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Introduction

The exclusive reaction of £ mesons electroproduction in v*v* collisions is a
beautiful laboratory to study different dynamics and factorization properties in HE
QCD.

It seems to be a promisina probe of the BFKL effects which could be studied in the
next generation of e“e” colliders (ILC) and at lower energy of other kind of
QCD factorizations involving GDA and TDA, which could be observed at Babar or
Belle.

efe” et

€ PLPL

We consider the following process :

In the Regge limit, we expect /
to ‘observe’ an exchange of Py
a BFKL Pomeron in the t-channel. '

" pr(ky)

We compute the scattering
amplitude in a complete analytical
way at the Born order.

pr(k2)

This process has already been
studied until NLO but in the forward

case.
D.lvanov, A.Papa




Study of the process 7z(a1) 7z(q2) — pr(k1) pr(k2)

’TE,T((M)

'TETT(%)
Selection of events in which two vectors p mesons with longitudinal polarization
are produced in the final state with a big gap in rapidity.
Double tagging of final leptons =» photons polarization
Highly virtual photons Qf ,Q% > A%C p  => perturbative computation
Q? ~ Q5 > neglect DGLAP partonic evolution

> In the Regge limit s > —t, Q% ,Q3 , the process is dominated by BFKL
evolution.



Amplitude of the process at the Born order
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Integration over the internal moments :
- 2,2
*Sudakov basis bk — a,q"l 4 ﬁq; + Kk, ¢, =q,=0

+ |n the BFKL dynamics the longitudinal momenta of the gluons are strongly ordered.
=>» kT-factorization in transverse momentum cf. [d'k = [ dadBdk?

¢ Collinear approximation =» we neglect transverse momentum of quark inside the
mesons.



Factorization of the amplitude
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Every impact factor J7i.7(@)~,L(*) is written as a convolution of the DA of the meson
with the more simple impact factor corresponding to the quark-antiquark opened
pair production from one polarized photon with two gluons exchanged in the t
channel.

We use the matrix element of the non local correlator of quarks fields on the light
cone to define the DA of the meson as :

1
Z Z il1— 1'..',"(';,;.'31' 1
(pkla(=3)7* a)l0) = £, B [ 022050
0



* Inthe case of longitudinaly polarized photons, they read :
J’:r‘}fli-:n}l—w:,liﬁc-z}(k r — k)

e 5&&

s @ Fr0lk) f dz:2; 2 6(2:)Po (2, K, 1, 1)

= 8oy, ——

with  Pp(z, k.1, 1) =

2 2 = 2
where p; =Q% z z;+m

« For transversely polarized photons, one obtains :

JT (Q-;J—*m,{k-;}(k r— _)

1 1 1 1
21?2 + pif " 2212 +p? (zr—k2+pf (Br—k)?2+ 7
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Both Impact factor vanish when £ — 0 or r—k— 0 due to QCD gauge invariance



To compute the scattering amplitude M, we have to perform analytically the

2D integration over the transverse momentum.

Analytical computation of the 2D integrals involved is performed after the use of

conformal transformations in the transverse momentum space.
This reduces the number of propagators .

For example , we have to compute this kind of integrals :

7 / d’k 1 1 Yy
:m — _ a s
° Ek—-r)?2 \(k—ra)?+m? r2+m?

Inversion on the integration variable and vector parameter
K i 1

k=g IoE MW
Then we perform the shift of variable K = R+ k'
And an other inversion

Finally we obtain

1 [ %k (r + k)? 1
3m — 5 D) ) 2 9.2 2
2SO | (22 4 m2)((E _ f;‘;g;gj) by @ Em

It is now possible to compute this integral by using standard technique

+ (a < a)




Shape of the kr-integrated amplitudes

Y
Y

N

.
50
o
Y

%
%
A
%

oy
S0
0%
25
%,
S,

{7
¥

{2

(2
%

%
5%

R

R
QR
R

(7
&/

LIS
R
9629 %,
25 Vo ¥, 2>
""'
> L)
X554
125 22,%

9,
':0::0
0024

22,

LD
S
{’
'I
%Y

’.~ N,
L7AZR
v, {75
N
'I/,;lzl,j

22
(]
o

4y,

7

L7
AL
'0

o

D

25

VoY%

g5
%

{2

2L

7R

2%
%

S,
2L
9%

e,

IS
AT
RORs,

I~
//: e
[

o

/

DY
(JNNO
RNROADROA
QYO
NN
et
NN
)
O
O
NS
(]
&y

ol
A

0

0

oy
DA
".

L]

ol




Differential cross section for the different polarizations

of the virtual photons

do"‘L,T‘*;,tT"PL"L (fb/GeVz)

10°
10° (C)

Q1= Q2 =2GeV




Non-forward cross-sections at ILC for

e+€_ — e+e_p0L pOL
We use the same Sudakov basis
do(e’e” —e'e pLpL)
dy1dy»dQ3dQ3
1 2 i Ak * %k
= T 20 (;) 1 (y2) a(y2) o (Vivs — pron) + ta(y1) la(y2) o(vivs — proL)

+ l1(y1) tz(yz) U(VZ’Y} — PLPL)+ tl(yl) t2(3/2> U(’Y'}Vf} — pLPL)] :

with the usual photons flux factors ti = 5 , i=1l—y
Weizsacker-Wiliams

Kinematical constraints coming from experimental features of the ILC collider are
used to perform the phase-space integration.



E — E!cos®(0;/2)
Photons momentum fractions Yi = E

and virtualities Q? = 4EE] sin?(0;/2)

In the cms frame, kinematical constraints coming from the minimal detection angle
around the beampipe and from the conditions on the energies of the scattered

leptons and the Regge limit.

—1 Emz'n
Yimaz = E
E :
Y1min = Max (f(Ql)a 1-— EGI) with f(QZ) =1- S tan2(6mz’n/2)

Bz
Y2 min — Max (f(Q?)v 1— E 3 022?2)

= dQ? dQ3 d d
dt ,/Q2 Ql / Q2 € & Q1Q2 b2 dt dyl dyz dQ% dQ%

2
1lmin Q2min sY1



Experimental features of the ILC collider

Foreseen cms energy \/_ —9F = 500GeV

. GeV 50.36;
LDC detector: . ' l s
emc BeamCal around l 33_14
the beampipe at 355cm from the vertex
g - | e
Energy deposit in BeamCal :
F.Richard, R.Poeschl 12‘?15
P
Y, cm | i- r 0
Erin = 100 GeV m||||
0,..n, = 4 mrad < cms 0 5 10
d0.6+6_—>6+6_prL %maax 9 Q%maw 9 /ymaw d Ymaz d d0-6+6_—)8+6_prL
= d d 1 2
dt / 2 “ / 2 “ Y A9, Y2t dy: dy> dQ3 dQ3
min man S 1



Background in the detector

e A VA YA =l
4 p4
efe”™ — pp, Py, do _ ey
dt ssz,

— "N A

competitor process

do € ¢ —1pLoL do¢ e —etepoL
dt dy, dy, dQ? dQ% / dt dy, dy, dQ3 dQ3
02, Q105

40294
assmp

ete” — yypl Py

M.Davier, M.Peskin
G.T.Bodwin, E.Braaten
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Total

= 34.08 £ 0.17 b

Results for non-forward cross-sections at ILC for

ete” — ete pY p}

e+e——>e+e—pp
e——=(fb/GeV?)

0.250.50.75 1 1.251.51.75 2

—t (GeV?)
32.39 £0.12 fb
1.49 +0.04 fb with as(\/Qng) running at three loops
0.199 + 0.007 fb J5 = 500GeV
c=1

— 4.2610% events per year with foreseen luminosity



Effects of parameters on the non-forward cross-sections for
ete” — efe pl p)  at tmin

do " (fb/GeV?)

di

300~
250
200
150

100

50 i

200 400 600 800

For the total cross-section:
as(1v/@Q1Q2) running at one loop

as(1v/@Q1Q2) running at three loops
as(v/Q1Q2) running at three loops and ¢ = 2

red curve: c =1
green curve: c=2

blue curve: ¢c=3

1000
Vs (GeV)

—»  gTotal = 34084+ 0.17 fb

___, o' =3563+0.17 fb

, ot =2955+0.13 fb



Effects of parameters on the non-forward cross-sections for
ete” — ete p? pd with LO BFKL evolution at tmin

o (fb/GeV?)
10%° ¢
1012;
1011 upper red curve: as(/Q1Q2) running at one loop
1010 |
. lower red curve: a,(1/Q1Q2) running at three loops
107 |
108 | green curve: fixed value of  &s = 0.46
200 400 600 800 1000 N
V5 (GeV) B3
t. S
t'__\__ . ':::'
Forward case BFKL amplitude in the saddle-point —C O
approximation:
2 2 _4ln2asY 2
A(S,t = Lmin, Ql: Q2) ~ 18 asa;mep © exp (_}n_R) R.Enberg et al.
Q1Q; /14a,((3)Y 14a,((3)Y



Second part: Motivation and origins

« DIS:inclusive process t=0
Structure function = perturbative CF = PDF

« DVCS: exclusive process at small t
Amplitude = perturbative CF = GPD

Crossing symmetry, small cm energy
Amplitude = perturbative CF = GDA

e Generalization of DVCS, small t
Amplitude = perturbative CF = TDA

Pert.

photon




Plan

Y (Q1)Y*(Q2) — p7 (k1)pY (k2) N p7 (k1)

Exclusive reaction at Born order
quark exchange contribution

0
Q1,Q2 hard scales /C_I2 pL(k2)

« Direct calculation and factorization with two p DAs
longitudinal mesons —*  twist 2
Brodsky-Lepage

«  Factorization with pp GDA for tfransverse od

*
«  Factorization with 7/ — £ TDA for longitudinal o



Amplitude of the process in the collinear factorization with DA

The scattering amplitude reads

A=T"e,(q1)en(q)
where THY —
LghY (TP gpap) + (P + Lph) (p + Lp¥) 4(T%Ppaa pi )
9" = g" — (s + pYpy)/(p1.p2)

and



longitudinally polarized photons




transversally polarized photons




Analytic expressions in collinear factorization
The virtualities Q1 and Q2 of the photons supply the hard scale

Collinear approximation —» neglect transverse relative

quark momenta in the rho mesons

El ~ Zlk'l, €2 ~ Z2k2

Uy ~ z1ky, Uy ~ Zoky

We use the matrix element of the non local correlator of quarks fields
on the light cone to define the DA of the meson as

P Elaa) a0 = 2k [ dze5(



Analytic expressions in collinear approximation

Transverse photons

2(024+02) 62 Cr £2 1
T*Pgrap = —= (Q““Lfﬁii e [ dzy dzp ¢(21) $(22)
0

Behaviour of the rho DAs —



Analytic expressions in collinear approximation

Longitudinal photons

1

2220 . 0202(02 2

TPpyopr = — LA [ 4z dzy ¢(21) §(22)
0

o4 ofy-4
X{ -5ha-%) . _0=ShHo- . 1 .
Q% Q2 2221 Z122
(21421 =%)(22+22 —1-) (Z1+21 —2)(z2 +2—+)

Non-zero values of Q1 and Q2 — ho end-point singularities

Behaviour of the rho DAs —




Factorization of the amplitude in terms of a GDA
in the generalized Bjorken limit

In the kinematical region where the scattering energy is small

=3 (0-2)(-%)~1-%<1

QT QI
. AN i
”j «ql - / 151 ‘/((/DA — Q) ?1 B o ;/;";."”« 151 /69_
s B k) e " R
:. My } E : Ty l / . AZI'\I GDA Hl
& e T OFTE 2
~ A COpay < | DA — g ) P2
2 p N p(ke) PN



Expansion of the Hard Part at Born order

Q1 g1
i - ql C
}/ o \\\ L_,-?\ -_E-‘J : _\
lﬁ\P H ,/ — J("I’L 1 - :?</
N TP 7 p
L g2
% g2
For a one flavored quarks , it equals
9 9 1 1
Ta(z) = —4e" N.Qy | - ok —52
Z+z2 z+zZ-2%



Definition of the leading twist GDA calculated in the Born order of the pertubation theory

(] f)

(02 (k1) p1.(k2)|@(—c n/2) ﬁexp(@'g/ dy n,, A”(?ﬂ) q(an/2)[0)

o|R

1
dz e—z(2z l)a(nP)/Z(I)pLPL (Z 4‘7 W2)

%%

—» The vanishes

S (k) / (k)

‘a"’s"u’\ + 5*’55\ - O

7 p(k2) ) p(k1)

= |/>Z\|



Summary of the factorization with GDA for
transverse virtual photons

factorization of TP g1 o 5 into the Hard Part and the GDA

1
2 1 1
TalB :e— Q12L+Q2 /dZ 2 2 QPEPE %6 17W2
9T af = ( d)o z+z%‘-’~ z+ Z=2 (=6 )
2 2C ; 1 1
e BOEPL(y ¢ o 2 :_M/d —
with ®PLPL(z ¢ ~ 1, W?) N WQO 22 (2) ¢(22)[222 222]

Limiting case of the original equation by D.Muller et al (1994)

Extension of the studies of 7"y — mm by M.Diehl et al (2000)
for virtual photons at ¢t = ¢,,,;,



Factorization of the amplitude in terms of a TDA for
longitudinal virtual photons

« Kinematical regime Q% >> Q% , U= Tmin

— » second factorization

 Amplitude = convolution of Hard Part and TDA

q1 . k1
L ' P -
'.1 L —— / -
7 cF ¥
l\. -/l
— TDA kinematics = GPD kinematics
x+E I Ix E
'/- - -
.\'\_’ TDA ) ,/:f~
~ f‘J N
™ J \"\
1+E 1-§
q2 ko

de_e=isP" 2" < p(po)|d(—2~ /207 a(2~/2))] Y(g2) >



Proof of the factorization in terms of a TDA

Hard Part

\(h \(h
_ h + 2
2 P2
q1 q1

TH(21, )_ _prg e Qq 2?\?512)6 (g 1) (2€n2u+ﬁnlu)

1 1
% Zl($+€—?:€) + Zl($—€+i€)]



Proof of the factorization in terms of a TDA

definition of the TDA

—z/2

dz”™ (P 7 ) o, AW
S P (G kla(—2/2n e T g2/l (@)

eQqfp 2 y._ @,
— Pq'*‘ P Q% 61/((_12) ((1—'_5)”2 + S(l_ié-)nl) T(a?,f, tmzn)

with  T(z,&, tmin) =




Summary of the factorization with TDA for longitudinal
virtual photons

Factorized form of the amplitude involving a TDA

To‘ﬁpz aP18 —
1 1
C :
e*(Qur Q09”5 [ dw [ d= 569 * w76 tin)

with T(a:, &, tmin) =
Ne[0(1> 2> )0 (55) ~0(-¢ > 2> ~1) (12)]

Only the part of the TDA —E>x>—1
contributes because we use the 1 _> - _> ¢ b — 7
p-mesons DAs. -7 = _CF )

Xx+E [ ;x g
We get the same kind of factorization for an opposite _, lTEA
ordering of the N N

photons virtualities. 1+E g



Conclusions

We gave a precise estimation of the two gluon t-channel exchange in the exclusive
reaction v* v* — p%pY | which dominated at HE and corresponds to the BFKL
background; since the impact factor are completely known in a pertubative way, not
only the behaviour with energy but the complete amplitude can be analytically
computed. —> Clean test of the BFKL resummation scheme at ILC.

We demonstated the measurability of this process at ILC and predicted the number of
events.

Born order evaluation —» NLO BFKL evolution fot any t.

At lower energy, quark exchange processes appear at lower order in

« The perturbative analysis of 7* v* — 090} at the Born order leads to two
different types of factorization.

* Not only kinematics but polarization states also dictate the type of the
factorization.

« Usually they are applied for two different kinematics but the arbitrariness in
choosing the photons virtualities shows that there may exist an intersection
region.

« Generalization for transverse mesons, non-forward kinematics and charged
mesons pair.



