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Diffractive processes

e One of the important longstanding theoretical questions raised by QCD is
its behaviour in the perturbative Regge limit s > —t

t
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o Diffractive processes: rapidity gap between two clusters in the detector
e Hard Pomeron exchange at the amplitudes level

o Diffractive processes are strongly sensitive to the gluon saturation
dynamics and are excellent to explore hadron tomography
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The dipole gluon Wignes

nction
e Diffractive processes — golden channels to probe the GTMD gluon
distribution W (m, qL, &J_)

e Dipole gluon Wigner function
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e Gluon GTMD distribution at small-z

Tr [U+Fa+i (El + g) U_Fi (EL - g)]

[Dominguez, Marquet, Xiao Yuan (2011)]
[Hatta, Xiao, Yuan (2016)]
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e Fourier transform of the dipole S-matrix
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ractive dijet production

e Diffractive dijet electroproduction can be sensitive to both ¢
and A, dependence of W (m, qL, &J_)

[Hatta, Xiao and Yuan (2016)]

e Possibility of investigating angular correlations between impact
parameter and dipole size predicted by small-x evolutions
e Enhanced sensitivity to gluonic saturation from contributions
beyond the leading order (e.g. two hard quark anti-quark jets
accompanied by a softer gluon jet, in the correlation limit)
[Iancu, Mueller, Triantafyllopoulos (2022)]
e Even better access to the Wigner distribution is possible via
diffractive dijet photoproduction in ultraperipheral pA collision
[Hagiwara, Hatta, Pasechnik, Tasevsky, Teryaev (2017)]
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Semi-inclusive diffractive DIS (SIDDI,

e At small-z, the quark and gluon TMD distribution functions are directly
related to the color dipole S-matrix in the CGC formalism

[Paul’s talk] and [Jamal’s talk]

e A similarly connection between the diffractive parton distribution
functions (DPDFSs) and the color dipole exists

e One of the best processes to investigate this connection is the
semi-inclusive diffractive DIS (SIDDIS)

[Hatta, Xiao and Yuan (2022)]

ke (xp, B,k1)

o pQCD motivated initial inputs for collinear QCD evolution of DPDFs

e Study the matching between small-z and moderate-z regime

e Goal: extend all these studies at the full NLO level
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ractive dijet/hadron(s) production at the NLO

e Diffractive dijet/hadron(s) production at NLO

7 (py) + P(po) = Vi(pv) + P(p) V=(p,¢w)
[Boussarie, Grabovsky, Ivanov, Szymanowski, Wallon (2017)]

[Ivanov, Kotsky, Papa (2004)] [Maéantysaari, Pentalla (2022)]

7 (py) + P(po) = Vr(pv) + P(pp) V=(pow) (LO)
[Boussarie, M.F., Szymanowski, Wallon (2024)]

[Samuel’s talk]

¥ (0y) + P(o) = j1(pn1) + j2(pr2) + P(ph)
[Boussarie, Grabovsky, Szymanowski, Wallon (2016)]

Y (D) + P(po) = h1(pr1) + ha(pna) + X + P(pp) (X = X1+ X2)
[M. F., Grabovsky, Li, Szymanowski, Wallon (2023)]

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

- General kinematics (¢, Q%) and photon
polarization
- Rapidity gap between (h1hzX) and P’

L2 2 2
- Py Phy > Adep
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wave approach

e High-energy approximation s = (pp + p¢)? > {Q?}
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e Separation of the gluonic field into “fast” (quantum) part and
“slow” (classical) part through a rapidity parameter n < 0
[McLerran, Venugopalan (1994)] [I. Balitsky (1996-2001)]
+ e B = + + - E ooyt e E
AP(ET kT k) = AF(E™ > elpy k™, k) + b (kT < elpy k™, k)
e K1
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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 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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wave approach

e 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 %
e Evolution 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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Open diffractive qG@ production

7

2wipfyr

e Sudakov decomposition for the momenta: pf = xlpjn‘f + nh + péﬁ_

e LO S-matrix element

n . fo 2 —ip- 5n
So = / dPyo [a(pg, yo)]™" (—ieeq) v*0(pT) —2=e™ Y0 [u(pg, yo)]F —H=
2p~ Ne

+

_d/2 + 0\ 4/2
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e LO scattering amplitude

MG o NS(p? +pF —p) / d51d%Fs 6(Fg1 + Fa2) BE (P, 2)ho
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) — G impact factor

e One loop diagrams for the open ¢-g pair production
[Boussarie, Grabovsky, Szymanowski, Wallon (2016)]

St RS | B MR
EaS SEL® AEs AELO N

e Color factor and Wilson line operators of top diagrams: C'rN. Ui2

e Color factor and Wilson line operators of bottom diagrams:
2

N,
—76(1/113 + Uz — U2 — U13U3z2) — CpNe U2
e Virtual reduced matrix element

NI(1 — e N2 -1\ -
eL'( ) /ddﬁiddﬁz {5(pq1 + pg2) ( ) U2 (P1,P2) @V (P1,D2)

T = —q 2
1 as (am)Tre A

d p: Y Y y s 5 e T e} - o
+Nc / @ p;ts(pql + Pg2 — P3) [U13 +Uzz — U2 *U13U32] (P1,P2,P3) PVo (p17p27p3)}
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) — qq impact factor: UV divergences

e One loop diagrams for the open ¢-g pair production

St MRS | B RE &
EaS SELC AEs ARLO N

e UV-divergences manifest themselves when ;5’92 — 00

Renormalization in non-covariant gauges is typically challenging but all

running coupling effects are encoded in the dynamics of the target

Just dressing of the external quark lines

® ( 1 1 )
o —
dress 2ern 2euv

e e¢;p = eyy mixes UV and IR divergences
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() qq tmpact factor: R ity divergences

ﬁ2

9 pH g
n

egpd 2 t Py

Rapidity divergences (4 — 0) ph = zapink +

Pgy D,

i. xg — 0
7. Pg generic
Pq

Pg.x Tg

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

¢ Regularized by longitudinal cut-off: |pg | = |z4|pT > ap? = Ina terms

e Dim-reg for transverse momentum integration (d = D — 2 = 2 + 2¢)

o Artificial separation of projectile and target through rapidity regions
generates the x4 — 0 divergences
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() qq tmpact factor: R ity divergences

e B-JIMWLK equation for the dipole operator in momentum space

AU d%k1d% ko d k-
Uiy ZQQSNdﬁ—d/#

e e o — — o 7 7o 13 13 wie3
Ina (2m)2d 4 (kl + k2 + k3 —p1 — p2) (u?:su:?z + U3 +Uzs — Mu)

e Eom) e pe@ | sEmos) | sEem)
(k1 —51)" (k2 — 52) I'(d—1) [(El 751)2]1*5 [(Ez 752)2]1*5

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

- - n _
DUty — ol 4 21n (%) Kpr®oWia3

e Provides a counterterm to the In a divergence in the virtual double dipole

e The new double dipole x dipole part of the virtual impact factor
Dy, = DU, + PyaVihs

is finite and indepedent of «
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SIDDIS: LO cross-section
e Sudakov decomposition for the momenta: pf = xlpin*f + 25;_ ng + pi
Py

+ - 1
@ o) ()

+
Py =\|\Py >, ——x
(%

e Collinearity (pg,Fq) = (zq/z1) (P} , Pn)

dod >l 20em Q2 1 z
0JI _ _ em 2 1+d 2k [ Zh
= E drg x 1—x4¢)°D
dzpdipn.  (2m)44N, ¢ p “a /zh a7q " @)Dy (mq ) Tor

F (%phl + 3pgL — Pu) F* (%phL + 3PgL —p2u_) 5
— JI
quzz + zq(1 — 24)Q?
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‘ quQ +2q(1 — 24)Q?
J, I — photon polarization of the amplitudes
1—2z
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2gmiglk _ vk oli 4 vl zk] eTi Pg2Lr (eTk p§2/Ll)*
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f —— [(1 — 22,)
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SIDDIS: NLO cross-section in a nutshell

e Different fragmentation mechanisms

i. Quark fragmentation
4. Anti-quark fragmentation

iti. Gluon fragmentation

NLO

ol || o | || Yoo 4g0g
+ V\\‘ ” 3 jw +qeq

I L
+ [ RN VW e \‘,Wm +aeq
U e \ %

17/24



e Different fragmentation mechanisms e Operator structure classification

i. Quark fragmentation virtual contributions

N \
4. Anti-quark fragmentation 1N
iii.  Gluon fragmentation W‘M< % /’V‘M" —— douy  dipole x dipole
NLO N Py N
y § e /WW» ——  doxy  double dipole x dipole
\ A E—
v b +q 6 7 v V
N /
V
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M Wf i ——  dosy  dipole x dipole
Mo N N %
o o +q 5 g ‘
\\ s Y v
‘ j ' //
e (™ 10\
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SIDDIS: IR singularities

e Divergent contributions

Nw

()

doiryg do'counter
e Collinear divergence
Py
N L wmg
 Pg PG g Pa
1z
e 1 = 0 ¢ | .
Ve — it. T4 generic
| Il Il
| |
A Pg.x Tg

e Soft divergence

Pgy
i. Pg = xgl
D
P 0« 1 ii. ®y — 0 and @ generic
—1 [ I
{ [ ‘
Pg.x g
e Soft and collinear divergence (zyg — 0 and 4 — z—q)
q
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SIDDIS: IR singularities

e Divergences in the quark fragmentation channel

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

e In the soft limit the four diagrams combines leaving the LO cross-section

times a soft current factor
8aemQ? / 1 (gl 1+ 12k [ Zh /d /d
E dz 1—a/)?Dh [ =2 d d
Soft (2m)* N, d oF alwg) )" Pq ) HE PaLf@ Pari

g 1 « (=4 1
F Tz, Phl + 5pgL —p21 | F Tz, Phi + 5PgL — Pary

XQSCF /ddp
sV F - _ _
P A Y A AL P (- Q7

. Pq Pg 2
! . Py =
X/lfzq dxg d%pg 1 A [
. 1}]—% (27\,)(1 (ﬁ B i)Z (ﬁ B g )2
U U
LA 9 1-af

e The soft (and soft 4 collinear) singularities cancel when this contribution is

daq*}h

dmhddphL

81

/~

combined with the virtual corrections
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SIDDIS: collinear singularities

e Divergences in the quark fragmentation channel

(1): soft + collinear (gg) (2): soft + collinear (gg) (3): soft (4): soft
e Soft subtraction

do1,v +do3 soft + (dagg) —de®

)+ (do$) —dol) )

+(dol? — o) )+ (o — dol?) ) +docounter

q(1) q(2)
do3 Sollinear d”i&collincar

o Divergences: g-fragmentation e Divergences: g-fragmentation

g(6)
3,collinear

9(5)
3,collinear

(5): collinear — do (6): collinear — do
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SIDDIS: NLO renormalized fragmentati nctions

e NLO renormalized quark FFs

Dyt () =0t (hoer) = 52 ( 1o ) [[quéwél} (2, up) + [Py @ DY) (222 ,MF)]
1

e Divergent contributions from the NLO fragmentation functions

20em Q2 2 / L 14d 2, Qs (1 I
= — dzg zite(1 — 2 — | —+1n adis
o (271_)4ch m}dl ; Qq o, q *q ( q) fJI o ¢ ﬂ2

/1 % [D (;hq,w) Pyq(B) + D! (5 q,uF) qu(ﬂ)]

q—h
doy;

dxpdipp

o Finite part of the cross sections

h ~1—loo h ~B g h 5B
Z Dy ® dgq(é),ﬁﬁ + ZDq ® daq(%?),ﬁn +@ea )| +D5 dag((zl?)yﬁn
{q} {a}

e In a similar fashion the cross sections for the diffractive di-hadron photo- or
electroproduction are obtained

[M. F., Grabovsky, Li, Szymanowski, Wallon (2023)]
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Diffractive dijet

e LO diffractive dijet cross section [Hatta, Xiao, Yuan (2016)]

e NLO cross section using the cone jet algorithm
[Boussarie, Grabovsky, Szymanowski, Wallon (2016)]

o |pi| = transverse energy deposit in the calorimeter cell ¢ of parameter
(yi> #:) in y-¢ plane
e Define the transverse energy of the jet: py = |p1| + |p2|

partony (1, [p1]) L = [Py + P2l y2

Q pJ

. c

cone axis () ¢ _ |p1| ¢1 + |p2| ¢2
partonz (Q2,[p2|) I P

e Q; = (yi, ¢) in the y-¢ plane

If distances |Q; — Qc|? = (yi —y)2 + (¢ —b5)2 < R®  (i=1,2)

— partons 1 and 2 are in the same cone 2.

e Applying this (in the small R? limit) cancel soft and collinear divergences
e Same observables using the exclusive k; jet algorithm

[Boussarie, Grabovsky, Szymanowski, Wallon (2019)]
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Summary and prospects

e Fully general NLO results at small-x for
- Diffractive dijet production
[Boussarie, Grabovsky, Szymanowski, Wallon (2016)]
- Dihadron production in SIDDIS
[M. F., Grabovsky, Li, Szymanowski, Wallon (2023)]
- Semi-inclusive diffractive DIS (SIDDIS)
[M. F., Grabovsky, Li, Szymanowski, Wallon (2024)]

e Exploiting particular kinematic configurations
- Correlation limit of dijet or dihadron production in SIDDIS at NLO
- SIDDIS in the TMD limit (Q2 > 5,?) at NLO level

[Boussarie, M.F., Szymanowski, Wallon, Yuan. (ongoing work)]

e This has several advantages:
- Exploring the connection with diffractive distributions and GTMD
- Interplay between small-xz and Sudakov effects
- More manageable analytical expression of small-z cross sections

suitable for the numerical implementation
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Thanks for your attention
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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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ractive d

e LO diffractive dijet cross section (transverse photon initiated)

[Boussarie, Grabovsky, Szymanowski, Wallon (2016)]
[Hatta, Xiao and Yuan (2016)]

dorP 2 2 2 2 2

TN ;ameﬂs(zW —1)2z(1 — 2)(z%2 + (1 — 2)?) N, /d kigid®kogy
L L P -k P, —F

xSy (Figu 8.) Sy (Ragr &) | e at) (5 —laat)

(PL—kig1)?+€; (PL—kag1)?+¢}

L kyy —k - - -

P = % AL =—ki1 —ka1 e=z(1-2)Q* +m}

z — longitudinal fraction of the photon momenta carried by the quark jet
[Py _ Py,

y1,y2 — rapidities of the jets, z = ——eYL and z2=1— 2
s
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adron in SIDDIS: LO cross-section

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

Dl
pq 4 :

Pi phe

e Collinearity (p§ ,7y) = (¢q/@n,) (P}, Pny) and (0}, 5g) = (wq/Tn,) (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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Dihadron in SIDDIS: NLO cross-section in a nutshell

e Different fragmentation mechanisms

7. Quark fragmentation
4. Anti-quark fragmentation

4ii. Gluon fragmentation

NLO L-loop
=t . o
Jrn =
= 7 ~ o

(©): collinear

(d): collincar (¢): collinear from counterterm
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Dihadron in SIDDIS: NLO cross-section in a nutshell

e Different fragmentation mechanisms e Operator structure classification
i. Quark fragmentation

4. Anti-quark fragmentation

4ii. Gluon fragmentation WM( /JV‘M" —— doyy  dipole x dipole

/WVW ——  doxy  double dipole x dipole

i
W< >V\/Wv ——  dows  dipole x dipole

. . //
(b) : soft + collinear () : collinear

7 e I
e | o haan T doy; double dipole x dipole
N o N c ;
¥ P+ ( b +g o g
/ \ —h % /
(@ collincar (©): collinar from counterterm iy o
WNC csssapanssss >WM —  dosy double dipole x double dipole
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Dihadron wn SIDDIS: IR singularities

e Divergent contributions

doirg dosrg docounter

e Collinear divergence

Pgy
.o ~ _ Tg o
v Pg = Pq= z,Pq
2]

(/ - — 17;} (‘) f‘ 1‘ i. xg generic

Pg.x Ig
e Soft divergence

Pgy
i. Pg = xglU
€ Py S
A P 0
) Pg.x g

€ 1 ii. xg — 0 and 4 generic

e Soft and collinear divergence (zg — 0 and @ — g—q)
q
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Dihadron wn SIDDIS: IR singularities

e 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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NLO renormalized fragmentation functions

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
. (2m)Ad-DN, 71 Jop, Thy xp, Th,

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

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

Cq

(6)
e Finite part of the cross sections

don, hy = D DI ® Dyf* @ 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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