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The processug(L),u,;(L)HWfW[ 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 sectiaho(d cosé), total cross sectioio), and forward-backward
asymmetry Agg) are presented for two caséb: my<2myy, and(ii) my>2m,,. Near theW, pair production
threshold, botio/d cosd ande increase with an increase ifs for case(ii), while this trend is absent for case
(i). Near resonance\s=my,), do/d cosd does not show an appreciable dependencé. dor case) Arg is
always positive, while for cas@i) Arg changes sign from negative to positivey@=m,, . TheAgg decreases
with an increase imy, for any \s>m .
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[. INTRODUCTION bosons has been reported and the measured fraction is 0.261
[17]. In view of these we consider the procqu(L),u,;(L)

The SU2) X U(1)y standard mode(SM) has success- — W, W, and analyze the effects of Higgs boson masi)in
fully passed precision tests which at present are at a 0.1% differential cross sectiotangular distributioh (ii) a total
level[1-3]. The masses of SM particles are generated by theross section, andiii) forward-backward asymmetry. The
Higgs mechanisni4], which results in at least one neutral plan of the paper is as follows: In Sec. Il, for the sake of
scalar Higgs boson. The Higgs boson is also required for theompleteness and defining our notations, we evaluate the he-
cancellation of high-energy divergendés. licity amplitudes retaining muon mass terms and discuss the

In the SM the Higgs boson mass, is arbitrary; however cancellation of possible bad high energy behavior. The re-
there exist theoretica' as We” as indirect experimentasults are examined in the context Of the equivalence theorem.
bounds ormy, [6,7]. For the CERNe* e~ collider LEP data  The expressions for the cross sections and forward-backward

collected in 1999, the recent 95% C.L. SM Higgs boson@Symmetry are obtained. In Sec. I, we analyze the Higgs

mass bound isn,>107.7 GeV[7,8]. boson mass effects and in Sec. IV we summarize our results.
Recently there has been much interest in the possibility of

constructing au”x~ collider and a survey of physics pos- ||, HELICITY AMPLITUDES AND CROSS SECTIONS

sibilities has been mad®-13]. The physics potential of a o )

high-energy muon collider has opened the prospectus for a A. The helicity amplitudes

detailed study of aA-boson pair production in the process  The helicity amplitude for the process

uu =W W™, For the process I~ —W* W~ (with |

=e, u, or 7), the Higgs boson contribution arises due to an w(Ko)+ut (ko) =W (q,N)+WH (qN) D)
s-channel Higgs boson exchange diagrésee Fig. 1 The

processe”e” —W'W" has been studied in detail earlier (yhere the arguments indicate the four momenta and helici-
[14-16; however, the Higgs boson mass effects were nofjes of the respective particleare calculated following the
considered due to the smallnessnaf. The helicity consid-  technique described by Hagiwaeaal. [14] and using Ref.
eration reveals that the Higgs boson contributes only for the; g] in which relevant details for helicity amplitude calcula-
lrylry @nnihilation [where R(L) refers to rightleft)  tions are described. We use standard model couplings, uni-
handed helicity statésThe helicity amplitudes for the pro-

cess ,u,Q(L),u;(L)—>W+W‘ in comparison to the process -

. D K W W
r)€r)— W W™ are enhanced by a factam(, /mg), ow-
ing to the fact that the SM couplings of Higgs boson to S
fermions are proportional to the corresponding fermion T,Z H
mass. The Higgs boson plays an important role in the exact . wt W wt

cancellation of bad high-energy behavior in the limis H
— o for the production of longitudinally polarized/s in the

processff—W, W, (due to theswave amplitudg[5]. Re- v
cently the direct observation of longitudinally polarized

H—>—r A W

H+_<_JNW~ W

*On leave from Govt. College, Sawai Madhopur, Rajasthan. FIG. 1. s-channely, Z, andH-exchange diagram artechannel,
Email address: jksinghal@hotmail.com v-exchange diagram.
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TABLE I. The explicit form of theA:AZ ,A'yZ Bux.B,.Can.C, 1 andH,; coefficients.
(\N) AZ;Z B Cin A;\%Z B;; Ci; Hyx
(+,0) 2y 2y 2(1+B)y 1 1 1-(B+0)B? -
0,-) 1-(B-0)B°
0,+) 2y 2y 2(1-PB)ly 1 1 1+ (B+ o) B? -
(=0 1+(B—0)p?
(+,+) 1 1 12 1/2y cos/2y cosd/2y® —1/4y
(=)
(0,0 292+1 292 2/y? (29%+1)/2y  y(B+cosb) cosdly® y(1+ B3 /4

tary gauge propagators, and Jacob-Wick phase conventions. §y— — B8\a A5,
The contributions to the helicity amplitude from various 14012750\ Do

graphs in Fig. 1 are separated[a9)] ‘/Qmﬂ Ly
~BOas o A(93,11 0SO85, o), 4
M yn( ) =v2€2M 5 \((0)d 2 (6) )
where AN=X—\, Ao=(oc—0)/2, Jo=max(Ac],|AN]) is wz=gl s Org-1 |,z S 5
the minimum angular momentum of the system, aris the 18,1 2 gjr? HW Mg—mz Yot
scattering angle oW~ with respect to thew™ direction in
the u* u~ c.m. frame. ThejA Ay are thed functions[20]. +88 vam, _ 1 iz S
Lo A0 4 Sirf By M s—m>
The amplitudeM so includes contributions fromy, Z, H, W z
and v exchange diagrams of Fig. 1, i.e., X (8 1+C0S08; o), (5)
M=M?+MZ+M"H+M". ()
- v2m, 1 B s
The explicit form of these contributionsfwith g M™=—644,0 My 257 GWH)\}\S_ M+ Ty, 03,0
=\1-(4m3/s), y=+sl2my, \s=total c.m. energy, ®)
m,, My, mz, andmy the masses of muowy, Z, andH
bosons, respectively, add, the decay width of théd boson
[21]], are found to be and
i —V2 03,2 5 s v2m, 1
©Si? Gy 1+ B2—=2pBcose | AT A0y o3,
_ Cax
1 %1( B~ m)
+ — 7
2SFOA|  vma1 S v
2o 5| BT T g2 28 cose (83,17 83,0
|
where the Coeff|c|entSAz)\Z, A;%Z, By, B;;, Cirs nents disappear, i.e., the conservation of chirality forbids

/ _ . terms withAo=0, Jy=0. Then they andZ exchange con-
C,x» andH, are given in Table I. Here the terms without yjp,, ions have onlylz—l partial wgzlles These areggwen by
m, are the same as those in REf4] and terms withm,  the first term in both Eq(4) and Eq.(5). However, when
arise due to retention of the muon m42g]. In Eq.(4) and  muon mass is not neglected, the nonconservation of chirality
Eg. (5) there are nonzero contributions for the cdse=0. gives rise to contributions @dd(m,,) for the caseA o=0 and
In this regard we note that in the limit of massless muonsJo 0. This leads to the IOOSSIb”'tY of the process
(m,—0), as a consequence of helicity conservation only theuR(L)MR(L)HWL W, considered herg23]. For this process
spin 1 componentgéand only the transverse onef the cur-  A¢=0, A=\=0, and as suchJy=max(Ac],|A\|)=0.
rent contribute; the spin zero and the longitudinal compo-Therefore, from Eq(4) to Eq.(7) we get
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Thus the apparent divergence of the amplitudes in the limit
my—0 disappears when the total amplitud® (+M?
+MH+M?) is considered.

It would be of interest to understand the results of our
calculations in the context of the equivalence theof@f
27] which states that at an energg/g() much larger than the
vector boson massni,), the W, behaves much like the
corresponding Higgs ghostp [27]. In our case if
M (1peyry— W W) is the amplitude for the process
involving W, and physical Higgs particles in the standard
model, and ifM(,u;;(L)M,;(L)H¢+¢*) is the analogous am-
plitude for the scalar field theory, then fomy, Js

xm,

(17)

We examine the effects of the above terms in the cancel>m,,,m, we must havé27]

lation of possible bad high energy behavior in the linj#

—» (i.e., B—1 and y—x). Retaining only the divergent

terms in Eq.(8) to Eq.(11), we find

~ Vv2m u
MY o=~ v Cos#, (12
l mW
MZ = vam, 1 ! 0 13
70,00 m,, 4 sirt Oy ¥ oS0, 13
- v2m 1
H _ ol
oo,00 My 4 S|r|2 0W Y, (14)
- v2m " 1
(';(,'002 — ——— y(1+co0s#b). (15

my 4 Sirt 6y

Unlike the case when the muon mass is not considgzél)

now we have a divergentM”+M?%+M?) contribution,
namely

7. o0t W2, oot B2, gom e 16
oo,00 oo,00 UU‘OO_m—me. ( )

This is precisely canceled by the contributilg‘rf;(,y00 from
Higgs boson exchandé&q. (14)].

Furthermore, the individual terms in E) to Eq. (11)
appear to diverge in the limin,— 0. However, when the

combined contributionM ¥+ MZ+M"+M?” is considered,
then for Js>my,m,,my [with y=,s/(2my)>1, and B
—1], we get

M (e ry— WEWE) = =M (pr ey — @7 ¢7)
+0(my/s). (18)

In the limit \'s>m,,,m;, using Eq(8) to Eq.(11) in Eq.

(2), expandingﬁ=\/1—(4mW2/s) and using the fact that
d8,0=1, we get formy> /s, the amplitude in the standard
model as

M(MQ(L)MF;(L)—’W:WE)

@ m, [ s LS
sir? Oy 2myy | 2my m3—s
+ 2Mw 0 > (19
7 |90 2=y )

WhereO(m\les) and higher terms are ignored. We note that
the first term in the square brackets gives an amplitude in-
creasing with increases ig/s for my> /s [28]. When we
examine, in Sec. lll, the cross sectidm) for this process
near theW* production threshold fom,,> \/s, the increas-
ing trend ofo leads to a possibility of distinguishing between
the my<2m,y andmy>2m,, cases. Here, in order to check
the results we evaluam(,LLF{(,_)M,;(L)Hqs*qS*).

The processf—W,"W_ , in the context of the equiva-
lence theorem, has been discussed in detail by Vel{i2@n
The Feynman diagrams contributing to the process
MryMry— ¢ ¢~ are shown in Fig. Zthe neutrino mass
is assumed to be nearly zero so that there is no contribution
from neutrino exchangeFollowing Ref.[27] and using the
calculational techniques described in Ref8] retaining the
muon mass terms, we find in our notations the amplitude as
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FIG. 2. The tree level diagrams contributing to the process E 10
winm—¢ P ° i (a)
-5
- - | I | [ t ! 1
M (pri)kriy— ¢ ¢7) 0 966170 180 195
Js (GeV)
e m,| Vs mj . 2my ,
- _ cos
Sir? By 2my, | 2my, m2 —
w 2My | 2My mg—s /s &L mao2m,
[1F2sit by 2 943
2 cos Oy (20 ,
10
WhereO(m\les) and higher terms are ignored. The first term o
in the square brackets of E@O) is the same as the first term >
in the square brackets of E¢L9), thereby confirming the @ 10°
requirements of the equivalence theorgsg. (18)]. o
B. The cross sections g 16"
For analyzing the Higgs boson mass effects in the process
+ — A\ ;
HryMr)— WL W, we evaluate the following. 51 : l
i i 1 i 1 1 | 1 1
(i) The differential cross sectigr29] 60 370 780 195
do(6 Js (GeV)
O (Mo 21 or of diferental scater -
dcosf® 128ms ' FIG. 3. The behavior of differential scattering cross section near
W, pair production threshold fof@ my=115 GeV, 150 GeV and
(ii) The total cross section (b) my=200 GeV, 250 GeV.
[ do(6) d(cost) 22 ~0.003, 0.02, 1.5, and 4 GeV fon, =115, 150, 200, and
7~ ] dcose ' 250 GeV, respectively.
We first examine the behavior of differential cross section
(i) The forward-backward asymmetry (do/d cos6) and the total cross sectigm) near thew, pair
q g production threshold. Thdo/d cosf and o as a function of
w2 o T o . . . .
f d(cosa)—f d(cos) \Js are plotte"d, rgspectwely, in Fig. 3 and Elg. 4. We note
o dcoséd -2 d coso that for caseii) with my> /s theda/d cos6 [Fig. 3b)] and
FB™ 72 do  do : o [Fig. 4(b)] increase with increases ifs, while this trend
f J 0d(cos¢9)+ f . 6’d(cos¢9) is absent for cas@) [Figs. 3a) and 4a)]. We understand the
cos mf2 0 COS 23 shape of Figs. @) and 4b) by referring to Eq.(19). For

my, > /s the dominant first term in the square brackets gives

Js s

he detailed expressions for ther/d cosé, o, andAgg are
M (e iy — W W) s— | 1+ ——
(RL)MR(L) L L)“me( mH—s)

given in the Appendix.

lll. HIGGS BOSON MASS EFFECTS which leads to increasindo/d cosé and o with increasing

In order to study the Higgs boson mass effects inys. Therefore measurement of the differential and/or total
do/d cosé, o, and Agg, we consider two casesi) my cross section near th&, production threshold could possi-
<2my, and (ii) my>2m,, by taking representative values bly distinguish betweer(i) my<2m, and (i) my>2my
of my (between 115 GeV to 250 GeVFor numerical cases.
evaluation we take [30] m,=0.10566 GeV,my In Fig. 5, we plotda/d cosé as a function ofy/s, includ-
=80.419 GeVm,=91.118 GeV, and sfm,,=0.23117. The ing the near resonancem(;~+/s) region. For any /s
Higgs boson decay widths,; are taken from Ref.31], I',, >my, the do/d cosé increases with increase imy. The
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FIG. 4. The behavior of total cross section n&4r pair produc-
tion threshold(a) and(b) are the same as those in Fig. 3.

peaks occur at/s=m,, . Near resonance, thir/d cosé for
Js=200 GeV andmy =195 GeV to 205 GeV, is plotted in
Fig. 6 for differenté values. We note that it does not show
appreciable dependence of The angular distribution
(do/d cosé versus co®) at \'s=200 GeV andm,=115,

do/dcosB(tb)

!
250
JS(GeV)

FIG. 5. The differential cross sectiod¢/d cos6) versusy's for
my =115, 150, 200, and 250 GeV.
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J§ =2006eV

)

do-tdcos® (fb)

o
w

|
200 205
my (GeV )

FIG. 6. The behavior ofic/d cosé at \'s=200 GeV, form,,
=195 to 205 GeV at different scattering angle

150, 200, and 250 GeV are shown in Fig. 7. We note that at
resonancei.e., \'s=my) do/d cosé does not show varia-
tions with cosf. For off resonance \(s#my), the
do/d cosé dependence is as shown in Fig. 7.

For different values ofm,, the total cross sectioar as a
function of \/s is shown in Fig. 8. At any/s>my,, the o
increases with increase my, for both (i) my<2m,, and(ii)
my>2myy, cases.

The variation of forward-backward asymmetrnAdg)
with /s is shown in Fig. 9. For the case,<2my, Arg
increases with an increase ifs and is always positive. Fur-
ther, the value oAgg decreases with an increasenm, . For
the casen,>2m,y, the Agg decreases first with an increase

{s = 200GeV
My = 200 GeV

my = 250 GeV

do/ dcos9 (fb)

L | 1

|
0.0
cos©

FIG. 7. The angular distributiofdo/d cosé versus cosd) at
Js=200 GeV formy =115, 150, 200, and 250 GeV.
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FIG. 8. The total cross sectian versusy/s for my =115, 150,
200, and 250 GeV.

in Vs, becoming negative beforgs=mj, and again becom-
ing positive just after/s=my. For ys>my,, the Ay re-
mains positive. Furthermore, for anjs>m,,, the Ay de-
creases with an increase 1in .

IV. CONCLUSIONS

PHYSICAL REVIEW D64 013007

1.0 mH=11SGeV

L

250 300 350
[\ 1 meen

I YZ
iy

FIG. 9. The forward-backward asymmetry versys for my,
=115, 150, 200, and 250 GeV.

— .

(do/d cosé versus cosf) does not exhibit appreciable de-
pendence ord. The forward-backward asymmet#Arg for
the my,<2my, increases with an increase ifs and always
remains positive. Fom,>2my,, Agg first decreases, be-
coming negative with an increase ifs. For ys~my the

_ ) ) Arg is negative just beforen,= s and is positive just after
We considered the Higgs boson mass effectsﬁ in th‘?nH= Js. The Agg decreases with an increaseriy, for \'s
do/dcosé, o, and Agrg for the process ,u;(L),uR(L) >my.
—W,"W_, with (i) my<2my, and(ii) my>2m,,. Near the
W, pair production threshold, botho/ cosé ando increases
with an increase in/s for case(ii), while this trend is absent
for case(i). As such, measurements dir/d cosé, o near J.K.S. acknowledges the financial assistance received
production threshold could possibly distinguish between thérom UGC, New Delhi and Director, College Education,
two cases. Jaipur for granting academic leave. We thank Professor B. K.
The do/d cosd and o for any \/s>m,, increases with an Sharma, Professor N. K. Sharma, and Dr. A. K. Nagawat for
increase inmy. For \s~m,, the angular distribution providing computer facilities.
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APPENDIX

(i) The expression for the differential cross sectidir(d cosé) is

do(0) B4, o)+ By(0)+Cy(s Al
dcosf 128rs m3, [A1(6)+B1(8)+Cy(0)] (A1)
where
2y2+1 ) S 1 , 2
2y |\ ™27 Asi? o) s—ma| ©°°
A1(0)= A2)

cosé '
T asitogs | Y PTCOS) 57 25 cos)
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B {sy(1+89)}?
B1(0)= (G i ou? | [(s—m2) 7+ (Tymp) 7} ) *3)
and
(2'}/2+1 5 S ) 1 0
o P2y I\ M2 Zsif oy s—m2[ ©°° 1 [ sy(1+p8%)(s—md) "
1(6)= cosé 4 sirt Oy | (s—mg)2+(Tymy)? |’ (A4)
T st o | Y PTCOS)  s T 5725 cosh)
(ii) The expression for the total cross sectiois
B 8e'm;
o= 12&TSW[A2+ Bz+02], (A5)
where
([ (29%+1 s 1 )2
o275t et
2y 4 sirt ) s—m3
y 2213211 311+B2|1—[3
Az— + W 74‘ + ﬁ+7 +2y4,82 + 2,8 Ogl‘f'ﬂ (AG)
. 2'y2+1) ) s 1 1+3(1+,32) +1+,32| 1-8
4Si? O]\ "2 ASif Oyy) s—m2 4732 28 9113
3 {sy(1+pB9)}?
BZ_(s Sirt 6w)? | {(s—m2)2+ (T ymy)?} (A7)
and
—3y sy(1+ B%)(s—m?) 1 1+82 1-p
Co= st o | (s—mdy2+ (Comd || - 2982 | 1T 2 9145 | (A8)
(iii) The expression for forward-backward asymmetry is found to be
. 3 N A9
"8~ 2SI 0y D (A9)
where the numeratdy is
2y°+1\( , s 1 1 (1+8%2% 1-p2
B( 2 mz_4sinzaw)s—m§ I+ o age| 1t 5z 10911 2
v 11112113211|1_'82
\asitous |1 2pp | T B| I 1H3% a0 e
N= sy(1+ B?)(s—md) (A10)
2{(s—mg)?+(I'ymy)?}
2y?+1\[ s 1 y 1+8%2  1-p?
X‘B( 2y m2_4sir?aw)s—m§+(4sir?awﬁ 1+ 5 agelo9 gz

and the denominatdD is
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i (272+1 ) s ) 1 )2 7
2y N\"27 Zsif o) s—m2
2 2
y 2 ;. 1 3 1+ 1—/3)
+(—4sinzew,8) 74+ 1+38 +74 1+274ﬁ2 1+ 28 Iogl+’8
2y°+1 ) s 1 3(1+B?) 1+p%2 1-p
D= (4sir12¢9w m2_4sin29W)s—m§H 4y 2 25 9155 (AL1)
3 sy*(1+B%)
B SiIF Ow)? {(s— M2+ (Fam))
1+p2 1-p
_>< s(1+ %) —4(s—m?)| 1+ 5 1+ 25 Iogl+B |
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