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Physics Motivation

e Process v*(q, A\y) + N(p1, A1) — V(v, Av) + N(p2, A2) at high Q?
is a perfect reaction to study both vector-meson (V = p¥, ¢, w etc.)
production mechanism and hadron structure (Generalized Parton Distributions).

e Consideration based on Spin Density Matrix Elements (SDMEs) formalism ignores
the interference between amplitudes of vector-meson production (VMP) and its decay

with background process.
Direct extraction of VMP amplitudes permits to take into account the interference.

e Application of invariant amplitudes permits to calculate amplitudes of process under
consideration in any Lorentz system.
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Basic Formulas for Vector-Meson Production on Spinless Target

e "Materials”: 16 Dirac matrices, invariant tensors g,-, €,ro3, and kinematic vectors:
q, U, P1, P2, ¢ T P1 = U+ P2
Pseudo-vector d: d, = eW,\Bq”vApﬁ, p=(p1+p2)/2.
Virtual-photon polarization vector e"(\,) orthogonal to its momentum g¢"
(g-e™(Ay) = 0); A\, = %1 transverse, A\, = 0 longitudinal polarization.
Vector-meson polarization vector e#(\y) orthogonal to its momentum v#
(e**(Av)v, = 0); Ay = =1 transverse, Ay = 0 longitudinal polarization.
Bispinors uy = u(p1, A1) and us = u(ps2, A2) for initial and final nucleon.

e Poincare group. C, P, T invariance of strong and electromagnetic interactions.
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Basic Formulas for Vector-Meson Production on Spinless Target

e Basic Relation between Invariant and Physical (Helicity) Amplitudes
of Vector-Meson Production with Heavy Photon

lf)\v)w — 5*M(>‘V)Tu767(>"y)a

M
T,Uﬂ' — Z Fm(Q27 W7 t, mV)’C/ST)?
m=1

1y

F,, is invariant amplitude, ICLT) is particular kinematic tensor, 1 < m < M = 5.

- Is the fundamental tensor obeying relations v*7),. =T),.q" = 0.

e Tensor T, is a simple function of kinematic variables without singularities.

e Representation of T}, through unit kinematic four-vectors

Tyr = Fi(h3)u(g0)r + F2(h3)u(g1)r + F3(91)u(g0)~
+F4((90) u(90)+ — (93)u(93)r — gur] + F5[—(91)u(91)7 + (92) u(92) ]
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Basic Formulas for Vector-Meson Production on Spinless Target

Unit mutually orthogonal kinematic vectors gg, g1, g2, g3 and unit vector hs:

_ Q%+ (qu)g
go = 0z :
g = = (my + Q° = 8)/4lfu(my + Q° — 8)/2 — q(mi + @ +1)/2] — p2*
mNZUT\/m

d

g2 — )
vrmpy/ V2 + Q2
q
g3 = —=,
@
_ ami — v(qv)

h3 )
ALIAVS

v = (qp1)/Mn, Q* = —¢*, W? =2Myv + Mz — Q* t = (p1 — p2)?,
(qu) = (M} — Q% —1)/2, 2° = (qv)* + Q@°m{,
vr is transverse part of vector-meson three-momentum in center-of-mass system.
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Lorentz systems with collinear three-momenta of photon and vector meson

e Definition of systems with collinear three-momenta of photon and vector meson
(CMPVM): any boost along three-momentum of photon in the rest system of
vector meson gives such a system

e Relation between invariant and helicity amplitudes in CMPVM systems

Too = —F1,
711 — _F47
1
761 — _EF&)
1
710 — EF?)?
Ti-1 = F5

e Helicity amplitudes 7y, are physical (observable). They are regular.
Hence invariant amplitudes Fj,, are also non-singular.
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Asymptotic behaviour at low ), vy, and my,

Tensor T, is regular everywhere.

Small @) limit
Since gop x 1/Q) at Q — 0,

Too = — I < Q, ﬂOZ\ﬁF?)OCQ-

Small v7 limit
Since g1 « 1/vp, g2 < 1/vp at vy — 0,

1 1
Ton = ——=Fy xvp, Tio=—~=F3 x vy, Ti_1 = F5 x v7.

V2 V2

Hierarchy at vpr — 0: 760 ~ 7'11 > 761 ~ 7'10 > 7'1_1.

Small my limit
Since hz < 1/my,, at my — 0,
Too = —F1 occmy, Tp1 = —%F2 xX my.

It is interesting to study dependence of 7yg and 751 on my at small mass.
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Center-of-Mass System of Photon-Nucleon System

e Relation between helicity amplitudes in CMPVM and center-of-mass (CM) systems

T =T, Te=Tu+Tia, T¥ =TT+ T,

4Qmyv3 V8Qur V8myur
TE = Ty — r_7 _ To1 + T1o,
OO @ w2 QR T Q2 my Y
7O _ 4vavT T LT \/gmva B \/gQ’UT T
\fQ’UT V2myor 4va'02
7¢ = T+ T T T
C meUT \/7QUT 4QWLV/UT
7’10 T Q2 _|_ V,ZBO _ Q2 T + (Q2 ) 761 —|_ 7’10

Inverse relation are obtained by transformatlon v — —UT.

e CM amplitudes T/\C/\ have the same bevaviour at small @), vr,and my as CMPVM
amplitudes T/\VM
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Calculation of Invariant Amplitudes for HERMES Kinematics

1.25 0.5
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Helicity amplitude ratios: HERMES Coll., Eur.Phys.J C71 (2011) 1609
Ratio of amplitudes 7g/7, Statistical uncertainty only
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Re(T /Ty

Calculation of Invariant Amplitudes for HERMES Kinematics

15 —
b\ e Helicity amplitude |_8 1
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Helicity Amplitudes: 7,5 /7 Invariant Amplitudes: 711/7q
Invariant Amplitude/ CM Tyo: T11/75 Statistical uncertainty only
Solid curve - best fit; Dashed curve shows total fit uncertainty
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Re(T /T o)

Calculation of Invariant Amplitudes for HERMES Kinematics

04
e Helicity amplitude e Helicity amplitude
m Invariant amplitude m Invariant amplitude
A Invariant/ CM T, A Invariant/ CM T,

i
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-t [GeV] -t [GeV]

Helicity Amplitudes: 7,5 /7 Invariant Amplitudes: 751 /7o
Invariant Amplitude/ CM Tyo: T11/75 Statistical uncertainty only
Solid curve - best fit; Dashed curve shows total fit uncertainty.
Conservation of helicity in CMPVM systems?
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Comparison to Fraas-Schildknecht Representation

e Representation for 1), by Fraas and Schildknecht (1969)

M
— Z FmS;(LT)a

Kim) = s;@, Fon = Fim
S = {pupr(vq) — qup-(P9) — V- (PQ) + gur (pg)} /My,
S@ = {— Q%9+ (pg) — Puvr] + [Pu(vq) — 4u(pa)]gr-}/mi,
<3> = {m%[g,-(pq) — qupr] + vulpr(vq) — v, (pqg)]}/m,
(4) = {—Q°m{ gur + vuqr(vq) — M qua- + Q%vuv. /My,

i = {(va)gur — quor}/my.
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e Relation between Fraas-Schildknecht (FS) invariant amplitudes F,,, and Try 2,

2,2
22°my

v(12 + Q?)(vq)
V2my T, ~ (p)(Q + my, + )myy

Qur\/1? + Q2 v7(v? + Q?)(vq)

3 V2my (pq)(Q* + mi — t)m3,

Fa= - ot 07 1 Q) ()

myur\/ 2 + Q2

('Uq)mN,T ~ (p)(Q% +my, + t)mNT () (@ + my, — t>mN710

Fi1=— 111,

f2:_ 7'117

7117

Fa= Z22Qmy o V222myury/v? + Q2 " V222Qup/v? + Q?
(pq )2[(Q2 +my,)? — t?)|m% mj
s, 207 + 09 (vg) Ti_1+ —(711 +T1-1),
my Qm3y (pq)(Q* +m3, — t)mymy (p)(Q* +mi, + t)QmNT
Fo=— Tt V2zury/1? + Q2 ot Vazor i+ QT
_(p )2[(Q2 + mV) o t2)]/]'1_1 o m%\f(q/v) (7'11 + 7'1_1).

2220412 + Q?)
There are unphysical poles in the FS invariant amplitudes at Q% = m3, — t.
When (vq) = (m3 —t — Q?)/2 = 0 amplitudes Fy, F», F3, and Fy are singular.
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Basic Formulas for Vector-Meson Production on Nucleon

e Basic Relation between Invariant and Physical (Helicity) Amplitudes

A

F,\V,\2>w>\1 — 8*“()\\/)@2(]927 )\2)TWU1(2917 )\1)670\7)7 (1)
18

Lyr = Z Fm’C,ELT)a (2)
m=1

u1(p1, A1) is Dirac bispinor of the initial nucleon,
p1 and A1 are its momentum and helicity, while us(p2, \2) describes final nucleon.

F,, is invariant amplitude, l@,(ff) is particular kinematic tensor, m =1, 2, ..., 18.

° Tm is fundamental tensor being 4 x 4 matrix acting on bispinors u; and us.
It is a simple function of kinematic variables without singularities.
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e Natural Parity Exchange (NPE: exchange by 07, 17, 27... states) and
Unnatural Parity Exchange (UPE: exchange by 0, 17, 27 ... states) Amplitudes

Fxyaona = Iapaonan T Unpaoag g
Ay —A Ag—A
Tryrorns = (1) T T3 png—aon = (=127 Zaoa, — A -

_ Ay —A — A2—A1
U>\V>\2>w>\1 — _(_1) 7U—>\v>\2—>w>\1 — _(_1) UAV—AQM—Ar

e Fundamental Tensors for Natural and Unnatural Parity Exchange Amplitudes

T,u,’r :NMT+UMT

Theorem: N,,; commutes while U, ; anti-commutes with R = vsd,,v"/|d

dy = €250 vp", p= (p1 +p2)/2
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e Representation of Nm and (A]M through unit kinematic vectors

A A

N;m- — Nl(ti') + N(Q) U,un- — U/S%-) + ﬁl(ﬁ')

uT

NG = (FP(h3)(90) + F (ha)u(91) + FS(g1),(90)~
+FP(90)u(90)r — (93),(93)7 — Gur) + FV 1= (91)u(g1) 7 + (92) 1(g2)+]} A;.
with j = 1,2, Ay = I, Ay = v5G2 = v5(g2) 7" (alternatively At = I, A, = G/my ).

(91)(92)7 + (92)u(91)~

0% = (G (h3)u(g2)r + GY

] NE€urvapd
+G5(g2)u(g0) + G2
with 1 = 1,2, By = 5, Ba = 45 (alternatively B;i = Vs, Bé = Y5G/ MmN ).

Two independent 4x4 matrices both for N,,; (A1, A2) and U+ (B1, B2).
Natural parity amplitudes: 5 x 2 = 10. Unnatural parity amplitudes: 4 x 2 = 8.
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Behaviour at low (), vy, and my of NPE amplitudes

e T[ensor TELJT) for y = 1,2 is regular everywhere.

e Since T,ﬁ) x I while T,ﬁ) X g9 and
g2 ~ 1/vr then Y and F7§,2)/UT behaves at low ), v and my as amplitudes F,,
for the same n =1,2,3,4 or 5 for scalar target.

e Hierarchy at small vp/My
A: Fl(l), Ff) o (vr)Y,
B. F2(1), F?Sl)’ F1(2)7 Ff) x v,
c: IV, B, F? « (vp)2,
D: F5(2) x (vr)?
A>B>C>D
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Behaviour at low (), vy, and my of UPE amplitudes

Tensor (A]F(LJT) for 4 = 1,2 is regular everywhere.

Small @ limit

Smce go x 1/Q at @ — 0, then for j = 1,2

Gs U) Q.

Small v7 limit

Since g1 < 1/vp, g2 < 1/vp at vy — 0, then

G( ) x (vr)?, Ggl) X U, G:(gl) X U, Ggl) X VA Gq(f)/Gq(q,l) xvr, n=1,...4

Hierarchy at small vp/my:
G >l ~ Gy ~ G > e ~ e ~GY > 6P

Small my limit
Since hj3 1/my, at my — 0, then for j = 1,2
ng) xX my.
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Angular Distribution of Final Particles

e Angular Distribution ( Symbolic W = Fo(y*)p(N)F T /tr{Fo(~v*)p(N)F*} )
W(2,0,¢) =
1 * *
N Z:)\]\,)\Q\PUJN)\%UJ7 f)\QVAy)\N((I)a 97 Qp)g(f}/ )A%pr(N))\N,uN AQVM%NN((I)’ 97 90)
N is normalization factor: [ W(®,0,¢)dQ = 1.
e Full Amplitude of Two Pion Production
Process: v*+N — p°+ N — 7+ +7~ + N. Background: v*+ N — 77 47~ + N.
]:AQV,\W\N((I% 0,p) = F(ff\;&,\w\NYoo(ga ©)
D_ BG BG
+(F>\V>\§V>W>\N J +F1/\VMVMAN Y1, (0, 0) +F2m/\gv,\7/\NY2m(9790) T
0 and ¢ are polar and azimuthal angles of 7 = (p.+ — P )/|Drt — Dr—|-
® - angle between lepton-scattering plane and vector-meson-production plane.
Amplitude of p¥ decay f¥ is constant while Fy,xr a0y depends on W, Q2% t, my.
Resonance factor: F,x a Ay = f/\v/\{N/\w\N/(MﬁW_ —m,+il,).
e Full Amplitude of Three Pion Production
Process: v*+ N - w+ N — 7" +7~ + 7%+ N.
Background: Direct pion production v* + N — 7™ + 7~ 4+ 7" + N.
n= (ﬁw"‘ X ﬁw‘)/|ﬁ7r+ ng_|7 (HB’GSO) 1. )
Amplitudes of w decay f*~ and F1>‘V>\/N>\7>\N are functions of (p,+ —p,-)~,
(p7r+ _pﬂ'o)21 and (pﬂ'_ _pﬂ'o)2‘
Interference is more complicated to take into account.
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Summary

Relations between invariant and helicity amplitudes of vector-meson production by
virtual photon on nucleon are established.

It is shown that there are two independent 4 X 4 matrices for natural-parity-exchange
and other two matrices for unnatural-parity-exchange contributions to 7,.

It is shown that invariant amplitudes in the Fraas-Schildknecht representation are
singular at Q% = m3, — t and are not convenient for extraction of amplitude ratios
from experimental data.

Asymptotic behaviour of amplitudes at small ), vy, and my is predicted both for
natural-parity-exchange and unnatural-parity-exchange amplitudes. Hierarchy of
amplitudes at small vr is established. It may be used in extraction of amplitude
ratios from angular distribution of final particles in vector-meson electroproduction.

Amplitude method takes into account interference between vector-meson-production
and background processes while SDME method ignores the interference.

Outlook

To extract helicity and invariant amplitude ratios from the HERMES data on
pY-meson production on unpolarized and transversely polarized targets.

S.Manaenkov, DSPIN2011, Dubna, September 20-24 p. 20 of 20



