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ABSTRACT

He discuss the angular distribution of dileptons da/d^Qdfl, emphasizing

phase sensitivity as a probe of initial-st<*te interactions in QCD. The

coherent nature of Sudakov effects Is discussed, along with the presence of

imaginary parts related by analyticity. Angular-distribution structure

functions which describe interference between longitudinal and transverse

virtual photons, e.g., can be used to probe phase differences that depend on

large momenta. These evolve according to exp(Ic An ln($ /AQQJJ)) where 1J is a

2 _<*=<£-.>.
large scale. We report on a complete calculation at 0(ag) of the qq +

T* + gluons channel which confirms the cancellation of small (cutoff) scales,

and describe a complementary experiment involving spin. We discuss the limit

x • 1 of the distribution da/dQ dxdcosO, and point out an unusual and

interesting effect that a momentum-dependent phase can produce here.
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ABSTRACT

We discuss the angular distribution of dileptons da/d QdH, emphasizing

phase sensitivity as a probe of Initial-state interactions in QCD. The

coherent nature of Sudakov effects is discussed, along with the presence of

Imaginary parts related by analyticlty. Angular-distribution structure

functions which describe Interference between longitudinal and transverse

virtual photons, e.g., can be used to probe phase differences that depend on

large momenta. These evolve according to exp(ic In Jln^/A^^))where (J Is a

large scale. We report on a complete calculation at 0(ag) of the qq •>

Y* + gluons channel which confirms the cancellation of small (cutoff) scales,

and describe a complementary experiment involving spin. We discuss the limit

x + 1 of the distribution do/dQ dxdcosQ, and point out an unusual and

Interesting effect that a momentum-dependent phase can produce here.
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QCD is a theory employing interaction via the exchange of nassless vector

gluons. The 1/r character of the perturbative interaction generally produces

similar logarithmic behavior for both very large and very small energy scales,

which presuming factorization, can be separated into short and long distance

dependence. Although it has been understood for some time that a coulomb-like

phase shift must accompany the distorted long-distance propagation of color

charges, the short distance, large momentum transfer implications of phase

dependence has not been emphasized until recently. By analogy with QED we

call the leading, large momenta dependent component of the phase the Chromo-

Couloiab Phase Shift (CCP). Since the momentum dependence at the large

endpoint arises from gluons interacting from a short (renormalization scale)

distance XJ ~ 1/vP to asyraptotically small distances x^ ~ l//s, one should

be able to calculate the effect in perturbation theory. These observations

lead to two questions:

1) Can the CCP be experimentally exploited to teach us about the application

of QCD to hadron physics?

2) Is the theoretical status of QCD sufficiently developed to permit a

reliable calculation of phase dependence?

The answers to both of these questions at this time is "yes" for certain

experiments. Lepton pair production is an excellent prototype where phase

differences occur in a nearly ideal situation.

Lepton pair production is a good laboratory to study effects of the CCP,

in spite of canonical notions, based on partons, that the final state sum is

totally incoherent. This is because the QCD description of production of a

pair at measured Qv hinges on Sudakov-type resummation. The striking

cancellation pattern of Sudakov effects amounts to a high order of destructive



interference of real amplitudes. Accompanying real Sudakov corrections are

imaginary parts, demanded by analyticity, which are the key to the

calculability of the CCP. Since analyticity represents the underlying causal

time-ordering structure of the theory, such effects can be characterized as

initial (or final) state interactions.

The fact that observables are real is no excuse for ignoring phases:

indeed the pair angular distribution (do/d Qdfl) is directly sensitive to

interference between different types of production. For example, the

azitnuthal ($) distribution, which we discuss in some detail below, always

involves an interference between the very different longitudinal (L) and

transverse (T) virtual photon polarizations. Another interesting example

concerns the region x * 1, whch as pointed out by Berger and Brodsky , depends

on the coherent sum of L and T lowest and higher twist contributions. In both

of these examples the new feature that enters is the momentum dependence of

the CCP.

In the situations above, e.g., the real part of the exponentiated phase

is projected out through interference. Since the real part oscillates, the

signal of the CCP in action is an oscillatory scaling behavior in an

appropriate physical variable. This is a rather unorthodox prediction, so we

should lay out the ground rules and assumptions. We presume that the appli-

cability of perturbative QCD to LPP will be established at, e.g., the leading

twist level. ' The CCP need not immediately violate the usual factorization

beliefs, since the dependence on the IR cutoff versus the large momenta can be

arranged to factor apart; the same phenomena occurs in QED. Closely related

to this is the factorization question of active/spectator interactions raised

by Bodwin, Brodsky, and Lepage, which is also discussed by Lindsay, Ross and



Sachrada. . The question appears to be connected with the non-commuting

matrix aspects of constant contributions and is still controversial.

In our calculations we employ the usi>*»l QCD improved parton model.

Standard perturbation theory at one-loop (or in some cases two-loop) order is

necessary to determine the CCP coefficients which involve hard gluon momenta;

the IR cutoff vanishes in momentum dependence involving the evolution of a

phase difference. We begin by studying the obviously interference-sensitive

terms in ^

I. AMPLITUDE DESCRIPTION

Let us review the description of the production of a virtual photon (T )

in the collision between hadrons A and B. We begin at the level of the

amplitude

" T 1 + £T2PT2e " " + £
L
P L e

where <N| is the final state minus the y , p,<o are real functions of momenta,

ag> etc. and the hadron helicities \^ g have been displayed. The symbols ej^

etc. stand for the polarizations of the T , which are spanned by two

transverse and one longitudinal direction in a particular frame. We choose

the Collins-Soper frame for definiteness; here GV, e.g., = Z^/V-Z , where

~ PBQ'PA

The amplitudes in Eq.(l) are not themselves measurable. What is measurable is



a density matrix-like object for the virtual photon:

V Q - V •

If one were trying to eliminate phases explicitly, one could argue that the

probability to create a if" depends on diagonal elements summed so that phases

cancel:

I <JUXJ >* - VV « d0/d4Q .
P

For a simple enough model this might be plausible. The creation probability,

however, is clearly re-dlstributed in dilepton phase space £1 = (9,$) acording

to important off-diagonal elements of W^v in which phase differences occur,

since

^ 4
2(2w) Q S

where A is the direction of either lepton in the pair rest frame. We are

interested in having different y 's Interfere, since this should involve

significant phase differences. For example, the leading real (I L -f L I)

interference term can be written

this term enters the general form of the angular.distribution via



I do/d Qdfi « W (1 + cos 6) + W sin 8

VB <6>
+ W s i n 26 c o s if> + W s i n 2 6 cos 2$ .

From Eq.(5,6) we see that the sin 29 cos <J> coefficient W™ (Q s, ...) depends

sensitively on

Xl L
Re e = cos(uT1- u^) (7)

and should oscillate if o ) ^ - cô  is momentum dependent- (Of course Vj_^,

another interference term, is also phase sensitive in the same sense). The

remarks based on one photon exchange (i.e. QED) are model independent; QCD

o
enters when one ponders whether Wj.(Q ,s,...;as) should equal

wT(Q ,s,...:a ). Perturbation theory can answer this question, as follows.

II. WHY PHASES DIFFER: THE HARD INTERACTION DEPENDENCE

To define angle 4> one must have Qj ^ 0; power counting in QCD shows that

one quark must be far off-shell to produce e£. Hence W^L ~ O(Q^//S), where s

is the subprocess energy. We therefore consider a QCD Born term at QT ^ 0

(Fig.la) and two kinds of loop corrections: "soft" (Fig.lb) and "hard"

(Fig.lc) in Feynman gauge. Labeling momenta as shown, let us consider the

region Q T ~ k^ ~ fixed as k+ ~ ry~ •*• » with n a small number, with

p+,r~ - /? •»- °° and p~,r+ ~ fixed. Then the quark on the left in Fig.l goes

far off-shell ((r-k)2 Sp2 ~ n/g), interfering with production on the right



(complex conjugate) side that is nearly on mass shell ((p — k) ~ fixed)) .

For this configuration it is most efficient (to leading power of Q^/Zs) to

attach the L photon to the left, off-shell side and the T photon to the right,

on-shell side as shown. Now a key point: for the resuraraed cross section,

logarithms from truly "soft" gluons (cutoff £ \l . | <, V k|) produce a phase

which has no knowledge of the hard production point determining L or T: such

phases should cancel. However, hard perturbative gluon loops with momenta

V k2 £ ]£••! & /s, e.g., have to be sensitive to the hard interaction, so here

WT ^ UL* ^ somewhat heuristic representation of these ideas comes by

attaching ordinary Sudakov form factors exp(-Bj), exp(-Bk) to the on- or

off-shell vertices, respectively, and keeping track of imaginary parts.

Letting cutoff dependence be regulated by quark mass (m) and gluon mass (A),

Q

one finds

J ^ - *n2(Q2/m2) - iTr*n(Q2/A2)}

{jln(Q2/Tn2)Zn(Q2/p2) + I Sn2(Q2/p2) (8)

-2iTi£n(Q2/p2) -

so that in this example

v™£ (2£n(Q2/p2) - £n(m2/A2))) . (9)

This suggests that the cutoff dependence in (m ,X ) has isolated, or factored

itself from the momentum dependence. The point to be made is that hard gluons



for which perturbative QCD are applicable do imply to™ ^ u), , and that a real

calculation is called for.

III. CALCULATIONAL STRATEGY

Instead of calculating the real parts for Eq.(3) directly, we will

o

proceed with a calculation for the imaginary parts at 0(a~). There are
• •— s

several reasons for this:

1) Real parts of CCt origin begin at 0(0^) in this process because

agcos(wT- u L) ~ a g - a^ uU-) - u>V-')
2/2l + .... One can see how

interference develops at two-loop order; a contribution, with imaginary

parts denoted by dotted lines, is shown in Fig.2. Needless to say, these

are very difficult calculations.

2) Imaginary parts, on the other hand, begin at O(ctg) and are easily

isolated. For example, among the many graphs at this order, comparatively

few have non-vanishing imaginary parts. Furthermore, fewer still survive

the T,L projection.

3) Imaginary parts are directly measurable, in fact, because of a very nice

experiment using a polarized proton and complementary to the measurement

Q

of Wj.^. The experiment is technically feasible since only one hadron

needs to be polarized. One kind of aparatus that Is available (and

approved) takes the form of the CERN UA6 gas jet target. The
q

complementarity enters because one can show



Re[e j + (coeff. of cos(j> sln29) (10a)

i(w - u )
Im(e ) + (coeff. of A.sin$ sin20) (10b)

where XA is one proton's helicity; the other particle (B) is an unpolarized

hadron. The cosij), isin$ dependences in Eq.(lO) are just remnants of the

spin 1 (T) photon projections. The extra phase i comes with a single helicity

(Y5 = "^5)9 while parity conservation is maintained by the fact that

transverse direction T2 is a pseudovector combination of Tl and Z.

We estimate that l w^ I ~ lu-ĵ l + O(Qf//¥), since deviations from

azimuthal symmetry transform in this way. In that case, the phase difference

of the spin coefficient (10b) and the unpolarized coefficient W ^ (10a) will

have the same momentum dependence to leading order.

An important and non-trivial physical consistency check, both on the

calculation and on the applicability of perturbative QCD, is whether the IR

cutoff dependence actually vanishes in the sum over graphs as indicated by

Eq.(9). This is because the direct calculation leads to the task of finding

2 ?

imaginary pats of terms of order a^n (± various scales), including

ar'S.n. (i Q /cutoff). In our calculation we continue these, obtaining

iTT«sAn(|Q i/cutoff), e.g., along with momentum dependent pieces such as

lira £n(|Q /si) • Although we have not yet organized all the momentum dependent

terms, we can report that cutoff dependence (imaginary terms of 0(l/e) in

4 + e dimensions) does indeed cancel. This in itself supports the

applicability of QCD.

The phenomenology of the cutoff-free, momentum dependent results will be
q

discussed elsewhere. Let us only remark here that data from the NA3
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collaboration does exist for all of the structure functions of Eq.(6)

Including WyL. The data is not of sufficient quality to determine If

osclllattons with respect to, e.g., Qj/Q exist, but neither are oscillations

ruled out. Significant fluctuations may be present in this data, in fact,

which become nore apparent when the kinematic factor of QT//s is divided

o
out. We urge that upcoming precision, high statistics data be binned for the

9 2
separate Q , Q£ dependences of W T L and Wj_ T at fixed s.

IV. THE x + 1 LIMIT

Some time ago Eerger and Brodsky pointed out that higher twist,

longitudinal Y 's should dominate lower twist, transverse Y 's in the

distribution da/dQ dxdcosS as x -»• 1 for the case of irp •* p+p~ + X. One can

summarize this result at the amplitude level as follows. In the notation of

Eq.(l) one finds

llm <NlJy|P P > <* (l-x)e|i + (k /Q)e!* (11)
> 1 A B T T L

where k~, is of the order of a hadron mass. Eq.(ll) implies that

da/dQ2dxdcos6 = (l-x)2(l + cos26) + (M2/Q2)sin29; this is the well known

turnover from transverse to longitudinal polarization as x + 1. However, the

transverse amplitude has, in addition, a factor from Sudakov suppression as

x •• l.** This is a signal that effects of the CCP raay occur. Briefly, an

off-shell fora: factor,

2 2 2 2 ̂
Z/-p'4)*n(-Q-£/-p1 )] (12)
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where p 2 , p ' 2 are spacelike quark legs , wi l l multiply (1-x) in Eq. ( l l ) to

leading double-logarithmic accuracy. Continuing Eq.(12), including running

? 2 ?
coupling ef fec ts , and observing that p ' p ^ const. Q in the region of

i n t e r e s t , one should multiply again by a phase associated with Eq. ( i2) ,

exp(ia)) = exp[-iTTc *n *n(Q2/A*CD) + ±S) (13)

with c = CF/(11 - 2/3 Nf) and 5 is a constant.

Ir addition to these Sudakov-related effects, there are recently

discovered non-traditional higher twist effects that might produce transverse

polarizations. One example is the violation of the Bloch-Nordsiek

prescription discovered by Doria, Frenke] and Tayjor, who considered qq •»•

Y + gluons. Since the result is both higher twist (of order

Oĝ -nCp /Q )£n(Q /cutoff)p^/Q J and a remnant of truly soft gluons, it is not

easy to estimate the implications of this effect. For this discussion we

will simply point out the interesting consequences of interference of the

leading twist term with such anomalous contributions. The normalization would

presumably be dependent on bound state, i.e. non-perturhative details, while

the sensitivity of experiments to the cos(w(Q )) oscillacion is determined by

the x dependence. This latter problem is non-trivial because the limits

kj •*• 0 and x •* 1 do not commute. This underscores the need for further

theoretical development of higher twist calculations.
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IV. CONCLUSIONS

We have emphasized the application of the exponential pattern of log-

arthmic resummation in QCD to phase-sensitive observables In da/d QdJJ. If the

usual understanding of factorization and Sudakov dominance is correct, then an

oscillatory momentum dependence for W^> e*S*> is a prediction of QCD. The

momentum depandence of the argument of the oscillation is const, in. Zn(Q /AQPJJ)

which varies rapidly enough in the moderate Q region (in Q <, S.n 100 GeV ) to

produce detectable oscillations. We believe that the usual smooth high twist

and non-perturbatlve backgrounds can b'i clearly separated from the coherent

effect of oscillations at large enough momentum transfers, since such

backgrounds should be free from large momentum dependent logarithmic phases.

Observation of such oscillations would provide a superb test of QCD: the

signal for present-day experiments is a wave of geometrically increasing

wavelength.
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(a) (b) (c)

Fig-.l. Diagrams for \ftV describing interference of longitudinal (L) and

transverse (T) photons, as discussed in Section II.

JSJL3JL2J133&4

Fig.2. Real terms produced from interference of CCP terms contributing at

0(a3). The dotted line rienotes the Cutkosky rule for Imaginary parts.
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