
.--­
I ~ 

I 
I 

iiiiIiiiii!& a-
N 

_ITI IFUP - TH 5/93 
--r=t_ N 

l5 N 

tv-, 
:J

j=O
0

0\. -0 
;;;;;;..D 
-=~ 

0t, ...
-~_._----. ...� ~ 

l" 
: 

~
 
~
 

l'~

Constraints on minimal supersymmetric� 
SU(5) grand unification� 

Alessandro Strumia 

Dipartimento di Fisica, Universita di Pisa and INFN� 
Sezione di Pisa, 1-56100 Pisa, Italy� 

1 December 1992 



IFUP - TIl 5/93 

Constraints on minimal supersymmetric� 
SU(5) grand unification� 

Alessandro Strumia 

Dipartimento di Fisica, Universita di Pisa and INFN� 
Sezione di Pisa, 1-56100 Pisa, Italy� 

1 December 1992� 

Abstract 

The bounds coming from the requirement of coupling constant unification and froln 

proton decay are anal1sed in minimal SU(5) supersymmetric grand unification. 

supplemented with the requirement that the Higgs doublets be identically massless in the 

limit of unbroken supersymmetry. We consider the cases when this is enforced by a fine 

tUning or is achieved by a pseudo-Goldstone mechanism. 

We find that: 

i) the model is never compatible with supersymmetIy breaking mass parameters lower 

than 1 TeV unless some of them are very unnaturally tuned: 

ti) accepting supersymmetry breaking mass parameters higher than 1 TeV. the strong 

coupling constant u3 is significantly constrained from above. 
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Abstract 

The bounds coming from the requirement of coupling constant unification and from proton decay 
are analised in minimal SU(5) supersymmetric grand unification, supplemented with the requirement 
that the Higgs doublets be identically massless in the limit of unbroken supersymmetry. We consider 
the cases when this is enforced by a fine tuning or is achieved by a pseudo-Goldstone mechanism. 

We find that: i) the model is never compatible with supersymmetry breaking mass parameters 
lower than 1 TeV unless some of them are very unnaturally tuned; ii) accepting supersymmetry break­
ing mass parameters higher than 1 TeV, the strong coupling constant 0'3 is significantly constrained 
from above. 

Introduction 

In supersymmetric grand unified theories the particle spectrum at the unification scale affects significantly 
the unification of the three gauge coupling constants [1]: in most models the unification sector contains 
too many unknown parameters so that it is not possible to extract precise constraints on the low energy 
physics from this condition. 

We encounter a similar situation when studying the bounds coming from proton decay: in this case the 
mass of the heavy Higgs triplets that mediate the decay may be easily increased weakening the resulting 
bounds on the low energy physics. 

In this paper, we analyse the bounds coming from the requirement of coupling constant unification 
and from proton decay in minimal SO (I)) supersymmetric grand unification, supplemented with the 
requirement that the Higgs doublets be identically massless in t.he limit of unbroken supersymmetry. 
We consider the cases when this is enforced by a filH' t.l1l1illg [2) or is achieved by a pseudo-Goldstone 
mechanism [3]. 

We find that.: 

i)� the model is never compat.ible with supersyllunc!.ry l>l'eaking Illass parameters lower than 1 TeV 
unless some of them are very unnat.urally t.uned: 

ii)� accepting supersymmet.ry br'eaking mass pal·,unet.I'l's higher t.hall 1 TeV, the strong coupling con­
stant 0'3 is significantly constrained froll1 above. 

Minimal SU (5) grand unification [2] is problelllatic in it.s predictions for the fermion masses of the first two 
generations. Furt.hermore. to explain the observed baryon asymmetry, in view of the B-violating sphaleron 
induced processes [4], a rather ullnatural initial condition at temperatures above the unification scale may 
be required. We assume that the necessary modifications of the theory do not alter in a significant way 
the analysis of this work. This will have to be checked in any given extension of the theory itself. 
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In the minimal SU(5) model [2] the Higgs sector of the superpotential contains 4 unknown parameters: 

~ Tr ~3 + M Tr ~2 + )..' HEH + M' H H 
3 2 

where ~,H, fJ are chiral supermultiplets in 24,5,5 representation of SU(5). In order to get light Higgs 
doublets we have to fine tune the parameters as follows 

)..' 
M' =3M-r+m� (1) 

where M and M' are of order of the unification scale and m is the Higgs doublet supersymmetric mass, 
which must be of order of the weak scale. The superheavy particle spectrum is made of: 

a)� the massive vector supermultiplet, containing the usual SU(5) heavy vector bosons, X and Y, of 
mass M v =5V2gsM/).., where gs denotes the unification gauge coupling constant; 

b)� the two Higgs colour triplet supermultiplets in Hand fI, of mass MH =5M)..' /)..; 

c)� the colour octet and the SU(2) triplet in E with mass M,£ = ~A1. 

d)� the SU(3) 0 SU(2) 0 U(l) singlet in E, with mass of order M, that does not play any role in the 
unification of the gauge couplings at one loop order. 

The condition that the dimensionless couplings).. and)..' do not blow up below the Planck scale results 
in the constraints [5] 

]l.1~ < 1.81V/v (2) 

In the following we will use the weaker bounds !vIH, J\1~ < 3A1l;". 
Only the two combinations NIH and M~ M'E of the three masses enter the unification condition of the 

gauge coupling constants. We choose to write the two equations as [5,6] 

In MH _~ (_~ + 15 _ ~) _ H'I _ ~ In 1\13 + (3)
Mz 6 a1 0·2 a3 ~ 3 1U2 

1 mH 2 m . 1 llI
4 
Q1lI2'I 

+- In -- + - In ~ + -:- In 'I 

6 Atz 3 Afz 12 m~mdme 

Mv iT" ( :) 1L 7 ). 1 i.H/IIn-­ :- - - - + - + (\'2 - JI'2) + ;-111 -.- +� (4)
1\1JJ ,l 01 02 0;1 2 j\f~ 

. \1 \ m'- m~~ j .•, 7 . h I 1111/ llJ Ii 1 Q L 
- -Ill --- + - III --' - - III -- - III -- - - In ---,,~-=--~ 

:J ;\1z :~ ;\1 z ,I ,\Iz ;\1z ·1 m~ m=-!m~ 
tI� d e 

where the gauge couplillg cOllst.an1s al'(' Jll('aSlIl'ed at 111<' ,\lz pol(' alld it. is underst.ood that all masses 
lighter than Atz must. be substit\lt.t'd wit.h JHz its('If. TIll' symbols Al:~ ami Ah represent. the masses of the 
SU(3) and SU(2) gauginos, respectively; we neglect. their mixing wit.h the I1iggsinos, supposed to make 
two degenered doublet.s of mass 1n l i' TIle fOlIr real II iggs scalal' fields heaviel' than A:fz are assumed t.o 
make an almost degenerat.e doublet with mass 1111/. \V(' will justify all these assumptions in the following. 
The squarks and sleptoIls masses are denokd hy III Q' HIli. I1Id, 11/ i. HIe. Finally H 2 ~ -3.9 and \/2 ~ 2.2 
represent the two loop contribut.ions. 

The proton mean life can be written as [5. i] 

,+ _ _" 30, . . • J\1II ~re\' - 1 1
2 

0.01 Gey3 0.6i sin 2f3I x=----� (5)r(p -- 1\ VJl} - 6.2 10 )iI x J 1017 GeV f(u. d) + f(u, e)' 
I� - (3].' As 11 + ytKI 

where {3p is a suitably normalized matrix element between the proton and the vacuum of the relevant 
three quark operator, which is calculated to be in the range Pp = (0.003+0.03) GeV3 

; tan j3 is the ratio of 
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MH/M,£ MH Mv rno /-lo 

1 0.51016 GeV 2.51016 GeV 11 TeV 16TeV 

5 1.01016 GeV 3.41016 GeV 7TeV 50TeV 

50 3.41016 GeV 5.61016 GeV 3.4TeV 260TeV 

500 111016 GeV 101016 GeV 1.6TeV 1200TeV 
5000 401016 GeV 201016 GeV 0.8TeV 6000TeV 

Table 1: Possible spectra for U3 = 0.11,82 =0.2333,7111/2 =100GeV, A - B = 1 and x = 1. rno is the 
lightest value compatible with p-decay. 

the two Higgs vacuum expectation values; As is the top quark dependent renormalization effect between 
the unification scale and the supersymmetry breaking scales, f is a rather lengthy function of the squarks 
and slepton masses and ytK is the suitably normalized third generation contribution to the decay, ranging 
in the interval lytK I = 0.04 -:- 1.7. The 90% confidence limit is r(p -- 1(+0) > 1.01032 yr [8]. The kind 
of information we get from this bound is a lower limit on rnsMH where ms is a certain combination of 
the supersymmetric particles masses described by the function f. 

How does this limit combine with the unification conditions (3) and (4)? We are especially interested 
in an upper bound on MH, since that would turn into a lower bound on the supersymmetric particles. 
An information on MH can be inferred from (3), which is rather sensitive to the values of gauge coupling 
constants. If we take the largest 10' values of U3 and 82 [9,10,11] the unification is achieved with the largest 
possible mass of the Higgs triplet AtH :::::: 5 . 1017 GeV. The bound AtH < 3Afv can be automatically 
satisfied, choosing a low Mr:., since only A1EAt~ is fixed by equation (4). Thus, clearly, the present 
nucleon decay limit, even if near to the actual rate, only weakly constrains the low energy physics. 

3 

We shall now try to improve on the situation discussed in the previous section, by focusing on the 
naturalness problem of the light Higgs masses. More specifically we require that these masses vanish 
in the supersymmetric limit, in such a way that the Fermi scale (or the lV mass) be related to the 
supersymmetry breaking scale. In the context of standard minimal SUe5) [2] this amounts to set 111 = 0 
in (1). In this way, of course, the masslessness of the Higgs bosons in the supersymmetric limit is only 
achivied by a (stable) fine tuning. 

A more attractive possibility is that the Biggs doublets are massless because they are pseudo-GolJstone 
particles of a spontaneously broken SU(G) global symllJetl'y of t.he Higgs sector [3], In this case the 5U(6) 
symmetry gives the additional constraint j\lJl = ",/~ (12]. \Ve again quantify the condition that. the 
dimensionless coupling does not. blow lip helow the Planck i'call' as ,\IJI < 3Al", In t.his case, due to 
MH = A-lv, the unificat.ion of t.he gauge coupling constant,s (;~) and (4) is sufficil'nt. t.o fix both AlII and 
A4v in terms of the low energy physics, so that t.his hound call 1)(' lIsed t.o const.rain t.he theory. 

The main consequell('(\S of t.his IWW ronst,raint are: 

•� high values of O:i and .0;'2 t.hat. bring to a too high .UJI art' forbidden: 

•� for the rema.ining lower valucs of (\;i and .,,'2 . .\I JI calluot n\ach its maxinllllll, so that the lower 
bound on the supersylllmdric pal·t.irks IllaSScS is illcl·eospd. 

Before discllssing in det.ail t.hese illlplications or the new constraint. we now show tllat they hold even in 
the minima.l SU (5) lllodd with /II = O. 

If we assume t.hat. supersyll1met.ry breaking arise fW1I1 supergravity couplings [13], the tree level 
pot.ential a.t the Pla.nck scale. in terms of t.he superpotential IF, is 

3� 
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where Zi is any matter field, and the gauginos receive a common mass ml/2' By minimizing the potential 
V, the SU(5)-breaking vacuum expectation value of the E field gets shifted from the value it has in the 
supersymmetric limit. As a consequence a mass term of effective supersymmetric form, W(2) = -l1oHH, 
is induced for the Higgs doublets. In the minimal SU(5) model, with m =0, we find 

(6) 

whereas in the SU(5) model with Higgs as pseudo-Goldstones 110 =mo(A - B). 
'I 

We now discuss the impact of this relation. For each value of the unknown ratio MH / ME we obtain, in 
the minimal SU(5) model, bounds similar to those we find in pseudo-Goldstone model, where MH = ME. 
We now show that as a consequence of the relation (6), both the proton decay and this new condition 
give weaker bounds on the low energy physics when MH / ME is minimum. 

About the proton decay bound, we observe that to reduce the bound on the 'mean' supersymmetric 
mass ms, requires increasing M H / ME. In this way, however, we may reduce the masses of the squarks 
and the sleptons, but only at the price of increasing 110, which, in turn, increases the mass of Higgs scalars 
and Higgsinos giving a more unnatural spectrum. Infact the Higgs doublets potential contains masses of 
order 110 that is increased by this operation. In any case, 110 ~ mo must be avoided because the resulting 
Higgs doublet potential is unsuitable for the SU(2) radiative breaking and because the third generation 
Q and fi squared masses are easily drived to be negative even by low values of the top quark Yukawa 
coupling [14]. 

Even the MH < 3Mv bound becomes stronger when increasing AlH/AlE , because, due to the mil 
and mH terms in (4), of order 110, MH is increased more rapidly than A1v. 

We give an example of these assertions in table 1, in which even the most natural spectrum has 
mo :::::::: 110 :::::::: 10TeV. 

We now discuss the bounds on the coupling constants. In both models under discussion, 0'3 and 8 2 

can take their maximum allowed values when AIH = 31\fv . In the minimal SU(5) model we have the 
additional freedom of varying 1I1E: the weakest bound is obtained when lifE is maximum. Since AI'5:, has 
the same upper limit than 111H, in both the models, the bounds are weaker when 1\1H = .".1'5:, = 3A!l·. At 
this point, we have only to find the values of the remaining free parameters mo, m1/2,..4., B, mt that allow 
the gauge coupling constants to take their maximum possible values. 

\Ve restrict the analysis to the region mo ~ /HI I'.! in which the p-decay bound allows the lighter spec­
trum. In this caBe the desired bound takes a very simple form: the unification conditions approximately 
depend on A, B, 111t only through the combinat.ion 

, I 111// I I 1111/
(= n--+- 11-- (7) 

11/ () it 1/10 

since all the supersyBlllletric part.icles ot.lll'l· t.hall t.hl' II iggs and the II iggsi nos have masses Jargely inde­
pendent of A, B, m,t (14]. wit.h the exception of t.he third generation squarks that, however, occur with 
small coefficients in the evolution equatiolls. A II investigat.ion of the evolut.ion equations shows t.hat e is 
only weakly 111.0 and 7111/'2 dependent. 

Imposing the lIin = l\f~ = 3Jh· bound we get frolll (4) an upper bound on mo: 

mo 47r r.:. -1 • -1 _ -1 '}" .) 28 .. 1\13 32 .. 1112
ln .! =-(;)(11 -120" +103 )+::-(l'2-!l'.!+lll._i-l)+~ln~!--In -.- (8)

ll~ z 15 -;) 1.) 1\/ Z 15 Alz 

where In" x = in x for x > 1 and In" .1' = 0 for .1.' S 1. In this region the proton decay limit may be written 
as 

[JH" (9)Xl\JH .. 11/0 711. 0 ]
In ~\1 > 40.0 - 21n ~f + in \1- In-:­

J ' Z 1\' Z " ' z A1'.2 

with AIH given by (3) and x defined in (5). 

4 



In figure 1 we show these two constraints for different (\'3 values in the (rnl/2' rno) plane: we see 
that increasing (\'3 the MH = M'E = 3Mv bound becomes quickly stronger until it requires that the 
supersymmetric particles are so light that the proton decay becomes too fast. The maximum 03 and the 
minimum rnJ are obtained when the two bounds cross each other and M2 is as light as possible. 

Inserting the rnO value (S) in the proton decay bound (9) we get the constraint on the gauge coupling 
constants 

11" (56 _ 197 + 163) + 163 1n* M3 _ 197 1n* M 2 -31n [M2 In mol > 24e+ s3. -3lnx 
301 1002 1503 15 Mz 15 Mz M z M 2 5 

This constraint is shown in figure 2, and compared with the present values of 0'3 and 8
2 for o;~ = 

127.9 [9,10,11], x = 1, M2 taking its lower experimental value M2 = 45GeV [15], and different values of 
e, the only remaining free parameter. The bound is weaker for negative £ values that can be obtained 
by fine tuning A - B ~ 1, corresponding to an Higgsino lighter than mo. At these limiting values of the 
gauge coupling constants, rno takes its lowest possible values in the model, always higher than 3 TeV as 
shown in figure 3. Since rno and Po are always much greater than the Z mass, the mixings following from 
the SU(2) breaking are negligible, as we have assumed ill section 2. 

In figure 4 we show how the bound on 03 gets enforced choosing M 2 values higher than the lower 
experimental limit. 

It is possible that a second region in which rnl/2 ~ rno survives for even higher values of 0'3 and 82. 
In this region also the squarks, the sleptons and the Higgses acquire a mass of order rnl/2 due to radiative 
corrections. We do not consider this possibility since rnl/2 is always required to be heavier than 50 TeV. 
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