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Developments in deeply virtual Compton scattering allow the direct measurements of scattering amplitudes
for exchange of a highly virtual photon with fine spatial resolution. Real-space images of the target can be
obtained from this information. Spatial resolution is determined by the momentum transfer rather than the
wavelength of the detected photon. Quantum photographs of the proton, nuclei, and other elementary particles
with resolution on the scale of a fraction of a femtometer are feasible with existing experimental technology.
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More than 40 years ago, elastic scattering of relativisticThese conditions have recently been realized in experiments
electrons from protons by Hofstadtgt] et al. probed the at HERMES[4] at DESY and CEBAH4] at JLab.
dimensions of protons and nuclei. On general principles the The physical interpretation is that the target is resolved by
scattering is governed by “form factors,” which parametrize the virtual photon on a spatial scale small compared to the
the difference between pointlike scattering and the observaarget size. A photon of high virtualitQ? selects a short-
tions. In static nonrelativistic approximations of the era, thedistance region of the target: the spatial resolution is of order
form factors were interpreted ds ' . determining the distri-  Ab;~7#/1/QZ2. In contrast, high energy real photop@’)?
bution of charge and magnetic moment in the nuclei of atoms=07] are not well localized, and do not interact in a consis-
and of the nucleons themselvel?]. The charge radius was tent pointlike manner described by simple impulse approxi-
found to be about 0.7 femtometer. The neutron’s form factoinations. Perturbative QCIPQCD) can be applied to DVCS
was later interpreted in terms of a positively charged coreat large Q?, exploiting the short-distance resolution of the
surrounded by a negatively charged outer shell. In retrospectirtual photon, despite the presence of a real photon in the
these classic interpretations are open to doubt. Neither theaction[3,5].
impulse approximation nor the interpretation as charge den- Meanwhile the net momentum transi&t is independent,
sity applies so simply to hadronic physics in the regime ofand Fourier-conjugate to thepatial location where the vir-
the experiments. Pointlike structure now attributed to quarksual photon scattering event occuiset us review thig6].
has been deduced indirectly, in conjunction with the devel\we use a conventional Lorentz frame with coordinates
opment of quantum chromodynamics and deeplgiastic _ 2_op+p-_pB2-
scattering experimentéDIS). The structure of hadrons as (+, T, =) wherep"=2P"P" — Py

complex aggregates of quarks remains rather mysterious. M2+ A2/4
Deeply virtual Compton scatterin@VCS) [3] combines =y ( Pt — A/ — T

features of the inelastic processes with those of an elastic 2Pt

process. A relativistic charged leptgalectron, positron, or

possibly a muoh is scattered from a target nucleon or m2+A$/4

nucleus. A real photon of 4-momentus) = (qg,q’) is also pr#= P++A+,+5T/2,m
observed in the final state. Witt(k), e'(k") denoting the
initial and final electrons of momenta k’ respectively, and

P, P’ denoting the momentum of the target, the process is a*=(Qucs,0Qvce/V2;

! ! ! ! d A%
e(k) +P—e’ (k") +P'+¥(a’). q'#= chs/\E—AJr,_AT’Z(Q IN2—AT))
ves/ V2=

The net momentum transfek to the target is obtained by We also writeA#=¢{P*+ A#, A#A,=t<0. Heremis the
momentum conservation*=k*—k'#—q’#. The real pho-  target mass and/2 is denoted the “skewness.”

ton may be emitted by the lepton beam, in which case a The impulse approximation applies in the infinite momen-
virtual photon of momentunQg,=A* strikes the target. tym framesP " —o, XBj:Q\Z/cs/2P-q fixed and not too
Otherwise the target emits the real photon and a virtual phosmall. The handbag diagraffrig. 1) represents dominance
ton of Q{cs=P'#—P#+q’# strikes the target. It is straight- by thequark-proton scattering amplitud® upon which both
forward to select events where all componentsAdf are  diagonal and off-diagonalgeneralizedl parton distributions
small compared t0/Q?, with Q?=—QtcQvcs,>GeV2.  (GPD) are based. Our notation is
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where® ,,=(Y',s'|,(z') ¥5(2)[Y,s), Y=(Y+Y')/2, and
b= (x,+Xx;)/2. The new feature of GPD is given by tide
dependencgs,9,6). From the Fourier expansions, thede-
pendence is interpreted as a measurement of the conjugate
variableb—Y. This space-time variable is the averayma-
tial offset of the struck quarks relative to them.location of
the hadronsas resolved on the hard scale/@?. The con-
cept of “average spatial offset” cannot be formulated in the
forward limit A— 0O probed in inclusive experiments. Thus
the object of our study, the spatial location of the struck
quarks inside the proton, cannot in principle be addressed by
the traditional inelastic observables. Yet the spatial location
FIG. 1. Diagrammatic representation of the “handbag” diagramis gauge-invariant, local, and underlies all the sophisticated
probed in DVCS; the crossed photon case is omitted. Emission ofechnical studies of the applicability of QQ0,3]. The de-

the final state photon from the targetolid q° wave and lepton pendence on where the hadron c.m. is locatdappears as

beam(dashed;” wave with coherent interference is also shown. A 3 wjyia| gverall phase in the amplitudes; we may therefore
Fourier transform(“FT" ) represented by a “lens” creates a prob-

ability map of the struck quark probabiliishadedl on the trans- S€tY—0. Thenb is the average spatial location of the quark
verse spatial image plane. correlations relative to that origin. This clearly represents a

new variable compared to tteeparation between the quark
fields in correlationgamiliar to workers involved in DIS.
Dk, k" )p P,:f dx dx,e <X ix" Xz TheA dependence, in turn, can be converted back into the
' spatial location of the struck quarks by doing the inverse
o - Fourier transform. Elementary consideration reveals that this
X(PS Ty %) o (x0)IPo8). (1) amounts to introduction 0fa“¥ocusing lens” of a mathemati-
cal sort(Fig. 1). Indeed, the action of an ordinafperfect,
thin) lens in focusing light consists of Fourier transforming
theray representatioimomentum into thespatial represen-
tation. The modulus of the spatial amplitude-squared is the
intensityin the image plane. Thus, while it is impossible to
focus gamma-rays of GeV energies well with any material
instruments, the focusing can be obtained mathematically, if
) only theamplitudesof the gamma ray emissions are known.
2 We turn to the underlying reasons that the gamma-ray
. . ) ) o ) amplitudes can be measured. The cross sectibn
When diagonalized, and combined with unitarity, imaginary _s.. M, M* where M, is the transition matrix element,
parts of the transition amplitude such ds can also be  angj, f are indices, such as spins, summed over experimen-
viewed as parton probabilities for certain reactions. Our eMially, and described in detail below. DVCS hdé=Mgy
phasis retains the amplitude interpretation. +M s tarae; Where Mgy, is the Bethe-Heitler amplitude for
By superposition the target state is represented as the emisgion from the electrons, ath arge i the emis-
sion from the target struck by the electron or positron. The
|P'S>:f dYexp(—iP-Y)|Y,s), interference. termdoj, =2 ReEif[M’éH(A)Me+target(A)]
can be obtained by subtraction sindégy|? is known. The

. ) . symbol Mg 1arget IS already contracted with the amplitude
whereY is a center of momenturtt.m) coordinate. With a | v o, y* emission from the lepton beam: with explicit in-

L ; : X
similar step fofP’), we have matrix elements depending on dices,M%, arge=Miargetss:oL” to emit final state polar-

ization . SymbolM gy includes the lepton amplitudes con-

This object is relevant to the analysis in the regidf
—tmin< —t<—tmax~GeVZ. By momentum conservation
k'—k=P'—P=A. The quark fields are evaluated at spatial
coordinates<; ,Xx, and have Dirac indicep,o. We may re-
write

K+ K’ 3 X1+X2
2 “(Xg=Xp) —iA-

gk XK' Xy — expi

e P YHP Y | oy | P+P’ (Y=Y')+iA- ’ ' tracted with (p’,s’|J%.|p,s), and depends ors,s’. The
2 2 experimentally measurefbrm factors, not an impulse ap-
proximation, are used to predid g, . Measuring the inter-
These steps isolate all dependence on the variakte ference term is practical due to copious electron radiation,
IMgp|>|Myaged, Which is the generic situation at moderate
DP9k, k" )p pr energieq4].

The interference term can be written

— P+P’
=f dedeldxzd>(exp—iT‘(Y—Y’) .
> L'MER oo (M Miargets suu(A) +C.C.i

ss' uv

=t LML (A)Marged A)]+c.C. )

!

+ K
2 '(Xl_XZ))e

+iK “iA-(—Y+Db)
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Here c.c. indicates the complex conjugate and tr indicates the
trace over the joint indices of proton spies’ and photon |
polarizationsu, v. The matrixALy=L"Mg], ., can be ex-
panded in an orthonormal joint basig on the space of all
matrices, with t((m')'m¥)=&'X. Choose the first basis ele- -

ment mis,;W(A)zA’;S”,/\/tr(A A) “parallel” to the Bethe- i

Heitler amplitude itself. TheMgy(A) = u*(A)m(A) with
' a scalar coefficient. All of the factors being known, the

=1 0 1 2 -2 =1 0 1 2 h -2 -1 0 1 2

FIG. 2. Typical photos, or model images made from transverse

trace projects out a unique amplitudev®” _(A) position spacelf;) amplitude squared; scale in Fermi. Left to right:

T;ss

=A(A)mg,.,(A), whereA(A) is a Lorentz scalar. We sup-

Hofstadter’s rendition; a model with transverse spin, plus a qua-
dratic hole from 3-quark correlations; a proton one-half the size and

pressed other dependences to highlight how the irrelevanf .o concentrated than traditional.

A-dependence in the scalar coefficignt(A) has been re-

moved. Up to normalization conventiorlgls’. (A) equals  ness: longitudinal information is intrinsically smeared over a
the Fourier transform ofp’,s’ | T[J&(X)Jem(X')]|p,S). The  scale comparable to the target thickness. We must warn that
observable amplitude is the textbook amplitude; the GPskewness values close to zero or one will involve different
and handbag kernels are constructs justifying its interpretgphysics, as fokg; dependence in DIS. Each procedure gen-
tion. An unpolarized experiment may extract only a real orerates a different photo from the; dependence of what was
imaginary part of the amplitude, as reviewed belowsgin-  observable under the observing conditions.

dependenamplitude determination is made even frompo-
larized targets. —t

(i) The amplitudes should be measuredtihins from
min 10 —t~1 Ge\2. Fit the amplitudes inA; (or t if

This remarkable feature has a phySical eXplanation. In thgymmetry existband generate the Fourier transfornﬁ.ﬁto

emission ofy(q’), both the electron beam and the target
contribute amplitudes, which quantum mechanically inter-
fere. The virtual photon strikes the target hard, causing ac
celeration of the internal constituents and emission of a re
photon from near the struck pointin the handbag model.

Simultaneously the electron beam acts as a known cohereﬂf’
reference source, and emits a photon with known quantu

numbers. Amplitudes orthogonal to the reference source mal
be emitted by the target, but they cannot be observed by

get a profile amplitude functioﬁ(BT). The interpretation of
f(by) is the amplitude to “find” quarks ab; in an image
plane after focusing by an idealized lens. The term “find”
means to extract and reinsert quark fields in correlation, or

the same with a quark-antiquark pair, depending on lon-

itudinal momenta, as resolved in convolution with the hand-
g kernel.

(i) Square the profile amplitude, produciné(br)|?,

interference: the experimental conditions of the lepton bean#hich is positive, real-valued, and corresponds to the “im-
and polarization sumselectthe survivor among all possible age,” a weighted probability to find quarks in the transverse
amplitudes. image plane(Fig. 2). Such probabilities, like conventional

The interference amplitude is odd in the sign of the leptorParton probabilities, represent the features of universal ma-
charge, whileM g has no absorptive part, so that the realtrix elem_ents; when measured the same way between differ-
part of M4,4e; is immediately extracted by electron-positron €nt reactions, they must be t2he same picture. When measured
charge asymmetry{11,7. Angular momentum analysis the same way at differer®°, they are the same picture
shows that the imaginary part 8 44e; can be obtainefi7] viewed at dlﬁergnt spatlal_resolutlons. T_hls suggests a new
by flipping longitudinal polarization of the lepton. The spin- €ra of systematic comparison of partonic structure of had-
dependent amplitudes obtained from unpolarized targets wiflons, greatly more detailed than that of the past two decades.

be incomplete, and not thmost generaamplitudes, which

(iv) The deuteron13] is a superb example where the

await polarized targets. Moreover it has been shpi#that ~ Strategy can be applied. Its wave function to locate the pro-
approximate information on tha dependence of the func- tOn and neutron are known, but its wave function to IocateT
tion ® can be obtained without a full set of polarization quarks and gluonfias never been measured. Larger nuclei
measurements. Whatever information at the amplitude level'® just as amenable to the process: one should arrange for
that can be obtained immediately leads to a correspondin§Vents to be quasielastic on the nucleons, below the thresh-
image of the target under the conditions of the experiment,0ld for pion emission.

which should be immensely informative.

The images so obtained are transmission photographs,

Step by step, to implement the procedure one needs to dhich brings up certain details of the longitudinal coordi-
the following. nate. Recall thad * is comparable to the largest scales in the
(i) Extract amplitudes for the reaction and fit them with problem, namelyP* and VQ?. The conjugate spatial coor-

smooth functions ofA. Not all linearly independent ampli- dinate locating the struck quarkd™ ~bg—vbs~1/A™",
tudes are needed: Spin averaging the target, for examplesherev ~c is the longitudinal velocity of the quark, is iso-
mixes independent images that might have otherwise bedated to no better than the spatial resolution. Consistently, the
separated. Spin-dependence, using a polarized target, ngroton is optically thin, a relativistic pancake in the center of
mains extremely interesting and is also technically feasiblemass frame consisting of about a single longitudinal layer of

Amplitudes can be extracted for fixed values of the skewnesgu

arks, antiquarks and gluons. One may retainAfienfor-

parameter, or they may be integrated over a region of skewmation and do a form ofomographythrough the longitudi-
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nal slices of the proton, granting the limitations of resolution,lution, and also lacks independent verification. Consistency
or one may integrate oveX™. Various coordinates are pos- of other measures, such as those of atomic physics, are cir-
sible: Soper’s “center op™” variable may be useful8]. cular and add no information. A host of strong-interaction
Bjorken scaling inQ? is assumed: scaling violations are measures still lack the p_recision to be definitive. Surely, the
loss of resolution. For our purposes logarithmic scaling vio-Proton’s image cannot differ too much from the small round
lations are “old physics.” In that event integrating ov@? ~ dot of about 1 fm in diameter, so long imagined. But is the
>Q?2,,~GeV? will be useful in accumulating statistics. dot ex;;lctl_y 1 fm, 2 fm, or 1/2 fm in siz€Fig. 27 Is the dot
The measurement also depends on the probe. The han?und' Given the fact that the transver,se_ spin of the proton
bag kemnel[3] 1/(x— ¢/2+i€) depends on the longitudinal reaks rotational symmetry, the proton’s image need not be

tum fracti . Ui ith th itude t circular (Fig. 2): quark orbital angular momentum, an excep-
momentum fractiorx via convoiution wi € ampliitude 1o tionally controversial topic at present, can reveal itself in
find the quarks. By the convolution theorem, the effect is theoreaking of rotational symmetrj6]. Are the up quarks

productof the amplitude and the kernel in the conjugate \hich have charge 2/3, located on the outside, inside, or with
—vt spatial variable, with the kernel then a Heaviside stepniform distribution in the proton? Nobody knows. Where

function. The Step function is the action of an instanta-are the Strange quarks’ the g|u0ns7 and how is the Spin dis-
neously opening camera “shutter,” which naturally affectstributed among all these species? We find that DVCS can
the photographic resolution in the longitudinal direction. Theresolve such questions, because a new principle using the

longitudinal kernel differs for gluons, which couple through momentum transfer, and not the detected photon wavelength,
quark pairs and dominate at small while the rest of the fixes the spatial resolution.

interpretation holds. Concerns about spectator interactions |f current technology can image a proton, what are the
[14] do not disturb the extraction of an image, which repre-|imits of this new technique? The proton’s size is about 10
sents what was observable under the conditions of the exf the size of interesting biological molecules, which billion
periment. _ dollar facilities explore via Bragg diffraction. Yet it is incon-
Remarkably, the transverse coordinates are absolutely dgeivable to scatter from a biological molecutdastically
coupled. The natural image plane is the transverse spatial oRith a high energy photon. Assuming nuclear locations alone
cutting across the face of the proton and resolved on thg . sought, one needa|<~#/A°~keV, with relativistic
scale of 1{/Q°. Current technology allows $Q°<fm and  peams in the 10 MeV—GeV range, a relative precision of
thereforefemtophotography of the interior structure of the ,4er 105—10-7. and we believe beyond current technol-
proton. The data to evaluate these photos already exist, 0fgy Nevertheless the photography of microscopic objects
will exist soon. What will the images look like? Surprisingly, 55 never before been possible with the wavelength of the

the answer is unknown. _ photon separate and independent from the resolution, so un-
Despite Hofstadter's beautiful measurements, and theify eseen technological applications may exist.

continuation[15] “ . . . achieved by improving unrelentingly

(the) methods and equipment in the course of ti&8], the This work was supported in part under a Department of
proton has relativistic constituents, and the nonrelativistiEnergy grant. CphT, Ecole Polytechnique is UMR 7644 of
impulse approximation is no longer credible at the 100 MeVCNRS. We acknowledge useful discussions with P. Jain, G.
scale of form factor structure. The proton’s size inferred forvan der Steenhoven, P. Mulders, M. Garcon, M. Diehl, N.
40 years has been intermixed with the photon’s spatial resd®’Hose, P. Kroll, R. Jacob and P. A. M. Guichon.
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