PHYSICAL REVIEW D, VOLUME 61, 075007

Implications of LEP and SLD data for new physics in ZbEcoupIings

Robert J. Oakes
Department of Physics and Astronomy, Northwestern University, Evanston, lllinois 60208

Jin Min Yang
Department of Physics, Tohoku University, Aoba-ku, Sendai 980-8578, Japan
and Institute of Theoretical Physics, Academia Sinica, Beijing 100080, China

Bing-Lin Young
Department of Physics and Astronomy, lowa State University, Ames, lowa 50011
(Received 18 November 1999; published 6 March 2000

The combined CERN LEP and SLAC Large Detedi8tD) data on thebb forward-backward asymmetry
from the Z-pole measurements may imply the presence of new physics iﬂhﬁecouplings. In general, the
effect of new physics can be parametrizedSly:(3) X SU, (2) X Uy(1) invariant higher dimensional opera-
tors. By fitting the recently announced LEP and SLD datéAgrandR,,, the size of the coupling strengths of
these operators can be determined. We also found that the new physics operators can be divided into two types,
depending on their Higgs field content. The ones involving the Higgs field have very mild effects at higher
energy colliders, while the other type which do not contain the Higgs field can show significantly large effects
on bb production at LEP Itt production at the NLC and single top quark production at the Fermilab
Tevatron. The preliminary data from the LEP Il measurements disfavor the second type of operators.

PACS numbd(s): 12.60.Cn, 14.65.Ha, 14.70.Hp

[. INTRODUCTION are focused on the theme that has emerged since the discov-

The continuing agreement between experimental data anery of the heavy top quark, that new physics is most likely
theoretical predictions on almost all the electroweak vari+elated to the gauge symmetry breaking sector and, therefore,
ables has further solidified the standard mo@&W). How-  may affect the interactions of the third family quarks most
ever, there are signs of perhaps something non-standard fropfgnificantly.
the investigation of non-electroweak variables and the indi- From the overwhelming success of the SM at the elec-
cation of the possibilities of new physics from electroweakifoweak scale, one can conclude that the underlying theory
variables themselves as well. On the one hand, the accum@f the new physics can openly manifest only at a higher
lative and, especially, the recent data on neutrino oscillation§N€rdy scale. One can envisage that in the scheme of a larger
have strongly suggested the fact of finite neutrino magkes symmetry that encompasses the new phy_SICS,_ aiter Integrat-
and, therefore, the SM has to be modified. On the other hand!d OUt the heavy degrees of freedom which lie outside the

the Z-pole measurements at the CERNe~ collider LEP M spectrum, higher dimensional terms will be present at
— energies not too far above the electroweak scale and the in-
and SLAC Large DetectorSLD) on the bb forward-

, > duced effective terms should preserve the basic SM struc-
backward asymmetry give a value oRA,=[g;(b)

2 2 2 . . ture. Then the new physics effects on #ieb couplings can
~9r(D)/[9L(b) + gr(b)] which deviates from the SM pre- o "o ametrized by a set of higher dimensional operators

diction by 2.0 [2]..|f thls A, anomaly is not a statlstlcal_or [9,10] which areSU¢(3)XSU, (2)X Uy(1) symmetric be-
systematic effect, it signals the presence of new physics i, e the electroweak symmetry breaking becomes explicit.
association with the&bb coupling. Meanwhile, the experi- From the above argument we see that before the electroweak
mental value of the related quantifg,=I"(Z—bb)/I'(Z  symmetry breaking, thEbb part of the effective Lagrangian
—hadrons), after showing a deviation from the SM value forcan take the general form

a few years, now agrees well with the SM predictj@h To

explain the current experimental values of bédthandR,,

the required new physics contribution has to shift the left- off
and right-hande@bb couplings by~ —1% and~ +30%, Lzo6=
respectively[3,4]. Recently efforts have been made in ex-

ploring the A, anomaly, either in explaining the effect in

specified model$4,5] or in examining its implications for wherecig’% is the SM part,A is the new physics scal®;

low energy decay process¢§]. The popular low energy are dimension-6 SM gauge invariant operators, @ndare
supersymmetrySUSY) and the models in which the third constants which represent the coupling strength®,0fWe
generation feels a different gauge dynamics from the ususave assumed that operators of higher dimensions than 6 are
weak interaction cannot yield such large anomald@bgbr ~ suppressed by powers ofAl7, so Eq.(1) is a quite general
coupling, as shown ifi7] and[8], respectively. These studies parametrization of new physics.
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Since there are many possible higher dimensional opera-
tors Oy, it is important to use various experimental data to
constrain the operator form in order to narrow down the di- br Oyo‘“/' LEP IT _
rections of the underlying theory. Because the oper&tor ba
can contribute to several vertices afgdd, (2) X Uy(1) sym- LEP I B Ors
metry breaking, these operators can contribute to and will \.
show correlated effects on several different physical observ- LEP 1I .
ables. It will become clear later that the new physics effects
required to explaimA, will also show up in other observ-

ables, such abb production at LEP lift production at the W\/\<bL
Z

Next Linear Collider(NLC), andtb production at the Teva-
tron. These effects help to distinguish the possible operator
forms required.

This article is organized as follows. In Sec. Il we list the
contributing dimension-6 operators and derive their induced
vertices. In Sec. Ill we constrain the coupling strengths of the

operators using the LEP and SLDpole Zbb data. In Sec.
IV we investigate the correlated effects of these operators at
LEP IlI, the NLC, and the Tevatron. In Sec. V we present our

discussions and the conclusion. NLC i
i
Il. OPERATORS AND THEIR INDUCED VERTICES -
AssumingCP conservation and ignoring those operators NLC i
which only lead to anomalous dipole-moment couplings
which are suppressed, we have two dimension-6 gauge in- g
variant operators which give rise to anomalous right-handed
Zbb coupling[9], Tevatron by
ObB=[HR7"“D”bR+D”bR7"“bR]B 2) FIG. 1. The diagrams showing the correlated effects of new
v

physics inZbb couplings.

Ogp=i[®'D,®—(D,®) ®Tbgy"bg, 3
an=Il p® (D, ®) @ ]bry br @ lead to correlated effects among these observables. The two

right-handed operator©,g and Ogy, in Egs. (2) and (3),

and four operators affecting the Ieft-handéldLEL coupling, e )
will give rise to anomalousZbgbg and ybgbg couplings.

— d — o The four left-handed o i [ -
_ Y - | perators given in Edd)—(7) also
Ogw=| Ly 5 D" +D"ay* 5 a Wy, 4 jnyolve the top quark and therefore will contribute to both
bottom quark and top quark anomalous couplings. The cor-
O,s=[q.y“D"q.+D"q,v*q.1B,,, (5)  related effects of these operators at the various colliders are
K . depicted in Fig. 1. B
OB =i[®'D, &~ (D,0) dlq, v q, , (6) ) Denoting theV°qq (V°=Z,y;q=t,b) and Wtb vertices
y
| | |
o® =j (I)TZD ®—(D @)Ti(p_ v o i Vou v \ v v
@q 2k pP) Py 5 Iogq= — 189" Y*[PL(9L+ 69)) + Pr(grt 69r) ], (8)
(7
At the order ofC;/A?, the contributions tdR,, andA,, from =1 iyﬂPL(lJr 59", 9)
those operators that only lead to anomalous dipole-moment V2

couplings forZbb are suppressed by a facto,/m; relative ) Vv LV W )
to the contributions of the operators we are considering. w&€ SM couplings argy , gg ,Vandg\,7 » while we anomalous
have used the conventional notatiop:= (t, ,b,) is SU_(2)  couplings are denotegl byg, égr and &g, . Here P g
doublet of the third family of quarksp the Higgs boson =(1+75)/2, g7=1, g°=1/(4sycy) with sy=siné, and
doublet,B,, the Uy(1) gauge field and,,=3,B,~3,B,,, CWECOEQ\N- TheSSM ;:ouplmgszare glvenzbyﬁ(q_)=g%(q)
W, (1=1,2,3) are theSU,(2) gauge fieldsW',,=d,W,  =€q, 9i(q) =413~ 4syeq andgg(q) = —4sye, with e, be-
_(9VWL+ ngUKWiW'j, ando!' are the Pauli matrices. ing the electric charge of the quark in units @fand .g:
After the electroweak symmetry breaking each operator- 1/2, the weak isospin component. The new physics contri-
can give rise to a set of vertices which may affect more thautions tosgy, from the right-handed operators are given in
one electroweak observable involving the bottom quark andable |, and those t@g\L’ and 59‘[\’ from the left-handed
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TABLE I. The anomalous couplings induced by right-handed AgXpYLEP)=0.881t 0.020,
operatorsk is the momentum of the corresponding vector boson. (14)
AZP{(SLD)=0.905+0.026,
Oups Oab
59%(b) 5 where the LEP value oA, is obtained from the measured
R 4§N°W"_Cb8 _ Aoy quantities Apg(b) = 2A.A, using A.=0.1496+0.0016, the
e A2 e A2 . .
combined average &%, from LEP and SLD. The combined
59k(b) o K2 0 value of A, from LEP and SLD is then given by
_;PCbB APP{LEP+SLD)=0.8902+0.0158, which is 2.8 below
Sg(t) 0 0 the SM prediction. To fit the data on ba®y andA,, theZbb
Sgx(t) 0 0 couplings are required to bd4] gf(b)/4=-0.4163

+0.0020 andgé(b)/4=0.0996t0.0076. Comparing with
the SM values [11] gf{(b)/4=—0.4208 and g&(b)/4
operators in Table Il. The three operato®,s, Oqw and  =0.0774, obtained by including radiative corrections and
Ogg. induce momentum dependent anomalous couplingsaking m=174 GeV andmy=100 GeV, we find that new
and, therefore, their effects will generally be enhanced iyhysics effects are needed in b@hgbr andZb, b, , which
higher energy processes. . indicates both right- and left-handed higher dimension opera-
It should be pointed out that there are no contributionsgrs are necessary. If we use only one right- and one left-
from anomaloudy couplings in the present considerations. handed operator at a time to obtain the required modifica-
The reason is that the operators which contribute totghe tions to theZbRHR and ZbLHL couplings, we obtain the

coupling are of the form of the operators given in E(®. )
and (3), b replaced bytr, and do not involve the bottom o 9> of strengths of the operators at tlwe(20) level:

quark; we therefore ignore all these operators.

|Cpgl
2.72 (1.30=———— =554 (6.96),
lll. CONSTRAINTS FROM THE Z-POLE DATA (A/TeV) 15
The non-standard contributions iRy andA,, at theZ pole |Copl
from the anomalous couplings in E@) can be written as 0.48 (O.ZB)S(A/T—eV)ZSO.% (1.29),
Z(b) 69f(b)+ gi(b) 8g&(b
SRp=2REM(1-REM) b ZgL( 1 gRi ) ng( ) 0.51 (0.10= M51.33 (1.73,
[9i(b)]°+[gr(b)] (A/TeV)?
(10 (16)
Cqgl
. . . . 0.47 (0.09=————=<1.21 (1.58,
sy 9L(b) 8g{(b) —gr(b) 5gr(b) (AITeV)
OoAp=2A; 7 > 7 5
[g(b) 12~ [g&(b)] )
_Z®al
_ gl(b) 8g7(b) +g&(b) 3gR(b) an 008 (0.02= royz =022 (028,
[gL(D)I*+[gR(b)]? o (17
|Coal
Here we only keep the lowest order effects of new physics, 0.08 (0-02)5%50-22 (0.28.
i.e., O(C;/A?), which is the interference of new physics (A/Tev)

terms with the SM contributions, and neglect the interference
terms proportional tan,/m,. The SM values oR;"™ and
A:M are taken to bé3]

Apart from the limits that can be obtained from the elec-
troweak variables the strengths of the operators can also be
constrained by the partial wave unitarity condition of the

o v appropriate 2-to-2 scattering procesb&» bb, bbtt and
Ry '=0.2158£0.0002, A;"=0.9347:0.0001, (12)  tttt, which involve the helicity channels.b_, b_b, ,

t,t_andt_t,, with + and— denoting positive and nega-
tive helicities[13]. For the three operator®y,g, Oqw, and
Ogg, Which give rise to momentum dependent couplings, the
unitarity constraints are found to be signific§h8], and are
given by

which are the predictions in the SM including radiative cor-
rections. The anomalous couplingg?(b) and sg3(b) in
Eqgs.(10) and(11) are obtained from Tables | and Il with the
Z boson being on mass shek%=m3).
The experimental values fdx, andR, reported in2] are
Cosl 87

ROP(LEP+SLD)=0.21642:0.00073,  (13) A2 s (18)
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TABLE II. The anomalous couplings induced by left-handed operakoisthe momentum of the corre-
sponding vector boson.

Oaqw Oqe 06) Ol
2 1,2 2
597(0) G S VA P 7Ll P L A
e A2 q e Az q e AZ dq e AZ Dq
Y sw K ow K
597(b) 2o Caw e 0 0
SgZ(t) 3 25uCy K2 4siew K2 _ Aswow vaC(l) 4syCyy Umzc(3)
: e ptm Te pe e x T Te pon
y sw K Cw K
5gL(t) - Z_GA_ZCqW - ?A_ZCqB 0 0
W Sw k2 02 3
o9, — zA_ZCqW 0 0 A_chm)q
C Var . — 3
| quw|< - (19 do(e'e”—qg)= Eﬂq[Dweg[(S—Bé)eq(ﬁgz+ 892

+Dyz(v2+ad)[(3— B2)vg(gf + 59R)

+2B%aq(897 — 59R) 1+ Dz eeve
_,82
—— Leq(8g7 + 59¢)

and

C V4
M<_7T_ (20)
A2 S X

Heres is the center-of-mass energy squared for the relevant » » 5 »
process. Requiring the unitarity condition to be satisfied for tvqg(69] + 69%) 1+ Baaq(69] — 69%)
the processes with center-of-mass energy up to the new

|

physics scale, i.eys~A, we obtain the upper limits on the (24)
coupling strengths, which arfC,g|<\87, |Cqul< 4, q
and|Cyg|< V4. They imply that to give the minimal con- an
triblIJtion requi[)ed by :]he?;b %r:d ??Zde)lta the ntt)aw p:ysics g* (g_mtz)z
scale cannot be too high. Therl(20) upper bounds are S ud—th) = 21 m2) sqW
tound 1o be da(ud—tb) 3847 (5 m\z,v)2[2(25+ m¢) é9, " ]
(25
A=<142.0 TeV (for Oup), (21
Here s and s are the squared center-of-mass energies for
A=2.65.9 TeV (for Ogqw), (22 e*e —qg andud—tb, respectivelyv; and a; represent,
respectively, the vector and axial-vecidff couplings in the
and SM, i.e.,v¢=(g’+0g2)/2 anda;=(g*—g3)/2. In Eq. (24)
we have defined
A=2.86.2) TeV (for Ogyp). (23

Bq=\1—-4my/s, (26)

The upper bounds on the new physics scales for the three

momentum-independent operators are much weaker, e.g., 4ma(s)
A=<10(14) TeV at the Ir (20) level for the operatoO gy, . D,,= —35 (27
IV. CORRELATED EFFECTS AT LEP Il, THE NLC AND G2 4
F sy

THE TEVATRON 77=— ,
967 (s—m2)2+(sI'z/my)?

The anomalous couplings in E(8) and(9) also contrib- (28)
ute to the production cross sections fefe”—2z*, y*
—qq (g=b,t) andud—W* —tb as follows: and
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Gra(s) m2(s—m2) A2 at LEP Il are given by
zy~ 2,2 2
3V2 (s—m3)“+(sl'z/m —
V2 (smmp)% (sl Z)(Zg) SR, <. So(e"e”—bb)
R oo oy 0
—
The anomalous contribution to Ry,=c(e’e” b 7
—bb)/o(e*e”—qq) and the forward-backward asymmetry and
|
A% Dz,ecad(€n0gl—ey00%+ gL 697 — gROGR) + 4Dz 70636(JLSGL— GROR)  So(e”e” —bb) -
ARSM 2Dz,€e8c80ap T 8D 77800 Upp ocMe*te —bb)’
|
The total hadronic cross section fp3—> tb+ X is evaluated 5AEB
by the convolution of the parton cross section and parton —17%(—55%) = —5;=60% (98%). (35
distribution functions. Here we use the CTEQ3L parton dis- Ars

tribution functions[12] with u= \/g The top quark mass is
taken to be 175 GeV. The values of the other parameters a

ICF%[om Table Il we see that the minimum contributions of
taken to be

be, When it is used together with any one of the left-
handed operators, lie outside the allowed ranges in B4s.
m,=91.187, m,=80.33, Gp=1.1663% 105 GeV 2 and (.35)'at the 1o level. Hence the right-handed operator

Oy is disfavored unless the central values of bBff*' and

and a=1/128. ALSP are modified in the refined LEP Il data analysis. The

Since the existence of both new right- and left-handed’PeratorOgp,, Which is neither momentum dependent nor
operators is necessary to explain the LEP | data, we agaicontributes to they* bgrbgr coupling, makes much smaller
assume that only one pair of the operators given in Egscontributions toR, and A2, at LEP II. As shown in Table
(2)—(7) contributes at a time in obtaining the limits on their |II, when Og,, is used together with a left-handed operator
contributions. Subject to the limits derived from the daEa onthe deviation from the SM is allowed by the preliminary LEP
A, and R, their effect onR, and A%, at LEP II, thett Il data.
production rate at the NLC, and the single top production (b) The left-handed operatoQqy, when used to fit the
cross sectionr(pp—tb+X) at the Tevatron can be evalu- anomalousZb b, coupling at theZ pole, can give rise to a
ated. These effects are summarized in Table IlI. sizable effect in the cross section fop—tb+ X at the Fer-

A few remarks regarding to the results in Table Il are yjjah Tevatron because its effect v tb is enhanced by a

appropriate: Ao R
(a) The right-handed operat@, has large effects oR, factor s/m3 (\/g is the center-of-mass energy of the parton-

andA2; at LEP Il due to two reasons: One is that it contrib- |€vel processud—tb). Moreover, bothOqy and Oqg can
utes to they* bRER coupling and they* intermediate state Cause large effects in the produc_tion ratet bfpairs at the
gives the dominant contribution @(e*e”—bb) at LEP 1. NLC because their anomaloys&'t, t, coupling is enhanced
The other is that the effects G, are enhanced by a factor by a factors/m;~30 for 's=500 GeV at the NLC. Note
s/m2, which is 4.3 for\s=189 GeV at LEP II, due to its that the effect 0D is about a factor of 2 larger than that of
momentum dependent couplings. The preliminary LEP 110qw-

data atys=189 GeV give[14] (c) Because of the clean environment and anticipated
large number of the top quark pair events at the NLC, it is
Rgxpt: 0.167+0.011 stay + 0.008 sys?, REM: 0.162, possible to measure the top quark pair production rate at the

(32) level of a few percen{l5]. So thett production rate de-
crease caused 94 (Ogygp), with the minimum 2r limit of
ARSPL 0 68+ 0.21(stah + 0.04sysh, A2SM=0.56. 3.7%(7.2%), should be observable at therdevel. In con-
(33 trast, as a result of the backgrounds at hadron colliders, it
will be challenging to measure the single top quark produc-
Note the large statistical error K2, At the 1o (20) level  tion rate at the level of a few percefit6] at the Tevatron.

the new physics effects are limited to the following ranges: The decrease of the single top quark production rate caused
by Oqw, with the minimum Ir(20) limit of 15% (3%),

SR, should be observable at therlevel, but probably not at the
—5%(—14%)= —;=11% (20%), (34 20 level. A detailed Monte Carlo analysis, with the consid-
Ry eration of all possible backgrounds, showdd] that the
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TABLE lll. The ranges of correlated effects which are required by the datd,candR,, at theZ-pole.
No contributions are indicated by-=.”

LEP Il (189 GeV NLC (500 GeV Tevatron(2 TeV)
SAD So(eT e —tt) PP—th+X
Ry B, FEC o wERDY

RS RS oMete —tt) o SMPP—tb+X)

Obgs Oqw lo 17~33 —32~-65 —19~-48 —15~-39

20 9.4~41 -15~-81 —-3.7~-63 -3.0~-51
Obs, Ogs 1o 21~44 —36~—-77 —36~-93 -
20 10~55 -16~-98 -7.2~-122 -
Opg. OF) lo 21~42 —31~—-64 0.2-0.5 -
20 10~52 —15~-81 0.04-0.7 -

Opg. O 1o 21~42 -31~-64 -0.2~-05 -1.0~-26

20 10~52 -15~-81 —0.04~-0.7 -0.2~-34

Ogp, Oqw lo -32~-88 -27--58 —19~-48 —15~-39

20 —04~-12 —12~-74 —-3.7~-63 -3.0~-51
Oab, Ogs lo 0.8~1.7 —7.5~-18 —36~—-93 —
20 0.4~2.2 —2.1~-24 -7.2~-122 -
Ogp . OF) i 0.04~-03 —26~-55 0.2-0.5 -
20 02~-05 —11~-6.9 0.04-0.7 -

Ogp, OF) lo 0.04~-03 —26~-55 -0.2~-0.5 -1.0~-2.6

®q
20 02~-05 —11~-6.9 —-0.04~-0.7 -0.2~-3.4

effects of Oy on the single top quark production rate are these operators, all of which involve the right-handed opera-
observable at run 3 or run 280 fb™ ! luminosity) at the 2r  tor Opp.

level for CqW/(A/TeV)ZEO.S. Consequently, the effects of  The four pairs which contain the operatOg,;, also be-
Oqw, with coupling strength in the @ range, 1.73 have differently. The pai©g, and Oqy has only small ef-

=Cqw/(A/TeV)?=0.1 in Eq.(16), will only marginally be  fects onsR, and SA2, but observable effects dn produc-

observable in run 3 or run 2b at the Tevatron. tion at the NLC and single top quark production at the
(d) Among the Ieft—hand?lc)i operators the two operatorg;pgraded Tevatron. The pallyy, and Oqg has a strong ef-

t_hat involve the Higgs fleIoD(Dq_anqu,q_, together with _the fect ontt production at the NLC, and an observable effect on

right-handed operatoQqy,, which also involves the Higgs  sxb 1yt 5 negligible effect o@R, and no observable ef-

field, indeed, do provide the required contributionZb b, fects at the Tevatron.

coupling but cause only small effects at LEP II, the NLC, 1,0 remaining two paireyp, Osbl% andOgp, Ogs()1 have

and the upgraded Tevatron; only a few percent deviation,qy ipe effect on the high energy quantities under consid-
from the SM in theb forward-backward asymmetry at LEP erai/ion, except for a fewgpercen?ﬁ(eqviation from the SM in
. AEB. However, since these operators all contain the Higgs
field and, therefore, are related to the symmetry breaking

V. DISCUSSION AND CONCLUSION sector, they may well have something to do with new phys-

We have examined in some detail the possibility of neWics; at least, our_analysis indicates they are the_most likely
physics, characterized by higher dimension operators, if th8Uspects. Theitt production at the NLCe"e” —ttH and

current data on th@bb couplings at theZ pole are taken €' € —DbbH, are useful processes for detecting their exis-
literally. The dimension-6 operators we considered consist ofence, as these operators can induce anomalous four-point
two right-handed operators and four left-handed ones. Botleouplings:ZttH andZbbH. However, the production rates
the right- and left-handed operators are needed to explain tHer such processes depend on the Higgs boson mass, which
data. We also examined the effects of the eight pairs of opawaits discover.

erator at high energy colliders, LEP II, NLC, and upgraded In our analyses we have considered one pair of right- and
Tevatron. Since the operators have sufficiently different beleft-handed operators at a time. If the two right-handed op-
haviors at these higher energy colliders, their effects camratorsO,g and Og4,, are considered togetheCg will be
mostly be distinguished, as can be seen from Table lll. Irstrongly constrained by the LEP Il data for the reasons dis-
particular, the preliminary LEP |l data disfavor four pairs of cussed in remarka) of the previous section. Then the effects
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of Opg 0N the LEP | observables will be suppressed relativequark production at the Tevatron, af8) it is most likely
to these 0f0gy, . ThusOgy, will remain to explain the LEP | that any new physics iZbb couplings will involve the
data and our previous conclusion thay, is the favored Higgs sector.

candidate for the right-handed new physics operator in the

Zbb couplings is not changed. Similarly, if we consider the
four left-handed operators together we can obtain a bound on ACKNOWLEDGMENTS
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