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MOTIVATION

m Nucleons are non-point-like particles [Hofstadter (1958)).

m Internal electromagnetic (EM) structure of nucleons are
described by EM form factors — scalar functions of one
variable (g% = t). Usually the Pauli and Dirac form factors
F1,F5 or the Sachs form factors Gg, G are used.

m The EM form factors of nucleons are usually measured

e in elastic scattering processes { N — ¢ N (space-like region

t<0)
e in annihilation processes {~¢* — NN or NN — ¢~ ¢+

(time-like region t > 4m3))
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Resume of the old analysis — PRC 75,

MOTIVATION

"Unphysical’ region
t € (0,4m%) is not
kinematically allowed in these
processes - no data available.

According to VMD based
models of hadrons EM form
factors should have
interesting resonance
behavior in the 'unphysical’
region.

Electromagnetic form factors
are complex functions in the
time-like region.
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RESUME OF THE OLD ANALYSIS — PRC 75, 045205

m 2 processes were analyzed

pp—ete n® , pn—ete

m in an experimental setup where the pion is fully detected
m Compton-type annihilation Feynman amplitudes

® Main drawbacks

o neglected off-shell effects
@ neglected pion mass ~ %\7]—; ~ 7%
@ integration over the lepton phase space

/er]F‘]F‘ +2V ),B(g;w _%%/qz)
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FORMALISM

m the matrix elements of the considered reactions are calculated
in the framework of a phenomenological approach based on
Compton-like Feynman amplitudes

(=) (gz) 0 (p-)

—P1+ 4x
~(p-)

P(p2) 7 (q)

{+ (p+)

m Feynman diagrams for the reaction p+p — 71° + ¢+ + £~
@ EM nucleon form factors
e g NN coupling
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PARAMETRIZATION OF THE ELECTROMAGNETIC
VERTICES

m the electromagnetic vertices y*pp* used in the Feynman
diagrams involve off shell protons

m the off-shell effects were neglected as in the previous work

m hadron currents are parametrized by standard EM FFs

N (42
<NG)IT@) INGE) >= 1) |+ 20T 3,70 | (o)
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PION-NUCLEON INTERACTION

m special attention must be devoted to the pion nucleon
interaction, in the vertex TNN

m it can be parametrized as
(p1 — q)rsu(p2)gnn (m3,)

m and it can be related to the axial nucleon form factor by
Goldberger-Treiman relation [Fuchs, Scherer (2003)] as

Ga _ gnNN
fo oM

New analysis
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NEW ANALYSIS

V' is analyzed

monly pp > ete 7t
m differences:

@ pion mass contribution
@ no integration over the lepton phase space

m common features:

@ the same Feynman diagrams
o neglected off-shell effects
o therefore the same hadronic current

«7# = 77(191)0;40(192)
where

_ P P1mg-M o Pt M
OV» - rﬂ(q) (pl _q)z _M2’75g7'f 5 (Pz _q)z — M2 M(q)gﬁ

m to calculate the differential cross section one need to find
expression for the amplitude | M |? and phase space volume dI
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HADRONIC,LEPTONIC TENSOR + AMPLITUDE

m the hadronic tensor
My = 4Tr(p1 = MOy (p2 + M)(O,)
m we have used full leptonic tensor
Lyw = 4G5 v + 494005 — 28"
m therefore amplitude of the process is calculated as
M2 = 4(27)%a?

m the amplitude

64 mZ 2 64 mZ 2 .
IM|? = iiBg) R = gqug) FYF am? X,

New analysis

+ (Fy = B)(F) = )" X + FOF) s
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AMPLITUDE

m the calculation was partly done by Form

: B+C)2 4(Bpy-q- —Cpy-q-)°
7 - F,],megr{sz( BC) EIEAG /L - pg-)”
B-C g —Cpr g ) — 2] 2 4
+ |2 (Br2-q- = Cp1-q-) = (B+C) +mz "+

+  (F -F)(F *F’D*{ (B+CP+ ((B+C)+4(p1-9- +pa ‘q—))z)qu

B 2
- (4(B+C—m§r)+2m%%+16(p2~q7+p1'q7))q4+4q6}
(1 2
+ FQFZ'{W{*4(%»177@1-47) +{2(87C)(sz't77anwa
(R . o ) 2
- (B+C)BC+WZ[(BCAaLW)]qZJr{BCJrm%((BJrC)—

B-C | 4 m2q?
— mz[ *ZT(BPZ -q- —Cpy -q,))}q" 7171%76} +q2(B+C)2 (% —1>}

where
B=mk —2py -9 ; C=mk—2p1-qx
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AMPLITUDE

B it seems to be complicated but there are only five different
terms (+ ¢%)

B+C,B—-C,BC,pr-g-+p1-9-

Bpa-q- —Cp1-q-
m in LAB frame
B+C=m? —s+q
B—C=s5—¢+m%—4Me,
BC = (s — g* — 2Me ) (2Me, — m?%)
Bp2-q- —Cp1-q- = e (s(E—ex) + mzM — °E)
—¢&_P(s — ¢* — 2Me,) cos 6
p2-g—+p1-q- = (M+E)e_ —Pe_cosf_,
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THE PHASE SPACE VOLUME - LAB FRAME

B in case of 3 outgoing particles the phase space volume

27)* d3q, dBq_ P
dl' = §2ﬂ;9 221 zf_ 25: & (pr+p2—qx —q- —q4)

m which can be rewritten in terms of variables
dqz,dsn, de_,d cos0_ using Kuraev trick(s)

dr dq*de pde _d cos 6

1
 8(27)*V/DP|q|

where

D =1—cos® 0, — cos®H_ — cos? 070 +2c0s0;cost_cost,
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m the substitution

g+

e = d*q. 0(q% — m3)0(eq —my)
€+

allows to get rid of the positron phase space volume — d*g.

/d4q+54(P1 +p2—gr—q-—g+) =1

m the phase space volume of the pion in the LAB frame

d3qn _ exder|qr|

2 2 Adprd cos O, = 7T|qx|ded cos O

m electron
g 1

e = Es_ds_dQ_
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dQ)_

m the goal is to remove dependence on d¢_

dQ)_ =dcosO_dp_ =dcosO_dp_dcosb,, x

X 6(c0s 0~ — c0Os 0 cosb_ —sinf;sinb_ cos¢P_)
as scalar product of the unit vectors 11, -1 = cos 0, ,-
nx = (sinfr,0,cos860;), n_ = (cos¢_sinf_,sin¢$_sinf_,cosb_)
B now we can integrate over d¢p_

dcosf_dcost,,  dcosO_dcost,,-

dQ_ = =
| sinfsin6,; - sin¢g_| VD
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dcos 8, .-, DIFFERENTIAL CROSS SECTION IN THE LAB

m recall the extra 1-dimensional J-function

8 —mj) = 6((p1+p2—qr—9-)* —mj) = (22 + 4z -q-)
m the only term dependent on cosf,,- is g -g—, so
d((p1+p2—an—q-)* —m}) _ dgn-q-

dcosfy . ~ dcos O = lazxle-

m therefore the phase space volume

1 dcosO,dcost_
Al = ———dede_
1m T UD
m differential cross section in the LAB frame
1

d*o = Moy |? x dg*de .de_d cosb_
32(271)4MP2|qn|\/TD‘ ol < dder
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KINEMATICS

m the allowed kinematical
region for the qz,sn was
calculated in the previous
analysis

m taking into account the
conservation laws L

a4 6 8 1‘0 1‘2 14 I‘S
E. [GeV]

E+M=¢ez+e_+ey
0= |fr|sinf; £e_sinf_ +e,sinf,
P = |G| cosOr+¢e_cosf_ + ey cosby
we get
mZ
M (¢x —M — E) + exE — P|qr|cos 0 — 5~

&= e¢x —M —E+Pcos6_ + |q| (sinfrsinf_ F cos b cosb_)
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KINEMATICS

m for given values of q2,87-[

4

New analysis
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m the allowed kinematical region for e _,0_
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AN ALTERNATIVE CHOICE OF THE PHASE SPACE

m phase space with trivial allowed kinematical region
(Al,Az) X (B1,Bz) X

m an example of such phase space is the pion phase space in the
CM frame

7 € (4m3, (\/s —mz)?), cos 09" € (—1,1)

E a similar situation can be obtained for the lepton pair phase
space in the ¢* rest frame - CM frame of the outgoing lepton
pair

cosf* € (—1,1), ¢* € (0,2m)
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PHASE SPACE VOLUME

m pion:
43
?q: = 7t|q"|de'd cos 05"
where 2
dell' = —4]:1”1
Bgr /(s +m% —q*)? —16E™2mZ
= %6, = ?ZTZ(Z g2 Tdgd cos 65"

m lepton pair:

d3q_ d%q i g 4 dOF gt |efder 1
2e_ 2e. 0 2e_ 0= 2e* o= SdQ_

m because 6! = 6((p1 +p2 — qr — q—)* — m?)

d((p1+p2—gn—q-)> —mj) _
de* 2\/7

—4|q~ |
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DIFF. CROSS SECTION

s +m% — g?)% — 16E" 2m? e
do = vl 2047;3(22)29"1 Tpon T Mo |* x dg?d cos 85"d cos 6* dop*

where | Mj|? is Lorentz invariant. However we should be able to
*

calculate it from input variables q2, cos 0", cos 0* , p*
m B,C can be calculated in th CM frame - O.K.

m scalar products p; - g, p2 - q— are more complicated. Vectors
should be boosted tho the same kin. frame and then
multiplied. For example

pr-q-+p2-q-= \/?E””v(l — cos 0> p)

m 7, B are Lorentz factors of the boost
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CONCLUSIONS

m detailed calculation of the differential cross section of the
pp — e e™
m we can give the formula for the diff. cross section

@ in the LAB frame
o in the 'mixed’ CM+~* frame with the trivial allowed
kinematical region

m extraction of the 3 structure functions |F1|?, |F2|?, |F1 — Fa|?
B they can be measured in the 'unphysical’ region

m the |F1 — F,|? gives access to cos(¢1 — ¢2)
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