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8 BFKL and unintegrated gluon densities

€9 Exclusive forward meson leptoproduction

£ Conclusions and outlook
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£ BFKL and unintegrated gluon densities



High-energy factorization and the UGD

Balitsky-Fadin-Kuraev-Lipatov (BFKL) resummation

* Leading-Logarithm-Approximation (LLA): (o, In s)"
* Next-to-Leading-Logarithm-Approximation (NLLA): o (a, In s)"

&) Unintegrated gluon densities

2—)

- g — 0 d k — ) _>2
* Definition Fx, k), [0 =|—=Fx k)OQ" - k)
mk?
* Evolution equation as a function of In(s/Q?) = In(1/x)
0F
=F QK

oln(1/x)



High-energy factorization and the UGD

@ Deep inelastic scattering

% Total cross section |

N Sq dz?l dz?z — — (@) off-shell
(X, Q°) = 20 J ?% J ?% D,(k ) D, (k)
., 00 OO ?2 7% in(6,—0,) a, n(l/)hl(%)
F(’x’ k 1° k2) — ZJ dl/(:l> e—> — € ’
n=0 * — k3/ 2rm| k|| k,l

* Growth at small-x

x~ %o

NS



High-energy factorization and the UGD

' IR-safe colorless {®'~°)} ;

(Fadin-Martin theorem) f

& [V.S. Fadin, A.D. Martin (1999)] ~

|
k k
O T
. (@ off-shell
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High-energy factorization and the UGD

@ Unintegrated gluon density

Pk [ dPh, S Pk -
o,(x, 0% = - 2D,(k DF(x, k1, k)@, (k) = L0,(k NF(x, k)
4 Cm*) K2 ) K3 g 2ot ) k4
kY [(d%k, . — S
F(x, k)= (2ﬂ)3J = CDp(kz)F(x, ki, k)
2

e example: virtual photoabsorption in high-energy factorization

oot (VP — X) o Img {A(v*p = v*p)} = Oyryr ® F(x, k%)

o F(x k?) is the unintegrated gluon distribution (UGD) in the proton

» Small-x limit: UGD = | | ® [protonimpact factor |
Takes Into account the of

¢ Describes the coupling of the gluon Green's function to the proton

» Proton impact factor is non-perturbative — UGD needs to be modeled! 4




High-energy factorization and the UGD

@ Features

* Small-x and large k,

% Speaks the language of Reggeized gluon

% Inclusive or exclusive processes

* Double-log-approximation (DLA): a, In(Q?/ Qg)ln(l/x)
BFKl. <€——» DGLAP



High-energy factorization and the UGD

@ Features

* Small-x and large £,

% Speaks the language of Reggeized gluon

% Inclusive or exclusive processes
* Double-log-approximation (DLA): a, In(Q?/ Qg)ln(l/x)
BFKIl. <€—p DGLAP

‘ Unitarity violation and diffusion

*k < . . . A 0
Violation of the Martin-Froissart buond: 6, , < > In“s
m

T

* Diffusion to the infrared: [, e *VAY2 < k| < [ ekVAYZ



High-energy factorization and the UGD

@ Features

* Small-x and large k,

% Speaks the language of Reggeized gluon

% Inclusive or exclusive processes

* Double-log-approximation (DLA): a, In(Q?/ Qg)ln(l/x)
BFKl. <€——» DGLAP

) Unitarity violation and diffusion

*k < . . . A 0
Violation of the Martin-Froissart buond: 6, , < > In“s
m

T

* Diffusion to the infrared: [, e VA2 < k| < [, eXVAYZ

Non-linear evolution

—— DK/ JIMWLK domain
5



High-energy factorization and the UGD

saturation

@ Features region ¢
* Small-x and large k, 4
%* Speaks the language of Reggeized gluon §
* Inclusive or exclusive processes >"_

* Double-log-approximation (DLA): In(Q?/ Q§ )In(1/x) DGl AP
BFKl. < DGLAP @ ’

-
N . nQ°
‘ Unitarity violation and diffusion
A2
*k < . . . T 0
Violation of the Martin-Froissart buond: 6,y < —1In"s
2m; Nonlinear evolution

—l— BK/JIMWLK domain

* Diffusion to the infrared: lle_k A2 < ki S llek AY/2 5



Hybrld or pure factorization?

Forward emissions “.

* Asymmetric config. < fast parton + small-x gluon ?;

' * Hybrid high-energy/collinear factorization §
" Collinear PDF ‘

! * Distinctive signals of small-x dynamics expected ;
Y % Phenomenology:

forward jet, Drell-Yan, Higgs or vector meson

z 7 - e ¢ 1 =
- S - =7 e - 3 =

- - o » ~ = - - = \ o g~ —= q P = = \ o g —N



Hybrld or pure factonzatlon?

~s‘ i 2 -

‘, cb = - - /o2 ==

"Forward emissions ] "Central emissions

. *  Asymmetric config. < fast parton + small-x gluon § . * Gluoninduced < small-x gluons

. Hybrid high-energy/collinear factorization § ! % Pure high-energy factorization

" Collinear PDF

". W2 ‘ ’ o >
f p B i O
- UGD -
¥ - uGD
i Py B
‘
.' 4 F

! % Distinctive signals of small-x dynamics expected g ¢ % Small-x dynamics to enhance f.0. description

D%k Phenomenology: * Phenomenology:

forward jet, Drell-Yan, Higgs or vector meson it central jet, Higgs or vector meson
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¢y Exclusive forward meson leptoproduction




p-meson leptoproduction

& [I. V. Anikin, D. Yu. Ivanov, B. Pire, L. Szymanowski and S. Wallon(2011)]

' Impact factor

Jd“l Tr[  ®()] + Jd“z1 Jd“z2 Tr{H, (I}, )P (L, )] + ...

(3 3 1
y® 5 '; 4 >\
,_l ¢ 1 + H, )*r*r\g( o 2 g
:‘l: -< \/
g pE P

* Amplitude twist-expansion A

Hard coefficient function { Distribution amplitude

* Amplitude factorization achived by a Taylor expansion of the hard part
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p-meson leptoproduction

vL(p)

‘ Longitudinal case: 7L — /L

% Starts the leading twist (twist two)
% Known up to next-to-leading order
% LO expression q,C i e
\/ N> —1 (1
ON. .

0

2\ —
(DyL%pL(ka Qa/’t ) . 2B

dyp, (v u?) [ — LD DA
yp(y; 1 o oa=—,B=2n0—f,, ¢, =

‘ Transverse case: Yr = Pr

% Starts at the next-to-leading twist (twist three)

* Known up to leading order



p-meson leptoproduction

O Electron-proton collision e+p—e+y*"+p—e+p+p

QZ . * Exclusive reaction
" -
N * High-energy regime
' 0?
' s=W-> Q2>>A2—>sma11xzﬁ
1%
* Photon virtuality Q is the hard scale
p
P * Process solved in helicity
‘ Available data
% Hera % Zeus
2.5 GeV? < 0? < 60 GeV? 2 GeV? < 0% < 60 GeV?
35 GeV < W < 180 GeV 32 GeV < W < 180 GeV

10



p-meson leptoproduction

O Leading helicity amplitudes T,wy(Wza Qz)

* Im{A(y*p — VP)} dominates

* Too>11>1T) 0> 1y >1_q,

* Small-size dipole mechanism =———pg- k. -factorization

* V =p, ¢ via distribution amplitude (DAs): () = 0" (y) + @3¢"(y)

11



p-meson leptoproduction

‘ Wandzura-Wilczek (WW) approximation — genuine terms neglected

. - 2BC J d?k 7
= LS
T 02 ] (k)2
. 4BC J d?k
= 1S
0 0 ) (k22
m2
T = Q—Z , C =+/4ra,,

O Generalized massive formula:

Yy

1
dy
,kz)J 0 W(y, u?)
0 (yy +7) ’

F(x, z)r
(y

y T

7)

.. ala + 2yy + 27)

Pl (Y,

(@ +yy+1)°

a
(@ +yy+ 1)

?)

* 7 =0 — noquarkmass — p-production

* 7 # 0 — with quark mass — ¢@-production
& [A. D. Bolognino, A. Szczurek, W. Schafér]

‘ Vector meson-DAs employed:

* asymptotic ¢;"(y) — az(,uz) =0

* 0"y, u?) =2y — Do)y, u%) + @, (v, 4%

12
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p-meson leptoproduction

‘ Models of unintegrated gluon density (UGD)
k2
2n)?M? | k%2 + M?

* ABIPSW: x-independent model F(x,k?) =

& [I. V. Anikin et al. (2011)]

. d(xg(x, k*))
%* Toy model: gluon momentum derivative F(x, k%) = jl P
n

: 2 2 2

* IN:soft-hard model — F(x,k%) = F, 4(x, k%) + F ), 4(x, k%)
& [I. P. Ivanov and N. N. Nikolaev (2002)]
102: E DR N GRE | "I —  ABIPSW

%k HSS: 9(x9 kz) — (I)P ® c‘6BFKL E - = i?s[\:;”:::“)

& [M. Hentschinski, A. Sabio Vera, C. Salas (2013)] e E

i

% WMR: angular ordering of gluon emissions

F(x, )

& [G. Watt, A. D. Martin, M. G. Ryskin (2003)]

% GBW: FT of dipole cross section

& [K.J. Golec-Biernat, M. Wuisthoff (1998)]

* BCRT: small-x improved unpolarized gluon TMD

10

& [A. Bacchetta, F.G. Celiberto, M. Radici, P. Taels (2020)] 13
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p-meson leptoproduction at HERA

|T()()(Sa Qz) |2

W2

| Ty,(s, Q) |7

1
olr’p = Vp) =7 — 0

1
or(r'p = Vp) =1 — 0

W?2

% b(Qz)-slope for light vector mesons

Q% + m{ P>
b(0%) ~ B, — B In |

* For p-meson:

or (Q°) [nb]

' =65GeV™, 5, =12GeV~=, f,=1.1GeV~

10°

103

101

101

10~3

~* 4+ proton — p° 4+ proton

W =75 GeV

N N .
.......
.......
.......
~ -~

Ho — 1 GeV

.........
..........

00000000
000000000
........

eeeeeeeee
..........

ol WMR
¢ HERA data

Gluon mom.
LExA v0.4.6

0.0 < az(u()) < 0.6 _

o T

Q* [GeV?]

100

|A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov, A. Papa, A. Szczurek, W. Schafér]
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p-meson leptoproduction at the EIC

1 |T()()(Sa Q2)|2
167zb(0?) W2

o;(y*p = Vp) =

1 T (s, 0H
167b(0?) W2

or(y*p — Vp) =

% b(Qz)-slope for light vector mesons

Q% + m{ P>
b(0%) ~ B, — B In |

* For p-meson:

' =65GeV™, 5, =12GeV~=, f,=1.1GeV~

~* 4+ proton — p? + proton

10° |
W = 30 GeV
103 I 0.0 < az(llf()) < 0.6
Mo = 1 GeV
101} |
10_1 e ABIPSW
................. BCRT
S GBW
o HSS
—3 N
10731 N ]
- WMR
_ o] (3luon mom. LExA v0.4.6
10 100 Iliﬂl | — Ilioz
Q?* [GeV7]

|A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov, A. Papa, A. Szczurek, W. Schafér]
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p-meson leptoproduction at HERA

. 10°
o (}/*p - Vp) . 1 |TOO(S9 Q )l
g 167b(Q%) W2 X
10
1 ‘Tll(S, QZ)‘Z I'gl 1
or(y*p — Vp) = — 10
f(rp = Vp) = —— 0 2 P
S
‘; 101
% b(Qz)-slope for light vector mesons b
—3
Q2 i m2 ﬁ 10
b0 ~ fy— piln |[—— | + ———
Mg QO+ myj
10—°

* For p-meson:

------------------ WMR
Gluon mom.
¢ HERA data

~* 4+ proton — p° 4+ proton

W =75 GeV

Ho — 1 GeV

0.0 < 0,2([1,0) < 0.6

LExA v0.4.6

100

“ii
Q*[GeV?

i

0= 65 GGV_2 . 161 =1.2 G€V_2 . ﬂz — 11 GeV_2 |A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov, A. Papa, A. Szczurek, W. Schafér]
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p-meson leptoproduction at the EIC

1 |T()()(Sa Q2)|2
167zb(0?) W2

o;(y*p = Vp) =

1 T (s, 0H
167b(0?) W2

or(y*p — Vp) =

% b(Qz)-slope for light vector mesons

My

Q° + my p
b(Qz)%ﬁo—ﬁﬂn[ > V] | Q2—|—2m‘2,

* For p-meson:

fr=65GeV2,5 =12GeV2,5 =1.1GeV™>
0) 1 2

or (Q?) [nb]

~* 4+ proton — p° 4+ proton

10°
W = 30 GeV
103k 0.0 < az(pg) < 0.6
o — 1 GeV
101 _
10_1 et ABIPSW
---------------- BCRT
S GBW
o4 HSS
—3
].O ................. IN
0 WMR
wwed  Gluon mom. LExA v0.4.6
_5 ] a1 1 "I T | ] ] ] ] ] a1
10 109 10! 102
Q? [GeV?]

|A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov, A. Papa, A. Szczurek, W. Schafér]
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p-meson leptoproduction at HERA

1 |T()()(Sa Q2)|2
167zb(0?) W2

o;(y*p = Vp) =

1 T (s, 0H
167b(0?) W2

or(y*p — Vp) =

% b(Qz)-slope for light vector mesons

0% + mf B,
2 I —_— |
b(Q ) ~ ﬁ() ﬁl In [ m%? ] | Q2 n m‘zl

* For p-meson:

fr=65GeV2,5 =12GeV2,5 =1.1GeV™>
0) 1 2

102 ——

102

~* 4+ proton — p° 4 proton

W =75 GeV

0.0 < Cl,z([,b()) < 0.0

Ho — 1 GeV

v ABIPSW 0 ks IN
................. BCRT 1 WMR _
. o GBW e Gluon mom.
[ LExA v0.4.6 ] HSS ¢ HERA data
100 101 102
Q? [GeV?]

|A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov, A. Papa, A. Szczurek, W. Schafér]
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p-meson leptoproduction at the EIC

~* 4+ proton — p° 4+ proton

2 T | —
o;(y*p — Vp) = : Too(s, 091 N W = 30 GeV
- 167b(Q2) W2 |
0.0 < 0,2(}1,0) < 0.6
101
5 - Mo = 1 GeV
o (7 p — Vp) = 1 | T,(s, 09| g
! 167b(Q?) W2 S
~ 109t
b :
3
% b(Qz)-slope for light vector mesons b
2 2 ]_ O —1 E_ '* ABIP SW ................ IN
Q + m ﬁZ - EE BCRT T WMR _
b(QZ) ~ ﬁ() o ﬁl ln ) z | o o I o GBW Gluon mom. 1
Ny Q T Ny 2_ LExA v0.4.6 ] HSS
T T T
* For p-meson: Q? [GeV?]

ﬂO — 65 GGV_2 . 161 =1.2 G€V_2 . ﬂz — 11 GeV_2 |A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov, A. Papa, A. Szczurek, W. Schafér]
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#9 Conclusions and outlook

Outline
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Conclusions and summary

Unintegrated gluon densities are essential for the description of high-energy QCD

£ Vector meson leptoproduction is a suitable tool for the investigation of the UGD

* Impact factors for both longitudaly and transversly polarized p-meson are known

% Hera data are available and predictions for future studies at the EIC has been built

None of models is able to reproduce the entire HERA Q?-spectrum

% UGD model extraction from fits

% Towards a unification of formalism

23



Towards a unification of formalisms

@®! M. Nefedov’s talk|

| F. Celiberto's talk]

‘ TMD evolution vs BFKL evolution

& [M. Hentschinski (2021)] & [M. Nefedov (2021)]

& [M. Hentschinski, A. Kusina, K. Kutak, M. Serino (2018)]

‘ Small-x input to gluon TMDs

& [A. Bacchetta, F.G. Celiberto, M. Radici, P. Taels (2020)]

‘ Small-x resummed collinear PDFs

& [R.D. Ball, V. Bertone, M. Bonvini, S. Marzani, J. Rojo, L. Rottoli (2018)] 22
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Thanks for the attention!



