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Abstract 

The two-loop corrections to the p-parameter and the vector boson mass- 

shifts due to a heavy fermion doublet were calculated. For very heavy 

( cz TeV) quarks we find improved limits on the allowed mass difference 

within a doublet. The limit on the top quark mass (300GeV) is unaf- 

fected. For a degenerate doublet there is a Higgs mass dependent limit 

on the quark mass of 3-6 TeV for a Higgs mass of O-3 TeV. 
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I. Introduction 

It is well-known that the parameters of the standard SUr,(2) x U(1) gauge model 

of the weak interactions are affected by the presence of heavy particles in t,he theory. 

This is in marked contrast with theories like QED and QCD where the Appelquist- 

Carazzone decoupling theorem(‘) ensures that the effects of heavy particles are 

suppressed by a power of their inverse masses. The reason for the difference is that 

in the standard model particles get their masses from the Higgs-mechanism and 

therefore masses and coupling constants are related. This violates the assumptions 

underlying the decoupling theorem. 

This failure of decoupling implies that some radiative corrections due to heavy 

fermions may actually grow with the fermion masses. For instance the p-parameter, 

the ratio of neutral to charged current strength, receives at the one-loop level a cor- 

rection dependent on the mass difference within a fermion doublet(2l. The experi- 

mental information on p puts a limit on the possible mass difference For a quark 

doublet coming in three colors this limit is approximately 300 GeV. Unfortunately 

one finds no correction to p in t,he case of a mass-degenerate multiplet. The reason 

is that the correction to p comes from a breaking of the sL’~(2) symmetry of the 

Higgs-sector. In the standard model this symmetry is only broken by t,he difference 

of Yukawa couplings in a doublet and by the hypercharge-coupling. 

Also in other processes the contribution from a degenerate multiplet does not 

grow with the mass a,t the one-loop level. There are however finite corrections 

that are independent of the mass and therefore limits can be put on the num- 

ber of such multiplets that can be present. The present limits on the mass of 

a degenerate fermion multiplet come from some more indirect, arguments. It has 

been arguedf31 that the large Yukawa couplings make the one-loop effective Higgs- 

potential unstable for fermion masses larger than about 200 - 600 GeV depending 

on the Higgs-mass; for a Higgs-mass in the TeV range there is no more a reliable 

limit. Another bound comes from the breakdown of perturbation theory(4’s). If 

t,he Yukawa-couplings are large enough the two-loop correction to some process 

will become equal to the one-loop correction. So far this has only been calculated 

completely for the gluon-fusion mechanism of Higgs-production. The effects of a 

degenerate heavy multiplet have been considered from a more general point of view 

at the one-loop level in ref.‘s j6,7:, with emphasis on the appearance of anomalies 
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if one removes the multiplet from the low-energy theory by making the mass infi- 

nite. In ref.17; the effect of a heavy doublet has been summarized by an effective 

interaction consisting of an anomaly term and a corresponding int,eraction of the 

Wess-Zumino type. It has been suggested in this paper that the theory without the 

heavy fermions but with the Wess-Zumino term is renormalizable. We consider this 

to be extremely unlikely. The effective interaction is not obviously renormalizable 

and inserting the one-loop effective interaction inside a loop diagram one expects 

divergencies to appear. In the full theory with the heavy doublet these divergencies 

can only be cut, off by the mass of this doublet. The presence of effects growing with 

the heavy doublet mass would therefore be a signal of the non-renormalizability of 

the effective model with the Wess-Zumino term. 

Considering the above, an explicit two-loop calculation of heavy-fermion effects 

for a number of processes might be of interest. In this paper we consider such 

corrections for the p-parameter and for the mass-shift of the W and 2 bosons. 

The outline of this paper is as follows: In chapter two we define the renormalization 

scheme. In chapter three the weak interaction parameters involved in the calculation 

are defined. In chapter four we present the calculation of 6p for unequal masses 

of the doublet. In chapter five we do the calculation of 6p for equal masses. In 

chapter six the mass-shifts of W and 2 are given for an equal mass doublet. In 

chapter seven we discuss the results. The appendix explains the notation and some 

technical det,ails of the calculation. 

II. Renormalization 

In performing higher order calculations in gauge theories the complexities of 

renormalization theory have to be taken into account. It is not enough just to cal- 

culate the radiative corrections to the process one is interested in. The expressions 

obtained will often contain infinities. Meaningful answers can only be obtained if 

one expresses everything in terms of physical parameters. The relation between the 

parameters of t.he Lagrangian and the physical parameters in which all corrections 

are to be expressed can be quite complex. In order to get the correct results at the 

two-loop level at least all one-loop renormalizations must be performed. In general 

this involves a large number of graphs. 

In this paper we are only interested in the effects due to a heal-y fermion doublet 

and we limit ourselves to the leading effects in terms of the heavy fermion masses. 
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In this limit the situation is simplified considerably. The main simplification comes 

from the fact that only self-energy graphs need to be considered. There are basically 

three sectors of the theory to be considered : the fermion: Higgs-boson and vector 

boson sector. The contributions of the QCD sector do not grow fast enough with the 

fermion mass to be taken into account. In the fermion sector one should discriminate 

between the light fermions, like the standard generations of quarks and leptons, and 

the heavy fermions whose effects we want to calculate. The light fermions do not 

receive a mass correction from the heavy fermion sector as long as mixing can be 

ignored, which we assume to be the case. The light fermions appear only as a source 

for the vector bosons, whose physics we want to study. The heavy fermions receive 

a mass renormalization coming from the diagrams of fig.(l). For a quark doublet 

one gets the following relation between t,he bare mass parameters ml,ma and the 

physical masses of the quarks: 

(mt)ph,,s = mt + ,,~~~~ (+T - ? - 8771: + 5771: - 2 T 2m~ln(m:) 

A (-32 + 2) ln(n~) + (mf - 34 + 32 - 2) ln(lm: - rnil)) 

(2.1) 

(mb)phya = rnb~ 12i:bk (i6+ - ? - 8~72: T 5771: - $ t 2mt In(mi) 

+ 
4 

(-3- 
4 

+ 
4 
-) 
mi 

ln(m:) + (mz - 34 + 4 3% 4 - ?) ln(;m: - mzl)). 
0 

(2.2) 

The particles t and b have the quantum numbers of an ordinary quark doublet: 

but are assumed to be very heavy. Not,e that only the mass renormalization is 

important; the wave function renormalization does not contribute, since we consider 

only processes where the heavy quarks appear inside a loop. For the Higgs sector 

and the vector boson sect,or we use the method of ref.[E]. We rescale fields and 

parameters in the original Lagrangian by factors containing besides the usual l/e 

pole terms also finite factors. These factors are chosen in a way, so that at the 

one-loop level the Lagrangian parameters become equal to the physical parameters 

as far as the leading behaviour of the heavy fermion masses is concerned. We need 
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resealings of the following form: 

4 - #(l + 6,) 2 + Z(1 - 6,) - ;b, 

Al i M(1 + 6M) m + m(1 -Em). (2.3) 

Here @ is the Higgs ghost, Z the Higgs-field, M the vector boson mass and m 

the Higgs-mass, 6t is the tadpole contribution. We also define quantities 6i,Ss by 

6i = 6~ + @ and 6s G 6~ - 6, In order to satisfy Ward identities we have to 

take 6, equal to 6,. This introduces a wavefunction renormalization for the physical 

Higgs field ,which is of no consequence since the Higgs only appears inside loops. 

For the case of unequal quark masses, where we are only interest,ed in cont,ribu- 

tions behaving as the fourth power of the quark masses ml and ma we have : 

6, = 6, = 0 

(2?T)%5* = & (mF(l,m) + mz(l,mb)) 

(mi(2,mt) + mi(2,mb)) (2.4) 

where we used the notation of the appendix. In the case of equal quark masses also 

the terms behaving as the square of the quark masses are needed. This yields: 

(2~)~i6i = (27r)*i6, = -~g2~~;(2>m,) 

(2T)4i&2 = gg 1 n ? m; 
kmt) + (-3 - E)9 @( 2, ?) (2.5) 

III. Definition of weak interaction parameters 

In the previous chapter we fixed t,he fermion- and Higgs mass parameters by 

comparing them with the physical masses (pole of the propagator) of these particles. 

This still leaves us with three free parameters to be determined by experiment: g: 

s=sin0, and 11 These parameters will be determined from a comparison with 

low energy processes For these processes we take Coulomb scattering: p-deca! 

and v,e, ~?,e scattering. On the basis of t,hese processes we determine a number 
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of experimental parameters glzp, SCzpr MIZP. From the fine-structure constant we 

det.ermine g&s& = 47ra. 

Gh=*~ 1.01 10-s 
mp = proton mass 

ev &m2 P 

G; is the Fermi constant determined from p-decay. It is bo be emphasized that 

Mtzp is a purely low-energy parameter and is not directly related to the W-mass 

beyond the tree-level. The sine of the weak mixing angle sIzp is determined from the 

ratio of cross-sections of v,,e and utie scattering. At low energy these cross-sections 

are described by the four-fermion interaction : 

Lint = $7”(1J. 7s)v,)(E7a(l - 4s:,, + -Ys)e) 

4, can be determined from the ratio of cross-sections : 

oDC 1 - 4s;,, + 16s:,, 
- = 3 - 12s;,, + 16s:,, 0°C 

(3.1) 

(3.2) 

G’s is the Fermi constant for neut.ral current processes. The corrections due to 

heavy fermions on these parameters come from the propagator correction of the 

vector bosons. We have the following two-point vertex corrections in an expansion 

around k2 = 0: 

W,‘W; = (2x)%6+ 6,” + (2~)~if+(k~6,, + A-k,k,) 

W,oW,o = (2~)~i6’ 6,” + (2~)~if’(k%,, + AOk,k,) 
(3.3) 

A,W,O = (2n)4ifa~(k26,, - k,k,) 

A,A, = (2~)~ifa~(k~6,, - k,k,). 

Higher order terms in k2 can be ignored, since they do not grow with the heavy 

fermion mass fast enough. Also the k,k,- pieces will only give terms proportional to 

the light-fermion masses in any cross section involving only light external fermions 

and they will be ignored. Using these definitions we get the following relations (see 
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also ref.i2]) : 

2 
sczp = 1 “yAA (1 - BAA - C/SfAw) 

2 8 
gsrp = 

i - fAA - CisfAW 

M1 z 
MZ-6+ 

-P 
1 - fAA - c/sfAW 

g2P 
G; = Ml _ $60 

(3.4) 

with c = cosf3,. The definition of the p-parameter is now simply p = Gg/Gi and it 

is a finite function of gCrp, s,,r, Meipr (mt)phyr, (mb)physr (m,~)~b At the tree-level 

p = 1 The correction 6p = p - 1 is the subject of the next two chapters. We define 

another low energy parameter 

At, the tree-level one has the relations Mw+ = Mezp and Mwo = M& where MN,+ 

and MWO are the physical masses of the charged and neutral vector bosons. The 

corrections Mw+ - Mezp and A4w0 - M& are discussed in chapter 6. 

IV. 6p for unequal masses 

In this section we calculate the correction t,o p due to a doublet with unequal 

masses. \Ye will only be concerned with t,he leading effects for large quark masses. 

At the two-loop order the leading effects behave like the fourth power of the quark 

masses. To this order only propagator corrections are important. There are a 

number of such corrections. We have for the Fermi-constant: 

g’(G;)-‘,‘8 = MZ - 6- = M:,, 

gZ(G;)-1j8 = c’(kf,’ - 6”) = ,tf& + 6+ - ~‘6’. (4.1) 

Therefore p is given by: 

P = G/G, = dlIzz, 
n4:zi:,, 

- 6- - $60 
= 1 + 6p, -6PY - 6Pz + q5q (4.2) 
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where 6p, is the one-loop correction to p. 6pz is the contribution coming from the 

diagrams of fig.(2) 6p, consists of two pieces, a fermionic contribution 6p{ and a 

bosonic one 6~; The fermionic piece is given by : 

Sp{ = 

(4.3) 

- ~~~~2(ln2(m~) - ln’(m~))) f O(s’). 
t * 

In this expression mt and rnb are still the bare parameters in the Lagrangian. 

In order to get the correct result to order g4 we must use the relations (2.1) and 

(2.2) and substitute these in (4.3) The expression for 6~; is a rather complicated 

function of mH, M, g: s In order to get the correct expression to order g’ here 

one should also substitute the relations between bare and dressed parameters. This 

gives a contribution to p : 

apt 6m 

amH 

api 6Mf apb'sgt apb16S 
HfL9M a!? as’ (4.4) 

This contribution was found by calculating t,he counterterm diagrams of fig.(3) 

The counterterms are the terms generated by the resealings of formulae (2.3) and 
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(2.4) Adding all contributions we find for the correction to p : 

6p = 

gh (-12(+p(l- 
+ 4096n*Mf,, 

m;/m:) + W$Sp(l - V$/m,2)) 

- (2m: - 2m~/m~) ln(m:/m,2) ln(ll - m,2/mf~) 

7 (2mE/m: - 2m:) ln(m~/m~) ln(jl - m:/mi~) 

- (3my/m,2 - 7m: f 5m:m,2 - rnt) ln(ll - mi/mfl) 

Y (3mf/m: - 7mz + 5mzrn: - mf) ln(/l - m:/mzl) 

i (m: - m;( - 12(m’,~~‘m’) ln(m:/mE) + 23m: - 22m:mz - 23~~2). 
t 

(45) 
In this expression mt and rnb are the physical ones as defined in chapter 2. For a 

small mass difference mt - mb = E << mf this expression reduces to : 

6p = Lx 9’ mY 
4W M2 T1024714M4. 

If one of the fermions is massless, i. e. if we have a heavy lepton with mass rnt with 

its massless neutrino. the contribution to p is: 

These results do not depend on the hypercharge assignments of the fermions in 

the doublet, because in order to get a maximal dependence on the masses all the 

SUE(~) breaking must come from the difference in Yukawa-couplings For a quark 

doublet coming in three colors, the expression should be tripled. 

V. 6p for equal rnasms 

If the masses of the quarks are taken to be equal , all the breaking of the 

SUR(2) invariance of the theory comes from the hypercharge c.oupling. Therefore 

the p - parameter will receive no correction if tan0, is taken to be zero. Because 

hypercharge terms must be present the dependence of p on the mass of the quarks is 
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only quadratic as compared to the quartic dependence for different mass quarks. At 

first sight this seems t,o imply that also vertex corrections like fig. 4a have to be taken 

into account. However, these cancel against the counter diagram of fig. 4b where the 

counterterm comes from the resealings of formula (2.5). In this case the resealings 

(2.5) also introduce vertex counterterms which contribute to the vector boson two 

point functions. A complication is the need to introduce order g* counterterms from 

double resealings. These are of the form 6: for the U”U’- propagator and 6:jcZ for 

the W0Wo propagat.or.Therefore they cancel in the expression for the p parameter. 

Adding all contributions we arrive at the following expression for 6p: 

6p = tan’ 8, - tan* 8, ln(m:jmi) 

(5.1) 
+ m2i~z,~2 lnW2/mh) - 

H 
e4m~~ZcZM2 ~nW21c2m~)) 

with mH the Higgs-mass and e = cos 6’,,,. The answer depends on the Higgs mass in 

an essential way. Some limiting cases are 

bp=94- 4 lnc2 
256~~ MZ 

-g tan’0, - tan* b’,ln(m:/MZ) - cz 

for mH --t 6, 

bp=94- 4 
256~’ MZ 

-E tanr8, - tanre, In(mf/M’) - 1 - $$ 

for mH = M, 

for ma = Me and 

bp=94- 4 
256x4 ,Z42 i 

for mH > A!&31 M. 

For a quark doublet coming in three colors these results should be tripled. 

(5.2) 

(5.3) 

(5.4) 

(5.5) 
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VI. Mass shift of vector bosons 

In this chapter we calculate the difference between the actual masses of the 

vector bosons and the results one would get using tree level predictions from low 

energy data. %‘e only consider the case were the masses of the quarks are equal. 

The results can be expressed in terms of fAA, fAW, f’, f” as defined in chapter 3. 

First consider a process where a charged vector boson is produced , for instance 
fi+d-tW-ee-- fie. The amplitude for this process is determined by the factor 

kZ(l - f’) + M2 - 6+ = (a) + M& 

Thus we see that the mass Mw+ is given by 

ML+ = Me& 1 - fAA - c/sfAW 

l- f’ 
(6.2) 

The mass shift t,hat we are interested in is given by 

6M _ Mw - Mmp 
A4 M -P 

= ;(f+ - fAA - c/sfAW) f o(g”). (6.3) 

In an analogous way we can consider a process where a neutral vector boson is 

exchanged , for instance e+e- + IV0 + @+pL-. Here the amplitude is determined 

by the factor 

gzjc2 2 Lp 
i 

(1 - fAA)(l - fo)k2 
-1 

kZ(l - f,,) + MZi;$ - 60 = - c:,, (1 - fAA - c/sfAW)(l - fAA i s/cfAW) 
+ M&p 

(6.4) 

with Mo.rzp as defined in (3.5). The corresponding mass shift becomes 

6340 _ Mwo - ‘14&erp 
1140 M = ;(fO - fAA - c/sfAW + SjcfAW) 7 o($). (6.5) 

O.CZP 

The calculation of EM,‘.lil and 6Mo/Mo is now straightforward. The resulting ex- 

pression is a bit more complicated than for the p- parameter , because the expansion 

in the external momenta has to be pushed one order further. Keeping also the one- 

loop contribution we find the following : 

(6.61 

’ ’ + ln(m~:‘m~) T 9D21n(MZ/m~) + 10D31n(M’im~)) 
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where we defined 

and 

DG 
MZ 

n:, - MZ 

6Mo g2 + 
A40 19Wcz 

460fT4c2 g (; T 4D,3 - 100; 

+ ln(m;/m;) f 90; ln(M; Jr&) 7 100; ln(,Wj’m;)) 

where we defined 

(6.7) 

In the limit sin* 0, + 0 the expressions (6.6) and (6.7) become equal , as they 

should. Some special cases in this limit are 

6M g2 + -=- ~- 
M 19279 

- In(m:/MZ) 

when sin Bw y 0, mu + 0, 

E- g2 \ d 4 
M 192~2 4608~~ MZ 

when sin 8, + 0, rn~ = M : 

g- g= ~ 
M 1927;s 

(6.8) 

(f-5.9) 

(6.10) 

when sin@, + O:rn~ * x For a quark doublet coming in three colors these 

results should be tripled. 

VII. Discussion of the results 

The results of the previous chapter can be compared to the presently known val- 

ues of the weak interaction parameters. For the p-parametertg) we get the following 

bounds i t,aking into account a -1% correction due t,o known effectstic’) : 

~~0.02 S 6p (heavy fcrrnioris) 5 0.03, 

The mass shift of the vector bosom agrees with the predictions vcithin an arcuracg 

of about 3’7 , so we have JA.1i.V , 6.Lfo ~.\-1a, S 0.03. 
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We will assume that a heavy quark doublet comes in three colors. In the case 

of different quark masses both the one-loop and the two-loop correction t,o p are 

positive. -4s a consequence one gets tight,er constraints on the allowed mass differ- 

ences inside a multiplet t,hen the 300 GeV from the one-loop correction. Significant 

changes ( 2 50 Gel’) appear for masses larger than about 1 Tel’ so that the 

present limit on the mass of the top-quark is not affected. The allowed regions 

in the ma,mt - mb plane are depicted in fig. (5) . For large enough values of the 

quark masses perturbation theory breaks down. This is most clearly seen in formula 

(4.6) for small mass differences, where the two-loop correction equals the one-loop 

correction for a mass 
8xh4 

mt = x ‘- 1.8 Tel’. 

In the case of a degenerate quark multiplet the results depend in an essential 

way on the Higgs mass Limit,s on the quark mass can be obtained from the mass 

shift and the p-parameter. The correction to p is negative in this case. The allowed 

regions in the mt, mH plane are given in fig. (6). Apparently the p-parameter is more 

sensitive to the heavy quark effects then the mass-shifts. For large Higgs-mass the 

limit on the quark mass gets weaker , because the factor m~/MZln(m:/m$) is 

becoming important. In order to get a bound on the quark mass one therefore 

needs a limit on mn. For a Higgs mass of about 3 Tel/ perturbation theory in the 

Higgs-sector itself breaks down and this provides a natural cut-off for the validity 

of the calculation. For mn = 3 TeV the limit on m, is about 4 TeV and for this 

ratio one also starts leaving the area where the approximation rnt > mnis valid. 

For the p -parameter one might be worried that a small mass difference can upset 

the calculation. In this case it is probably better to take the limit from the mass 

shift of the vector bosons. This gives a limit of about 6 Tel’ on the quark mass. 

One must bear in mind that in this mass range the use of perturbation theory has 

become quest,ionable. 

If such heavy quarks are really present, they would give rise t,o some interesting 

physics in future colliders. As an example consider a 2 Tel’ quark and assume 

a Higgs-mass of about 200 GeV The quarks could be pair-produced and subse- 

quently decay via emission of a \l’-boson. Because of the strong coupling of the 

Higgs to the heavy quark a number of Higgses might appear in the decay-products. 

The Higgses themselves will decay predominantly in \\’ and Z bosom. This way 
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one would have an event with a quark jet and for instance seven vector-bosons as 

outgoing particles, Even more exotic possibilities might arise; if the quarks form 

bound states due :o the strong force coming from the exchange of a Higgs particle. 

Finally we want to make some remarks on the non-decoupling of the very heavy 

fermions. The presence of effects growing like m; indicate that the standard La- 

grangian plus Wess-Zumino term is not renormalizable. What is apparently hap- 

pening is that the low energy effective interaction when inserted in a loop does not 

correctly reproduce the correct results of the full theory. In particular the a,pproxi- 

mation that the energy flowing through a Higgs line is smaller than the quark mass 

cannot be used any more inside a diagram containing Higgs lines. However , we 

have seen that in the limit m,q + 00 some of the corrections become smaller In 

this context t,he combined limits mp + co,m~ + 00 may be of interest. In gen- 

eral we do not expect any cancellations to appear because the Higgs mass and the 

fermion mass are unrelated . In supersymmetric models these masses are related 

however and one might, expect some sort of decoupling to happen. Some results in 

this direction have already been obtained at the one-loop level(“). The two-loop 

level is under investigation. 
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Appendix 

Using the techniques of refs. [5,8] it is possible to express all corrections in terms 

of a feur basic integrals We use the following notation for these integrals : 

(n~M,~nzM~n3.‘&) = / d”pd”q 
(p2 - Mf)“l (q* +‘M;)‘- (9 t M;)- 

(.4.1) 

where T = p + q i 

(m$W = jd”pip2 +f,,21n, (A.4 

Inside these integrals some of the masses will tend to infinity and we need an 

expansion of the integrals in inverse powers of these masses. Most of the expansions 

needed are given in refs. :5 , 8;. The new integrals needed here are : 
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in the limit mt,mb + 03 It is sufficient to know 

(2mt~mblM) =n4 (-s + i(l - 2lnm:) - k - $ + Inm: - ln’m: - Sp (I- 9)) 

+~4$(WJ2/4) ( m[y$ - (m~~&2 In(d/mf)) 
2m,2mz 4 - 

(772: - mt)Z 
Sp(1 - 3) - (m~~m~~)z ln(m,2jmf) + 

m: - ml ) 

1 
+O(& - 1) m:’ m:mi’ rnt 

e = n - 4 in dimensional regularization. Sp is the Spence function defined by 

Sp(ir) = - lZ Q!yln(ly- y, 

(A.3) 

The other functions are straightforwardly derived by differentiating wit,h respect to 

masses , e.g. 

(3mtlmblM) = -~&(2mtlmbl-W (A.5) 
t 

and the use of the relation 

(2MlmtImb) =(3 - n)(2mtlm*!M) - 2mi(2mt~2mblM) 
(A.61 

+ (2m1)(2M) - (m: - rni - A4*)(2mt~m~/2A4) 

Since we use dimensional regularization we need a prescription for -y5 outside four 

dimensions. There is no unique way to continue 7s to n dimensions. In our cal- 

culation we used the rules : {y5,7,,} = 0 , Tr ~~~~~~ = 0. This scheme ,with an 

anti- commuting y5, has the advantage of being computat,ionally simple. Since we 

only have one ext,ernal momentum and two Lorentz indices in our calculation we 

never have to consider traces of 7s with more than two other gamma matrices. The 

problems with an anticommuting 7s do not arise unt,il one has to take the trace of is 

.with four or more gamma matrices. Using an anticommuting ys it is e.g. impossible 

to reproduce the anomaly correctly. The standard model however is anomaly free. 

Using the anticommuting 75 we checked the Ward identities for the photon-photon ~ 

photon-vectorboson and Higgs-ghost two point functions and found that they were 

satisfied 
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Because there were several hundred diagrams to be calculated, most of the cal- 

culation has been done with the help of the computer program SCHOOR‘SCHIP(‘*). 


