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The shockwave formalism
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The shockwave formalism
0@00

Kinematics

Lightcone (Sudakov) vectors

1 1
n = \/;(1’0l7 1)7 n2 = \/;(1’OJJ _1)? (nl : n2) =1

Lightcone coordinates:
X = (xo,xl,xz,x3) - (x",x,%)

xt=x_=(x-m) x =xy=(x-m)
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The shockwave formalism
[e]e] ]e)

Rapidity separation

~pny

Let us split the gluonic field between "fast” and "slow” gluons
AP (KT kT k) = AY(lkT| > e"pT kLK)
+ Bk < e"pt kLK)

e"=e Y x1
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The shockwave formalism
[e]e]e] )

Large longitudinal boost to the projectile frame

1 X
ot 2 Lt (AT o
b (xT x, X) /\b (/\X,A,X)
b~ (x%x %) ’ /\b*(AxtXT,Z)
b (x" x7 %) A ]2 p*(Axt =, %)

m? A

t
m;

b (x) = b~ (x) ny = 6(x")B(X) nk + O(

Shockwave approximation

Introduction to the shockwave formalism
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The shockwave formalism
[ ]e]

Effective Feynman rules in the external shockwave field

Wilson lines :

+oo
U= U] =Pexp {ig/ b, (z,Z) dz"

—o0

Fourier transform of a Wilson line

(B) = /dD*Zz* e Py

+o00 +oo
Ur=1+ ig/ b, (z, Z)dz" + (ig)2/ b, (z, Z)b;, (z 21)0(z+)dz+dz

—o0 —o0
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The shockwave formalism
oe

Quark line in the external field in momentum space

N
— . - — —i0 . Ly
_ ddpl IP;ZO Jrlzar (Pa—1)" 10 2’;142 - 71(pq7p1)»zo
u(pQ7 ZO) e q

(2m)°
Pay” 4 PaL — P11

2pq

x5,y 050 (~20) + (2m) (510 ()]

20 Pq

‘ﬁ]

Exchange in t-channel of an effective off-shell particle with 0 momentum along m

; P
U(pq, 20) |U:1 = el(pq‘zo)ﬁpq (1 - pq—’YJr>
2pq
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The shockwave formalism
[ Jelele)

Factorized picture

Factorized amplitude

4= [P 5P g 0@, ) (P U) - NP

Z1

Dipole operator U/ = N%Tr(UQ Ugf) -1

Zj

Written similarly for any number of Wilson lines in any color representation!
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The shockwave formalism
(o] lele)

Evolution for the dipole operator

B-JIMWLK hierarchy of equations
[Balitsky, Jalilian-Marian, lancu, McLerran, Weigert, Leonidov, Kovner]

81/{ ach Z12 7 7 7
87712 = - /d 32,123_,223 (U + — U + UL UL
Uy’ U32 .
on o

Evolves a dipole into a double dipole
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The shockwave formalism
ooeo

The BK equation

Mean field approximation, or 't Hooft planar limit N — oo in the dipole
B-JIMWLK equation

W<m . w<+
[Mueller]

= BK equation [Balitsky, 1995] [Kovchegov, 1999]

a(u’] > Qs NC Z 77 L 7 n
bhad — 8o [az 2o 04 + @) — @) + @) Q)

BFKL/BKP part Triple pomeron vertex

Non-linear term : saturation
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The shockwave formalism
oooe

Practical use of the formalism

@ Compute the upper impact
factor using the effective
Feynman rules

@ Build non-perturbative models
for the matrix elements of the
Wilson line operators acting on
the target states

@ Solve the B-JIMWLK evolution
for these matrix elements with
such non-perturbative initial
conditions at a typical target
rapidity n = Yo

@ Evaluate the solution at a typical
projectile rapidity n = Y/, or at
the rapidity of the slowest gluon

@ Convolute the solution and the
impact factor

ANNNANANN

ANAN
VVVV VM AYA A N\

\VAVAVAVAVAVAV]

A= /dzq...dzn (2,0, )
X (P'|Us...Uz,|P)

Exclusive diffraction allows one to
probe the b, -dependence of the
non-perturbative scattering amplitude

Exclusive dijet or p meson production in eA collisions

Introduction to the shockwave formalism

November 2018 11



Collinear factorizati

ion
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Collinear factorization for light vector meson
production

Light Cone Collinear Factorization (LCCF)
Vs
Covariant Collinear Factorization (CCF)
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Collinear factorization
O@0000000000

Collinear factorization: basic principle

The impact factor is the convolution of a hard part and the vacuum-to-meson
matrix element of an operator

[ 035”57 (07 0] ) (M Ga )32 (o

X1,X2

55 () A5 () (0)] 0)

H and S are by convolution and by summation over spinor and color indices
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Collinear factorization
00®000000000

Spinorial and color factorization

Applying a simple Fierz decomposition in color space and in spinor space

I e

1 1,C ,C n
o Treo [P (o3 w0y 3 Treo [HeT G |7 AT 0] 0)

We thus need to study the following matrix elements:

(p 0)

OTp|0)  and  (p
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Collinear factorization
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Light Cone Collinear Factorization
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Collinear factorization
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Collinear factorization
Light Cone Collinear approach

The Light Cone Collinear Factorization approach

Momentum factorization

@ Define a Sudakov vector n such that p- n =1 and write
d*pg = [dxd*pg 6(x — pq - n).
@ Taylor expansion of the hard part H(pg4) along the collinear direction xp:

H(pg)e #S(z)

= H(xp)e ™?S(z) + % (pg —xp)e P 2S(z) + ...
9 lpg=xp

. —
e plf E derivative of the soft term: [ d*z e "% (p(p)|v(0) i 0, 1(2)|0)

@ Standard derivative = need for 3-body contributions to combine into a
covariant derivative.
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Collinear factorization
[e]e]e]e]e] lelelele]e]e)

Twist 2

LCCF at twist 2

9 Leading twist DA for a longitudinally polarized light vector meson

1 .
(p|#(2)7"(0)]0) — p"fy /0 dxe™ i1 (x)

9 Leading twist DA for a transversely polarized light vector meson

1 .
(p|d(2)7" $(0)| 0) — i(p*e, — p*el)f, / dxe™ P9, (x)
0

The twist 2 DA for a transverse meson is chiral odd, thus v*A — prA starts at twist 3
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Collinear factorization
O000000@00000

Twist 3 Distribution Amplitudes

Required DAs for pr production at twist 3 in LCCF
@ 2-body DAs

(p(P) ¥ (2) Y (0)] 0) = mpf, [01(x) (€} - 1) pu + @3 (X)epT,]
(p(P) | (2) ¥57u1 (0)| 0) — m,fyicon (x)euraseprp’n’
(p(P) [5(2) D o0 (0)] 0) = myfoiear (picira

- = . -
<P(p) W(Z) Y5 Yui O oﬂﬁ(o)‘ 0> — mpfyipar (x)pucarsseprp’n’

9 3-body DAs

{p(P) [ (21) Vu8A« (22) 1 (0)]| 0) — m,F" B (1. %2) pueyra

{p(p) | (21) ¥57u8A (22) ¥ (0)] 0) = m,£iD (xa,%0) pucarascprp’n’
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Collinear factorization
0000000e0000

Minimal set of DAs

7 required DAs
@ Equations of motion: Dirac equation
((iD0a) (0) 5 (2)) = 0. (¥ (0) (1DT5) () = 0
o Leads to two equations
x1p3 (x1) + X104 (x1) + 17 (x1) + par (x1)
+ /de (6B (x1,5) + D (x1,%)] =0

X103 (x1) — x1pa (x1) — @171 (x1) + war (x1)
—/dX2 [C3VB(X2,X1) - C3AD(X27X1)] =0

7-2 required DAs
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Collinear factorization
00000000 e000

Minimal set of DAs

7-2 required DAs

@ n-independence. n appeared in three constraints:
o Lighcone direction of the separation z: z = An

o Definition of the transverse polarization €, - n =0
@ Chosen gauge n-A=0

9 Leads to 2 additional constraints for the DAs, plus the gauge invariance
condition.

7-4 required DAs
o(x) < 2-body twist 2 correlator
B(x1, x2)

< 3-body genuine twist 3 vector correlator
D(x1, x2)

< 3-body genuine twist 3 axial correlator

Exclusive dijet or p meson production in eA collisions

Collinear factorization

November 2018



Collinear factorization
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Covariant Collinear Factorization
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Collinear factorization
000000000080

Collinear factorization

Covariant Collinear approach

@ Work directly on the operators, with gauge invariant light ray operators

@ 2-body correlators

P[P (2) (2,019 (0)] 0) = fom, [—ip* () - 2) h(x) +="” ()]

p) |¥ (2) [z, 0] vsvut (0)| 0) — ~ fmpeuaassplp g7 (x)
9 3-body correlators

p) ¥ (2) [, tz] vogGp (t2) [t2,0] % (0)] 0)

— —im, B pa (PuEhis — PuEhi,) V (. 2)

(p(p)[5(2) 2, t2] 7058 G (t2) [£2,0] 4 (0)| 0)
— _mpf;‘)pa (puE:Lu - PVE:;L;L) A(x1, x2)

@ Equations of motions = only 3 DAs are required
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Collinear factorization
00000000000 e

Matching at twist 3 accuracy

[ LCCF [ CCF |

03 (%) g (x)

T (%) h(x )—h( )

¢ (%) 1% (%)
Z\—(X) 4gl ( )

B (xq, Xg: Xg) %
—A xq,xa;xg

D(Xq,Xa) ﬁ

A process-specific comparison was done previously [Anikin, lvanov, Pire
Szymanowski, Wallon]

A completely generic proof exists [RB et al, to be published].

Exclusive dijet or p meson production in eA collisions

Collinear factorization
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Open parton production

Open parton production at NLO

Exclusive dijet or p meson production in eA collisions Open parton production November 2018 24



Open parton production

First step: open parton production

@ Regge-Gribov limit : s> Q%> Agcp
@ Otherwise completely general kinematics
@ Shockwave (CGC) Wilson line approach

@ Transverse dimensional regularization d = 2 + 2¢, longitudinal cutoff

lpg| > apy

Exclusive dijet or p meson production in eA collisions Open parton production November 2018



Open parton production

LO diagram

P l/\ .

51'1(
v Ne
=0(pg +Ps —Py) /ddﬁ1ddﬁz5(ﬁq + Bz — By — Pr — B2) Po(p1, p2)

x (P'|U*(pr, B2) |P)

d® 20[(pq, 20)]i(—ieq)é~e P ) [v(pg, 20)]ub(—2)

A:

U (pr, pr) = fddfiddZQ e—i(ﬁr?l)—i(ﬁzfz)[N%rI\r(UZg: Uzg:f) —1]

November 2018

Exclusive dijet or p meson production in eA collisions Open parton production



Open parton production
@000

NLO open gg production

Diagrams contributing to the NLO correction
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Open parton production
(o] le]e}

First kind of virtual corrections

Color factor

U (pu, p
NG (P, P2)

Impact factor
Al o 8(p5 + by = p3) [ AR Brd( + o = By — B — ) Sua (5. )

xCr (P'| 0" (1, 32) |P)

Exclusive dijet or p meson production in eA collisions

Open parton production
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Open parton production
[o]e] leo}

Second kind of virtual corrections

Color factor
6ik
v N

Action of the Wilson line in the adjoint representation

(taU1t'bU§),'k(U3)ab

(Us)t° = Ust°US = (Us)™ = 2Te(t7 Ust"U))

+ Fierz identity

1
Crlhi2 + 5[”13 + Uzp — Up + UizU] = Crldiz + Wi
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Open parton production
Qo0e

Second kind of virtual corrections

—

Ao o< 8(pg + ps — p3) / d’pid’ pod” B 6(Bq + Pa — By — Pr — P2 — P5)
x[®V1(Br, 2 ) Cr (P'| U (pr, B2) |P)(2m)8(5)
+Pva(p1, P2, B3 ) (P'|W(B1, 2, B3) |P) ]
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Open parton production
L o]

LO open ggg production

Pa

/\
3 %

— Py Ps Pq

AR o 6(pg + pg + s — py) / d?p1d?p2d” B0 (P + Pa + Py — By — P — P2 — P5)
X [Pr1(Pr, B2 ) Cr (P'| U (Br, B) |P)(2m)*6(53)
+Oro(p1, B2, 3 ) (P'| W(ph, B2, ) | P) ]

A o 8(pf -+ pa-+ bt — ) [ by + o+ B — B, — B 2)

X Pr1(p1, P2 ) Cr (P'| U (p, p2) |P)
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Open parton production
oe

Generic computation method

@ Perform the k, integration with the usual d-dimensional regularization
methods

@ Perform the k™ integration with the longitudinal cutoff ap? when
possible, or isolate the divergent term by + prescription

pt + pt pt +
apd k apt k 0 k "
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Open parton production
00000000

Divergences

Divergences

o Rapidity divergence p; — 0 Pyadg + Pody,
@ UV divergence p; — +00 Py1Pg + PPy,
@ Soft divergence p; — 0 Gy 105 + Py, PriPRy
@ Collinear divergence p, o pg or pg Pr1Pr;
@ Soft and collinear divergence p, = %pq or %pg, pg —0 DPr1Pr;
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Open parton production
[e] lelelele]e]e)

Rapidity divergence

u P P

el

Double dipole virtual correction @y

B-JIMWLK evolution of the LO term : ¢ ® Kgi
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Rapidity divergence

(k2

Open parton production
[e]e] IeTololele}

MWLK equation for the dipole operator
(”13“32 +U + U — Z412)

B-JI
ol d¥k didks . . L
= 2a;sN, / ki + ko + k3
Ologa o CH (27)2d o —A
« [P (R~ 3) wzrlfﬁrzg —p) . skh-p
h-prk-m?  T@-1) ar]t - m)

7 rapidity divide, which separates the upper and the lower impact factors

®o Uiy — ol + 2log ( > Kk ®oWizs

Open parton production

Exclusive dijet or p meson production in eA collisions

November 2018
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Open parton production
[e]e]e] lelelele)

Rapidity divergence

Virtual contribution

oo (3) - ()]

BK contribution

(Pl ) o OF {4'" (;27) [l i (i_f)} }

Sum : the a dependence cancels

/ XX 1 Py 6
et fon () [on (5] -
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Open parton production
[e]e]e]e] lelele)

Rapidity divergence

Cancellation of the remaining 1/¢ divergence
Convolution

@hLewW) = Q/ddﬁldd@dd%{‘“”(%){ ( )] }

X 0(Pq1 + Pa2 — P3) {%3 + Usp — Uho — U13U32} o (PL, P2)

Oxlc\

Rq :
@ ®o(pi, p2) only depends on one of the t-channel momenta.

@ The double-dipole operators cancels when 25 = Z} or 23 = 2.

This permits one to show that the convolution cancels the remaining %
divergence.

Then U ®o + Gy is finite
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Open parton production
[e]e]e]le]e] lele)

Divergences

@ Rapidity divergence

@ UV divergence p; — +00 Pr1®g + PPy
@ Soft divergence p; — 0 Oy P + PPy, PriPry
9 Collinear divergence pg; o< pg or pg Dpi Py
@ Soft and collinear divergence p, = %pq or %pg, ps — 0 Dp1 PRy

or p meson production in eA collisions Open parton production November 2018 38



Open parton production
00000080

UV divergence

Tadpole diagrams

Some null diagrams just contribute to turning UV divergences into IR
divergences

In the massless limit, renormalization of the external quark lines is absent in
dimensional regularization.
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Open parton production
0000000e

Divergences

[

Rapidity divergence

@ UV divergence

@ Soft divergence p; — 0 Oy P + PPy, PriPry

9 Collinear divergence pg; o< pg or pg Dpi Py
‘ .

@ Soft and collinear divergence p, = %pq or ii_p;,, pg — 0 D1 Py
q q
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Dijet production
[ JeJele]e]

Constructing a finite cross section
Exclusive diffractive production of a forward dijet

From partons to jets

[R.B.,A.V.Grabovsky,L.Szymanowski,S.Wallon]
JHEP 1611 (2016) 149
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Dijet production
(o] Jele]e]

Soft and collinear divergence

Jet cone algorithm

We define a cone width for each pair of particles with momenta p; and px,
rapidity difference AYix and relative azimuthal angle Ay

(AYi) + (Bpi) = Ry
If R2 < R?, then the two particles together define a single jet of momentum
pi + Px-

parton; (yi, ;)

cone axis

partony (Y«, k)

Applying this in the small R? limit cancels our soft and collinear divergence.
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Dijet production
[e]e] le]e]

Remaining divergence

Soft real emission

(Dr1®h) g ox (P00F) /

outside the cones

2
Py P | dps d’pe

(Pa-pe)  (Pa-pe)| ps (2m)°

Collinear real emission

(¢R1¢;1)col oc (Po®g) (Ng + Ng)
Where A is the number of jets in the quark or the antiquark
IV / dpg dpy’ / d¥Gsd’ B T (By" Biee”) duv(ps)
F(2 = 9) Japt 2P82P Jinconer (27)? 192 2p%, (b + P — Pie)’

Those two contributions cancel exactly the virtual divergences

Exclusive dijet or p meson production in eA collisions Dijet production November 2018



Dijet production
[e]e]e] Je]

Cancellation of divergences

Total divergence

rai-— NZ—1 .
(do1)av = asﬁ (2—,\/(:) (Sv + Sy + Sk + Njet1 + Njerz)doo
Virtual contribution

2
. - 1
S, = [2|n (L?) ,3] In %
@ (x1P7 — Xjpj)

e
2ir | (XJXJT)HZ(XJX]) ™ 6
ITin — n — —_
a? a? 3
Real contribution

= —\4 2
X;Pj — XjP; 4E
Sk +Njett + Njez = 2{|n((2f;R4321)2>|n< >
X X REP;TP;

+

xx(py )
2 (29) (L LT A n? (59
o? € (xB) — xiP7)? 2
3 16.° ; X5 3 2n2
+ =In % “n (%) 1_‘ - - W+7
2 R4Pj2pj2 x; 5.2 6

Exclusive dijet or p meson production in eA collisions

+
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Dijet production
0000e

Cancellation of divergences

Total "divergence”

div. = Sy + Sy + Sk + Niet1 + Njero

- 4 l|n M <|n<47E2)+§)
2" Uagrne ) " Ugstory) 72

. X; P2 "
In(8) — %In <%) In (XJ_;JZ + BTW
¥ P

Our cross section is thus finite

+

Exclusive dijet or p meson production in eA collisions Dijet production
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p production
0000

Constructing a finite amplitude

Exclusive diffractive p; production

[RB, Grabovsky, lvanov, Szymanowski, Wallon]
Phys.Rev.Lett. 119 (2017) ; arXiv:1612.08026
Non-forward and non-dilute extension of [lvanov, Kotsky, Papa]
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p production
(o] lele]e)

s-channel collinear factorization

Twist 2: p; production

Singlet transition = only virtual diagrams contribute.
Leading twist matrix element:

(@i @ v©0) » fme [ e ()

Take the NLO open parton production result with collinear kinematics
(pqs Pg) = (xp,Xp), project on the leading twist Fierz matrix v~ and convolute
with the twist 2 DA ¢

Exclusive dijet or p meson production in eA collisions p| production November 2018



p production
[e]e] le]e)

Exclusive diffractive production of a light neutral vector meson

D - el
- ~COKD- ~CAD

f d'Bi dp
Ay = M Xm{)H (X)/ b1

N o (2r)° (2m)°
x  (2m)"* 8 (ph — p2) 8 (Bv — By — P — P2)
X OF (x, pr, p2) U
Leading twist for a longitudinally polarized meson
Otherwise general kinematics, including transverse virtual photon (twist 3)

contributions, and the photoproduction limit (for large t—channel momentum
transfer)

November 2018 48
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p production
[e]e]e] le)

ERBL evolution equation

Efremov, Radyushkin, Brodsky, Lepage evolution equation for a DA

Renormalization of the bilocal operator

P(2)7"4(0)
= Evolution equation for the distribution amplitude in the MS scheme
do(xpuE) asCeT(1—e) (pE\" [ )
dlnp2 T 21 (Am)e \ 2 /0 dzp(z, pr)K(x, 2),

K = ERBL kernel

Exclusive dijet or p meson production in eA collisions p| production November 2018 49



ERBL evolution equation

p production
[ee]ele] )

Evolution equation for the distribution amplitude in the MS scheme

dp(x, 1F)
Odlnp2

2w

Tl (u_) / (e, 1)K (x, 2),

I

where we parameterize the ERBL kernel for consistency as

K(x, z)

Jr

+

§{1+21X} 0(z — x — a)
1:’; |:1+X_Z]0(X—z—a)

3
2

2o (059 ]e .

It is equivalent to the usual ERBL kernel
It provides the right counterterm to obtain a finite amplitude

Exclusive dijet or p meson production in eA collisions

p production

November 2018
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Applications
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Practical use of such results for phenomenology
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Applications
00000000

Practical use of such results

@ Compute the upper impact
factor using the effective
Feynman rules

@ Build non-perturbative models
for the matrix elements of the
Wilson line operators acting on
the target states

@ Solve the B-JIMWLK evolution
for these matrix elements with
such non-perturbative initial
conditions at a typical target
rapidity n = Yo

@ Evaluate the solution at a typical o o . i,
projectile rapidity = Y/, or at A= /dz1...dzn (7, - 20)
the rapidity of the slowest gluon x(P'|Us,...Us, | P)
(cf. Bertrand's talk)

@ Convolute the solution and the
impact factor

Exclusive dijet or p meson production in eA collisions Applications November 2018 52



Applications
[e]e] lelelelele]e]

Residual parameter dependence

Required parameters

@ Renormalization scale ur

@ Factorization scale pr if assumed that ur # ug
@ Typical target rapidity Yo

@ Typical projectile rapidity Y

In the linear BFKL limit, the cross section only depends on Y — Y, so one only
needs one arbirary parameter s, defined by

Y—Yozln(i).
So

Modifying any of these parameter results in a higher order (NNLO) contribution
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Applications
[e]e]e] lelelele]e]

General amplitude

Very general result

@ The hard scale can be Q? or t

@ The target can be either a

Q2
proton or an ion, or another
impact factor
@ Finite results for Q°> = 0 at large
t
@ One can study ultraperipheral apidity gap
collision in the limit @ — 0 at
large t.

@ Thus suited for HERA fitting, \
LHC UPC predictions, and

perfectly suited for EIC studies
The general amplitude
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Applications
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Theoretical issues

Two theoretical questions

@ How to get to the BFKL limit at NLL?

@ What about end-point singularities for the power-suppressed
YT — pL contribution?

Exclusive dijet or p meson production in eA collisions Applications November 2018 55



Applications
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Comparison with previous results:JIMWLK/BFKL equivalence

In the forward t = 0 limit and in the linear BFKL limit, the 7, — p; impact
factor was computed at NLO [Ivanov, Kotsky, Papal.

JIMWLK convolution BFKL convolution
/ddplddp2¢CGC(p1: P2)Z/7(P17 PZ) /ddq1ddC/2¢BFKL(q1, qz) R(q1)R(q2)
U(p1, p2) dipole scattering operator R(q) Reggeon field

Defining the Reggeon field in the CGC as the logarithm of a Wilson line
[Caron-Huot]

fabc i be
R® = In U2¥
(X) gCA (n UX )
g2
U = 1+4igt’R*(x)— 7t3t”Ra (x) R (x) + O(g®)

Such fields are Reggeized by the JIMWLK Hamiltonian, satisfy the BFKL
equation and satisfy bootstrap equations.
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JIMWLK/BFKL equivalence

Linear limit of diffractive CGC impact factors

/d2p1d2pz ¢ (pr.p2) U (p1, p2)

2
= % /c/2<;11d2qu?a (q1) R? (g2) [2¢0 (g1, 92) — ¢ (g1 + G2,0) — © (0, g1 + )]
This matches our result to the leading order BFKL result.

At NLL accuracy, things are interestingly worse due to the ambiguity of
distribution of radiative corrections between impact factors and kernels.
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Equivalence with BFKL at NLL accuracy

Linear limit: usual k;-factorization (BFKL framework)
s-channel discontinuity of A+ B — A’ + B’ scattering amplitudes
3(par +per —pa— ps)Discs AL oc DA, A) ® K @ ®(B, B)
For any non-singular operator O this discontinuity is invariant under
O(A,A) = B(A,A) O, K— O KO, &(B,B)— O 'o(B,B)

i.e. there is an ambiguity of distribution of corrections between the impact
factors and the kernel. In the linear approximation of BK there exists an
operator O such that

Pax @ Kek @ Pk = (Parke @ O) @ (O @ Kgrke ® O) @ (O @ Oprre)

The expression for O to make the kernels explicitly equivalent at NLO accuracy
under such a change of variables is known [Fadin, Fiore, Grabovsky, Papa]
Comparing our NLL CGC impact factor with the NLL BFKL impact factor
should confirm this expression.
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End point singularities and factorization

End point singularities?

Leading order impact factor for, respectively, v/ — V, and v — Vi

transitions:
»© 2xXpy
t (%P1 — xp2)? + xxXQ?’
o©® _ _ (x = X)py(XPiL — xPar) - &y
W =

(®p: — xp2) + X Q7

No end point singularity, even for a transverse photon and even in the
photoproduction limit and even at NLO.

With null transverse momenta in the t channel, one could encounter x € {0, 1}
end point singularities as ﬁ thus breaking collinear factorization.
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Twist 3 production

Production of a transverse light vector meson

Non-forward and non-dilute extension of
[Anikin, Besse, Ivanov, Pire, Szymanowski, Wallon]
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What changes in the CGC rules

Effective CGC Feynman rules for fields

The recursion to exponentiate slow gluon scatterings into a Wilson line only
starts at order g

Agr (20) | <o = A" (20) — 2i/dDZ3 0(z) 6% (zx0) <U§f - 5ba> F7t (z)
T (@) g co = 0 () + a8 (&) T (2) (Us — 107" 6 (aw)

’lﬁeff (Z()) zar<0 = ’l/} (Zo) — /dD226 (22+) G(202)7+1/) (ZQ) (UZI2 — 1)
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2-body diagrams

Natural 2-body CGC diagram

= [@ads 6% (@, 5) T(L-1)(UI- D)

Contains monopole contributions

Exclusive dijet or p meson production in eA collisions twist 3 and shockwaves
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2-body diagrams

Antiquark monopole 2-body diagram

A2 / &2 ®% (2) Tr[(U] - 1)]
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3-body diagrams

Natural 3-body CGC diagram

AL = /d221d22'2d22'3 O (7,5, 2) Te[(Ur — 1)t° (U] —1)¢°)(U5° — 6°)
Contains dipole and monopole contributions

Double-dipole term even at tree level = Great sensitivity to saturation
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3-body diagrams

3-body (gg)-dipole diagram

A = / Pod*z 62 (2, 7) Te[ (U] — 1)£)(U2° — 5%)
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3-body diagrams

3-body (gg)-dipole diagram

A% — /dZZldzfz O (7, ) Tr[(Ur — 1)°(U] — 1)7]5%
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3-body diagrams

3-body (g)-monopole diagram

A /d2214>3b () Te[(Ur — 1)t°¢7]6%
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3-body diagrams

3-body (g)-monopole diagram

Azb — /dZZJ, q)zb (Z’,) Tr[tbta](U::}ab _ 5ab)
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Cancelling the 2-body monopoles
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2-body diagrams

Antiquark monopole part of the natural CGC diagram

@ Monopole part of the quark line
T (@) g co = B ) + [d°208 (&) T (20) (Us 1) 7" G (z0)

@ Simple algebra allows one to get

— - —
dP —i ) O yFAt T
/dDzl/ 95 () i (21)' L _Y(=x) 0y 7| i)
EER Comr =) R P =)
2qt 2qt
@ Thus one term contributes to a 2-body monopole contribution, and (Dirac
equation) the other term contributes to a 3-body monopole contribution.
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2-body diagrams

Sum of the 2-body antiquark monopoles

Using the fact that the non-perturbative collinear matrix elements do not
depend on z* variables at twist 3 accuracy ...[censored technicalities]... we get
the sum between the natural 2-body antiquark monopole diagram and the
2-body antiquark monopole part of the natural CGC diagram

November 2018
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2-body diagrams

Sum of the 2-body antiquark monopoles

Using the fact that the non-perturbative collinear matrix elements are at most
linear in z,, the sum cancels iff

1 1
2 - 2 =0
(Py—d) &2 (Py—d)
P~ 2(p5—a") 29+ P~ 2(pi—q7) -
1o} 1 1
B = - 2 =0
el Py — (7,9 -a Py — (Py—q)
Ty PTG ) |
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Cancelling the 3-body unnatural dipoles and
monopoles
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3-body diagrams

"Unnatural” 3-body diagrams
Gy (21, 23) = /d222 Dygg (21, 25, 23) + Twist 4
g (3,73) = /del s (21, %, 2) + Twist 4
by (1, 2) = /d22'3 Poae (21, 22, 23) + Twist 4
b, (5) = /d22’1d22'2 boge (21, 25, 73) + Twist 4
b, (2) = /dez(fzg Pogg (21, 22, 23) + Twist 4
Hence the 3-body total from 3-body diagrams
AP = /d2z3d2z3d223 ¥ (71, 2,2)

X [Te(Uit® U ) U3® — Te(t° US £°6°7))
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3-body diagrams

Total from 3-body diagrams
/d Ad°Hd*Z 0, (7,2, )
X [Te(Uit® U ) U3° — Te(t° US £°6°°))
"3-body” antiquark monopole from the natural 2-body diagram
d) 2 /d Z1d Z3 quqg (21722723)+TWIS‘C4
Sums up to a gauge invariant amplitude

AP /d221d2 bd2 2 O (7,2, 25)

x [Tr(Ust® U t7)U3® — CF]
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QCD gauge invariance

Final amplitude
A= /d25d223 0% (5.%) [ (LnUf) - ]
+ /d221d222d223 g (7,2, 2) [Tr (Lt UP) U3° - ¢
Expansion in Reggeons in the dilute limit: (Reggeon momenta qi, ¢»)
Gprr = /dzidzfg % (7, ) (ef(al-za) _ ef(m-a)) (ef(az-zl) _ ef(ﬁz-zz))
_ /d25d25d22~3¢3gg (.2, %) [Nc (ef(al»za) _ ef(al»zn) (ef(ﬁz'fz) _ ef(ﬁz'fz))

_ (NENC 1) (e’(ql'ZZ) _ e’(ql'Zl)) (e’(QZ'Zl) _ ef(qz'Zz)):|

Obviously gauge invariant in the BFKL sense: ®ggxi = 0 for g1 = 0 or g2 = 0.

In the dilute, forward limit, our result matches the previous BFKL results
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Conclusion

@ We provided the full computation of the impact factors for two exclusive
diffractive processes at NLO accuracy, as well as the impact factor for a
twist 3 process.

@ In the linear limit, our NLO result will provide the consistency check of the
JIMWLK/BFKL correspondence

@ The computation can be adapted for twist 3 NLO production in the
Wandzura-Wilczek approximation, removing factorization breaking
end-point singularities even at NLO

@ Exclusive diffractive processes are perfectly suited for precision saturation
physics and gluon tomography with b, dependence at the EIC. Dijets
probe the dipole Wigner distribution at small x [Hatta, Xiao, Yuan], p
meson probes gluon GPDs at small x.
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