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Has Charge Symmetry Breaking Been Observed in thedd — a#® Reaction?
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Estimates are made of thled — «yy production cross sections in a model where each neutron-proton
pair in the beam and target initiates@p — dy reaction. This approach, which successfully reproduces
observables in two-pion production at intermediate energies, suggests that direct two-photon production
could provide a very significant background to the measurement of the charge-symmetry-breaking (CSB)
reactiondd — a#°. A nonvanishing CSB cross section has been reported which might be confused
with such two-photon production under the given experimental conditions.

PACS numbers: 25.45.—z, 11.30.Hv, 25.10.+s

In quark language, the charge symmetry operator interthe 77°/% mixing angle, although systematic uncertainties
changes thel and u quarks and this almost leaves the are difficult to quantify.
system invariant because of the small mass differences The validity of the conclusions of Ref. [6] was ques-
between the current quarks [1]. These mass terms wouldipned at the time by some of the experimentalists
for example, mix different isospin states such astieand  involved [10] and, to understand the problem, a de-
n mesons. The most convincing proof of charge symmetrgcription of the experiment is necessary. Well-identified
breaking (CSB) in nuclear reactions would be the obsere particles were detected in the SPESIV magnetic
vation of a nonvanishing rate for thk/ — a7 reaction spectrometer [11]. The scintillator hodoscope momen-
[2], because this would be proportional to the square ofum binning of Ap/p = 0.2% [5] was degraded to a
a CSB amplitude, with no contribution from interference FWHM of 2% through the opening of the collimator to
terms [3]. Moreover, a single unambiguous measuremerihcrease the counting rate. @erenkov photon detector
of this single reaction at one set of kinematic conditionsof 32 lead-glass blocks had a good acceptance for the
could be sufficient to detect a violation. two photons from#® decays. Each detecteg was

In a series of steadily more refined experimentsviewed by up to three neighboring blocks and its energy
[4-6], a Saturne group first deduced upper bound®valuated with a precision 6£30% and its direction to
on the c.m. differential cross section, most notablywithin =3°. The photon energy and angular information
do/dQ = 0.8 pb/sratabeam energy @, = 800 MeV  could be correlated with the-particle momentum on an
[5] and a production angle af!*® = 12°, corresponding event-by-event basis so that, apart from a posséfjle
to the peak of the Jacobian transformation from the c.m. tambiguity, the three final-state four-momenta @fyy
laboratory systems. The final experiment was carriecevents could be determined.
out at the higher energy of; = 1100 MeV, also at The experiment resulted in 230 candidates with a de-
glab = 12° (p<™ = 73°). This is no longer the Jacobian tected ayy topology and 565 where only one photon
peak, but was chosen to fit best the photon anparticle  was seen (although another photon could have escaped
acceptances. The beam energy was taken close to tlkletection). By applying a series of severe cuts in the
threshold forn production in the analogougd — an off-line analysis, the authors of Ref. [6] were left with 15
reaction (1121 MeV), with the hope that somés pro- dd — ayy events which were spread in effective mass
duced virtually might mix, through a CSB interaction, over the rang®5 =< m,, = 175 MeV/c?. Monte Carlo
and emerge ag”’s. A pion signal was claimed [6] with simulations indicate that such a wide spreadnip, is
a c.m. cross section of consistent with singler’ production and decay measured
with a 2% momentum resolution [6]. These 15 events cor-
respond to a cross section @f1 = 0.30 = 0.20) pb/sr.
A slightly smaller figure came from analyzing a selection
of the single-photon events, where one photon was pre-
where the first error is statistical and the second systematisumed lost.
It should be noted that this represents only ab@ut'® of The alternative interpretation [10] is that the 15 events
the deuteron-deuteron total cross section. Within a simpléelong to a continuum ofyy or ayyy reactions, that
model [7], which compares the reaction to the measuretiave been artificially selected by the experimental cuts.
dd — « m reaction near threshold [8,9], a cross section ofThe population of events compatible with ther? hy-
around 1 plsr is consistent with other determinations of pothesis does not show any obvious accumulation in the

£2 (dd — an) = (10 £ 0.20 = 0.25) pbjsr, (1)
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plot of the a-particle momentum versus the yy open-
ing angle. This suggests that a7 production is not the
dominant process and, if it exists, is not separated in the
data from the multiphoton continuum.

We have recently made estimates of two-pion produc-
tion in the dd — a 77" reaction in a model where both
neutron-proton pairs undergo independent np — d=° re-
actions, as indicated in Fig. 1 [12,13]. The predicted 27°
cross section is roughly proportional to the square of that
for single 7° production times a form factor represent-
ing the probability for the two final deuterons sticking to
form an « particle. Thisoverlap is very favorable because
the c.m. frames in the np and dd systems largely coin-
cide. After inserting phenomenological np — d#° am-
plitudes, and including also the charged pion contribution,
the model reproduces well the observed differential cross
section for dd — aX as a function of the missing mass
myx and a-particle angle [13], as well as the measured
deuteron vector and tensor analyzing powers [14]. The
absolute normalization is reproduced to within a factor of
1.5 throughout the 900 to 1300 MeV range of beam ener-
gies, where single-pion (or -photon) production is copious
in nucleon-nucleon collisions because of the A isobar. The
predicted 277 cross section is shown in Fig. 2 under the
conditions corresponding to the CSB experiment [6]. This
spectrum displays a sharp ABC structure close to the 27
threshold [15], aswell asabroader peak near the maximum
missing mass. These features, which are equally promi-
nent in data [16], arise in our model from the shape of
the np — d=° cross section which is forward/backward
peaked. The two-pion cross section is then large when the
two pions emerge parallel (the ABC peak) or antiparallel
(the central bump). We wish to use the same model to es-
timate the background to the CSB experiment, replacing
the 7%’ sin Fig. 1 by photons.

The formalism follows very closely that developed for
two-pion production [13], to which the reader is referred
for further details. The effective mass distributions in the
ayy, or ax’70, channels are expressed in terms of the
matrix element M through

d*a 1 kg™
dd — aX) = ——— -«
dQdmy " aX) = omR oy

X é[dﬂ* S M (2

where /s is the total c.m. energy, k is the relative yy or
7% momentum, and the sum is over external spin pro-
jections. Quantities denoted by an asterisk (*) are evalu-
ated in the 2y or 27 rest frame.

In evaluating the amplitudes corresponding to Fig. 1,
we neglect the deuteron D state and the influence
of the Fermi motion on the spin couplings. The
matrix element then factorizes into a kernel XK, that
contains the spin couplings, and a form factor "W;
M = —i(mg/ve) KW, where v, is the deuteron

FIG. 1. Feynman diagram for the dd — ayy and dd —
am®7° reactions, where the dashed lines denote either pions
or photons.

speed. In this approximation the form of "W is the same
as that for two-pion production, which is successfully
described by this approach [13].

Rather than averaging the c.m. energies of the sub-
processes over the Fermi momenta, these are fixed
by assuming that the two production reactions share
the total c.m. energy equaly. For two-photon produc-
tion this assumption means that the photon laboratory
energy in the inverse yd — np reaction is given by
ERY =T,/4.

The input np — dy/w° vertices are parametrized
in terms of experimentally determined partial-wave
amplitudes, with those for pion production being dis-
cussed in our earlier work [13]. The photon amplitudes
were obtained from the phenomenological multipoles of

0.2
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¥,,=73.0°

0.1

d’c/d0dmy (pb/(sr MeV/c?))

0 100 200 300 400 500
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FIG. 2. Predicted missing mass distributions a 7, =
1100 MeV and 65™ = 73° for the dd — ayy and
dd — am®7° reactions, the latter being reduced by a
factor of 10*. Solid lines in the photon case correspond to the
full calculation, incorporating all L = 2 amplitudes, while the
dashed lines are derived purely from the M1('D,) and E1(F,)
amplitudes. The limits of the experimental acceptance (95 to
175 MeV/c?) are indicated.

5247



VOLUME 83, NUMBER 25

PHYSICAL REVIEW LETTERS

20 DECEMBER 1999

Arenhovel [17] using
20 +1

AL(Z"Hlj) = | Z (ImgLmg — mgy| jmy)
47(2] + 1) mg,my
X (10sm; | jmy) (sm| A" |mg) . ©)

where (sm,|A") | my) is a spin-projected multipole. In this
notation (L, j) are the total angular momenta of the photon
and thewhole process, (s, [) arethe spin and orbital angular
momentum of the np system, and A denotes either elec-
tric (E) or magnetic (M). At EI** = T,/4 = 275 MeV
the np — yd cross section is dominated by M1('D,)
and E1(3F,) partial waves [18], that have angular distri-

E10r) = = lo [ o - el - Lel

where ( p, k) are the proton and photon momenta, (45,:,r , e;)
the deuteron and photon polarization vectors, and o the
Pauli spin matrices. These expressions are to be multiplied
by the corresponding complex amplitude determined using
the spin structure of Eqg. (3).

In afirst approach, only the two E1 and M1 photodis-
integration amplitudes were retained. The predictions for
the ayy and a#w’7° channels are given in Fig. 2. The
magnitude of the two-photon cross section is sensitive to
both the relative strength and phase of the two-photon-
producing amplitudes, with values ranging from 0.4 to
1.3 times the predicted curves being possible with reason-
able variation of these two parameters.

The solid curves in Fig. 2 represent the result of a cal-
culation using al the np — dy amplitudes with L = 2,
as determined by Arenhtvel [18]. These amplitudes pre-
dict a yd — np total cross section about a factor of 1.2
larger than that suggested by the available data [19] and
so the input was reduced by this amount. The simi-
larity of the two calculations illustrated in Fig. 2 indi-
cates that the small np — dy amplitudes are not crucial
in our estimates. The complete lack of structure in the
2 effective mass distributions is in stark contrast to the
ABC peaks in the 27 spectrum. This is a direct conse-
guence of the very different angular dependences of the
subprocesses and, in particular, the tendency for the pho-
tons to emerge at large c.m. angles. There is, however,
a strong angular dependence in the y+y form factor. For
a-particle momenta k5™ > 420 MeV /¢, corresponding
to my < 300 MeV/c?, photon emission paralel to the o
particle is expected to be orders of magnitude smaller than
perpendicular emission.

The model does indeed predict the production of a
significant 2y continuum. Its gross contribution in the 7°
region may be estimated by integrating the missing mass
distribution in Fig. 2 over the experimental acceptance
interval 95 < my < 175 MeV/c? [6]. This leads to a
c.m. cross section of do(ayy)/dQ = 113 pb/sr at
6S™ = 73°. Though this is larger than the #° signal
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butions (3sin6 + 2) and (sin’6 + 1), respectively, and
which are both maximal at 90°. Together, these ampli-
tudes reproduce most of the observed (a sin*d + 1) be-
havior, with @ > 1. Thisvariation is to be contrasted with
the (3 cos’d + 1) dependence, typica for np — 7%d at
these energies, which is sharply pesked towards 6 = 0°
and 180°.
In the spin-amplitude formalism [13], the spin structure
of the dominant partial waves is given by
MI1('D) < —%{(p - e))p - (k % €])
el dxel @

-t et @ ehi-eif. ©

reported [6], the reduction resulting from the experimental
cuts imposed is hard to quantify. If the 2y distribution
were uniform, simple cuts would reduce the signal by a
factor of 3 or more [10], though this might be modified by
any strong photon angular distribution. The naive initia
flux damping factor introduced in Ref. [13], could aso
diminish the cross section by =10%-15%. After taking
such reductions into account, the similarity between our
estimate and the claimed #° signa [6] gives cause for
concern, especially since there is a theoretical uncertainty
of at least a factor of 2, due in part to errors in the photo-
production input. Unless the influence of the predicted
vy continuum can be reduced, the significance of the
CSB measurement must be questioned.

Estimates at 7, = 800 MeV give a similar value
for the double-differential cross section of d?c(ayy)/
dQ dm.,, = 0.14 pb/(srMeV/c?). The early experiment
[5] quoted only an upper bound for 7° production
because of an unidentified but significant background
that varied smoothly with angle. Taking into account the
effect of the cut imposed on the basis of the Cerenkov
information, the background cross section at 6,,, = 12°
was (5 = 2) pb/sr.  Integrating over an experimental
acceptance of ~40 MeV/c? yields a 2y egtimate of
amost exactly this figure, suggesting that the background
isindeed due to two-photon production as discussed here.

Another possible background to the CSB experiment
might arise from a #°y fina state with one very soft
(and undetected) photon. One could try to estimate this
cross section in asimilar model to that of Fig. 1, replacing
just one of the pions by a soft photon. However, in this
kinematic limit the momentum sharing is destroyed and the
form factor "W becomes very small and model dependent.
Within our approach the 7° y background is likely to be
far less serious than the 2y one studied here.

Our calculations suggest that the evidence for charge
symmetry violation in the dd — a7 reaction [6] must
be treated with great caution. We have shown that
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direct two-photon production is important for both this
and the earlier experiment [5]. Experiments are needed
with a better 7° mass resolution and, though the signal
might be weaker, this is most easily achieved near the
am® threshold (7T, = 226 MeV).  At, for example,
10 MeV above threshold in the c.m., the dominant
photodisintegration amplitudes are E1(°P;) and E1(°P»)
[18] and we predict an integrated cross section of
do(ayy)/dm,, = 3.6 pb /(MeV/c?). At the IUCF
storage ring the experiment could be carried out with
tensor polarized deuterons [20]. Because of conservation
laws, n production in dd — « m at threshold has an ana-
lyzing power of 1,y = 1/+/2, and thisallows asignal to be
cleanly picked out against a strong background [9]. The
same technique can be used for pion production since our
prediction for two-photon production gives a value of 1,
which is consistent with zero. Alternatively, a new experi-
ment might take advantage of the distribution in the angle
6, of the two photons in their rest frame, which must be
isotropic for true 77° production. Because of the prefer-
ential photon emission at 90° in the np — dy reaction at
low energies, our model suggests that, near threshold and
in the forward a-particle direction, do/d€,, « (1 +
bsin’d,,)?, where b = 2. This could be investigated
with the WASA 47 v detector at the CELSIUS ring [21].
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