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Z—bb in U(1)g symmetric supersymmetry
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We compute the one-loop corrections to e bb vertex in the U(1) symmetric minimal supersymmetric
extension of the standard model. We find that the predicted vald®, & consistent with the experimental
value if the mass of the lighter top squark is no more than 180 GeV. Furthermore, other data combine to place
a lower bound of 88 GeV on the mass of the light top squark. A top squark in this mass range should be
accessible to searches by experiments at Fermilab and at CERN $6556-282196)01715-§

PACS numbe(s): 12.60.Jv, 13.38.Dg, 14.80.Ly

[. INTRODUCTION that future experiments may yield is studied in Sec. V; on-
going and upcoming experiments at Fermilab and at the
This paper explores the phenomenology of the standar@ERNe" e~ collider CERN LEP should be capable of con-
model's minimal supersymmetrid] extension with a con- firming or excluding the MR model. The last section briefly
tinuous U(1) symmetry(hereafter called the “MR modelj’ summarizes our findings.
[2]. This model of low-energy supersymmetry has a much
smaller-dimensional parameter space than the minimal su-
persymmetric mode{(MSSM [3]) with a discreteR parity. Il. MINIMAL U (1)g SYMMETRIC SUPERSYMMETRY
As a result, it has two attractive features. First, the MR ) ) ) .
model makes specific predictions of the values of a number 1he model explored in this paper is the minimal super-
of observables, such as the gaugino masses. In addition, tif¥MMetric extension of the standard model in wicparity
MR model is free of the superpotential tegat;H,, and the 1S extended to a continuous U(;) symmetry. The continuous
soft supersymmetry-breaking ternfs® that cause well- R Symmetry is defined by assignirig charges+1 to the

known theoretical difficulties in the MSSM. superspace coordinate +1 to matter superfields and 0 to
We focus, in particular, on the recent measurements ofliggs boson superfields. In terms of component fields, all
Ry ordinary particles carry zerB charge while their superpart-
' ners have nonzeroR charge. The most general
F(Z—>bF) U(1)g-symmetric Lagrangian is described by the superpo-
b= —————— (1) tential
I'(Z—hadron$
which yield a value Ry,) exp= 0.2205+ 0.0016[4] that differs W = US\yQH, + D°ApQH; + E°NgLH,;, (2

markedly from the one-loop standard model prediction

(Rp)smy=0.2158 ;=174 GeV) [5]. The obliqgue and

QCD corrections to thé quark and hadronic decay widths where each term ha=2, and the quark and lepton super-

of the Z each largely cancel when the ratio is formed, mak-fields Q, U®, D, L,E° have the usual SU(3)

ing Ry, very sensitive to direct corrections to tAdb vertex, X SU(2)xXU(1) gauge interactions. Note the absence of a

especially those involving the heavy top quark. pH1H5 term which would violate the U(X)symmetry. The

Our work complements some recent papers on SUS¥nost generdlsoft supersymmetry-breaking potential consis-

models with discreteR parity. The implications of thdr,  tent with our symmetries and a Glashow-lliopoulos-Maiani-

measurement for the MSSM are discussed in Héfs8]. A (GIM-)like mechanism to naturally suppress flavor-changing

region of the MSSM parameter space that has some phenomeutral currents is

enology similar to that of the MR model is studied[®.

The following section describes the MR model in more

detail. We then compute the vertex corrections{pin the ISince the U(1) symmetry forbids Majorana gaugino masses, the

MR model and find that the result is withino2of the ex-  model contains an additional color octet chiral superfield to give a

perimental value so long as the lighter top squark is lightDirac mass to the gluino. This field appears only in the soft

enough(and the charged Higgs boson is heavy engu§lc-  supersymmetry-breaking potential. The gluino mass is relevant to

tion IV discusses additional constraints that place a lowethis work in that it renders the one-loop correction Rg from

bound on the mass of the lighter top squark. The informatiorfiagrams with internal gluinos and bottom squarks negligible com-
pared to the effects of the diagrams considered here. We will, there-
fore, not mention the color octet superfield further. The effects of

:Electronic address: simmons@bu.edu allowing the gluino to be extremely light in a U(A-symmetric
Electronic address: yumian@buphy.bu.edu model will be considered in future work.

0556-2821/96/5¢%)/35807)/$10.00 54 3580 © 1996 The American Physical Society



54 Z —bbIN U(1)r SYMMETRIC SUPERSYMMETF . .. 3581

Logi=M3 H¥H +m3 HXH,+m30* Q+m? U Ue Dirac mass at one loop that is generated by the exchange of
T e R ve left- and right-handed top squark]
+m2 D% DO+ mZL* L+ mZE™* E+BH Hp+ -+,

m, \?
3 m; =1.3 GeV coB (1756e\)
where we neglect small Yukawa-suppressed corrections to - 2 = 2 = 2 = 2
the superpartners’ masses. Note the characteristic absence of % ! =% _ ‘R R
gaugino mass terms{=M'=0) and trilinear scalar terms m;LZ—th m? m~t~R2—mt2 m?
(A=0). For a more detailed description of the model we
refer the reader tf2]. (8

The nonstandard one-loop correctionsRjpconsidered in . ) )
this paper are of two kinds. One involves the charged-HiggsErom the cosmological point of view, the present mass den-
boson—top-quark—bottom-quark vertex; the other, theSity is bounded from above bfdsh®<1. This implies a
chargino—top-squark—bottom-quark vertex. They, therefordower .bound on the cross section for photmq annihilation
involve the following parameters: charged Higgs boson masg5- Sinceas grows as the square of the photino mass, the
My, chargino masses! -, top squark mass eigenvalues result is a Lee-Weinber§l0] type of lower bound on the

photino mass
2 4
co 1 M

section, we focus on those aspects of the model that are mZ = ¥ + > qt -

. o Y 1.8GeV (6 GeV)? ; Hom,

directly relevant to determining the above parameters. : =1 '
Fir;t, we shquld discuss m%sses. The charged Higgs boson % (Q;hZ)fl, 9)

mass is given in terms of th&” mass as

my, top squark mixing angl®, and ratio of Higgs boson

vacuum expectation values f&nIn the remainder of this -1

wherei runs over all squarks and sleptons of chaggend
massm; such that the corresponding quarks and leptons are
the possible final states of photino annihilati@.
Since the photino cannot be massless, Bpimplies that
the top squarks$, andtg cannot be degenerate in the MR
M-~ = \2Mwsing, 5 model. If one;supposel% to_ be lighter thart, , then, for a
X1 V2 weing © given mass otg, one will find a lower bound on the mass
of t. . For example, if m;R:80(100) GeV, then
M;zt:‘/EMWCOSB' 6) m7L>280(400) GeV. The top squark mass eigenstajes
_ _ o _ andt, are related tdr andt, by
We will soon find that in this model the charginos are nearly
degenerate with th&/ bosons. As it is relevant to the limits
we will ultimately set on the top squark masses, we also note - -
that at the one-loop level, the light neutral Higgs boson has a t,= —1gsind+t cosy, (10)
mass of

MH12=MA02+ MWZ, (4)

which implies thatH™* is heavier tharW. The charginos’
masses are

T, =trcosh+1, siNG,

which define the mixing angld. We find that in order for
2M ﬁoz |\/|§+ M/Zﬁ De— \/(M§+ Mi)2+ 462, the top squark mass eigenvaluasl, mt, to be real, the top
@) squark mixing angled must be less than ten degrees. Thus,
in the MR modelt;~tg.

5 m2 m> Finally, we need to discuss t8n We have already seen

= 39 mé Inl R that the overall scale af; is of the order of 1 GeV. This
16m2M3, 4 ~ ~ . L

w b makes the decay —H,H, possible, which in turn makes

. o ] the Z invisible width larger than it is in the standard model.
in the limit that taB— 1, which allows bottom squark con- The pranching fraction oZ—H,H, is suppressed by a fac-
tributions to be neglected; the reason this limit is preferred,, ¢ co223 relative to the standard model branching frac-

will become clear shortly. L tion for onev speciesZ— v ;. Thus, we have
The values of the top squark masses are intimately con-

nected to the physics of the lightest superpartiiee pho- L
tino). The photino is massless at tree level but, together with I'(Z—invisible) _

L = _ , —— =3+cog28. (11
its Dirac partneH, (or Hg in the notation of9]), acquires a I'zZ—vv)

2In the MSSM, there are also contributions involving the coeffi- 3Since our purpose is determine whether the MR model is phe-
cient u of the H,H, term in the superpotential and the coefficient homenologically viable at the weak scale without regard to its high-
A of the trilinear scalar operators in the supersymmetry-breakingenergy origins, we shall not impose the further constrainBtat
terms. Those two coefficients vanish in the MR model because aivhich naturally appears in grand-unified-theozUT-)inspired
the continuous U(1g symmetry. models with radiative electroweak symmetry breaking.



3582 ELIZABETH H. SIMMONS AND YUMIAN SU 54

The experimental limit on the number of light neutrino spe-

cies[11], N,=2.983+0.025, therefore, implies that at 95% & o -0.002 |- .
C.L. tan3 lies very clos@ to unity: > [k tanb=09 s
-0.003 - A tanp=L1 R %
0.88 < tang < 1.14. (12 I *

-0.004 |
The several parameters of the MR model are now essen- i
tially reduced to two. The stringent constraintanl forces -0.005 1
the charginos to be approximately degenerate with\the L

The requirement that the photino not be massless forces the -0.006 -
top squark mixing angle to be less than 10°; we take 0,007 -
0=0° throughout our calculations. Wheh=0°, the super- ’ -
partner of the right-handed top quatl, is identical to the 0008 [
light top squark mass eigenstdte since onlytg enters the C
loop affecting thezZ coupling to left-handed quarks,R, 0,009 -

IS R RS NS NN R ERENn S|

depends onmy, but not onmy,. We are left with only two Lo
parameters on whicRy will depend:M+ and mt,.- 100 150 200 250 300 350 400 450 500

. charged Higgs mass (GeV)
Ill. Z—bb IN THE MR MODEL

H* ; —
In order to test the MR model, we can separate contribu;/alsﬁ'o%'g& as a function oMy, for m=174 GeV and three
tions toRy, into those occurring in both the standard and MR '
models and those additional effects present only in the MR ]
model. In the notation of Ref§12,6], My+=500 GeV; we can infer an upper bound o, for
fixed My+. In subsequent diagrams we plot results only for
Rp=Rp>M(m) + R,SM(0)[1—-R,SM(0)][VMR], (13) tanB=1 and keep in mind that an increase of 10% indan
corresponds to an increase of about 0.1%Rjnfor given
VMR=V MR(m,) -V, MR(0), My+ andmy..

Figure 5 shows how the experimental 95% C.L. lower
where R,*M(m,= 174 GeV)=0.2158 is the one-loop level bound onR, separates th®l,+ vs mt, parameter space into
standard model Shp/lredlctlon using a top quark mass ofjiowed and disallowed regions. Recall that #é—t loop
m=174 GeV,R,>"(0)=0.220 is the standarerQodel Pré- gives negative corrections ®,, while they ™ —t loop gives
diction assuming a massless top quefk andV,"™"(my) is  positive corrections. Since the standard model prediction for
the sum of the one-loop interference with the tree graph dig |ies well below the experimental lower bound, some posi-
vided by the squared amplitude of the tree graph. In the MRjye contribution is required to bring the MR prediction for
model, there are two relevant types of nonstandard one-loo;qb into agreement with the experimental value. Hence, by

vertex diagrams: those with internal charged Higgs bosong,ing the charged Higgs boson mass to infinity, one finds an
and top quarks, and those with internal charginos and top

squarks. Their contributions ®,MR(m,) are proportional to
(mt/\/EMWtanB)z; the details of the calculation are pre- -
sented in the Appendix. Another type of vertex diagram with " o16 =
internal neutralinos and bottom squarks makes contributions E
proportional to (/2mytans/M,)2, which is negligible in the 0.014 -
MR model because t@+1; we omit these. E
In Fig. 1, we pIotVbH+, the contribution from théd* —
t vertex diagrams toV}'", as a function ofM, =, when 001 [
tanB is taken to be 1, 0.9, or 1.1. The overall sign is negative
and the value o’r7E'+ shifts by 20% as tgf varies from 1 to
1.1 or to 0.9. Figure 2 shows the corresponding contribution 0.006
from x — 1 loops to VX+, as a function of the light top r
squark masamy, when the mixing angled between top 0.004 2
squarks is 0° r(rﬁl:m?R). The result is positive, and the 0.002 [
deviation due to a 10% shift in t@nhis negligible. T
Thus, the net shift iR, is due to a balance between the 200 400 600 800 1000
oppositely signed contributions from the two types of loop
diagrams. In Fig. 3, we sety, =100 GeV and ploR; as a light stop mass(GeV)

function of M+ for a range of ta; we can clearly infer a
lower bound on the allowed value ®fl+ at fixed my_ . FIG. 2. fo as a function ofriy, for m=174 GeV,6=0°, and

Likewise, Fig. 4 shows the dependence Ry on mt, for  three values of tgh.

0.012 [

¥

tanf=0.9
tanp=1.1

»

[ g
0.008 [ :—‘?‘
-
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m—" 0.2182 5 m‘ r .
X tanp=0.9 L 0.2186 -
0.218 N A tanP=1.1 a i 0.2184 :_ X tanB=09
02178 [ X - 0.2182 | A tanpeil
r < g
i s 0218 |
0.2176 &7 0.2178
02174 [ 02176
[ lower bound on R, (95% c.l.) 02174 L
0.2172 - 02172 b A
0217 . 0.217 © .
bl v e b b v s by cua Lo a by iy e b b e oy e b by
100 150 200 250 300 350 400 450 500 80 100 120 140 160 180
charged Higgs mass (GeV) light stop mass (GeV)
FIG. 3. Ry as a function oM+ for my =100 GeV. FIG. 4. R, as a function ofmy, for My +=500 GeV.

asymptotic upper limit on the light top squark mass of 180order of a TeV. If the mass of the heavy top squark lies
GeV at 95% C.L. The precise upper bound rof, will be between 0.7 and 10 TeV, the photino mass is between 2.5
smaller than 180 GeV for any finitel,,+, due to the nega- and 10 GeV.
tive contribution toR, from the H" —t loop. For any fixed This is very helpful because both 0Q4] and the LEP
M-, the corresponding upper bound o, can be read Collaborations have set limits on the allowed region of the
from Fig. 5 . my vs my_ plane. For the narrow range of photino masses
o allowed in the MR model, these experiments essentially con-
strain the light top squark mass to take values only in the
IV. CONSTRAINTS FROM OTHER EXTANT DATA ranges(0-12 GeV, (44 GeV-46 GeY, and (88 GeV-180

Combining the information gleaned froR, with other GeV). This is shown in Fig. 6.

A closer look then excludes the case iy <12 GeV. If
experimental data yields additional constraints on the MR
model. thet, is this light, then in order for th, mass to exceed the

First, we can use the lower bounds on the mass of thtEP lower bound of 56 GeV, the heavy top squark would
light neutral Higgs bosonh() to set a limit onmy,. Recall have to be heavier than about 24 TeV. As a result, the top

that theh, mass depends on the product of the top squark
masses at the one-loop level. Thus, for a given light top

squark mass, the heavier the heavy top squark, the heavier E ]
the neutral Higgs boson. Then, by setting the light top > 160 -
squark’s mass to the maximum value of 180 GeV and using & [
the lower bound of 56 GeV that ALEPH[13] sets on the i I
hy mass in the MR model, we find that;zz 0.7 TeV. If the S 140 -
mass of thet; is less than 180 GeV, the lower bound on %n

mt, increases accordingly. = 120 |

The information on the masses of the top squarks pro-
vides limits on the photino mass, which depends on the i
masses of both top squarks at the one-loop level. To maintain g9 -
naturalness, the masses of the sparticles should be of the

80
“The limit lies between those on the standard model Higgs boson I T S B S
and on the MSSM Higgs boson because the strength of Zféh 200 400 600 800 1000
coupling lies between the extremes of the other two models. The charged Higgs mass (GeV)

ZZ*h coupling is proportional to sifi—«) wherea is the mixing

angle that diagonalizes the neutral Higgs boson mass matrix. FIG. 5. R, sets constraints on the model's parameter space. The
Throughout the parameter space of the MR modef(8ina) is  lower right region is allowed, while the upper left region is ex-
greater than about 0.75; it can take on smaller values in the MSSMIuded, at 95% C.L. For a given charged Higgs boson mass, there is
and is 1.0 in the standard model. an upper limit on the mass of the light top squark.
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FIG. 6. The upper limit on the light top squark mass deduced FIG. 7. Contours of constam, in the Mg+, m;l) plane. The
from R, (see Fig. $is compared with DO and LEP results. Prelimi- size of the MR model's allowed parameter space and the upper
nary L3 data also excludes the window around =45 GeV. limit on m7 are quite sensitive to the value of the lower bound on

R, . The Iower I|m|tmt =88 GeV derived from DO and LEP data
squark mixing angle would be almost precisely zero. Theg shown for comparlson
combination of such a ligft, and such a small mixing angle
has already been ruled out by OPAL5]. The mass of top quark decay modB(t—Whb), which is approximately
thet; in the MR model must, therefore, lie in one of the 100% in the standard model, would be only 70-80% in the
upper two allowed ranges. MR model. The limits on this branching ratio from Collider

In fact, preliminary results from the L3 Collaboration Detector at FermilafCDF) data[18] are not strong enough
based on the recent LEP run at a center-of-mass energy @ constrain the MR model, yet.

130-140 GeV show no sign of a top squark in the mass

range below about 50 GeM6]. It is, therefore, likely that C.Ry
the middl fag in the MR model is al -
cllj}d;ncll. © Mass range i in the modet s aiso ex Once all of the 1994—-1995 data from LEP are analyzed,

the precise experimental limits d®, may shift. The poten-
tial consequences for the MR model are quite interesting.
Figure 7 shows contours corresponding to several values

We now briefly discuss several measurements that ma9f Rp near the current experimentab-dower bound. These
provide useful information on the MR model in the future. curves imply that while the value @, in the MR model is
These run the gamut from precision measurements tgonsistent with the present experimental valueRgf the
searches for new particles. theoretical prediction generally lies well below the experi-
mental central value of 0.2204].

As a result, the size of the allowed parameter space of the
MR model depends sensitively on the experimental determi-
Since a light top squark could have an appreciable effechation ofR,. Clearly, even a very small downward shift in

on the branching ratio fdr— sy, we compare the ratio mea- the central value oR;, would allow m7_to be heavier than

sured at CLEO with that predicted by the MR model. ThelSO GeV. On the other hand, an upward shift in the central

branching ratio ob—sy measured in CLEQ17] is value or an improvement in the errors on the current central
B(b—sy)=(2.32+0.57+0.35 X 10 *. value ofR, could reduce the upper bound o, toa value

below 88 GeV, i.e., into the region already excluded by DO

The MR model predicts a branching ratio withimr2f the  and LEP.

CLEO result whenever the light top squark weighs in the

regions of(44 GeV-46 GeYand(88 GeV-180 GeV. Until D. Searches for light top squarks andh®

future experiments reduce the errors onlthe sy branching

ratio, this particular quantity will not help constrain the MR

model.

V. FUTURE EXPERIMENTAL INPUT

A. b—sy

Searches for top squarks in the DO and CDF experiments
should explore the remaining parameter space of the MR
model. For example, the mass rangg =88 GeV can be

probed by seeking top squarks in the decay
" channelg— y*b, in addition to thet—c% channel already

The relatively light mass of thg in the MR model makes explored by DO. The upcoming experiments at LEP Il will
it possible for the top quark to decay to a top squark and also be sensitive to part of the allowed mass range for light
neutralino. As a result, the branching ratio for the standardop squarks.

B.t—Wb
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Ry=Rp*M(my) + Ry *M(0)[1—RySM(0) [V 5],

’ \ (a) VIR=V,MR(m,) - V,MR(0),

we can separat&'}"R into the pieces contributed by the dia-
grams with charged Higgs bosons and by those with chargi-

nos
VoMR=y H' g x" (A1)
! where
! \VAVAVAVAVAN,
N + + +
' Vo' =V (m) =V, (0),
V¥ =Vt (M) = V¥ (0). (A2)
(b) (c) The functionstm(m) andVb’ﬁ(m) are each of the form
B @ 20 F (M2, m)+2vgFr(M2,m)
FIG. 8. One-loop Feynman diagrams contributing to the renor- Vip(m)= 41 Sirf by UE_I’_U% '
malization of theZbb vertex. The external gauge boson ig% the (A3)
external fermions ard quarks. The internalfermion, scalaf is
either[t, H™] or [x", T]. The labels(a), (b), (c) on the diagrams Where
correspond to the superscripts on the functibng discussed in the L1 L
Appendix. v =— 3+ 3SifOy, vg=3SiMoy. (A4)

.. - Explicit expressions for the functio are given below;

In addition, combining our upper bound oIty and the those for diagrams with internal Hi'gEgLéRbosons are first, fol-
“naturalness” upper bound omy, with Eq. (7) implies an  jowed by those for diagrams with internal charginos.
upper bound of~ 90 GeV onMy, . Searches foh are The contributions from diagrams with internal charged
discussed in Ref2]. Higgs bosons aré¢see Fig. 8 for the meaning of the super-
scripts on theF | R)

VI. CONCLUSION F(La}%e:bl(MHﬂmt,mﬁ) VLR )\E,R'

By considering the value oR, predicted by minimal

; . M2 1
U(1)g-symmetric supersymmetry, we have shown that this —() _ Z e Mk e M) — = —cal(Mus me.mo) 1@
model is consistent with experiment so long as the light top "R || x2 6(Mpesm, My = 5 = Co(Miy My, M) vgL
squark weighs no more than 180 GeV. Other considerations,
including top squark searches at LEP and DO, further restrict mf . 5
the top squark mass to satisfy; =88 GeV. The light top + FCZ(MHhmt ymt)U(L,)R AR
squark of the MR model should, therefore, be accessible to R
DO, CDF, and the LEP Il experiments. F(LC,)R:Co(mt,MHﬂMm)(% _SinZeW))\E,Ra (A5)
where
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~ 2 L,R
FR= 2 20 by(y, My mho gl AfHR2,
APPENDIX =12j=12

This appendix contains more detail on the calculation of (c) ~ o~
. .. Fi = Co(My,m; ,m;
the shift inR, . We take the explicit formulas from RdfL2]. LR 21:2 JZ*,Z k;,z o(Mic, My, m;)
For the reader’'s convenience, we list the formulas below;
note that we setm, to zero in our calculations since

X | §sirf6 5--—£T.*T. ALRA*LR
tan3=1 in the MR model. Starting from Eq13), 3 wdyy = 5 ThTj | ARFARER,
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2
~ 1({1 1 1(1 1
F(b) = ({ 2 Co(Mi, M M S V=-— Al1
LR i:21,2j:21,2k:21,2 2 S M My) MENAEERET B\ -1 A
1 co(Me.M: M) |ORE are also appropriate.
2~ ColMi, M J)} Y Throughout the preceding account, this andc’'s are
reduced Passarino-Veltman functidi®],
My M )OER| ALRAELR (A7) 1
e TR R [bo,bl,bz,b3]<m1,m2,q2>=fodxln[—q2x<1—x>+xmi
where . +(1-x)mi—ie] 1ud
L_ t
Ajj=TiVji— T2Musing TiaVi, X[—1, x,(1-x),x(1-X)],
. - [Go.:1(ms, g, ) = | dxyd(cty-+2- 1in(Al )
Ajj=—|=———|Ti1Yj2, (A8)
V2Mycoss X[1, z],
M; are the chargino masses) are the top squark mass
eigenvalues, and [C2,C3,C4,C5,C6,C7] (Mg, My, M3)
Of =—cog6yd;i+ 3 USU>,,
ij j i2%] 2 2 .3
= | dxdyds(x+y+z—1)(ur/A)[1, z,25,2°,xy,XyZ],
cosd sind 0 1 10 where
T: . ) = ’ V: b = i
“sing cow)’ "1 0 0 1 A=z +xmg+yms—2z(1-z)mg—xyM;—ie

(A10) (A13)

Note that in the limit where tg®= 1, the matriced)J andV ~ and we have corrected small typos in the definitions of
need only satisfy y*)~*v=(? 3); for instance, the pair by, Cg, andc; as quoted in Ref12].
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