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We consider creation of some hadronic state by two reggeized gluons emitted by
colliding hadrons (protons, antiprotons), accompanied by two jets resulting from in-
teraction of initial hadrons with colored reggeized gluons. Differential cross sections
of creation of a single gluon, quark-anti quark pair and pair of real gluons presented.
Describing the creation of jets in fragmentation regions we use some anzatz, based
on gauge invariance, which relate the probability of jet production with general-
ized parton distribution and in particular with gluon density in proton. Differential
distribution are presented.

For completeness we put the similar distributions for QED processes of lepton pair
creation, production of pseudo-scalar and scalar particles through the two virtual
photon mechanism in high energy protons collisions. The relevant cross sections in
spite of smallness of coupling constant are enhanced by Wezsaecker-Williams factors

compared with jet production ones.



1. INTRODUCTION

In the early seventies of last century the pro-
cesses of creation of some set of particles where
intensively studied [1]. For the case when the
lepton pair created outside the fragmentation re-

gions of protons the cross section of process (see

Fig. 1 a)

p(p1) + p(p)(p2) — p(P}) + p(p)(p3) +
pi(ge) + e (g-), (1)

have a form (phase volume is defined in Appendix
A)
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where M is proton mass,

—c
S = 0<x= 62

Bra(l —x) 51
c=m?*+ QQ + cj’%x + 2q1¢o, (4)

¢t =m? + (ky — @) + G v + 245 — ko)z; ()

<1, f1 << 1, (3)
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G F = 02611 5301+ 203)(@ — 2kaD) +

1
2(qq1)(m* + k3))%. (6)

Here m is lepton mass, xr1 = 1— 061 = 1, —q
is the energy fraction of the scattered proton and
it’s momentum, transversal to the initial proton
direction pj (center of mass of initial particles im-

plied). 1+ «a &~ 1, go-the similar quantities for

the scattered proton(anti-proton). z(3 + = TR

> R
—ky and (1 —$)51+351<1_2$), ko =q1—@— k-

corresponding quantities for negative and posi-

tive charged leptons from the pair created, m
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Figure 1: Feynman diagram

is the mass of the created particle. For two-
photon processes with creation of pseudo-scalar
and scalar particle we use the corresponding sub-
process Y(q1, ) + V(q2,v) — P(S) (see Fig.
1,b,c) with matrix elements described in terms
of triangle Feynman loop diagrams with quarks

as an mmternal fermions:

2()4Npg
MIE — - P(qre1qoea) I p, (qre1q062) =
q
6@67061104615(1276205
200N qq
M1 = 5% gy go) (e1e9) — (e1a)(e2q1)| s, (7)
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where €] 9(q1 2) - the polarization vectors of pho-

tons, Np g - color tactors

4 1
Np =N/ (=—=-)=1
MY,
Ng = —4+-)== 8
5= Ne(g+35) =5 5)
Performing the loop momentum integration we
obtain
1 1 g
Ipg= /dx/ﬂ(l, 1 — 4y2:z:(1 — 1)),
’ dp.s
0 0
M2
P.S
dpg=1—y"z(l —x)—3> —
My
2 2
q q
=)o 41— 0 %) 0
My My

Mp g, mg-masses of produced particles and
quark mass. We can use the Goldberger-Treiman
relation gp/mg = 1/Fy, with I = 93MeV is

decay constant of charged pion; and the similar



relation gg/mg = 1/Fy, Fy ~ Fr.
When inserting these matrix elements to the
matrix element of process 2 — 3 the combination

is used MWF(el — P1,€2 — pz)/S = mWFa

we obtain
alNp. ,
m? = 41, @)1 p;
mFor
1S Z NS @ o 10

where we consider the four-momenta of virtual
photons to be essentially transversal two- com-
ponent euclidean vectors p1q1 9 = 0; q%’Q =
—15 <0,

Cross sections of processes of single meson pro-



duction in the pionization region are

2atd
dorr—mP _ 2040 LAN{dN,Cpsin? 6:
m 451
205 d
doPP—rpS — 22 ﬁllengCScos26’, (11)
T B
with 6 - azimuthal angle between two-

dimensional vectors i, ¢,

Np | Ng . |
Cp=|—=Ip|,; Cg=|=Ig|; 12
P ‘Fﬂpa S ‘F057 (12)
and Weizsaecker-Williams (WW) enhanced fac-
tors
21257
Ny = Azq1 62]122’
(ql T m 51)
Gd*g
ANy = — 22’
sapf = Mp g+ (71 + @) (13)

We use the expression of the squared 4-vectors of



momenta transterred to lepton pair:

2
ai ~ —(q; + mpﬂﬁ
q% (q2 + mQOz%) mp = m. (14)

These factors being integrated, produce the

"large logarithmic” factors

Q2
;2
/dN1 = In 5 — 1,m?>> Q% >> s.(15)
m261
0

Performing the numerical integrations Ver-
masseren formula for matrix element of conver-

sion of two (virtual) photons to real lepton pair
2]

ver, q1) + (e, @) — p~ (g—) + p' (g4) (16)



was found

_( ){/\ ]%1—|_m/\ R ]%2—|_m } ( )
ulq— & € ‘|‘6 vV —
q 1]‘6% m2 2 Qk% 21 q+

(qre1ap)(goeaBp) a(q1) X
(12— m2)(k2 —m2)

[vﬁ k1™ + 7k ] v(g+), (17)

QN

which reveal the explicit property of gauge invari-
ance.

Considering the processes with creation of single
oluon and pairs of gluons and quark-anti-quark
pairs, the exchange by the reggeized gluons be-
tween protons becomes relevant. Two phenom-
ena compared with the QED case appears. First
-the absence of WW factors. This statement fol-
lows from the gauge invariance of vertex describ-

ing the conversion of proton to jet after emission
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of a reggeized gluon

¢, < jilJip(p1) >= (oapa + g1 )F T} = 0.(18)
Quantity Ny = pg Jji/s which enters in matrix
element of the whole process being squared and
summed on final states of the jet with fixed in-
variant mass square 9definition of phase volume

is given in Appendix A):

> Ta\( 7 T4
-

s

q S
L5901 () dMF(By),
M

y M?
1(75) = 1 (19)

with M12 is the invariant mass squared of the jet

produced by proton and
F(z) = zg(2), (20)

is the gluon density into proton F(0) # 0. Here



11

we use some interpretation of the General Parton
Distribution (GPD) hypothesis |7].

We will see below that using the gauge invari-
ance of matrix element of subprocess RR — F',
(R denotes the reggeized gluon) an additional
factor q_’%qg in matrix element squared appears.
So the factor 1/ (q%q%)Q is canceled. So the ef-
fect of WW enhancement disappears in processes
pp — Jjet.

The second effect is the appearance of gluon
reggeization factor R in expression for the cross

section

. ( i>2<ag<q%>1> ( @)mag@%w’ o)
S() S()

where ozg(q%) = 1— ozscj’% (WQ%)— is the Regge

trajectory of gluon, q(% ~ 1Gev? ag(0) = 0. The
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partial invariant mass squared are defined as

S1 = (p1 — @)? = —sa9; Sy = (q1 + p2)* = s,
S18y = s(Mp+ (G — @)°). (22)

Scale factor sg ~ 1GeV? is in principle one of
fitting parameters.

Effect of gluon reggeization R(q?) is illustrated
in Fig.6.

1. PROCESS pp — jjg

Vertex function which describe interaction of

two reggeized gluon with ordinary gluon (see Fig.

2a)

R<_7 q1, CL) - R<+7 —{2, b) — g(,LL, q2 — 41, (623>
have a form |5]

mBR=9 = 2 o1 Cue (24)
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with f,p-structure constants of color SU(N)
oroup, e“* is the polarization vector of a real

gluon and vector €, have a form

Note that vector C' obey the gauge condition

C(g2—q1)" = 0. Using the on mass shell condi-
tion of gluon s1 = (g2 —q1)* = ¢ ¢ — (o —@1)*
and g1 = ¢ (n7)/24+q11, 2 =q, (n")/2+qy
we obtain

Aq1q5
(@ —q1)*

Keeping in mind the further conversion of gluon

(26)

Ch] =

to the gluon jet with invariant mass squared M2,

we obtain the cross section of process pp —
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Figure 2: Feynman diagram
J172Jg the expression given in Appendix B with
16N (N? — 1)

27 = —— (27)
M? + (¢ — q1)°
The quantity
M1M2 / d2q_)1d2(72 9 5
19 = o ) HI
BNNZ_T) ) a2 @) ®A3)P
g M?
y(q;) = Z (28)

2 1722

(q@' + MZ' )
for some values M%,MQQ,M 2 s presented in
Fig. 3.

. PROCESS pp — jjgg

The quantity 99 entering the cross section (see

Appendix) have a form

1 PP
D9 = —5 Y IMEEEER(29)
q1 45




15

1004

10'"'

T 2 3 4 5 6 7 & 9 10
M, GeV

Figure 3: Value I, as a function of produced gluon jet mass M in case of My = My = 1 GeV.

with MAEPE 5¢ the effective vertex describing
the conversion of two reggeized gluons to two real

gluons (see Fig. 2 b)

R<_7 C, Q1> T R(+7 da _QQ) —

g(v1,dy, k1) + g(vo, da, ko). (30)
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[t was obtained |36
> MR = Gy (a172(ky, o)) +
! __/
Gy (k1)S2, 0 (k2)a® (K1, k2)a”” (Ko, k1) +
(k1 < ko), (31)

with
2 2( N2
G = (fdldgrfcd'r) = N7(N* —1);
L7202
Go = fdldgrfcdrfdgcrfdldr — _§N (N — 1)7 (32)

projection operators

2
Qpor(k) = _gJ_ = =5ko 1 Kot (33)

and
V19 1 vy V2 1
a"1"2(ky, ko) = 4 tCILqL —;CIL(/ﬂ ——kz)
_ _ 9
1 V9 Yy 1% QQ SR yQ1 SR
—q “(kg — ko)™t — —=Ski Ky —5ks ks
X Ll J ) XkQ X2
1 tx

X(1 + _—]€2)k1”1k2”2 + ;klylk? —2Dg' 12| ,(34)
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t Tk 1T oz GO
D:1+—+—1+—[—k1——k§]+ﬁg+q—2x
X o X x X X
(35)

We use here the notations

ki = oypo + Bip1 + q; 1, s B = ki
g=qi—ki=q@+kst=q%x= (ki +k)*

T = Y = . (36)

Using the different (but equivalent) forms for ¢, x

, 7 1 . .
(q1 — k1) MATED 1m(l‘ 1 — xkg)”;
L 7o Yr T 2o
L= —(h+ ko)* — 2k3; x = —(yky — yko)*(37
( ) 72 yy( )7(37)

one can be convinced that the gauge conditions

D|qy — 0= D|g — 0= 0;
a"1"2(ky1, ko)|lgt — 0= 0 (38)
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are fulfilled. Cross section of process pp —

917299 is given in Appendix, with

1 RRPP|2
P99 = ﬁz M 2 (39)
142

Due to gauge properties of a”1”2, the quantity
$I99 is finite at ¢1, go — 0 which provide the con-

vergence of the quantity
d°qQd“
2

1 (q7) Da(q5) P9 (40)

199 = M M3 /
7

This quantity is presented in Fig. 4 for some val-

ues of M 11, ]\422 and gluon jets characteristics.

iv. PROCESS pp — j75qq

Matrix element of subprocess of conversion of

two reggeized gluons to the quark-anti-quark pair

(see Fig. 2¢)

R(—,a,q1) + R(+,b, —q2) — q(k1) + q(k2),(41)
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Figure 4: Value I,, as a function of transverse momentum modulus |E1| of one of the gluon in the

produced gluon pair in case of My = Ms =1 GeV, £ = 0.2 and y = 0.3.

is described by two different mechanisms: direct
interaction and production of gluon with the sub-

sequent it’s conversion to the quark pair

MY = a(ky)[Ataty — BtytaJo(ko),  (42)
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with tq-generator of color SU(N) group in

fermion representation,

oty = ifopete,a,bye=1,2, ..., N? =1,
1
Trt,=0,Tr] = N;Trt.ty = §5ab»

N2 -1 N2 -1
2\2 . _ .
D (ta) =1 o, Y Trtatytaty = — o

(N? —1)?
Trt,t,tpty, = 43
Z Flatalply AN (43)
and [6]
A= — ="
! (fh—]f})Q—mey ¢>
gg—ko—m _ 2 .
B:,y—i_ 8 __Ca
(q1 — k2)? — m? g
q="Fki+ko, (44)

with m-quark mass and 4-vector C'; describing
the conversion of two reggeized gluons to the or-
dinary gluon was given above. The gauge proper-

ties of M99, i.e. turning it to zero in limit g — 0
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as well as in the limit g — 0 can be seen us-

ing the expressions (we use Dirac equations for

quarks)
1 2 .
— _ fy_qA T 2k— Y+ — )
—q — K CI+( : 1) (k1 + k2)?
1 2 .
A= (G- +2k)) — C
@ — ki v @ 2) (k1 + ko)2
(45)
and
B L (e + 2k °__¢
= 77 q V- — ;
~G—kfgt T (ky + ko)?
1 2 .
B = fr(cjfw_ — 2k ) — C:
& — kiq 20 (kb + /f2)2( )
46

4 49
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These properties provide convergence of the rele-

vant integrals on ¢ 9. We obtain
G131 = A[N1(S4 + Sp) — 2N2S 4], (48)
with

1 . . .
Sq = ZSp(kl + m)A(kQ — m)A;

1 . ) N
Sp = ZSp(kl + m)B(kQ — m)B;

~

1 . A
SAp = ZSp(kl +m)A(ky —m)B.  (49)

Note that the value ®%9 is finite in both limits
g1 — 0 and g9 — 0. The expression for cross sec-
tion is given in Appendix with ®%¢ given above.

Result of numerical integration of the quantity

- [0 L8lDy 2oy @on  (50)

72

is presented in Fig.5.
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v. DISCUSSION

[n paper [8] consideration similar to ones given
in section IV was done to investigate heavy quark
production. But, unfortunately the eflect of
Regge factor R was not taken into account.

Open charm and b quark production was con-
sidered in papers [9]. Regge-factors as well was
not taken into account. But it seems to be rather
important since intersept of quark Regge trajec-

tory at zero transfer momentum less than unity

Effect of reggeization can be approximated as
Dy 9
SM2 —QOZSQ /(qu)
R~ ( 2F ) . (51)
50

For typical values sy ~ M% ~ q% ~ 1GeV? this

factor is presented in Fig.6.
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Anzatz for fragmentation function of protons
used above is in agreement with the commonly

used [7] in terms of unintegrated gluon distribu-

tion
.9 —
Ak’ 5 - ,
F(z) =xg(x) = ?H(Q — k7)) F(z, k) —
0

(52)

Pl2) / MEdM?  dPq / M3dM3 d’q
(MP+@0)? m ) (M3+@3)%

Besides it provide the correct (j’Q dependence of
proton inelastic form factors.

We underline that in processes with final state
F' = qq; gg two particles with open color as well
must be converted to jets. We imply that these
jets belong to the same boost factor d3y/51. So
there is no rapidity gap between these jets.

It is interesting to generalize the QED result
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for process of Higgs boson production through
two reggeized gluons mechanism. As well as
color trace of triangle quark Feynman diagram
give Trtqaty, = 0,/2, the color structures of
protons jets become to be connected. A a re-
sult and additional factor compared with QED
case (3/2)%(N? — 1). Keeping in mind that the
main contribution arise from top quark in fermion
loop and that the mass of the intermediate state
with two top quarks exceed Higgs boson mass
My < 2M; we can estimate the corresponding

integral on Feynman parameters as
1

1
[SH]H%/dx y(1 — dy’z(1 —2)) =
0 0

|
3

Y

53)
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Figure 5: The cross section of dependence from pp
As a result we have

dpy
B

s Jtth\2
[ ] 54

Estimation in frames Standard Model leads

O EH ~ \/2\/§Gpmt ~ 1. The quantity o

is rather large o ~ 6ub. Gluon reggeization

doPP—IIH = 5 (N? — 1)
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factor R can reduce the Higgs meson production
cross section in a middle by one order of magni-
tude. This factor is presented in Fig. 4.

For process of a single gluonic jet production
pp — JpipJg the transverse momentum of the
created gluon must be of order of momenta tran-
ferred to the nucleons q1 = ¢ + ¢4, so the quan-
tity of order of invariant mass of jets created by
the nucleons |q1| ~= |@| ~ |gy| ~ 1GeV/c.
For the case of large values of momenta |q] the
reggeization factor suppression take place R ~
(5;/s0) " (@s/m) L 0) << 1, ¢¢ ~ 1Gev?/c?,
/g >> 1.

The importance of reggeization factor F(z) =
O

J (wﬁ)gz_)‘x is illustrated in Fig.3, for A =
0

2%~ (02, z2=2

n 0
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Figure 6: Reggeization factor

vi. APPENDIX A. SUDAKOV’S
PARAMETRIZATION. PHASE VOLUME

Here we use Sudakov parametrization of four-

vectors of the problem:

¢ = aipr+ Bip1 +¢ 1.t =1,2.  (55)

with light-like 4-vectors p,; builded from p;,.
First we rearrange the phase volume of process
pp — ppF with some state F' in terms of Su-

dakov variables. Starting from the standard ex-
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pression
dr>—2" = ( )4 54(1?1 + P2 —p’l Py —
d’ d;
. (56
Zqz 251 27T 325 277 3 H oo )

Introducmg two auxiliary varlables and two rele-

vant ¢ functions

/ drqrd o (p1 — g1 — p)6H(qo + p2 — ph) = 1,

(57)
using the relation
5 qd; ( — my ) (58)
52

and besides
Gi = oqp2 + Bip1 + €51, @ = 5038 — ;-
pi=p5="0,q1p1=q1p2=0;q;, =—G; <O,
d*q; —dozdﬁdQQZ, (59)
and using the 6% functions to perform the inte-

eration on the momenta of the scattered protons
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. b,
1 dsay dSﬁz 2612671 d°g
6 dﬁl
(2m)° 2 T m

5(sfy — @)dl g, (60)

O(—saq — cf%)

we put 1t as

J2—2F _ w? dﬁl 2d2 L d°q

dr 7.
e g w OF
dlp = (27)*6 g1 — ¢ —Zq H Gl
4 1 2 ‘ 2e;(2m)3’
(61)
with M? = (g1 — @) = —saof — (@1 — @)*-

invariant mass squared of the state F.
For the phase volume of 3jet production we

have

- 2]
ATPP— 12t _ (2 >_67T8 glldM%d’ylszd’yg %
d>qy >y

0 7

24T pdM?, (62)
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with

dS :
dyi = 2r)°8 (pr—q = > _a) || &

(93’
) i 2e;(2m)

dyy = (2m)°5 e+ 2 — Y @) |

72 72

For the case of subprocess v(q1)+v(—q2) — p(k)
with k% = M? we have

/ dM?dl| = / dM? (Qi)3d4k5(k2 — M?)
(2m) 64 g1 — o — k) =27 (64)

Consider now the subprocess v(q1) + v(—¢q2) —
a(k1)+b(ks), (g1 —q2)* = (k1+ko)* = M* ki =

m%, k% = m%. Using Sudakov representation

Q=0+tq1,2=a2+q],
ki =alDpy+ 8Wpy + ki, (65)
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we have

/ dM2dTy = / dMQ<27T)4d4k1(5(k% — m?)
(2m)®
A kb (k3 —m3)6 g1 — g — k). (66)

Using dM 2 = d(sao1, and introduce the nota-

tions

we can write down this quantity in two equivalent

forms
d’kyd
/dMQdFQZ/ Y 0 <x <1
2(2m)2xx
d’kyd
/dMQdFQ = / 12y_;0 <y <1. (67)
2(2m)*yy
We put here the typical invariants
2 +m? =
21k =~ " L —2q1k;;
72 42 3
2ok = L1 ogk (68)
Yy



33

vi. APPENDIX B. MATRIX ELEMENT AND CROSS
SECTION OF PERIPHERICAL PROCESSES

Main contribution to the matrix element of pro-

cesses 2 — 3 in peripherical kinematics
2 2 2 2 2
s = 2p1p2 >> |qi| ~ |@| ~ My ~ My ~ M=, (69)

arise from Feynman diagrams with photon (glu-
ons) state in the the scattering channel. It can be
written in factorized form. For the case of QED

PIrocesses

P(p1) + p(p2) — p(p}) + p(py) + Flq1, @2, X )

we have

drar)?
| 22) < p(p1)|Julp(p1) >
4145

< pEH)|Julp(p2 > g""Mg" ' myu (q1, go; F).(70)

Using the gauge invariance we can choice the Gri-

bov’s form of presentation of the photon Green
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function

gt = g/ M+ %[péépﬁ” +ph'p)l. (1)
Omitting the terms leading to the contribution of
order m?/s compared to ones with the contribu-
tion to the cross section of order of unity one can

replace

2 2
gHt — gp’jp‘f gl — gpfﬁpgl- (72)

So matrix element of QED process have a form

0ED _ (4ma)? (2 L
M — - SleNQZm (Q17 q2; F>7(73)

g5 \3
with
1 B I\ A 1 . /N A~
Ny = EU(pl)mu(pl); Ny = g“(]b)]?lu(pz)- (74)
and
N _ 2p0  _ 2pg
mTT = n:[ny mW,n/}L = E; n, = 7 (75)
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and mM” is the matrix element of subprocess.

Summed on spin states matrix element square is

ZlMQED‘QZ 477—04 QZ‘m |2 76

For the case of 3 jets productlon we obtain

4 2
pQCD _ UTQs)” a b+ . (77)
s ab

with quantities N%? specified above.
Cross section of process pp — 7172F is defined
as
1 QCD,2
= [MEETary,
We use the anzatz for fragmentation region of

proton with momentum py:

)
q
/d”leéNéf = _]\4125aa1q)1F(61>7
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and similar expression for proton with momen-
tum po.
Cross section of process of single gluon creation

accompanied by two jets pp — 7jgcan be written

in form
. 3
dol19 = — =5 &) dM7Drd MFDI
L6M7;
dB1d°q1d°g
F F R 79

5 1 (1) F(a2)R, (79)

with
9 2

i
Explicit expression of ®Y is given above.

Cross section of production of pair of colored

particles a1, as (gg or qq) has a form

. 4
dO-]]alCLQ — 8]\;3]\42@&1612@1dM12®2dM22 >
172
By d°qy d° o

F(31)F(c)RAM?dly. (81)

61 m™ o
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Explicit expressions for $4192 are given above for

the cases qq and gg.
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