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We analyze the current matrix elements in the general collif@ait) frames and find the relation between
the ordinary(or canonical helicity amplitudes and the light-front helicity amplitudes. Using the conservation
of angular momentum, we derive a general angular condition which should be satisfied by the light-front
helicity amplitudes for any spin system. In addition, we obtain the light-front parity and time-reversal relations
for the light-front helicity amplitudes. Applying these relations to the spin-1 form factor analysis, we note that
the general angular condition relating the five helicity amplitudes is reduced to the usual angular condition
relating the four helicity amplitudes due to the light-front time-reversal condition. We make some comments on
the consequences of the angular condition for the analysis of theQfigleuteron electromagnetic form
factors, and we further apply the general angular condition to the electromagnetic transition between spin-1/2
and spin-3/2 systems and find a relation useful for the analysis diltAetransition form factors. We also
discuss the scaling law and the subleading power corrections in the Breit and light-front frames.
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[. INTRODUCTION processes involving hadrons, the framework of light-front
(LF) quantization 5] is also one of the most popular formu-
A relativistic treatment is one of the essential ingredientdations. In particular, the light-front or Drell-Yan-Wesg {
that should be incorporated in describing hadronic systemss= q°+q®=0) frame has been extensively used in the calcu-
The hadrons have an intrinsically relativistic nature since thdation of various electroweak form factors and decay pro-
quantum chromodynamid€CD) governing the quarks and cesses[6—8]|. In this frame[9], one can derive a first-
gluons inside the hadrons haspriori a strong interaction Principle formulation for the exclusive amplitudes by
coupling and the characteristic momenta of quarks and glu¢hoosing judiciously the component of the light-front cur-
ons are of the same order, or even very much larger, than tH&€Nt: AS an example, only the parton-number-conseriiag
masses of the particles involved. It has also been realizel§nc® Fock state contribution is needed in tq*e'=+0 frame
that a parametrization of nuclear reactions in terms of non‘-"’hen a QOOd component of _the current) or_JL
relativistic wave functions must fail. In principle, a mani- =(Jx,Jy), is used for the spacelike electromagnetic form

festly covariant framework such as the Bethe-Salpeter apf_actor caleulation of pseudoscalar mesons. One does not

. . : need to suffer from complicated vacuum fluctuations in the
proach and its covariant equivalents can be taken for the : . . . .
equal  formulation due to the rational dispersion relation.

description of hadrons. However, in practice, such tools are o sero-mode contribution may also be avoided in the

intrgctable because .Of the_ relatiye time dependence and tlEfkreII—Yan—West(DYW) frame by using the plus component
d!fflculty of systemaﬂ_cally_mcludlng hlghe_r order kern_el_s._A of current[10]. The perturbative QCHPQCD) factorization
different and more intuitive framework is the relativistic \aqrem for the exclusive amplitudes at asymptotically large
Hamiltonian approach. With the recent advances in thénomentum transfer can also be proved in LFD formulated in
Hamiltonian renormalization program, a promising tech-ine pyw frame.
nique to impose the relativistic treatment of hadrons appears However, caution is needed in applying the established
to be light-front dynamicsLFD), in which a Fock-space Drell-Yan-West formalism to other frames because the cur-
expansion of bound states is made at equal light-front timeent components do mix under the transformation of the ref-
r=t+2z/c. The reasons that make LFD so attractive to solveerence fram¢11]. Especially for the spin systems, the light-
bound-state problems in field theory make it also useful for gront helicity states are in general different from the ordinary
relativistic description of nuclear systems. (or canonical helicity states which may be more appropriate
Light-front quantization[1,2] has already been applied degrees of freedom to discuss the angular momentum con-
successfully in the context of current algelj@& and the servation. As the spin of the system becomes larger, the num-
parton mode[4] in the past. For the analysis of exclusive ber of current matrix elements gets larger than the number of
physical form factors and the conditions that the current ma-
trix elements must satisfy are essential to test the underlying
*Email address: carlson@physics.wm.edu theoretical model for the hadrons. Thus, it is crucial to find
"Email address: crji@unity.ncsu.edu the relations between the ordinary helicity amplitudes and
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the light-front helicity amplitudes in the frame that they arelaws are derived for the ordinary Breit frame helicity ampli-
computed. tudes and the light-front helicity amplitudes. A summary and
In this work we use the general collinear frames whichconclusion follow in Sec. V.
cover both Breit and target-rest frames to find the relations
between the ordinary helicity amplitudes and the light-front
helicity amplitudes. Using the conservation of angular mo-
mentum, we derive a general angular condition which can be
applied for any spin system. The relations among the light- Our subject is relations among matrix elements or helicity
front helicity amplitudes are further constrained by the light-amplitudes for the process*(q)+h(p)—h’(p’), where
front parity and time-reversal consideration. For example,* is an off-shell photon of momentuiy andh andh’ are
the spin-1 form factor analysis requires in general nine lighthadrons with momentp andp’, respectively(Results will
front helicity amplitudes although there are only three physi-be easily extendable for other incoming vector bosons.
cal form factors. Thus, there must be six conditions for the Calculations may be done in the light-front frame, which
helicity amplitudes. Using the light-front parity relation, one is characterized by having™=q°+q®*=0, and may be
can reduce the number of helicity amplitudes down to five.done in the Breit frame, which is characterized by having the
The general angular condition gives one relation among thghoton and hadron 3-momenta along a single line. Each
five light-front helicity amplitudes, leaving four of them in- frame has its advantages. In the light front frame wijth
dependent. One more relation comes by applying the light=0, and for matrix elements of the current componght
front time-reversal relation, also having the effect that thethe photon only couples to forward moving constituents
general angular condition can be reduced to the usual anguléguarks of the hadrons and never produces a quark-
condition relating only four helicity amplitudes. Conse- antiquark pair. Thus one only needs wave functions for had-
quently, only three helicity amplitudes are independent ofrons turning into constituents going forward (ight-front)
each other, as it should be because there are only three physime, and can develop a simple parton picture of the interac-
cal form factors in spin-1 systems. We also apply the generalon. On the other hand, the Breit frame, being a collinear
angular condition to the electromagnetic transition betweeiframe, makes it easy to add up the helicities of the incoming
spin-1/2 and spin-3/2 systems and find the relation amongnd outgoing particles and to count the number of indepen-
the helicity amplitudes that can be used in the analysis of thelent non-zero amplitudes.
N-A transition. In particular, the angular condition provides By transforming efficiently back and forth one can realize
a strong constraint to thl-A transition, indicating that the the advantages of both frames. Hence our first goal in this
suppression of the helicity flip amplitude with respect to thesection will be to find the relations between the light-front
helicity non-flip amplitude for the momentum transf@rin ~ and Breit frame helicity amplitudes, and then to use those
PQCD is in an order o/Q or M/Q rather thanA ocp/Q, relations to derive in a transparent way the general relation
where both nucleon mass and delta mas$/ are much among the light-front amplitudes that is usually referred to as
larger than the QCD scalkqcp. Thus, one may expect that the “angular condition.”
the applicability of leading PQCD could be postponed to a
largerQ? region than one may naively anticipate from lead-
ing PQCD. The same consideration can apply for the deu-
teron form factor analysis from the spin-1 angular condition. Connecting light-front and Breit helicity amplitudes is fa-
This work presents further discussions on the scaling law andilitated by finding frames that are both simultaneously real-
the subleading power corrections in the Breit and light-frontized. One excellent and easy example is the particular light-
frames. front frame where the target is at rest. This is also a Breit
The paper is organized as follows. In the next sectiorframe, since with the target 3-momentum zero, the remaining
(Sec. I), we present the derivation of transformation lawsmomenta must lie along the same line. We are perhaps ex
between the ordinary helicity amplitudes and the light-fronttending the idea of a Breit frame, but are doing so in a way
helicity amplitudes and obtain a general angular condition orthat leaves invariant the Breit frame helicity amplitude. That
the current matrix elements using the rotational covariancés, one normally thinks of a Breit frame as one where the
of the current operator. Since we start from the definition ofincoming and outgoing hadron have oppositely directed mo-
states in a general collinear frame, our derivation may benenta, along the same line. Sometimes one specifies that the
more physically transparent than any other formal derivationline is thez axis. However, since helicities are unaffected by
In Sec. Il we present the light-front discrete symmetries andotations[12], one can choose any line at all. Further, helici-
derive the parity and time-reversal rules for the helicity am-ties are unaffected by collinear boodt$2] that do not
plitudes. In Sec. IV we discuss the consequences from thesthange the particle’s momentum direction. One can also
findings of the general angular condition and the light-frontboost along the direction of motion until one of the hadrons
discrete symmetry relations. The reduction of the number ofs at rest, provided one defines the positive helicity direction
independent helicity amplitudes is shown for a few exampleor the particle at rest to be parallel to the momentum the
spin systems. The current matrix elements of the spin-1 sysarticle would have in a conventional Breit frame. With this
tem and the spin-1/2 to spin-3/2 transition are shown as exaatural helicity direction choice, the Breit frame helicity am-
plicit examples. The subleading power corrections are obplitude in a target rest frame {§ we use relativistic normal-
tained from the general angular condition and the scalingzation conventions, as we shall always)darecisely the

Il. FRAME RELATIONS AND GENERAL ANGULAR
CONDITION

A. Relations among helicity amplitudes
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same as the Breit frame amplitude in a conventional Breibxis, the light-front helicity and regular helicity states are not

frame with the same helicity labels. the same, but if the 4-momenta are the same they can be
Thus, the light-front frame with the target at rest is both arelated by a rotation. The Breit frame helicity amplitu@g

Breit frame and a light-front frame. There is a continuum ofis

such frames. Another useful example is a Breit frame with

the incoming and outgoing hadrons moving in the negative GEM,lf s(p’ 1|37, ), (2.5

and positivex directions, adjusted to have equal incoming

and outgoing energies. In this cas®,andg® are individu-  whereJ” is the same electromagnetic current.

ally zero, so thai" =0 and we have also a light-front frame. A main result is the relation betwee®, andGg, which
Even in a frame that is simultaneously light-front andis

Breit, the connection between the two types of helicity am-

plitudes can be a bit involved. This is because the definitions G, :di\', (= ‘9')Gfm\dj (). (2.6)

of the light-front and ordinary helicity states are not the same mR K a

and the general conversion between them for a moving statg& sum on repeated helicity indices is implied. THefunc-

involves a rotation by an angle that is not trivial to deter-tions are the usual representations of rotations about the

mine. . _ _ ~axis for particles whose spins are given by the superscript.
Our plan will be to use the rest of this section to defineThe angles are given by

our notation, state the main result for the light-front to Breit

and vice-versa helicity amplitude conversion formulas, and 6 Q.Q_—Q*-M?+m?
show how one obtains the general angular condition from tan§: 2mQ 2.7
this result. Then in the next section we will give the details
of the derivation. and
For light-front amplitudes one uses light-front helicity
states, which for a momentumare defined by taking a state o' Q,.Q_—Q?+M?—m?
at rest with the spin projection along thaealirection equal to tan? == 2MQ ) (2.9

the desired helicity, then boosting in thélirection to get the

desiredp™, and then doing a light-front transverse boost tOwherem is the mass of the incoming hadra, is the mass
get the desired transverse momentpm We call this state ¢ the outgoing hadrorQ= Q2

’

[P, (2.2 Q?=—q?=—(p—p")2 (2.9

and it is defined by formula in the next section. The spin ofand
the particle, is understood but not usually written,is the
light-front helicity of the particle, and the normalization is Q. =[Q%+ (M =m)?]2 (2.10

(P2 NalP1 Aot and we assume that is spacelikenegative, in our metric
=(2m)%2p; 8(p7 —p3)6%(Par — P11) Oy .- (2.2 For the elastic caséyl =m, the anglesd and — 6’ are the

e same.[It may seem peculiar to have a minus sign inserted
The light-front helicity amplitudeG, is a matrix element of ~twice, as it appears in Eqe2.6) and(2.8), but it will seem

the electromagnetic curredt given by more sensible when one sees how the angles arise, in the
next section,.
Gl = (P’ N3P )L (2.3 In the Breit frame, since it is collinear, the sum of spin

projections along the direction of motion must be conserved,

In the Breit frame, we use ordinary helicity states, whichso that if\, is the helicity of the photon,
are defined by starting with a state at rest having a spin ,
projection along the direction equal to the desired helicity, Ny=ptpu'. (2.1

then boosting in the direction to get the desirefp|, and Even if the photon is off-shell, it cannot have more than one

ther_1 rotat_lng t_o get the momentum and spin projection in .thefmit of helicity in magnitude. Hence there is a constraint on
desired direction(We shall generally keep our momenta in the Breit frame helicity amplitude

the x-z plane, so we do not need to worry about the distinc-
tion between, for example, the Jacob-Wigk2| helicity G
states and the somewhat later Wick stdte3].) The state Bu'p
will be denoted

=0 if |u'+ul=2. (2.12

This induces a constraint on the light-front amplitudes, and

p,)e, (2.4 this constraint is what is called the angular condition, given
generally by[14]
whereu is the helicity or spin projection in the direction of ., )
motion, and the subscriptB” reminds us which frame we di,#,(— 0")G, A\ (0)=0 if |u'+ul=2,
use these states in. Except for momenta directly along the (2.13
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.z tang= —p o2 21
i ano= M (247
q 0 equivalent to the half-angle version given earlier, E4j7).
: With @ taken positive, it is also the rotation angle from the
W [ Breit frame helicity state to the light-front state,
BN ___x IP.d =Ry (O] P 2.18
p’ which leads to

L(P AP, w)e=d},(—0)=d},(6). (2.19
For the outgoing hadron, the helicity stat€sge Fig. 1 to
FIG. 1. Photon withg™=0 absorbed on particle at rest. Two get the anglg

choices for the target spin axis are indicated. In the Breit fra)e (
the helicity state positive direction is opposite to the direction of the Ip’,u' )= Ry(m— e)e*iK3§| restu’),, (2.20
entering photon. The light-front stat& ), in this case, is identical
to the rest state quantized along the positivaxis. The angled ~ whereK; is the boost operator for thedirection and¢ is a
between the photon 3-momentum direction and(tiegjative zaxis  rapidity given in terms of the energl’ of the outgoing
is also the angle between the two choices of spin quantization axifiadron,

and most often applied when the Lorentz indeis +. One £= arccos E’ =arccosIQ2+ M?+m? (2.2

sees that the result follows from angular momentum conser- }V 2mM ' '

vation and the limited helicity of the photon. We will check

in Sec. IV that upon expressing tlefunctions in terms of ~ The light-front state is given by first boosting to the correct
Q2 and mass, one obtains the known angular condition fofp’) " =m for outgoing hadron(a boost in the negative
electron-deuteron elastic scattering, and we will also obtairglirection, if Q#0), followed by a boost to get the correct
in terms of masses an@? the angular condition for the N- transverse momentum, which is the same as for the photon.

A(1232) electromagnetic transition. One has

NI\ — A~ IQE;/ma—iKgE’ ’
B. Deriving the light-front to Breit relation ") =e € [restA’).., (222

We gave two examples of frames that were simulta-where
neously Breit and light-front frames. It turns out that half the

2 2
work we need to do is very easy in one of these frames, and &= —arccoshM tm 2.23
that visualizing one ensuing equality is quite easy in the 2mM '
other.
Clearly, one can write andE; is the light-front transverse boost
GEMW: s(P". /[P N )Gy (P[P )s Ei=KyitJds. (2.24
(2.14 Thus the overlap is
so that the p_rqblem redu_ces to fi_nc_iing the_ overlaps of the(p’,u'|p’,\")
light-front helicity and ordinary helicity amplitudes. _ _ _ o
We shall start using the light-front frame with the targetat = (restyu’|eséeV2(m~ g~ IQRE1 /Mg =1Ks& | ragt) 1),
rest. For the initial state, being at rest, the light-front helicity
state is identical to the state with spin quantized in the posi- = (restu'|R,(— g')|rest)\'>zzdi'w(_ 6'),
tive z direction, H
(2.295
[P\ =]|rest\),. (2.15  Where we know the product of the four operators can only be

a rotation because the rest four-momentum is undisturbed.

The helicity state, however, should be quantized along a dionsistent with our previous choice, we defife as the

rection antiparallel to the momentum of the entering photonangl‘,e rotating from the rest state ponnected to the Breit frame
see Fig. 1. The photon four-momentum is heI|C|ty state to the correspondm.g ;tate.connected to the
light-front state. Our method for finding’ is to choose a
representation for the operators, namely,

. Q2+ M2_m2
q_(q d iqL)_ O!TvQ ’ (216) 1 i 1 '
J2:§0'2, K3:§0'3, and E1:§(|0'1+0'2),
and it makes an angle with the z axis, where (2.26
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where theo; are the usual 2 Pauli matrices, and then to Hence, the parity relation for light-front helicity amplitudes

multiply the operators out explicitly. The result is is
+ ’ il —i r_ +
tanﬁ’z—# (2.27) Gl o= mene(—1)) NG, . (3.6
-M%+m*’ '

The parity relation for the usuaBreit fram@ helicity
equivalent to the useful half-angle version given earlier, Eqamplitudes is knowri12], and is usually given in terms of
(2.8). amplitudes with definite photon helicity, which we define in

Putting the pieces together gives the light-front to BreitSec. IV E. We shall only note that we can derive the relation
frame helicity amplitude conversion formula, quoted in Eq.from the light-front result just above, and quote for com-

(2.6). The inverse of this relation follows using pleteness,
j ] - -\ ,
dm\l(ﬁ)dm\(ﬁ) 5)\1)\, (2.28 GB,—YM’,—M: 7]p77p(_1)' HGB; L (3.7
and is
B. Light-front time reversal
G\ x—dJ 1 (—0)Gg,, ﬂd',m(ﬂ)- (2.29 Let T be the ordinary time reversal operator which takes
t— —t andx—x and which is antiunitary. By known argu-
Ill. LIGHT-FRONT DISCRETE SYMMETRY ments, time reversal acting on a state at rest reverses the spin

. . L ) , projection, and one has
The discrete symmetries of parity inversion and time re-

versal are not compatible with the light-front requirement
thatq*=0. However, putting all momenta in thez plane,
we can compound the usual parity and time reversal operdBy way of review, one starts witf'|rest\),= 7+(\)|rest,
tors with 180° rotations about theaxis to produce useful —X\),, and recalls that the states with differenare related
and applicable light-front parity and time reversal operatory the angular momentum raising and lowering operators
[15]. J. . One shows thag(\) changes sign as the spin projec-
tion changes by one unit by considering h&incommutes
A. Light-front parity with the raising and lowering operators. That only leaves
\ , ) ) n1(j) to be fixed. Sincel is antiunitary, one can change
Let P be the ordinary unitary parity operator that takesn (j) by changing the phase of the state, and one chooses
Xx——x andt—t. Define the light-front parity operator by the phase of the state so thaf(j) is one]
[12,19 Define a light-front time reversal operator by

=(—1) " Mrest—\),. (3.9

Yp=R,(m)P. (3.1 Yr=Ry(m)T, (3.9

SinceYp commutes with operator; andKs, one has  giving
thatYp acting on a light-front state gives
Yr|resth),=|rest)),. (3.10
Yelp,\) = Yee EiPLPe Katrest),
This also works for moving light-front states. Sin¥g is

—e E1PL "o Ksfy rest)),. (3.2  antiunitary,
Further, Y+1iKgY7l=iK; and YqE,Y7'=iE;, (3.1))
Yp|rest\),= npRy(m)|rest\),= 77P|rest,>\’>zdjk,x(7r), from which we see
(3.3

Y1l p,A) = Yre (EPL /P e Kat restn ), = | p,\ ), -
where 7p is the intrinsic parity of the state. Then using TP ML= Y | )e=Ip >L(

d;,x(w)z(—l)i”&“_)\, one gets for the states
. We use time reversal first to show that the light-front am-
Yelp ) =7p(—1) " Mp,—\), . (3.4  plitudes are real, for current componeht, still remember-
ing thatY+ is antiunitary,

L NI [P A= LY (R A Y13 7Y Y p A
= (p" N3P T (3.13

For current component™, sinceYp is unitary,
(PN [T [P AL
= (Yp(p A)|YpITYE pYp[P ML

= ppmp(— 1)) TN TN (p' = N[3F[p, =\,
(3.5 L)U)x (Gu\m) (3.14

or
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(for momenta in thex-z plane. V4
In general, it is not useful to reverse the initial and final
states because the particles are different. But for the elastic

case we can use further time reversal to relate amplitudes e e’
with interchanged helicity. First note that for the light-front — < >
frame with the target at rest, the initial and final particles A 7 X
have the samp™, so to get a state with the final momentum p

requires just the transverse boost,

') =e IQEL/PTIp\Y, . (3.19
|p h |p h FIG. 2. Momenta and spin directions for light-front helicity

Beginning by applying the previous time reversal result tostates in thex-Breit frame. The momenta are in thex direction

the elastic case, and recalling tHat commutes with “+” and the spin directions for the light-front states are indicated by the
components of four-vectors, leads to doubled lines.
G =P NI PN L= P AT P N )L momentum.(The boost parameters are not the same. The
transformation withé gives a momentum along tredirec-
_ L<p')\|J+e—iQE1/p+|p')\/>L tion with the final energy; the transformation wigh gives a
momentum along the direction with the finalp™*, but with
= L<p’)\|e*iQE1/P+\]+|p’)\’>L energy andp? different from the final ones. From the kine-
matics given by Eq.(3.19, we find &;=arccosh(m?
= L<p,)\|e*isze+iQE1/p+eiJ3w\]+|p,)\f>L +Q?%8)/m\m?+ Q?/4] and ¢=arccosh(/m?+ Q?/4/m).)

Formally, one defines angie from

=(—DN (P’ I[P 3.1 B
(707 TR, 318 L(PNp.e= resth|e” "2 restu),, (329
Thus when the incoming and outgoing particles have the ) S ) )
same identity, time reversal gives with a corresponding equation involving the final states and
angled’. Using the representation given earlier in E2}26),
+ r_ +
G n=(=D" G/, - (3.17)

e—i020/2: e—0'351/26(01—iu’z)Q/4p+eiU'27T/4eo'3§/2_ (322
Similarly to the close of the last section, we record the

time reversal result for the helicity amplitudes in the BreitConjugating the above equation witkrs (i.e., taking
frame, for identical incoming and outgoing particles, o3...03) gives

A RN : . . .
GBL,”= (—1)* ”GBLM, . (3.18 etioati2— o= 036125 (01-i09)QlAp™ o —iopmlAgoaél2 e 10202
(3.23

C. The x-Breit frame
andg=—-106".

Note that¢= — ¢’ for the equal mass case. While some of  pictorially, we draw the momenta in Fig. 2, and for the
the transformations are easy in the target rest frame, whelggjicity states the particle spins point along the direction of
we calculated, visualizing this result is not. For this purposethe momenta. The incoming and Outgoing ||ght front states
thex-Breit frame, where the incoming and outgoing particlespoth start with a boost in the direction, and then receive

are both along the direction,l ngkg well. symmetrically opposite transverse boosts which rotate the
The momenta are, inp{,p*,p?p®) notation, spin vectors in opposite directions by the same amount. The
anglesd and " are indicated in the figure. One can see both
p=(Jm?+Q%/4,-Q/2,0,0, ’ ’

that the size of the angles should be the same and that the
senses should be opposite.

p’=(Ym?+Q%/4,Q/2,0,0,

q=(0,Q,0,0) (3.19 IV. CONSEQUENCES

. . . A. Light-front parity and the angular condition
and the incoming states are defined by N
The general angular condition for current componght

|p’)\>L=eiElQ/2p+efiK3§1|rest)\>Z’ reads

[P N)g=R,(—m/2)e” K[ rest), . d (= 0)G),,dly(0)=0 for [u'+pu[=2.
(3.20 4.2

The outgoing states have the same longitudinal boostsay thatu+ w'=2. By changing the sign of both and '
but have opposite transformations for getting the transversi looks like we could get another angular condition,
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i’ _onet g — aA
dyr . (=0)G,,dL, \(6)=0. (4.2 G, o= QQCDGEOO
However, using the first of the identities
bA 2
, o . . Qcb|” .
djm’m(a):(_l)m_m dJ—m’,—m(e):dj—m,—m’(a) GL+_( Q ) GLOO (48)
=(—1™™d, (0 (4.3 to leading order in 1. No statement is initially made about

the size ofa andb.
and the light-front parity relation, E¢3.6), one can show by One may go further, following Chunet al.[19] or Brod-
a series of reversible steps that each angular condition Witgky and Hiller[20] (who interestingly mention the work of
mt+u'<—2is equivalent to one witht+u’=2. Hence, Carlson and Grog21] in this regard, to argue that the scale
we only need to consider cases where u'=2. of QCD is given byA ocp and that we can implement this in
the light-front frame by saying that

B. The angular condition for deuterons

We shall implement the general angular condition in a a,b=0(1). 4.9

couple of special cases, rewriting the angular dependence ig consequence of this, written in terms of the deuteron

terms ofQ? and masses. Fo’r the deuteron, the angular coreharge, magnetic and quadrupole form facf@3, is that to
dition comes only fromu=u"=1 and we have good approximation one gets the “universal rati¢g0],

dy,(—6)G/,,, dh(6)=0. (4.9 2
Gc:Gq:Gy= 577—1 1:-2. (4.10
For the equal mass case, the arguments oflthumctions are

the same, This agrees with the leading power @ result[21] that

2mg Gc=(2/3)nGq, but goes beyond it and also gives a predic-
tang=—tanf’' = — (4.5  tion for Gy .

Q We have so far in this section used only three light-front
helicity amplitudes. There are more that are not zero, and we
find a difficulty when we discuss a fourth. Amplitu6g’, .
is related to the others by the angular condition quoted

+ 1,2 1 32 + + 1,41 1 above. Also, the perturbative QCD arguments that give the
Gl +[(d1)™+ (1)~ (Gro. =Gy o) digl Ay~ dr o) scaling behavior %f the otherQheIicitygamplitudes g?ve for
+G[, - 2d1ydi _;—~ Gog(d10)*=0. (4.6 G, atvery highQ?,

(my is the deuteron magsUsing light-front parity, Eq(3.6),
and thed-function identities, Eq(4.3), one gets

2

Substituting for thed’s and tarw, and using the light-front CAqep\“ .4
G o- (4.11

+ —
time reversal resulG,’, ,=—G/,., leads to the angular GL++_( Q
condition in its known forn{16,17,

(Helicity is conserved, but other spin dependent ru2Hs
(27+1)G,, . +\87G o, +G[, _—G[pn=0, (4.7 dictate a two power asymptotic suppressiorGgf. , . This
is also consistent with a naturalness condition discussed in
where 77=Q2/4m§. For the record, we have removed an Ref.[18].)

overall factor, 1/2(% 7). The angular condition to leading order now reads
Recently, Bakker and JiL8] obtained two constraints on

the deuteron helicity amplitudes by noting that there were aMgep 1(cAgep 2

five amplitudes, and that all five could be derived from three 1412 mg 2| my =0. (4.12

independent form factors. Both constraints they called angu-
lar conditions. They appeared differently in different frames;The hypothesis thal ocp sets the scale of the subleading
their Drell-Yan-West frame results can be most directly com-amplitudes would suggest thatas well asa is of O(1).
pared to our present results. The constraint they call “AC1"Gjven the angular condition result just above, this cannot be
is, for momenta in thex-z plane, justG o, + G, (=0. In  right; at least one of and ¢ must beO(my/A ocp) = 20.
the present paper this follows from light-front time reversalHence the hypothesis is not generally workable, and one
invariance. Their constraint “AC2” is then precisely the needs to consider thinking the same about the next-to-
same as the angular condition here. leading corrections in the “universal ratios” expression, Eq.
(4.10.
C. A consequence of the angular condition for deuterons

Perturbative QCD predicts, as we shall review below, that D. The angular condition for N-A transitions

the hadron helicity conserving amplitu@s’y, is the leading The y*N—A(1232) transition is an important reaction
amplitude at highQ and that that involves final and initial states with different spins and
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masses. This makes working out the angular condition more E. Equivalence of leading powers in Breit and light-front

involved technically, but not unduly so, as we shall demon-

strate.
There is one angular condition,

32 12
0=dy, 3(— 0')G/\,d15,(6)
12 3
12-127d%503

— 312
- GL,*S/Z,l/i B d3/2 3/
1/2

+ 3 352 17
TG 1214975 3815 — 12T 9770, 3875 110

+ 302 12 432 . g2
TG 1p1d =920 5875 12T A72 381211

302 12 32 12
+ G\ a1 d 0350 38775 - 170 d35 3875 119

1/2 )
1/2,1/2

(4.13

using the light-front parity. Explicit substitution for the
d-functions yields

o' 0’ 7] 0 o'
0=—cos’-—sm—co% G! _apu —tanz cot—

o' X p ,
+tar127 —\3G! _1py tany +tan—-

+ o, 0
+3G 121 1~ tan tan—-

+ 0’ 6 6

— G apy Cot7+tan§tan2? . (4.14

Finally, removing the overall factors and substituting for the
trigonometric functions gives the angular condition for the

N-A transition,

0=[(M—m)(M*~m*)+mQIG 351
+\3MQ(M — MG, 1115+ J3M QG 110
+Q[Q*—M(M-—m)]G| 31/, (4.19

wherem is the nucleon mass ard is the A mass. For the
record, we have removed another overall fac@Qr, (Q.

—Q-)/(2mM*Q?).

The asymptotic scaling rules, cited in the next section, say

that G, 4/, 1, goes like 10 at high Q, that G 5, ,,, and
G, 1521290 like 1Q°, and thatG, 5, 1, goes like 1Q°.
If we write

Aqep

o (4.16

GL,3/2,1/2: G|_,1/2,1/2

modulo logarithms at higl®Q, then the leadin@ part of the
angular condition says

bAQCD
M

J3+

=0. (4.17)

frames

The idea of “good currents” and “bad currents” is native
to the light-front frame. In analyzing the power law scaling
behavior at highQ?, for a given helicity amplitude, it is
often thought to be safest to stay in the light-front frame and
use only “good currents.” We shall here derive the Breit
frame helicity amplitude scaling behaviors from their light-
front counterparts. Note heg" =0 both in the light-front
frame and the Breit frame that we discuss in this section. All
theg* =0 frames are related to each other only by the kine-
matical operators that make the light-front timentact. We
will find, nicely enough, that the scaling behaviors are the
same as one would have found using the Breit frame only.
That is, one can get the correct leading power scaling behav-
ior from a Breit frame analysis alone.

For a light-front helicity amplitude, the scaling behavior
at highQ is [23]

GE}\,Ax(m/Q)z(n_l)H}\l_)‘min|+\)\_)\min|,

(4.18
wheren is the number of quarks in the stam,is a mass
scale, and\ ,,;, is the minimum helicity of the incoming or
outgoing statdi.e., 0 or 1/2 for bosons or fermions, respec-
tively).

Regarding the Breit frame, we have thus far given its
helicity amplitudes in terms ofsg where v is a Lorentz

index. It is usual to substitute a photon helicity index for the
Lorentz index, usindfor incoming photong

by
Y
GBM’/L

—€,(0.1,)G (419

B,u/,u. )
with polarizationdin (t,x,y,z)-type notation

€.=€(Q,\,=*)= isin@)/\/z

(0,=cos6,—i,

(csch,cosh,0,— cog b csch),

(4.20

€=¢€(q,\,=0)=

whered is the angle betweeﬁ and the negative direction,
as shown in Fig. 1. One can work out that

1
=(1,0,0-1)=sinf| eg— —=(e.—€_)|, (4.2
7=( ) {0 JE( L—e)|, (42D
so that
G4~ " =sin6| G —i(G+ -Gg )|, (4.22
B... B... \/5 B... B... ’

where the superscripts dag will in the rest of this section
refer to photon helicity unless explicitly stated otherwise.
With the general relation, Eq2.6), this gives directly the
expression we use to obtain the scaling behavior of the Breit
amplitudes,
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1 for the light-front states and
e (R CI
w'p \/5 m'p m'p 1 1
) GIJBr++EB<p’v§ E+'J‘p1§> :\/EQGM(QZ),
! f + .
=cschd), . (—0')G[,,,dl,\(0). (423 B
. . 1 1
We can s_elect terms on Fhe left-hand side by choice: of Gg#E B< p',—=|eg-J p,—> =2mGe(q?),
and u, since Breit amplitudes are non-zero only fur, 2 2/ 5
=u'+pu. (4.29
The d functions can be written in terms of sines and co- ) ) .
sines of half angles, so we record that at hgh for the Breit frame states. The scaling rules predict @Bgt,
Gg, andF, scale as 1p* and thatF, scales as §Q°, con-
0 m+0 m) 3 g 6 s m)z sistent with the relations
sing= < —| and cos;= —
2 %
Q Q Q GM = F1+ F2,
i Mo 3 d o 1+0 )2 2
sino=—— — and cos;= =,
2 Q Q 2 Q Ge=F,+ %Fz. (4.30

(4.29
wherem inside the® symbol is a generic mass scale. Equa-_(The_re is recent dat@6] and commentar{27] on the helic-
tion (4.24 can be derived from Eqs2.7) and (2.8), or ity flip scaling results.
equivalently from Eqs(2.17) and(2.27). Thed functions can

be expanded g4] V. SUMMARY AND CONCLUSION
j g\ 2 -lk=M ) lwmA The purpose of the present paper has been largely kine-
da(0)=2ay cos; siny matical. We have examined the relationship between the he-

licity amplitudes in the Breit and light-front frames. One
g\a-ln=M=2/ g\ lu=Al+2 particular result has been a clear view of where the angular
COSE) (S'nE) RN condition comes from. The angular condition is a constraint
on light-front helicity amplitudes. It follows from applying
(4.25 angular momentum conservation in the Breit frame, where
where a;,a,, ... are numerical coefficients with; #0. the, gpplicatipn of .angular momentum conservationj to the
Thus for largeQ, heI|C|_ty amplitudes is ele_m_entary_. One consequence is that an
amplitude must be zero if it requires the photon to have more
_ 2=\ m) le=Al+2 than one unit magnitude of helicity, and this statement cast in
dim(ﬁ)“(—) +0 —) (426  terms of light-front amplitudes is the angular condition
Q Q 14,16
On the right-hand side of E@4.23, there is no term that Another set of constraints follows from parity and time-
falls slower than the term that has’=\=\p;,, and re_versal invariar_1ce. Neither of these symmetries can be used
Lo (m/Q)2=1) Thus the Breit amplitude leading directly on the light front because the light front has a pre-

+a,

m

+
L\

fallo#igt nﬁiin hQis ferred spatial direction. However, each of them can be modi-
9 fied to give a valid symmetry operatidat least for strong
\ m)\ ~ 1200 =1)+[n" = Aminl + 1= Nminl and_ eIect_romagnetic ir_lteractic)rfar the light front[15]._ To
o _> 4.2 define a light-front parity, choose thxez plane to contain all
#eolQ the momenta and then consider mirror reflection in xkre

These are the same results one can get by directly analyzirp\glggg;s-m'es r:gﬂg%ggzl]eivee;;?fawori??:i?]gz;ﬁ:%esdo?gi re-
amplitudes in the Breit frame for various photon helicities . ' o Y, .
[25] nary parity followed by a 180° rotation about thexis, and

By way of example, we will give the Breit and light-front gtzl(l:cnl)lll amplitude relations that follow from it were given in

frame helicity amplitudes for elastic electron-nucleon scatter- Similarly one defines liaht-front time reversal as ordinar
ing. In terms of the standard Dirac, Pauli, and Sachs forn%. y 9 . . Hinary
ime reversal followed by the 180° rotation about thaxis.

factors one may work out Time reversal invariance implies that the amplitudes are al-
ways real for momenta in the-z plane, with additional re-
P, §> =2p*F4(q?), lations possible for elastic scattering, as detailed also in Sec.
L 1.

1 Q The ge_neral angular condition appears cor_npactly in terms

D, _> =2p* = F,(q?), ofd funct|on_s, the_ representations of the rotation operators. It
2 2m can be rewritten in terms of masses and momentum transfer.
(4.28 We gave the translations for two cases. For electron-deuteron

J+

1
GE++EL<pIa§

J+

1
GIT—+EL<p,1_E
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elastic scattering, the result is well knowt6]. Nonetheless, the helicities of the incoming and outgoing states, and this
it does have an unchronicle@ve believeé consequence, can be done in either the light-front frame or in the Breit
which is that the mass scale associated with the asymptotigame. A preference for one or the other is sometimes given.
power-law falloff of non-leading amplitudes must generally Our final “application” was to obtain the Breit frame scaling
be of order of the nucleon or deuteron mass. It had beeftom the light-front scaling using the transformation between
hoped that the light front was a favored frame where thehem given earlier in Sec. Il, and to find that the result is the
non-leading amplitudes would have small numerical coeffisame as one obtains doing the analysis directly in the Breit
cients: asymtotically of ordenocp/Q, to an appropriate frame.
power, times the leading amplitude. As the angular condition
contradicts this, it also takes away the motivation that under-

lay the suggestion of the universal behavior for spin-1 form
factors.

Additionally, we gave the angular condition explicitly for ~ C.E.C. thanks the DOE for support under contract DE-
the N-A electromagnetic transition. We believe this result isAC05-84ER40150, under which the Southeastern Universi-
also new. The angular condition here fixes precisely the leadies Research AssociatidSURA) operates the Thomas Jef-
ing power of one subleading amplitude. ferson National Accelerator Facility, and also thanks the NSF

The power law scaling of the helicity amplitudes can befor support under Grant PHY-9900657. C.R.J. thanks the
analyzed, with a definite power ofQ/given in terms of the DOE for support under contract DE-FG02-96ER40947 and
number of constituents in the wave function and in terms othe NSF for support under Grant INT-9906384.
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