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Light-ray operators

Operator Product Expansion

J(2)J(0) ~ D Cw(a’, u*) O () (1)

N
Twist: ¢ = dimension — spin: OIZ‘:LQ“IAN = Sym ¢V, Dy - .. Dyuy ¢ — Traces
Higher twist effects

@ exclusive and semi-inclusive reactions
Belitsky, Mueller, NPB 589, 2000,

Kivel, Polyakov, Vanderhaeghen, PRD, 63 2001)
@ diffractive electroproduction of vector mesons
Anikin, lvanov, Pire, Szymanowski, Wallon, 2009
@ single spin asymmetry
Eguchi, Koike, Tanaka, 2007; Kang, Qiu, 2009, etc
@ higher twist hadronic wave functions
Braun, Filyanov, 90; Ball, Braun, Lenz, 2006, Braun, Fries, Mahnke, Stein, 2000, etc
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Light-ray operators

Higher twist operators= quasipartonic + nonquasipartonic.

@ Quasipartonic operators:
Bukhvostov, Frolov, Lipatov, Kuraev, 1985 (BFLK)

@ Nonquasipartonic operators:
Avoid them if it is possible

To understand the renormalization of the twist-4 baryonic wave functions.
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Light-ray operators

Light-ray operators:

—2 _
Oiumwv = Sym qYu, Dysy - - - Dy g — Traces

t=2 i [J. tZ 2
02 & On(n)=n" .. a0 n?=0

Nonlocal-operator = generating function for local operators

9= 50

N=1

(n) = q(0)7+[0, zn]q(zn) .

= |

Including total derivatives:

O(nz) — O(nz1, nz) — O(z1, 22) = q(z1n)v+[21n, 22n]q(22n)
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Light-ray operators

RG-equation
0 0 s
il — + =W = 2
(13 + B + 52H)(OG, 2)]m =0, (2)
where H is the integral operator
! da
[H.(’)](zl,zQ) = QOF{/ [20(Z1,ZQ) OéO(Z?g,ZQ) —&O(zl,zgl)}
/ da/ dB O (212, Z21) O(Zh 22)} (3)
where z(5 = z1(1 — a) + za.
H is invariant under SL(2, R) transformations of light-ray, z — az;ri— 2
cz
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Light-ray operators

RG-equation
0 0 s
il — + =W = 2
(13 + B + 52H)(OG, 2)]m =0, (2)
where H is the integral operator
! da
[H.(’)](zl,zQ) = QOF{/ [20(Z1,ZQ) OéO(Z?g,ZQ) —&O(zl,zgl)}
/ da/ dB O (212, Z21) O(Zh 22)} (3)
where z(5 = z1(1 — a) + za.
H is invariant under SL(2, R) transformations of light-ray, z — az;ri— 2
cz

Equation (3)=DGLAP, ERBL, GPD

wap(z1, 2) = (A|O(21, 2)|B) .
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Light-ray operators

Bukhvostov, Frolov, Lipatov, Kuraev, 1985 (BFLK)
Renormalization of quasipartonic operators:

0(21, ceey ZN) = (13(21) ® @(ZQ) ooo (I)(ZN)

t=N (number of fields in the operator)

@ Quasipartonic Operators are closed under renormalization.

@ Hamiltonian H has two-particle form

H= Z H,
ik

@ All two-particle kernels are SL(2, R) invariant.
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Light-ray operators

Bukhvostov, Frolov, Lipatov, Kuraev, 1985 (BFLK)
Renormalization of quasipartonic operators:

0(2’1, ceey ZN) = <I>(z1) ® @(ZQ) ooo (I)(ZN)

t=N (number of fields in the operator)

@ Quasipartonic Operators are closed under renormalization.

@ Hamiltonian H has two-particle form

H= Z H,
ik

@ All two-particle kernels are SL(2, R) invariant.

e In this work:

Extend this analysis to nonquasipartonic operators
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Building blocks for operators:
q, 57 FHV7 DH‘L DHDUQ7 DHD”DPQ7~~~

@ Tensor properties
@ Equations of motion (EOM)

Baryonic twist-4 operator

eu] (21) Oy puf () i (2a)
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(o = 30", 5 = 50"

where o = (1, 5), o* = (1, —7).

‘- Cﬁﬁ) 7= (¢4 be) (@)

(e}

where 1, )ZB are two-component Weyl spinors, s = (1a)f, x* = (x*)T. The gluon
strength tensor F,, is decomposed as

Fogap= Ugaag@‘FW =2 (Eaﬁfaﬁ - Gaﬁfaﬁ') (5)
where fo3 and J_Caﬁ' are chiral and antichiral symmetric tensors, f* = f
iFaﬁ,dﬁ = 2(€aﬁfaﬁ + 6043’]_[(1[3) (6)

= ﬂﬁgﬁd' (uv) = (u®va), (W) = (ﬂ@f)d).
Fiertz identity: ‘ (ab)(cd) = (ac)(bd) — (ad)(be) ‘

ut = eaﬁu[;, u”
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'(/}ayXay'(Z}dJ_(dvfa@faﬁ

®(z) = {the = £*¢a (), fe(z) = £ fap(z) ...}

Z'[PQQ, (ID(CC)] = aa@@(ﬂf)

iD,®(z)] = % (xwa‘“‘* +2t4¢&° 6; +&a a? ) ()
. 1 0 0
iMag, ®(2)] = 7 %ay08" +5330a" — 2075 567 ~ %Ppea ®(z) @)
iM, 5 (z)] = i < w5+ 5,507 — 24 8?5’ - 255%) &(z)
i[Kdev(I)(x)] = <xom$“/a a’w + 21Tas + 2604 o 8(2’8 + 604 Top a? ) (I)(m) o

Mg, ]\_/[ﬁ are the generators of Lorentz group.

@

5% T L
af...y,aB...%
—— ——

28 28
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Operator basis

Oapy,apy = Daaty Dgsty

@ Total symmetrization: O — )\O‘/\ﬁ)\VS\é‘;\ﬁXﬁOaﬁ%dm =044+, 44+

SaxBYA ol _ 8
= AW}‘QAﬁAWEQ Ouﬁ'y,deﬁ"‘/ = 60“ O(“’3+7+++

afy,afy

@ Partial symmetrization e‘m(9(“3%(!5;Y

(BN Oapp 4t = (N = X 1P)Oupt 44 = O g it — Ot it =
=D 11 Dyyby — Dy Dy o)y

"4 - contraction with X\, ”—"" - contraction with i (¥4 = A*VYa, — = u®tha) ‘
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Operator basis

Conclusions

A and j define two light-like vectors:
Noac = )\QAO'L, fbad = Hﬂﬁdv 7L2 = 7L2 = 0

Lo = Z/\aAd ol 2[/404[1«(‘1 ol wAapld ol {UHQAQ

(FLA)d}a = Aad), - ;U'oﬂpr 5
(BN fap = AaAsf—— — (Nalip + pars)fi— + Haksfit

‘1/1+7¢77f++7f+7 ~~~~~~ ,D++7D777D7+7D+7‘

D++ = 282, D__ = 282, D+7 = 28w, D7+ = 20

A. Manashov (Regensburg) Renormalization
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Operator basis

SL(2, R) subgroup which maps line zA, \s to itself.
Sy = %Kff S Z*%P++7 So = %(D*M7+*M7+) (8)

[Sy, 5_] = 25 [ ] = e (9)

z_>z,_az+b
T cz+d

®(z) = 9(2,0,0,0)

1 '
P(z) = ——— =P
) (cz+ d)% 2
Sy =220, + 2jz So = 20, + j S_=-2,
7:1/2: 1/}77 X77 1/777 X77 f777 ‘7.77
J=1: Yty Xtr Uty Xebr Sy Frm
j=3/2: Frar Fru
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SL(2, R) subgroup which maps line zA, \s to itself.

7
Sy =sK--

Sy, -] =28

®(z) = 9(2,0,0,0)

Sy = 2°8, + 2jz

j=1/2:
Ji="1:
j=3/2:

Operators with derivatives 7?7

A. Manashov (Regensburg)

S- = —5Pss, So=3(D-M_s—M_y) (8
[So, Si] = £S5+ (9)
Y o — az+ b
T cz+d
B(z) = — - a()
" (cz+ d)%
So =20 +j S =0

w77 X77 1277 X77 f777 |7.77
Vi, X4y Y4y Xt ooy fom

Frar Fru
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Operator basis

V. Braun, A. M., J. Rohrwild (2008)
@ Basis with all derivatives is overcompleted
@ In general fields with derivatives have “bad” SL(2, R) transformation properties.

[Dat+](2z)—does not transform in proper way under SL(2, R)

A. Manashov (Regensburg) Renormalization July 2009 14 / 32



Preliminaries Spinor formalism Renormalization 2 — 3 transition kernels Conclusions

Operator basis

V. Braun, A. M., J. Rohrwild (2008)
@ Basis with all derivatives is overcompleted
@ In general fields with derivatives have “bad” SL(2, R) transformation properties.

[Dat+](2z)—does not transform in proper way under SL(2, R)

1 z N w w _
Y (@) = (1+ ze)? Y+ (1—&-ez’z7 1+ez’ 1+6z) +exwy- ()

[DuwDsp4](2) =

ﬁ[Dtzer] (1 fez)
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Operator basis

‘ ¢+(z72707 @)7 &*(27 27 ’LU,O) f++(z7 27 ’LU,O), f+*(z727070)7"' ‘

‘ Operators which appear in the expansion of these fields form the complete basis‘

[Datp+](2)

[D—444)(2) = [Dyr9-](2) + EOM = 20.9_() + EOM

A. Manashov (Regensburg) Renormalization July 2009
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Operator basis

Conclusions

‘ Representation of full conformal group ‘

j=1/2 j=1 j=3/2 j=2 j=5/2
E=1 Yy
E=2 P Dyipy
E=3 Datp—, Dstpy D
E=4 D D, DyDapy AT

July 2009
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Operator basis

A generic operator has the form
8 P () @ F22 () © 97 (25)

@ Quasipartonic operators=only “+" fields BFLK,1985

@ This work="+" fields+(one “—" field or one transverse derivative D _, D__).
M. Okawa (1980-1981),
E. Shuryak, A. Vainshtein, 1982
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‘ D(z1) ® P(22)— operator with open color indices
+ o+ + - + - = = - =
+ o+ + - + o+ o+ + -+ ++ ++
a) b) 0) d) e

@ Light-cone gauge: A1+ =0 - SL(2, R) invariant condition.

]

[® @ ¥]r(a1, 2) = [ © Bla(a1, 2) + L= [HO P2 @ &](1, 22)
(0%
ZHEYe000 (1
o @0 (2,2)+... (11)

@ Hamiltonians H?~?, H(Z~% are SL(2, R) invariant operators.
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Invariant Hamiltonians

1 1
(Mol (21, 22) = / o / dﬁa%-zﬁ%—%(a—@) (55, 2)
0 0

1

~ d o N i N

[H ¢](z1, 22) :/ Ea [24,0(,21,@) — & oy, ) — @2 o(a, 25| (12)
0

1 a
(o1, 22) = / o / 8GN G2 o, ), (13)
0 0

1 @
()1, 22) = / o / 4B &2 <“—ﬂ) (555, 20) (14)
0 0 of

@ Eigenfunctions: ¥, (21,22) = (21 — 22)™
o Eigenvalues: Hin (21, 22) = Enthn(21, 22) H <~ E,

En = P(n+ 251) + (n + 2j2) — 24(1)
=9(J+5h —j2) + (T +j2 — 1) — 29(1)

where J = n + ji + j2, SL(2, R)—Casimir operator C2 = J(J — 1).

A. Manashov (Regensburg) Renormalization July 2009 19 / 32



Spinor formalism Renormalization 9 3 transition kernels

ipartonic sector

4 (21) ® ®%(2), where A, B-color indices BFLK, 1985

[HEY © 83](21, 22) =

A. Manashov (Regensburg) July 2009 20/ 32
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2 — 2: Quasipartonic sector

4 (21) ® ®%(2), where A, B-color indices BFLK, 1985

[HO! ® Z)(21, 22) = — 2540 @ thp [H10L © 87)(21, 22)

+... (15)

t* = T for ¢, X, t* = (—T*)" for o, x, te = if % for f, f
°
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2 — 2: Quasipartonic sector

4 (21) ® ®%(2), where A, B-color indices BFLK, 1985

[HO! ® Z)(21, 22) = — 2540 @ thp [H10L © 87)(21, 22)

+... (15)
t* = T for i, x, t* = (—T)" for 9, x, ti, = if"* for f, f
@ Universal term
Hi(J) =9(J +A) +4(J - A) = 2¢(1) (16)
A = | — ha|, hi, ha are the helicities of the fields,

h=1/2 Th=-1/2 h=1 Jh=-1
¢+ 7¢+ y J++ 5 S+
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2 — 2: Quasipartonic sector

4 (21) ® ®%(2), where A, B-color indices BFLK, 1985

MY ® F)(21, 22) = — 2t @ thp [H19] ® O (21, 22)
—2(t% 1P g1 [H2®? @ BF (21, 22) + ... (15)
t* = T for i, x, t* = (—T)" for 9, x, ti, = if"* for f, f
@ Universal term
Hi(J) =9(J +A) +4(J - A) = 2¢(1) (16)
A = | — ha|, hi, ha are the helicities of the fields,

h=1/2 Th=-1/2 h=1 Jh=-1
¢+ 7¢+ y J++ 5 S+
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2 — 2: Quasipartonic sector

4 (21) ® ®%(2), where A, B-color indices BFLK, 1985

[HO! ® Z)(21, 22) = — 2540 @ thp [H10L © 87)(21, 22)

—2(t% 1P g1 [H2®? @ BF (21, 22) + ... (15)

t* = T for i, x, t* = (—T)" for 9, x, ti, = if"* for f, f

@ Universal term
Hi(J) =v(J+A)+ (] —A) —29(1) (16)
A = | — ha|, hi, ha are the helicities of the fields,
wh:l/Q 1;/&:-1/2 ﬁil +h=—1
+ » Yy ) » S+
@ One of fields is f or f

- aTEAT(J — A)

Ha(J) = (—1) T(J £ A)
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2 — 2: Nonquasipartonic sector

O P ={Y- ®@¢s, DYy @Y, firm O frt ...}

Ve-the special representation of full conformal group, Vy = {¢4,¥_, Dytb4, ...}
Tensor product decomposition:

Vo®Va =Y Vo HVa=Ey

n

Vi=(2+0,)® (P-RP4)D...

Beisert, 2004, Beisert et al, 2005: ‘ H(T) = HIT), eg ¥(J)— (). ‘

o SL(2,R): C3*® = J(J —1)
0 S0(4,2): C5°U? =3I —1)

[HE* @ ®F) (21, 2) = — 2t5 00 ® thp [H1(3)2Y @ 87 )(21, 2)
—2(t7 %)y [Ha (D)@Y @ 07 (21, 22) + ...
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2 — 2: Nonquasipartonic sector

i (21) ® P4 (22) Zd’Mq 21,22)On 4

N,q

[C2, ¥4 (21) ®@ P+ (22)] szv,q 21, 2)[C20n,] = Z[C2¢N,q(21722)]01v,q

N,q N,q

C304 Py, @yy = C3F Py ® Yy = 019220594 ® P4
CSO(4,2) w— ® w+ _ CgL(Q) + 1/4 02221 w_ (09 1/)+
? Y+ @ Y- O 212 CS® L 1/4) \b+ @ ¢

50(4,2) _ T/ ~_ [ 0 Oz
G, =JJ -1), J= <81Z12 0 >

Eigenfunctions

C5O4V0f = (n+2)(n+ 1y J=n+2

(CSO(“’”@; =(n+ 1)ne, J=n+1

A. Manashov (Regensburg) Renormalization July 2009
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Renormalization 2

Preliminaries Spinor formalism

2 — 2: Nonquasipartonic sector
Hamiltonian
H Y-@Pt\ _ (Hu Hiz) (Y- @y
i @ P M1 Haz ) \ Y+ @ 9P
a\ n a+b (1) , a—0b (1 n a+b a—b__ _
H ( ) z1o =H [T (1) Z12 + 5 (1) 212:| = Helt + 5 Her,

b
a+b a—b — [ hii(n) hi2(n) a\ n
TE(TL)Wz + D) E(n - 1)9071 = (hgl(n) hgg(n)) (b) 212

1
n—+1

hii(n) =¢(n+2) +¢(n+1) —29(1)  hiz(n) =

07 (21, 2) = VL (2)¥,(22), OF (1, ) = ¥} (2)P" (22)

1

j a ,a da i i’ o _ ~i'§’ e

[HOY(21, 22) = =2t tji’{/ ;[201] (21, 22) — O (212, 22) — @077 (21, 231 )]
0

1
N / da0y! (zf;,zz)}
0

Renormalization
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What to do with H(?—3) 77

Does the conformal symmetry fix off-diagonal kernels ?
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What to do with H(?—3) 77

Does the conformal symmetry fix off-diagonal kernels ?

Yes, It does!

One can derive the set of equations which completely determine H®~3) kernels.
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What to do with H(?—3) 77

Does the conformal symmetry fix off-diagonal kernels ?

Yes, It does!

One can derive the set of equations which completely determine H®~3) kernels.

Let us consider the operators

Of (21, 22) = L (1) ® ¢} (22) 03 (21, 22) = ¥} (1) ® YL (22)

OY(z1,2) =¥i(21) @Y (22)  OF (21,2, 2) = ¥i(2) @ ¥ (2) ® fii(2)

What we are looking for is

; 1 . i
[OF (21, 2)]r ~ Z[H(k DO (21, ) (18)

A. Manashov (Regensburg) Renormalization July 2009 24 / 32
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[0z =[O]r — O
First step: Transverse derivative

Dusts = [Dosthr]’ + igthy Abspll = 20,0 + igA, 514 + EOM,
D+ (21) ® Y (2)|k = [0,59+(21) ® Y4 (22)]k + [V+(21) ® 8,50+ (22)]k
= 20, [— (21) @ Y+ (22)]k + 205, [P+ (21) ® Y- (2)]k
+ igA, 5 (21)9+(21) ® Y4 (22)]k + ig[th+ (21) ® A,5(22)Y+(22)]r + EOM.  (19)

A. Manashov (Regensburg) Renormalization July 2009 25/ 32



Preliminaries Spinor formalism Renormalization 2 — 3 transition kernels Conclusions

[0z =[O]r — O
First step: Transverse derivative

8,5+ = [Davor]’ + igtiy AL sy = 20,9 + igA 59y + EOM,

D+ (21) ® Y (2)|k = [0,59+(21) ® Y4 (22)]k + [V+(21) ® 8,50+ (22)]k
=20, [ (21) ® Y4 (2)]k + 205, [+ (21) ® ¥—(22)]r
+ ig[A, 5 (20)¥+(21) ® Y4 (2)|k + iglr+(21) ® A,5(22)¢+(2)]r + EOM.  (19)

Second step: Get rid of A—fields

[W1(21) ® ¥y (2)]k Aps(21) + i (21) ® [y (22) A5 (21)] + [V (21) Aps (2)] R ® Y (22)

[+ (22) A5(21)]R = [+ (22) (A5(21) — Aps (22)))R + [+ (22) Ap 5 (22)]
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[0z =[O]r — O
First step: Transverse derivative

8,5+ = [Davor]’ + igtiy AL sy = 20,9 + igA 59y + EOM,

D+ (21) ® Y (2)|k = [0,59+(21) ® Y4 (22)]k + [V+(21) ® 8,50+ (22)]k
=20, [ (21) ® Y4 (2)]k + 205, [+ (21) ® ¥—(22)]r
+ ig[A, 5 (20)¥+(21) ® Y4 (2)|k + iglr+(21) ® A,5(22)¢+(2)]r + EOM.  (19)

Second step: Get rid of A—fields

(W1 (21) @ ¥y (2)]k Aps(21) + i (21) ® [y (22) A5 (21)]

[+ (22) Az (21)]r = [+ (22) (Ap5(21) — Az (22)) 1R
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[0z =[O]r — O
First step: Transverse derivative

8,5+ = [Davor]’ + igtiy AL sy = 20,9 + igA 59y + EOM,

D+ (21) ® Y (2)|k = [0,59+(21) ® Y4 (22)]k + [V+(21) ® 8,50+ (22)]k
=20, [ (21) ® Y4 (2)]k + 205, [+ (21) ® ¥—(22)]r
+ ig[A, 5 (20)¥+(21) ® Y4 (2)|k + iglr+(21) ® A,5(22)¢+(2)]r + EOM.  (19)

Second step: Get rid of A—fields

(W1 (21) @ ¥y (2)]k Aps(21) + i (21) ® [y (22) A5 (21)]

[+ (22) Az (21)]r = [+ (22) (Ap5(21) — Az (22)) 1R

= 7212(H/\)/ dr [1/;+(z2)ﬂi+(zf2)]}g
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21 1
S¢)(a1, 22) = / ds (1, 2, 5) = s / dr o1, 20, 2. (20)

29 0

In this notation
e (2)' ® [+ (22) A5 (20)] = — (1)) = [SHas OF) (1, ) (21)
OF (21, 22, 28) = V' (21) ® ¢ (22) ® Frt-(2)
201[01(21, 22)]'5 + 202[02 (21, 22)|7 =

= 0,30+ (21, 2)]k — ig(f‘l,b,x(zl)(tb ®I)+ A5 (2)(I® tb)) [0+ (21, 2)]k

Qs

+ (uX) {S((tb®1)H23—(I®tb)H13)Oﬂ(zhm) (22)

[A@]ij(zl, Zg) = {(t?i’ (2] Ijj/)A/bl;\(Zl) —+ (Iii’ X tZ/)A/bl;\(zg)} wi,j,(ZhZQ) . (23)

1
) [ng, A](’)+(zl, 22), [O+(Z1, ZQ)];? ) EH120+(Z17 ZQ)
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> E I Of] (a1, 2) = 50 [(Hiz A — AHL)O4) (21, 2)
=il

() [S((t” ® NHas — (I ® t”)Hls)O}’} (u,2)  (24)
Hiz = (t°®t°) X Hiz, (*@I+1® ", t°®t] =0. [Hiz, A(A = const)] =0

Third step: Insert the expressions for Hio, Hi3, Has and separate color structures

2 3

> BH T Of](z1, 2) = g(1A) > GlSW: = T)Of (21, 22), (25)

k=1 i=1
where C; are the color structures:

G = @ 1), Cy = i(t’ ® t4th), Cs = —i(t“* @ t%), (26)
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Preliminaries Spinor formalism Renormalization

Wi = Has + Has — Hiz — 2(Hb + HE), W =2Hz,, Ws=2H5 (27)

and

T = Viz + Vas, Ty = Vo3, Ty = Vi3, (28)

with
1 1 %
WVisp](21, 22) :212/ da/ df — (a2, 22, Z 8
0 @
1 1 %
[Vasl (21, 22) 2212/ da/ ds — p(21, %1, 215) - (29)
0 a

2y = z21(1 — o) + za.
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LHS = RHS
This equation is not SL(2, R) invariant!

3
Sl-zéjljzfia) _ Sihil + S2+,.7'2 + S;-,.h _ Zzgak + 22k (30)
k=1

(LHS — RHS) S = gD (LHS — RHS) + (LHS — RHS)

2 3
LHS = Y~ 8H"™ = g(u)) Y Ci(SWi — T:) = RHS, (31)
=il i=1
N 2 3
LHS = Y 8 2 H'™/ = g(u)) Y Ci(SzWi — Tizs) = RES, (32)
k=1 i=1
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81212H1_'f + HQ_'f u>\ Z O 23 — 22 — Tiz3 + ZQ'Z—,') = Z CiA; s
8 8
82221H2*}f =+ Hli}f :g(,LLA) Z CZ(S (Z3 — Zl)W,' — Tz + 217—1) = Z C;B; . (33)
i=1 i

1 1 o
[AIQO](ZhZZ) = 2122 (/ dﬁﬁw(zl7z27zlﬁQ) _/ dOé/ dﬁﬁ@(l’hzgl,zfg)) 3
0 0 0

1 1 -
[Aagl(on o) = s [ da [ 052 ptar, i, o),
0 a

[Az0](21, 22) 22122/ da/ dﬁ%(&*ﬁ) @(2?27227351)~ (34)
0 a

A. Manashov (Regensburg) Renormalization July 2009 30 /32



Preliminaries Spinor formalism Renormalization 2 — 3 transition kernels Conclusions

1 @
HD O (2, ) = 28 f“bctb®t”/ da/ dBB O (255, 2, 22)
0 0

1 1 — 5
+i(t*") © ¢’ / da / dﬂ%O,Az?Q,m,zé’l) (35)
0 @

‘ 72/(P x C — symmetry) — 16 kernels ‘
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@ The operator basis with good transformation properties is constructed.
@ It is shown that the conformal symmetry fix the off-diagonal blocks in mixing matrix.

@ The effective method for restoring the evolution kernels for higher twist operators is
developed.
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