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Deeply virtual meson production (DVMP)

e Exclusive vector meson &
leptoproduction @

7 (py) + P(po) = p(pp) + P(po) -
o Extensively studied at HERA @

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

[Ivanov, Kotsky, Papa (2004)]
[Boussarie, Grabovsky, Ivanov, Szymanowski, Wallon (2017)]

[Mantysaari, Pentalla (2022)]

e Transversally polarized vector meson production start at the twist-3

[Diehl, Gousset, Pire (1999)] [Collins, Diehl (2000)]
e Collinear treatment at the twist-3 leads to end point singularities
[Mankiewicz, Piller (2000)] [Anikin, Teryaev (2002)]

2/17



Transversely polarized vector meson production

e HERA data for the p and ¢ meson [F.D. Aaron et al. (2010)]
Y Ay)p = V(Av)p Ay =0,1,—-1 and Ay =0,1,—-1
Ti1/Tao Tor / Too Tio/To o Ta1 /T
s Eente oafoHlp '1 FeHie n- Fenip
ozs [* | o 2 U
0.5 :—'- - 02 #’ . .n:, j“ . &
025 - Pha) [ i) I Lo L@
[ 20 0 20 } 20 20
Q*[Gev’] @* [GeV) @* [Gev] @’ [GeV]
T4/ Ty To1 ' Too T/ T T Tog
F 0.2 0.2
|j:||1¢ oafrHTe o ferte m;.u;q,
075 | P - o 3
o5 Foa 02 I $ o T I o E £
05 |- a i 01| 0.1 Fx
X L °) L1 . 9 ,E h)

20 0 20 0 20 0 20
a*[GeV’] Q* [GeV] Q* [GeV] Q* [GeV’]

e Exclusive vector meson production at the twist-3 in the dilute (BFKL) limit
and forward case
i. Restricted to s-channel helicity conserving (SCHC) amplitudes
7. Saturation effects only for the Tpo
[Anikin, Ivanov, Pire, Szymanowski, Wallon (2009)]
o Phenomenological studies at small-z
[Besse, Szymanowski, Wallon (2013)]
[Bolognino, Szczurek, Schifer, Celiberto, Ivanov, Papa (2018-2021)]
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wave approach

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

2
+ Q
f— D n —
Pp =Pp 2p;r 2
m2 _
Dt = ——n1+ P N2
2p;

+ _ s
pprt N\/;

2 2
n1:n2:0 n1-n2:1

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)]

o - + o 7 + o T
AR(ET kT k) = AM(K™ > epy k™, k) + bH (kT <epy k™ k) "< 1
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e Large longitudinal boost: A = }f—’g ~ Y2

B mi
btat,a=, @) =A"1bf (Aat, A"z, 7)

b= (zt,27,%) = Aby (Azt,A7127, %)
bi(zt,27,&) =bi(Azt, A1z, %)

boost
—_—

AV

u bzt 27, %) = §(z)B(@)nh+0 (A7)
by (z)
Shockwave approximation

e Light-cone gauge A-ngs =0
A-b=0 = Simple effective Lagrangian
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wave approach

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

V; = 1+ig/::o dz;rb; (zj,z_})-i-(ig)Q /_; dz+dz+b (z zl>b; <z;.r,2’i)9 (z:;)-i-
= + 3 +

+oo 4
VI =Pexp {zg/ dzj'b; (Zi

—o0

e Factorization in the Shockwave approximation
M" = N, /ddzlddzz " (21, z2){P' U} (21, 22)| P)

e Dipole operator

1
n _ nynt
Z/{i]. =1- N, Tr (vz_ivgj )

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

[Jalilian-Marian, Iancu, McLerran, Weigert, Kovner, Leonidov]
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Theoretical framework
o Effective background field operators
)

[t (20)]4 o =% (20) = /dD22Go (202) (Vsz - 1) YFP (22) 6(25
[Vetr (Zo)}zar@ =1 (20) + /dDZNZ) (z21) 7" (Vz; — 1) Go (210) 6(21)

(20) + 2i/dD236(z;')Fﬁa (23) GH - (230) (U2 — 6°)

[Asffrl (zo)]z3<0 = Ara

e Shockwave effective Feynman rules are easily reproduced
_ _d/2 + 0\ /2
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¥ g 20)] <o = [Vl (0] s _, liova) = 55577 (—zo* a0z
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Gij (e2020)| g 50n it = Vile2) [Dom (20)]
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p-meson production: diagrams

¢ Two-body contribution

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

Ao = iy [ aPs00(~x) (P (o) M (paa) [ (20) 40 g 20)| P (9))

e Three-body contribution

i. Distributions with a non-minimal parton configuration
Asg = (7ieq)(ig)/dDZ4dDz09(fzI)9(fz6r)

X (P (1) M (par) [P (20) 7 AL (20)1°Gl210)20e ™ @) st (20)| P (9) )
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p-meson production: factorization

e Two-body contribution v<>>® @@

Asg 7zef/dDzo/dDz1/dD220( zo 5(21 )<M(pM ’d) z1) F/\dz (22 ‘ >
< (P @)

e Three-body contribution v@ @@

Agz = —ieq /d 24dP 23dP 20dP z1dP 200(— )6(z2 — e—i(a-20)

x (P (¥)

1 1
1-— ﬁtl‘ (VzIVzTQ) *trD +(;0 210) qu —ile ZO)GO 202)’Y+F)\:|

(vartvhtuz) | P () <M (par) ]w (21) rAgFfa (23) % <z2>\ 0)

1
X NZ 1trD ['erGo (214) TGP+ (234) Go (240) €qGo (202) 7+F>\} —n.i.
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Results: two-body contribution

e Dipole amplitude

1
As :/ dz/d2r\If (gc,r)/ddb eila—Pu)b <P(p/)
0

)

1— Nictr (VbJrEerszT)

¢ Coordinate-space impact factor

Pir ef
Vo (z,7) =eqd | 1 — e Equ — pe

X |:¢A{+ (z,7m) (2;1:5:(1“ —i(z — ) ) + E‘“J+7¢«,+75 (x,r)8:| Ko <v IfQQTQ)

v
orl

ori,
e Two-body vacuum to meson matrix elements
bt = [ i (o]
byep(er) = o [ e (M oan) [ )7 0 O 0)
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L.

esults: three-body contribution

e Three-body amplitude

3
.A3 = <H /dxﬂ(mﬂ) 6(1 —T1 — T2 — xg) /d221d2z2d2z3eiq(11z1+12z2+13z3)
i=1

)

x V3 (x1,22, 23,21, 22, 23) <P ®)

1
uzlzguzgzz *uzlz3 - uzgzg + ﬁuz1z2
c

e Coordinate-space impact factor

+ N2 +
eqq €
V3 (w1, 2,73, 21, 22, 23) = 2€47r) N2 C_ 1 (5110 qi qP)
c

1T zZ
X{XWU {(419” e QKl(QZ) +Tfpu(w1712,$3)%MKo(QZ)) (I« 2)}
1—22 2 253

Xyt 5o {(4eﬂﬂ+—ﬂ9m(@z> + T;P"(ml,zz,mg)m%Ko(QZ)) Tl 2)} }
1—x2 Z 253

e Three-body vacuum to meson matrix elements
XTA o = Xpa o (21,22, 23, 21, 22, 23) =

*dz; dzy dz3 + +

2 2w 2w

e—zzlq z, —ix2q

gy —izsqt ey <M DM ‘w(zl F gF_5 (23) z2)‘0>
s 5=0
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Covariant collinear factorization

e Covariant collinear factorization
[Braun, Filyanov (1990)]
[Ball, Braun, Koike, Tanaka (1998)]

7. Minimal basis of independent distributions (twist-3 collinear DAs)
1. Minimal numbers of parameters

7i1. Easy to perform the calculation directly in coordinate space

o Idea: two- and three-body operators in gauge invariant form

(M (pan)[$(2)x [z, 0] %(0)|0)
(M (par)l(2)7a [z, 2] gFY (t2) [t2, 0] 9(0)0)

v
(M (par)[9(2)727° [z, t2] gF** (t2) [t2, 0] 4(0)]0)

where

[2,0] = Pexp {ig /0 "aear () z#:|

e The expansion for z2 — 0 should be taken
e Expansion of string operators in powers of deviation from the light-cone
[Balitsky, Braun (1989)]
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Dilute regime: two-body contribution

abc
e Reggeon definition [Caron-Huot (2013)] R%(z) = / In (Uzbc)

e Expansion of the Wilson line in Reggeized gluons

1
Vi, =1 +1igt*R® (z1) — 5g2tat”R“ (1) R’ (21) + O (¢°)

¢ BFKL kr-factorization

dilut: 9° dsd d?e !
ASHUYE = 2m)%6 — —A U d.
2 4Nc( m)46%(q — Py )/ (2m)d ( )/0 z

x {@z (a:,if %A) + B (z,flf x;xA) — ®y(z,ZA) — <I>2($,$A)}

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

= [t 1€ (20 e () (3) o)

e ®5 is the Fourier transform of Wy
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Explicit two-body term in the dilute and A =0 limat

¢ BK impact factor
Do A—o (z,1) = 2mmps frreqd(l — p]T/[/qu)
212 2ZQ?
ﬁTf. P2 (v) — ﬁTn.f. $2.n.t.()
[I? + 22Q?] [1? + 22Q?)
e Helicity structures and DAs combinations
g (@) 5" (@)
4

@ -5 @)
4

Tot =€q €y b2,0.1.(z) = (22 — 1)(h(2) — h(2)) +

(eq-)(eps - l)_eq 3y

T =
f. 2 2

$a,5.(z) = (2—1)(h(z)—h(x))

e Forward limit matching
OB (2,1) = 2 (®2,a—0 (7,1) — P2, a—0 (7,0))
¢ BFKL impact factor
(I>123yFAK:I_,0 (z,0) = dmmpar frreqd (1l — pj('/[/qu)
2 212 ()2
WTL dr.(x) + %Tuf. bn.t.(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 ({2}, {p}) = (H /dzzje*”ﬂ’j> s ({2}, {z})
j=1

e Transverse to transverse transition in the forward and dilute limit

dilut 92 PX/[ 2.2 - dde
AT A—o0 = equF(QW)é (1 - F) (2m)~67 (q — PM)/ W“(Z)

c

S rlde; | §(1—ay —ap — 22
y (H/o i) s w2 2 9) o [0 o) — A )]

i=1 Ty x3
2 r3CF r3CF z3 (I—Cf) " T2 — Ti1cy z1 — Tacy
1 Y — — -
2 r2T3 2 2 r1r3 2 2 1T 2 2 T 2 2 T 2
2+ 35559 2+ 51459 2+ 559 2 +2171Q €2 + 2272Q

—Ty £ [f;,YMV (z1,22) + fé“MA (331,902)]

% ( (1—Cf)z153 cfzg (zz—ilcf) 1T (Zl—fisz)fiz)}

2302 + 2122Q2 ZT1£2 +zow3Q? Ty (L2 +212:Q32) - (€2 + 2222Q2)

e The forward and dilute limit matches the previous result
[Anikin, Ivanov, Pire, Szymanowski, Wallon (2009)]

BFKL approach + twist-expansion via light-cone collinear factorization
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Summary

Summary
e Transversally polarized light vector meson production
[Boussarie, M.F., Szymanowski, Wallon (arXiv:2407.18115)]
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
e Reggeized gluon expansion [Caron-Huot (2013)] = BFKL results

e Complete description of HERA and future EIC data

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

Q2 (GeV2)

[M. Defurne et al. (2016)]

e Method to deal with twist
corrections at small-z AZ

1 i i Confinement Regime
including saturation = P
10° 10

X
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e Large longitudinal boost: A = }f—’g ~ Y2

B mi
btat,a=, @) =A"1bf (Aat, A"z, 7)

b= (zt,27,%) = Aby (Azt,A7127, %)
bi(zt,27,&) =bi(Azt, A1z, %)

boost
—_—

AV

u bzt 27, %) = §(z)B(@)nh+0 (A7)
by (z)
Shockwave approximation

e Light-cone gauge A-ngs =0
A-b=0 = Simple effective Lagrangian

2/14



wave approach

e Interactions with the simple shockwave field

i. Independence from £~ => conservation of p* (eikonal approx.)

ii. §(zT) = interactions at a single transverse coordinate.

e Quark line through the shockwave

. +§+§0§+

+o00 +oo
Vz, = 1+ig/ dzith, (zj,zi)+(ig)2/ dzfdzfoy (=02 (F,2)0 (=) +
— 00

—o0

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

VZI' = Pexp |:ig/;+oo dzj'b; (z?’,é’)}

oo
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Balitsky-JIMWLK evolution equations

e Balitsky-JIMWLK evolution equations for the dipole
[Balitsky — Jalilian-Marian, Iancu, McLerran, Weigert, Kovner, Leonidov]

Uy,  asNe / 2 ( Z2
= d?7s | =125 ) |Ups + U, —Up, — UL
on o2 e 13 32 12 1332
BFKL
ou U Balitsky
g 32 _ ... — hierarchy
g

e Double dipole contribution and Dipole contribution

e Dipole contribution
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Balitsky-Kovchegov evolution equats

e Large-N, limit [G. ’t Hooft (1974)]

J j 2 Jok

@ .a 1 1
tijt = 3 (5il5jk - F(Sijtskl)

e Double dipole — Dipole X dipole

(UsUzh) — (Us) (Ush)

e Hierarchy of equations broken — closed non-linear BK-equation
[I. I. Balitsky (1995)] [Y. V. Kovchegov (1999)]

OUy) _ ale [ ) L0y + @) = et = Wl et)]

- 2 7272
on 27 Zy5 25

with (U,) = (P'[U,|P)
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Transversely polarized p-meson production

e The leading DA (twist 2) of pr is chiral odd (¢*” coupling)

e The amplitude for v*N — pr N’ is zero to all order in perturbation
theory at the leading twist

[Diehl, Gousset, Pire (1999)] [Collins, Diehl (2000)]

e Lowest order diagrammatic argument:
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Light-cone collinear factorization

e Most general two-body amplitude

d*k —ik-z i j 1,
o= [ Gyt [ atee M oan) B () 04 (0)10) 1,
k=zpnr+q

0

e The separation is choosen as 2" = Any = no Wilson line in the ng
light-cone gauge

e Sudakov decomposition: k = ktni + g = xpys + ¢ and small g expansion

e Two-body amplitude after Fierz decomposition

D 7'sz+ 27 —iq 2zt +i(q-2)
Az = d”ze M
4NC M/ / (27r /

x (M (pan) [ (2) Tt (0)| 0) tr [ Ho (wpas + ) T
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Light-cone collinear factorization

e Taylor expansion of the hard part

Hs (zpp + q)} + h.t.

k=zpps

16)
Hs (xpyv +q) = Ha (xpar) +qip [K
m

e Two-body amplitude factorized form up to the twist-3
1 dz= .+ -
+ — A
v e [ oo {(M @) [7 ) T ) 0) i 2 eoan) T

+i <M (par) ‘E (27) 8 1ula (0 )0> tr [6“ Ho (sz)l"’\]}

Ay =

e (Gauge invariance is broken = need to include a 3-body contribution

0
w

e Three-body contribution factorized

1 2 fdzq dzg _iz ot 2 —in o pt a—
A3 = ————— /dm dx ( +> / 9 79 oT'®qPpEq TPy Eg
P oz o) 9%a \Pm 27 2n

x (M) [6 (27) TagAu (25) ¥ (00| 0) tr [ B (@qpar, wgpar) T

8/14



Light-cone collinear factorizatio

o Light-cone collinear factorization
[Ellis, Furmanwski, Petronzio (1982)] [Anikin, Teryaev (2002)]

e Factorization around the dominant light-cone direction is naturally
implemented in momentum space

e Overcomplete set of distributions must be reduced exploiting QCD
equations of motion

({(D(0)3(0))aths(2)) = 0 <iwa<0)<$<z)5(z)>a> =0

e Invariance of the amplitude under rotation on the light-cone
[Anikin, Ivanov, Pire, Szymanowski, Wallon (2009)]

i. Independence of the amplitude from the choice of n

7. Given a “natural” choice ng, we can define
n* = ap” + Bnf +n']

iii. Imposingp-n=1landn?=0— =1 ,a:—ni/2

7i1i. The freedom is parametrized in terms of the transverse component

0A

m
on'|
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Covariant collinear factorization

e Matrix elements without gauge links need to be related to the fully gauge
invariant one within twist-3 accuracy

e Three-body matrix element
(M) [ (z0) P 9F" (29) 6 ()| 0)
= (M(p) [9(z0) 20, 2617 9P (29) 2, 2al ()| 0)
e Two-body matrix element l

(M pan) |9 (0) [, 010% (0] 0) | 4= (M (pan) [# () T (0)] 0)

+=0 rt=0

e Expansion of the gauge link

1 1
[2,0] = Pexp [zg/ th“(tz)zM} ~1+ ig/ dt AV (tz) z, + hut.
0 0

e In a given n light-cone gauge
oo
Al (z) = / do e ““n, F* (z + on)
0

e The difference between the two matrix elements is parameterized in terms of

a three-body contribution
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Dilute regime: three-body contribution

e Linearization in the three-body case — combination of more impact factors

Agite _ (ﬁ /dzie(mi)> 5(1— a1 — a2 — xg);]f]j / (j:;du(e)
{<1>3 ({2}, 21A, —22A, —23A) — D ({ ( 2“) AL A, (1*2213> A+l)

-2 1—2
—3 ({a:} ( “) A+l —2A, ( x‘”’) A l) + @ ({a}, —21A, —z2A, T3A)

1-2 1-2
10, ({2}, —z1A, —22 A, T3A) — B ({x},—xlA,( 2”)A+l,( 2“’03)A—z)

— @) ({x}, —nA, ( 2”)

- [@’ ({z}, 71 A, —22 A, —z3A) — ({x} ( 29”1) A1, (1 _2212) ALl —:l:gA)

1—2x
, ( 3) l) + & ({2}, —21A, T2 A, —z3A)

N2
— 9, ({z} ( 2ml> A1, (%) A1, —ng) + @ ({m},—zlA,:igA,—zg,A)} }

where

®53({z}, {p +oppr}) = ®3({z}, {p})
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Dilute regime: three-body contribution

e Fourier transform

3
@3 ({z},{p}) = (H/dQZje_iz“’f) s ({z},{z})
j=1

e Momentum space impact factor (after twist expansion)

+ B +
eqmpg € * V4 p
oo = ey (e - ) (- B ) (1- 52

M
y ﬁ (1 —z;)8(z;) | (2m)20 (Z?:l p; + me)
¥ [Q2 +30 1 (p + xiPM)2/Ii]

z122(p3 + T3pMm) 1y — 123(p2 + T2Par) 10

122
{gBonYMV(foL?) <4gf_‘1 12y

j=1

T ({2}, =

) — € 4opfin Az, z2)

i=TEIPM (P1 +21Pp)2 F 21 (1 — 1) Q2
T1T2 - z122(p3 + T3par) 1w — T123(p2 +$2PM)LU)
x (422 7Pt 4 TP Uz
( 1— o Y (P +z1pp)? +H21(1 — 21)Q2
+(1+4+2)
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Higher-tunst p-meson DAs

o Twist and chiral classification of the p-meson distribution amplitudes
[Ball, Braun, Koike, Tanaka (1998)]

e Two body distribution amplitudes

Twist 2 3 4
o) 0(1/Q) 0(1/Q%)

e ol h‘(‘t)y hﬁs) g3

eL o 9, gl hs

(v)

° g andg( )

are the vector and axial two-body twist-3 DA
(M(par)[#(2)0'x [2,0] $:(0)]0)

e Vector and axial three-body twist-3 DA

(MaD)[B()n [2, 2] g (£2) [t2,01 9(0) 0)

(MAD[B() [2, 2] g (£2) 22,01 9(0) 0)
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Tunst-expanded photon meson wavefunctions overl

e 3-body twist-expanded photon meson wavefunctions overlap

+ +
egmpyrc P € « p _
U3 ({z}, {z}) = 1L 8j‘f Ls (1 - q—ﬁ”) (sqp - q—iqp> (ﬁ - et ) (H 0(x;)0(1 — xj)e CiPMZj )
Ppr j=1

x{ — ifgp9ouV (21, 22) Kug i = j QL K1(Q2Z) + TP (21, 2, 23) 2““K0(Q2>> —-(1 e 2)]
2 23
oot Q vou .
metonfihiol A ee) | (47T 2 20 (Q2) 4 TE (01,00, 0) ZE Ko (@2) ) + (0 )|
11—z Z z23

e 2-body twist-expanded photon meson wavefunctions overlap
+ + o+
P e 5
Uy (2, r) =eqmparfud (1 — 2L ) (eqp — Lau ) (ehra — 2Pra
at qt s
Pym

(a) ~(a)
—10 - o
+€uu+7€+o¢75TL5 9, (@) -3, (=)
4 ory.

ory,
X Ko (\/xa’:erQ)

e Genuine twist-3 related DAs

X |:7iri (h(z) — h(z)) <2zzq + (z — )

T f3M ’I _ zq, Tg) ~(a) f3M - A (:cq, )
hie) = / / lfzquq)2 / / deg (1 —wq — g + i€)?
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