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Exclusive Processes: Theory Introduction

1. Introduction

1.1 Exclusive processes in the early days of QCD

In recent years, hard exclusive processes proved to be ffigigiet tools in order to get insight
into the internal tri-dimensional partonic structure ofllans. The main question is whether one
can extract information on hadrons using hard exclusivegsees, in a reliable way. The aim is
to reduce the process to interactions involving a small remalbpartons(quarks, gluons), despite
confinement. This is possible if the considered processiveriby short distance phenomena,

e € ”hard partonic process

T electromagnetic interactioh™ T parton life time after interaction

<T caracteristic time of strong interaction

Figure 1: Hard subprocess for the proton form factor, with the typiraé scales involved.

allowing the use of perturbative methods. One should thustiingly enough a hadron. This is
typically what occurs in the case of an electromagnetic @ralhich gives access to form factors, as
illustrated in Fig. 1. In practice, exploiting such sitwais in exclusive reactions is very challenging
since the cross section are very small. This weakness candmified based on counting rules,

which shows that [1] c

Fn(qz) = (Qz)n,]_ (11)
wheren is the minimal number of constituents (mesan:= 2; baryons:n = 3). This result can
be easily proven by considering the hard subprocess andatveg the dimensions of the hard
guark and gluons propagators, as well as the dimension af go@si-free collinear quark degrees
of freedom. A similar counting rule can be proven for largglan(i.e. s~ t ~ u large) elastic

processe$, hy — hahy, €.g9.1mm— mrror pp— p p, leading to [2]

?T? - <as(spi)>”_2 1.2)

wheren is the number of external fermionic lines £ 8 for rirr — 771). Limitations to the un-
derlying factorized description have been known since diegasince other contributions might be
significant, even at large angle [3]. Consider for exampéegiocesstt — 1. The first mecha-
nism (see Fig. 2a) relies on the description of each mesomsgh their collineagq content, which
longitudinal component along each meson momentum is edcoddeir distribution amplitudes
(DA), the whole amplitude scaling Iikﬂﬁ% ~ 578 (see Eq. (1.2)). On the other hand, a competing
mechanism may exist, with so-called pinched loop contidmgt (Fig. 2b). It assumes that particu-
lar collinear quark configurations of non-perturbativegoriare present inside each meson. Thus,
the additional hard gluon required to force th@ pair to be collinear in the mechanism of Fig. 2a
is absent in figure Fig. 2b, leading to a disconnected hard phis contribution leads to a scaling
da 55 Note that this second mechanism is absent when at Ieas,ﬁ’drie involved, due to its

dt
point-like coupling enforcing the presence of an additiggiaon as in Fig. 2a.



Exclusive Processes: Theory Introduction

(@) (b)

Figure 2: Large angletr — it scattering. Brodsky-Lepage (a) and Landshoff (b) mechasis

1.2 Recent experimental and theoretical developments

The main difference between inclusive and exclusive psE®s$s the hard scale power sup-
pression, making the measurements much more involved. re€bisres high luminosity accel-
erators and high-performance detection facilities, asigesl by HERA (H1, ZEUS), HERMES,
JLab@6 GeV (Hall A, CLAS), BaBar, Belle, BEPC-II (BES-IIIlHC. Future projects will be
essential for that purpose (COMPASS-II, JLab@12 GeV, LHeIC, ILC).

In parallel to experimental developments, theoreticadregfhave been very important during
the last decade... and many new acronyms for non-pertuebgtiantities have been popularized:
DAs (distribution amplitudes), GPDs (generalised partwsitrithutions), GDAs (generalized distri-
bution amplitudes), TDAs (transition distribution ampties) and TMDs (transverse momentum
dependent distributions), which we will try to introduce amutsheft. These make sense in a
given factorization framework, either at medium energ@slihear factorization) or asymptotical
energies Kr-factorization), allowing to deal both with perturbativedapower corrections.

2. Collinear factorizations

2.1 From DIS to exclusive processes

Historically, the first insight into the partonic contenttbe nucleon was obtained based on
the deep inelastic scattering (DIS). As aimglusive process, the study of the total DIS cross-
section is made based on the optical theorem, which relaigsotal cross-section to the forward
(t = 0) Compton amplitude (see Fig. 3a). The structure functaamsbe factorized collinearly as a
convolution of coefficient functions (CFs) with parton distition functions (PDFs).

The exclusivedeep virtual Compton scattering (DVCS) and time-like Coonpscattering

y ¥l vy’

Figure 3: (a): DIS factorization. (b): DVCS [TCS] factorization.

(TCS), in the limits-p, Q? > —t, can also be factorized, now at the amplitude level (see Big. 3

LFor reviews, see [4, 5, 6, 7].
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It involves generalised parton distribution functions (@& [8] which extend the PDFs outside
of the diagonal kinematical limit: the variable as well as the longitudinal momentum transfer
may not vanish, calling for new variables, the skewngssncoding the inbalance of longitudinal
t—channel momentum, and the transferred transverse momentum

" hadron

Figure 4: (a): Collinear factorization of meson electroproductigh): Collinear factorization of hadron
pair production inyy* subchannel.

From DVCS, several extensions have been made. First, oneapkace the producedby a
meson, factorized collinearly through a DA [9] (Fig. 4a).c8ed, one may consider the crossed
process in the limis,-, < —t, Q2. It again factorizes (Fig. 4b), theq content of the hadron pair
being encoded in a generalised distribution amplitude (BRA]. To illustrate how the collinear
factorization sets in depending on the kinematical regione, may consider the proceggq) y —
yy. At large —g? and in the large center-of-mass energy limit, it factorimeterms of the photon
GPD, while at large-g? and in the threshold limit, it factorizes in terms of the difgn GDA [11].
These frameworks allow to describe hard exotic hybrid mg@soduction both in electroproduction
andyy* collisions (including its decay mode, exgn) [12].

Starting from usual DVCS, the next extension is to allow thiéal and the final hadron to
differ (in the sameSU(3) octuplet), replacing GPDs by transition GPDs. To be evesidigsgonal,
the conservation of the baryonic number can be removed ketingal and final state, introducing
transition distribution amplitudes (TDAs) [13]. This cae bbtained from DVCS by &< u
crossing, as shown in Fig. 5. A further extension is done plang the outoing by any hadronic
state [14]. In particular, the — y andp — 1 TDAs could be measured in the forward scattering
of a pbeam on & probe, as planned by the PANDA collaboration at GSI-FAIR[15

As a theoretical playground, the procegsy — p°p? is of particular interest. Indeed, de-
pending on the polarization of the incoming photons, it carfactorized in two ways involving

Figure 5: t «» u crossing from DVCS.
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either the GDA of thep pair (for y5) or they* — p TDA (for ") [16].

2.2 The twist-2 GPDs

X+E /. \ X—¢

Emission and reabsoptionEmission of a quark and Emission and reabsoption

of an antiquark emission of an antiquark of a quark
~ PDFs for antiquarks ~ meson exchange ~ PDFs for quarks
DGLAP-II region ERBL region DGLAP-I region

Figure 6: The parton interpretation of GPDs in the thsemtervals. Figure from [5].

The twist 2 GPDs have a simple physical interpretation, shimmFig. 6. Their classification
goes as follows, according to the fact that the consideredpaoturbative matrix elemenE?! and
Fd are diagonal in helicity or not.

e For (massless) quarks, this can be equivalently formulatéerms of the chirality of thé
matrix involved in the bilocal light-cone operators whickamix element definé&® andF9.
One should distinguish the exchanges

— without helicity flip (chiral-everl” matrices), 4 chiral-even GPDs :
HI ((=2=% ppFg) , E9, HY (% polarized PDF#\q) andE®,

1 /dz" o _
q_ — [ Y% dxPzt A7 L — (1l
Fi=5 ) o€ “Plat-a2yazaim|,
10 — _ o079
— 55 | RO ED TRy up) + EYx E DT 5 u(p) |
o L1 [dZ
qg_ — [ Y% dxPzt A7 L — 1
F —2/ € C(Plal-32y M(zz)\m\rzquo
~ 2 [ Ao am)y veup) + % £ 0 a1 B u(p
2P | B B 2m '
— with helicity flip ( chiral-oddl" mat.), 4 chiral-odd GPDs:
H7 (==Y quark transversity PDR&q), E9, Hi, ED
1 rdz" iXP~z" 1 a7 L\ a—iqrl
> Eel (Pla(-32i07"a(32) [p) 7—0,2,0
1 g i qqP A AP Gy A ATy qy PPy
_zpu(p)[HTm +Hy 2 +E7 o +E7 = u(p),

e A similar analysis can be made for twist-2 gluonic GPDs (ftnich the notion of chirality
does not make sense):
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— 4 gluonic GPDs without helicity flip:
H9 (22222 PDFxg), EY, A9 (*=*=% polarized PDRAg) andE?

— 4 gluonic GPDs with helicity flipH{, EZ, A andES. We note that there is no forward
limit reducing to gluon PDFs here: a change of 2 units of fitglicannot be compen-
sated by a spin 1/2 target.

2.3 Transversity

The extraction of GPDs from DVCS measurements will soonrenpeecision era, in particular
with the expected bunch of data provided by JLab@12GeV andPAS S-11. One should however
note that this concerns only the quark and gluon GPDs withiataéal helicity transfer. The sector
of GPDs involving a non zero helicity transfer introducedtli'e previous subsection is almost
completely unknown. The tranverse spin content of the prigaelated to non-diagonal helicity
observables, since

D ~ [=2)+]<)
Do ~ [=2)=]<)

An observable sensitive to helicity spin flip gives thus asde the transversity PO q(x), which

is very badly known. Since for massless (anti)quarks dhyjral(-) helicity, transversity is a chiral-
odd quantity. This implies that transversity cannot beasted from usual fully inclusive DIS.
Based on the fact that chirality must be flipped twice, oneamrsider processes with either two
hadrons in the initial state, like in proton-proton cobisior one hadron in the initial state with at
least one hadron in the final state, as in the case of senuisinel DIS.

Let us move from the inclusive to the exclusive case. Agdimestransversity is a chiral-
odd quantity, and based on the fact that QCD and QED are ahiead in the massless limit, any
chiral-odd operator should be balanced by another chadl-@perator in the amplitude of any
exclusive process. Since the dominant DA fgris of twist 2 and chiral-odd, it seems natural to

spin alongx : . helicity states

y t’
v v vy, /* m™ chiral-even twist 2 DA
1, ~ = - < 2
v S :;/TH M2,
T \\‘ S — B \ ’ p-? chiral-odd twist 2 DA
z / “‘ X+& x—&
S

n. 7
e 2 . .
1< M7, chiral-odd twist 2 GPD

Figure 7: Brodsky-Lepage factorization applied g — 77" p? N'.

considerpr-electroproduction. Unfortunately the amplitude vanssted any order in perturbation
theory, since this process would require a transfer of 2suwiithelicity from the proton [17].
Although this vanishing is true only at twist 2, processesliving twist 3 DAs [18] may face
problems with factorization (see Sec. 2.5). One can cir@mhthis vanishing by considering a
3-body final state [19]. Indeed the procads — " p¥ N’ can be described in the spirit of large
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angle factorization [2] of the procegst — mp at larges and fixed angle (i.e. for fixetd /s, U /s

in Fig. 7), M,ZTp providing the hard scale, as considered in sec. 1.1. Bedlésterest for the
transversity sector, one should note that such processlkes\Bibody final state can give access to
all GPDs,MZ, playing the role of the/* virtuality of usual TCS.

On the theoretical side, it is also of particular importat@éuild a consistent framework for
any modeling of the transversity quark and gluon GPDs. Thistie achieved based on a double
partial wave expansion (in the conformal aB@3) partial waves) in the cross channel. Equiv-
alently, this general formulation can be obtained by aniexptalculation of the cross channel
spin-J resonance exchange contributions [20].

2.4 Resummation effects

Consider the usual collinear factorization of the DVCS dtage as a convolution of coef-
ficient functions with GPDs (see Fig. 8 for the quark case)e DWCS coefficient function has
threshold singularities in its— and u-channels, in the limitx — +& . Indeed, considering the
invariants.” and% for the coefficient function,

S = %Q2<<Q2 whenx — &
%:_%Q2<<Q2 whenx — —&

which means that one pass from a single-scale analysis @rtb a two scales problem, a typical
situation which calls for threshold singularities to beurasned. It turns out that soft-collinear

@
Figure 8: Factorization of the DVCS amplitude in the hard regime. Ttossed-blob denote an appropriate
set of Diracl” matrices.

effects lead to large terms of typeslog?(& 4x)]"/(x+ &) which can be resummed in light-like
gauge as ladder-like diagrams [21].
2.5 Limitations within the collinear factorization framew ork

The collinear factorization is known to be applicable foimaited number of cases. Consider
for example the case g@i—electroproduction. Since QED and QCD vertices are chirahgin
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the massless limit), the total helicity ofgg pair produced by g* should vanish, and thg*
helicity equals theyq orbital momenturLdY. In the pure collinear limit (i.e. at twist 2).3% =0,
and thus they* is longitudinally polarized. At = 0 there is no source of orbital momentum
from the proton coupling so that the meson and photon helicire identical. This statement
is not modified in the collinear factorization approactt & 0. Indeed in collinear factorization
the hard part should be treatedtasndependent, since artydependency is power suppressed,
i.e. should be considered as higher twist. Thicchannel helicity conservation (SCHC) implies
that the only allowed transitions ag¢ — p., for which QCD factorization holds at twist 2 at
any order in perturbation [9], ang — pr, for which QCD factorization faces problems due to
end-point singularities at twist 3 when integrating oveaudulongitudinal momenta [22]. The
improved collinear approximation may be a solution: in #gigproach, one keeps a transvefse
dependency in thg, g momenta, to regulate end-point singularities. Now, sodt esllinear gluon
exchange between the valence quark are responsible ferdargble-logarithmic effects which are
conjectured to exponentiate in a Sudakov factor [23], rdrihg end-point singularities. This tail
can be combined with an ad-hoc non-perturbative gaussiatafor the DAs, providing practical
tools for meson electroproduction phenomenology [24].

3. QCD at larges

3.1 Theoretical motivations

The understanding of strong interaction in the Regge lisia ivery fundamental question,
which can be addressed based on perturbative methods. Tiuebptive Regge limit of QCD
is reached in the diffusion of two hadrohg and h, whenever, /5, > other scales (masses,
transfered momenta, ...), while other scales are assunimddomparable (virtualities, etc...) and at
least one of them is large enough to justify the applicabditperturbative QCD (photon virtuality,
heavy final state, largechannel exchanged momentum, large transverse momethta pfaduced
states, etc.). By inspection, one can show that loop caoreciat larges involve powers of Irs,
which might compensate the smallnessxgfivhich powers appear in these loops. This thus calls
for a resummed approach. As a major step forward, the domméemseriesy ,(asIns)” was
computed in the middle of '70s, leading 6™ ~ s7#(©~1 (a(0) > 1) [25], the so-called BFKL
Pomeron which violates QCIB matrix unitarity. One of the main issue of QCD is to improvisth
result, and to test this dynamics experimentally. The ugitgr high-energy QCD dynamics has
been studied extensively in inclusive and semi-inclusiacesses [26]. Based on existing (LHC)
and forecoming facilities (LHeC, ILC) which combine bothaade center-of-mass energy and a
large luminosity, this can be studied in the even more chgifey context of exclusive processes.

3.2 ky-factorization

The main tool in this regime is tHe -factorization. Let us explain the main steps of this high-
energy factorization, illustrated in Fig. 9 fgt y* — p p. First, introducing two light-like vectors
p1 and p, such that §; - pp = sis a parametrically large scale, of the same order of magmias
the squared center-of-mass energy (in our example, one ne&gpe; andp, as the momenta of the
two outgoing mesons), it is convenient to use the Sudakowrdposition of any 4-momentum as



Exclusive Processes: Theory Introduction

O < Oguarks E T =seta=0and[dp
Wm o p(p1)
r—k

o

y*(Gz) X = setf =0and/da
ﬁ < Bquarks
p(P2)

[ d%k,

Figure 9: kt —factorization applied to* y* — pp.

k=a p1+B p2+k., inwhichd*k = Sda dB d%k, . In the larges limit, keeping only the maximal
powers ofs, the numerator of anf—channel gluon can be written as a polarization sum over the
so-called non-sense one, iséj.p = % P2, E,S',%W”: % p1, since the momenta of the upper (lower) part
of the diagram can be approximately considered as flyinggamanresp. p2), up tos suppressed
powers. At high energy, the part of the phase space in theildegral overk which gives rise to

a Ins corresponds to the approximation where th€3) component of-channel gluons entering
the upper (resp. lower) part of the diagram can be neglectéds simplifies considerably thie
integration, from which one obtains the impact repres@nidbr exclusive processes amplitdde

2
M =is / Lqﬂ*(m)—w(p@)(k’r —K) ¢W(Q2)—>P(p§)(_k7_r +K), (3.1)
(2m)2K? (r — k)2 S S

where®Y (@~p(P) js the ¥ 1 (a)g(ka) — pLTd(ke) impact factor. One should note that for the
upper (lower) part of the diagranf (resp. a) is proportional to thes—Mandelstam variable in
the y*g channel. Since the impact factors are defined as integral ®\eesp. a) of S—matrix
elements, they can be equivalently considered asttolannel discontinuity of these—matrix
elements after closing the (resp.a) integral over the right-hand cut.

3.3 Meson production

From factorization point of view, the "easy” caseli§¥ production, which mass provides the
required hard scale [27]. Exclusive vector meson photamtioh at large (providing the hard
scale) is another example (which however faces problem avithrpoint singularities) for which
HERA data seems to favor a BFKL picture [28]. Exclusive elgatoduction of vector meson can
also be described [24] based on the improved collinear fizetition (see sec. 2.5) for the coupling
with the meson DA and collinear factorization for the GPDng.

The process*)y'*) — p p is an example of a realistic exclusive test of Fwmeron, as a sub-
process ob e" — e e’ pEpE with double lepton tagging. This could be measured at ILCclvhi

2k = Eucl. + k, = Mink.



Exclusive Processes: Theory Introduction

Figure 10: Dipole representation far*p — pp high energy scattering.

should provide the required very large enefgys ~ 500 GeV) and luminosity~ 125 fb~! /year),
with the planned detectors designed to cover the very fatwegion, close from the beampipe [29].

Diffractive vector meson electroproduction have receb#gn described beyond leading twist,
combining collinear factorization arlg —factorization. Based on thg + — p 1 impact factor in-
cluding two- and three-partons contributions, one canriles¢lERA data on the ratio of the dom-
inant helicity amplitudes [30]. The dipole representatidrhigh energy scattering [31] (Fig. 10),
equivalent to the BFKL approach [32], is very convenientmgpliement saturation effects, through
a universal proton-dipole scattering amplitugie, ) [33]. Data forp production call for models
encoding saturation [34]. This dipole representation is@ient with the twist 2 collinear factor-
ization, and it has been recently proven that it remaingiadiyond leading twist. This leads to a
very good description of HERA data, except at IQ& where higher twist corrections seem to be
rather important [35]. An impact parameter analysis in gusit would be very interesting, since
it provides a probe of the proton shape, in particular throlegal geometrical scaling [36].

3.4 Looking for the Odderon through exclusive processes

TheQdderon hunting, the elusiveé—odd partner of th&omeron, has not been successful yet
in any hard process, despite its predicted existence. @xdyitto the case of thomeron, which
has an interceptrp(0) — 1 positive, theDdderon is expected to have a vanishing intercept [37].

Several strategies have been pursued in order to revealdt, &ne may consider exclusive
processes where the/p amplitude vanishes due ©-parity conservation [38], the signal being
quadratic in the# contribution. Second, one may consider observables sengitthe interfer-
ence between#p and.Zg, like asymmetries, thus providing observables lineawis [39].

4. Conclusion

Since a decade, there have been much progress in the undargtaf hard exclusive pro-
cesses. There is now a consistent framework starting frangiinciples, in order to deal with
medium energy exclusive processes, starting from DVCS alhdws to describe a huge number
of processes. At high energy, the impact representationpimagerful tool for describing exclu-
sive processes in diffractive experiments; they are anbbeilessential for studying QCD in the
hard Regge limitlPomeron,Odderon, saturation...). Still, some problems remain: ftbmthe-
ory side, proofs of factorization have been obtained oniyafeery few processes (ex:: p — yp,
¥ p— pLp). For some other processes, it is highly plausible, butulbt éemonstrated, like those
involving GDAs and TDAs. Furthermore, some processes @flglishow sign of breaking of fac-
torization (ex.:yy p — pr p at leading order), and a precise factorization schemersjefrom first

10
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principles is still missing in these situations. The effeEQCD evolution, the NLO corrections
and the choice of renormalization/factorization scald,[d48 well as power corrections (including
a complete classification, which has been recently expltmescalar target [41]) will be very rele-
vant to interpret and describe the forecoming data, inqaéir in future facilities like EIC [42] or
LHeC [43]. A first principles description of the whole set @fmperturbative correlators occuring
in exclusive processes is out of reach, since it would requairsolve the confinement problem. A
promising approach has been explored, based on the AdS/Q@&spondence. This may provide
insight for modeling the involved non-perturbative coatets [44]. However, the minimal version
of the AdS/QCD correspondence does not seem to give resuitpatible with phenomenological
constraints.
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