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Phases & SSA 
•  Single Spin Asymmetries (SSA) in 2-body


•  Parity allows only <S·n> non-zero for any  


                                       single spinning 



 
 
 
 
 
 particle. Requires



 
 
 
 
 
 some helicity flip



 
 
 
 
 
 or chirality flip for 

 
 
 
 
m=0 quarks & phase.




Cross section for spin S·n= +1/2 minus that for S·n= -1/2 


<S·n>∝Σf*
ab,cd[σ·n]dd’fab,cd’ ∝Σ Im[f*

ab,c+ fab,c-] for D’s SSA


n requires some p2 transverse to p1 


(at quark level? m=0 & PQCD - no SSA)


•  Inclusive A+B->X+D: sum over all C particles & relate to A+B
+anti-D forward elastic. GRG & J.F.Owens (76)


n ∝ p1× p2 

p1 

p2 
φ 

(at	
  quark	
  level?	
  m=0	
  &	
  PQCD	
  -­‐	
  no	
  SSA)	
  	
  Kane,	
  Pumplin,	
  Repko	
  àPL	
  	
  ~	
  
Inclusive	
  A+B-­‐>C+X:	
  sum	
  over	
  all	
  X	
  par/cles	
  	
  
Possibly	
  relate	
  to	
  A+B+an/-­‐C	
  forward	
  elas/c.	
  GRG	
  &	
  J.F.Owens	
  (76)	
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PQCD	
  lowest	
  order	
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  g	
  à	
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  s-­‐bar	
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Contribu/ons	
  to	
  order	
  αS Imaginary Part 
(Dharmaratna	
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  1990,1996)	
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Pquark	
  vs.	
  flavor	
  
from	
  gluon	
  fusion	
  
grows	
  with	
  flavor	
  
	
  
Does	
  this	
  give	
  
larger	
  Phadron	
  for	
  
heavier	
  flavor?	
  	
  	
  
	
  
What	
  sets	
  scales?	
  
quark	
  “mass”	
  or	
  	
  
hyperon	
  mass	
  

g+gàQ+	
  X	
  	
  	
  

Polzn(Q)~	
  mQ/√s	
  

Transversity2011  GR.Goldstein  
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Pquark	
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Polariza/on	
  

15 

1. p+p →Λ↑ +X  has large negative 
PΛ with flat s dependence &  

growth with pT (see Heller . . .) 
 

2. Clues: K- p →Λ↑ +X at  
176 GeV/c or √s=18GeV  

Polzn even larger - need s-quark? 

 
3. Simple factorization expectation 

Kane, Pumplin, Repko  

PΛ ~  
 

helicity flip ~ mq/hard energy scale 
Soft phenomenon? 
 
Dharmaratna & GRG: 1. Gluon fusion 

dominant mechanism for producing  

polarized 

massive quark pair 
2. Low pT phenomenon 

3. Recombination rules 

 

Model of hyperon polarization 

                              Dharmaratna & GRG (1990,96,99) 

PΛ 

pT (GeV) 

Transversity2011  GR.Goldstein  

!(ŝ)m
q
/ ŝ

p+p→Λ+ X  Polzn(Λ)
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Polariza,on	
  in	
  electroproduc,on?	
  	
  
•  Consider	
  electroproduc/on	
  of	
  Λ’s.	
  Prelude	
  to	
  hadron	
  produc/on.	
  QCD	
  

more	
  under	
  control.	
  
–  Som	
  matrix	
  elements	
  from	
  TMDs	
  &	
  SIDIS	
  or	
  GPDs	
  &/or	
  Fracture	
  

Func/ons	
  
–  Measurements	
  of	
  Λ  polarization in	
  e+pàe+K+Λ   are  indeterminant, but 
small	



–  Target polarization effects are legion: Sivers effect	
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Recent	
  collec/on	
  of	
  data	
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Fig. 4. Λ polarization dependence on xF . The curves correspond to Eq. (2) [13]
for infinite p⊥ (dashed curve) and for the measured 〈p⊥〉 (solid curve).

three HERA-B measurements, which are also compatible with
the extrapolation of the parameterization to negative xF . The
values of Pext corresponding to the HERA-B points are given in
Table 4.

The third dataset shown in Fig. 4 are results from NA48
[14].20 These data are taken at similar

√
s but at smaller p⊥

compared to the ones parameterized by Eq. (2). Even taking
this difference into account the NA48 data are not described
by this parameterization. Previous measurements of Λ̄ polar-
ization include: 0.006 ± 0.005 [13], 0.014 ± 0.027 [2], and
−0.014 ± 0.037 [14]. These numbers are average values for the
specific kinematic ranges covered by each experiment and are
therefore not directly comparable. Nonetheless, all results are
consistent with zero and in agreement with our measurement.

6. Conclusion

A measurement of the inclusive Λ/Λ̄ polarization has been
performed in the xF range: [−0.15;0.01] and the p⊥ interval:
[0.6;1.2] GeV/c using Λ/Λ̄’s produced in pC and pW col-
lisions. As the polarization results from the two targets agree
within their statistical uncertainties, we see no evidence of nu-

20 In Refs. [2,14] xF is defined in the laboratory system. This gives rise to
small shifts in the xF calculation as compared to our definition.

clear effects. The magnitude of the Λ polarization is less than
≈ 6% and measurements suggest an increase of the polariza-
tion with an increase of |xF |. When combining the data from
the two targets, the largest deviation from zero polarization,
+0.054 ± 0.029, is measured for xF ! −0.07. Zero polariza-
tion is expected at xF = 0 in the absence of nuclear effects. The
Λ polarization measurements are consistent with a parameteri-
zation, Pext, of earlier measurements performed at positive xF ,
where the polarization is negative. The Λ̄ polarization measure-
ments are consistent with zero.
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Evolving	
  Ideas	
  about	
  Source	
  of	
  L	
  Polariza/on	
  in	
  
Hadrons	
  	
  

•  Semi-­‐classical:	
  Lund;	
  Thomas	
  precession;	
  SU(6)	
  
•  Q	
  Field	
  Th:	
  Single	
  polariza/on	
  requires	
  interference	
  =>Real	
  x	
  Im	
  part	
  &	
  

helicity	
  flip	
  
•  Kane,	
  Pumplin,	
  Repko:	
  PQCD	
  (PRL41,1689(1978)àPL~	
  
•  Complete	
  order	
  as	
  calcula/on	
  of	
  quark,	
  an/quark,	
  gluon	
  2-­‐body	
  scavering	
  

às	
  	
  +sbar	
  imbedded	
  in	
  hadron+hadron	
  pdf’s	
  (but	
  small	
  mS)	
  (Dharmaratna	
  
&	
  GG	
  1990,1996)	
  

•  How	
  does	
  s	
  	
  	
  get	
  translated	
  to	
  Λ 	
  	
  	
  &	
  enhanced?	
  	
  
•  Som	
  “Recombina/on”	
  with	
  (ud)	
  remnant	
  of	
  N.	
  
•  Final	
  State	
  Interac/ons	
  	
  
•  NPQCD	
  must	
  play	
  a	
  significant	
  role	
  in	
  our	
  understanding	
  of	
  orbital	
  angular	
  

momentum	
  &	
  hadron	
  forma,on.	
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Table 3
The various systematic errors. Note that the contribution from the difference in
polarization obtained by two different methods is one-sided

xF interval [−0.15;−0.07] [−0.07;−0.04] [−0.04;0.01]
Λ σacceptance ±0.022 ±0.022 ±0.022

σmethod −0.004 0.000 +0.002
σα ±0.001 0.000 ±0.001

Λ̄ σacceptance ±0.029 ±0.029 ±0.029
σmethod +0.002 +0.006 −0.003
σα 0.000 ±0.001 0.000

[12]. The final estimates for each of these three sources is given
in Table 3.

To establish limits on biases due to an imperfect MC effi-
ciency determination, we first evaluate the asymmetry in the
cos(θy) distributions for various subsamples. Any asymmetry
in cos(θy) could only be due to detector bias (see Section 1).
The limits are evaluated separately for Λ and Λ̄ since their de-
cay products traverse rather different parts of the spectrometer
due to bending in the spectrometer magnetic field. For each
of three xF intervals and for each of the two targets, the data
set is divided into (approximate) halves according to the di-
rections of the produced Λ/Λ̄’s as seen in the lab frame, e.g.,
up/down, left/right and at various angles in the transverse plane.
For each such pair of subsamples, the asymmetry difference,
a quantity which should be consistent with zero, is evaluated.
The largest deviation from zero was found between the up and
down subsamples. To avoid correlations, we therefore use only
the up/down subsamples as a basis for the evaluation. The data
is thus divided into a total of 12 subsamples for which the
asymmetry is separately evaluated. The sum, with each term
weighted by the inverse square of its statistical error is formed
and interpreted as a χ2 statistic for 12 degrees of freedom.
The systematic error is estimated as f · σstatistical. A new χ2

is calculated by adding the statistical and systematic errors in
quadrature. The scale factor f is chosen such that the χ2 prob-
ability is 50%. The systematic error estimate due to possible
acceptance distortions is then the average of the statistical errors
in the three xF bins multiplied by f . The results are given in
Table 3. Similar results were obtained in a cross check analysis
using cos(θx)

↑ − cos(θx)
↓ rather than cos(θy), where cos(θx)

↑

and cos(θx)
↓ refers to Λ’s propagating in the direction of up-

per/lower hemisphere in the lab frame.
As a cross check of the systematic error, the apparent K0

S po-
larization was determined using the same method as for Λ/Λ̄.
Since K0

S is a pseudo-scalar meson, it cannot be polarized.
The result for K0

S is that even for f = 0, the probability for
zero polarization exceeds 50%. An additional systematic error,
σmethod, could result from the fitting procedure used to extract
the number of signal events in each bin. An alternative to the fit
procedure, namely counting the number of Λ/Λ̄ candidates in
the signal region of the mass plot and subtracting background,
as estimated from side-bins was checked.

Estimates of the individual contributions to the systematic
error are shown in Table 3. Of the three sources considered, the
first dominates. Note also that the first contribution is correlated

Table 4
Combined Λ/Λ̄ polarization results for W- and C-target samples in three bins
of xF . The average p⊥ and xF for each bin are also given. Pext is the expected
polarization extrapolated from previous measurements

〈p⊥〉
[GeV/c]

〈xF 〉 Polarization Pext

Λ 0.82 −0.099 0.054 ± 0.019(stat) ± 0.022(sys) 0.025
0.82 −0.055 0.007 ± 0.020(stat) ± 0.022(sys) 0.014
0.84 −0.020 −0.034 ± 0.018(stat) ± 0.022(sys) 0.005

Λ̄ 0.82 −0.097 −0.024 ± 0.030(stat) ± 0.029(sys)
0.81 −0.054 0.028 ± 0.030(stat) ± 0.029(sys)
0.83 −0.020 −0.024 ± 0.025(stat) ± 0.029(sys)

between the three xF bins since the decay products correspond-
ing to the different bins traverse the same detector elements.
The second is proportional to the measured polarization and the
third is not correlated with the first two. To be conservative, the
correlations are ignored, and the total systematic error (see Ta-
ble 4) is calculated by adding the individual contributions of
Table 3 in quadrature.

5. Discussion

The present measurements are performed in three xF bins
which are integrated over a p⊥ interval common to all bins. In
contrast, most previous measurements were performed in rel-
atively small lab-frame angular apertures, and thus, unlike the
present measurement, have strong correlations between the av-
erage xF and p⊥ values of the reported results. Consequently, a
comparison is nontrivial. Furthermore, a point by point compar-
ison is not possible for two reasons: very few publications sup-
ply all the needed information (the average xF and p⊥ values
of the measured points), and, the xF region of the present mea-
surement does not overlap with the regions of previous mea-
surements. Instead, we compare our results to a parameteriza-
tion of measurements given in Ref. [13], which describes mea-
surements from four experiments performed at 400 GeV proton
beam energy with hydrogen and beryllium targets, at various
targeting angles. Those results cover the xF range [0.1;0.5],
and are fitted to a simple expression with factorized xF and p⊥
dependences:

(2)Pext(xF ,p⊥) =
(
C1xF + C2x

3
F

)(
1 − eC3p

2
⊥
)
.

The fitted coefficients are: C1 = −0.268 ± 0.003, C2 =
−0.338 ± 0.015 and C3 = −4.5 ± 0.6 (GeV/c)−2.

In Ref. [3] it is argued that the Λ polarization dependence
on CM energy is weak. Assuming complete energy indepen-
dence, the functional form of Eq. (2) can be checked against
more recent and independent 800 GeV Λ measurements [2].
The comparison is shown in Fig. 4, where the solid curve cor-
responds to Eq. (2) with the average p⊥ of all presented Λ

measurements, 〈p⊥〉 = 0.83 GeV/c, and the dashed curve cor-
responds to Eq. (2) with infinite p⊥. Except for the lowest xF

point, the measurements of Ref. [2] are at larger p⊥ than the
present results, and should therefore correspond to a curve lying
between the two displayed curves. The data are clearly consis-
tent with the parameterization. Also shown in Fig. 4 are the
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Fig. 4. Λ polarization dependence on xF . The curves correspond to Eq. (2) [13]
for infinite p⊥ (dashed curve) and for the measured 〈p⊥〉 (solid curve).

three HERA-B measurements, which are also compatible with
the extrapolation of the parameterization to negative xF . The
values of Pext corresponding to the HERA-B points are given in
Table 4.

The third dataset shown in Fig. 4 are results from NA48
[14].20 These data are taken at similar

√
s but at smaller p⊥

compared to the ones parameterized by Eq. (2). Even taking
this difference into account the NA48 data are not described
by this parameterization. Previous measurements of Λ̄ polar-
ization include: 0.006 ± 0.005 [13], 0.014 ± 0.027 [2], and
−0.014 ± 0.037 [14]. These numbers are average values for the
specific kinematic ranges covered by each experiment and are
therefore not directly comparable. Nonetheless, all results are
consistent with zero and in agreement with our measurement.

6. Conclusion

A measurement of the inclusive Λ/Λ̄ polarization has been
performed in the xF range: [−0.15;0.01] and the p⊥ interval:
[0.6;1.2] GeV/c using Λ/Λ̄’s produced in pC and pW col-
lisions. As the polarization results from the two targets agree
within their statistical uncertainties, we see no evidence of nu-

20 In Refs. [2,14] xF is defined in the laboratory system. This gives rise to
small shifts in the xF calculation as compared to our definition.

clear effects. The magnitude of the Λ polarization is less than
≈ 6% and measurements suggest an increase of the polariza-
tion with an increase of |xF |. When combining the data from
the two targets, the largest deviation from zero polarization,
+0.054 ± 0.029, is measured for xF ! −0.07. Zero polariza-
tion is expected at xF = 0 in the absence of nuclear effects. The
Λ polarization measurements are consistent with a parameteri-
zation, Pext, of earlier measurements performed at positive xF ,
where the polarization is negative. The Λ̄ polarization measure-
ments are consistent with zero.
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Fig. 15: Comparison of the transverse momentum differential yield for the K0S particles for INEL pp collisions
with PHOJET and PYTHIA tunes 109, 306 and 320.
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Fig. 16: Comparison of the transverse momentum differential yield for the Λ particles for INEL pp collisions with
PHOJET and PYTHIA tunes 109, 306 and 320.
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Fig. 17: Comparison of the transverse momentum differential yield for the φ particle for INEL pp collisions with
PHOJET and PYTHIA tunes 109, 306 and 320.
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It has been shown that if c is a meson, a generalized Stichel theorem holds [6,11] 
for the triple-Regge region of this reactions; perpendicular (parallel) polarization 
measures the natural (unnatural) parity reggeon coupling to the 7c vertex. We see 
that the kinematic suppression will be even more severe for this asymmetry, how- 
wet, so that the triple-Regge predictions may be very difficult to test in practice. 

Since circularly polarized photon beams have not been used in high energy expe- 
riments, we will not discuss these here. Using the density matrix (25) and the same 
procedure as above, the relevant observables can be obtained easily. 

Last among the single polarization measurements are the particle c polarizations, 
with a and b unpolarized. The density matrix elements are given by (3) and (18); 

~ D g  ab?' ab? 
ab ' - ( - 1 ) c - c ' p f c _ d  , (36) 

Pfcc' - ~ Dgab?, ab? 
ab? 

where the last term incorporates parity conservation. The collinear constraints of 
eq. (22) give the behavior 

~DgabF '  abF 
ab ' , (37) Pfcc' = (½ sin 0)Ic - c'l ~ Dgabc, ab? 

abT 

so that the diagonal matrix elements will have no kinematic suppression. 
If particle c is a spin i baryon (e.g. p, A, Y~), it is conventional to define its pola- 

rization, rather than its density matrix. As expected, parity limits the polarization 
to be along the normal to the scattering plane, and the degree of polarization will be 

2 ~ I m D g a b + , a b _  ~ ImDLb+,a  b_ 
ab ab = sin 0 (38) 

P = ~ Dgab2, abc- abc abc- Dgabc, ab-c 

In general, this is an independent observable, unrelated to beam or target polariza- 
tion. But in the triple-Regge model, for pp -+ pX, P = Aa(-Aa)  providing only natu- 
ral (unnatural) parity reggeons couple to the pp vertex [ 12]. Again, such dynamical 
relations may be masked by kinematical suppression by the factor sin 0. If  a is a A, 
the angular distribution for the nucleon in the parity violating weak decay is ob- 
tained from 

W(s, t, M2x, 0', dp') = ~ ,  Ofc,Mcc , . (39) 
¢C 

The amplitudesMec, for the decay A ~ np are given, for example, in [13]. If 0' and 
4~' are the polar and azimuthal angles of the decay proton in the A rest frame defined 
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low. The conclusions are given in sect. 7 which is followed by an appendix wherein 
the details of  the three-body amplitude naturality decomposition are given. 

2. Definitions and formalism 

The observables for the inclusive reaction a + b ~ c + X can be expressed in terms 
of  two complementary sets of  amplitudes; the set of  amplitudes for each kinematic- 
ally accessible final state in the spectrum of X, or the discontinuities (with respect 
to the invariant mass squared of X) of  the amplitudes for the forward three-body 
scattering a + b + c-~ a + b + c, as given by the generalized optical theorem [1]. We 
first consider the former description. 

Let J~/x~(i),ao'-(s, t, M 2) be the helicity amplitude * (in the s-channel center-of-mass 
system) for the exclusive sub-process a + b -+ c + X i, wherein the particle labels a, b, 
c, will also be helicity labels and the kinematic variables for the multiparticle system 
X i are not explicitly displayed, but are constrained at the invariant mass M 2, with 
overall helicity A. The normalization is chosen in such a way that the invariant cross 
section for the inclusive process is 

o o  

d2o _ 1 1 1 ~ ~=lfd¢il~cO,ab(S,t, M2x)12 (1) 
s dtdM 2 (2s a + 1) (2s b + 1) 32n2s abcA i-  

where the integral is over the kinematic variables in the phase space of  the system 
X i at fixed M 2 and A, and the summation on i is over all kinematically allowed mul- 
tiparticle systems X i at fixed Mx 2 and A. The multiparticle phase-space element is 
given by 

n d3q/ 
d~i = (2n)484(Pf Pi) ~ 1  (2n)32k). ' 

where Pf(Pi) represents the final (initial) total four-momentum and n is the total 
number of  particles in the state X i. In the following the integral and summation in i 
will be abbreviated as a summation on X, and the superscript (i) will be suppressed. 

For polarization observables it is convenient to define the density matrices for 
the incoming state and outgoing particle c as follows: 

p(A,B) __(A) (B) (2) ab,a'b' - Paa' Pbb' 

is the joint density matrix for the incoming particles in polarization states A and B 

* We shall use the Jacob and Wick [5] phase convention with particle b chosen as "type 2". 
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(normalized to trace p = 1). Then the density matrix for particle c is 

p{c,(A, B) = (2s a + 1)(2s b + 1) 

~ ]  F ~(A B),e* 
X aa'bb'Zx Jc&'ab~aa'bb'Jc zX,a b' 

~ IfcA,ab i2 
X abc~ 

(3) 

As introduced, the density matrices are hermitian. Furthermore, in the event that 
the initial state is unpolarized, p f  has a trace of  unity. When the initial state is polar- 
ized however, this normalization condition is replaced by 

d2 o(A, B) d2o s - (pC(A, B)) s - -  (4) d,dM  d,dM  
Once the density matrices are specified in some particular coordinate system, it is 
straightforward to obtain either the angular distribution of  the decay products of  
particle c, or various asymmetries in the scattering process, as we will show later. 

We next relate the inclusive distributions to the three-body scattering amplitudes. 
Let_ga,b,~,,ab£ (s, t, M 2) be the forward scattering amplitude for the process abc-~ 
abc, where s is now the invariant mass squared of the ab pair, t is the (spacelike) 
invariant mass squared of the ac pair, and Mx 2 is the square of  the overall three-body 
center-of-mass energy. Then unitarity requires that the discontinuity with respect to 
Mx 2 of  the forward amplitude (which will be written simply as Dg) satisfies 

Dga,b,~,,ab~(s, t, Mx 2) = ~ , cA ,a b& A ,a 'b '  , (5)  

(where c = c and c' = c '  as will be explained later). The invariant cross section (1) 
now can be written 

d2a _ 1 1 1 ab~c 
s dtdM 2 (2Sa + l) (2s b + 1) 16n2s Dgab?,ab~(S, t, M2x), -~6) 

which is just Mueller's generalized optical theorem [1 ]. The density matrix elements 
for particle c, with a and b polarized, (3), can be expressed as 

and 

p{c,(A, B) = (2s a + 1)(2s b + 1) 
aa'bb' a'b'c', abc t" aa'bb 

"-"ff']'Ogab? ab-d ' (7) 
abc 

d2o(A, B) _ 1 ~ ~ (A,B) (8) 
s dtdM 2 16n2 s aa,bb~dlgga'b'-d, ab~ #ab,a'b' , 

is the cross section for a and b polarized with the polarization of  c undetected, as in 
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(normalized to trace p = 1). Then the density matrix for particle c is 

p{c,(A, B) = (2s a + 1)(2s b + 1) 

~ ]  F ~(A B),e* 
X aa'bb'Zx Jc&'ab~aa'bb'Jc zX,a b' 

~ IfcA,ab i2 
X abc~ 

(3) 

As introduced, the density matrices are hermitian. Furthermore, in the event that 
the initial state is unpolarized, p f  has a trace of  unity. When the initial state is polar- 
ized however, this normalization condition is replaced by 

d2 o(A, B) d2o s - (pC(A, B)) s - -  (4) d,dM  d,dM  
Once the density matrices are specified in some particular coordinate system, it is 
straightforward to obtain either the angular distribution of  the decay products of  
particle c, or various asymmetries in the scattering process, as we will show later. 

We next relate the inclusive distributions to the three-body scattering amplitudes. 
Let_ga,b,~,,ab£ (s, t, M 2) be the forward scattering amplitude for the process abc-~ 
abc, where s is now the invariant mass squared of the ab pair, t is the (spacelike) 
invariant mass squared of the ac pair, and Mx 2 is the square of  the overall three-body 
center-of-mass energy. Then unitarity requires that the discontinuity with respect to 
Mx 2 of  the forward amplitude (which will be written simply as Dg) satisfies 

Dga,b,~,,ab~(s, t, Mx 2) = ~ , c A ,ab & A,a ' b '  , (5)  

(where c = c and c' = c '  as will be explained later). The invariant cross section (1) 
now can be written 

d2a _ 1 1 1 ab~c 
s dtdM 2 (2Sa + l) (2s b + 1) 16n2s Dgab?,ab~(S, t, M2x), -~6) 

which is just Mueller's generalized optical theorem [1 ]. The density matrix elements 
for particle c, with a and b polarized, (3), can be expressed as 

and 

p{c,(A, B) = (2s a + 1)(2s b + 1) 
aa'bb' a'b'c', abc t" aa'bb 

"-"ff']'Ogab? ab-d ' (7) 
abc 

d2o(A, B) _ 1 ~ ~ (A,B) (8) 
s dtdM 2 16n2 s aa,bb~dlgga'b'-d, ab~ #ab,a'b' , 

is the cross section for a and b polarized with the polarization of  c undetected, as in 
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