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We discuss pair production of top squarks, sbhottoms, staus, and tau sneutrings’ gt acollider. We
present the formulas for the production cross sections and perform a detailed numerical analysis within the
minimal supersymmetric standard model. In particular, we consider sfermion production/_memHo and
Js=mpo. [S0556-282(98)09519-

PACS numbds): 14.80.Ly, 12.60.Jv, 14.80.Cp

I. INTRODUCTION [14]. Therefore, the couplings of the top squarks to the neu-
tral Higgs bosons are of special interest. Also the tau and
The search for supersymmet8USY) [1,2] is one of the  bottom Yukawa couplings can be large if s large, giv-

main issues in the experimental programs at the CER&I ing rise to similar effects in the phenomenology of shottoms
collider LEP2 and Fermilab Tevatron. It will play an even and staus.
more important role at the future Large Hadron Collider ~The paper is organized in the following way: In Sec. Il we
(LHC), e*e™ linear colliders with an energy range up to 2 present thelunderlymg parameters and give the formulas f(_)r
TeV, andu* u~ colliders with an energy range up to 4 TeV. the production cross sections. In Sep. Il we discuss numeri-
The Tevatron and LHC are well designed to discover susyecal results for sfermion pair production. In Sec. IV we sum-
At these machines even some precision measurements rize the main results. In the Appendix we give the Higgs
possible[3]. However, for a precise determination of the stermion couplings.
underlying SUSY parameters lepton colliders will be neces-
sary. Owing to their good energy resolution’ »~ colliders Il. SFERMION PAIR PRODUCTION
are well suited for this purpodé,5]. The most exciting fea-
ture is the possibility of producing Higgs bosons in the s
channel4-6].

In this section we present the formulas for sfermion mix-
ing and the production cross sections of sfermions at a
. : : ) ;
. . . . m" u collider. The main parameters for the following dis-
In this paper we study the production of third generation ,«cion aremyo, uu,tang, M5, Mg, M, Mz, M7, A, A
sfermions inu™ ™ annihilation, paying particular attention _ A [2.7]. m;o’is th'e mésstf the’ pse'udos'cale;r It—iiggs
to the energy range near the Higgs bospn resonances. O 5son,,u is the Higgs mixing parameter in the superpoten-
framework is the minimal supersymmetric standard mode ial, and taB=uv,/v,, wherev; denotes the vacuum expec-
(MSSM) [2,7]. The MSSM implies the existence of five . .. : f2h L doubl Sy
physical Higgs bosons: two scalah®, H° one pseudo- tation value of the Higgs doubldd;. Ms, Mg, My, Mg
scalarA’. and two char- ed ondd® [7’ 8] E erv standard and M7 are soft SUSY breaking masses for the sfermions,
j W 9 0l EVery Ap. A;, andA . are trilinear Higgs-sfermion parameters.
model (SM) fermion has two supersymmetric partners, one ) i e o~ .
- ~ ~ The mass matrix for sfermions in thé (,fg) basis has
for each chirality state denoted iy andfg. : :
; . . . . the following form:
The sfermions of the third generation are particularly in-
teresting[9—11] because their phenomenology is different

2
compared to that of the sfermions of the first and second 2 Mr &y 1
generation. The reasons for this are the mixing betwigen M7= a;m; m% @)

andf and the large Yukawa couplings.

In particular, the top quark and the top squarks give SUbWith
stantial contributions to Higgs boson masses due to radiative
corrections(see, e.g.[12,13). Moreover, the top quark and
top squark contributions to the renormalization group equa-
tions play an essential role in inducing electroweak symme-
try breaking, when the Higgs parameters evolve from the m2 =Mg+mt2+%m500328 sir Oy,
grand unified theor{GUT) scale to the electroweak scale 'R v

m;2L= Mé+ m?+ m2cos28(3 — 2sirfby),

2 .2 2 2 .
, m%L—M6+mb—mzc052,8(%—%smzt9w),
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2 2 2 2 1 .
m; =M{+m7—mzcos2B(; — SirtOy),

m~fR= M~2é+ m2—m2cos28 sirf by, 2)
and
ay=A;— u CcotB,
ap=Ap— ptans,
a’T:AT_ ptans. (3) I f;///,
The mass eigenstatdés andf, are related tdf, andfg K, HO
by:
” . f\
cost; sindy\ [T N
fi)_ al f) fi @ @
fy —singy co%;) |\ fg

with the eigenvalues

2 1,2 2
m?l,z_ 2 (m?l__i_ m¥R)

—1 2_ 2.2 2.2

+2(mg —m; )7+ 4army. (S)

The mixing angled; is given by

—asmg
C0§.f = > > = , o
2 _ -
m: —m; )*+arm I e
\/( fL fl) frUf f%,
RO HO A //
2 2.2 L=
()
sing; = : (6) N
(mf —m? )2+ a?m? w £
L 1 N

(b)
The mass of the tau sneutrino is given by

mi: M%— Im3cos28. (7)

Figure 1 shows the Feynman graphs for the processes

pu”—Tif;(1,i=1,2). The total and the differential cross ~ FIG. 1. Feynman graphs for sfermion productionifin™ an-
sections read up t(j)(mi): nihilation: (a) for f;f; (i=1,2), (b) for f;f,.

2 2
Y 4\ MM,
o(p” u—fif)=c; 3 2 wh2———Tunt2Thu |, (8)
d(r(,ufr,u_—;ff:) Nii m?Z_m?Z 112
il ij . i j 1)
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with the kinematic function X\;;=(s—m; —m:)>2
i j

—4m%m$, 9 the scattering angle df , and
[ ]

7Nea?
ZCT w2 (10)

Cij = 252 i

PHYSICAL REVIEW D 58 115002

and Tyy the contribution stemming from the exchange of
Higgs bosons. The pure gauge boson contribution, the first

term of Eqs(8) and(9), is the same as fa@* e —7, f [15]
Notice that the gauge boson term shows &&dependence
whereas the terms proportional Tay and T, are indepen-
dent of &. The term proportional td%,, shows a co§ de-
pendence giving rise to a forward—backward asymmetry.

whereN¢ is a color factor which is 3 for squarks and 1 for However,TE’,H is proportional tan,, (see the following equa-

sleptons.

TVV denotes the contribution frony and Z° exchange,

tions) and, therefore, is rather small.
We obtain the following.

the interference terms between gauge and Higgs bosons, (1) i=j

efaiiv

Ty=e- ———H*
WOIT gsirteycogoy

aj(vs+al)s? D)2

RED(Z)]+

256 sirf 6,,cos o,y

s
Tyy=h? —|G{}OsinaD(h°) - GE'OCOSXD(HO)F,

* 2e%sirt 6,y

TUu=0,

242
™y=h,m 2 e;Re G sinaD (h®) — G cosaD(HO)]

wR esma
U’uaii S
16sir? 6,,c0S Oy
(2) i #]
aizj (vi-t— ai)s2
256 sirf 6,cos 6y

ID(2)?,

Tuwv=

R4 D* (2)(G" sinaD (h%) — G cosaD(H%)] |. (11)

S
Tun=h2 ————[|G!’sinaD(h%) - G} "cosxD (H?)|2+ |sinBG};D (A%)|2],

#2e?sirt oy,
\/Eai-a singBs 0
T3,=—h,m ——2*" """ G RD*(Z)D(AY],
VA #  gesirP o coLly 4D*(2)D(AD]
2v a
T04=—h,m, Vv, R¢D*(2)(G!I'sinaD(h®) — G} "cosyD (H%))], (12)

8esin’ 0\,\,0052 '™

where h, is the Yukawa Couplmg of the muonh,

=gm, /(\/—mwcose) D@i)=1/(s— m?) +iT;m;); e; is the
charge of the sfermionse(=2/3g,=—-1/3¢,=—-1)v, and
a, are the vector and axial vector couplings of the muon to
the Z boson,v ——1+4su~?0t,\, a,=—1, anda;; are the

corresponding couplngf,fl.

a1,=4(13"coS ; —sirt ey,
ay=4(13" sirt0; — sirfOyey),

ajp=an= — 21 ?Lsin26" ’ (13)
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o [fb] Mgz=150 GeV, andA_ =300 GeV. The full lines show the
i total cross sections and the dashed lines the gauge boson
olptum — i) contributions. The latter ones are identical with the cross

sections ok *e” —1;{;. Fort,f; production the peak results
from theH® exchange leading to an enhancement-ef0 fb

compared to the gauge boson contribution. Edp produc-
tion the peak is an overlap of thd® and A° resonances
becausemo=m 0 and the widths ofA° andH° are of the
order of several GeMsee, €.9.8,17,18). Note that the
Higgs boson contribution is much larger than the gauge bo-
son contribution. We have found that the forward-backward
asymmetryAgg is ~10 * at its maximum. Therefore, a
rather high luminosity would be needed to measure it.

In Fig. 3 we show the production cross sections for
uwtpn =1t and pwtu —1,t, (without including the
charge conjugate states a function of co&;. We have cho-
sen the following procedure for the calculation of the param-
eters: We fixmg1= 180 GeV,m;, =260 GeV,A,=300 GeV,

and u, tanB, myo, M7, Mg, A, as above. We calculate
Mg, Mg, andA; from the top squark masses and mixing
375 400 425 450 475 500 525 550 angle. We takeMp=1.12Mg (we have checked, that our
/5 [GeV] . . .
results are not sensitive to this assumptiorhese param-
. . . eters are then used for the calculation of
FIG. 2. Cross sections for stop production as a function/®f Mg, M, CO , Mo, Myo, COsy, I'yo, andT y0. We have cho-

f =1 \ =2 Vv 7=-0. =17 . L .
or m;, =180 Gev, m,=260 GeV, cosi=—0.556m =175 sen this procedure to minimize the dependence of the physi-

Gev, m, =195 GeV, cos;=0.9, ’“:.300 Gev, M =120 Gev_’ cal Higgs quantities on c@s. In Fig. 3a we show the total
tanB=3, andmpo=450 GeV. The full lines show the cross sections ) =

atau*u~ collider and the dashed lines the corresponding ones a€ross sectionr(u ™ u™—1,t;), the Higgs boson contribu-
ane*e™ collider. tion, and the gauge boson contribution fgs=453 GeV.

The Higgs boson contribution depends on the sign ofigos
wherel 3t is the third component of the weak isospin of the This leads to a dependence of the total cross section on the
ho G-H-O sign of co®; contrary to the case of a1 e~ collider, where
L h_ = ) the cross section depends only on%gg10]. Note that the
mions f; andf; (i, ] =1, 2 to the light, the heavy, and the Higgs boson contribution can be larger than the gauge boson
pseudoscalar Higgs boson, respectively. These couplings dgpntribution. This is in particular the case for large mixing in
pend onAy, u, tans, cos;, cosy, where « is the mixing  the top squark sector because the Higgs boson couples more
angle ofh® andH®. The explicit form of these couplings is strongly to the left—right combination of the top squarks than

60

40

20

fermionf. G andGi’?0 are the couplings of the sfer-

given in the Appendix. to the left-left or right-right combinations. The Higgs boson
contribution vanishes for cé#s=—0.25 because the corre-
IIl. NUMERICAL RESULTS sponding coupling is zero for the parameters chosen. One

can disentangle the Higgs boson contribution from the gauge

In this section we present the numerical results for sferboson part by measuring the differential cross section. As
mion production in the various channels. In this analysis wecan be seen in Eq9), the Higgs boson contribution of the
have takenaa(m;)=1/129, sif6,=0.23,m,=91.187 GeV, differential cross section does not dependimhereas the
m;=175 GeV,m,=5 GeV, andm,=105.66 MeV. For the gauge boson contribution shows a %inshape. We can
calculation of the cross section, we need the total decagafely neglect the interference terms between gauge and
widths of the Higgs bosons, where we calculate all possiblédiggs bosons because they are rather small as we have seen
two-body decay modes that are allowed at tree-lg¢¢él. above. In Fig. 3b the total cross section is shown for various
For this calculation we fiM =120 GeV and use the GUT values of /s between 444 GeV and 454 GeV. For larger
relationM ' =5/3tarf6,M, whereM andM' are theSU(2)  values of s, the cross section is decreasing because
andU(1) gaugino masses, respectively. As usual we havgaries between 452.8 GeV (aps-0.71) and 454.2 GeV
included radiative corrections in the calculatiomafo, myo, (cos#5~—0.71). The co8; dependence ofn,o is also the
and cos using[12]. reason for o(\/s=454)>(<)o(\/s=453) if coi<(>)

In Fig. 2 we show the total cross sections for stop produc-_q 25,
tion as a function of\/s for u=300 GeV, tam?=3,m;l In Fig. 3¢ we ShOWO'(,LL_F,LL_—;flf_Z), the Higgs boson

=180 GeV,m;,=260 GeV, cosi=-0.556, andnyo=450  contribution and the gauge boson contribution as a function
GeV. For the total widths of the Higgs bosons, we takeof cosf;. An interesting feature here is that for &gs0
mp, =175 GeV,mp =195 GeV, cog;=0.9,M{=170 GeV, only the Higgs bosons contribute. Moreover, the contribution
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FIG. 3. Cross sections for stop production as a function ofgdsr n;, =180 GeV,m; =260 GeV,A,=300 GeV,u=300 GeV,M

=120 GeV, ta =3, andm,o=450 GeV. In(a) and(c) \/s=453 GeV and the graphs correspond to: total cross seatigrtfull line), Higgs
boson contributionry, (dashed-dotted lingand gauge boson contributian, (dashed ling In (b) and (d) the cross section is shown for
various/s values(in GeV): 444, 448, 452, 454full lines) and 446, 450, 458dashed lines

of the Higgs bosonsH, and A, is generally larger onA, which is calculated from cak. Note that the coupling
than that of the gauge boson. The total cross section,qy ~ . . . ~ .
again depends on the sign of @gs In Fig. 3d we show H1t, is large in the range where the couplintftst, is

the total cross section for various values ¢8. The shift Small and vice versa. The minima fl¢3099¥|20-71 are due
of the peak is due the dependence mfo and cos  to the vanishing of the coupling %t t,.
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a [fb]
60

nel than in theb,b; channel as a consequence of the corre-

i sponding couplings(Fig. 5b and ¢ The peak at ca

; =0.71 in Fig. 5d results not only from the couplings, but also

! from the fact that the total decay width AP has a minimum

n there.

i In Fig. 6 the stau production cross sections are shown as a
1 function of /s for m;, =90 GeV, nm, =127 GeV, cos§;

0 ! =0.594M5=300 GeV, M{;=270 GeV, M;=330 GeV,

oy A;=A,=350 GeV, =300 GeV, taB=8, and myo=220

‘ GeV. The parameters are chosen such that the Higgs boson
cannot decay into squarks or the top quark. Therefore, the
total decay widths oH® andA° are one order of magnitude
smaller than in the previous examples. This leads to the large
peaks atys=muo,myo. Moreover, the decay widths are so

small that one can see two peaks in the case, 8 produc-
tion. It should be possible to observe both peaks in a real
experiment because of the good energy resolution of a
T w*u” collider [6].
e Sy In Fig. 7 the cross sections for stau production are pre-
T sented as a function of cs for ni; =90 GeV,nm; =127
375 400 425 450 475 500 52 GeV, A.=300 GeV. taB, myo, and the squark parameters
are taken as above. We have calculakdd, ME, and u
FIG. 4. Cross sections for sbottom production as a function offom nv; and cog;. With these and the other parameters,
Js for mp, =180 GeV, mp, =230 GeV, cof=0.755,m; =160  we have caIcuIatedr,,T, Myo, COSy, ['yo, andI’ 4o. Note that
GeV, m;,=300 GeV, cog;=0.615,u=291 GeV,M=120 GeV, the masses, mixing angle, and decay widths of the Higgs
tan3=38, andmo=450 GeV. bosons depend indirectly on aglue to the induced change
in w. This fact leads to the observed shifts of the maximal
In Fig. 4 the cross sections for shottom production arecross section with/s in Fig. 7b and d. Inr; 7, production the
shown as a function of/s for m51=180 GeV, mr,2=230 Higgs boson contribution is much larger than the gauge bo-
GeV, cogp=0.755,m;, =160 GeV,m; =300 GeV, cos; son contribution(Fig. 79 similar to the squark production.
06154291 GeV. =, and mo=as0 Gev. _[INS 1S PN Iporant ecause i 6 coce e e,
M7, Mg, andA, are taken as above. It is interesting that [~ _ . Y
. L ==l . . e"e” collider[10,11]. The cross sections depend strongly on
o(u”p —biby) is ~20 times larger thano(e’e the sign of cog: in both channel$Fig. 7a and & Note also
—b;b,) at s=m,o. This has two implications: First, one that, for the parameters chosen in the Higgs couplings to the
gets a cross section that is large enough to be measured eveflaus, the gauge couplings are of the same size as the
with an integrated luminosity of 10 f}. Second, théo,b, ~ Yukawa couplinggEgs. (A10)—(A12)]: . .
cross section is even larger than g, production cross In F|g. 8 we show the total cross sections for sneutrl.no
section. Note that we only show the cross sectionkfgs, productl_on asa function of’s for the same parameters as in
whereas in the experiment one can measure the cross sectibf¢: 6 (implying ni;, =83.6GeV). The large peak afs
0f5152+51“52_ =myo is due to the small total decgy width &f° (T o
In Fig. 5 we show the cross sections for sbottom produc~0.8 GeV) and due to the coupling”», v, which is a gauge
tion as a function of cag for my =180 GeV,m;,=230  coupling[see Eq(A9)] stemming from &D term.

GeV, A,=300 GeV,m; =160 GeV,m; =300 GeV, ta

50

30

20

10

5 550
Vs [GeV]

=8, andmpo=450 GeV.M7, Mg, and A, are takgn as IV. SUMMARY
above. We have calculated the other parameters in the fol-
lowing way: From ny , g, cosg, and A, we get We have studied sfermion pair production i .~ an-

- M= ~ nihilation focusing on the impact of the Higgs boson reso-
M. M5, andu. We then takg, rrrll,.an-dlmfz to caleu- nances in these grocesses. V?/e have seenchlat the production
late Mg, cosd;, andA;. There are similarities to the stop

= cross sections can be considerably enhanced at these reso-
case: Foih,b, production the Higgs boson contribution can nances for all sfermions of the third generation. The most
be larger than the gauge boson péfg. 53. In the case of important results are: First, the production cross sections de-
b,b, production, the contribution of the Higgs bosons ispend on the sign of c#s. Second, the Higgs boson contri-
much larger than that of the gauge bosbig. 50. The main  putions dominate the production cross sectiorf df,. We
difference compared to the stop case is that the asymmetry iflave seen that the cross sections can be large enough to be
the sign of cos; is much more pronounced in thgb, chan-  studied at gu* u~ collider even if the corresponding cross
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o(uwtu = biby) []
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cos by

o(uwtu= — byby) [fb]

40
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10

(b)

-0.75 -0.5 -0.25 0 0.25 0.5 0.75
cos 6;
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ot = biby) (]

60

50

40

30

20

10

a(ut = — biby) [fb]

60

-0.75 -0.5 -0.25 0 0.25 0.5 0.75
(d) cos 6y

FIG. 5. Cross sections for sbottom production as a function ofct mp, =180 GeV,mg =230 GeV,A,=300 GeV,m; =160 GeV,

m;. =300 GeV,M =120 GeV, tafg=8, andmuo=450 GeV. In(a) and(c) Ys=450 GeV and the graphs correspond to: total cross section
2

oot (full line), Higgs boson contributiowr,; (dashed-dotted lineand gauge boson contributier, (dashed ling In (b) and(d) the cross
section is shown for varioug’s values(in GeV): 444, 448, 45Xfull lines) and 446, 45Qdashed lings The gray area is excluded by LEP2

(m;1+<90 Ge\).
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o [fb] Higgs couplings to top squarks:
950 o(ptp” = AT
1 4 cosy 2cogyl2 37 W
200
o m2sina m
X + i— — + .
coda+ B)cos; mysind  2my,sinB

X (ucosx— ASina)sin267, (A1)
100 /) e slere = A
L e SRS + B)sin26
= =— 5Si co sin267
. 12 2 COSﬁVV 2 3 w 3]1 [3) t
o(ptu™ = 7ifa)
50
t .
+ ———(ucosx— A;Sina)cos24;, A2
mesmﬂ(# tSinar) cOs 20 (A2)
0
200 210 220 230 240 250
e qa+p) 1 4
0 m-CoSs o + m .
Gl =~ 2 + z /———S|n20w
4 coshy 2coy\2 3
FIG. 6. Cross sections for stau production as a function/®f
for ;. =90 GeV,nr;, =127 GeV, co§;=0.594,Mz=300 GeV, m3sin
Tl 7’2 T n 84 mt
Mg=270 GeV, M5=330 GeV, A,=350 GeV,A,=350 GeV, u X cog a+ B)cos207— 3 Zmein
=300 GeV,M =120 GeV, ta=8, and mao=220 GeV. The full wsing wsing
lines show the cross sections afud .~ collider and the dashed
lines the corresponding ones at @he™ collider. . .
P g X (ucosx— Asina)sin267, (A3)

sections are too small to be measured atée~ collider.
Third, the Higgs boson contribution can even be larger than

~ = 0 0 mt
the gauge boson contributions in tfigf; channel. From G/fzz_Gél:_Zm (AcotB+u). (A4)
_ . . W
these facts we conclude thajud u~ collider is an excellent
machine for obtaining important information on thlé’fﬁj

and A% ¥, couplings. Higgs couplings to sbottoms:
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PHY. X (uSina— Ap,cosy)sin2dy, , (A5)

APPENDIX A: HIGGS COUPLINGS
o= 2 (
In this section we list the couplings of the neutral Higgs 1272 cogy
bosons to sfermions. We concentrate here on the couplings
of HY andA° which are important for our investigation. One
can get the couplings &f° from those ofH® by the replace- " My
ments: cog— —Sina and sirk—cox. 2my,coB

1 2 .
-5+ §sm2¢9w) coq a+ B)sin2¢;,

(uSina— Apcosx)cos2dy, , (AB)
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o(uwtu — A7) [1b] o(utu™ = 717) 1]
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0 - 0 T _—— -
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oot (d) cost

FIG. 7. Cross sections for production as a function of cés for n;, =90 GeV,n; =127 GeVA,=300 GeV,M =120 GeV, ta
=8, andmuo=220GeV. In(a) and (c) ys=221GeV and the graphs correspond to: total cross seetign(full line), Higgs boson
contributionoy (dashed-dotted lineand gauge boson contributier, (dashed ling In (b) and(d) the cross section is shown for various
Js values(in GeV): 218, 220, 22full lines) and 219, 221dashed lines The gray area is excluded by LEPm;‘(1+<90 GeV).

cyp=- TR e (L e oif - - M) o
X cog a+ B)cos2y— nr:fvizz - 2m\tanbO$8 Higgs couplings to staus:
X (psina— Ancosy)sin2ey (A7) Gl =- mziiiii;m T2 Cn;;w( - %”‘”ZQW)
Gly=—Ghi= Zm_b(Abta”GJr #)- (A8) X cog a+ B)cos26;— m;cosa P
T myC0sB  2my,CcoB
Higgs coupling to the tau-sneutrino: X (uSina— A cosy)sin26-, (A10)
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FIG. 8. Cross sections for sneutrino production as a function of
Js for n;, = 83.6 GeV and the other parameters as in Fig. 6. The
full line shows the cross sections atid .~ collider and the dashed GAO_ _ GAO_ m. At
= =— anB+u). Al13
line the corresponding one at afe~ collider. 12 217 2m (Adans+ u) (AL3)
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