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Motivation OPE approach Numerics Summary

Planar vs. non-planar kinematics

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

p = (p0,0.,p2)
= (QO76L7(1Z)

=> parton fraction = Bjorken zp
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Motivation OPE approach Numerics Summary

Planar vs. non-planar kinematics (2)

Many possible choices in DVCS

P I

“DIS frame”

p = (p0,0.,p2)
= (q076L7QZ)

= asymmetry parameter { ~¥ x5 /(2 — zp)

=> momentum transfer A =p’ —p (almost) transverse
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Motivation OPE approach Numerics Summary

Planar vs. non-planar kinematics (2)

Many possible choices in DVCS

q q
P s
“Photon frame”
q/ = (qE)» GLz qlz)
q = (q0,01,q2)
zp(1+t/Q2)

=> skewedness parameter £ = 2 (1=2/Q7)

= momentum transfer A = p/ — p longitudinal
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Motivation OPE approach Numerics Summary

Relations for Compton Form Factors:

1
DIS _ pphot |, — phot phot] _ phot
FPIS = Foh +2%[f++ + FP) = s FBL

]_.(als =1+ %)]_.gj:ot . []_.irjrot + ]_.i}:rot]

Vito — t to —t
g ~ 2~
Q Q?

e Kinematic factors 3¢, 3¢ are sizable despite being power-suppressed.

For —t/Q? = 1/4 one obtains > ~ 2/3
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Motivation OPE approach

Numerics Summary

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 OPE appro CFT apg Numerics

Summary

Large effects for the DVCS cross section in certain kinematics

M. Defurne et al. [Hall A Collaboration] arXiv:1504.05453
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Motivation OPE approach CFT approach Numerics Summary

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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Motivation OPE approach CFT approach Numerics Summary

Operator Product Expansion (2)

Problem: matrix elements of some descendant operators over free quarks vanish
Ferrara, Grillo, Parisi, Gatto, '71-'73
Example

—
Q“OM, = 2ingl’lA’Yan OMV = (1/2)[67# Dvq+ (/U’ And 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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Numerics Summary

Motivation OPE 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]

2022 9 /26
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Numerics Summary

OPE approach

Motivation

Let G n . be your favourite set of twist-four operators

) . —4

T{j(2)j(0)}™ " = E en,k (2)G Nk
N,k

Let Gn k be the set of multiplicatively renormalizable twist-four operators

N '

OGNk = E ;.k), (e, GN,k=0 = (00) N
k/

If this relation can be inverted

GNk = ¢i,%)(3O)N + Z ¢§;\;), (IR

k! #0

then
TE@IO} ™ =) enn(@ely) 00 + ...
N,k

the ellipses stand for the contributions of “genuine” twist-four operators.
The problem is that explicit solution of the twist-four RG equations is not feasible.

® Way out: RG equations for twist-four operators are hermitian w.r.t. a certain scalar product
V.B., A. Manashov , JHEP 01 (2012) 085

21.09.2022 10 / 26
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Motivation OPE approach CFT approach Numerics Summary

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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Motivation OPE approach Numerics Summary

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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Motivation OPE approach CFT approach Numerics

New project

All orders in (\/jf/Q)A (,,,,/Q)k: ?

apart from theoretical completeness

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

® Mass corrections in coherent DVCS on “He ?
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Motivation OPE approach CFT approach Numerics

T{j(x)j(o)}:Z{Al;\’lmuN Oﬁg--»uw +BII<71MHN 8“(92’7“1'““1\,
—— N—_————

N twist-2 operators descendants of twist 2

2 N N
+Cl‘ltfl HN o OMn-MN +D%1 o B“BVOMV““]M#N T } T
N——— N————

descendants descendants
= E CRL N (z,0) Oﬁuw + 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

O(4,
A#\]IMHN EiQ) C]P\LIIMHN (x7 8)
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Motivation OPE approach CFT approach Numerics

Conformal triangles

A.M. Polyakov, 1970:

Summary

const
(O1(z1) Oz(z2)) = (o 2AT 08122
const
(O1(z1) O2(z2) O3(23)) = |71 — 2| A1 12253 g, — g3 A1 A3 B2 |5y — g5 |RstAa— AT

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

Ji(x) J2(0) Oy, (0)

= ZCm(x, 0)

Opy.opn () Opr.i (v)

® < exact to all orders of perturbation theory and beyond

[Vector currents: two independent structures consistent with CS and current conservation]
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Motivation OPE approach CFT approach Numerics Summary

QCD?

QCD is not a conformal theory, but

By +2-d2=0

(

<
J,. <—  conformal theory
@
€*(as) = —foas + ..., as = —
4
Os
Aqep = AZEL + O (L(CZS)) ‘

“Conformal QCD”: QCD in d — 2¢ at Wilson-Fischer critical point S(ags) =0
V.B., A. Manashov, Eur.Phys.J.C 73 (2013) 2544
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Motivation OPE approach CFT approach Numerics Summary

Status:

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

v/ DVCS amplitudes for a scalar target; Cancellation of IR divergences
V.B., Yao Ji, A. Manashov, JHEP 01 (2023) 078

In preparation:
v’ Axial vectors
v Nucleon target

Observables

aun (Regensburg) i i ions i i 21.00.2022 17 / 26



Motivation

OPE approach

Local OPE: leading twist and descendants

1—u, w19=z1—x9, 151:a12+uzl‘

T{j" (21)i" (z2)} = E TN/ du (ui)

N>0 even

+—m (6 6”—6"8“)+
N 12 172 1%

CFT approach Numerics Summary

V.B., Yao Ji, A. Manashov, JHEP 03 (2021) 051

un

1 1
— | (N +1)g (1——
{1%2[( et 4 N

(

1 uu
1= ——1%26
4

v
1 LU xz 1
1 ui 1%282( 21dﬂ+1 2) 12712 -2 (17
4 N(N+1) N+1 4
1 1 a—
+7[,,N(ﬁ,u)gw,u(wgla““ ,9%)
2, L 4 4(N + 1) 1
+l(uw“ oY —ua¥ a“)+$(w" okt — 6“)
2\ 2171 12%2 ) av +2y(v — 1) \ 2171 2
2
1 N(N2 + N + 2) (u ot a”)
— 1204 — —ab, 8
4<N+1)<N+2><N—1>
12 =iy 1 vz 5 2} 1), u
() u - = X750 o e
2N { : +1 2N +2 12 ) N (21)
L
m*lzmgz N2 1 N+2 _ waN(N —1) 0(2)(1“)}+
w2, |aNFD(N+2) (NFD(N 2| N 21
where
r@/2rNy [y \ N Du—D
e 3 2 D4 —D
nuy mpy ORETHEN () = 7( +) a(¥)74+Cy /2 SE2F e,
(N +1/2) 4 D4+D4
and k " Kl HFr41 123
OEV)(w:Byl---%kommukukﬂ uy @kt kN
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Motivation OPE approach CFT approach Numerics Summary

Local OPE — Light-ray OPE

1 1 1 1
(@' | T{i* ()Y (0)|p) = M—Q(p’\{m—4 [[g“”(ma) - m*‘a”]/ du (@, 0) — z¥ (8 — iA‘“)/ dv 6(1, 1;)]
0

0
. 1 @ 2 1 @
a4k % [i (A"a“ = A“a”)/du/dv 6(a,v) — A—w“a” /du u/ dv 6(11,1;)}
A2 zhzV ’ ’
/d'uu/dvij(u v)+7q { / /dv()’()(u 1))+/d71{7’( )1, 1):|

7(:);”8” + zto? — m“A”)/du/dv Jn% 6M (a,v) + 2 6(-) (a, 'U))

4z Jo Jo_ e
- %(m"a“ —zMoY + m*‘A”)/du/dv

1

%JL (8" —iak) |:/du/dv = 72 1 + 2%) oM (@, v) + ;6(_)(11,1;)] + /du;ﬁ(_)(l,v)}

= 7 3 ),

~ L nov [ auf aw [(lnu +u) oW @, oy +a6() (@ vy - = (1 + ﬁ) ﬁ(*)(a,u)]
, 2 =

+

(-e® @ v+ % o) (@)

S

222
0

du

dv (ln? tina 4+ u) 6z, v) & (% 4 a) (=) (a, 'u):l
i [ (A0) + = A2 / /u (g _ 1) W (@, v)

C\\d

g
@
Q

1
<l
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Motivation OPE approach CFT approach Numerics Summary

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 Done:
1 1
(0)
A 14 > + o s v
@, L, ! v
A ) + 03 + ...
) 1 1
AT gttt v

e further terms can be calculated if necessary

V. M. Braun (Regensburg) Kinematic corrections in DVCS to twist-6 accuracy 21.09.2022 20 /26



Motivation OPE approach CFT approach Numerics Summary

Helicity amplitudes for a scalar target (2)

® Two expansion parameters P = %(7; +pHH, Pi = gl”’ PY
‘ 5 i =t 4€%m?
2 / 2 2 52 2 2 min
A= (p —p)® =t €p} = Fm? 1 tmin = ———
tmin 1-¢

e Convolution integral with GPD H (x, §)

H®f='[ld?mH(w7§)f (”32—25) , £ E—i0
e Useful derivative
o
2
De =85
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Motivation OPE approach CFT approach Numerics Summary

Helicity amplitudes for a scalar target

t
Ao=2(1+ — ) (To®H
0 ( Jr4((111’)) t @2

t
- — (T4 ® H) + +2|P, |?D¢ | D (Ts ® H
(@ 1O <'>( IELf 5) EEme
~_@om+ Lt ap 2o \ngm e m)
+2(q)2 1® +(qq/)2 g+ L 13 (T2 &

2 {fz +2t|P |? <2D 1>+2\P \4D2}D2(T ® H)
(aa)? o\ e TE ’
4Q

=- De(T1 @ H
! (aq") (e !
4Q t 2 9 2Qt
- dt_2-D; —2|P, ’D2\De(Te ® H) + —_Dy(T1 ® H)
(q’q)"{ £ ° . g} 6 ) (d'q)2 S

Ay = -2 (H——t )D2(?®H)
2= (aq”) 4(qq’) ¢t

+—2 (s—3lp 2|P \2/)2> D2 (T, @ H)
t — 3— — iR 2 ¥ ©
(qq")? e ¢ 5) 6

® |eading term in AM is known as the twist-three WW contribution

12

® All IR divergences at ¢’ — 0 cancel
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Motivation OPE approach CFT approach Numerics Summary

Helicity amplitudes for a scalar target

® Coefficient functions

1
To(u) = — =
1
T1 (uw) zlen(lfu),
~ 1—2u
T (u) = In(1 - ),
Lig(u) — Lia (1
Ty (u) = % —In(l—u),
Lig(u) — Lig (1 In(1 —u 1~
Ty = L2 2B DO g TRw,
7 1 3
T (u) = (5 - Z) In(d — w) — (1 — - 2) (Li2(u) - L12(1)).

® Transcendentality level does not increase with power

Expressions for the nucleon are of similar complexity
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Motivation OPE approach approz Numerics Summary

Numerics
Hall A, nucl-ex/0607029, vs. KM12 PRELIMINARY
" Expansion parameter 1/Q% — 1/(qq’) = 2/(Q? + t)
—3 0.10 —2 0.0 Xp=0.36, - 0.33 GeV? Q% =2.3 GeV?
2 ‘ > i xg=0.36, -t 0.17 GeV?,Q?=23GeV?
© 0.08 3 Twist-6
3 Twist-4
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< 004 Twist-6 e
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E002F_ _ _ _irewe
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0 f I 3n 21 py I 2n
dlrad] irad]
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P g
i
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©
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[
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il
¥

dAgs,
dxg dQ? d |t| dp

Twist-6 Twist-6
0.02 Twist—4 Twist-4
- = — -LTew - = = - UTaw
-0.04}: - LTy LTy
0 f I 21 0 g
2 2
dlrad] lrad]

red solid — twist 6
dash-dotted — twist 4
dashed — BMP twist 2
black dots — KM twist 2
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Motivation OPE approach CFT approach Numerics Summary

Numerics (2)

Increasing ¢ PRELIMINARY

x5=0.36, ~t =0.50 GeV2,Q%=2.3 GeV2 N —  0.10}4 xp=0.36, -t =0.60 GeV2,Q?=2.3 GeV2
2|3 / 2|3
10 008 —— Twist-6 ~10 008 — Twist-6
s Twist-4 3 \ Twist-4
0.06 °© 0.06
1= = = = - LTewr = \ = = = - LTewr
8| > 0.04 v LT g ® 0.04 ceenen LT
el Rl
° S
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3 o - 3
0.00 0.00
0 I i 3 27 0 = I S 2m
Plrad] $lrad]
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Motivation OPE approach E Numerics Summary

NNLP corrections are small, but:

® Expansion written in powers of 1/(qq’) = —2/(Q* + t)
2 (+t/Q3?)
o =B T/~x
£ zp(1—t/Q2?)

® Rewriting the results in terms of BMJ CFFs generally makes corrections larger

® Beware of extra kinematic factors in observables

Outlook:

® More numerical studies in JLAB/EIC kinematics
® Implementation in a public code

® Long term: Power corrections to NLO in s (Gluon GPDs)
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