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Motivation OPE approach CFT approach Outlook

Planar vs. non-planar kinematics

“Natural” separation of longitudinal and transverse d.o.f. in DIS

p = (po,0.,p:)
¢ = (q0,01,qz)

=> parton fraction = Bjorken zp
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Motivation OPE approach CFT approach Outlook

Planar vs. non-planar kinematics (2)

Many possible choices in DVCS

p 4

“DIS frame”

p = (p0,0.,pz)
S (QO76L7(12)

= asymmetry parameter { ~¥ 2p/(2 — zp)

= momentum transfer A = p’ — p (almost) transverse
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Planar vs. non-planar kinematics (2)

Many possible choices in DVCS

q q
P P
“Photon frame”
¢ = (40,01,q})
g = (g0,01,92)
zp(1+t/Q%)

= skewedness parameter { = T 2p(1=t/0%)

= momentum transfer A = p’ — p longitudinal
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Motivation OPE approach CFT approach

The message:
e noncomplanarity makes separation of collinear directions ambiguous

— hence “leading twist approximation” ambiguous

— related to violation of translation invariance and EM Ward identities

e have to be repaired by adding power corrections of special type, “kinematic” PC

() (&)

e Potentially \/—t > Aqcp, corrections can be large
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Motivation

CFT approach

M. Defurne et al. [Hall A Collaboration] arXiv:1504.05453
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: KM10a (Kumericki, Mueller, Nucl. Phys. B 841 (2010)
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Motivation OPE approach CFT approach Outlook

Operator Product Expansion

schematically

T{j(x)j(O)}:Z{A’JG"'”N OI»]:]l“-HN +Bl’iflmuN 8HOA]XLL1-»-MN
—— ————

N twist-2 operators descendants of twist 2

2 N N
+ Cllifl . 9 OML»-#N +D# o auauouyvyiumw\f Vo0 }
N——— —_—

descendants descendants

+ quark-gluon operators

“kinematic” corrections that repair the frame dependence and Ward identities come from

(1) corrections m/Q and /—t/Q to the ME of twist-two operators (Nachtmann)

(2) higher-twist operators that are obtained from twist-two by adding total derivatives
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Operator Product Expansion (2)

Problem: matrix elements of some descendant operators over free quarks vanish

Ferrara, Grillo, Parisi, Gatto, '71-'73
Example

>
a‘uo;w = 2ingvu'Y“Qa OI-W = (1/2)[‘?7% Dyq+ (M s V)]

— Usual procedure to calculate the coefficient functions does not work, use gF'q matrix elements

— Is it possible to separate “kinematic” and “genuine” (quark-gluon) contributions?
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Motivation OPE approach CFT approach

Guidung principle: VB, A.Manashov, PRL 107 (2011) 202001

— “kinematic” approximation amounts to the assumption that genuine twist-four matrix
elements are zero

— for consistency, they must remain zero at all scales

— they must not reappear at higher scales due to mixing with “kinematic” operators

o “Kinematic” and “genuine” HT contributions must have autonomous

scale-dependence

[~ The “kinematic” approximation corresponds to taking into account all operators with the same anomalous

dimensions as the leading twist operators]
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Let G n . be your favourite set of twist-four operators
T{j(2)j(0)}™ " = E N,k (@) G,k
N,k

Let G, be the set of multiplicatively renormalizable twist-four operators
'
E dJk w GNw GN,k=0 = (00) N

If this relation can be inverted

GNk = ¢(N> (00)n + Z 45;11\;)/ (2%
k! #0
then
TE@IOY ™ =) enn(@ey) (00) +.
N,k

the ellipses stand for the contributions of “genuine” twist-four operators

The problem is that finding (j)k 0 requires the knowledge of the full
matrix wk k/’ alias explicit solution of the twist-four RG equations.
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Solution:

Bukhvostov, Frolov, Lipatov, Kuraev, NPB 258 (1985) 601
® Four-particle twist-4 operators have autonomous scale-dependence — irrelevant

V.B., A. Manashov, J. Rohrwild NPB 807 (2009) 89; NPB 826 (2010) 235

® RG equations for three-particle (non-quasipartonic) operators are hermitian w.r.t. a certain scalar product

Hence different solutions are mutually orthogonal w.r.t. a certain weight function:

> w0, ~ i

k

R el 11$12 E w (w)?

so that

and finally V.B., A. Manashov , JHEP 01 (2012) 085

T{j(2)j(0)}™ =4 =

(0O) N + dynamical higher twist
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DVCS at twist-four: ¢/Q? and m?/Q?

£ 0 4 o 2 3
A :_QW/A( )+ €€ U”) pPp A( )+q .A( )

1 pe
PP (l)
V- (”“ g >) T

9a, + 4,9  , , ¢ 0 1

9y = Guv — 44, ——— = —cuvapa”d”’
= L (aq") KT (qq')? T
known to
1
0) —
A 1+ o
AQ) o
A2

® Physical observables including all helicity amplitudes:
A.V.Belitsky, D.Miiller and Y.Ji, NPB 878, 214 (2014)
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DVCS at twist-four: ¢/Q? and m?/Q? (2)

® Results:

— translation and gauge invariance restored
— factorization valid at twist 4 (IR divergences cancel)
— correct threshold behavior t — tmin, & — 1

— target mass corrections absorbed in the dependence on t,,in

t+ tmin £2m2
T ) tmin = —@

172777,2
:zB(17722 +)

® On anucleus m— Am, zp — xp/A, £ — £/A target mass corrections are the same
— factorization not in danger

Compare DIS, Nachtmann variable

En =
1+
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New project

All orders in (v/—t/Q)*, (m/Q)* ?

apart from theoretical completeness

e Factor-two effects in some kinematic regions, need resummation to all twists
® Problems with some newer data ?

e Mass corrections in coherent DVCS on 4He ?

The first step:

VB, Yao Ji, A. Manashov, JHEP 51 (2021) 51
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T{j(x)j(o)}zg {Aﬁ}'“”” HIE 5 s P
——— ——
N

twist-2 operators descendants of twist 2
H1---KN 92N K1---BN guav N
+Cy 970y, ..uy TDN 9" Ou%m--»uz\r"""}""“'
———— —_—
descendants descendants
_ 11 . N N
= E ONHN (2,0) Oy + quark-gluon operators
N
S. Ferrara, A. F. Grillo and R. Gatto, 1971-1973: “Conformally covariant OPE”

In conformal field theories, the CFs of descendants are related to the CFs of twist-2 operators by
symmetry and do not need to be calculated directly

ARLBN og,z) Ol 1N (g, )
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Conformal triangles

A.M. Polyakov, 1970:

const
(O1(z1) O2(x2)) = To1 — w1 “A182
const
(O1(z1) O2(22) O3(z3)) = |21 —a2|A1 82— 83 g; — 5| A1+83— B2 gy —gg|Aa+A2-A1

® < Ay is a scaling dimension (canonical + anomalous)

Ji(z) J5(0) Ouy.0, (0)

= ZOm(:c, 0)

Oy () Oy ()

® < exact to all orders of perturbation theory and beyond
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Tensor operators

’ﬁN:(/»"lanHN)‘

e two-point function

o o = (O} (@)OZ] (@2)) = en D™ (212),

1
HN N —
Dx (x) = |z|2AN

(77‘“"1 (z)...n*NVN (z) + permutations — traces)
® three-point function with two scalar operators
Aff
= (O(@1)O(@2)ORN (x3)) = NTAY (w1, 22,3),
A An
9

AF1 (21, 2,23) ... AMN (21,22, 23) — traces
|x12‘A1+A2—AN+N‘x13‘A1+AN—N—A2|x23‘A2+AN—N—A1 ’

Tgx(l“l,xz,xs) =

with
2xh zt,  zb
. 13 _ Ta3
" (z) = g — —5—, N (@ ma,mm) = =52 = =2
& Ty Topm
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Shadow operator formalism Ferrara et al., 1972

Ay =d= Ay
ry—y <0211VV @07 (m2)> = e DN 7N (a12)
° e ® 0----0 :/ddypijxﬁlv(ml—y)DZIYVﬁN(y—m)

= @ 5(d)(m12) (gmm L..ghNPN 4 )
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Shadow operator formalism (2)

® The coefficient function of the operator Ofi;\' (including the descendants) is given by
the Fourier transform of the “shadow triangle”

AN o &) = d, _ipy mHEN .
CAN(ﬂflz,%p)fN/d ye PV TRV (21,22,9)

AH1 (wl,azg,wg) .. .A“N(ZE17$2,I3) — traces
‘xlz‘A1+A2—AN+N‘113‘A1+AN—N—A2‘$23‘A2+AN—N—A1

ng\\;(l’l,wzws) =

e Subtlety: contributions of y < z12 must be excluded
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How to take the integral?

n...n _ A ipy bl BN - .
TAN (T1,%2,P) =Ny -+ -Nppy dye TAN (1, 2,y) =7 n” =0

e Useful representation

—N =N
TZL“'H(.’C1.3?2,Z]) — 72 = Djl z1 Dj2Z2 .Z12 —,
AN ’ |z1o|A1HA2-AN+N o |21 —y — z1n|%491 |zo — y — zon |42
4j1 = A1+ Axy — N — A, 4jo = A+ Ay — N — Ay

e Integration over z1, z2 goes over the unit disks |z | < 1 in the complex plane
2j—1 i
D={z€C,lz| <1} Djz= L= (1 |2[%)¥ %%,
s
e ldentity: “Reproducing operator”

Vi(w)  f(w)= | Djz(1—wz) ¥ f(z)
D
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Result: All-order OPE of two scalar currents

u=1—u, Xz =21 — T2, Ty = UT2 + Uz

N

CN N! @ \ &

Ia(z1)Ja(w2) = E |z12|2A—tN E : (ka)gr(%N *k)(?>
N k=0

1
NN — wnN—k
></ du ()N 1 CPN T (2u — 1)
J O

= (—uiz?,02 /4)™ *)
o¥) (z4)).
x Z mT(Axy +k—d/2+m+1) N (231)
m=0

[An=N+d—2+47n ‘

JNn=%2(AN+N), tn=AN—N, sxy=3(d—ty—1)
where
(k) _ K HEk+1 7
On () = 851 i 'aykoﬂlwuk#k+1m#1v (Yzyp" - -$121\]~
® The coefficients ¢ and scaling dimensions A are not fixed by symmetry

® [ counts applications of the divergence to the leading-twist operator,
m counts applications of the Laplace operator, 92

® Result originally derived in [Ferrara:1971vh] in a different form.
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Vector currents

JH(£1) JU(.TQ) :?
® Four Lorentz structures consistent with conformal symmetry
e Two relations from current conservation 9, J* =0

=
e Two independent structures, coefficients fixed by the two CFs C and C, in DIS (in d = 4 —€)

21.09.2022 21 /35
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QCD?

QCD is not a conformal theory, but

By +2-d2=0

(

< <—  conformal theory

E*(as)=7ﬁ0a3+..., as = —

Qs

Aqcp = Aa)éllf) + O (M) ‘

Qs

“Conformal QCD”: QCD in d — 2¢ at Wilson-Fischer critical point S(as) =0
V.B., A. Manashov, Eur.Phys.J.C 73 (2013) 2
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Tasks

v' Resummation of descendant operators in conformal QCD, all powers, all orders
V.B., Yao Ji, A. Manashov, JHEP 03 (2021) 051

v" Short distance expansion — nonlocal (light-ray) OPE

(in preparation)

v' DVCS amplitudes for a scalar target; Cancellation of IR divergences

(in preparation)
not yet done
@ Nucleon target

@ Observables
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Leading order i

e No extra terms ~ e*(as) = —fBoas + . ..

® Sums are truncated
y 1 1
JH(2)J(0) ~ A= + B— +C 4+ DT ...

® Polynomials produce delta-functions in momentum space, can be dropped

Braun (Regensburg) i il rward hard processes
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Local OPE: leading twist and descendants

G=l-u, wig=ey-wg, oY —avytus; ‘ V.B., Yao Ji, A. Manashov, JHEP 03 (2021) 051
TG @i @)} = d( |V Dg (1 3 202,07
= T v —_ = x
3 (x1)5" (2 N u (uw) milz m AN +1°12
N >0,even
1 5 v v luu 5 o
+ﬁ$12 (8{‘62 -0 85)"" (1 T 4N —~ %120 95213 + 2126“
1 ul 2 “ 12 12 _ 2 1 wu 5 o ), u
,Zmzma (25,0} +21505 ) - i (1 - 2 mseth0” ) | O (@5)

11 5 B
+T{—1N(ﬁ—u)gw— lea{‘+x‘l‘232)

uU—u (
= 4(N + 1)

1 v N v
+2(ua:218 um126;)+W(zm o :vfzﬁz)
1 N(N2 + N +2) u
- oy — @
I T DN+ -1 ( 12 T21
:1:12x12 _ N 1 wu 2 .2 @y,
= = R %) | o
93§2 (u U)N+1 ( 2N+2I12 )} N (®21)
+z$z‘1’2 N2+ N+2 _ uuN (N — 1) 0(2)(w Y
22, [4AN+1D)(N+2) (N+1)N+2)| N2
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Local OPE: leading twist and descendants (2)

where
1 ['(3/2)(N) (0, \ N1 _ 3/2 i
Ny ooy ORL T EN () = L2277 [ 1 C + L= ,
(31 “N YN (J) T(V + 1/2) 4 Q(J)"H» N—-1 B++E+ (I(y)
and
k K41
O Oyt OOy gy iy W)T1 T2
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Local OPE — Light-ray OPE

In what follows set 1 = x, 25 = 0

® First step:

For z2 # 0 leading-twist [On (ux)];1:#ON (ux) even if O is symmetrized and traceless in all indices

Use 1.Balitsky, V.B. '89

i
U@l = f(z) - 4° / Lo2m) +0@Y, i@ =0
0

then, e.g.,

du (ui)™ ﬁ](\?) (uz) =

1 Nu
du (uﬁ)N{[ﬁﬁé’%um)m + 300 (09 (o)l + 50t S [0 (wolu + o<z4>}
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Local OPE — Light-ray OPE (2)

® Second step:

Find a nonlocal representation

known:
1
Z %N/ du (u@) [0 (uz)]e = [(x) 74 a(0)]e , v %
N 0
needed:
1
Z %Nf(N)/ du (wa)™ g(w) [0 (ua))ie =777
N 0

example:

1 1
Y v / du (ui) ™ 2 [0 (um)]uy = / dv [a(x)fa(va)]ie
- 0 0

e Systematic approach developed for a certain class of functions «— SL(2) representations theory

V. M. Braun (Regensburg) Power corrections in off-forward hard processes 21.09.2022



Motivation OPE approach CFT approach Outlook

Light-ray OPE; final result

(o IT{5* ()3 (0)|p) = im{i [[ BY (08) — ot ]/ au €(@,0) — 2 (9 — A“)/ dv 61, v>}

+—2 { (A o — Ma /du/dvﬁ(u v>7fz“a /duu/dv@’(u v):|
d'u O (u,v) + 2g |:7/du/d'u ﬁ(l)(ﬂ,u) +/dv ﬁ(i)(l,v):|
4z 0 0 0

= 472(.1”3“ + zhoY — im“A”)/du/dv (m; oD (a,v) + ﬁ(*>(ﬁ,u)>
€T
0 0
1 rl w
— 5 (e¥8" —ato¥ + m“A")/du/dv§ (76'(1)(12,1;) + ﬁH(u,v))
T
JO J0
1 ! ) 27 v Ty
——g@* —iat) | [dufdv=|—2(1+Z) 6V (a,0) + -0 @, v)| + [ dv=0(1,v)
422 ] T 0] o D
= 272:0“6 /du/d'u |:(lnu+u) o )(u v) +uﬁ( )(u v) — — (1+ ) ﬁ(i)(ﬂ,v)j|
€T
dv [(ln% +Ina+w) 6D (@, v) + (2 4 a) ﬁ(’)(a,v)}
v
wov 1 a 2
_re [i(AaHlA?} dufdvl(Z-1) M@, v)
422 2 o o UN\T
v 1 w
. 1 5 _ 2T (1)~ 3
I:Z(A('?) + ZA ] dufdv (InT+ — | 6 (u,v) |p) i Oy =
T
Jo Jo

+ d'u.u

SIS

gl

du

I3
S
(S5}

Sl
&
Q
8

=
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Helicity amplitudes for a scalar target

® Kinematics:
2

- (q VA
A/ —q2 " (qq)

transverse directions are defined vs. ¢ and ¢’:

1 o 2
A == g5, AV + ) 90, PP AN 4= (G,90, = cpesy ) PPPTAY 4L AT

W, + 9,9, , > 0 1

1 _ a I8
v = I = g qr) 9t gqryz ur = (qqn) Hrerd d
e Goal:
1 1
©)
A® 1 gt v
@ Ly L v
A ) AF 03 + ...
@ 1 1
AT et g

e further terms can be calculated if necessary
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Helicity amplitudes for a scalar target (2)

® Two expansion parameters Pt = L(p+pHH, Pl = gh* P¥
2 2
2 / 2 B 2 2 2t — tmin 4€°m
AT=(p —p) =t &P =¢&m" —— tmin = ————
tmin 1— 5

e Convolution integral with GPD H (z, &)

H®f= %H(ryé)f (EQ—Z”:) . £ E—i0

e Useful derivative

V. M. Braun (Regensburg) Power corrections in off-forward hard processes 21.09.2022



Motivation OPE approach CFT approach Outlook

Helicity flip amplitudes A, A2 for a scalar target

A2Q E—z 1 o 1 _
—— |De | H® . Inz +ED£ H®E(L12(z)f(2)71nz

A2 -z
A(2): 3 e — Dg H®Z Zln%
(q9") 8(qq") z

. 3 . ) 1
(4PjD§ = EAZDE +6A2) Dg (H® ;(Liz(z) - @) = 1n£>

(qq")?

® Leading term in AWM is known as the twist-three WW contribution

in off-forward hard processes 21.09.2022 32/35
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Helicity conserving amplitude A(®) for a scalar target

2 242 2 A 22
A© _ 40 Py A A2 A© (P1)” (0 , PIA 40 A% © 4
O (@a) 0 (ag’) ' (992 20 (qa)2 't (/)2 2
ow 0(1/Q?) 0(1/Q%)
® |eading power
(0) _ 4
Ajy =~ H® ~
® next-to-leading power
AQ Z op2 (el l1nz+L12(z) —¢ ),
10 3 z \ 2 ’

o) _ 1 1 1
A(}l =HRQ — (571n2)+2D5(’H®

v | =

11 .
5 nz + Lig(z) — (2 )

VB, A. Manashov, B. Pirnay, PRD 86 (2012) 014003
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Helicity conserving amplitude A(®) for a scalar target

® next-to-next-to-leading power PRELIMINARY

A = —2p} (’H ® (391(z) - 292(z)))

A = 2D (H & (-501(2) +202(2))) + ng (ne (301() - 262(2)))

3

AQ) = (7—[@ G- z)l;‘—j) +1p, (H@ gl(z)) - épg (H ® (391(2) - 292(2)))

e ! Li Inz = Li 21 z
91(2) = < (Liz(») - &2) ~Inz, g2(2) = Lia(2) - —In.

o All IR divergences at ¢’ — 0 cancel
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Outlook

e DVCS: Nucleon target; axial-vector contributions, numerical studies in JLAB/EIC kinematics

e Other two-photon processes, e.g. v*y — 77

o Conformal triangles with light-ray operators

® Power corrections to NLO in ag

e Generic 2 — 2 scattering amplitudes, heavy quarks,. ..

Braun (Regensburg) i il rward hard processes
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