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Deeply virtual meson production (DVMP)

e Exclusive vector meson leptoproduction

Y (py) + P(po) = p(ps) + P(po)
e Extensively studied at HERA ’%
e Collinear factorization proven at all order for

93(52) + P(00) = p1(ps) + P(o}) o

[Collins, Frankfurt, Strikman (1997)]
[Radyushkin (1997)]

e NLO corrections to the production of a longitudinally polarized p-meson at small-z

» ala BFKL: [Ivanov, Kotsky, Papa (2004)]
» with saturation: [Boussarie, Grabovsky, Ivanov, Szymanowski, SW (2017)]
» with saturation: [Mintysaari, Pentalla (2022)]
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The special case of transversally polarized vector meson

production

Transversally polarized vector meson production starts at twist-3
> the dominant DA of pr is of twist 2 and chiral-odd ([v*,~"] coupling)
> unfortunately v* NT — pr N’ =0

» This cancellation is true at any order : such a process would
require a helicity transfer of 2 from a photon.

» lowest order diagrammatic argument:

e T

N N’ N N’

Y7 e = 0
[Diehl, Gousset, Pire (1999)], [Collins, Diehl (2000)]
Collinear treatment at twist-3 leads to end point singularities

[Mankiewicz, Piller (2000)] [Anikin, Teryaev (2002)] 3703



Transversely polarized vector meson production
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e Exclusive vector meson production at the twist-3 in the dilute (BFKL) limit
and forward case: thus restricted to s-channel helicily conserving

[Anikin, Ivanov, Pire, Szymanowski, SW (2009)]
e Phenomenological studies at small-z:
e 3 la BFKL [Anikin, Besse, Ivanov, Pire, Szymanowski, SW (2011)]
e with saturation [Besse, Szymanowski, SW (2013)]
[Bolognino, Szczurek, Schifer, Celiberto, Ivanov, Papa (2018-2021)]
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wave approach

e High-energy approximation s = (pp + pt)? > {Q?}

+ Q
=pynig — —n
DPp Pp N1 2p;_ 2
m? _
pt = ——n1 +p, n2
2p,

_ S
Py~ p; ~\£

2 2
ni=n3=0 ny-no=1

e Separation of the gluonic field into “fast” (quantum) part and
“slow” (classical) part through a rapidity parameter n < 0
[McLerran and Venugopalan (1994)] [Balitsky (1996-2001)]

F o - + o 7 + o T
AR(ET kT k) = A (K™ > epy k™, k) + bH (kT <epy k™ k) "< 1
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e Large longitudinal boost: A = % ~ mij
btet,z=, @) =A"1bf(Axt, A2, D)
b= (zt,27,%) = Aby (AzT,A7 127, %)
bi(zT,27,&) =bj(Azt, A"127, )

boost
U
bt 2= ) — §(xTVB(R) n -1
b (z) W(zt, 27, %) =6(=t)B@) nh+0 (A7)
Shockwave approximation
e Light-cone gauge A-no =0

A-b=0 = Simple effective Lagrangian
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wave approach

e Multiple interactions with the target — path-ordered Wilson lines

VI = 1+ig/+oo dztb, (zj,2i>+(ig)2 /+ dzfdzf b, (Z Zl)@? (Z;val)e (ZJ;)JF
o oo

I
+
00000/
+
Q00001
4

oo+ +
VI = Pexp {zg/ dz]b, (Zi ,z):|
— 00

e Factorization in the Shockwave approximation
M =N, /ddzlddzg (21, 22) (P’ |U]} (21, 22)| P)

e Dipole operator

Ul =1- Ni Tr (VZZVZZ;T)

c

e Balitsky-JIMWLK evolution equations [Balitsky (1995)]

[Jalilian-Marian, Iancu, McLerran, Weigert, Kovner, Leonidov]
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Theoretical framework

Effective background field operators (1)

(o o) o =¥ (o) — [ 4Pz (aom) (Vi = 1) 74 (22) 81

23)

[ ()] g g =D (a0 + [ 4220 (1) 7" (Ve = 1) Go (10) 821

(AL (205 oo = A" (20) +2i / A258(2 )P (25) G+ (z30) (U2 — 6°)

e.g. of antiquark effective operator: ——— z+:

(<1
+ \ |
20

‘\\/“‘ (0 (21)

free quark propagator:  Go(z) = [ (;le)lD ez k;fio
> A fermionic line starts at the light-cone time 2 < 0
> freely propagates to zfr

> it interacts eikonally at z;” with the background shockwave field
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Theoretical framework

Effective background field operators (2)

> Such operators serve to construct amplitudes involving
non-perturbative matrix elements of general off light-cone correlators,
i.e. without any reference to the twist-expansion

» Proof by induction

» Shockwave effective Feynman rules are easily reproduced

N . _§)d/2 + 0\ 42
o8 20 0= [V G tor) =~ (252 ) oot

+ - a ﬂ2
o, 2 _
X/ddZQV;;T 07 1_ 201+ v(pg) exp {ip; (Z 2 +ZO> iﬁq~220}
Z,
0

—?0 ,/2p3‘

Gij (227Z0)|z;>0>z3' = ¢1(22) [Eeﬁ”,j (ZO)] + <0
%0

(Z;r’yf + 221L) vt (—Z(T’Y* + ?310L)

i'(d+1) o
- o /ddzlv (%1) 5 — 002
(7z6rz;r)2 (fzgo+%72—+zs)
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p-meson production: diagrams

e Two-body contribution

Dependence of the leading Fock state wave function — with a minimal
number of (valence) partons — on transverse momentum

Ao = iy [ aPs00(~5) (P (o) M (paa) [ (20) 4™ 0 g 20)| P (9))

e Three-body contribution

Distributions with a non-minimal parton configuration
Asg = (7ieq)(ig)/dDZ4dD20€(7zI)9(7z3')

X <P (") M (pm) ‘Eeﬂ (24) YuALG (22)t°G (240)Eqe ™ (T70) ) (ZO)’ P(P)>
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p-meson production: factorization

e Two-body contribution v%@@

Az —zef/dDzo/dDzl/dDzze( 2 a(z)e )<]\[(pM )w z1) T (22) 0>

1 1 )
X <P ()1 - A (Vzlvzz) P(P)> 15D [’Y+GO (210) €ge ™ (720) Gy (Z02)'Y+FA}
hard part

e Three-body contribution W@@ g@
Agz = —ieq /dDZ4dD23dD22dD21dDzot9 )5(z2 — e~ i(a-70)

x <P(p) (Vzltavjzt Ugg) (p ><M(pM) )w(zl)r gF_o (Z3)w(zQ)(o>

1
X 2 D [v"Go (214) VuGH 7+ (234) Go (240) €qGo (202) v T ] — n.i.

c

hard part
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esults: two-body contribution

e Dipole amplitude

1 .
Ao :/ d:):/d2r Wy (:J:,T)/ddb et@a—Pum)b <P (p/)
0

)

1-— Nictr (VbJrE"‘Vszr)

e Coordinate-space impact factor

Par ef
Uy (z,7) = eqd - q—+ Eqp — q—_‘_qu

x [w (@) (2020 — it~ 2) 5 ) + e“”—mﬂs(w,r)a} Ko (Vaz@?r?)

v
ory.

BTJ_“

e Two-body vacuum to meson non-perturbative matrix elements
1 i - 'me+ T o +
bpr (o) = o= [ dr=e = (M (par) [§ (1) 7w (0)|0)
27 J _ o rt=0

bpep@m = o [ Z dr= e (M (pan) [# ()7 H 7 0] 0)

at this stage, r2 is arbitrary, in principle off the light-cone.
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Results: three-body contribution

e Three-body amplitude: involves dipole and double dipole contributions

3
.Ag = <H /dm‘ZG(Z‘Z)> 6(1 —T1 — T2 — CC3) /d221d2Z2d2Z36iQ(zlz1+z2z2+z3z3)
i=1

)

e Coordinate-space impact factor (with Z = \/xlxzz{2 + 2173235 + w2w3235 )

eqqt N2 el
U3 (x1, 2, 23, 21, 22, 23) = EIZW) NzZ_1\%” " qiqp

x V3 (z1,22,23, 21,22, 23) <P ®)

1
uzlzguzgzz 7“2123 - uzgzg + ﬁuzlzg
c

<fres [(1007 22 L0 (@2) + 17 1,0, 2 K0(Q2) ) — (1 D)

Z 23
4e0P+— r12 Q o pv 223 Lv
o | (100 L L 1 (Q2) 4 TS (01, 0,00) L K(Q2) ) + (1> 2)
1—;132Z Z23

e Three-body vacuum to meson non-perturbative matrix elements
XrA o = Xpa,o (21,22, 23, 21, 22, 23) =
o A— q— 4 —
dz; dz, dz3
oo 2T 2W 2w

+ +

efzzlq z, —iT2q

2y —izgqt g <M DM ‘w(zl F gF_5 (23) 22)‘0>

s 5=0

Again, at this stage, zf, zg, zf are arbitrary, in principle off the light-cone. 13/23



Covariant collinear factorization

Covariant collinear factorization = non-local OPE (1)

e expansion in powers of the hard scale
= expansion of string operators in powers of deviation from the light-cone

[Balitsky, Braun (1989)]
e.g. up to twist 3:

e 2-body: expansion in powers of 72 (r2 — 0) of

<M(pM) ‘E(r) yry (0)\ 0>T+:O and <M(PM) ]@(r) SR (0)\ 0>T+:O

e 3-body: expansion in powers of (23 — ,231)27 (z2 — Z3)2
((z3 — 21)%, (22 — 23)2 — 0) of

(Mpar) [B (1) TN gFg (z0) 6 ()] 0) ,

%1,2,3=

o cach coefficient of this OPE expansion
= finite sum of on-light-cone non-local correlators

e for each term in this Taylor expansion:
vacuum-to-meson matrix elements contribute to different kinematic twist:

. T . . * 2 _
e matrix element = linear combination of pas, 74, My (now r= =0)

e coefficients depend on the available Lorentz inv. pys -7, epr -7, m?\/l

e these quantities have different scaling in the QQ — oo limit

14/28



Covariant collinear factorization

Covariant collinear factorization = non-local OPE (2)

e example: parametrization of the 2-body vector matriz element (up to twist 3)

(Man) [ )y 1,0 (0)] 0) |2

R R C L)) s (v)
NmeM/d:te M ph e (x) + ey 91 (@)
0 (pas - 1) ’
~0Q ~1
twist 2 twist 3

e up to twist 3:
only the first term in the Taylor expansion of the off-light-cone
matrix elements survives

the next one is twist 4, i.e. 22 suppressed

we keep twist 2 and twist 3 terms:

2-body: — twist-2 and twist-3 (kinematic) (see above example)
3-body: — twist-3 (genuine)
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Covariant collinear factorization

Covariant collinear factorization = non-local OPE (3)
[Braun, Filyanov (1990)]
[Ball, Braun, Koike, Tanaka (1998)]
e Minimal basis of independent distributions (twist-3 collinear DAs)
e Minimal numbers of parameters

e Easy to perform the calculation directly in coordinate space

e 2 and 3-body operators in gauge invariant form, on the light-cone 2% = 0

(M (par) |9 (2)T'x [2, 0] 4(0)[0)
(M(pan)|(2)va [2, t2] g I (82) [£2, 0] 4(0)[0)

¥
(M (pa1)[ih(2)737° [, 2] gF™ (t2) [t2, 0] 9(0)|0)

where

[2,0] = Pexp [ig /0 Laear (t2) ZH]
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esults: tunst 3 expansion

A subtlety: making contact with covariant collinear factorization

e before twist expansion, our result does do not contain gauge links between
fields

e this should be taken into account, through:

1 1
P exp [ig/th”(tz)zu}zl—i-ig /th” (tz) zp + ..o\ (2)
0 0

e it does not affect the 3-body twist-3 result
e it does contribute to the 2-body twist-3 result
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Results: twist 3 nsion,

3-body twist-3 expanded result

V3 (1, 2,23, 21, 22, 23)

+ + 3
eqgmprCy Py €q om —ix, zj
=————06(1—"L)|egp— —¢q 5 Il ()01 — x;)e *FiPMZj
8 < q+><qp at P)(M p )(_ 5)0( 5) )

x{_ifg’MgWV(zl,m) |:(42g’f1 1”“'”2 ki (Q2) + T ({a l})zf’”K (QZ)) — (1o 2)}
23

s lihol L A, o) | (16 D10 (@2) + T () B Ko(@2)) 401 2)

V(z1,z2) = genuine twist-3 vector DAs
A(z1,z2) = genuine twist-3 axial DAs

fﬂ‘fl and fAA;I = normalization constants
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Results: twist 3 expansion

2-body twist-3 expanded result

Par ef M

Uy (z,7) = eqgmpr fud | 1 — =5 Equ — —qqu EMa — ——PMa
- ¥ +
q q I

X {—iri(h(x) — h(z)) (quu +(z—7) —id )

ori,

9@ -3V @)\ o
+€”V+7E+O‘76TL5 oL L v 1 L Ko (W) s

v
orl

with

@) = [ du (600 - o ().
f 1-z V (zq, z7)
3M / / . 0 _mqq_ iq)2 ,

A T 11—z A _
'gvgfl) (z) = 4—f3M / dzg / dzg —(xq,mq)
I Jo 0 (1-

Tq — xg +1€)2
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Dilute regime: two-body contribution

abc
e Reggeon definition [Caron-Huot (2013)] R%(z) = / In (Uz°>
g

e Expansion of the Wilson line in Reggeized gluons

1
Ve, =14 igt R (z1) — 592tatbRa (1) R® (21) + O (¢°)

¢ BFKL kr-factorization

dilut 9> dsd d%e !
ASHUYe = 2 1 A U d
2 4Nc( 7)%0%(q — P )/ (2m)d ( )/0 x

x {qh (x,zf x;xA) + B (z,fﬁf x;"“A) — ®y(x,ZA) — <I>2(:Jc,a:A)}

@3 srkL(z, 1, A)
e U(l) = kp-unintegrated gluon density (UGD) in the BFKL sense

ue) = /ddve*“‘-"”) (P@) R (3) R (-3)]P0) .

e &y is the Fourier transform of Wy 20/23




Explicit two-body term in the dilute and A =0 limat

e BK impact factor
Do A—o (z,1) = 2mmps frreqd(l — p&/qu)
212 2TQ?
X ﬁTf. P2 () — ﬁTn.f. $2.n.t. ()
[I? + 22Q?] [1? + 22Q?)
e Helicity (flip and non-flip) structures and DAs combinations
9" (@) ~ 31" @)

Tos =€q €y $2.n.1.(2) = (22 — 1)(h(2) — h(z)) + 1

a1 @) -3 @)
4

7 = Eo DR Do e b0 () = (22— 1)(h(z)—h(z))

e Forward limit matching
BN (2,1) = 2 (P2,a—0 (2,1) — P2, a—0 (z,0))
¢ BFKL impact factor
PN (2,1) = dmms fareq(1 —p}y /aT)
2 272 =02
Wﬂ‘ 9e.(x) + %TM 6u.1.(2)
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Explicit three-body term in the dilute and A =0 limit

e The 3-body BFKL impact factor is a combination of 12 BK impact factors
3 .
@3 ({z}, {p}) = (H /dzzjeilszj) U3 ({z},{z})
=1

e Transverse to transverse transition in the forward and dilute limit

qdilute _ 92 (2mys (1 PX/[ 2 )252( )/ dde U
3T,A:0*equN ™ o+ ™ 49— PmMm (2m)d

c

S rlde; \ 6(1—2p — @ — £?
X <1:[1/0 T ) Mi{Tﬂ [f;/MV(xl,am)—f;MA(arl,xg)]

z; z3 Q2
%2, z3cf : z3Cf B z3 (I—Cf) 4 T2 — Ticy z1 — Tacf
24 2R 24 FEBQ2 24 MR Q2 0 24013107 £2 4 2275Q2

~Tos [£30V (21, 02) + 5 A (1, 22)]

% ( (1—Cf)1153 szg (zz—ilcf) 1T (zl—izcjz)iz>}

2302 + 2122Q2 ZT1£2 + zow3Q? Ty (L2 +2121Q3) B (€2 + 2222Q2)

e The forward and dilute limit matches our previous result
[Anikin, Ivanov, Pire, Szymanowski, SW (2009)]
BFKL approach + twist-expansion via light-cone collinear factorization
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Summary

e Transversally polarized light vector meson production
e DVMP in the non-linear regime in the transversely polarized case

e Both forward and non-forward results and s-channel non-conserving
helicity amplitudes

e Coordinate and momentum space representations
o Reggeized gluon expansion [Caron-Huot (2013)] = BFKL results
e To be used for a complete description of HERA and future EIC data

e Higher-twist corrections are essential to describe medium energy data of
exclusive processes:

data for ep — em?p need a twist 3 70 DA [M. Defurne et al. (2016)]

e Method to deal with twist corrections at
small-z including saturation
e what’s next? what about the NLO frontier?
e Wandzura-Wilczek approximation:
no genuine twist-3, i.e. no ggg 3-body
in principle, ”straightforward “
e Full NLO? Out of reach for the moment
without a full automatization of the

calculations...
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