dropping the superscripts related to the target helicities and collapsing the sums over external and
internal spins because both the target and resonance are 07 objects:

I = Y VoYY per Vi Y (34)
- %|y00’2 (1‘/0 —1%) ( _736121'%77 —P612l¢7r7r > < _11{?(/{;* ) (35)
_ %|Y00|2 [’1‘/0|2 — PV, LV e 2idnn — P Ly —1yp e2idnn 4 ’—1‘/0’2] (36)
Noting that 'V = —n. ~'V}, we obtain the following expression:
I = "ol (1 40P cos2¢rr), (37)

where ¢, is the angle of the polarization vector relative to the production plane. For the case of
o production, 1. = +1, but for the case of 7 production we have the opposite sign, 7. = —1. For
the Primakoff production of 77~ in S-wave, 1. = (—1)(—1)(=1)° = +1. See Ref. [1] Eq. 8.

The intensity distribution in Eq.[34 may be written in a more convenient form for use with
AmpTools, namely

T = (PP +(HP)AP (38)
Ar = YP("Wo+ Vet (39)
Ar = Y9 Vo (1F nee®®™), (40)

which can be written more symmetrically taking advantage of an arbitrary phase as

Ar = Y9 (e~ T, efmm). (41)

D Scale factors for Primakoff, nuclear coherent, and
nuclear incoherent cross sections

Fig. shows 208Pb data from the PrimEx experiment [23]. NPP will run on the same target
and the same approximate incident beam energy, ~ 6 GeV, as PrimEx. Using known analytical
forms for the processes shown in the figure, known photo-nuclear cross sections, and estimates
for nuclear attenuation from the PrimEx 2°®Pb analysis, we estimate numerical factors for scaling
the Primakoff, nuclear coherent and nuclear incoherent total cross sections seen in PrimEx to the
conditions for NPP.

D.1 Scale factor for the Primakoff cross section
The standard equation for Primakoff 7% production is given by:
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d20'p imE 8aZ2 ,83E4 .
# = FTFO—VY’YWTJF%M(QQ)S“/LZQ
s
where I'7o_,,, = 7.7 €V is the 70 radiative width. The cross section for Primakoff 77 production
with P, = 0 is given by:

d20'Npp N 2aZ2 E$ﬁ2 S’in29

A dM - 2 M Q4 F%M(Qz)o—(’ypy — 7T7T)

The above equation can be reorganized so that it has a structure similar to the standard Primakoff

equation:
dZO'Npp 1 M2 8a22 ,83E4 .
a0 i B”a(’yfy — WW)AMFW} e Q47 FZ,,(Q%)sin?0
™ T
d*onpp 8aZ? BPE] ,
dT ~ FWOTFOH'Y’YMTT;YF%M(QQ)SZTL20
T T

where I"or0_,.., is the effective radiative width for 7070 — v,

2
vy

o(yy — WW)AMWW]

Taking M, ~ 0.4 GeV, AM,r ~ 0.4 GeV, and o(yy — 7°7°) ~ 10 nb gives,

Frogo_yy 42 eV

The angular dependence of the Primakoff differential cross section for single and double-pion
production is given by,

do  sin’6

o Qr

It can be shown (see notes from R. Miskimen) that the peak of the Primakoff differential cross

|F(Q%)?

section is at the angle, .

Hmam = 59
262

where s is the invariant mass of the 7 or 77 system. The factor |F(Q?)|? has a negligible effect on

the position of the peak.

The total cross section is given by the integral

Cco .2

mazx 9

o~ / Sg4 |F(Q?)[22r sinfdf
0
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where C'is a dimensionless scale factor. Working in the small angle limit the total cross section is,

COmax 93 1 52 2
o~ 27 11— = <1 >gharge | g + E20% ) | dO
2 6 4F? v
0 (i + B202) g
vy

COmaxz 03 1 9 52 5 19
O'N27'['/ 5 2|:1—§<7’ >cha7“ge <4_E2+E79)}d9
o (i) 7
vy

Making a change of variable and performing the integration leads to the result,

L o € V1 (e 2
o E$[<ln(1+C) 1+C2> < >chmgeEg(c ln(l—l—C')

For C=4 the term on the left within the brackets sums to +1.89, and the term on the right (
proportional to < r? >) sums to -0.008 (-.61) for the 7(77) final state. Then the ratio of integrals
for double pion to single pion Primakoff production is approximately I../I: =~ 0.68 The total cross
section is approximately proportional to 1/ Eﬁyl, nearly canceling the Efly factor in the Primakoff
equations, and leading to the result that the total cross section is approximately independent of
incident photon energy.

Our final result for the ratio of Primakoff cross sections ¢, 0.0 to o0 is given by,
3
G070 / 0 (Fﬂoﬂoﬂv / rw) X (M,T / Mm> X (Im / I,,) ~ 0.14

D.2 Scale factor for the nuclear coherent cross section

The nuclear coherent cross section for 7 photo-production is given by:

do_’yA%Aﬂo ~ AQ do—'yN%NﬂO
dt g dt

where 7 is the nuclear absorption factor for 7% production, A is the atomic mass number, doyN_yNxo/dt

sin?0F>(t)

is the 7 photo-production cross section on the nucleon, and F(t) is the nuclear matter formfactor.
The nuclear coherent cross section for 7°7° photo-production has a similar form:

do A— AxO070 d20' N—N7x070
yA— AT ~ 2A2 YN—=N71 AM. . 20F2 "
dt 1 dtdM mnsin”OF (1)

where cl207 o Nx0g0/dtdMyy is the 7070 photo-production cross section on the nucleon. In the
near threshold region the dominant channel for 7%7° is through fy(500) photo-production. Cross
sections for fy(500) have been measured in yp — 777~ at 3.6-3.8 GeV [26]. The s-wave t and M+ .-
distributions are shown in Fig. the former at My, = 0.4 GeV, and the latter at t = 0.5GeV 2.
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Note that do?/dtdM,+,- is relatively flat versus M, in the threshold region. The relevant cross
section for this analysis is do? /dtdM .+, |t—o ~ 1.0ub/GeV?3 multiplied by an isospin factor of 1/2
to account for the fo(500) branching fraction to 77, giving do., n_, Nr00/dtdMrr ~ 0.5ub/GeV?2.
The cross section for yp — pr¥ at 6 GeV has been measured at SLAC [40], with cross sections
shown in Fig. do/dt|i—o ~ 1.5ub/GeV? . Estimates from the PrimEX 2%8Pb analysis give
n =~ 0.55.

Assuming an exponential behavior for the differential cross section on the nucleon,

d
Ury]\cfit—)NX _ aoefkt
the coherent angular distribution is given by
dgcoherent . 9 29—kt dt
————— = ggsin“O|F(t)|°e” """ —
R _ g 5in?| (1) e L
For CPP and NPP we have,
2k
—— <<1
< T° >matter
and
2
= < T2 >matter <<1

6 AE?

To leading order in 62 the peak coherent cross section is at angle

P O
e E’y < T2 >matter

The total cross section is given by,

Cemaa: dt
Ocoherent ™~ ao/ sinQHIF(t)]26_“—27rsin9d«9
0 d§2

where C is a dimensionless scale parameter. Working in the small angle approximation and using

the condition,
2

S
MEE%«J

we can reduce the total cross section to this form,
o N 1- 2]
coherent < r2 <2 E%\/O Yy 3y Y

charge

Since the integral depends only on C, the integral cancels out in taking the ratio ., 4, 4700 / Oy As Ar0-

Here we give our final result for the ratio of 7%7° to 7% coherent cross sections:

dQO'NHNOO do’N%NO
& IYNSNrOT0 A M/#gom

OyA— AnOn0 /o-'yAHAﬂo ~n dtdM, . dt
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D.3 Scale factor for the nuclear incoherent cross section

The incoherent cross section for 7% photo-production is given by:

do A 0 do N—NxO0
YA—T ~ _ YIN—INT
dt ”A<1 G<t>> dt

where G(t) is a Pauli suppression factor, with G(0)=1 and G(t) — 0 for t > kp, where kp is
the nuclear Fermi momentum, kr ~ 260 MeV/c. The incoherent cross section for 7%7% photo-
production has a similar form:

do A 0.0 d20' N—N7070

vyA—=TUT 2 YN—=N71

B A(l —G(t )—AMM
dt K G(t) dtdM

The photo-production cross sections on the nuclon are identical to those used in the estimation of
the coherent cross section.

The total cross section is given by,

CE307 0z
o~ oro/ (1 - G(t))e_ktdt

2/4E2
where we integrate up to a multiple of E?,H,zmx, where 0,4, is the angle of the peak coherent cross
section, and 52/4E3/ is the minimum t in the reaction. Because 32/4E$ << k% and 1 —G(52/4E$) R

0, the lower limit on the integral can be replaced with zero,

2

o~ /CE%QW (1 - G(t))e_ktdt
0

For m or mm photo-production

2
CE?0? ke~C—  k<<1

mazx
K <r? >matter

provided that C' < 5. In this case we can neglect the exponential in the integral,

2

o~ /CE%GW (1 - G(t))dt
0

Since the integral depends only on the upper integration limit, the integral cancels out in taking
the ratio 04,7070 /044 70. Our final result for the ratio of 7970 to 70 incoherent cross sections
is given by:

dQO'NA)NOD do—N%NO
& IYNSNaOTO0 A m/#zom

O~y A—m0m0 /o-'yA%ﬂO ~n dtdM,. dt
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Figure 30: CLAS data for s-wave 77~ photoproduction on the proton at 3.2 < E, < 3.4

GeV [26].

D.4 Summary

NPP will take data on the same target, 2°Pb, and the same approximate incident beam energy,
~ 6 GeV, as PrimEx. Using known analytical expressions for the Primakoff, nuclear coherent, and
nuclear incoherent cross sections, known photo-nuclear cross sections, and estimates for nuclear
attenuation from the PrimEx 2®Pb analysis, numerical factors are calculated to scale the total
cross sections seen in PrimEx to the conditions for NPP. Assuming M 0,0 ~ 0.4 GeV, and a width
AM 00 =~ 0.4 GeV, the scale factors for Primakoff, nuclear coherent, and nuclear incoherent total
cross sections are approximately x0.14, x0.07, and x0.07, respectively.
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Fig. 5. do/dt inpb/(GeV/c)? is plotted versus |¢| for
incident photon energies of 6, 9, 12, and 15 GeV. The
dashed lines are only to guide the eye.

Figure 31: SLAC data for 7° photo-production on the proton [40].
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