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It is shown that the current experimental lower limit on the proton lifetime via p—>VK* puts
severe constraints on the photino and squark masses in supersymmetric unification. For Higgs-
triplet masses < 10'® GeV (as required to maintain the gauge hierarchy in supergravity models) the
Kamioka data imply that squarks would be so heavy as not to be observable at the Fermilab Tevat-
ron (and probably not observable even at the Superconducting Super Collider) for photinos heavier
than ~10 GeV. (W-ino and gluino signals would then still be possible signals of supersymmetry.)
For very light photinos, a region of squark mass accessible to the Tevatron is still possible, due to an
“accidental” cancellation of the low-lying and high-lying W-ino contribution to the decay ampli-

tude.

I. INTRODUCTION

Lower bounds on the proton lifetime have been steadi-
ly increasing, and have for some time now eliminated the
minimal SU(5) grand-unified-theory (GUT) model.}
These enhanced lower bounds have begun also to
significantly constrain supersymmetric (SUSY) grand
unified models.>® Thus SUSY models with two genera-
tions and low squark and slepton masses (i.e., ~100 GeV)
can already be ruled out.? Models with three or more
generations with constructive interference among genera-
tions make the disagreement with experiment even
sharper. A possible resolution of this conflict was sug-
gested some time ago if one allows for a distructive in-
terference among generations.*> Explicit models within
the framework of N = 1 supergravity unification® were ex-
hibited,* consistent with the experimental bounds on nu-
cleon decay modes then available.

Proton decay in supergravity models proceeds mainly
through the exchange of superheavy Higgsino and Higgs
color-triplet particles followed by gaugino dressing.” (See
Fig. 1.) There are a number of contributions to the decay
amplitude:* W-ino (W) dressing, gluino (g) dressing,
Z-ino (Z), and photino (7) dressing, as well as right-
handed dimension-5 contributions. For ngSO GeV,
the current experimental bound on the gluino mass,?® the
gluino contribution is larger when the up and down
squarks (g) in the first two generations are not degen-
erate.* Since this would again produce disagreement with
experiment, we will assume here that the squarks are
nearly degenerate (a situation which arises naturally
when either the squarks are much heavier than the Z bo-
son or the Higgs mixing angle aj is close to 45°). The
Z-ino and photino dressing and right-handed contribu-
tions are generally small. We will assume in the follow-
ing, therefore, that the dominant contribution to the de-
cay amplitude comes from W-ino dressing (with or
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without higher-generation cancellations), and will com-
pare the current data® with the theoretical predictions for
the p—>v+ K * decay mode.

The theoretical formulas for proton decay in supersym-
metry depend on the value of the Higgs-triplet mass M.
In supergravity models, the known models'® which main-
tain the gauge hierarchy require’ My S Mgyt (and often
My must be much less than the GUT mass). For the
standard two-Higgs-doublet model one has

0.4X 10" S Mgy S1.6X 10'° GeV . (1.1)

We will assume here then, that

Kl Vp

FIG. 1. Proton decay generated by color-triplet Higgsino ex-
change and W-ino dressing.
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My $10'6 GeV (1.2)

a condition that is also well satisfied by superstring mod-
els with an intermediate mass scale.!!

Recently, there has been some interest in supersym-
metry models with heavy squarks and heavy gluinos!?— 4
(e.g., m, R 500 GeV). Such situations can occur in super-
string models if one assumes that supersymmetry break-
ing arises from a gaugino condensate in the hidden Eg
sector, leading to soft-breaking gaugino masses in the
physical sector at the compactification scale.!® In this pa-
per we will leave the squark and photino mass a priori ar-
bitrary, and see what constraints proton decay data im-
pose upon them. Remarkably, the existing data strongly
restrict m, and m,. Thus for m, % 10 GeV the data im-
ply that the squark mass must generally exceed 1 TeV
[and hence will be difficult to detect even at the Super-
conducting Super Collider'* (SSC)]. Only for m, < 10
GeV are lighter squarks still possible due to a cancella-
tion between the two W-ino dressing loop integrals from
proton decay amplitude.

In Sec. II constraints on the W-ino dressing loop in-
tegrals from proton decay data are obtained. In Sec. III
these constraints are used to obtain limits on the photino
and squark masses. Section IV is devoted to a discussion
of the results.

II. PROTON LIFETIME CONSTRAINT

W-ino dressing usually leads to ¥K as the dominant nu-
cleon decay mode in supersymmetry (see Fig. 1), and ex-
perimentally,’ the strongest partial lifetime bound is for
p—v+K*. The 90% confidence limits (C.L.) are

7/B(p—>v+K*)>7x10% yr Kamioka , (2.1a)

7/B(p—>v+K*)>1.5x10* yr IMB . (2.1b)

We shall therefore utilize the lower bounds of Eq. (2.1) to
obtain constraints on the SUSY spectrum that enters the
decay of Eq. (2.1). The partial width for this mode is

FNp—vK*)=3T(p—>¥yK*), (2.2)

where i is the generation index. Dominant contributions
arise from i =p or 7, and for SU(5) GUT one may write
the decay rate as*

2 2
mg

my

A, g 1*1C, k|2
Xl vyKlIvﬂK'

X | 1+y K| 242(A5)?, (2.3)

A, x=ai(M}2sin2ay) 'Pamm ViV, Vs,
I

X[F(e;5;W)+F(e;u; W)], (2.4)
= 1 —__D. 2.
C, x + s ey (2.5)

In writing Eq. (2.3) we have assumed degeneracy among
the d-squarks and degeneracy among the sleptons, and
have factored out the second-generation contribution to
Eq. (2.3). Thus y'X (defined in Ref. 4) represents the addi-
tional third-generation contribution. ¥;; are the
Kobayashi-Maskawa (KM) matrix elements and mg, m_,
and m, are the quark masses. f,, D, F, my, and my are
the chiral Lagrangian factors (defined in Ref. 16), my is
the K-meson mass, and My, the W-boson mass. A4; and
AL are the long-range and short-range renormalization-
group (RG) suppression factors,!” B is the three-quark
matrix element of the nucleon wave function, and P; are
diagonal phases in generation space.* The F functions
are the triangle loop dressing integrals of Fig. 1 (defined
in Ref. 4) and aj is the Higgs mixing angle describing
SU(2) X U(1) breaking® and defined in the Appendix.

The quantity 8 will play an important role in our dis-
cussion in Sec. III. A variety of calculations exist in the
literature regarding its evaluation. They have the range'®

0.003<B<0.03 GeV?3 . (2.6)

However, evaluations of B using current algebra,'® and

recent lattice gauge theory calculations'®?® favor the
higher value of B near 0.03 GeV3. Also as discussed in
Sec. I, My obeys Eq. (1.2).

The experimental constraint Eq. (2.1a) of Kamioka
may now be translated into the following inequality:

MH
|B|<3.5x107° GeV ™' | ———
10'® GeVv
0.03 GeV? 1
3 TERI Q.7

where B, the triangle loop integral factor, is defined by
(see the Appendix for notation)

B=(sin2ay )~ '[E siny cosy _m _f(a,d,W_)
+cosy  siny _m f(#@,d, W, )+d—e],
(2.8)

where #, etc., is the left-handed u squark, etc.

III. PHOTINO AND SQUARK MASS LIMITS

In this section we investigate the implications of Eq.
(2.7). For simplicity, we will assume in the following that
the squark and sleptons are all degenerate with a com-
mon mass m,. Then from the Appendix, we see that the
function B of Eq. (2.8) depends upon the following pa-
rameters: mg, i, ), and ay, where u is the Higgs mix-
ing parameter. In the following we vary these parameters
over the allowed parameter space. my, is the low-lying
W-ino mass (7 _) which may be expressed in terms of u
and m,, the SU(2) soft-breaking gaugino mass. In gen-
eral, two values of u correspond to the same my,. In ex-
pressing results below in terms of m ;,, we of course chose
the value of 4 which gives the weakest constraints on the
superparticle spectrum (e.g., the algebraically largest



TABLE I. B of Eq. (2.7) as a function of the W-ino mass m
for my= 10 GeV, ay =45°, and squark masses of 400 and 900
GeV. My =1x10" GeV.

BX10° GeV~!
my (GeV) 400 900
40.4 —119.5 344
475 —130.9 —353
55.8 — 1444 —36.4
65.3 —159.4 —375
732 —171.3 —38.3

value of 4 when 7, > 0). For models where all the gaugi-
nos are degenerate at the GUT (or compactification)
scale, 7, is related to the photino mass by®

m?=(%sin20W)ﬁ‘12 . (3.1

In the following we will use Eq. (3.1) to define m,

(whether or not it represents the physical photino mass)
and express our results in terms of m _ rather than #i,.

Current experimental bounds on m, are®

m, >45 GeV, 90%C.L. , (3.2)

or if the squark and gluino are degenerate one has
my > 75 GeV. The UAI1 data also allow one to estimate a

bound on the W-ino mass for light photinos:?"?2

my 240 GeV . (3.3)

One might expect that the large number of unknown
parameters entering into the theoretical expression for B,
Eq. (2.7), and the rather limited experimental constraints
Egs. (3.2) and (3.3) would make the proton decay condi-
tion Eq. (2.7) to be of limited usefulness. We will see,
however, that Eq. (2.7) is a rather strong constraint, due
in part to the fact that B depends rather strongly on m,
and m._ .

The general dependence of B on the parameters of the
theory can be understood qualitatively from Eq. (2.7).
For large squark mass B is small and negative since
y_<0, ¥y, >0 and the heavier W+ contribution dom-
inates. As the squark mass decreases the loop integral
fa,d, W) increases, and for fixed W-ino mass and fixed

TABLE II. B of Eq. (2.7) as a function of ay for m; ~40
GeV, m; =10 GeV, and squark masses of 400 and 900 GeV.
My =1x10'° GeV.

Bx10°% Gev~!
ay (deg) 400 900
45 —119.5 —344
40 —123.7 —35.1
35 —135.9 —37.3
30 —158.7 —41.4
25 —200.6 —48.4
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B x 10%(Gev)™!

FIG. 2. B of Eq. (2.7) as a function of the squark mass for
various values of the photino mass. The curves are plotted for
mg =40 GeV and ay =45°.

ay, B becomes more negative. Eventually, however, the
w + and W _ contributions become comparable and can-
cel each other so that B increases passing through zero.
Thus there is a domain of parameters leading to a “me-
tastability” of the proton. (This cancellation was first
noted for a special case in Ref. 23.) Finally for smaller
values of Mg, B becomes positive and large. In addition,
B is a decreasing function of my, and also decreases as
ay moves away from 45°.

The above qualitative behavior can be seen in Tables I
and II and Figs. 2 and 3. The tables illustrate the above
behavior of B as a function of m, and ay for fixed m,
and m.. Figure 2 shows the behavior of B as a function
of m_. We note that there is only a very narrow ‘“‘valley
of metastability”” when m, 2 10 GeV, and the metastable
region broadens for small photino mass. Figure 3 shows
an alternate plot of B as a function of m_. These curves
become very rapidly varying for m, < 500 GeV.

B x 10%(Gev) ™

FIG. 3. B of Eq. (2.7) as a function of the photino mass for
various values of the squark mass. The curves are plotted for
m ;=40 GeV and ay =45°.
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TABLE III. (a) The minimum value m; of squark mass satis-
fying | B | < B, for the three cases of Eqgs. (4.1), (4.2), and (4.3).
My =1%10' GeV. (b) The minimum value m; of squark mass
satisfying | B | <B, for the three cases (1), (2), and (3) of Sec.
IV with M, =2 X 10'° GeV.

(a)
msj (GeV)
m; (GeV) Eq. 4.1) Eq. (4.2) Eq. (4.3)
10 3000 895 250
15 3750 1130 445
20 4300 1300 560
30 5300 1650 710
(b)
m;j (GeV)
m, (GeV) () @) 3
10 2120 590
15 2640 780 280
20 3050 920 370
30 3730 1150 480

IV. DISCUSSION OF RESULTS

The physical constraints produced by Eq. (2.7) depend
upon the value of the parameter 3 and the effects of the
third generation (g'ven by yX). In the following we will
take My =1 10'® GeV and consider three cases.

(1) B=0.03, y’K=0. Here B takes on its preferred
value and we assume a small third-generation contribu-

tion. One has from Egs. (2.7) then,
|B| <3.5x107¢ Gev~!, B=0.03, y* =0. @.1)

(2) B=0.003, y‘KzO. This choice represents the ex-
treme limit for 8 in Eq. (2.7) and implies

|B| <35x107¢ Gev~!, B=0.003, y*=0. @4.2)
(3) B=0.003, | 14+y'®| =0.2. This represents an ex-
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treme case where 3 has its smallest value and we assume
there is a destructive interference between the third and
second generations.* This yields the largest reasonable
value of B (a constructive interference from the third gen-
eration only decreases | B | ):

|B| <175%x107% GeV~!,

B=0.003, |1+yK|=02. @.3)

The three bounds are represented by the horizontal
lines in Figs. 2 and 3. As one can see from Fig. 2, a given
line |B | =B, generally can intersect a given squark-
photino contour at most three times. If there are three
intersections: m,=m;, i=1,2,3 with m; <m; for i <j,
then the allowed domains of squark mass for |B | <B,
are

m (4.4)

q>m3 ’

m1<m <m2 .

q

We examine first the situation of a “large” photino mass,
i.e., m. > 10 GeV. Here, as can be seen from Fig. 2, the
allowed band m, —m is so narrow that it would require
an unnatural dialing of parameters for m, to lie in this
band. We will therefore discuss only the first inequality
of Eq. (4.4). As discussed in Sec. III and seen in Tables I
and II, the curves of Fig. 2 actually are upper bounds ob-
tained when varying my, and ay. Thus mj is actually a
lower bound on the squark mass for |B | <B,. The
values of m. for the three cases of (1)-(3), are given in
Table IIl(a) for My =1x10'® GeV and in Table III(b)
for®* My =2x 10" GeV.

In general, squarks will be detectable at the Fermilab
Tevatron if? m, <150-175 GeV, while it will probably
be difficult to detect squarks with mass m, >1TeV at the
SSC (Ref. 14). From Table III we see that for m_ > 10
GeV, the proton decay constraint of Kamioka is now so
strong, that squarks would not be observable at the Teva-
tron and would probably not be observable even at the
SSC unless the lower values of S and/or a generation can-
cellation is realized. In this domain, supersymmetry sig-

TABLE IV. (a) Values of m; (GeV) of Eq. (4.4) for light photinos when | B | < B, for the cases of
Egs. (4.1), (4.2), and (4.3) for m 3 =40 GeV and ay =45°. My =1x10'" GeV. (b) Values of m; (GeV) of
Eq. (4.4) for light photinos when | B | < B, for the cases (1), (2), and (3) of Sec. IV for m 3 =40 GeV

and ay =45°. M,;=2Xx10'" GeV.

(a)
Eq. (4.1) Eq. (4.2) Eq. (4.3)
m;, (GeV) m, m, m;y m, m, m; m,
8 187 190 2700 177 204 750 151
4 376 408 1800 309 220
1.5 695 430 270
(b)
(D (2) (3)
m; (GeV) m m, mj m, m, m; m,
8 186 191 1880 169 230 465 133
4 364 431 1185 273 182
1.5 618 356 214
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TABLE V. Values of m; (GeV) of Eq. (4.4) for Kamioka bound Eq. (2.1a) and IMB bound Eq. (2.1b)
for cases (1), (2), and (3) of Sec. IV. (m; =10 GeV, m; =40 GeV, ay =45, and My =1X 10 GeV.)

Kamioka IMB
Case m, m, m m, msy
(D 143 144 3000 142.5 144.5 2050
(2) 138.5 149.5 895 133.5 158 560
(3) 124 220 250 111

nals could still arise from a light W-ino (my <My,) or
from gluinos.?®

For light photino masses, m y <10 GeV, the situation is
more complicated. If all three intersections can occur for
a specific value of B, then the allowed domains are as in
Eq. (4.4). Since the curves of Fig. 2 decrease with m,
and | ay —45°|, then m; increases and m, , decrease as
my and |ay—45°| increases. Further, the band
my <m, <m, the “valley of metastability” in parameter
space becomes broader as m, decreases. If the minimum
of the contour lies above — B, then only the intersection
m, exists and all squark masses Mq >m, are allowed.
Table IV gives values of m; for light photinos. This
domain can accommodate squarks that could be detected
at the Tevatron, but only for large values of | B, |, and
preferably for heavier m;, and for ay different from 45°.

Figure 3 exhibits the inverse information of the possi-
ble values of m, obeying | B | < B, for a fixed value of
m,. Thus for the constraint of Eq. (4.1) to hold one sees
that m,<2.3 is required for mq=1000 GeV, while for
m, <500 GeV, the curves are so vertical that this con-
straint can be satisfied only for a very narrow band of
photino masses. Condition (4.2) relaxes these constraints
somewhat. Thus for m, = 1000 GeV, this condition can
be satisfied for m, < 12.5 GeV. For mq=500 GeV, one
requires m, <6 GeV, and again only a narrow band of
photino masses (centered around m =T GeV) is allowed
when mq=200 GeV. Thus one sees again that if the
squark mass is light, the proton decay data require the
photino to be very light and lie in a narrow band of
values.

The above results can only be circumvented if by fine-
tuning one assumes that the top quark has a mass allow-
ing the third- and second-generation contributions to
proton decay to cancel each other, i.e., %= —1.

The above analysis was based on the experimental
bound Eq. (2.1a) of Kamioka. If instead, one adopts the
IMB experimental bound of Eq. (2.1b), the constraints on
the squark and photino masses are relaxed somewhat. A
comparison of the results from these two experiments is
illustrated for m, =10 GeV in Table V. As can be seen
from this table the case of Eq. (4.2) can now accommo-
date squarks that could be observable at the SSC.

The above discussion shows that proton decay data al-
ready have begun to put strong constraints on the low-
energy superparticle mass spectrum for supersymmetry
models that are viewed as the low-energy residue of a

unified theory. From the strong constraints that already
exist, it is clear that the next generation of proton decay
experiments will sharply delineate such supersymmetry
models. Further, an accurate lattice gauge determination
of the parameter 3 will greatly aid in testing these predic-
tions of supersymmetry.

ACKNOWLEDGMENT

This research was supported in part under National
Science Foundation Grants Nos. PHY-8706878 and
PHY-8706873.

APPENDIX

We define here the notation used in Sec. II. Further
details may be found in Ref. 4. We assume that the low-
energy theory depends on one pair of Higgs doublets
H°H,, a=1,2 and ay is defined by tanagy
=(H})/{H?*). The m refer to the W-ino mass eigen-
values

=1 (4% +u—my 122 [0 +(p+m,y)) 2|
(A1)
where
V2v, =My(cosayTsinay) . (A2)

In Eq. (A1) p is the Higgs mixing parameter which ap-
pears in the superpotential in the form pH,H® and i, is
the soft-breaking SU(2) gaugino mass. The y, are
defined by y . =B =S_, where

sin2B. =(uF m,)/[4Vi +(uF m,)?) 2. (A3)
E in Eq. (2.8) is defined by E =(—1)%, where
m
60=0, sin2ay> £ 22 s
4
_ (A4)
. um,
6=1, sin2ay<
H M;%V
The dressing loop integral f,,. is given by
2 2 2 2
m mj m, m/ m;
fabc = < ln —_— ln
mg—ml | mi—mj mi mi—ml m?
(A5)
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