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Higgs boson mass effects in the processµR„L …
¿ µR„L …

À \WL
¿WL

À
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The processmR(L)
1 mR(L)

2 →WL
1WL

2 is studied with a view to discern the Higgs boson mass effects. The
helicity amplitudes are evaluated retaining muon mass terms and cancellation of possible bad high energy
behavior is discussed. The results are examined in the context of the equivalence theorem. The Higgs boson
mass effects in the differential cross section (ds/d cosu), total cross section~s!, and forward-backward
asymmetry (AFB) are presented for two cases:~i! mH,2mW and~ii ! mH.2mW . Near theWL pair production
threshold, bothds/d cosu ands increase with an increase inAs for case~ii !, while this trend is absent for case
~i!. Near resonance (As'mH), ds/d cosu does not show an appreciable dependence onu. For case~i! AFB is
always positive, while for case~ii ! AFB changes sign from negative to positive atAs5mH . TheAFB decreases
with an increase inmH for any As.mH .
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I. INTRODUCTION

The SU~2!L3U~1!Y standard model~SM! has success
fully passed precision tests which at present are at a 0
level @1–3#. The masses of SM particles are generated by
Higgs mechanism@4#, which results in at least one neutr
scalar Higgs boson. The Higgs boson is also required for
cancellation of high-energy divergences@5#.

In the SM the Higgs boson massmH is arbitrary; however
there exist theoretical as well as indirect experimen
bounds onmH @6,7#. For the CERNe1e2 collider LEP data
collected in 1999, the recent 95% C.L. SM Higgs bos
mass bound ismH.107.7 GeV@7,8#.

Recently there has been much interest in the possibilit
constructing am1m2 collider and a survey of physics pos
sibilities has been made@9–13#. The physics potential of a
high-energy muon collider has opened the prospectus f
detailed study of aW-boson pair production in the proces
m1m2→W1W2. For the processl 1l 2→W1W2 ~with l
5e, m, or t!, the Higgs boson contribution arises due to
s-channel Higgs boson exchange diagram~see Fig. 1!. The
processe1e2→W1W2 has been studied in detail earlie
@14–16#; however, the Higgs boson mass effects were
considered due to the smallness ofme . The helicity consid-
eration reveals that the Higgs boson contributes only for
l R(L)

1 l R(L)
2 annihilation @where R(L) refers to right~left!

handed helicity states#. The helicity amplitudes for the pro
cess mR(L)

1 mR(L)
2 →W1W2 in comparison to the proces

eR(L)
1 eR(L)

2 →W1W2 are enhanced by a factor (mm /me), ow-
ing to the fact that the SM couplings of Higgs boson
fermions are proportional to the corresponding ferm
mass. The Higgs boson plays an important role in the ex
cancellation of bad high-energy behavior in the limitAs
→` for the production of longitudinally polarizedW’s in the
processf f̄→WLWL ~due to thes-wave amplitude! @5#. Re-
cently the direct observation of longitudinally polarizedW
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bosons has been reported and the measured fraction is 0
@17#. In view of these we consider the processmR(L)

1 mR(L)
2

→WL
1WL

2 and analyze the effects of Higgs boson mass in~i!
a differential cross section~angular distribution!, ~ii ! a total
cross section, and~iii ! forward-backward asymmetry. Th
plan of the paper is as follows: In Sec. II, for the sake
completeness and defining our notations, we evaluate the
licity amplitudes retaining muon mass terms and discuss
cancellation of possible bad high energy behavior. The
sults are examined in the context of the equivalence theor
The expressions for the cross sections and forward-backw
asymmetry are obtained. In Sec. III, we analyze the Hig
boson mass effects and in Sec. IV we summarize our res

II. HELICITY AMPLITUDES AND CROSS SECTIONS

A. The helicity amplitudes

The helicity amplitude for the process

m2~k,s!1m1~ k̄,s̄ !→W2~q,l!1W1~ q̄,l̄ ! ~1!

~where the arguments indicate the four momenta and he
ties of the respective particles! are calculated following the
technique described by Hagiwaraet al. @14# and using Ref.
@18# in which relevant details for helicity amplitude calcula
tions are described. We use standard model couplings,

. FIG. 1. s-channelg, Z, andH-exchange diagram andt-channel,
n-exchange diagram.
©2001 The American Physical Society07-1
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TABLE I. The explicit form of theA
ll̄

g,Z
,A

ll̄
8g,Z

,Bll̄ ,B
ll̄
8 ,Cll̄,C

ll̄
8 , andHll̄ coefficients.

(l,l̄) A
ll̄

g,Z Bll̄ Cll̄ A
ll̄
8g,Z

B
ll̄
8 C

ll̄
8 Hll̄

~1,0!
~0,2!

2g 2g 2(11b)/g 1 1 12(b1s)b2

12(b2s)b2
–

~0,1!
~2,0!

2g 2g 2(12b)/g 1 1 11(b1s)b2

11(b2s)b2
–

~1,1!
~2,2!

1 1 1/g2 1/2g cosu/2g cosu/2g3 21/4g

~0,0! 2g211 2g2 2/g2 (2g211)/2g g(b1cosu) cosu/g3 g(11b2)/4
io
s

tary gauge propagators, and Jacob-Wick phase convent
The contributions to the helicity amplitude from variou
graphs in Fig. 1 are separated as@19#

Mss̄,ll̄~u!5&e2M̃ss̄,ll̄~u!dDs,Dl
J0 ~u! ~2!

where Dl5l2l̄, Ds5(s2s̄)/2, J05max(uDsu,uDlu) is
the minimum angular momentum of the system, andu is the
scattering angle ofW2 with respect to them2 direction in
the m1m2 c.m. frame. ThedDs,Dl

J0 are thed functions@20#.

The amplitudeM̃ss̄,ll̄ includes contributions fromg, Z, H,
andn exchange diagrams of Fig. 1, i.e.,

M̃5M̃g1M̃Z1M̃H1M̃ n. ~3!

The explicit form of these contributions@with b
5A12(4mW

2 /s), g5As/2mW , As5total c.m. energy,
mm , mW , mZ , andmH the masses of muon,W, Z, andH
bosons, respectively, andGH the decay width of theH boson
@21##, are found to be
ut

n
th

po

01300
ns. M̃g52bd uDsu,1All̄

g
dJ0,1

2bdDs,0

&mm

mW
A

ll̄
8g

~dJ0,11cosudJ0 ,0!, ~4!

M̃Z5bS d uDsu,12
dDs,21

2 sin2 uW
DA

ll̄

Z s

s2mZ
2 dJ0,1

1bdDs,0

&mm

mW
S 12

1

4 sin2 uW
DA

ll̄
8Z s

s2mZ
2

3~dJ0,11cosudJ0,0!, ~5!

M̃H52dDs,0

&mm

mW

1

2 sin2 uW
Hll̄

s

s2mH
2 1 iGHmH

dJ0,0 ,

~6!

and
M̃ n5
2&

sin2 uW

dJ0,2

11b222b cosu S dDs,211dDs,0

&mm

mW

1

2)g
D

1
1

2 sin2 uWb F dDs,21S Bll̄2
Cll̄

11b222b cosu D dJ0,1

1dDs,0

&mm

mW

1

2
S B

ll̄
8 2

C
ll̄
8

11b222b cosu
D ~dJ0,11dJ0,0!

G ~7!
ids

y

lity

ss
where the coefficientsA
ll̄

g,Z
, A

ll̄
8g,Z

, Bll̄ , B
ll̄
8 , Cll̄ ,

C
ll̄
8 , andHll̄ are given in Table I. Here the terms witho

mm are the same as those in Ref.@14# and terms withmm

arise due to retention of the muon mass@22#. In Eq. ~4! and
Eq. ~5! there are nonzero contributions for the caseDs50.
In this regard we note that in the limit of massless muo
(mm→0), as a consequence of helicity conservation only
spin 1 components~and only the transverse one! of the cur-
rent contribute; the spin zero and the longitudinal com
s
e

-

nents disappear, i.e., the conservation of chirality forb
terms withDs50, J050. Then theg andZ exchange con-
tributions have onlyJ051 partial waves. These are given b
the first term in both Eq.~4! and Eq.~5!. However, when
muon mass is not neglected, the nonconservation of chira
gives rise to contributions ofO(mm) for the caseDs50 and
J050. This leads to the possibility of the proce
mR(L)

1 mR(L)
2 →WL

1WL
2 considered here@23#. For this process

Ds50, l5l̄50, and as suchJ05max(uDsu,uDlu)50.
Therefore, from Eq.~4! to Eq. ~7! we get
7-2
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M̃ss,00
g 52

&mm

mW
b

2g211

2g
cosu, ~8!

M̃ss,00
Z 5

&mm

mW
S 12

1

4 sin2 uW
D s

s2mZ
2 bS 2g211

2g D cosu,

~9!

M̃ss,00
H 52

&mm

mW

1

4 sin2 uW

s

s2mH
2 1 iGHmH

g~11b2!

2
,

~10!

M̃ss,00
n 5

&mm

mW

1

4 sin2 uWb

3Fg~b1cosu!2
cosu

g3~11b222b cosu!G .
~11!

We examine the effects of the above terms in the can
lation of possible bad high energy behavior in the limitAs
→` ~i.e., b→1 and g→`). Retaining only the divergen
terms in Eq.~8! to Eq. ~11!, we find

M̃ss,00
g 52

&mm

mW
g cosu, ~12!

M̃ss,00
Z 5

&mm

mW
S 12

1

4 sin2 uW
Dg cosu, ~13!

M̃ss,00
H 52

&mm

mW

1

4 sin2 uW
g, ~14!

M̃ss,00
n 5

&mm

mW

1

4 sin2 uW
g~11cosu!. ~15!

Unlike the case when the muon mass is not considered@24#,
now we have a divergent (M̃g1M̃Z1M̃ n) contribution,
namely

M̃ss,00
g 1M̃ss,00

Z 1M̃ss,00
n 5

&mm

mW

1

4 sin2 uW
g. ~16!

This is precisely canceled by the contributionM̃ss,00
H from

Higgs boson exchange@Eq. ~14!#.
Furthermore, the individual terms in Eq.~8! to Eq. ~11!

appear to diverge in the limitmW→0. However, when the
combined contributionM̃g1M̃Z1M̃H1M̃ n is considered,
then for As@mW ,mZ ,mH @with g5As/(2mW)@1, and b
→1#, we get
01300
l-

M̃ss,00
g 1M̃ss,00

Z 1M̃ss,00
H 1M̃ss,00

n

52
&mm

mW

1

4 sin2 uW

cosu

~As/2mW!3~222 cosu!

}mm

mW
2

~As!3
. ~17!

Thus the apparent divergence of the amplitudes in the li
mW→0 disappears when the total amplitude (M̃g1M̃Z

1M̃H1M̃ n) is considered.
It would be of interest to understand the results of o

calculations in the context of the equivalence theorem@25–
27# which states that at an energy (As) much larger than the
vector boson mass (mW), the WL behaves much like the
corresponding Higgs ghostf @27#. In our case if
M (mR(L)

1 mR(L)
2 →WL

1WL
2) is the amplitude for the proces

involving WL and physical Higgs particles in the standa
model, and ifM (mR(L)

1 mR(L)
2 →f1f2) is the analogous am

plitude for the scalar field theory, then formH , As
@mW ,mZ we must have@27#

M ~mR~L !
1 mR~L !

2 →WL
1WL

2!52M ~mR~L !
1 mR~L !

2 →f1f2!

1O~mW /As!. ~18!

In the limit As@mW ,mZ , using Eq.~8! to Eq.~11! in Eq.
~2!, expandingb5A12(4mW

2 /s) and using the fact tha
d0,0

0 51, we get formH.As, the amplitude in the standar
model as

M ~mR~L !
1 mR~L !

2 →WL
1WL

2!

5
e2

sin2 uW

mm

2mW
F As

2mW
S 11

s

mH
2 2sD

1
2mW

As
S cosu2

s

2~mH
2 2s! D G ~19!

whereO(mW
2 /s) and higher terms are ignored. We note th

the first term in the square brackets gives an amplitude
creasing with increases inAs for mH.As @28#. When we
examine, in Sec. III, the cross section~s! for this process
near theW6 production threshold formH.As, the increas-
ing trend ofs leads to a possibility of distinguishing betwee
the mH,2mW andmH.2mW cases. Here, in order to chec
the results we evaluateM (mR(L)

1 mR(L)
2 →f1f2).

The processf f̄→WL
1WL

2 , in the context of the equiva
lence theorem, has been discussed in detail by Veltman@27#.
The Feynman diagrams contributing to the proce
mR(L)

1 mR(L)
2 →f1f2 are shown in Fig. 2~the neutrino mass

is assumed to be nearly zero so that there is no contribu
from neutrino exchange!. Following Ref.@27# and using the
calculational techniques described in Ref.@18# retaining the
muon mass terms, we find in our notations the amplitude
7-3
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M ~mR~L !
1 mR~L !

2 →f1f2!

52
e2

sin2 uW

mm

2mW
F As

2mW

mH
2

mH
2 2s

1
2mW

As
cosu

3S 112 sin2 uW

2 cos2 uW
D G ~20!

whereO(mW
2 /s) and higher terms are ignored. The first ter

in the square brackets of Eq.~20! is the same as the first term
in the square brackets of Eq.~19!, thereby confirming the
requirements of the equivalence theorem@Eq. ~18!#.

B. The cross sections

For analyzing the Higgs boson mass effects in the proc
mR(L)

1 mR(L)
2 →WL

1WL
2 we evaluate the following.

~i! The differential cross section@29#

ds~u!

d cosu
5

b

128ps
uMss,00u2. ~21!

~ii ! The total cross section

s5E ds~u!

d cosu
d~cosu!. ~22!

~iii ! The forward-backward asymmetry

AFB5

E
0

p/2 ds

d cosu
d~cosu!2E

p/2

p ds

d cosu
d~cosu!

E
0

p/2 ds

d cosu
d~cosu!1E

p/2

p ds

d cosu
d~cosu!

.

~23!

The detailed expressions for theds/d cosu, s, andAFB are
given in the Appendix.

III. HIGGS BOSON MASS EFFECTS

In order to study the Higgs boson mass effects
ds/d cosu, s, and AFB , we consider two cases:~i! mH
,2mW and ~ii ! mH.2mW by taking representative value
of mH ~between 115 GeV to 250 GeV!. For numerical
evaluation we take @30# mm50.10566 GeV, mW
580.419 GeV,mZ591.118 GeV, and sin2 uW50.23117. The
Higgs boson decay widthsGH are taken from Ref.@31#, GH

FIG. 2. The tree level diagrams contributing to the proc
m1m2→f1f2.
01300
ss

;0.003, 0.02, 1.5, and 4 GeV formH5115, 150, 200, and
250 GeV, respectively.

We first examine the behavior of differential cross sect
(ds/d cosu) and the total cross section~s! near theWL pair
production threshold. Theds/d cosu ands as a function of
As are plotted, respectively, in Fig. 3 and Fig. 4. We no
that for case~ii ! with mH.As theds/d cosu @Fig. 3~b!# and
s @Fig. 4~b!# increase with increases inAs, while this trend
is absent for case~i! @Figs. 3~a! and 4~a!#. We understand the
shape of Figs. 3~b! and 4~b! by referring to Eq.~19!. For
mH.As the dominant first term in the square brackets giv

M ~mR~L !
1 mR~L !

2 →WL
1WL

2!}F As

2mW
S 11

s

mH
2 2sD G ,

which leads to increasingds/d cosu ands with increasing
As. Therefore measurement of the differential and/or to
cross section near theWL production threshold could poss
bly distinguish between~i! mH,2mW and ~ii ! mH.2mW
cases.

In Fig. 5, we plotds/d cosu as a function ofAs, includ-
ing the near resonance (mH;As) region. For anyAs
.mH , the ds/d cosu increases with increase inmH . The

FIG. 3. The behavior of differential scattering cross section n
WL pair production threshold for~a! mH5115 GeV, 150 GeV and
~b! mH5200 GeV, 250 GeV.

s

7-4
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peaks occur atAs5mH . Near resonance, theds/d cosu for
As5200 GeV andmH5195 GeV to 205 GeV, is plotted in
Fig. 6 for differentu values. We note that it does not sho
appreciable dependence onu. The angular distribution
(ds/d cosu versus cosu! at As5200 GeV andmH5115,

FIG. 4. The behavior of total cross section nearWL pair produc-
tion threshold.~a! and ~b! are the same as those in Fig. 3.

FIG. 5. The differential cross section (ds/d cosu) versusAs for
mH5115, 150, 200, and 250 GeV.
01300
150, 200, and 250 GeV are shown in Fig. 7. We note tha
resonance~i.e., As5mH) ds/d cosu does not show varia-
tions with cosu. For off resonance (AsÞmH), the
ds/d cosu dependence is as shown in Fig. 7.

For different values ofmH , the total cross sections as a
function of As is shown in Fig. 8. At anyAs.mH , the s
increases with increase inmH for both ~i! mH,2mW and~ii !
mH.2mW cases.

The variation of forward-backward asymmetry (AFB)
with As is shown in Fig. 9. For the casemH,2mW , AFB

increases with an increase inAs and is always positive. Fur
ther, the value ofAFB decreases with an increase inmH . For
the casemH.2mW , theAFB decreases first with an increas

FIG. 7. The angular distribution~ds/d cosu versus cosu! at
As5200 GeV formH5115, 150, 200, and 250 GeV.

FIG. 6. The behavior ofds/d cosu at As5200 GeV, formH

5195 to 205 GeV at different scattering angleu.
7-5
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in As, becoming negative beforeAs5mH and again becom
ing positive just afterAs5mH . For As.mH , the AFB re-
mains positive. Furthermore, for anyAs.mH , the AFB de-
creases with an increase inmH .

IV. CONCLUSIONS

We considered the Higgs boson mass effects in
ds/d cosu, s, and AFB for the process mR(L)

1 mR(L)
2

→WL
1WL

2 , with ~i! mH,2mW and~ii ! mH.2mW . Near the
WL pair production threshold, bothds/ cosu ands increases
with an increase inAs for case~ii !, while this trend is absen
for case~i!. As such, measurements ofds/d cosu, s near
production threshold could possibly distinguish between
two cases.

The ds/d cosu ands for any As.mH increases with an
increase in mH . For As'mH , the angular distribution

FIG. 8. The total cross sections versusAs for mH5115, 150,
200, and 250 GeV.
01300
e

e

(ds/d cosu versus cosu! does not exhibit appreciable de
pendence onu. The forward-backward asymmetryAFB for
the mH,2mW increases with an increase inAs and always
remains positive. FormH.2mW , AFB first decreases, be
coming negative with an increase inAs. For As'mH the
AFB is negative just beforemH5As and is positive just after
mH5As. The AFB decreases with an increase inmH for As
.mH .
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FIG. 9. The forward-backward asymmetry versusAs for mH

5115, 150, 200, and 250 GeV.
APPENDIX

~i! The expression for the differential cross section (ds/d cosu) is

ds~u!

d cosu
5

b

128ps

4e4mm
2

mW
2 @A1~u!1B1~u!1C1~u!# ~A1!

where

A1~u!5F bH 2g211

2g S mZ
22

s

4 sin2 uW
D 1

s2mZ
2J cosu

1
1

4 sin2 uWb H g~b1cosu!2
cosu

g3~11b222b cosu!J G
2

, ~A2!
7-6
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B1~u!5
1

~8 sin2 uW!2 F $sg~11b2!%2

$~s2mH
2 !21~GHmH!2%G , ~A3!

and

C1~u!52F bH S 2g211

2g D S mZ
22

s

4 sin2 uW
D 1

s2mZ
2J cosu

1
1

4 sin2 uWb H g~b1cosu!2
cosu

g3~11b222b cosu!J G 1

4 sin2 uW
F sg~11b2!~s2mH

2 !

~s2mH
2 !21~GHmH!2G . ~A4!

~ii ! The expression for the total cross sections is

s5
b

128ps

8e4mm
2

3mW
2 @A21B21C2#, ~A5!

where

A253
H bS 2g211

2g D S mZ
22

s

4 sin2 uW
D 1

s2mZ
2J 2

1S g

4 sin2 uWb D 2H 2

g2 1S 113b21
1

g4D F11
3

2g4b2 S 11
11b2

2b
log

12b

11b D G J
1S 2g211

4 sin2 uW
D S mZ

22
s

4 sin2 uW
D 1

s2mZ
2 H 11

3~11b2!

4g4b2 S 11
11b2

2b
log

12b

11b D J 4 , ~A6!

B25
3

~8 sin2 uW!2 F $sg~11b2!%2

$~s2mH
2 !21~GHmH!2%G , ~A7!

and

C25
23g

~4 sin2 uW!2 F sg~11b2!~s2mH
2 !

$~s2mH
2 !21~GHmH!2%G F11

1

2g4b2 H 11
11b2

2b
log

12b

11bJ G . ~A8!

~iii ! The expression for forward-backward asymmetry is found to be

AFB5S 3

4 sin2 uW
D N

D
, ~A9!

where the numeratorN is

N51
bS 2g211

2 D S mZ
22

s

4 sin2 uW
D 1

s2mZ
2 H 11

1

2g4b2 F11
~11b2!2

2b2 log
12b2

11b2G J
1S g2

4 sin2 uWb D H 11
1

2g4b2 S 11~11b2!F11S 113b21
1

g4D 1

2b2 log
12b2

11b2G D J
2S sg~11b2!~s2mH

2 !

2$~s2mH
2 !21~GHmH!2% D

3H bS 2g211

2g D S mZ
22

s

4 sin2 uW
D 1

s2mZ
2 1S g

4 sin2 uWb D S 11
11b2

2g4b2 log
12b2

11b2D J 2 , ~A10!

and the denominatorD is
013007-7
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D53
H bS 2g211

2g D S mZ
22

s

4 sin2 uW
D 1

s2mZ
2J 2

1S g

4 sin2 uWb D 2H 2

g4 1S 113b21
1

g4D F11
3

2g4b2 S 11
11b2

2b
log

12b

11b D G J
1F S 2g211

4 sin2 uW
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