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Deeply virtual meson production (DVMP)

e Exclusive p-meson &
leptoproduction @

7 (py) + P(po) = p(pp) + P(po) -
e 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 p-meson production start at the twist-3

[Diehl, Gousset, Pire (1999)] [Collins, Diehl (2020)]
e Collinear treatment at the twist-3 leads to end point singularities
[Mankiewicz, Piller (2000)] [Anikin, Teryaev (2002)]
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Transversely polarized p-meson production

e Momentum space impact factor for the exclusive p-meson production
at the twist-3 in the dilute limit (BFKL scheme) and forward case

[Anikin, Ivanov, Pire, Szymanowski, Wallon (2009)]

e Phenomenological studies at small-x

7.

[Besse, Szymanowski, Wallon (2013)]
[Bolognino, Celiberto, Ivanov, Papa (2018)]
[Bolognino, Szczurek, Schéfer (2019)]

Restricted to s-channel helicity conserving (SCHC) amplitudes

e FExclusive light-meson production at the twist-3 within the
Shockwave approach

21210,

[Boussarie, M.F. , Szymanowski, Wallon (to appear)]

Saturation corrections to DVMP in the transversely polarized case

. Both forward and non-forward results
.. Beyond SCHC
ii. Coordinate and momentum space representations

Linearization [Caron-Huot (2013)] = BFKL results
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Theoretical framework

o Effective background field operator formalism of small-z physics

[Balitsky (2001)]
e G0l = (z0) = [ P2 (aon) (V2 = 1) v (a2)8(:5)

[Vt (ZO)LO+<0 =1 (20) + /dDZNl; (z1)7" (Ve —1) Go (210) (1)

[ (20)]5 oo = A" (20) +2i / AP 258(2 )P, (28) G174 (230) (UL — 6°°)
e Higher-twist formalisms

i. Covariant collinear factorization

[Braun, Filyanov (1990)]

[Ball, Braun, Koike, Tanaka (1998)]
7. Light-cone collinear factorization

[Ellis, Furmanwski, Petronzio (1982)]
[Anikin, Teryaev (2002)]
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wave approach

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

2
+ Q
Pp =DPpN1 — —FN2
! 2p;
2
Pt = —tni+p; no
2p;
_ S
Py ~Dp ~ \g

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
[I. Balitsky (1996-2001)]
AR(KY kT k) = ARkt > epf kT k) + 0t (kT < epf kT k)
e K1
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e Large longitudinal Boost: A = itﬁ ~ X5

B my

btat,a=, @) =A"1bf (Aat, A1z, D)
b= (zt,27,%) =Aby (AzT, A1z %)
bi(zt,z7,&) =bi(Azt,A"127,7)

boost

v

m bzt 27, &) = 6(zT)B@)nb+0 (A7)
by ()

Shockwave approximation
o Light-cone gauge A-ng =0
A-b=0 = Simple effective Lagrangian

6/24



wave approach

e Interactions with the simple shockwave field

i. Independence on x~ == conservation of pt (eikonal approximation)

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

o Quark line through the shockwave

. +§+§0§+

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

—o0

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

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

oo
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wave approach

o Factorization in the Shockwave approximation

M = NC/ddzlddzg <I>"(z1,z2)<P' }Z/{{’Q(zl,zg)‘ P>

1
e Dipole operator Lli"j =1- N Tr (Vf’ Vf”L)

- Z %
o FEvolution equations
e Balitsky-JIMWLK evolution equations

[Balitsky (1995)]
[Jalilian-Marian, Iancu, McLerran, Weigert, Kovner, Leonidov]

e Large N. — Balitky-Kovchegov (BK) non-linear equation
[Balitsky (1995)] [Kovchegov (1999)]

e Evolution at the NLO
[Balitsky, Chirilli (2007)] [Kovner, Lublinsky, Mulian (2013)]
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p-meson production: diagrams

e 2-body contribution

i. 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 s (20)| P (9))

e 3-body contribution

1. Distribution with a non-minimal parton configuration
Aag = (~ieg) (ig) [ dPzdP200(~2D0(~)

X <P (p") M (par) ‘Eeﬂ (24) 1AL (22)t° G (240)Eqe (T 50 o (Zo)‘ P(P)>
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p-meson production: factorization

e 2-body contribution v<>>® @@

Ao 7zef/dDz0/dDz1/dDz20 5(22 M (par)
< <p(p')

e 3-body contribution W@@X @

Agz = —ieq /d 24dP 23dP 20dP 21dP 200(— 23)8(23)8 — e ia20)

x (P (¥)

tret (21) T ( 22)‘ >

1
7trD +G0 210)5q671<q ZO)GO 202)’Y+F)\:|

1- Nictr (Vi Vd, )| P

(v evieug) | P ) <M (p1) ]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: 2-body contribution

e Dipole amplitude

1
Az :/ d:r/dQ'r\I! (x,r)/ddb eila—Pu)b <P ®")
0

@)

1— Nictr (Vbﬁrv,jm)

e Wavefunction overlap

Pir 2]
Uy (z,7) =eqd0 | 1 — F Equ — qjqu

X |:¢'y+ (z,7) (251753(1H —i(z — ) 0 ) + E'Lw+_¢'y+'y5 (x»"')a:| Ko (\/ 15Q2T2>

v
oriy, ort

e 2-body matrix elements
— 1 o — i:cp+ r ‘7 + ‘
byi(er) = 5o [ drme i (M@ [F0 e O)]0)
oo

Bt a5 (z,7) = % /;oo dr—ei™PaT <M (par) ‘E(T) Yty (0)‘ 0>T+:0
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esults: 3-body contribution

L.

e 3-body amplitude

3
.A3 = <H /deG(Z‘-L)> 6(1 — X1 — T2 — xg) /d221d2z2d2z3eiq(z1z1+12z2+13z3)
i=1

)

X W3 (1,22, T3, 21, 22, 23) <P ()

uzlzguzgzz *uzlz3 - uzgzg +

u z12
2 122
Nc

o Wavefunction overlap

+ N2 +
eqq €
V3 (w1, 2,73, 21, 22, 23) = 2€47r) N2 C_ 1 <5qp qi qP)
c

23

et | (16777 2 210 (@2) + 15 o1 00,00 Ko @2)) + (1 0 2)]
— &2

23

o T1T - z
x| (40072 LR Q) + TP (a1, a00) 25 K0(Q2) ) - (10 2)

e 3-body matrix elements

Xrx o = er,a($17$2vx3,zl,22,Z3) =

co — —
dzl d2’2 dZS —iw1qt 2] —izoqt
9 e 19 2 29

Z2 —2173(1 23 M ‘ F F_ ‘0
2 2w 2w < (par) [ (21) g (23) % (22) >

s 5=0
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Covariant collinear factorization

o Light-cone collinear factorization
[Ellis, Furmanwski, Petronzio (1982)] [Anikin, Teryaev (2002)]
i. Factorization in mom. space around the dominant light-cone direction
4. Overcomplete set of distributions — reduced by QCD egs. of motion
and invariance of the amplitude under rotation on the light-cone
[Anikin, Ivanov, Pire, Szymanowski, Wallon (2009)]
e Covariant collinear factorization
[Ball, Braun, Koike, Tanaka (1998)]
4. Minimal basis of independent distributions
7. Minimal numbers of parameters
7ii. Easy to perform the calculation directly into coordinate space

e 2- and 3-body operators in gauge invariant form
(M (par)[d(2)Tx [2,0]4(0)|0)
(M (pan)p(2)7a [2, t2] gFH¥ (t2) [t=, 0] 4(0)|0)

par)(z
(M (par) [ (2)vx [, t2] gFH (t2) [t2, 0] 1(0)|0)

where |
[2,0] = Pexp |:zg/ dtA* (tz) Zu}
0

o Expansion of the matrix elements in powers of deviation from the light-cone
2 _
z=0
[Balitsky, Braun (1989)]
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Covariant collinear factorization

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

e Three-body matrix element
(M) [ (20) Y gF* (29) 6 (3)] 0) = (M(p) [Bz0) 20, 2617 9F (29[, 2al46(2)| 0)
¢ Two-body matrix element

(M @) [5 @) .00 (@] 0) | (M (par) [# () T4 (0)] 0)

rt=0 r+=0

e In the two body case we need to expand the gauge link to relate the two
matrix elements

1 1
[2,0] = Pexp [zg/ thM(tZ)ZH} ~ 14 ig/ dt AV (tz) z, + hut.
0 0

e In a given n light-cone gauge
oo
At (z) = / do e n, F* (z 4+ on)
0

e Then the difference between two matrix elements is parameterized in terms
of a 3-body contribution
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tlute regime: 2-body
fabc

In (U;’c)

e Reggeon definition [Caron-Huot (2013)] R%(z) =
gla

e Expansion of the Wilson line in Reggeons

1
Viy =1 +1igt*R® (z1) — 592tatbR“ (1) R’ (21) + O (¢°)

¢ BFKL factorization

. 2 ddz
Agie = 2 (@) 5tia —pa - &) [ Su [ o

x {% (x,e— w;”A) 4 D (x,—e— w;wA) — By(z,ZA) — <I>2(a:,—a:A):|

@y rrL(z, 1, A)

U(l) — kp-unintegrated gluon density in the BFKL sense
= a9 (2 ) e () ()] )

o Three-body case — combination of more impact factors
e The forward and dilute limit matches the previous results
[Anikin, Ivanov, Pire, Szymanowski, Wallon (2009)]
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Diffractive dijet/hadron production

o Precise predictions to detect saturation effects at both the EIC or LHC

[Iancu, Mueller, Triantafyllopoulos (2022)]

e Possibility of studying multi-dimensional gluon tomography
[Feng’s talk] [Hatta, Xiao, Yuan (2022)]
[Hauksson, Iancu, Mueller, Triantafyllopoulos (2024)]

e Diffractive dijet/hadron(s) production at NLO

Y (0y) + P(po) = 41 (ph1) + j2(ph2) + P(pp)
[Boussarie, Grabovsky, Szymanowski, Wallon (2016)]

Y (py) + P(po) = hi(pn1) + ha(pha) + X + P(py) (X = X1 + X2)
[M. F., Grabovsky, Li, Szymanowski, Wallon (2023)]

Y (D) + P(po) = ha(pn1) + X + P(pp)
[M. F., Grabovsky, Li, Szymanowski, Wallon (2024)]

X i. General kinematics (¢, Q%) and photon
polarization

ii. Rapidity gap between (h1haX) and P’

_2

o2 2
rapidity gap . P Pry > Agep
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LO cross-section

_2
e Sudakov decomposition for the momenta: pt = z;pdn§ + 5 E_nb +p/|
z;p3

Dl
pq 4 :

Pi phe

e Collinearity (p§ ,7y) = (¢q/@n,) (P}, Pny) and (pf,5g) = (wq/Tny) (P}, Phs)

dog)y? :Z/l d&/l %(&)d<ﬁ)d
dp, dxp, d?Ph, d?pho 7 Jen, Ta Jap, Ta \Tm Tha
Th ho [ Th dé 1
DM (22 ) phe —2)7+h<—>h
. (xq) ; (xq drgdegdifgatpy T )

J, I — photon polarization for respectively the complex conjugated
amplitude and the amplitude.
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Treatment of UV and rapidity divergences

ER L NERE MRS S

Rapidity divergences (zg — 0)

e Coming from ®y, (double dipole part of the virtual contribution)

¢ Regularized by longitudinal cut-off: |pj| = |z4[p? > ap? = Ina term
e B-JIMWLK evolution from the non-physical cutoff a to the rapidity e”

n

o U~ ~ e’ —~
= Uz +/ dp = = Py, — Py, = Py, +2In (;) Kpk@®oWi23
e’

op
UV-divergences (p; — co)

e Just dressing of the external quark lines

® ( 1 1 )
o —
dress 2€IR 2€UV

e e;p = eyy turns UV into IR divergences

18/24



NLO cross-section in a nutshell

o Different fragmentation mechanisms

i. Quark/anti-quark fragmentation
ii. Quark/gluon fragmentation
#ii. Anti-quark/gluon fragmentation

NLO 1-loop

(@) soft + collinear

() collinear

/ T - _
o e raed

(e) : collinear from counterterm

(d): collinear
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NLO cross-section in a nutshell

o Different fragmentation mechanisms e Operator structure classification
i. Quark/anti-quark fragmentation
ii. Quark/gluon fragmentation W ——  doyy  dipole x dipole

#ii. Anti-quark/gluon fragmentation

NLO I-loop me ——  doy,  double dipole x dipole
) N AM/ A
/ \\ ,

WA bee
real contributions
\Mm — doyy  dipole x dipole

. /l
. 1 N %

(d): collinear (e) : collinear from counterterm

(@) soft + collinear

() collinear

dris double dipole x dipole

e dosyy double dipole x double dipole
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IR singularities: Quark/an

e Divergent contributions

=)

doirg dosrg docounter

o Collinear divergence

Pgy
. — — Ig =
i. Pg — Dg = qu

. Dy

T _— 1;‘(] 0 € 1 i Tg generic

Pg.x Ig
o Soft divergence

Pgy
i. Pg = xglU

e [Py L _ .
AN "1 0 e 1 i. xg — 0 and @ generic

Pg.x Tg

e Soft and collinear divergence (zg — 0 and @ — g—q)
q
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IR singularities

o Divergences: gg-fragmentation

-4z

(1): soft + collinear (qg) (2): soft (3): soft + collinear () 4): soft

e Treatment of divergences in a nutshell

doy+dog cont+(do§) — dol') ) +(dof? —do () 4ol — o) ) +((do§D —dolt) ) +docounter
N— e —— N e’

3,s0ft 3,s0ft
(1) (3)
473 Collinear 493 Collinear
e Divergences: gg-fragmentation e Divergences: gg-fragmentation
. i ag(5) . i ag(6)
(5): collinear —» do 3" linear (6): collinear — d037c()]lin(z;1r
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Renormalization of FFs and gluon fragmentation

e Renormalized quark FFs (similar for the anti-quark)

~ xp 2 3
o (2) = ob () =g (4 5E) [1P0 0 00 (Be) + o 2] ()|
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Renormalization of FFs and gluon fragm

e Renormalized quark FFs (similar for the anti-quark)

~ xp 2 3
o () = ob () =g (4 5E) [1P0 0 00 (e) + o 2] ()|

do'1h2 = 74046"](22 E Q2 /1 dz /1 dzgrqx <7zq >d<7zq >d6(1 T zg)
LL = — q arqTq — Tq T Tq
ct (2m)4(d=D N, q K JThy Thy Zhy Tho

2
Qs 1 KE h Th h Th
x LL(727\') <g+ln p‘2>{[qu®Dq”} Tl’ﬂF D§2 TQ’MF
Laq q

(1)
Ty, ho [ Th B
+[Pgq ® Dgl] (711;&%‘)17@2 (T;,#F> + [(Qazquhl) < (q,1671h2)]}+ (h1 < h2)
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enormalization of FFs and gluon fragm

e Renormalized quark FFs (similar for the anti-quark)

~ xp 2 3
pir () = o (o) = g5 (20w ) [1Pw e 000) () [Pra & 00) (o)

do'1h2 = 74046"](22 E Q2 /1 dz /1 dzgrqx <7zq >d<7zq >d6(1 T zg)
LL = — q qrqTq — Tqg — Tq
et (2m)Ad-D N, 71 Jep, Thy xp, Th,

« 1 u2 h Th h Th
XFrLr (*ﬁ) <g+lnT§>{[qu®D{;l} Tl-,IJF D§2 T?,MF
Tq q

(1)
T . Tp B
+[Pgq ® Dgl] (f&u«)DSQ (T;,#F> + [(Qazquhl) < (q,1671h2)]}+ (h1 < h2)

Cq

(6)
o Finite part of the cross sections

don, hy = »_ DI ® Df* @ déay (a,0) = {(2: ), (2,9), (9,0}
(a,b)

e Extension to the semi-inclusive diffractive DIS (SIDDIS) at the NLO
[ML.F., Grabovsky, Li, Szymanowski, Wallon (2024)]
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Summary and outlook

Summary
e Transversally polarized p-meson production
[Boussarie, ML.F., Szymanowski, Wallon (to appear)]

e Full NLO computation of diffractive dijet, di-hadron
production and SIDDIS

[Boussarie, Grabovsky, Szymanowski, Wallon (2016)]
[M. F., Grabovsky, Li, Szymanowski, Wallon (2023)]
[M. F., Grabovsky, Li, Szymanowski, Wallon (2024)]

o General kinematics (Q*,t) and arbitrary photon polarization means
either photo or electro-production

e Detection of saturation and BFKL effects at both the EIC or at LHC
via Ultra Peripheral Collisions (UPC)
Outlook
e Extension of the p-transverse production at the NLO
e Special kinematic configurations — diffractive dijet production in the
back-to-back limit, TMD factorization in SIDDIS
[Boussarie, M.F., Yuan, Szymanowski, Wallon (ongoing work)]

238/24



Thanks for your attention

24/24



Backup



Balitsky-JIMWLK evolution equations

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

UYL,  asNe [ . [ Z2 ,
i S [en (5 ) fu g, -t -,
| —

on 2m2 Z5 75
BFKL
oUysUs, .. - Balitsky
on hierarchy

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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Light-cone collinear factorization

e 2-body amplitude

d4k

Ay = / dze= R (M) (=) v (0)0)HE,,

e 2-body amplitude after Fierz decomposition

w5 ) 5 [

<M (p) ‘w(z Tav (0 ’0> tr [HQ (zp + q) FA]

—iantr —io— 2t +ila-
2 /dDze ixp Tz iq” 2T +i(g-z)

e Taylor expansion of the hard part

Hy (xp + q):| + h.t.

H (2p + q) = Ha (ap) + a1, [
k=zp

9
aql m
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Light-cone collinear factorization

e 2-body factorized form up to twist-3

Ao = 4]1\/,0 /dac p+/dz;e’imp+z_
x {(M ) [¢ (=7) Trv (0)] 0) tr [ Ha (ap) T

+i (M () [7(:7) T 1uTw ()] 0) tx [0 Ha (o) T] }

e 3-body contribution
D D
A3=/ d7kq d7kg /dqudnge—i(kq-zq)—i(kg~zg)
(2mP (2m)?
x (M () [#a (20) T 93 (2) 0 ()| 0) tr [HFSH (g, kig) T

e 3-body contribution factorized

1 2 dz, dzg _. o +.— +,—
Az = 7/(1 d + / 9 79 —iwgpTzg —imgpT 2
BT oz —1) ) Tt D

X <M (p) ’E (z;) TrgApu (Zg) P (0)’ 0> tr [thg’b (xqp, TgD) FA] .
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Dilute regime: 3 body

o General three-body small-z amplitude
3
.A3 = <H /dxﬂ(mﬂ) 6(1 —T1 — T2 — xg) /d221d2z2d2z3eiq(11z1+12z2+13z3)
=1

x V3 (x1,22, 23,21, 22, 23) <P ®)

1
Uzyz3Uzzzy —Uzizg —Uzgzy + ﬁuzlz2 P(p)>
c

e Momentum space impact factor
+ + B
eqq mup £ 8 P ox
s ({2}, {p}) = ey ( - 1qp> <N’? - TJ) 8(a+ —pip)
q Par
3
y ﬁ 0(1 — 2)0(z;) | (2m)*0 ( S P +zmM)
T [Q2 + 25:1(1% + $ipM)2/~Ti]

z122(p3 + T3pMm) L — T123(P2 + T2pMr) Lo

T122
{gaofgyMV(rl,m) (49’1‘1 1
=1 T2

+Tf‘pu({x})|ki_ ) —E_+U,3f§4MA(CC1,x2)

=TTiPMm (P1 +21Pp)2 F 21 (1 — 1) Q2
T1%2 _ ropv z122(p3 + x3pMm) Ly — T123(P2 + Z2pr) Lo
X (422 eoPt T L TIPY (o
( 1— =2 2 })|ki:_”"’M (P +x1pp)? +H21(1 — 21)Q2
+(1++2)
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Dilute Regime: 3-body

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

it 3 _g? adl
AT = /dm@(m) §(1—x1 —x2 —x3) ——
1;[1 o an. J (@n)d

’ _ ’ 1 -2z 1 —2x3
{% ({2}, 214, —22 A, —a5A) — @ ({z}, (T) Al 224, (T) ag 1)
’ 1— 2z, 1—2x3 ’ _
o (foh, (S ) At twaa, (S ) A1) 40 (o) w1 A, w2, T3 8)

, _ , 1—2zo 1— 2z3
+@3 ({z}, 1A, —22A,3340) — &3 ( {z}, —z1 4, — A+, — Al

1 —2xo 1—2x3 ’ _
5 A1, — A+1)+ @5 ({z}, —z1A,T2A, —z3A)

ue)

~2 (=} —araa,

1 , B , 1— 2z 1—2x9
[% ({2}, 714, 224, —23A) — @ ({z}, (T) a-t, (T) At —mSA)

NE

, 1— 2z 1 —2xy ’ -
—®g3 ({z}, ( 5 ) A +1, ( 5 ) A1, 713A) + @3 {z}, —z14A,z2A, 7(L‘3A):|}

where

25({z}, {p + Py }) = ®3({=}, {P})
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Explicit 3-body in the dilute and A = 0

e Forward and dilute limit in momentum space
dilut 9> + 262 da’e
AR o = eqmu £ 2m)a* 5 (a7 = i) (228 (a = par) [ SO
Ne (2m)

S tda\ 51—z — a0 — x3) £2
x(ljlfo f) ( S ’”3)@{% [0V (@1,22) = fihs A (1,22)]

%9 T3cy T3Cf z3 (1 —Cf) T2 — T1cf T1 — Tacy
1 £2+ xT2T3 2 £2+ T1T3 2 l2+ 1T 2 £2 +x1531Q2 €2+$21‘2Q2

To+x3 z1+x3 T1+T2
Tt [£30V (@1,22) + S A (21, 22)]

y ( (lfcf) 13 Cfa';% (IQ 7flcf) T1T2 (xl 727?20f) 1‘2)}

T30 + 2122Q2 T2+ 2223Q2 71 (€ +2121Q%) (€2 + 2282Q2)

o Helicity structures

(eq- (et 1) eq-€%
h=——p gy Tasecek

e The forward and dilute limit matches the previous result

[Anikin, Ivanov, Pire, Szymanowski, Wallon (2009)]
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