twist-4 &(u? = Q?)
BMS [PLB 578 (2004) 91]: A2 = 0.4 GeV?,
02, = 0.19(4) GeV?

T
- —
~

-~

~

-~
~
-~
~

-

~N

/O~

L /—’
L \\

%

0

0.

1

0.2

0.3 0.4

as

€ = Asymptotic DA

% = BMS model

m=CZ DA

+ = best-fit point

v, A and 4 = instantons
V¥V = transverse lattice

Even with 20% uncertainty in twist-4
CZ DA excluded at least at 4o-level! As DA — at 3o-level.
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NLC SR Results vs Revised CLEO Constrair

NLO Light-Cone SR & Twist-4 &(u? = Q?)
BMS [PLB 578 (2004) 91]: A2 = 0.4 GeV?,
02, = 0.19(4) GeV?

T
- —
~

i /' N\\
. /\ \~
a4o‘% — ~ L
\ \\\
L . \ —

0 0.1

0.2

0.3 0.4

as

€ = Asymptotic DA

% = BMS model

m=CZ DA

+ = best-fit point

v, A and 4 = instantons
V¥V = transverse lattice

Even with 20% uncertainty in twist-4
CZ DA excluded at least at 4o-level! As DA - at 3o-level.
Other NP models are near 3o-boundary.
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New CLEO data constraints for (z™1),

BMS [PLB 578 (2004) 91]: evolution to u?> =1 GeV?

0.6<x—1>;xp/3—1 ‘ . | | | (a)i )\2 — O 4 GGVQ

0.4 CZ I 1/..—1\SR

N 3<ZL‘ > —1=0.1=%0.1¢ )
O?s ‘K \ See also Bijnens&Khodjamirian

-0.2 _ |[EPJC (2002)]:

0.4} _— %<x_1>7r —1=0.24+£0.16

0675 0.2 0.4 0.6 0.8 1 7
Again:

Good agreement of a theoretical “tool” of different
origin with CLEO data
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What can add
E791 data
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E791: Dillractive dijet productior

Frankfurt et al. |[PLB (1993)]: Rough estimations
Braun et al. [NPB (2002)]: Account for hard GEXs

qL ~ 4 GeV?
s ~ 1000 GeV?
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E791: Good agreement with BMS bunch

Events

()
o

Ul
o

s
o

w
(@]

N
o

=
(@]

Following convolution procedure ol Braun et al., we found

[PLB 578 (2004) 91]

DA Y?
—  Asymp. 12.56
mmm  BMS bunch 10.96
-== CZ 14.15

(accounting for 18 data points)

E791 has poor accuracy in end-point region, but...
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BMS vs CZ distribution amplitude

. Curves DAs
CZ
—  BMS

... BMS DA is end-point suppressed!
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BMS vs CZ distribution amplitude

2.5 7 —
()
, P
I - ~ N
sl N AN Curves  DAs
L I/ \ =TT TN .~ // \
7 \ "’ \‘\ \ mm == =
: I III( /A\\ \ CZ
- ’ \ N
g II s~ \ / \\\ \\
: l ,I’ \ / \\ \
| ’ \ / S I BN N
0.5 | /! \ / \\ \ Asymp
I I ,, \N /7 \ \
r 4 ~ P N\
L ’ / - \\
L ‘,’ \x
0 0.2 0.4 0.6 0.8 1
X

CZ DA: end-point enhancement
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BMS vs CZ distribution amplitude

2.5
, pr(2)
L | Curves  DAs
-== CZ
— BMS
0. === Asymp.

BMS bunch is 2-humped but end-point suppressed!
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E791: Good agreement with BMS bunch

Events

Our bunch of pion DAs has maximum uncertainty in
the central region, but agrees well with E791 data!
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[PLB 578 (2004) 91]
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(accounting for 18 data points)
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Pion EM form tactor

JLab data for pion EM FF

and
Analytic NLO pQCD
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Pion torm lactor in analytic NLO pQCD

# Naive Analytization
|Stefanis, Schroers, Kim, PLB 449 (1998) 299]

1 2
FF(Q% ) = ol (uR) FrO(@7) + — [a (uh) | FYO(Q% i)
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Pion torm lactor in analytic NLO pQCD

# Naive Analytization
|Stefanis, Schroers, Kim, PLB 449 (1998) 299]

1 2
FFQ% ) = ot () FEO@) + — |al(uh) | AOQ% )

# Maximal Analytization
|Bakulev, Passek, Schroers, Stefanis, hep-ph/0405062]

FI Q2 3) = ) (3) FEOQY) + © [AP ()] 0@ )

T
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Pion form tactor in analytic NLO pQCD

#® Naive Analytization

Q*Fe(Q?)

Curves Schemes

- pd =1 GeV?
A g = Q°
........... BLM scale
0.1r
e ay-scheme
1 2 3 a4 s s 71 8
Q? [GeV?]

Strong dependence on scheme/scale setting!
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Pion form tactor in analytic NLO pQCD

0.

6

# Maximal Analytization

Q*Fe(Q?)

Curves Schemes

pg =1 GeV?
pg = Q°
BLM scale
ay-scheme

Practical independence on scheme/scale setting!
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Pion FF in analytic NLO pQCD

Cene %
0.3 ﬂ 1 ]

Q* [GeV?]

Green strip contains
#» NLC QCD SRs uncertainties
® scale-setting ambiguities at NLO level
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CONCLUSIONS

#® QCD SR method with NLC for pion DA gives us
admissible sets (bunches) of DAs for each )\, value.
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CONCLUSIONS

#® QCD SR method with NLC for pion DA gives us
admissible sets (bunches) of DAs for each )\, value.

#® NLO LCSR method produces new constraints on pion
DA parameters (a3, a4) in conjunction with CLEO data.
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#® NLO LCSR method produces new constraints on pion
DA parameters (a3, a4) in conjunction with CLEO data.

#® Comparing NLC SRs with new CLEO constraints
allows to fix value of QCD vacuum nonlocality

)\2 — 0.4 GeV>.
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CONCLUSIONS
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admissible sets (bunches) of DAs for each )\, value.

#® NLO LCSR method produces new constraints on pion
DA parameters (a3, a4) in conjunction with CLEO data.

#® Comparing NLC SRs with new CLEO constraints
allows to fix value of QCD vacuum nonlocality

)\2 — 0.4 GeV>.

® This bunch of pion DAs agrees well with E791 data on
diffractive dijet production and with JLab F(pi) data on
pion EM lorm factor.
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CONCLUSIONS

»

QCD SR method with NLC for pion DA gives us
admissible sets (bunches) of DAs for each )\, value.

NLO LCSR method produces new constraints on pion
DA parameters (a3, a4) in conjunction with CLEO data.

Comparing NLC SRs with new CLEO constraints
allows to fix value of QCD vacuum nonlocality

)\2 — 0.4 GeV>.

This bunch of pion DAs agrees well with E791 data on
diffractive dijet production and with JLab F(pi) data on
pion EM lorm factor.

APT with non-power NLO for pion EM form factor
diminishes scale-setting ambiguities already at NLO
level, rendering still higher-order corrections virtually
supertluous.
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PROBLEMS

#® Modelling NLC.
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PROBLEMS

#® Modelling NLC.

# Updating the case ol p-meson.
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#® Skewed distributions (at least for x > £).
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Just for information:

We used IXTEX to generate this report. Details:
# install class prosper in your EXTEX
# then IATEX — DviPS — Ps2Pdi
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