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RADIATIVE CORRECTIONSTO THE LEFT�RIGHT MODEL� ��M. CzakonInstitute of Physi
s, University of SilesiaUniwersyte
ka 4, 40-007 Katowi
e, Poland(Re
eived O
tober 22, 1999)The oblique part of the radiative 
orre
tions to the Left�Right modelis des
ribed. The leading non-logarithmi
 terms are expli
itly written. Itis argued, on the basis of a 
omparison with the Standard Model, that one
annot use the loop 
ontributions of the latter to re�ne phenomenologi
alanalyses of the Left�Right model, and by the same of any general extension.PACS numbers: 14.60.Pq, 14.60.St1. Introdu
tionThe re
ent dis
overy of neutrino os
illations at SuperKamiokande [1℄opens a new possibility of studying elementary parti
le models. One ofthe simplest extensions of the su

essful Standard Model (SM), that 
annaturally handle massive neutrinos, through the see-saw me
hanism, is theLeft�Right Model (LRM). Although relatively simple and long standing, theLRM has only had partial studies at the loop level. It has been known forlong that higher order perturbation theory 
an give many surprises. The
onje
ture, that a model rea
hing SM tree level amplitudes in the limit oflarge masses of the extension se
tor, should also have small 
ontributions tothe SM radiative 
orre
tions, has been re
ently 
riti
ized [2℄.Here we will fo
us on the Minimal Left�Right Model (MLRM) [3℄, andshow that despite similarities in the 
onstru
tion of the renormalizations
heme, the stru
ture of the leading oblique 
orre
tions is di�erent. In thisway we 
an argue that, sin
e even in a restri
ted extension of the SM, with� Presented at the XXIII International S
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3366 M. Czakonsimilar features, the 
onje
ture stated above is false, one is not allowed toassume it in any analysis aiming at generality or 
ompleteness.The main argument 
an be stated as follows. In the MLRM, the mixingangles and the gauge 
oupling renormalization 
onstants 
an be expressedthrough the ele
tri
 
harge and gauge boson mass 
ounterterms. The lead-ing non-logarithmi
 terms 
ome therefore from the ratio of the ve
tor self-energies, just as they did in the SM, and some gauge boson masses. Howeverthere is no 
ustodial symmetry to prote
t from a quadrati
 dependen
e onthe Higgs boson masses. Even with moderate bounds in the TeV range, theywould destroy the perturbative expansion, if the masses in the denominatorswere not large. With a guess, justi�ed by a 
loser inspe
tion of the origin ofthe di�erent 
ontributions, that the s
ale of the denominators should be thesame for all the expressions, we immediately see that the strong dependen
eon the top quark mass, so 
herished in the SM, will drop out. We will showthat its pla
e is taken by heavy Majorana neutrinos. The Higgs bosons willnot be dangerous any more, but they will be a major ingredient of the �nalresult, whi
h is just the opposite of the SM behavior.The organization of the paper is the following. In the next se
tion,the renormalization s
heme will be introdu
ed, and its appli
ability will bedis
ussed. The following will give a general dis
ussion of the stru
ture ofthe radiative 
orre
tions, together with a 
omparison of both, the SM andthe MLRM. The fourth se
tion will give analyti
al results for the leadingterms. Con
lusions will 
lose the main text. Two appendi
es will 
ontainthe main formulae of the gauge se
tor masses and mixings, indispensable fora full understanding of the argument, and the expli
it form of the fermionloop 
ontribution to the ve
tor boson self-energies.2. RenormalizationChoosing a proper renormalization s
heme [4℄ is a two step pro
ess. First,we have to de
ide whether to renormalize the Green fun
tions or only s
at-tering matrix elements. One 
an even take a mixed option. The mainmotivation is that we wish not to perform a pre
ision test of the LRM. Ouraim is only to �nd an easy way of 
omparing its radiative 
orre
tions withthose of the SM, as fun
tions of the heavy se
tor masses. To this end, itis ne
essary to restri
t one's 
onsiderations to pro
esses whi
h do not needthe Higgs se
tor to be renormalized. This follows from the large numberof parameters, that would be involved. We therefore think only of four-fermion rea
tions with light external states. This allows us to forget aboutgauge boson wave fun
tion renormalization (apart from the photon one), avery handy simpli�
ation. All we have to do is to renormalize the externalfermion wave fun
tions, mixing angles and masses.



Radiative Corre
tions to the Left�Right Model 3367The se
ond step is to give the renormalization 
onditions, whi
h is some-how equivalent to 
hoosing the input parameters. In the SM, the renormal-ization 
onstants are best expressed through the gauge boson mass 
oun-terterms, meaning that we have an on-mass-shell s
heme, and through theele
tri
 
harge 
ounterterm from the de�nition of the �ne stru
ture 
onstantthrough the Thomson s
attering. Of 
ourse, sin
e we need high pre
ision in-put parameters, the mass of theW boson is �xed from the muon de
ay. Justthe same way, the ele
tri
 
harge is measured in, for example, the quantumHall e�e
t. Nevertheless, the possibility of expressing the renormalization
onstants by the masses of the gauge bosons and the ele
tri
 
harge is a 
on-sequen
e of the fa
t, that in the SM, we have three parameters that de
ideon the stru
ture of the gauge se
tor:g; g0; v; (1)where v is the Higgs doublet va
uum expe
tation value and g; g0 are thegauge 
ouplings. Now, in the MLRM that we 
onsider here, the situation isanalogous. We have the following parameters (see Appendix A):g; g0; �1; �2; vR: (2)They 
orrespond to the four gauge boson masses and the ele
tri
 
harge.The similarity of the models simpli�es the drawing of any 
on
lusions, butmisleads one to thinking that the stru
ture of the radiative 
orre
tions shouldbe roughly the same.To make the dis
ussion more 
on
rete, we will turn our attention to themuon de
ay in the next se
tion. Here we only give the ne
essary Weinbergangle 
ounterterm:Æs2W = 2
2W (ÆM2Z2 + ÆM2Z1)� (ÆM2W2 + ÆM2W1)(M2Z2 +M2Z1)� (M2W2 +M2W1)+12 (M2W2 +M2W1)(ÆM2Z2 + ÆM2Z1) + (M2Z2 +M2Z1)(ÆM2W2 + ÆM2W1)�(M2Z2 +M2Z1)� (M2W2 +M2W1)�2�12 (2M2Z1 +M2Z2)ÆM2Z1 + (2M2Z2 +M2Z1)ÆM2Z2�(M2Z2 +M2Z1)� (M2W2 +M2W1)�2 : (3)



3368 M. CzakonThe interesting feature of this expression is, as we announ
ed in the intro-du
tion, the dependen
e of its denominator on the heavy se
tor masses. One
an 
he
k that:�(M2Z2 +M2Z1)� (M2W2 +M2W1)� = g22
2M 
2W v2R: (4)This 
omes usually as a surprise, after a 
an
ellation in the linear expressionrelating the di�erent 
ounterterms. It only a
quires a meaning when wethink of this in view of the arguments presented at the beginning of thispaper. 3. Oblique 
orre
tionsThe presentation of the general features of the radiative 
orre
tions willbe done on the example of muon de
ay, sin
e it has had many studies atdi�erent orders of perturbation theory and in di�erent models. The exter-nal light neutrino states, together with the see-saw me
hanism lead to the
on
lusion that to a good approximation we may 
on
entrate on the dia-gram with W1 ex
hange [5℄. The one-loop expressions should be insertedin the verti
es and the gauge boson wave fun
tions and supplemented bybox diagrams. The negle
t of the W2 diagram, has the additional advantagethat we do not have to worry about infrared divergen
es. They have beenabsorbed in the de�nition of GF . We 
an fa
torize the 
orre
tion mu
h thesame way it has been done in the SM [6℄:GF = ��p2 1M2W1s2W (1 + �r): (5)The quantity �r 
an be written as:�r = Re�W1W1(M2W1)��W1W1(0)M2W1 �� 0

(0) � Æs2Ws2W + ÆV+B : (6)The �s denote the di�erent boson self-energies and ÆV+B stands for thevertex and box 
orre
tions. We will not study these latter, although theyare important. The �rst term on the right hand side exhibits only a roughlylogarithmi
 dependen
e on the heavy parti
le masses. The se
ond has thesame behavior, sin
e it 
an be 
onne
ted to the running of the �ne stru
ture
onstant. The leading terms 
on
entrate in the third term. The respe
tivebehavior of the �rst and the third term, as fun
tion of a heavy fermion masshas been depi
ted on Fig. 1. It should be understood, that in any pro
ess,we will en
ounter only this three kind of terms. Therefore the leading termsare 
ontained in Æs2W .
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   M2Fig. 1. This �gure shows the behavior of the transverse part of a ve
tor bosonself energy as fun
tion of a heavy fermion mass running in the loop. A fa
tor of�4� has been omitted, and the 
ouplings are left-handed. Although this should beunderstood as being only a qualitative pi
ture, we note that the dependen
e islarge solely in the 
ase of a light boson, and it is the value of the self-energy thatmatters, not its 
hange from the zero s
ale up to the mass s
ale.4. Leading termsLet us present the 
ontributions quadrati
 in the top mass, the heavyneutrino masses, and the Higgs boson masses as they enter �r:(�r)topLR = p2GF8�2 
2W � 
2Ws2W � 1� M2W1M2W2 �M2W1 3m2t ;(�r)NLR = XN=heavy p2GF16�2 
2M 
2W M2W1M2W2 �M2W1 m2N ;(�r)lightestHiggsLR = p2GF48�2 �M2W1M2W2 
2Ws2W (1� 2s2W ) + M2W1M2Z2 1s2W (4
2W � 1)�M2H00 :(7)The main features of these expressions are:1. loss of quadrati
 dependen
e on the top mass, whi
h is to mean thateven with moderate bounds on the W2 mass su
h as MW2 > 400GeV,the SM logarithmi
 terms are larger than the �rst 
ontribution,



3370 M. Czakon2. large 
ontribution of heavy neutrinos, whi
h e�e
tively take the pla
ethe top had in the SM,3. quadrati
 dependen
e on the heavy Higgs boson masses, whi
h is anovelty 
ompared to the SM, whi
h is prote
ted by the 
ustodial sym-metry.The moral of the above 
an be only one. Namely, a simple extension of theSM, as is the MLRM, 
an be 
ru
ially di�erent from its tree-level high masslimit. 5. Con
lusionsOn the example of a generi
, full �edged and self 
onsistent model, wehave shown, that the radiative 
orre
tions are highly in�uen
ed by the wholestru
ture of the theory. The di�eren
es that disappear at tree level, whenthe additional parti
le masses get large, do not 
an
el at the loop level.Worse than that, su

esses of the SM, like the top mass predi
tion, get lostwhen we expand the gauge group. This should be taken as another hintof the fa
t, that no general 
on
lusion 
an be draw on models operating athigher mass s
ales, without their pre
ise de�nition and study.Appendix AHere we de�ne shortly the model under 
onsideration [7, 8℄. The Higgsse
tor 
ontains two triplets and a bidoublet:�L;R =  Æ+L;R=p2 Æ++L;RÆ0L;R �Æ+L;R=p2 ! ; � = � �01 �+1��2 �02 � : (A.1)They get va
uum expe
tation values:h�L;Ri = � 0 0vL;R=p2 0 � ; h�i = � �1=p2 00 �2=p2 � : (A.2)We assume that vL vanishes.The gauge se
tor 
ontains two additional gauge bosons W�2 and Z02 .Their masses are given by:M2W1;2 = g24 ��2+ + v2R �qv4R + 4�21�22� ; (A.3)M2Z1;2 = 14 ��(g2�2+ + 2v2R(g2 + g02)��q(g2�2+ + 2v2R(g2 + g02))2 � 4g2(g2 + 2g02)�2+v2R� : (A.4)



Radiative Corre
tions to the Left�Right Model 3371They are mixtures of the intera
tion eigenstates:� W�LW�R � = � 
os � sin �� sin � 
os � �� W�1W�2 � ; (A.5)0� W 3LW 3RB 1A = 0� 
W 
 
W s sW�sW sM
� 
Ms �sW sMs+ 
M
 
W sM�sW 
M
+ sMs �sW 
Ms� sM
 
W 
M 1A0� Z1Z2A 1A ;(A.6)where:
W � 
os �W ; sW � sin �W ; 
M � p
os 2�W
os �W ; sM � tan �Ws � sin�; 
 � 
os�: (A.7)These mixing angles enter all the physi
al observables. It is their renormal-ization that indu
es the form of the non-logarithmi
 leading terms.Appendix BIn this appendix, we give the formula for a gauge boson self-energy,
oming from a fermion loop:�(p2) = p2(2=3vafvbf + 2=3aafabf )+ B0(p2; (maf )2; (mbf )2)(�4vafvbfmafmbf + 4aafabfmafmbf )+ B1(p2; (maf )2; (mbf )2)p2(4vafvbf + 4aafabf )+ B00(p2; (maf )2; (mbf )2)(8vafvbf + 8aafabf )+ B11(p2; (maf )2; (mbf )2)p2(4vafvbf + 4aafabf )� 2vafvbf (maf )2 � 2vafvbf (mbf )2 � 2aafabf (maf )2 � 2aafabf (mbf )2:(B.1)The notation used, is the one of LoopTools [9℄. maf and mbf are the fermionmasses inside of the loop. vaf ; vbf ; aaf and abf are their ve
tor and axial-ve
tor
ouplings. p2 is the square of the external momentum.
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