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Potential of the Electron

e Dense gluonic

matter
S Color Glass
= Condensate
(@3 /eh)

In(Q*/Q3)
Small-z — High-density regime
Saturation J,

Collective & non-linear
dynamics

Color Glass Condensate

e Multi-dimensional
structure

(PDF) |[Maria Pia’s talk]
(TMD) [Marco’s talk|
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n Collider (EIC)

e Proton spin

Ji’s decomposition

11
5= 35t Latdg

3> — Quark spin

Lg — Orbit. angular momenta

Jg — Tot. angular momenta
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tering

e Deep Inelastic Scattering (DIS) g Color Glass
k- Condensate
(k) e (k) y I_/_/_/-f-*"“fn/féi/tzb

In(Q?/Q3)
e DIS variables

1
Q = \/—q? — related to the transverse resolution Az, = 0

Q? Q? .
TR = —— = (naive parton model)
2pq Q+s 7
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Saturation physics

S Color Glass
e DIS in kr-factorization = Condensfe
- . LT

oy p(TBj) = Porar (k) ®p F(zpj, k) "‘I/
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s wo 1 wo
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e Martin-Froissart bound

otot Scln?s

In(Q?/Q3)

Violation of Martin-Froissart bound — breakdown of the unitarity

Physically interpretable as a infinite growth of the unintegrated gluon
density at small value of the Bjorken-x

Az, =

Q

4/21



Saturation physics

e Saturation effects

i. Very dense system = Recombination effects
|Gribov, Levin, Ryskin (1981-1983)] [Mueller and Qiu (1985)]

splitting recombination
BFKL

7. In large nuclei = Multiple re-scattering (a§A1/3 resummation)
[Glauber (1959)—Gribov (1969)] [Kovchegov (1999)]

Nucleus

e Dense QCD system — collective and non-linear dynamics
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Color glass condensate

Characteristic saturation scale

1/3
" (%) Adop (@) <1 = Weakly coupled QCD

Saturation window: Q2% < Q?

The small-z gluon field can be obtained by solving the classical
Yang-Mills equation with a model for the color charge density

[McLerran, Venugopalan (1994)]

Quantum corrections to MV model — non-linear small-z evolution

The solution that is obtained has three main properties:

1.

0.

Color — dominated by colored particle (gluons)

Glass — well-separated time scales between small-z and large-z,
with this latter appearing as "frozen"

Condensate — very high-density of gluons
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Saturation at the EIC

The Electron-lon Collider

A machine that will unlock thgssecrets of the strongest force in Nature

Saturation scale

2 A 1/3 2
Q5(A,x) ~ . AGep

Perturbative control on
gluonic saturation

Ajop < Q% £ Q3

At the EIC the saturation scale Qs
will be in the perturbative range

At the LHC the saturation can be
tested in Ultra Peripheral Collision

7/21



Q2

=ppm1— —xn
Pp = Pp 1 2pp 2
m?
Pt = —tn, + pr n2
2p;
+ _ S
, i Pe P
P2 { >

2
ni=ny=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, Venugopalan (1994)] [Balitsky (1996-2001)]
+ = ) — + + - Lt Nyt L= L

AR(ET k™ k) = AM(K™ > elpy k— k) + b (BT <epy k™ k) "< 1
e Large longitudinal Boost: A = /(14 8)/(1 — ) ~ /s

b (zt, 27, &) = 5(zT)B@)nk + O (Afl) < Shockwave approximation
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e Multiple interactions with the target — path-ordered Wilson lines

+oo
VZZ = Pexp |:zg/_oo dz+b (z zl)]

= + + — +
¢
| i

Vi, =1+ig /+°° dz b, (z + (ig) / dzfdz o, (zj,zz,)b; (zj*,z*,-)e (zj;) P

— oo

e Factorization in the Shockwave approximation

1 > =
M = Nc /ddzlldd@l@"(zlbzzl)<P' ‘ |:FTI" (V;l V;;T) - 1:| (Zl, 22)

c

")

e Dipole operator

1
n o _ nynt
Z/{ij _E lr(VziVEj ) -1

e Renormalization group equation of Z/l?j (B-JIMWLK, BK, BFKL equations)
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Inclusive and exclusive processes

e Moderate z, Q% — oo (Bjorken)
—> Collinear Factorization
[Maria Pia’s talk]
. Qz-ﬁxed, z — 0 (Regge)

— small-z improved PDF

[Bonvini (2018)]

Moderate x, small k|

P =—> TMD Factorization
_— ! |
| i\.‘ [Marco’s talk]
‘/‘ N e Small =
N /A
v N — kp-factorization
'
m e Exclusive Collinear Factorization
i
Ny Y [Ji (1997)] [Radyushkin (1997)]
Py | \

o
(]

Small-z description of exclusive

. . . . processes — This talk
Generalized Parton Distribution
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Diffractive processes

t

L ;
hy(M?) 'GD Ry (M?)
| |« vacuum quantum
5= |
| | number

()~ B )

e Hard Pomeron exchange at the amplitudes level

e Exclusive processes at small-z

1
Rapidity gap

—> Enhanced sensitivity to small-z effects
e Solid framework to investigate at high-energy Collinear-factorization-
breaking exclusive processes (i.e. with GPD)
e.g. YN = w0y N’ [Nabeebaccus, Schoenleber, Szymanowski, Wallon (2025)]
e Exclusive processes at small-z are sensitive to the Wigner distribution

Diffractive dijet & diffractive SIDIS [Hatta, Xiao, Yuan (2016, 2020)]
(NLO) [Boussarie, Fucilla, Grabovsky, Li, Szymanowski, Wallon (2016, 2023)]

Exclusive dijet

‘H ® Wigner

Wigner Distribution
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Deeply virtual meson production (D

e Exclusive vector meson
leptoproduction @'
Y (y) + P(po) — p(p,) +P(ph)
e Extensively studied at HERA -
[Kowalski, Motyka, Watt (2006)] @

e Collinear factorization proven at all order for

Y (py) + P(po) = p(ps) + P(po)

[Collins, Frankfurt, Strikman (1997)] [Radyushkin (1997)]
e NLO corrections in Collinear Factorization

[D.Yu. Ivanov, L. Szymanowski, G. Krasnikov (2004)]

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)]
[Méntysaari, Pentalla (2022)]
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Transversely vs longitudinally polarized exclusive p-meson

leptoproduction

e Exclusive p-meson leptoproduction at different experiments
|G. D. Alexeev et al. (2023)]
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o Ll P
1 10 0 [(GeV/ey]

e or starts at the twist-3
e Size of or far larger than expected (by naive twist-counting)
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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)]

Q0000000 PT

GPD
N N’

e Lowest order diagrammatic argument:

a v _
Y0 e =0
e Transversally polarized vector meson production start at the twist-3
e Collinear treatment at the twist-3 leads to end point singularities
[Mankiewicz, Piller (2000)] [Anikin, Teryaev (2002)]
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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
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“Leading twist description brought the knowledge that hadrons are made of quarks
and gluons; if we want to learn how are they made, we have to understand

higher-twist effects" [David Politzer|
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Possible solutions

e To solve this issues one should go beyond collinear factorization

e One possibility is allowing for a relative transverse momentum between the
outgoing quark and anti-quark [Goloskokov, Kroll (2007)]

Distribution amplitude ¢(z) — Light-cone wavefunction ¢(z, k1)

e Alternative: moving to (t-channel) kp-factorization
[Anikin, Ivanov, B. Pire, L. Szymanowski, S. Wallon (2010)]

e Small-x EFT e Higher-twist collinear factorization

[Balitsky (1996-2001)] [Ball, Braun, Koike, Tanaka (1998)]

e It is an all-twist factorization e Systematic inclusion of
in the t-channel higher-twist effects in the s-channel
e Most general description of the DVMP at high-energy

[Boussarie, M.F., Szymanowski, Wallon. Phys. Rev. Lett. 134 (2025) 4|
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-density matriz in the CGC approach

e Expansion around the forward direction (A = 0)

1 1m 1A
AL’L ~ 6 AT’T‘no fip ~ 6 QM AT’L ~ 5 ‘Ql
nr L Lma|A] ATy, Lmar |AP
flip ™~ )
Q Q Q Q Q Q

Hierarchy observed at HERA [F. Aaron et al., HI coll. (2009)]
AL,L > AT7T|n0 fip > AT’L > AL7T7AT’T‘ﬂip

e Initial condition - MV model [McLerran, Venugopalan (1994)]

7-2Q2

M"ZO('I’) =1—exp ¢ . ln(IT\AJre)
Numerical LO BK evolution

Uy,  asNe P 2
an T on2 /d 23 (323 B > |:u1n3 + Uy — Uy — 8 UsU,
BFKL

e 0 =1 for BK and 6 = 0 to investigate the dilute (BFKL) regime
e We also implement running coupling effects and collinear improvement
[Ducloue, Iancu, Mueller, Soyez, Triantafyllopoulos (2019)]
(comparing [Cougoulic, Korcyl, Stebel (2024)])
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Preliminary results: Predictions vs HERA data

e Ratio of helicity amplitudes R'' = A /A%

[Boussarie, Delle Rose, M.F., Papa, Szymanowski, Wallon (to appear)]
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minary results: ctions vs HERA data

e Spin-density matrix element 73 (¢ = photon polarization parameter)

[Boussarie, Delle Rose, M.F., Papa, Szymanowski, Wallon (to appear)]
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nmary and )TOS])GCtS

Summary

The EIC will provide a unique opportunity to explore the small-z
regime of QCD and the gluon structure of hadrons and nuclei

Diffractive processes offer several opportunities (5-D hadron/
nuclear structure, gluon saturation, higher-twist effects)

All helicity amplitudes of exclusive vector meson production, at
small-z, in arbitrary kinematics (including saturation)

[Boussarie, M.F., Szymanowski, Wallon. Phys. Rev. Lett. 134 (2025) 4]

[Boussarie, M.F., Szymanowski, Wallon. Phys. Rev. D 111 (2025) 1]

Partially NLO predictions in the CGC show qualitative agreement
with HERA measurements of R'! and 04

Coming soon: predictions for electron-lead collisions

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

Future prospects

Study of the total cross-section and full spin density matrix of
p-meson leptoproduction

Full NLO corrections (adding NLO from the impact factors)
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Multi-dimensional structure of the proton

5D Wigner distributions W(x b l;)
for hadrons T

£=0 &Fourier over Ar

Ix, H,k A) |ew GTMD(x.5i202 00 A,
Master correlator 6D scalar distributions 5D

UPDF (gluons)

‘gmﬂrha‘mﬁ Unintegrated parton { 4
3D =0ge imi distributions
¢ ¢ . - J‘ I
I £=0,4=0 r 7*(a)
T K
TMD e c=o GPD
\ « » v
X fx, kr) flx,by) <—>H{x,02,r) <«— Hix,&,1) ta
P . t=—A
Semi-inclusive Transverse Momentum Impact parameter Generalized Parton Exclusive
processes Dependent parton dependent distributions Distributions processes
distributions
2 2 -
&k J & [ ar
{ v
D YW PDFs GFFs

Generalized Form
Factors
Lattice QCD

elastic scattering Form Factors

S Parton Distributions -
inclusive pi
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The dipole gluon Wigner function

e Diffractive processes — golden channels to probe the GTMD gluon
distribution xW (x, qL, &J_)

e Dipole gluon Wigner function

-
d*A iq -z, —izP "zt

- 2
— _ + 2 -
W (x,qL,bl) = 7P+(27r)3 /dz d zl/i(%r)ze
&J_ +i (7 z +i (7 z &J_
x <P+2 Tr [U+Fa (bl-&-E)U,Fa (Z”_i)] P
e Gluon GTMD distribution at small-z

[Dominguez, Marquet, Xiao Yuan (2011)]
[Hatta, Xiao, Yuan (2016)]

o (nan 8) ~ 2 (2 - 8 ) (2.5))

e Fourier transform of the dipole S-matrix
- dzT_“LdQI;L i | -b G 7 1 - FL - f’l
Sv (a1 A= [ L2 “Lgidnbi+ig T [~ ey (b Lyt (e, = £
v(aa) =/ emt <Nc (” 2) (l 2)>Y
Y =In(1/z)



ctive dijet production

e Diffractive dijet electroproduction can be sensitive to both ¢
and A, dependence of W (:c, qL, AL)

[Hatta, Xiao and Yuan (2016)]

ki

e Possibility of investigating angular correlations between impact
parameter and dipole size predicted by small-z 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)
[Tancu, 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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nclus

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

e A similarly connection between the diffractive parton distribution
functions (DPDFs) 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)]

(zp, B, k1)

ke

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

e nY,nk are light-cone vectors (+/- directions)

e Separation of the gluonic field into “fast" (quantum) part and
“slow" (classical) part through a rapidity parameter n < 0

[McLerran, Venugopalan (1994)| [Balitsky (1996-2001)]
AP (KT kT k) = ARkt > epf kT k) + 0 (kT < epf kT k)
e 1
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e Large longitudinal Boost: A = % ~ T‘f

btat,a=, @) =A"1bf (Axt, A2, D)

b= (zt,27,2) =Aby (AzT, A1z %)
bi(zt,27,&) =bi(Azt, A"1z7, %)

boost
—

v

bl (z) bzt 27, F) = 6(zT)B@)nh+0 (A7)
Shockwave approximation

e Independence from 2~ == conservation of pT (eikonal approximation)

o Light-cone gauge A-ng =0 = A-b=0 = Simple effective Lagrangian
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e Multiple interactions with the target — path-ordered Wilson lines

7 oo+ +
Vfi = Pexp |:zg/_ dz;"by, (zi ,zi)]

oo

V@=14%g[fwdﬁmg(ﬁl%)+@m2[ijdﬁd4W;(4}%ﬁ;(4}%)0@$)+~~

oo

o Factorization in the Shockwave approximation

1
nynt > 3
[ETr (V21 Vi ) - 1} (21, 22)

")

M = N, /ddZ1lddZ2lq>n(ZlL,ZQL)<P/

e Dipole operator

1
Ul = —Tr (VZ? vZ’T) -1
N, i

3
c
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o Balitsky-JIMWLK evolution equations for the dipole

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

BU?Q asNe / 9 ( Z2
12 = 2 P (D2 ) U + U, — U, — UL U
on o2 ) 13 32 12 13432
BFKL
ou ) ul, Balitsky
7577 32 — ... — hierarchy

e Double dipole contribution and Dipole contribution

e Dipole contribution

e Gluon with rapidity slightly above the cut-off: n + An
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y-Kovchegov evolution equation

e Large-N, limit ['t Hooft (1974)]

J J k J k
_ 1 _ 1
= 3 IN,

@ .a 1 1
Lyl = 5 <5z‘l5jk — ﬁéij(skl)

e Double dipole — Dipole x dipole

(Ut ) — (Us) (Ush)

e Hierarchy of equations broken — closed non-linear BK equation
[Balitsky (1995)] [Mueller (1994-1995)] [Kovchegov (1999)]

Uy aN, . 72
o= [ #5 (2527 ) L)+ ) — (et} — (et )]

with (Uy) = (P'[Uf,|P)
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Sat

tion scale

Cross-section for gg — g
zg (z,Q?)
Q2

Tgg—g ($7Q2) ~ Qs

Recombination probability

g (m,Qz) 1

2
M@ Q) ~ e

Saturation scale — Recombination probability of order one

g (,Q7)

P(,@2) ~ 1 — QX)) ~ a2
P

1/x-dependence of the gluon distribution coming from LLA BFKL
1\«
Q3(x) (7> = Q%2 (Y)=wY +K
T

Nucleus

zg (w2, Q%) — xga (z,Q3) ~ Azg (z,Q3) ~ A(1/z)~°

Nucleus saturation scale
- AN 1/3
Q%(x) ~ AYBz= @O ) ~ (;) Adep
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Higher-twist 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
o1 0@/Q)  0(1/Q*
@ 10
€l S bk g3
er IR ha
o g(v and g( ) are the vector and axial two-body twist-3 DA

(M(par)[6(=)Tx [2,0] $:(0)]0)
e Vector and axial three-body twist-3 DA
(M (par)[(2)a [z, 12] g (12) [t2, 0] 4(0)0)
(M (pan)[B(2)a [z, 12] g (12) [t2, 0] 4(0)0)
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eoretical framewo

e Effective shockwave background field operators

(et (o) <o = (20) = [ 4”220 (o) (V, = 1) 776 (22) 61
[ (20)] g =0 (20) + [ 47215 (1) 7" (Viy = 1) G (210) 61

(Al (20)].4 o = A" (20)+2i / A258(2 VFY 5 (25) G+ (z30) (U2 — 6°)

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

e Example: Antiquark effective operator

- A fermionic line starts at the
light-cone time zar <0

- Freely propagates to zf‘ =0

- It interacts eikonally at zfr

with the background field
13/81



pr-meson production:

e Two-body contribution MW & M

Az —zef/dDzo/dDzl/dngﬁ( e )6(21 )<]U(pM )w(zl F’\w(zz)‘ >

1 1 )
- — I - + 2 o—i(a20) +
><<P (p) 1 N, tr (VZIV ) (p)>4trD ['y Go (zm)aqe Go (202)7 F/\:|
Hard part
e Three-body contribution AW \/”imm M

~
~

Ags = —ieq /dD24dD23dD22dD21dD209(—22—)6(2;_)5(2;)6(2;'_)9 (—zg') e a20)

><<M (par)

(1) T gF (z8) v (22)| 0) (P (p')

1 R .
XNz _up (7T Go (214) 7 G+ (234) Go (240) €4Go (202) YT Ta] — n.i.
c

tr (Vzlt“VzthUgf) ’ P (p)>

14/381



sults: two-body contribution

e Dipole amplitude

1
Az :/ dx/dQT\p (x,'r)/ddb IRICES JYOR <P )
0

)

1
:
1=t (Vb+§rvb_wr)

e Coordinate-space impact factor

Pir 21
Uy (z,7) =eqd | 1 — pra Equ — q—_‘_qu

X |:¢,Y+ (z,7) (2x:fq“ —i(x — ) 9 ) + 6“V+_¢7+.Y5 (, 7‘)6:| Ko (V Ii"Qz”'Q)

v
BTJ_H BT'J_

e Two-body vacuum to meson matrix elements
1 it — i:cp+ r o +
byrlam) = 5= [ drme =i (M (par) [B(1) 770 (0)] 0)
21 — oo rt=0
oo

oyt s (z,r) = % /_Oo drfemp;\r/fri <M (par) ‘E(T) Tty (0)’ 0>r+:0

At this stage, 72 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
A3z = <H /dmﬂ(wﬂ) 0(l —z1 — 2 — x3) /d221d2ZQd2z;3ei‘Z(zlz1+12z2+z3z3)
i=1

)

e Coordinate-space impact factor (with Z = \/z1z2z§2 + woz3zds + 212323, )

x V3 (x1,22,23,21, 22, 23) <P ®)

1
uz1Z3uz3z2 71/[2123 - uzg,zg + ﬁuzlzz
c

+ 2 +

eqq N, £q

U3 (x1, 22,23, 21, 22, 23) = —2 € Eqp — —&
3 (x1,22,3, 21, 22, 23) 2(471_)Nc21<qp q+qp

s T1T opv zZ v
X{X’Y+a |:(41’ ill 12 CZQKl(QZ)+T1p (I1>I27$3) 2z3§L3 KU(QZ)) - (1 (_>2)i|

Tr1x opU z v
o | (167 2 L (Q2) 4 5 (o1, ) K@) ) + (1 2)]
1-— T2 Z 233

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

+ +

efzzlq z, —ix2q

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

s 5=0

At this stage, z%_fi, zgz, zgl are arbitrary, in principle off the light-cone. 16/31



t collinear torization

e Covariant collinear factorization is based on the non-local operator
product expansion (OPE)

[Balitsky, Braun (1989)]

- Expansion in powers of the hard scale = expansion of M.E. of string
operators in powers of the deviation from the light-cone
- OPE expansion — finite sum of M.E. of on-light-cone non-local
operator
e For each term in this Taylor expansion: vacuum-to-meson matrix
elements contribute to different kinematic twist
e Up to twist 3: only the first term in the Taylor expansion of the
off-light-cone matrix elements survives (next one is r2 suppressed, i.e. twist 4)

e Example: parametrization of the 2-body vector matrix element

(M(par) [ (r) 7"[r, 0] (0)] 0} |2
1 *
i . ) 1 (E . 7') 2
~ d ix(pageT) [ (EM 7') (v) e 3 M
framas [ a0 ot S (@) 65 10l (@) = o S min(a)
~Q ~1 ~1/Q
twist 2 twist 3 twist 4
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nt collinear torization

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

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

e 2- and 3-body operators in gauge invariant form, on the light-cone 22 = 0

(M (pan)[(2)x [z, 0] (0)|0)
(M(pan)|(2)va [2, t2] g I (82) [£2, 0] 4(0)[0)

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

where L
[2,0] = Pexp |:zg/ dtA* (tz) 24
0

e Gauge invariant matrix elements can be related to the non-gauge invariant
one within a fixed twist

(M pa) [§ 0 00 @)]0) | = (M) [g T O)0) |
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nt collinear torization

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

o Three-body matrix element
(M(@) |$ (z0) 7 gF™ (29) % (2q)|0)

= (M(p) [(zq) g, 217 9" (29) 20, 2g)0(29)| 0)_, __ + twist four

Gauge link effects do not contribute to the 3-body result within twist 3

Two-body matrix element

(M @) [6 @) 00 (@] 0) | (M (par) [# (1) T4 (0)] 0)

rt=0 rt=0

o Expansion of the gauge link

1 1
[2,0] = Pexp {zg/ dtA¥ (tz)z#] ~1+ ig/ dt A" (tz) z, + higher twist
0 0

e In a given n light-cone gauge

Al (z) = / do e ““n,F* (z 4+ on)
0

e Gauge link effect does contribute to the 2-body twist-3 result
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Twist-

e Twist-expanded results: three-body contribution

U3 (21,2, 23, 21, 22, 23)
Ye zz]pMz])

+ + 3
EqgMmpCyF Pyr Eq * 1
=—0(1-——= Eqp — —q € z5)0(1
(=58 (o= tr) (-3 )(H "

8w
T"P“({m})zf#mw) (162
23

><{ —if rrgouV (z1, x2) [(ugﬂf 13”1 ; Qm (QZ) +

oo B A a) | (46074 D (Q2) 4 19 () 2y o(QZ>)+ )

e Collinear ingredients:
[Ball, Braun, Koike, Tanaka (1998)]

V(x1,x2) = genuine twist-3 vector DA
A(z1,z2) = genuine twist-3 axial DA

f3 and f4, = normalization constant
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ilts: two-body contribution

o Twist-expanded results: two-body contribution

ot ot ot
Vo (z,7) = eqmar fard (1 - 7]\;[ €ap — %qu €Ma — %PMa
q q P

[t ) — hie) (200 + e -2 2 ) +

1

5. (@ -3"@) o s
evt—eta=s, N IL T 91 W) Ko ( :c:Y:Q2r2)
4 orl
e Collinear ingredients: [Ball, Braun, Koike, Tanaka (1998)]
h(z) = kinematic twist-3 vector DA
gf)(:v) = kinematic twist-3 axial DA
e Collinear ingredients: gauge link related terms

~ 1-z 14
h(z) = f3M da:q/ dzg (mq, xq) —
(1—2q —xq)

§( _ fsM/ /1 Id.t A(Q@%)
+ ! (1 —aq — 2q)?
fa = vector decay constant
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ht-cone collinear fact

e Previous work was based on light-cone collinear factorization (LCCF)

[Ellis, Furmanski, Petronzio (1982)]
e Most general two-body amplitude

d*k —ik-z — 1 j 1
do = [ s [z M @an B () 0] O 10)H
k=xprr+q

0

o The separation is choosen as 2 = Any, = no Wilson line in the ns
light-cone gauge

e Sudakov decomposition: k = kTni + g = xpyr + ¢ and small ¢ expansion

o Two-body amplitude after Fierz decomposition

D —z:cp+ z7 —iq z++z(q -z)
Az = d M
4Nc M/ / (27r /

<M par) ‘zb(z Ty (0 ’0>tr [H2 (xpm+q)1“*]
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ht-cone collinec

e Taylor expansion of the hard part

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

k=zpnrr

0
Hs (xpym +q) = Ha (xpar) +qip [K
m

° Two—body amplitude factorized form up to the twist-3

a2 (i[5 0] ]
+i <M (par) ‘w (z7) 3 1ula% (0 )0> tr [3” Hy (sz)FA]}

Ay =

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

0
M

o Three-body contribution factorized

1 2 [dey dzy _imoot o imont o
Ag:m/dwqug <p}\z> / ;73 %e 1qPpr2q —1TgPpZg

<M (p) ‘w )TagAy ( ) (0)‘ 0> tr [thg’b (xqPM, TgPM) F)‘]
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e collinec

e Overcomplete set of distributions must be reduced exploiting QCD
equations of motion
. fa T . T %
(i(D(0)¥(0))atp(2)) =0 (tha (0)(p(2) D(2))p) =0

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

7. Independence of the amplitude from the choice of n
7. Given a “natural" choice ng, we can define
wo_ H W
nt = ap” + Bny +n'|
5. Imposingp-n:1andn2:0—>B:1,a:—ni/2
ii7i. Freedom parametrized in terms of the transverse component aan—“ﬁ =0
1

¢ Feynman diagrams

Total: 12 (2-body) + 28 (3-body)
24/31



fabc
Reggeon definition [Caron-Huot (2013)] R%(z) = In (Ugc)
g

Expansion of the Wilson line in Reggeized gluons

1
Vi, =1 +1igt*R® (z1) — 5g2t“tbR“ (1) R’ (21) + O (¢°)

BFKL kr-factorization

Ad'l te 92 dsd dd( !
Hu = —— (27 ) —Pp — A ——U dx
2 ]Nc( ) (q M )/(2 )d ()\/0

x |:<I>2 (x,e— ””;””A) 1@, (a;,—e— ””;””A) — y(z, TA) — Dz, —xA):|

2, BrFKL(2, 1, A)
U(l) — kp-unintegrated gluon density (UGD) in the BFKL sense

u® = [ atoe e (P ) |1 (3) e (-3)] P0))

The 3-body BFKL impact factor is a combination of 12 BK impact factors
(dilute, A = 0, T — T) [Anikin, Ivanov, Pire, Szymanowski, Wallon (2009)]
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licit two-body term in the dilute and A = 0 limit

¢ BK impact factor
Py Ao (x,1) = 2mmns fareq(1 — iy /ah)
212 zzQ?
Ty ar(2) — %TM $2,n.1.(2)
[I? + 22Q?] [I? + 22Q?)
e Helicity structures and DAs combinations
91" (@) - 31" (@)
4
91 (@) — 3\ (@)
4

Tag =€q €y P2t (2) = (22 — 1)(h(z) - h(z)) +
(eq-D(ets- 1) &g &y
12 2
e Forward limit matching

‘PQB,FAK:LO (@,1) =2 (P2,a=0 (z,1) — P2, a0 (z,0))

$2,¢.(2) = (22—1)(h(x)—h(z))~

Tr. =

¢ BFKL impact factor

@gFAK:LO (z,0) = dmmpar frreqd (1 — p&/qu)
212 12(12% + 227Q?
3 Lt ¢r.(z) + _(2—_6)2)2Tn4f. #n.1.()
[I? 4+ 22Q?] z2Q? [I? + 22Q?]

e From BFKL to BK — subtraction of the |l| — co limit
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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 .
®5 ({2}, {p}) = (H /dzz,veﬂ’-jpj) Wy ({2}, {2})
j=1

e Transverse to transverse transition in the forward and dilute limit

dilute g? Pl 2.2 de
AR 0 = cqmar 3 (2m5 (1 - q—+> (2m)282 (q — m)/mu(o
« ﬁ 1dx; 5(1—11—902—3?3)5T v LA
(i:1/0 o ) —23 QZ{ f. [f3MV(Z1,wg) f3MA(I11I2):|
w21 ( a:;;ci 4 rgcgfc B z3 (tfch) T — T1cy Tl — Tacf )
24 27 o2t SR 024 L2070 24 5131Q7 22 +wp32Q2

—Tyt. [fvaV (1, @2) + fia A (o1, mz)]

(332 — i‘lcf) xT1T2 _ (.7?1 — :EQCf) To
z1 (€2 4+ ©121Q3) (€2 + 2222Q2)

(1 —cy)zr1zs CfCC%
« _
2302 + 2122Q2% Z1£2 + zw3Q3

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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Result for the Wandzura-Wilc

e Two-body amplitude

1 .
A3 = (2m) 46D (g4 pr—par —p) s / Eru(r,A) / dz AT Yy (z,7)
0

o Different transition amplitudes

T
o e = S i () [ oy
. £
up e = i o ”\/Z'j?fﬁ (V=) [iﬂf(” |l
M
+
sz,T (Z,'I‘) — eqn;ﬂZzZQzKo (\/226972""2) |:1€1("' . ER/I) SOF{(Z)
T q

eqmur f - - Th.s.
UET (o) = D g (VEEQE) [0 020 () + B a2
e Helicity structures

_ (e ) (e ) ey el
B r? 2

Ty () Tot =& -€ly
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Preliminary results: lictions vs HERA data

e Ratio of helicity amplitudes R'' = A /A%

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

1.2
« HERA
1.0 — BK - total -
— BK - WW
0.8
R11
0.6
04
t
Vs =100 GeV
0 5 10 15 20 25

0? [GeV?]
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MInary results: ctions vs HERA data

o Spin-density matrix element rjg

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

2
1"04 _ e+ RlO - I3
00 = p2 2 2 2 T p2
R, +e+ Riy + RZ,, +2eRg, Ri, +e¢
09 Vs =100 GeV
08+ —
04 0.7F —
oo
0.6 4
« HERA
05F — BK - total ]
— BK-WW
04 ey ‘
0 5 10 15 20 25

Q* [GeV?]
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Behavior in energy

e Ratio of helicity amplitudes R'' = A /A%

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

12
0% =13 GeV?
101 ]
0.8 m v mmm e s s
0? =3 GeV?
RN 06f - J
04f ]
Q? = 15GeV?
02t ]
—— BK
----- - BFKL rescaled
lead target
. . . .
%% 60 80 100 120 140

Vs [GeV]
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