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Heavy fermion screening effects and gauge invariance
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We show that the naively expected large virtual heavy fermion effects in low energy processes may be
screened if the process under consideration contains external gauge bosons constrained by gauge invariance.
We illustrate this by a typical example of the process—bb. Phenomenological implications are also briefly
indicated.[S0556-282(96)03417-0
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Studying the effects of heavy particles in radiative correc+ributed in[7] to the vestige of the global custodial symme-
tions is of special importance for exploring new physics iftry, and generalized to all orders in perturbation theory.
the accelerator energy is not sufficient to directly produce In this paper, we shall point out that screening effects may
them. With respect to these effects, there are two kinds oflSO appear in the heavy fermion sector if the low energy

theories. In renormalizable theories with coupling constant®r0C€ss under consideration contains external gauge bosons
\Much are constrained by gauge invariance. The effects of

independent (.Jf the heavy particle masses such as .q.uamuheavy top quark on low energy processes involving one pair
electrodynamics(QED), these effects are not significant of light fermions have been examined by lénal. [8] with a

since the decoupling theoreftt] shows that the heavy par- ponjinear realization of custodial $2) symmetry. Here, in-
ticles completely decouple from the low energy physics insteaq of listing all effective operators to a given order, we
the heavy mass limit. In nondecoupling theories to which theshall make a simple and direct argument on the screening
decoupling theorem does not apply, these effects can be sigffects of heavy fermions so that heavy fermion effects may
nificant and are thus important for studying new physics. Abe less important than naively expected. Our discussion is
typical example of the nondecoupling theory is the standardpased on a simple analysis of gauge invariance and dimen-
model (SM) of the electroweak theory, in which heavy par- sion counting. Although we take the procegg—bb as an
ticles may affect low energy physics in two separate wayse€xample to illustrate the screening effect of the heavy top,
First, the heavy top quark is a necessary ingredient in chirahich is of interest by itself in photon collider physitg],
anomaly cancellation, and integrating it out will induce anth€ whole analysis applies to the general cases involving

effective Wess-Zumino-Witten term at low energit), heavy fermions. We shall also briefly discuss the processes

which is constant in the heavy top limit. Second, particles i '?0:577’ b—sy and indicate the phenomenological implica-

the SM acquire mass from the fixed vacuum expectation At tree level, yy%bb_is a pure QED process. In the

value, so that the heavy masses are proportional to the Cof5)aing, we first focus on its one-loop correction arising

responding coupling constants, and thus the conditions fof.om 3 virtual heavy top and then generalize it to higher
the validity of the decoupling theorem are not satisfied. Thlqoops_ As a theoretical study, we are only interested in the

kind of nondecoupling can make certain observables dePerl@adingmt term corresponding to the heavy top limit.
on positive powers of the heavy particle masses which wil\ynether this is a good approximation is an issue of phenom-
blow up in the heavy mass limit. A well-known example is gnpjogy which is not the main purpose of this paper. In this
the one-loop heavy top correction to the paramﬁte&zflecg— limit we may set the bottom mass to zer,=0. We work

ing the W, Z boson mass relation, which behaves@sn  in the R, gauge. The leading term is contributed by the ex-
[3] and originates from the custodial & symmetry[4]  change of the unphysical Goldstone bosn (and at higher
breaking by the large mass splitting between the top anghops by the exchange of the unphysical Goldstone boson
bottom quarks. In the Higgs sector, however, a similar cor4° and physical Higgs bosohl as wel). The nonleading
rection from a heavy Higgs boson is absent due to Veltman'serms which are of the same order as those from the ordinary
screening theorerfb]. The naively expected leading terms of glectroweak corrections are ignored here. Note that the non-
O(Ggmp) at one loop[5] and O(GZm},) at two loop[6]  leading terms argz dependent, and this dependence is
are canceled in the/, Z mass relation, and the survivals are canceled only when corrections froWY, Z bosons are in-
the nextto-leading terms of O(GeM§Inmf) and  cluded. With this consideration, the relevant interaction La-
O(G2ZM3m?), respectively. This phenomenon has been atgrangian at one-loop level is
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where Q; and Qy, are the electric charges of the top and o =( —K2) (Ka,.K1,—0,.,K1 - ko)
bottom quarks, respectively. Beyond one loop, the terms "
gom; gom Ofw:(kl_kZ)(pl,u.plvkl'k2_k2,uplvkl'pl_kluplp.kZ'pl
Lo=— Htt+i @Ot yst 2
2My 2Myy +9,,K1P1Ka- pa),

should also be added. Here we have ignored the small quarl@3 »=27,(—P1K1 Ko+ KoKy pp) + (Ki—Ko) (9,,,Ks - p1
mixing. Note that only the left-handed component of the
b-quark couples to the top quark, so that takimg=0 is —P1uK1,), (4)
safe and will not produce collinear or mass singularity be-
cause the collinear configuration is forbidden by the conser- o4 »=27,(— Pk Kot Ky ko pr) — (K —Ka2)(9,,Kz- P1
vation of angular momentum.

Now we analyze the Lorentz structure of the one-loop —P1.K2,),
amplitude  for the  process y(ky,e(")y(ks,€?)
—b(p;)b(p,) from the followmg phyS|caI requirements: O =1 €500 Y ¥5(Ky —K2) *Ky - Ko+ (k3= K2) (P1,Kz,
(1) on-shell conditions,k?=p?=0, p,v=0=Uup;; (2) _ e )
terms proportional tck,,, or k,, being automatically can- P1ukey) +kou v (2KorP1=Ka-ko) Hkayy,u(2ke -y
celed and thus dropped from the beginning; (3) left- —ki-ky).
handedness of the. It is then straightforward to write down
the complete set of independent structures for the amplitudeNote that O3)° are gauge invariant only in the on-shell

sense. O12 are crossing oddo is crossing even, and

 Aone loop_ ie? Gem ZA“) 4 A (1) 034 are crossmg exchanged, so are their form fact§s
(4m)° 2 \/‘ L[Qt Q:iQs One may use alternative sets of structures, but a nice feature
of the above one is that each structure is uniquely character-
+QbA5w]uL, ized by its first term. Again, by dimension counting and the
finiteness of4°"'°°Pas/s—0, we deduce that, in the heavy
I)_(kl kZ)[g,uvhl +pl,uplvh2 +kg, K1, h“ top limit, f2~m(6, fa;é2~mt’4 up to logarithms of the
. form [ 1+ const In(&,M3/n?)] which take into account the
+Ky, P10y + Ko, P1,hE T+ v, (kg hG + pg hY)) infrared singularity of box diagrams in the Landau gauge
0 (s ) I éw=0. Indeed there are no leading terms, and®™'°Pis
+7u(kouhg +P1uhg’) +i€,a,, v vs(ki—ka) *hyg, then dominated by the next-to-leading terms of

(3)  O(Gem, ’[ 1+ consX In(§M&/m)]).

At first sight it seems that the top quark decouples from
where the form factorhg) are functions of the Mandelstam yy—bbin its large mass limit. This is certainly not the case.
variabless,t,u and are related to each other by crossing sym-The heavy top effects are only screened with leading terms
metry. From the naive dimension counting and the fact thatancelled in observables. To see this we go to higher loops.
the leading terms are independent %Ma\, and that The above analysis in terms of form factors applies to the
A°neloopshoyld be finite as the energfs—O0, it is tempting L-Ioop case after only a slight modification of the factor
to conclude thah{’ andh{ ;, would behave as; 2 in the GFmt/167T in Egs. (3 and (4, e,
heavy top limit, and would thus contribute a leading term ofGrM;/16m°— (Grm{/167)". So for theL-loop correction,
O(GemY) in A°™ %P However this naively expected behav-
ior actually does not appear due to an additional constraint ALPP=0(GEm?t~2))  upto logarithms.  (5)
from U(1) ., gauge invarianceTo put it simply, gauge in-
variance dictates the lowest dimension that a gauge invariafthis is totally different from the decoupling of heavy fermi-
structure should carry so that the above analysis breaksns in QED but is quite similar to th&creeningphenomenon
down! The use of gauge invariant structures or bases wam the Higgs sector.

considered by Bardeen and Tung in the 196DF. In the Two comments are in order.
present case, the amplitude can be expanded in a complete (1) As pointed out above, the next-to-leading term is gen-
set of gauge-invariant structures: erally &y, ; dependent. This gives us a lesson that whenever

the naively expected leading term is absent in some observ-

ables, we should be careful in simplifying the computation

The importance of () gauge invariance for calculating ampli- by ignoring the internal weak-gauge-boson contributions. Es-
tudes involving unstable bosons was emphasized recently by Apecially, when there are infrared singularities associated with
gyreset al. [10]. unphysical Goldstone bosons in the Landau gauge, we must
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include the contributions from intern®,Z bosons to obtain clear thatf(lt)=0(mt‘4) up to logarithms in the heavy top
a physical result even just to keep the first nonvanishing terniimit, so that it will not contribute to the leading terms of
in the heavy top limit. o(my) in A2, as stated previously.

(2) Consider the phenomenology at the photon colliders. The above analysis applies to other processes as well. For
Since the contributions from a virtual top quark are generallyexample, sincen, is the largest scale in the decalys>sy
suppressedor screeneyin yy processes not containing ex- [13] andH— yy (or gg—H [14]) and the one-loop momen-
ternal tops, heavy top effects induced from physics beyongum integrals are seemingly linearly divergent, one would
the SM should also be small. We have computed the ONénaively expect that the decay amplitudes behavenasAc-
loop radiative corrections tgy—bb from the exchange of tually this leading behavior is screened by the appearance of
charged HiggsH ™ in the two Higgs doublet model. As an photons in final states. Because of théllJ,, gauge invari-
illustrating example we present here the form fadtfr as ance, the effective Lagrangians are, respectively,

) 1 1 1 M. m
fl :Cogﬂfo deo dyfo dZ(F1+ F2+ F3), Léﬁ:AeTb Fts_La-,uvaFMVv
Fi=2x2(1-x)(1-y)Z*(—1+z—xy2[A; 4(t) m,
Li—=Be&—HF*F,,, 8
—AIZ(U)], eff v uv (8
Fo=2x3(1—-x)(1-y)Z*(—1+z—xy2)[A, %(u) where a factor ofn, has to appear it to flip the helicity
s since we have sah,=0. A=a/m,,B=b/m,, anda,b are
—A%(0)], ®  finite pure numbers in the heavy top limit. Thus this only

leads to a next-to-leading behavior which is constant in
m,. Them? dependence first appears at two lo¢ps], as
argued above.

To summarize, we emphasize the importance of local

Fs=2xyZ(1-2)2(1—-y—xz+yz)[A3%(t)— A5 %(u)],

where, foré=t,u,

Ay(&)=miz+M}(1-2)—sx(1-x)yZ gauge invariance in causing the screening of the heavy ferm-
ion effects in our discussion. In spontaneously broken gauge
—&x(1-y)z(1-2z), theories such as the SM, although the heavy top quark does
not decouple as in QED, its effects may $&eenedn low
Ay(€)=m(1—2)+ Matz—sx(l—x)yz2 energy processes involving photons. Intuitively, for pro-
cesses containing external photdies gluong, local gauge
—&x(1-y)z(1-2), (7)  invariance makes the photofgluons carry higher powers
5 5 of momenta than naively expected, so that the powers of the
A3(§)=miz+ M- (1-2)+s(1-x)yz(1-2) heavy fermion masgas the heaviest mass soaléll be low-
ered as compared with the naive expectation. This kind of
—§(x—y)z(1-2). screening is different from Veltman’s in the sense that the

Form,=4.5 GeV/(for tree contribution only, m,= 176 GeV, latter is due to the algebraic symmetry structure in the Higgs

My-=400 GeV, coB=5, \5=100-400 GeV, and using Sector of the SM7].

the spectrum function of back-scattered laser ligt#], we We thank Hong-Yi Zhou for an independent check of the
find that the relative shift in the total cross section is lesshnumerical result and Qing Wang for discussions. This work
than 10°*. The contribution from unphysical Goldstone bo- was supported in part by the National Natural Science Foun-
son ¢~ is essentially the same as above, but with?6ot dation of China and the Fundamental Research Foundation
removed and/l,ﬂi replaced by the mass squareddof. Itis  of Tsinghua University.

[1] T. Appelquist and I. Carazzone, Phys. Revlil) 2856(1975. Report No. SLAC-Pub-657tunpublished

[2] E. D'Hoker and E. Farhi, Nucl. Phy8248, 77 (1984). [10] E. N. Argyreset al, Phys. Lett. B358 339 (1995.

[3] M. Veltman, Nucl. PhysB123 89 (1977). [11] W. A. Bardeen and W.-K. Tung, Phys. ReiZ3 1423(1968;

[4] P. Sikivieet al, Nucl. Phys.B173 189 (1980. W.-K. Tung, ibid. 176, 2127 (1968.

[5] M. Veltman, Acta Phys. Pol. B, 475(1977. [12] V. Telnov et al, Nucl. Instrum. Methods A294, 72 (1990.

[6] J. van der Bij and M. Veltman, Nucl. Phy8231, 205(1984); [13] T. Inami and C. Lim, Prog. Theor. Phy85, 297 (1981).
J. J. van der Bij, Nucl. Phy$3248 141(1984. [14] H. M. Georgi, S. L. Glashow, M. E. Machacek, and D. V.

[7] M. B. Einhorn and J. Wudka, Phys. Rev.39, 2758(1989. Nanopoulos, Phys. Rev. Le#t0, 692 (1978.

[8] G. -L. Lin, H. Steger, and Y. -P. Yao, Phys. Rev.4D, 2414 [15] Yi Liao, Ph.D. thesis, Institute of Theoretical Physics, Beijing,
(1994, and references therein. 1994; A. Djouadi and P. Gambino, Phys. Rev. L&8, 2528

[9] For a review, see, e.g., S. J. Brodsky and P. M. Zerwas, SLAC  (1994.



