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Jet productions [1] in hadron colliders at CERN and FERMI-LAD haVtl pro

vided a successful test of the pertubative QeD [2], and have already been detailed

comparisons of the theory with experiments [3J. The detailed study of one-jet and

two-jets, up to the order of a~, were discussed in 14]. Pw'e QeD for three-jet

production were also written [7J, and were tested at CDF. In this paper, we study

the background for three-jet production in pp and pp collisions, and include the

QCD-EW interference parts. We are particularly interested in the case, in which

an invariant mass of any two jets is equal to the mass of ZO or ltV±. The completed

results of helicity amplitudes [5] squared of the QCD and EW 16J interference tenns

will be given in section (2). Result and conclusion will be put into section (3),

2. Results for spin-dependent matrix elements

A background for three-jet production is studied with an invariant mass of any

two jets equal to the mass of W± or ZO. The results include pure QCD and the

interference of the QCD and EW interactions at the tree level and gives the cross

section of an order of 105 pb at 1 TeV. Helicity an1plitudes squared for all relevant

subprocesses of the interference terms at the parton level are given.
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At the pa.rton level, the production of three jets at large]>T ca.n proceed via the

amplitudes of H 9 - H 17 in figure 2, which involve qq, qq, qq' awl qq' scattering

with radiation of a gluon, together with all other ampliludes for 2 ---t 3 parton

scattering from the subprocesses gg -+ gqij or (ggg), qq -+ 999, qg ...... (J99 or (qqr/)

and qg -+ qqq or (qgg). All these subprocesses give rise to the dominant QCD

background. Helicity amplitude techniques are used to obtain the spin-dependent

matrix elements. Results can be separated into the parity conserving and violating

terms.

For the subprocess of Q(P1) +q'(P2) -+ q(P-l:) +ij' (P3) +g(ps), we only consider

the diagrams WI - W" which interfere with Hg - H 13 in figure 1, where q and q'

denote the different quark flavors. The parity conserving piece of the amplitude

squared, average over initial colors, and summed over final colors and spins is given
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211 7r 3a 2aMwrwV2 ,xe(S~3 - S~4) [ 1
2 8 qq 2 2

IM(- ++-)1 27ht2t3t4sin20w (334 -Mrv)2 +Mwrw

X (~ + .!.!.- - 9b
t

4 )] (2)
,s14 323 S14S23

where Sij = 2PiPj, ti = 2PiPsi 11 = - 2t13 341 12 = -2,s14 t3, h = - 2t4s13i

91 = -t1 s34 - t3S14 - t4 05 13i 92 = 2t10534 +91 and 93 =92 - 20513t4. Mw and

rw are the mass and width of the W particle respectively. The parity violating

part is giyen by

(1)

by

IM(- + +_)1 2 2g1l"3a~aVqq' (S~3 + o5~4) { 1 [8 (93 h)
3305~n20w t2 (s12-M~) S14 t3 t;+t;

1 (92 + 91 )" + 8 (13 + 93) 9 (93 + h)]
- S23 t 1 "4" t; S23t4 4" t; - S14 3 23 t; t;

(S34 - M?v) (-.!!2.- + 811 _~
- (0534 - Mrv)2 +rwM?v )t1 314 t3 323 t 1 S23t4

991 )}
+ 314 05 23

X (S23 -~~)o514 + (S14 -~~)323) (93
t
1 +91t4

). (4)

where Lq and R q are the left and right coupling constants of quark flavors respec

tively, and L u = 1 - ~o5in20w, Ld = (-1 + ~sin20w) and Rq = -2eq3in20w.

eq is the quark charges. Mz and r z are the mass and width of the ZO particle

respectively. The hermitian conjugate of eqn.(3) and eqn.(4) gives IM(+_-+ )1 2

and IM(++++)1 2 respectively. For the parity violating term, there is an extra

minus sign for its hermitian conjugate. The amplitude square is then given by,

IMI 2
= l<IM(-)/2 + IM(+)1 2

),

where IM( _)1 2 = IM(-++-)1 2 +IM(----)1 2
, and IM(+)12 = IM(+--+)r~+

IM(++++)1 2
.

For the subprocess of q(pt} + q(P2) -+ Q(P4) + Q(P3) + 9(ps), the relevant

diagrams are Z1 - Zs and H9 - HIS in fig 2. The parity conserving parts of

amplitude are given by

For the interference between diagrams Zs - Zs and Hg - H13 in figure I, the

parity conserving terms are given by

where Vqqt is a Cabbibo-Kobayashi-Maskawa matrix element, and the parity vi

olating invariant is given by X e = fl-'vOtl3pip2Pc;P~. a 8 is the strong coupling

constant and only four flavors of quarks are taken into account. a = 1~7 is the

fine structure constant. Ow is the weak angle.

IM(-++-)1 2

IM(- - __ )12

.2S7r3a:aLqL~ (S~3 +o5~4)

3205in20w(1 - sin20w) t1 t2t3t 4

x( ~2) +( ~2) ) (93 t1+91t4)' (3)05 23 - Z 0514 05 14 - Z 323

2S1r3a~aRqL~ (S~2 +s~,d

32sin20w(1- sin20w ) t1t2 t3t4

3

IM(- + +_)1 2 281l"3a~aL~ (S~3 +S~4)

27,sin28w(1 - sin2 8w ) t2

[
1 [ 8 (93 h) 1x --- -+- +--

(512 - Mi) S14 t3 t4 t3 S23 t 1

X (92 +91) 8 (13 +93) + 9 (93 +h)
t4 t3 S23t4 t4 t3 514 05 23 t4 t3

3 (92 91)] 1 ( 391 393
- t1834 "4 + t; + (05 14 - M;)t3 S23 t1 - o523 t4

_~+ 812 _~+~)
S12 t 4 S12 t3 t1S34 512 05 34

(834 - M~) [92 8ft 92
+ t1((o534 - M~)2 +M!r1) 314 t 3 - t 1 3 23 + t4s23

991 3 (92 + 91)]
S14 323 s12 t4 t3

1 [3 (91 93)+ -- -+-
(823 - Mi) o514 t3 t1 t4
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of amplitude squared ·are given by

-287("30;oLqR~ (S~3 +si..) ( )
t392 + t..g 19sin20w(1 - sin2Bw) t1t2t3t4S12S34

(
312 (534 - Atl~ )S34 ) (ll)

X (S12 - Nl~) + «S34 - M~)2 +M~r~) .

1 ( 892 91 8fl 9f1)+- --+--+-----
t 1 312 t4. 512 t3 tl S34 512534

1 (8h 93 892 992 )]+- -----+-----
t4 S12 545 S12 t3 t1334 312 5 34 .

2 287("3 0 ;oLqR q (S~3 + siol)
IM(- + -+)/ == - .

95in20w(1 - sm20w) t1t2t3t4512S34

(
S12 ~ (534 - Nl~ )534 )

X (512 - M~) + «534 - M~F + Mir~)

x (92 t3 +91t4)

(5)

(6)

1A-1( _ + +-)12

IAtl( _ + -+ )1 2

-281l"30;oLqL~ (5I3 + S~'l) ( )
. .,. t 3 92 + t4 91

95m-Ow(1 - sm2Bw) t1t2t3t4S12S34

(
S12 (534 - M~ )534 )

X (S12 - M~) + «534 _ M~)2 +M~r~)
(10)

IM(- - __ )1 2 287l"3a~aLqRq (siz +3~4)

9sin20w(1 - 3in20w) t2 t1t3t4

x( ~2) +( ~2) )(91t4+93h).(7)S14 - Z s23 323 - Z s14

/M(+- -+)IZ and IM(+- +-)1 2 are the hermitain conjugate of eqn.( 10) and (11)

respectively. The parity violating terms are similar, except that there is an extra

minus sign. For the interference between the diagrams W5 - Ws and H g - H 13

in figure 3, the parity conserving piece is given by

The corresponding parity violating terms are given by

IAI( _ ++- )1 2 2107l"3a;aMzrzx~(si3 - S~4) { 1
27t2sin28w(1 - sin20w) (S34 - Mi)2 +M~r~
1[1 1 9 3 (1 I)]}

x t;:" sHt3 + 323 t4 - S14 523 - S12 t; t 4" (8)

28 3 2 V (2 2 )
l/vf( _ + +-)12 = _ 7l" .a.a qq' s13 + s24

9sm2BW t2

{
1 [93 8h 91 091]

X (S14 - M~v )t3 S12t4 - S12t3 + 11S34 - SI2SJ.l

1 [ 1 ( 892 91 8il 9il )
- .(323 - Mt,,) ~ S12 t4 - S12t3 + t1 s34 - S12 s34

..!-( 813 _~ + 892 _ ~)]} (12)
t4 S12t4 S12 t3 t1 s34 S12 S34

IM( - + -+)1 2 2101l"3a~aMzrzLqRqX~(S~3 - s~4) 1

9t1t2t3t4sin28w(l- sin20w)s12 «S34 - M~)2 +M~r~)
Its parity violating part is given by

The value of IMI2 for the subprocess of qij -+ qij9 can be calculated in a similar

way for qij' -+ qij'9

(13)x - -
(SJ.l - M~)2 +Mir~

2107l"3a~aMzrzx~LqL~(S~4 - Si3)

9ht2t3t4s12sin28w(1 - sin28iv)
(t3 + t 4 )

IM(- + +_)12(9)X (t 3 + t4 )

The interference term for the subprocess q(Pl)+ij(P2) -+ q' (Pol) +ij'(P3)+9(Ps),

comes from diagrams Z1 - Z4 and H g -H13 in fig 3. The parity conserving tenus Il\tf( _ + -+ )1 2 2107l"3a;aMzrzx~LqR~(S~3 - SI4)

9t1t2t3t4s12sin28u:(1 - sin28~v)
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For the subprocess'of q(pt}+q'(P2) -t Q(P4)+q'(P3)g(PS) ,the interference is

between diagrams WI - W4 and H 9 - R13 in figure 4, with the parity conserving

terms given by

For the subprocess of q(Pl) + q(P2) -t q(P4) +Q(P3) +g(ps), if particle 3 and

4 are interchanged, an extra minus sign should be put in the amplitude due to

the antisymmetry of two identical fermions. Finally for the interference between

diagrams Zl - Zs and Hg - H1s in figure 5, the parity conserving piece of the

amplitude squared is given by

(14)
(t3 + t4)

x (S-34- _ M~)2 + Mif~'

For the interference between diagrams Zs - Zs and H g - H 13 , the parity

conserving tenus are given by

where a1 = 512t4 + h524 - 514t2i a2 = t4 s12 - S14 t2 - t1 524; a3 = 512 t4 +
S14t2 - tlsH; and b1 = 2s24t1; b2 = 2t4512i b3 = 2S14t2

281r3o:~o:LqL~ (S~2 +S~4)

9sin28w(1 - sin28w) h t2tat4

x ( ~2) +( ~2») (a3t1 - a2t4) (16)
523 - z oS 14 S14 - Z S23

/NI( __ --)1 2

IM(- - __ )1 2

291r3o:;o:Vqql (Sf2 + S54)
27sin29W t3

{
-1 [a2 8bl a1 9a2 ]

x (S24 - N[?v )t1 S14t2 - 523t1 - t4523 + 314523

1 [ 1 (a 1 8a3 8b2 9a3 )

+ (513 - Mtv) '4' 523 t l - S14 t 2 + t 4 5 23 - 314 5 23

1 (a2 8a3 8b3 9b3 )] }
- t 2 523t1 + S23t4 - t2514 - S23 8 14 •

(15)

IM(- - -- )12

IM(- + _+)1 2

2S7T3o:~aL~ (st2 +554)

27sin29w(l-sin28w) t3

{
1 [a2 8b1 al 9a2 ]

X (524 - Mi )t1 514t2 - 823tl - t4s23 + 8140923

1 [1 (a 1 8a3 8b 2 9a3 )

- (513 - M~) t4 523 f 1 - 814t2 + t4 823 - 514523

1 (a2 8a3 8b3 9b3 )]

+ t; S23 t 1 + S23 t4 - t2S 14 - S23 5 14

3(1 1)( gl g2 )}
- S13(824 - M~) + 824(S13 - M~) ~ +~
+ [1_ 2]. (18)

28
7r

3o:;o:Lq Rq (st4 + si3)
9sin28w(1 - sin29w) h t 2 t 3t4

( 1 1)()X 2 + 2 al t2 - a2 t4 (19)
(S13 - M Z )S24 (S24 - M Z )S13

IAt(- + +- )1 2 281r3o:;aLqR~ (S~4 + 5~3)

9sin28w(1 - sin29w ) t1 t2t3t 4

x ( ~2) +( ~2») (a3tl - a 2 t 4 ) .(17)
523 - Z 514 S14 - Z 523

I./\tI( - ++- )1 2 28
7r

3 O:;QLqRq (S~4 +S~3)

9sin2 9w (1 - sin28w) t1 t 2 t3 t4

( 1 1)()X 2 + 2 a3tl + a2 t 4 .(20)
(S14- M z)S23 (S23- Mz)814

wheI'e IM(+ + ++)12 and IM(+ - -+)12 are the hermitian conjugates of eqns
1

1(16) and (17) respectively. The results of eqn.(15), (16), (17) and the hermitian
1

Iconjugates of eqn.(16) and (17)" give the amplitude squared IMI 2 • It is easy to
I

obtain the results of the subprocess of ij(pt} + ij'(P2) -t ij(P4) + q'(P3) + g(ps),

'~hich should be equal to IMI2 •

IM(++++)/2, IM(+ - +- )1 2 and /M(+- -+ )1 2 are the hermitian conjugates of

eqn.(18), (19) and (20) respectively. The corresponding amplitude squared for the

subprocess of q(pd +q(P2) -t ij(P3) + ij(P4) + g(ps) are related to the eqns.(18),

(19), (20) and their hermitian conjuates. Thus it is easy to obtain the values of

.IMI2 •
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VYe deflne an observable cross section by:

0'= JdO'

where da is the differential cross section for finding three-jet production. Then

J ~ 1 J fa( n 2) b( Q2) dUij
da = ~ 1 + bij dxadxb i xa'"'i f j xb, d¢>diV dc/>dil!.

I)

For hadron-hadron collisions, we choose dil! = dXadxbdY3dYgds34, where Xa

and Xb are the parton momentum fractions, and Y3 and Yg are the center of mass

rapidities of the hadronic jet with momentum P3 and the gluon respectively, and

de/> = dc/>3' S34 is the invariant mass of any two jets. 4>3 is the relative angle

between two jets. It is for the reason that there is only one ¢> dependence in the

calculation. fi(x a ,Q2) and fJ(Xb,Q2) are the parton distribution flUlctions [!:ll.

The computer program "Vegas" [8J is used to calculate this integral.

3. Results

Results for pp and pp are shown in fig. (6-7), and only include (u,d,s,c) flavor

contributions to our calculations. We choose the width of 534 so that (iVfw 

rw)2 ~ 534 ~ (Mw + rw)2 and also (Mz - rz)2 ~ 534 ~ (Mw + rz)2.

We also symmetrize the hadronic jets since it is almost impossible to identify

the flavors of a hadronic jet. For the cross section we impose a set of refection

symmetric cuts Iyd ~ 4, IPiTI ~ 5 GeV, Ojj ~ 15°, where ij denote three different

jets i =f. j, to ensure that the hadronic jets are well-resolved and to exclude regions

of phase space where the tree level calculations presented here become unrelaible.

We find that the background for the three-jet production with the invariant

mass of two jets is equal to M~ or Ma, is an order of 105 pb at 1 TeV.
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FIGURE CAPTIONS

1. FIG.l Soild lines denote quarks, wavy lines electroweak boson and curly line

gluons. The QCD amplitudes H g -H13 can interfere with the amplitudes of

}V1 - Wol via. l-V exhange and of Zs - Zg via ZO exchange for the subprocess

of qq' -t qij'g.

2. FIG.2 Soild lines denote quarks, wavy lines electroweak boson and curly line

gluons. The QCD amplitudes Hg - HiS can interfere with the amplitudes

Zs - Zg the subprocess of qq -+ qqg.

3. FIG.3 Soild lines denote quarks, wavy lines eleetrowcak boson and curly line

gluons. The QCD amplitudes Hg -'H13 can interfere w~th the amplitudes of

Ws - TtVs via W exhange and of Zi - Z4 via ZO exchange for the subprocess

of qq -t q' if'g.

4. FIGA Soild lines denote quarks, wavy lines electroweak boson and curly line

gluons. The QCD amplitudes Hg - H1s can interfere with the amplitudes

of Zi - Zs for the subprocess of qq -+ qqg.

5. FIG.S Soild lines denote quarks, wavy lines electroweak boson and curly line

gluons. The QCD amplitudes H 9 - H 13 can interfere with the amplitudes of

Wi -lV4 via W exhange and of Zs - Zg via ZO exchange for the subprocess

of qq' -+ qq'g.

6. FIG.6 The background for three-jet produc.tion in pp collision: the data

points (circle) are for the 534 = Mtv and (square) are for the 534 = M~.

7. FIG.7 The background for three-jet production in pp collision: the data

points (circle) are for the 534 = Mtv and (square) are for the 334 = M~.
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