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Abstract

G.V.Jikia. Z-bozon Pair Production via Photon Fusion at High Energy Photon Li-
near Collider: IHEP Preprint 93-37. - Protvino, 1993. - p. 31, refs.: 38,

The production of the Z-boson pairs via the fusion vy — ZZ of two polarized back-
scattered laser photons at an e*e~ linear collider is considered. Complete one-loop SM
calculation is done and explicit formulas for bosonic loop coniributions to the helicity am-
plitudes are given. The results are used to study Higgs boson production for gy > 2my
at a Photon Linear Collider. 1t is shown that transversely polarized Z7Zy pair production
would represent a severe irreducible background to the nbservation of the Higgs boson with
mpy > 350 GeV if Z-boson polarization would not be detected. Total cross section of Z7Zr
pair production is as large as hundreds of femtobarns at \/Svy 2 500 GeV and does not de-
crease with energy. The anticipated photon-photon luminosity should be sufficient to detect
hundreds of Z-boson pairs yearly. The reaction vy -— ZZ may provide tests of anomalous
triple and quartic gauge boson couplings.
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Hponenako HONHOC BEYKCICHIC &GMIUMTYAR peakunn vy — ZZ B CTannaptroit Mo-
nenu. Binan W 6osonnoli merin okasasica 3HaYRTEIbHLIM. OH JIPUBONKYT K GONLIIOMY
CEeYEeHHIO POXKIEHRS TIaphl NONEPeYNo NONAPH3OBAHHEIX Z 6ozonos ZrZr pasnomy 200 ¢bu
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1. Introduction

Higgs bosons search and/or electroweak symmetry -breaking mechanisim
study will be major goals for the next generation of supercolliders {1]. Much
has been written on the search for the Standard Model (SM) Higgs boson
at hadron supercolliders (see, e.g., Refs. [2] for recent reviews and further
references). It is generally believed that a SM Higgs boson of a mass up
to 1 TeV can be discovered at the SSC and LHC if the design luminosities
are achieved. Next to the era of the hadron supercolliders lies the future
generation of high energy ete™ linear colliders. The Next Linear Collider
(NLC) is a generic name for a 500 GeV e*e™ collider with a luminosity of
order 10% c1a=? s7!. SM Higgs bosons up to 350 GeV in mass can be detected
at the NLC [3]. However, it is very likely that the existence of the Higgs boson
will have already been settled by hadren supercolliders before the NLC begins
operations. Thus, one must carefully consider what the goals should be for an
NLC intent on exploring Higgs physics. It was emphasized the NLC potential
to settle definitely the question of the existence of an intermediate mass Higgs
boson {(my < my < 2myz) and , once the Higgs boson mass is kuown, to
measure a number of key Higgs properties —— its spin, eleciroweak quantum
numbers and the Higgs couplings to weak bosons and heavy fermion pairs [4].
In addition, one may have the capability of running the NLC in a 7 collision
mode via Compton backscattering of laser photons off the linear collider
electrons [5-9]. The Higgs boson produced in such collisions would provide
an accurate measurement of the Hvyy coupling. This coupling is induced at
the one-loop level and receives contribputions from all virtual charged particles



whose masses are derived from the Higgs mechanism. Thus, the detection of
Higgs bosons in the v collider mode at the NLC can provide fundamental
information about the particle spectrum and mass generation mechanism of
the theory. Moreover, at the SSC/LHC a rough determination of the Higgs
boson 7y coupling (by detecting the rare H — 7y decay mode) may only be
possible for 90 < my < 130 GeV [10]. (For recent experimental summaries
see various SSC and LHC detector Letters of Intent and the SDC detector
Technical Design Report [11-14].)

The background for the detection of vy — H — X depends upon the
choice of the final state X. For the SM Higgs boson with a mass below 2my
the primary modes are H — bband H — ZZ*, WW* (where one virtual weak
boson is produced off-shell). For this case careful study of the background
from vy — bb has been done, assuming the ability to achieve substantial po-
larization for the colliding photon beams [4,7,15]. The optimistic conclusion
was reached {15] that the detection of the SM H should be possible for all Hig-
gs masses up to the yy kinematic limit (roughly EI*® o~ 0.8E,+.-). For the
SM Higgs boson heavier than 2my, the primary modes are H — ZZ, W+W~
and H — tf. The conclusion of [15] is that detection of the H in the ¢t
channel is not possible even for perfect polarization. Because of the large size
of the vy — WHW™ background a reasonable statistical significance can be
achieved only in a narrow Higgs mass range near 2my . As for ZZ mode the
usual attitude is that since there is no tree-level vy — ZZ background, it
will be advantageous to focus on the ZZ final state for my > 2mz, and when
the ZZ final state can be cleanly isolated, the ability to detect the H in the
ZZ decay mode will be entirely determined by the absolute event rate. The
conclusion of [15] is that the ZZ mode can be used all the way out to 500
GeV, assuming the requirement of 5 signal events for detection.

The main irreducible background to detecting a Higgs boson in the ZZ
decay mode in photon fusion reaction is the continuum production of Z bo-
son pairs via the one-loop reaction vy — ZZ. Although the process is of
fourth order in coupling and one could naively expect its cross section to
be negligible, the result of our calculation is that the transverse ZrZr pair
production cross section is as large as hundred of femtobarns. And if one
does not separate longitudinal and transverse polarizations of the Z bosons
the continuum production of Z boson pairs will prevent the detection of the
Higgs boson signal in vy collisions for my > 350 GeV.

There were also several other proposals why to study Z pair production
in high energy photon-photon collisions. It was proposed to study the lon-
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gitudinally polarized Z;Z; pair production to establish a signal from the
heavy Higgs boson [16] and to probe strong final-state interaction corrections
due to strongly-interacting Higgs sector {17]. The effects of a strongly in-
teracting symmetry breaking sector in vy — Z;Z reaction at TeV energies
were analyzed in [18] by using Chiral Lagrangians. The existence of ultra-
heavy quanta with a mass generated by electroweak symmetry breaking can
be probed in scattering of photon pairs into longitudinal Z pairs at energies
large compared to my but small compared to the production threshold of the
ultraheavy particles [19]. It was also suggested to study anomalous vector
boson Higgs [20] and quartic vector boson couplings [21] in this reaction. All
of these suggestions imply the deviations from the SM predictions for the
longitudinal Z boson pair production cross sections at high invariant mass
of the gauge boson pair. However, the weak vector boson t- and u-channel
exchanges lead to a non decreasing with energy cross section for the loop-
induced reaction yy — ZZ in analogy to the well known behaviour of the
tree level process yy — W*TW ™ [22]. Moreover, the SM cross sections for the
transverse Z boson pair production are an order of magnitude larger than
the signal from longitudinal Z boson pair production. So, careful treatment
of the large irreducible background from the SM continuum Z boson pair
production is needed to achieve any realistic estimate of the high energy vy
collisions potential to probe new physics. The cross section of the ZpZr
pair production being large and observable can be interesting by itself as an -
unambiguous nonlinear effect predicted by the SM as a nonabelian gauge
theory.

Until recently only fermion loop contribution has been calculated for the
reaction gg — ZZ [23,24]. In Ref. [25] we presented some results of our first
complete SM calculation of the helicity amplitudes for the reaction vy — ZZ.
In this paper we give the full details of the calculation. In Section 2, we will
present the general formalism for the calculation of the vy — ZZ helicity
amplitudes. In Section 3, we will give explicit analytic results for the bosonic
loop contributions to the helicity amplitudes and their asymptotic expressions
in the high energy limit. Section 4 will contain numerical results. Cross
sections of the ZZ pair production in monochromatic polarized v collisions
will be given in Section 4.1. Section 4.2 will contain cross sections of the ZZ
pair production and the background to Higgs boson signal from transversely
polarized ZrZr pair production, calculated taking into account spectrum
of the Compton backscattered polarized laser beams off polarized electron
beams. ZZ pair production in photon fusion reactions at e*e”™ colliders
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(Section 4.2) and at heavy-ion colliders (Section 4.3) will also be considered.
Finally, in Section 5, conclusions will be done.

2. Definitions

We concentrate mainly on the most difficult boson loop contribution to
the process

¥(p1) +7(p2) — Z(p3) + Z(pa)- (2.1)

To avoid the mixed photon-W-NG triple vertices and photon-Higgs-W-NG
quartic vertices, containing non-physical Nambu-Goldstone scalars, we use
the so-called nonlinear background gauge, which was used, e.g., to calcu-
late the two photon Higgs decay width [26]. Gauge fixing (GF) lagrangian
and Faddeev-Popov (FP) ghost lagrangian parts in the background gauge
contributing to the process under consideration are given by

Lor = —l@,,W” - igswA W + (mw + gH)w‘2
(82" + (mu + 33)5)2 —S@A )
Lrp = —(8,+igswA,)TH (0" — igswA* — igew Z*)ct
+m%vc—+c+ + gmwHe ¢t
—(0u — igswAL)T (0" + igswA +igew Z" )™
+miye ¢ + gmyHE (2.3)

where w, z are NG nonphysical partners of a W, Z bosons, ct, &t are FP ghost
and antighost fields, sy = sinfy, cw = cosfy. The Feynman diagrams
contributing to process (2.1) are shown in Fig. 1.

As it was done in the pioneering papers [27,28], the yyZZ polarization
tensor can be written in the form

Gl‘luzﬂsm — . Z . Ah'zlau(1234)pli‘11p£‘22p¢_‘33pﬁ4
11,32,13,24
+.-Z.~: BP#(1234)g" o pidplit + .. + 2 Bg'?(1234)g" piip?  (2.4)
3,34 11,12

+Cl(1234)gﬂ1#2g#3#4 + 02(1234)gﬂ1u3g#2u4 + 03(1234)9#1#49#2#3_

Here ;2 = 3,4, i34 = 1,2. The restrictions on the summation of the in-
dices ;.4 take into account the momenta conservation, transversality of the
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polarization vectors and, in addition, maintain a symmetric appearance of
G#tas - All momenta are taken to be on mass shell (p? = p2 =0, pi=
p3 = m%). The electromagnetic gauge invariance tells us that the yvZZ
polarization tensor is transversal to the photon momenta

p#16u2€§3€4 Cm#z#aﬂa =0= pMel‘le?’ ‘04 Gm#z#aur (25)
Relations among A, B and C coeficients in (2.4) following from Bose sym-
metry, gauge invariance (2.5) and Schouten identities were given in Ref. [25].
We define
s=(prtpa)’ =t ps)t wes (4 )
S4=25 - ‘imz, L=l My, U= u - omy, (2.6)
Y =tu-m}y =5 p2,, f= \/ 1~ 41;15/3

All momenta are taken to b 1acoming

3. The vy — Z7 helicity amplitudes

We use the reduction algorithm of Ref. |29] to express all 4, B and C
coefficients (2.4) in a canonical form in terms of the set of basic scalar loop
integrals described in Ref. [30]. The algebraic calculations were carried out
using symbolic manipulation program FORM [31].

Using the full polarization tensor (2.4) helicity amplitudes can be derived

M/\x/\2/\3/\4 = eﬁlll(/\l)eltn()\’z) 1‘1*(/\3 6 ()‘4 T g0 pw.;(pb MPB,P/;), (31)

where A; denotes the polatvization of purticle i, [he inomenta and polarization
vectors for different helicities in the c.m.s. of the juitial photons are given by

p1 = E(1;0,0,1), 'n:E(l'U 0, -1), (3.2)
p3=—FE(1;0sin0z,0,Fcosb;), py=~E(l;~Bsinfy, 0,05 cosbyz);

/

ef = ey = (01, ~0,U), e = e; = 50541, 4, 0), (3.3)

c
= -~(6’ sinfly, G, cos 94} e = ~£’;(;3; - sinféy, 0, - cosfz).



Here e* is v or Z boson polarization vector with helicity 1 and Y is the
longitudinal polarization vector of the Z boscn.
The helicity amplitudes are related by parity (or C'P-parity for fermion
loop contribution) and Bose syminetry
Mo (8,8 4,8) = Moxa-ae-n(s: tu, B),
JM«\Mz/\af\q(s’ tu,p) = M/\z)v\4/\3(s: tu,B). (3.4)
Using the composition of a rotation by 180° about the y-axis and parity
transformation, the remaining twelve ampiitudes can be expressed through
eight independent helicity amplitudes
My (s,t,u,8) = Myrei(s,t,u,—h),
Misoo(s,t,u,8) = —Mypiols, tu, —0),
My_i(s,tu, ) = Myy(5,t,u,-8),
M__o(s,8,u,8) = —Mi_1o(s, tyu,—p). o (3.9)
We write the bosonic loop contribution io helicity amplitudes as a sum of
three terms

— ' H B
MA1A2A3A4 = A/\V\zf\ah B SA1A2A3A4 + J‘A/\I)‘p\y\q? (&6)

where Sy,0.3, is subamplitude containing singular factors of 1/Y ~ 1 [P,
and M, ) 5, is the Higgs pole contribution.
Extracting an overall factor

2,2
e‘g e :
— where g = —, 3.7
@ 9= (3.7)
in the definition of the helicity amplitudes My, ,2,0,, We find the nonzero
subamplitudes Ax aasies Shdorers and ME L\ -

‘4+++—(37 tv v, /H) =

. oy ) tl Y
—C(t2amL 1+ 22 (s — 2md) + (1 -
{ t zmyll+ Py (s —2m%) + s(_ c€V554)]
Dis. 824 (2, - ) _ B(dewzmd (2t —1)-% t s u)l
+s, )4 1(CW = :“) - (,wwzmz( . )s—,;—tif + ( H“)}
oY 3 Y
+D(t, u)xzm‘z(; +‘2m%v) (1 - = ) (3.8)

Cly 584

TwzY my

2 2
Cis\zgms — Cols)2z,m (1 +202) - TVZZ (5 4 9722),
+C(s)drzmy 0{5) mzmz( + 34) o (1+ 34)



Aiiryi(s,tu,B) =

2
{D(s, t) [QM{‘% + 4ck 5% + 2(m% — 4m?, — 8chymy)s — 6c5, M
4
6
+3 (16% +4ck, s + 2(m% — 8ck,miy)s + 4m4z)]

+C(t)[ (lﬁcws + 6m3, — 24m}, — 24k, m3,

fL‘WZy 4

(s —2m%)) + 2£—(s — 2m2)

+ﬂ{t1 (—(6mZ +8m¥, ~ 24ch,m3; — WSZY) +16cy) -+ 2M} —- 1]

_}—B(t)xWZ (1 + 8)s — 2m2) (2—— - 2— - 1) + (te u)} (3.9)

-77WZY 2, , Tzmy .
(t )[ ( 82,5'4 5 ‘)m";' + 54 —_ E(Sm% —_ QOm%’V — 3()ch;1/)

—160W) + 4ctys(s — 2m% — 4mb,) — 6cl, M

7Y
+ﬂ{23 (IW—SZ— — 16¢k, s — 4m? + 48m?, + 48(*me) + 4ckys(s - 4mW)H
4
+C0(s) (WI + 9,8mé §)+ 34:‘1/51 (m%(2Y — ss4) + BsY);
A++00(s,t,u,ﬁ) =
Mim? .
{—D(s, f){ —LEn—Z — dmiys + my — 12mi,m? + 447”%1/]
ty/ awamiY  mb Mm%y
t wwez Tz 2 — g1z
+C( )[ ( o 2 am + Omw) 8 ot
LBy [4 +9~4_—} b o(tew) (3.10)
54 15 J
Y m
D(t Yf-xﬂzmz (1 - 263 )(1 + 8cl, — 1268,
+ (;U)[ U s ( o) +"W>+ZC%V$\ cip)(1 + 8ciy Cw)}

M} TwzmiY
+4mf,vs+m4z+4m%‘,mgz—20mgv] — Co(s)4 [s+2 1] 4M;

S4 84t1U1



Apro(s, t,u ﬂ)/f—\ =
{D(q oL+ 22 Zmz +52 ](Y+t2 m)

o)t~ u)’_‘(?—VY—Z—}i -2)- 2%(

S S84 854

m%;— +s - 2m22)

1

+8{(0 -0 (2 (Y amdy) —2) - 372 (5% 5 - o)}
+B(t)(1 + ﬁ)xWZY [TZZ (tl1 - %) - %] - (e u)} (3.11)
+D(t,u)(t — u)Y[ (5 — 4ck, +12cty) — %(2% +ly )
T2 +6d) - 2 (-~ )|
~Co(s)2(t ~ w)[1 + % + ﬂi] ~a+ ﬂ)”'Li%l;:‘l;
Apyi(s,t,u,0) =
{ (s, t)[ \2mZY 8m2t2 + Mim?) — 6c%VM24]

C(t) [:czmz(s - 2m7)(— - 7?—12) - 16m€vt1]
t)mwzmz [V +2mbt] + (te u)} (3.12)

D(t, u)[ ( (32mW +zzmy) +

.’L‘Zmzz

) — 6k M|
2

7 Y
+C(S)[2f_w_§.n_z.—6yzmz] 00(3)32mws Al (1+234)
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Api-(s,t,u,8) =
{D(s t)[ (2(m3 + 4m¥y )2 + dm3 (m — 4, )t

+my(m} + 12mfym}, — 12mly)) + 2c, (412 + 2% + 5m)
+2(n;22 ~ 4m¥,)(2t + 5) + 8ch,mY, (25 — m% + 3m%)
+2ﬁ—{4c%vm%,v(t —u) = (s — 2m%)(2c%, s + meQZ)}]

+O0 ey (2 (1-427) - B) 4 16
+;1—((mz + 28mW + IQCWmW)t + 3mZ — 44mwm22 + 36m§v)
4

2 . s
—ﬂ—{(xzmzz + 4c%vs)(t ~u) — dety st — zzmi(s — 2m%) + M{l;}]
1
2

(Ol 4 (14 20) L4
_ﬁ{2§71+ s4t2+284—%}] + (tHu,,B—»—,B)} (3.13)

+D(t,u)[ aerZ2 + 4ciy (26* 4 25t 4 5%)

+‘—2—.1s—4(m% + 28m¥, + 12ckym2,)(t + m%)? — 8¢k, (m% — 2m¥y)s

+2c}, (5my — 4mlym% + 12mb,) — 4Bck, s(t - u){l + ;;(mQZ + Qm%‘,)}}
+C’(s){4zwz (m%v - Z + 2?) + C—Z—(?’ —12c%, + 52¢y)

4
+Bzwz(t — u){s + (t +5mY + m¥) + gi(tQ +2mit + 4m})}]
4

tu}
4

+Co(s)16ck5(1 + 2—841) + B(s)owz(1+ 22’—%) {

Twz 9,2 2.2 (s .
e (Y(s 2my) + pmys(t u)),




A+ +0(3 t u, ﬂ)/A =
2
{D(s t) [ (4( (82 4+ mbt + 2mb) + — (t—2m%)(2t + m%)
+(1+ SCW)S4t - 12cwmwt) - 2:(xwzt — (t+m%)(16c3t + zzmzz))
4 :
Y .
+ﬂ{;(s + 8clys + 40k, m%,)

1 (24C%Vm§‘,t2 + s(t* — 8ckt(2t + m%) + m“z)) H
54

+C(t) [(t ~ u){( (4cW(t +3m}) - o o+ 4t 3m3 )ty — 24clymyu)
2:44;1 _ér_nl} +4s—s4(xwzt—~lﬁcw(t+mz))

. S
+-f;{2¥ +2(1 - 16c%v)(t +m3)t) + 8¢ty (m — 3my)(t — u) — 2 Mfﬁ}]
+BOZE (1~ u)y + e — B 5+ md %+ ¢4

1 1

- (teuwf- —,3)} (3.14)

“ (1 + l(8c€‘,s + zzmg)) - ﬂ{l + Sf—vj(s + Sm%)}]

—C(s)[Z(t - u)( xw;::”z (1 —cgvczwﬁ) + ﬂ{2xwzm2z (1 + 433;22—) + %2%;}]

1
+Co(s) [(t - u) (6 +4ciy — 22; - 4m§—c%yvi)

84

~2p{aam, (1 +472) + (1 - 8]

t—u+fs + TwzY (t —u—fs)
84 s4tiuy

—B(s)xwz
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A+_00(8,t, uvﬁ) =
4
{D(s, t) [3_4 (m2Z(2t2 + 4m%t + md) + 4mb, (267 — am%t + 3m%)
—12m‘évm%> + 2¢% + dm%t — 4miy (s — 3m%) + my — 44m$v]
m3 Mty m
Ct)|4t: (1 +16—L) +8—L(= + -2
+C(t)[at: (1 + 16 5 >+834 =+ - +1)]

. 2
+B(t)2rvz4zt?3(t2+m}) + (tHu)} (3.15)

3yl 2 (M} 2 2 2 4 4
_D(t,u)l2Y<1 + 3—4(—3— + 8mw>) +4miy (s —m%) — my + 20mw]
4 2
—C’(s)[z}w +4s + ? —12m% + 44m%4,}
84 Cw

2 - 2
+Cg(s)4s[1 + 16—7%—“—’] + 4%2%{;
4 40141

Sit-(s,t,u,B8) = zwz{ [(Q(s tu)t + Q(s,u, t)u )(/2 mz)

54

—(t(Qma,(t — )+ st)Q(s, t,u) — u(ZmW(u — 1)+ sw)Q(s,1,1))|

toye (tQ2(3 t,u) + uls(s, u t))( )} (3.16)
Sysols,t,u, B)/A =

;:ZIZ/ (PQ(s,t,u) + w2 Q(s,u,1) ) (£ — w + Bs); - (3.17)

Sima(5,t,,0) =~ (1Q(5, 1) + Qs ) (3.18)

Si—oo(s,t,u,p) = _Riw (tQ syt u) + uQ(s,u, t)); (3.19)
4 .

Sers-(s,t,u,8) = ””‘Z (1Q(s,1,w) + uQ(s,u,1)); (3.20)

Ml = (3.21)

(SSmZ — 12m%m% — 2mzmH)Co(.s) —mYy/cy — 6mZ
8 - mH +imyly
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2
H g S—2mj .
Mo = Miisi ome (322)

Here the following notations were used:

2

m%s

R, o= 25 + 2—5- - 14m2zs + ‘ZZm%Vs + 16m4Z - 64m%vm2z,
w

4
m
Ry 44 = 3mbys — 12mbys — 12c%,vm%4,s - _c-2g — 8m}y + 36m&m% + 48miy:
w

Mi=m} - am¥,m% + 12mly, M;= my — am¥m% — dmpy;

2 4 4 4
AL __M M M
Ny WET mimd T2y V2=t (323)

The B, C and D functions are the basic two-, three- and fcur-point in-
tegrals described in Appendix A. Auxiliary functions @ and Qa, which are
always associated with a pole in Y, are also defined in the Appendix A.

Various checks were carried out to make sure that the resulting helicity
amplitudes are correct. All A, B and C coefficients in the decomposition
of the polarization tensor (2.4) were calculated. Then cancellation of diver-
gences, the requirements of Bose symmetry and gauge invariance (2.5) were
explicitly checked. Also, subamplitudes containing factors of 1/Y ~ 1 /Py
(3.16-3.20) were shown to be finite as prz — 0 (see Appendix A). In practice
to avoid numerical instabilities we made a small prz cut. And finally, we
compared numerically the values of the imaginary parts of all the helicity
amplitudes given by (3.6) with the values obtained via unitarity relations
from the tree level amplitudes evaluated in unitarity gauge. We obtained
that both values coincided to an accuracy of ten digits over a wide range of
kinematical variables.

In the high energy limit with u held finite and large

$> —u> m%v,mzz, (3.24)
which corresponds to Z production at small angle
0y ~ (—ufs)'? (3.25)

only two helicity conserving amplitudes survive, which are imaginary and
proportional to s

Mijpp =My = —16m'—3c%v log(-—u/m‘év). (3.26)
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In the same limit the leading fermion loop contributions to helicity amplitudes
grow only as logarithm squared

M =ML = 4]+ ad)log(~s/u), (3.27)

where
( : 2 .
vp = {t3.(f)/2 = Qrsiy)/ew, a5 =t30(f)/2cw.

This difference can be traced back to the effect of the u-channel vector particle
exchange, which gives rising amplitudes and nondecreasing corresponding
total cross section in the limit s — o and finite u {see, e.g., Ref. [32] for a
thorough review and references therein). The imaginary parts of the helicity
amplitudes at 7 = 0 in the high energy limit can be easily calculated via
unitarity relations given the helicity amplitudes of the reaction vy — WHW-
122]

122

SMM (B =0) = SmM ., (6, = 0) = 8mscly /miy. (3.23)

The corresponding real parts can be shown via dispersion relations to have
no contributions proportional tu s, because the growing contribution from s-
channel discontinuity is completely cancelled by the #-channel discontinuity
contribution.

In the high energy limit (3.24) the cross section of the transverse Z boson
pair production is dominated by the contribution from production at small
angles (3.26) and is given by

44
Ottt = Opop = }(irri(TW {1‘)g2(“1tnlin/m%v) + 2log(~ ”rnin/""fv) + 3] .
“Umin Sy .
(3.29)

As for longitudinal Z pair production, the corresponding helicity ampli-
tudes have no contributions proportional to s and the leading amplitude in
the high energy limit and for large Higgs boson mass s, m% > m¥ m% is
proportional to m3 /m¥.. It comes from Higgs pole contribution (3.22) and
is given by ,

My gy = — 5 (3.30)
This expression coincides with the result obtained in [16] using the equiva-
lence theorem approximation.

For fermion loop contributions to helicity amplitudes we agree with ex-
pressions given in [24] except the overall signs. We define the fermion helicity
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s ushig the same momenta and polarization vectors (3.2), (3.3)
Dbuding the factor -1 for fermion loop. With these assignments ail our
holicity amplitudes except My 449, My 4o differ from the corresponding ex-
pressions in [24] by a factor -1. Amplitudes M4 419, My _ o coincide with the
corresponding amplitudes of ref. [24] if we define the quantity /—2m%/sY

in ref. [24] to be cqual to i\/2m%/sY.

4. Numerical Results

1.1. Polarized cross sections for ZZ pair production
in monochromatic vy collisions

We tirst present different contributions to the polarized cross sections for
727 paiy production in monochromatic yy collisions. We consider here the
exctreme cases of A1 Ay = %1, 7.e. full circular polarization for the incoming
phiotons. The cross section is given by

/.‘I(ATA“,\%)\a,,\q(ﬁ) __ Otﬂ(,‘l

2 .
= ~ AAzAzA
dcosfy 28 1Azaans

2 B
! 167’ (+1)
where for identical particles the integration over cos 8z should be done from
0 to 1. The parameters ay = o/s}, a = 1/128, mz = 91.173 GeV, my =
80.22 GeV and s, =1 — m},/m% have been used throughout the paper.

In Fig. 2 we present total cross sections as well as separate contributions
from W-boson loop, all fermion locp and top quark loop for different polariza-
tions of the initial photons and outgoing Z-bosons. If not stated otherwise,
top quark mass was assumed to be 120 GeV. Completely polarized initial
photens are considered. As is shown in Fig. 2a, Higgs boson signal is clearly
seen in Zp Z; pair production for equal initial photons helicities. The fermion
contribution is completely dominated by the top quark and interferes destruc-
tively with W -boson loop contribution. For opposite initial photon helicities,
where the Higgs bosoa contribution 1s absent, the value of the cross section of
Z 1 7, pair production is about 1 fb or less (Fig. 2b). The dip near ,/5,; = 300
GeV for fermion contribution in Fig. 2b is due to destructive interference be-
tween light fermion and top quark contributions. The most striking feature
is the transversely polarized ZrZp pair production cross section of the order
of huudreds of femtobarns (see Fig. 2e-f), which does not decrease at high
energies. 1t is completely dominated by the W Joop contribution and for
my > 460 GeV exceeds both ZpZp, and ZZr production cross sections.
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Fig. 3 gives the angular distributions for £;4;, ZrZ; and Loy prly

production for equal and cpposite incoming photon helicities at
(leV. We see that ZpZp pair production cross section is peaking in forward
or backward directions. Although the angular cut will enhance the 7,41
contribution. nevertheless for any cut the transverse Z pair production cross
section will be at least au order of magnitude larger than longitudinal 27 pair
production cross section.

The effect of large top quark mass is tlustrated in Fig. 4. The most seur
sitive to miy cross section of longitudinal Z pair production for equal iuitial
photons helicities is shown for different Higgs boson masses of 300, 300, 300,
1000 GeV and infinitely heavy Higgs boson and top quark rasses of 120 and
200 GeV. For Higgs boson masses heavier than 500 GeV and ing = 200 GeV
strong destructive interference between W and top quark contributions is
observed. For infinitely heavy Higgs boson the cross section grows with en-
ergy ab /s, > 1 TeV. Enha:ced longitudinal Z; Zp pair production at high
energics for heavy Higgs bosuur mass was estimated in [16] using the equiv-
alence thecrem. The compiete SM calculation shown here gives reasonable
agreement for the heavy Higgs case.

4.2. ZZ pair production at Photon Linear Collider

All e*e™ colliders are also 7 colliders. However, the 7 luminosity re-
sulting from the Weizsicker-Williams spectrum of photons falls rapidly as a
function of the ~v invariant mass

dr T

We show in Fig. 5 the total cross secsions for ZZ pair production in ete”
collisions calculated using equivaleut photon approximation (4.2) for different
polarizations of Z-boscns and my = 300 and 500 GeV as a function of the
ete” c.m.s. energy. The main contribution cowes from the transverse ZpZp
pair production having the cross section less than or about 1 fb at /s < 1.5
TeV. The main background to the observation of the reaction vy -— ZZ in
ete collisions will be the tree level SM process ete”™ — ZZ~ with a much
larger cross section. E.g., at /s = 500 GeV this cross section is 14.7 {b with
the following cuts imposed on photois transverse momentum: pr > 20 GeV
and A, > 159 [33]. Thus, the reaction 4y -+ ZZ can hardly be observed i
e*e” collisions.

A
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By Compton backscattering of laser photons off the linac electron or
positron beams, one can produce high luminosity vy collisions with signif-
icantly harder v spectrum and a substantially higher luminosity at large
E., than Weizsicker-Williams spectrum and luminosity [5-9]. In addition,
a high degree of circular polarization for each of the colliding photons can
be achieved by polarizing the incoming electron or positron beams and laser
beams [6]. The cross section of the ZZ pair production in polarized vy
collisions is given by

doy, = /y'f,. deLw (lﬂ@ldmﬁqm(\g) + t’é@d&+—&h(§)> (4.3)

amyfs  dT 2
where i ;
Yo Ym .ij- X
ar fr/yﬂ, yfv(f,y)fv(w/y), (4.4)

r=38/s. y=FE/EB, Yn= zf(z+1), z= 4Ebw0/mz.

Here E, is the cuergy of the electron beam, wp is the laser photon energy.
The photon momentum distribution function f(z,y) and mean helicities of
the two photon beams & are given by equations (4) and (17) of Ref. [6].
As usual, the dimensionless parameter = has been taken to be equal to 4.8
to avoid undesirable backgrounds. In the following we assume that 90%
electron (positron) beam longitudinal polarization (A2 = +0.45) and 100%
laser beam circular polarization (Ay12 = £1) are achievable.

In Fig. 6 we show the cross section of the ZZ pair production at the
Photon Linear Collider as a function of the ete™ c.m.s. energy. To get an
idea of an observable cross section, we restrict the Z-boson production angle,
lcosdz| < cos 30°. We show curves for m; = 120 GeV and myg = 300, 500,
800, 1000 GeV and infinitely heavy Higgs boson. We consider different polar-
izations of the initial electron (positron) and laser beams: 2Xe1 2212 = —0.9,
which gives the photon-photon energy spectrum peaking just below the high-
est allowed photon-photon energy (Fig. 6a,b), and unpolarized incoming
electrons (positrons) and laser photons Aeja = A2 = 0 which give the
flat v~ spectrum (Fig. 6¢). Relative polarizations A2, Ayi2 it Figs. 6a,b
are such that colliding photons are produced mainly with equal (opposite)
mean helicities (£1€2) ~ %1, respectively. As for the case of monochromatic
photon-photon collisions, at high cnergies the cross section is dominated by

the transversely polarized ZrZy pair production. Obviously, the Higgs signal
is most clearly seen in polarized vy collisions with {£1€2) ~ 1, Fig. 6a. How-
ever, for my > 300 GeV taking uto account the realistic photon spectrum
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makes the background from transverse ZyZr pairs even more severe than for
the monochromatic vy spectrum.

Fig. 7 presents the invariant mass distribution of Z-boson pairs. The
contributions for Z;Z;, Z;Zr and Z;Z; as well as their sum are shown
separately for my = 250 and 300 GeV at Vete- = 400 GeV, my = 250,
300 and 350 GeV at \/5crc- = 500 GeV, and my = 500, 800 GeV and oo
at /St~ = 1500 GeV. Helicities of the incoming electron (positron) and
laser photon beams A,; = Ay2 = =1 and X;; = Ao = 0.45, corresponding to
Fig. 6a, were taken. Also, angular cut | cos 65| < cos 30° was imposed. While
clear Higgs boson peaks are observable at V3ete- = 400 GeV for my = 250
and 300 GeV, to observe the Higgs signal for my > 350 GeV would be a
problem, if isolation of the longitudinally polarized Z;,Z; pair production
would not be possible.. And at /5.7~ = 1500 GeV the suppression of the
background from transverse Z,Zy pair production by almost two orders of
magnitude is needed for the chservation of the heavy Higgs boson signal.

In Fig. 8 we show the transverse momentum distribution at VSete- = 500
and 1500 GeV for the same parameters as in Fig. 7. The Jacobian peaks in
the Z; Z; signal are clearly seen.

It is well known that it is impossible to isolate the ZZ final state in the
four-jet mode because of the much larger vy — W*W ™ tree-level continuum
background [22]. The W*W ™~ background can be eliminated by searching for
ZZ eventsinthe ete™ X, u* = X and ¢Gv modes. They constitute 41% of all
ZZ events. To estimate the event rates we have taken Loto = 10¥cm2s71,
implying

[dtcy, = [dic . =10 m (4.5)

for a standard collider year, and multiplied the cross section (with the angular
cut imposed) by the above branching ratio factor. For my = 300 GeV
at /5;r.- = 400 GeV and the invariant mass of ZZ pair in the interval
290 < Mzz < 310 GeV 100 events per year would be observed. If we take
ZZ pair production for mp = 250 GeV, which has a smooth cross section in
the interval considered, as a background, the number of background events
(B) will be B = 30. The number of signal events (S) is then S = 70 and
the number of standard deviations (Ngp = S/v/B) is greater than 10. But
already for Higgs boson mass of 350 GeV at VSete- = 500 GeV, where cross
section for my = 350 GeV has a maximum, the situation is different. While
the event rate for my = 350 GeV in the interval 325 < Mzz < 375 GeV is
82, the number of background events, (i.e., for my = 250 GeV), is B = 61,

17



sl events for aiet«(;-\:iim,\. s pot guite true.

1 the other hand, the larg

ose section of the transverse ZpZr pair
production in photon-pheion collisions is purely one-loop prediction of the

s renormalizable nonabelian local gauge theory. Moreover, as it is

wown in Fig. 2 su high energles the value of the cross section is dominated
Le boson loops contribntions and is sizable irrespective of the presence
ieht 1iges boson peak. At /Sae = 500 GeV and infinitely heavy
< boson about 200 {130} Z2 pairs yea1 y would be observed in W TWo-
- free modes 27 - ete” X, pTpo X, qGvi in polarizea (unpo-
. coliisions with ungular cut and photon poiarizations (£162) ~ 1

5, cowresponding to Fig. 6a {Fig. 6c). At fSiie- = 1 TeV 370
saivs wonid be produced in polarized (unpolarized) photon-photen

cothsions. So, cven asswining 50% cxperinental acceptance one can hone to
letect a hundred ZZ paivs yearly at the Photon Linear Collider realized at
the 260 GeV N

. 27 pair production cross section In 7y collisions will be sen-
s presence of the anouaious vV W, ywWW, ZWW and ZZW W
gauge-boson couplings. As a result of the (mge invariance the eifects of non-
renornatizable SU(2) x Utl) invariant dimension-6 effective operators (34]
are logarithinicaily divergent non-sta ndard deviations of the vy — ZZ he-
licity amplitudes. The influence of the anomalous couplings on the decay of
the Higes boson into two pnot(mb was studied in Refs. [35]. To estimate the
ot of the nenestandard vertices from other diagrams requires additional
cateulations. The

YD background to ZZ pair production is the resolved
plioton -::orm'ﬂ)mlri»}ix via (riark-antiquark and gluon-gluon fusion ¢§ — zZZ,

----- » 77, As the quak (']‘ won) stricture functions are peaking at small «
and ihe correspoisling parton cross sections decrease af high energles (be-
cause only quzm\: w\f'} auges contribute), the resolved photon contribution to
: <~u}hs.0n~ 15 negllgzblx. E.g.. the cross section of
les in the vange 5.2 + 0.3 ib at the photon-photon

Moreover, the number of ZZ pair production events in photon-photon
; : imately the same as the number of the riple vector bosor
G evewts i e e collistons. The process eFe = WHW-Z

i

- anomalous vector boson quartic couplings and its

With  prof



improved Born SM cross section is 39.88 fb at 500 GeV [33]. If the W's arce
not reconstructed from their decays into 7’s, this corresponds to 268 cvents
assuming luminosity of 10 fb™! and 100% efficicncy [33].

4.3. ZZ pair production in Heavy-Ion Colliders

Another potential source of the high energy photon-photon collisions is
heavy-ion collider. The ZZ pair would be produced in collateral collisions via
v fusion, with two heavy ions remaining untouched. This would extremely
reduce the QCD background, as it was first noted in the proposal to study
the intermediate mass Higgs boson at heavy-ion collider [36]. The total cross
section for ZZ pair production in 2 PE jons collisions

WOPh+25Ph — WPy Wpy 4 7 4 7 (4.6)

was calculated using the effective 77 luminosity obtained using the Weizsicker-
Williams approximation formulated in the impact-parameter space [37]. The
resulting cross sections of Z;Z L; ZrZr and ZrZy pair production as a func-
ticn of the energy per nucleon are shown in F ig- 9. Longitudinally polar-
ized Z;Z;, pair production is shown for my = 300 and 500 GeV. The cther
curves are insensitive to the value of the Higgs boson mass. Energy E ~ 8
TeV /nucleon corresponds to the SSC, while E ~ 2.2 TeV/nucleon to the
LHC. The cross section of the dominating transverse Z7Zr pair production
at the SSC heavy-ion collider would be two orders of magnitude larger than
that at the Photon Linear Collider. However, with an expected luminosity
of 10?7 + 10% cm~? 5! at SSC one could produce one ZZ pair per year at
most. It is, thus, uarealistic to observe ZZ pair production in photon fusion
at heavy-ion collider.

5. Conclusions

We have studied the coupling of two photons with two Z-bosons via SM
bosonic loops. Explicit formulae for all helicity amplitudes were obtained. We
then applied these results to the production of Z-boson pairs at a future ete™
linear collider (with center of mass energy Fe+.- = 500-+1000 GeV) operating
in a yy collider mode. The cross section of transversely polarized ZyZ7 pair
production is large (of the order of hundreds of femtobarns) and does not
decrease with energy. It is dominated by the bosonic loop contribution. which

19



gives helicity amplitudes proportional to s in the limit s — oc¢ and finite
t{u). It would represent a severe irreducible background to the observation
of the Higgs boson with my > 350 GeV if Z-boson polarization would not
be detected. Also, enhanced longitudinal Z; Z;, pair production, predicted in
different models, would have rates at least an order of inagnitude smaller than
transverse ZpZp pair production. Anyway, hundreds of Z -boson pairs vearly
would be observed at Photon Linear Collider in the well reconstructable decay
modes ZZ — ete” X, utp~X. qque irrespoctive of the value of the Higes
boson wmass. Having the ability to achieve substantial polarization for the
colliding photon beams will increase rates by a factor of two at e¥e™ center
of mass energy of 500 GeV. Noulinear interaction of two photons with two
Z-hosons is a pure one-loop effect of the SM as renormalizable nonabelian
local gauge theory. As such. it is sensitive to the presence of the anomalous
triple and quartic gauge boson couplings which spoil subtle cancellations
hetween different contributing diagrams at the one-loop level. Moreover, the
the same as for tree-level triple W*HW™Z gauge boson production in ete”
collisions at NLC cnergies.

avent rates for Z-boson pair production in 47y collisions are approximately

Finally. the potential of a Phioton Linear Collider based on a back-scattered
laser heam facility for detecting Z boson pairs is by far superior the possibil-
itics for ZZ production via equivalent photon fusion in the reaction ete” —
eYe” ZZ or in Leavy ion collisions W06 pp 4 W6 Py, WPy 4 5P 4+ 7 7.

Acknowledgements

1 wish to thank 1.1 van der Bij for sending the crratum to reference [24]
and C. Zecher for providing the cotputer code of fermulas [24]. T would also
like to thak E.F. Boos. S.8. Gershtein and LF. Ginzburg for discussions.
This work was supporfed. in patt. by a Sores Foundation Grant awarded by
the American Physical Society.

Appendix A.
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The sealar two-. theee- and fonr-point functions Bip®), C(pisp;) and
D{pi.pjpey axe defined ws [30)



1 d*q

Bo(p?) = - , Al
= i e =) (A1)
1 d'q
Cpi,P' = 7 y (AQ)
o) = s e e = G T )
D(pi,pj,pr) =

1 dq
w2 f (2= m) ((a+2)* = mdy) ((a+pi + )" - mh) (045 +p5 +p0)’ —miy )
(Ae3)

Notaticns used in the text are the following
B(p®) = Bo(p?) ~ Bo(m3),
Co(s) = C(p1,p2), C(s) = Clps,ps),
C(t) = Clpa,ps),  Clu) = C(p1, p3), (A.4)
D(s,%) = D(p1,p2,p3), D(s,u) = D(py, p1,ps),
D(t,u) = D(py, p3, ps).

Expressions for the vertex functions are given, e.g., in Refs. [24, 38].
Auxiliary functions Q and ()2 which are associated with a simple and
double poles in ¥ are defined as

Q(s,t,u) = stD(s,t)— 5Co(s) + (t — u)C(s) — 2(t — my)C(t);  (A.5)
Q2(s,t,u) = Y{?é(‘lstC(t) +H(t—u—45)C(s) — (t — u)B(s))

~2tB(t) + 2miy (sCo(s) +2(t — m3)C(2) — (¢ - u)C(s))}

+st2{(0(t) - C(s))‘(‘”;:) 4 A e+ 2 - 2
+stD(s,t) — sCo(s)}; (A.6)

These poles are artefacts of the tensor reduction algorithm [29] and functions
Q and @ should have simple and double zeroes, respectively, at Y = (0. In
fact expressions (A.5,A.6) can be obtained considering reduction to a sum of
scalar vertex functions of the following integrals
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(g-v)*
d4
/ @ —mi) (a+m) —mly) (@+p+p) —mly) (e p++p0) - miy )

x Y, (A7)
/d“iq (g-v)*

(¢ —mly) (g + )’ —miy) (g + o1+ p) —mby) (a4 2+ 70)" = miy )
« V2, (A.8)

where compact definitions are introduced with the use of generalized Kro-
necker deltas
vy = SPrP2p §P1P2P3 — SY/4. (Ag)

P1,P2,p3? P1.P2,P3
Differentiating expressions (A.7,A.8) with respect to p3 two and four times,
respectively, it can be shown that combinations @/Y and (Q,/Y? are finite
as Y — 0 and are given by

;—,Q(s,t,u)‘yzo = ;i: ((t —u)B(s) - (t? — m%)C(s)) + %B(t)
—2miy D(s,t); (A.10)
%Qg(s,t,u) e = %(GmgvD(s,t) + gti%%@iB(t) + 5%527_ - %
+(3(1 +4ic%)t1 + (17 — 120€Vv)t4—:43m22 —12mj, 4 37'nfz(ts;i~ mQZ)>B(S)>
+l((t +m%)((21 — 84 )t + 9m3 - 8myy) (3 + 8ch )t '

4 s s
_3?’&;—8@)0(3). (A.11)
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Fig. 1. Feynman graphs contributing to the process vy — ZZ. Notations are
the following: photon — wavy line, Higgs boson — dotted line, W, Z bosons -
zigzag lines, charged NG scalar - solid line, FP ghost — dashed line.
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Fig. 2. Total cross section of ZZ pair production in monochromatic photon-
photon collisions versus vy c.m.s. energy for different helicities of the incom-
ing photons and outgoing Z-bosons. Total cross sections (solid line} as well
as hoson loop contribution (dashed line), fermion loop contribution (dotted
line) aud top quark loop contribution {dot-dashed line) are shown. For equal
plioton helicities A; = A, = 1 Higgs boson mass was taken to be 400 and
800 GeV for longitudinal Z; Z;, pair production (Fig. 2a) and my = 400 GeV
for transverse ZypZp pair production (Fig. 2e).
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Fig. 3. Angular, cos(6;), distribution of Z-bosons produced in monochro-
matic photon-photon collisions at \/.'s.,_., = 500 GeV for equal A\; = Xy = 1
(Fig. 3a) and opposite A\; = —)\y = 1 (Fig 3b) photon helicities. Curves for
Z1Zy (solid line), ZrpZy (dashed line) and Z; Zr (dotted line) production are
shown. For longitudinal Z;Z; pair production and equal photon helicities
curves for my = 300 and 500 GeV are shown. The effect of the variation of
the Higgs mass on transverse ZZr pair production cross section is negligible.
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Fig, 5. Total cross section of the Z-boson pair production via vy fusien in
e*e” collisions computed in the Weizsicker-Williams approximation. Nota-
tions are the same as in Fig. 3. Curves for my = 300 and 500 GeV are
shown.
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Curves for polarized initial electron and laser beams producing mainly high
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are shown. Notations ave the same as in Fig. 3. Different curves for lon-
gitndinal Z;Z; pair production correspond to Higgs boson masses of 300,
500, 800, 1000 GeV and infinity. Effect of the Higgs boson mass variation on
transverse /-boson pair production is negligible.
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Fig. 9. Total cross section for Wopp 4. W6 pyy ., W6pp 4 206Pp 4 7 4 7 as
a function of the energy per nucleon. LHC and SSC correspond to 3.2 and
8 TeV /nucleon. respectively. Curves for my = 300 and 500 GeV are shown.
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