PROCEEDINGS

OF SCIENCE

NLO exclusive diffractive processes with saturation

R. Boussarie*

Institute of Nuclear Physics, Polish Academy of SciencadziRowskiego 152, PL-31-342
Krakow, Poland

E-mail: r enaud. boussarie@fj . edu. pl

A. V. Grabovsky

Novosibirsk State University, 2 Pirogova street, NovaskgiRussia and Budker Institute of
Nuclear Physics, 11 Lavrenteva avenue, 630090 Novosjlisgsia

E-mail: a. v. gr abovsky@ np. nsk. su

D. Yu. Ivanov
Novosibirsk State University, 2 Pirogova street, NovasiiRussia and Sobolev Institute of

Mathematics, 630090 Novosibirsk, Russia
E-mail: d-i vanov@rat h. nsc. ru

L. Szymanowski
National Centre for Nuclear Research (NCBJ), 00-681 Way$xland
E-mail: | ech. szymanowski @cbj . gov. pl

S. Wallon

LPT, Université Paris-Sud, CNRS, Université Paris-Sa@ay05 Orsay Cedex, France and
UPMC Univ. Paris 06, Faculté de Physique, 4 place Jussie@52%aris Cedex 05, France
E-mail: sarmuel . wal | on@ h. u- psud. fr

We present two NLO exclusive impact factors computed in t&®@hock wave approach. These
are the very first steps towards precision studies of a witlgaaf high energy exclusive processes
with saturation effects iep, eA ppandpAcollisions.

XXV International Workshop on Deep-Inelastic Scatterind Related Subjects
3-7 April 2017
University of Birmingham, UK

“Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons
Attribution-NonCommercial-NoDerivatives 4.0 Interraigl License (CC BY-NC-ND 4.0). https://pos.sissa.it/



NLO exclusive diffractive processes with saturation R. Boussarie

1. Introduction

We will present two results, published in refs. [1], [2] ar8], [for one-loop computations of
impact factors for high-energy diffractive DIS-like exsive processes. Such results, once numer-
ically solved, would provide the first complete Next-to-desy-Logarithmic description of many
exclusive processes with or without saturation. The imfeators obtained here rely on the QCD
shock wave formalism [4], equivalent to the color-glassdmmsate framework [5], which extends
the BFKL formalism by including gluonic saturation effecta this framework, we will describe
the direct Pomeron contribution to diffraction as the action of colmgset Wilson line operators
on the target fields. We will put an emphasis on the varioushar@isms for the cancellation of
divergences in both processes considered.

2. The shockwave formalism

We will work in D = d + 2 = 4+ 2¢ dimensions. We introduce two lightcone vectaisand
n, such that the projectile (resp. target) flies mainly alondresp. ny). They define a Sudakov
basis, so for an{p-vectorsk andl we will write

k=ktm+k 4k, kl=k'l-+kIt—k-I. (2.1)

We use than, lightcone gauge for gluonic fields” - np, = 0, and write« as the sum of an external
field by, built from slow gluons whose momenta are limited by the Itundjnal cutoffe p;’, where

n is an arbitrary negative parameter gngdis the momentum of the incoming projectile, and the
remaining quantum field,. In the high center-of-mass energy limit considered hesecan write

oM = Ay + b, bf) (2) = by (z",2)n5 = 8(z")B, (2)n5, (2.2)
whereBy, (Z) is a profile function. We then define path-ordered Wilsondias
Uy = t@exp[ig/:’o bg(z,-*,Z)d;-*} . (2.3)
From the Wilson lines, we define the dipole operator and itgiEotransforms as follows:
@/Z’; = Tr(u"u’”) —N,, (2.4)
7z _/ddz S TRCLRCEITAN (2.5)
T = / 092 d2 doge (W27 BB g1 77, (2.6)

When computing a physical amplitude, one acts with suchatpes on the incoming and outgoing
states of the target. For example in the case of a coheréraative y*) (p,)P(po) — X(px)P'(Ph)
process, the following matrix elements will be involved:

W — (P'(po)| 2 (#)|P(po)), 2.7)
where ' is an operator built from the Wilson lines. In both diffragticases considered here,

there are two possibilities fof : either a dipole operato?’1 = %p”p , or a double-dipole operator

vl ”1/” B . Note that in the ' Hooft limitN; 2 — 0 or in the mean field approximation, the matrix
elements for the double dipole operators can be writtenagptbduct of the matrix elements for
two dipole operators. From now on we will wri# rather tharn#’T for readability.
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3. Impact factorsfor open ggqand open gqg production

3.1 Impact factor for open qq production

Figure 1: Diagrams for the impact factor for opep production. The gray blob stands for the interaction
with the external shock wave field via the convolution witk gath-ordered Wilson line operators

The diagrams contributing to the impact factor for ffie- qq transition are shown in figure 1.
After the projection on the color singlet state and the sdbion of the contribution without inter-
action with the external field, the contribution of thesegdéans can be written in the momentum
space as the convolution of Wilson line operators with whatwill refer to as impact factors with
the following form:

MO~ &, [ 1”2 Po&(ua + Bz — Bo) (P +Pj — Py @
X { W, 8(P3) [@6 +Cr (P, + 0,)] + Ca (Fiupops + D + D — Hiap) P}

where we denoteg; = pi — pj, and wherepq (resp. pg) is the momentum of the outgoing
quark (resp. antiquark)®f = dbg(rﬁl, B2) is directly obtained by computing the first diagram
in figure 1,®{, = ®{, (P1, P) is obtained from the second, third and fourth diagtamd ®{, =
dJ\‘}Z(rﬁl, B2, P3) is obtained from the last two diagrams.

Several divergences appear in each of the NLO terms in €q: GBV‘.’l contains soft, collinear,
soft and collinear, and UV divergences, wl*ntilxig,‘2 contains a rapidity divergenteIn the shock-
wave formalism and in lightcone gauge, it is impossible @ the usual dimensional regularization
around dimension 4 due to the presence of the cutoffomomenta: the 2 longitudinal directions
must be isolated. Thus we use dimensional regularizatien2 + 2¢ for the transverse compo-
nents, and the cutoff prescriptidrt < €7p; which is natural in our formalism.

The rapidity divergence im‘}2 is canceled via the use of the B-JIMWLK evolution equation fo
the dipole operator: evolving the dipole operator in thelieg order convolution in (3.1) w.r.t. the
longitudinal cutoff from the arbitrarg” p¢ to a more physical divide™ p;’, which will serve as

a factorization scale which separates the upper and lowgadgtrfactors, allows one to cancel the
dependence on in GJCZ and get a finite expression for the double-dipole contrilbuto the NLO

INote that the contributions of the first two diagramshyy were also obtained in ref. [6].
2j.e. a divergence fokt — 0 for fixedk~ andk, , due to the spurious lightcone gauge pole.
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impact factor. In momentum space andlist 2 dimensions, the evolution equation is given by:

5(E1 +ko+ks—P1— ﬁz)(dlZ’l . +NC<0ZZI£R3+ /N — ))

AL—— /ddﬁlddkzddkg
N kikoks

dlogn ° (2m)™

Nl

(Ki—po).-(o—p) 7T (1-9)T*(3) [ (ke —P2) 5(ki — P1)
Z(R — P2k _ﬁ)2+ r(d—1) N g T 7| G2
e [(kl - ﬁl)z] [(kz - 52)2}
Evolving the Wilson lines from the arbitrary cutaff to the rapidity divideno, which has the role
of at-channel factorization scale in the shockwave framewagates a counterterm @, which
reads:

M27d

op - M
V2 r(l_g)n-l-i-s

0
(S5 [ @R+ o e (ks e o)

(3.3)
where 7 is the d-dimensional Balitsky-Kovchegov kerfelh momentum space and can be ex-
tracted from eq. (3.2). Adding this counterterm allows amget rid of the rapidity divergence. A
similar countertem arises when varying the rapidity diyidied a similar cancellation mechanism
then allows one to cancel the dependence on that scale upxtadNB ext-to-Leading-Logarithmic
(NNLL) corrections.

The divergences ifPy, must be canceled in a process-dependent way. In the folips@ations
we will show how to cancel them at the level of the amplitudead@rocess and at the level of the
cross-section for a second process.

3.2 Impact factor for open qqg production

&

Figure2: Diagrams contributing to the impact factor for opggyg production.

The convolution for the/*) — qqg impact factor is very similar to the one for thy&€) — qq
impact factor:

M99 — ¢, /dd P1d?P2d" P 8(Pas + Pz + Pys) 8(P§ + g+ Py — By (3.4)
x {Cr (O, + Dk,) %y, 0(P3) + Ca (Voupaps + Zpnps + Yissps — Uiap) Py }

where®p = ®f (P1, Pz) and®g, = ®f (P1, P2, Ps) are obtained by computing respectively the
first diagram and the second diagram in figure 2, as descnibetd. [8], [1] and [9].

SAtd =2, seerefs. [4, 7].
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When considering exclusive observables, the real conimifisl are those where the additional
gluon is either collinear to the quark or to the antiquarktamw soft to be detected i.e. with an
energy which is lower than a typical energy resolutibnThe contribution from the soft gluon to
the opemyq cross section can be written with a very simple form:

NZ—1\ rdpj d'p
qqag _ c 9
sotto (50 ) | e

2

Pa_Pa g, (3.5)

(Pq-Pg)  (Pg- Pg)

where the integration is performed in thg-phase space region whepg + Eg < 2E.

In the case of vector meson production, the collinear glwnntr(bunons cancel. We will
study the collinear contribution for the dijet case in smetb. All the infrared divergences in the
gqg contribution will be combined in a process-dependent waaticel the remaining divergences
in the virtual terms.

4. Impact factor for the production of alongitudinally polarized light vector meson

We will now build a finite amplitude for the production of aligvector meso (e.g.V =
p,@,w). For this purpose, in addition to the CGC rapidity separain t-channel we will use
leading-twist collinear factorization igchannel. Let us define the twist-2 Distribution Amplitude
(DA) for the longitudinally polarized meson via the expamsiof the vacuum-to-meson matrix
element of the leading twist 2-particle operator:

1 )
<MLV @(0)[0>2 0= fvif /0 dxe P2 (x, ). (4.2)

To obtain the hard matrix element for this process, one oegds to substitute

(g P) = (P ), () (Vo) — 7Y (4.2)

in the result obtained from the purely diagrammatic comiariaand multiplying by the r.h.s. of
eg. (4.1). Because the process is exclusive, the real timmedoes not contribute in the present
case. In this example of a process, the cancellation ofgiveres in the virtual corrections occurs
at the level of the amplitude, through the Efremov-Radyirsicodsky-Lepage evolution equa-
tion [10] for the DA ¢, which appears when one renormalizes the bilocal openattrei r.h.s. of
eq. (4.1). In theviSrenormalization scheme, it reads:

a¢(X7uF)_asC|: r(l_g) u2 £ 1
dinpgz — 2m  (4me (fz) /odzfﬁ(z,up)%(x,z), 4.3)

where.#" is the well-known ERBL evolution kernel

H(X,2) = E <l+ [LL> 0(x—12z) + <1+ [ ! L) 6(2—x)+§5(x—z). 4.9

X—Z Z—X

Evolving the DA up to the factorization scalg creates a counterterm @y, reading

dH (%, ) / dz# (z,x) { +1In (ZFH Ph. (4.5)

4
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This counterterm allows one to get rid of the dimensionakpaind of the dependence an
When changing the factorization scalge of dug, a similar mechanism allows one to cancel the
dependence odur up to NNLL terms. We thus found a finite expression for the NLrfipétude

for the production of a longitudinally polarized forwardtit vector meson. The explicit result for
the finite impact factors can be found in ref. [3]. Our resfdt,arbitrary kinematics, remains to be
compared with the result of ref. [11] in the forward kinematand in the usud —factorization
framework, this last fact making this comparison non ttivia

5. Impact factor for the production of a forward dijet

The divergences i®y, must be canceled by combining such terms with the associat¢d
corrections to form a physical cross section. The first sbegotmpute such a cross section is to
use a jet algorithm in order to cancel the soft and collinéaerdence from the real correction.
By using the jet-cone algorithm in the small cone limit, asduf ref. [12], we proved that such
a cancellation occurs. In practice, it amounts to redefitivegintegration domains in eq. (3.5)
and performing a redefinition of the external momenta. Famgxe if the gluon and the quark
are collinear, they will form together a single jet of momentp, + pg, and after the right change
of variables the remaining momentuPaP—PsPa
collinear cone region.

The thus redefined collinear contribution has a simple fannterms of the jet variables. For
example when the gluon is collinear to the quark one gets:

will be inclusively integrated over, in a small

(99),q Ng— 1 jets
do'99-9 = gg4 Nydao/g”, (5.1)
2N
whereN;j is proportional to the “number of jets in the quark”, a DGLARe emission kernel.
The divergence in the virtual contribution can be expredsethctorizing the leading order
cross section:

days, = (N +Ny) do/g®, (5.2)
where Ny is extracted from the divergent part of the virtual amplgudAs shown in ref. [2],
combining all divergent terms together, i.e. adding eq)(53.5), (5.1) and the equivalent of

eg. (5.1) where the gluon is collinear to the antiquark, omalff obtains a finite cross section. The
lengthy finite result can be found in ref. [2].

6. Conclusion

In the context of high-energy diffractive DIS-like processwe built a finite amplitude for the
production of a forward longitudinally polarized light \tec meson and a finite cross section for
the production of a forward dijet. They were described heiegithe QCD shock wave formalism,
which generalizes the BFKL framework by including satwateffects that are expected for very
high energy collisions and for heavy ion targets. In ordageba full numerical prediction for our
processes, the toughest step will be to solve the dipoleVBMILK evolution equation with NLO
accuracy. In principle it should be solved as a function pidiy with a non-perturbative initial
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condition at a typical target rapidity, then evaluated gpécal projectile rapidit§. The convolution
of the resulting non-perturbative input with the finite inspdactors presented in refs. [2] and
[3] would then give the very first full NLL predictions with saation for an exclusive process,
providing additional observables with respect to the isislel cases [13, 14]. Such predictions can
be made for a very wide range ep andeAexperiments, as well as in ultraperiphepg and pA
collisions if one takes the (finite) photoproduction limittbe impact factors.

Finally, let us note that our framework allows, in the caseneson exclusive production, for
an inclusion of contributions beyond twist 2, based on thenffwork developed in refs. [15].

Acknowledgements. This work is partly supported by grant No 2015/17/B/ST2&838.&om the
National Science Center in Poland, by the French grant ANRTRANS (Grant No. ANR-12-
MONU-0008-01), by the Labex P2I0 and by the Polish-Frendlaboration agreements Polonium
and COPIN-IN2P3.

References

[1] R. Boussarie, A. Grabovsky, L. Szymanowski, and S. Wallmpact factor for high-energy two and
three jets diffractive productiQd HEP 1409 (2014) 026, &r Xi v: 1405. 7676].

[2] R. Boussarie, A. V. Grabovsky, L. Szymanowski, and S.lavglOn the one loop!*) — ¢g impact
factor and the exclusive diffractive cross sections forgtauction of two or three jefdHEP 11
(2016) 149, &r Xi v: 1606. 00419].

[3] R. Boussarie, A. V. Grabovsky, D. Yu. lvanov, L. Szymarstiy and S. WallonNext-to-Leading
Order Computation of Exclusive Diffractive Light Vector 8@ Production in a Saturation
Framework Phys. Rev. Lettl19 (2017) 072002,4r Xi v: 1612. 08026].

[4] I. Balitsky, Operator expansion for high-energy scatteriiiycl. PhysB463 (1996) 99-160,
[hep- ph/ 9509348]; Factorization for high-energy scatteringhys. Rev. LetB1 (1998)
2024-2027 liep- ph/ 9807434]; Factorization and high-energy effective actiéthys. RevD60
(1999) 014020,ep- ph/ 9812311]; Effective field theory for the small-x evolutidPhys. Lett.
B518 (2001) 235-242 Hep- ph/ 0105334].

[5] J. Jalilian-Marian, A. Kovner, A. Leonidov, and H. WeitieThe BFKL equation from the Wilson
renormalization groupNucl. PhysB504 (1997) 415-431 Hep- ph/ 9701284]; The Wilson
renormalization group for low x physics: Towards the higinsiy regimePhys. RevD59 (1999)
014014, hep- ph/ 9706377]; J. Jalilian-Marian, A. Kovner, and H. Weigeifithe Wilson
renormalization group for low x physics: Gluon evolutiorfiaite parton densityPhys. RevD59
(1999) 014015 ,Hep- ph/ 9709432]; J. Jalilian-Marian, A. Kovner, A. Leonidov, and H. Weiger
Unitarization of gluon distribution in the doubly logarithic regime at high densityPhys. RevD59
(1999) 034007 Hep- ph/ 9807462]. A. Kovner, J. G. Milhano, and H. WeigeRelating different
approaches to nonlinear QCD evolution at finite gluon dgnéthys. RevD62 (2000) 114005,
[hep- ph/ 0004014]; H. Weigert,Unitarity at small Bjorken xNucl. PhysA703 (2002) 823-860,
[hep- ph/ 0004044]; E. lancu, A. Leonidov, and L. D. McLerrahonlinear gluon evolution in the
color glass condensate.Nucl. PhysA692 (2001) 583-645,Hep- ph/ 0011241]; E. lancu,

A. Leonidov, and L. D. McLerranThe renormalization group equation for the color glass
condensatgPhys. LettB510 (2001) 133-144 Hep- ph/ 0102009]; E. Ferreiro, E. lancu,

“Note that the observables are independent on small chafifesse rapidities up to NNLL corrections.



NLO exclusive diffractive processes with saturation R. Boussarie

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

A. Leonidov, and L. McLerrar\onlinear gluon evolution in the color glass condensateNLicl.
Phys.A703 (2002) 489-538 Hep- ph/ 0109115].

G. Beuf,Dipole factorization for DIS at NLO: Loop correction to thg, — qq light-front wave
functions Phys. RevD94 (2016) 054016,4r Xi v: 1606. 00777].

Y. V. Kovchegov,Small-x F, structure function of a nucleus including multiple pomeexchanges
Phys. RevD60 (1999) 034008,Hep- ph/ 9901281]; Unitarization of the BFKL pomeron on a
nucleusPhys. RevD61 (2000) 074018,ljep- ph/ 9905214].

G. Beuf,NLO corrections for the dipole factorization of DIS strudunctions at low xPhys. Rev.
D85 (2012) 034039,dr Xi v: 1112. 4501].

A. Ayala, M. Hentschinski, J. Jalilian-Marian, and M. Eejeda-Yeomandolarized 3 parton
production in inclusive DIS at small hys. LettB761 (2016) 229-2334r Xi v: 1604. 08526].

G. R. Farrar and D. R. Jacksarhe Pion Form-FactgrPhys. Rev. Letd3 (1979) 246; G. P. Lepage
and S. J. Brodskygxclusive Processes in Quantum Chromodynamics: Evoltiprations for
Hadronic Wave Functions and the Form-Factors of Mesétys. Lett87B (1979) 359;

A. V. Efremov and A. V. Radyushkirkactorization and Asymptotical Behavior of Pion Form-Fact
in QCD, Phys. Lett94B (1980) 245.

D. Yu. Ivanov, M. I. Kotsky, and A. Pap&he impact factor for the virtual photon to light vector
meson transitionEur. Phys. JC38 (2004) 195-213 Hep- ph/ 0405297].

D. Y. Ivanov and A. Papal he next-to-leading order forward jet vertex in the smalfre
approximation JHEP 1205 (2012) 086, &r Xi v: 1202. 1082].

G. Beuf,Dipole factorization for DIS at NLO: Combining the@nd g contributions
arXiv:1708.06557 [hep-ph]ar Xi v: 1708. 06557].

B. Ducloué, H. Hanninen, T. Lappi and Y. ZhDgep inelastic scattering in the dipole picture at
next-to-leading orderarXiv:1708.07328 [hep-ph]afr Xi v: 1708. 07328].

I. V. Anikin, D. Y. Ivanov, B. Pire, L. Szymanowski and B/allon, On the description of exclusive
processes beyond the leading twist approximatiitys. LettB682 (2010) 413,

[ar Xi v: 0903. 4797]; QCD factorization of exclusive processes beyond leadimg:tyg — pr
impact factor with twist three accuraciucl. Phys. B828 (2010) 1, fr Xi v: 0909. 4090].



