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We systematically study proton decay in the minimal supersymmetri&)Siand unified theory. We find
that although the available parameter space of soft masses and mixings is quite constrained, the theory is still
in accord with experiment.
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[. INTRODUCTION necessary and sufficient to save the theory from being ruled
out.

It has been known for more than ten years that low-energy In short, although we follow9] in accepting the decou-
supersymmetrySUSY) is tailor made for grand unification: pling of the first two generations of sfermions, we cannot
with the desert assumption the gauge couplings of the supefgree on this not being enough. The point is that we know
symmetric standard model unify at the single schlg,;  hothing about individual fermion and sfermion mixings.
~10% GeV. Actually, this was foreseen some 20 years agdl NUS, proton decay simply limits these parameters and, ad-
[1—4]. However, it was noticed almost immediately that Su_mlttedly,_ the restrictions are quite severe. In all hor_1esty, itis
persymmetric grand unified theorié&UTS) [5,6] carry a hard to imagine a S|mple scenarlo_of SUSY breaking which
potential catastrophe of net="5 contributions to the proton could b_e in accord with our constraints. However, a pheno_m-
decay. This has been studied on and off for the past 20 yea Spologlcal study must alvyays be sepgrated from theqreugal

. S . las and, phenomenologically speaking, the theory is still

(see, for exampld,7,8]) with the culminating conclusio[9] .

. . . alive.
that the minimal supersymmetric 8&) theory is actually
ruled out precisely due to thd=5 proton decay. To us,
ruling out the minimal theory is almost a death blow to the
idea of grand unification. It is hard enough to verify the Before starting any discussion of proton decay, one must
predictions of the minimal GUT; the extended versions of theaddress the subtle issue of defining a minimal3heory.
theory unfortunately stop being predictive. For example, theéDbviously, a reasonable definition should be based on choos-
beauty of matter unification and the naturalness of the sedng a minimal Higgs sector which contains an adjoint 24 and
saw mechanismi10] make a minimal SUSY SQO) theory  a pair of 5 and Srepresentations.
[11] more appealing. However, this is a typical example of We will ultimately show that even this theofgas incom-
what we are saying: the theory connects different massglete as it ig is not in conflict with the proton decay experi-
scales, but does not predict them. ment. In order to be as general as possible, we perform our

In view of the above, it is of extreme importance to be calculations for arbitrary values of the parameters of the
completely sure that the minimal SUSY GUT is ruled out. theory.

This has prompted us to reinvestigate this issue in detail. [N minimal SU5) we can most generally writéin the
According to us, any rumor of the death of the theory isrenqrmalizable_limb:for the relevant terms in the superpo-
somewhat premature. More precisely, we study proton decaghtial of the Higgs and Yukawa sectors

with arbitrary soft masses and fermion and sfermion mixings my N - o

an_d find out _the following: the_ model p_argmete_r space is Wy = 7Tr22+ §Tr23+ 754254+ my545,, (1)
quite constrained but not yet in contradiction with experi-

ment. In other words, the improved measurements of proton _ _

decay will provide information about the nature of super- Wy=5,10"Y"10+5,,10"Y"5, ()
symmetry breakindi.e., the soft massg¢snd the fermionic ) o _ )

mass textures. This is the sector of the theory completelyhere is the SU5) adjoint, 5, and §; are the Higgs
orthogonal to grand unification and therefore we advocatéundamental and antifundamental superfield representations,
the point of view that proton decay is not yet a good test ofthe 10 and 5refer to the three generations of matter super-
the generic properties of grand unificatidmere we mean fields, andY’s are 3X 3 Yukawa matrices.

obviously the dimension 5 aspect of.iWWe should stress In the supersymmetric standard model language, the
here that the so-called decoupling regime seems to be botfukawa sector can be rewritten as

II. THE MINIMAL SUPERSYMMETRIC SU (5)
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Ill. WHY PROTON DECAY DOES NOT RULE OUT
MINIMAL SU (5)

+TuBe°+TQ'CL+Tu°'Dd", () In this central section of our papdthe only one you
B o B should read if you just wish to get to our main pojnive
where except for the heavy tripleTsand T the rest are the stick to the very minimal SUSY S@) theory. In other
minimal supersymmetric standard mod@ISSM) super- Words, we assume the conditions discussed abvadid
fields in the usual notation. The generation matri¥gs, ¢~ whenMp—) in the theory with only 5 and %ight Higgs
andA, B, C, andD can in principle be arbitrary. In the representations:
minimal SU5) defined above, one finds the usual relations
A=B=Yy=Y| andC=D=Yp=Y at the GUT scale. The A=B=Y,=V}, )
above definition of minimality implies no new structure at all
energies up tdMp;. On the other hand, the lepton—down-
guark relations can be easily corrected by higher- C=D=Yp=VYg, (6)
dimensional operators without introducing any new field at
Mgur- We postpone the discussion of higher-dimensionalvhere, of course, these conditions are valid at the unification
operators for the summary and outlook. scale. A quick glance at the Appendix shows that the longev-
As we mentioned before, we do not assume any specifity of the proton can be achieved by, say, the following con-
values for the soft mass matrices of squarks and sleptonsditions at 1 GeV:
However, as emphasized clearly [i®], we cannot have all
three generations of squarks contribute to the proton decay. (UTD)gy 4~0 @)
The simplest direction to take, &8] already did, is to as- 31327 %
sume the so-called decoupling limit for the sfermions: the
first two generations have a mass of order 10 TeV, thus ef- (D'D)3135~0, (8)
fectively decoupling from the rest, while the third is of order
1 TeV[12-14. This is still in accord with naturalness con-

Wy=HQTY U+ HQTYpd +HeTYLL+TQTAQ

i imi iolation | (0Y{D)3137~0 9)
straints, and the limits from flavor violation in neutral current c Yul)s31,37= Y,
phenomena suggest small mixings with the first two genera-
tions of fermions. We will see later that it is possible to make (NTETD)31310TAD)3231~01 (10)

the proton decay be in agreement with experiment, again for
some combinations of such mixings being small.
With this in mind, we allow the mass diagonalization ma- (EEEC)31,32~0, (17
trices to be different for particles and sparticles. For the fer-
mions we have

(D{D¢)s1,37~0, (12)
uTY, U.=YY,
. g (ETE)sl,sf 0, (13
DTYpD.=YY,
- B
ElYeE=YY, (4) (N'E)31,37~0. (14

If one wishes to quantify these conditions, one cannot
ntake Eqgs(5), (6) at face value, but instead must compute the
departure due to the running fromgyt to 1 GeV. It makes
no sense to do this here; after all, this is just a prototype
example and it can surely be satisfied at any scale.

whereX (X.) is the unitary matrix that rotates the fermign
(x%) from the flavor to the mass basis. The only combinatio
we know from low-energy experiments i§'D =V (and
a similar one in the lepton sectoN'E=V,, the leptonic

mixing matrix). . X

Similarly, the unitary matrice&(X,) rotate the bosons In the above equations, we s_lmply mean that_all th_e terms
- ’ ¢ must be small. How small? It is hard to quantify this pre-
x(x°) from the flavor to the mass states. Once SY(B)  cisely and, honestly speaking, it seems to us a premature
spontaneously broken, there is also in general a nonzero mixask. Our aim was to demonstrate that the theory is still con-
ing between the bosonic stat¥sand (X°)*: their relative  sistent with data and from the above formulas it is obvious.
importance is proportional tan,,/nms, which is, for our If (when proton decay is discovered and the decay modes
choice of the squark and slepton masses, not bigger thameasured, it may be sensible to see how small the above
1/10. We assume this to be small enough to consider it as &®rms should be. Suffice it to say that a percent suppression
perturbation. of the super Kobayashi-Maskow@&M) results should be

The calculation itself is tedious but straightforward, andenough[9]. This means that on the average each vertex
thus we leave the details for the Appendix. We simply turn toshould be suppressed by a factor of 1/3 or so with respect to
the systematic analysis of the possible solutions which keefhe minimal supergravity predictions. It is very difficult to
the proton stable enough. say more: in fact, one may be tempted to estimate that, for

075005-2



PROTON DECAY IN MINIMAL SUPERSYMMETRIC SU5) PHYSICAL REVIEW D 66, 075005 (2002

example, the combinations on the left-hand sides of thalive and still in accord with the nucleon decay limits. All
above equations need to be at least4the same combina- that is required is simply small mixing angles among squarks
tions in super KM. However this is not automatically neces-(sleptons and/or quarkgleptons, on top of the decoupling
sary or enough. The fact is that we have a nonlinear systenmypothesis, which sees the first two generations of sfermions
since the total decay in a specified mode is proportional tushed to the 10 TeV region.
the square of a sum of single diagrams, each of them propor- poes this mean that the proton decay experiments really
tional to the product of four unknown mixings. Some of probe the sfermion and fermion mixing matrices? More pre-
these mixings contribute to different diagrams, and some degisely, are there any other uncertainties involved in this
pend on others, so the task of constraining them numericalljame? At first glance, the answer is no. After all, we have
seems exaggerated in view of our complete ignorance of aﬁarefully defined the minimal theory and found the predic-
these parameters. What we can say for sure is that if each @bns discussed above. However, two points can still be
the diagrams in the Appendix is suppressed by a factor ofzjsed.
1/100 with respect to the minimal supergravity predictions, (i) Triplet-octet splitting (higher dimensional operators in
proton decay is not too fast and minimal supersymmetrighe Higgs sector)ln order to appreciate this point, let us
SU(5) is not ruled out. discuss the origin of the problem in question. If one assumes
Notice that all the terms can be made to vanish by ahat the heavy particles in the adjoint superfigldthe color
judicious choice of squark and slepton mixing matrices. Ingctet and the weak triplehave masses equal Mg, the
other words, at this point the proton decay limits providegauge couplings unify atM g 7~10'"® GeV. In this case,

|r;forrtnat|onf ?hn the.fprc(j)pt)ﬁrtles of sfermions andt on the the masses of heavy tripIeTsand? are smaller thar=3.6
structure ot the unined theory. X 10 GeV [9]. A factor of around 20 increase of triplet

theNrgFIC'ﬁ fu;;heléth;t ftgems.gr']cagﬁg S:‘Jepr?}:'gr':ﬂ 2?2'2’ 'navl\'hd'gr;masses according {@] is sufficient to satisfy all the experi-
IXIng angles rmions S lons qual, Mental constraints.

not work for the proton decay, since Eq%), (9), (10), and . S o .
o . ) A simple possibility that allows this is to increadégt
(14) are not satisfied. If you believe in super-KM, you would itself by a similar factor of 20 or so. This turns out to be

conclude that the theory is ruled out. It is obvious though,easily satisfied by simply spliting the octet and triplet

from our work, that this is not true in general. : X
Notice even further that all the relatioig)—(14) do not Erj]-g]sses in% and allowing them to be smaller thal cyr

require the extreme minimality conditiot)—(6). More pre- Imagine, for example, that the octets and triplets are light

cisely, one can opt for the improvement of the fermion mass ) S . .
; . enough, so that their masses originate from dimension-4
relations and still save the proton.

One miaht worry that the above constraints for the Sfer_Planck-scale-induced terms in the superpotential, i.e., as-
. gnt worry th . . . ~.—_sume that the renormalizable cubic term in the superpotential
mion and fermion mixing matrices could be in contradiction

with the experimental bounds on the flavor violation low- (lrze'_sl’ogeg:;gvlg:ei'n(lzr:et:saésc?ﬁgnitiws dE:lch, Vr\;hég?agrt] thﬁi S
energy processes. Fortunately, this is not true. Namely, th?r P P Y 9 Hig9

same conditiong7)—(14) suffice to render neutral current |p(li?)t mnaizsfnb{haeb(\)(ﬂf(:v;zcstgrctcc))frSﬁih hiaher-dimensional
flavor violation inoffensiveof course, the decoupling is nec- P 9 9

operators. In the minimal SU5) theory and in the limit

essary for this to be troe i . . .
Thg analysis in the L,)A\ppendix has been done with the asM pi—, the proton decay mediating Higgs triplet couplings

sumption of no left-right sfermion, neutralino, or chargino is set by SW) symmetry, since they must be equal to the

mixing. As we explained at the end of the previous sectionOrdinary doublet coupling), (6). These relations can be, in

this mixing can be included in a perturbative way: one canthe spirit of[20], changed by the nonrenormalizableM

show that, up to two mass insertions, the same constraimssuPP.ressed opergtofgl—za. This !nduces unfortunlately
(7)=(14) kill all the contributions to nucleon decay. This is additional uncertainty in the constraints for the sfermion and

enough to increase the nucleon lifetime above the experif—erm'on MIXings.
In other words, to us the nucleon decay not only cannot

mental limit, since each mixing multiplies the diagram by atrule out the structure of the theory, but even in the case of

least 1/10. observation it would not easily provide enough information
Up to now we have discussed only tde=5 nucleon de- . ~casily pi =noug
: o about sfermion and fermion individual mixings. In any case,
cay. What about a generit=6 contribution of gauge bosons we see nho reason whatsoever why one should search for
i ?
relevant for both ordinary and SUSY GUTs? In the VeTY modifications of the theory at the GUT scale or below for the

mlnlr.naldcise,\r:D—CLEMand Yu _]EU ’ch's Is completely de- g0 of proton decay. If you need to do model building, do
termined by the matri¥ 15]. However, as soon one not look here for an excuse.

abandons this unrealistic situation, this is not true anymore
and the individual up and down quark and lepton mixings
enter the game and proton decay is not as determined as ACKNOWLEDGMENTS
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APPENDIX

In this appendix, we present the complete set of diagrams responsitde=fornucleon decay in the minimal supersym-
metric SU5) theory. In our notationT and T-stand for heavy Higgs triplets, andT denote their fermionic partners;”
stands forVV—inos,Fu,o andﬁ,yo are light Higgsinos, an¥, stand for neutral gauginos.

M) p= (K" 7" p " K* v, n—=(a%p% 9,0, KOK* O w (i=1,2,3)

dl,z—t—"-:---—j:du
7:;: t )ﬂ(w x (DTAU)13,23(UTD)32,31(NTE*)iS(ET_C_TU)m (A1)
T T Y W
U ot l—a— U;
d1,2 t~ ,]—j:dQ,l
e’ >N<w x (DTAU)n,zl(NTE*)w(ETQTU)ss(UTD)m,sl (A2)
:\v W
u T ey
dig—ep - day
g tgv o (DTAU)1323(U' D)so 51 (U D*)15(DTCN)3; (A3)
T b Y ’II)—
Vi b o e m e - U
d1,2 - . rj:dz,l
y ~ ~ ~ ~
--Clj--( x v «  (DTCN)1i2:(UT D*)13(DTAU)33(U' D)32.31 (A%)
:\\V 'IIJ—
v b —— U
dy o= --2-- 25 )
T4 t *+h , T AT Tty Iy vt y* ~T
X X - x (D" AU)2s(U'YLD )32 (UYy D™ )1s(D"CN)si (a5
7Y b Y hif'_
Vi =t e d —— ¢
d1,2 7 7 ,*‘1}' _5,1
- % r- r r * Ty
SREE {Lt_ x (DTQN)li,zi(UCTYJD J13(DTAU)33(UY D2 ) 3231 (AB)
~\ Y
v; b \~—-i<l-i uc
Ue —>—T-----1 «— U;
[t ¢ ‘F_ * T* 7 & ] * Ty*
T )2 7: > S & (U;fﬁ Ec)13(EZYEN)31'(DTYUUC)I?;,QS(UJQ D?)s231 (A7)
= TT" A h+
9 1—»— ------- ——<-—d172
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/l_j/c _ ~c ‘_g_ v;
T T,/’A h
- X
S
~N Y

(UID* D) 11.12(DTYy U, )93 15(Uf B* E? a3 (ET Y N)3;

(DT AU )13.03(UTY3U )31 (DIY ), D*)a3.13(DTCN)3;

(DTCN )y 05 (UIYET*)13(0T AD)ss (DY DY) 30,31

& (DTA0)13,23(Z~/'Jr U)31 (DTD*)23,13(DTQN)3i

X (DTQN)u,m(DTD*)z:x,ls(DTAU)?,:;(UTU)M

108 (DTQN)13,23(NTN)31'(DTﬁ*)23,13(DTAU)31

158 (UTAD)n,lz(DTD*)23,13(DTQN)%(NTN)M

o«  (DTCN)1393(NTN)3;(UTTU*)13(UT AD)sg 3

,p)e" (=12, forK* onlyi=1)

T (2NN +
di? t ‘-—-4—d2,1
dy g -
T4 t 4 h
i S x
™y b Y 7 _
v; —T— ------- —<h—0d§1
d1,2 N ‘:ng,l
T Y- 4
R x
Ny hT
I/i t \\_4_ ,ac
dl?‘t—"‘:"'—t— u
T t ¢V
X . X .
TY b 1 WV
Vi ot —---- —4—0d21
d1,2 - e u
T Y32 W
- XL
~\\V V
v; b ‘——42(121
dyg——------ — U
Tn v A ‘/O
D S S
TY b 1V
U —»—r------ -—<—d21
U . ———
T 7] Vo
ainie N X .
~\\V ‘/0
di2 b Le—dy,
R —~
TA[ Y2 \ Vo
X -
Tw t~ \ A
dyy——t----- —— U
(i) p—(K®, 70, 7,K*? p° w)e", n— (K™, 7 ,K*~
p n P [
dy g === —
T4 U AWt
X _ X
Ty b 1w
U ——t oo - u
d]yg 7 X m €;
T 74wt
il TP <
~\\" w“
U b le u

18 (DTQN)13,23(NTE):’,i(UTD*)m(DTAU)m

o« (DTAU) 11 21(UTD*)13(DTCN)s3(NTE)s;

075005-5

PHYSICAL REVIEW D 66, 075005 (2002

(A8)

(A9)

(A10)

(A11)

(A12)

(A13)

(A14)

(A15)

(Al6)

(A17)



BAJC, PEREZ, AND SENJANOVIC

U —+—T--z--17* U
T4 b ' T
X . X
T \ t Yy w+
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7: X X :+
T b Y he

g —»—t-----4J —a— U

(e REREE a4
T4 b A hi
R S,

A 4 t Y
61 —‘1’—'— '''''' —£L:d§2
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Nor LA
----x X T
:\\V hl

u b Lt uc
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T4 b 44 ’
i S ¢ ~$
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10,8 (UTAD)N,(DTU)&(DTU*)13,23(UTQE)3i

(UTQE)u(DTU*)13,23(UTAD)ss(DTU):n

o< (BIB'U;)is(UTY] D)s1s2(UTYpDe)rs(DIDIUY)s:

& (EIETU:)H(UTYDEc)la(DZQTU;)33(OCTYUTD)31,32
o  (UTAD)13(D'Y3U2)s1(DIYEU*)13,25(UT CE)s;
o (UTCE)u(DIYAU*)1325(UT AD)sa(D'Y5UZ )
o (DTCN)1323(N'YLE})s:(Ul Y D*)13(DT AU)3
o (DTAU) s (USY{D")13(DTCN)ss(NTYRED s
X (UTAD)w(DfYED:)31,32(U§YJU*)13(UTQE)%
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u -~
I t’l“ hi ¥ ~ r - *T Tk
>71-< X hfr’ x  (UTCE)u(DIY)D*)1323(DTAD)s3(UTY3UZ )1 (A27)

o«  (DID'UN)1sos(UTYJU)s1(ETYR E)is(EIBIU)s1  (aze)

d(l:,2 _ ‘Ec ’a—f’— U
>-.T.-.<;’ g o o« (DID'UN s (ETYEE) (B BIUN)as(UTYFU)st  (azg)
A 4

Ty lzc g o o« (UID'D1s(DIY) D)ne(UTYuUo)is(UIB E)si (g0,
T‘

€ Ec U
>_7:_< ¥ ?0 o« (EIBYU)u(DTYpDe)13.23(DIDIU2 )33 (UL Y U)an (A31)

A r 3 8 -~ ~ ~ ~
jj;< g o x  (DTAU)1303(UNYU )1 (BIYEE)is(ETCTU)s (A32)
T A y

u %,—Q—Tez
>----* Mo o  (UTAD)n(UIYU ) 1s(UTCE)ss(BYEED)s  (asg

dy 2
u f'":"}f‘:dm
T4 lz X YO o  (UTAD)1s(D'D)a1 32(UTU*)13(UTCE)s; (A34)
7Y \
€; _’_]:_W___f___L‘fq u
u _ l~) ,4—4-—d12
>--T---<:' ) 0 o (UTCE);(UTU")13(UT AD)33(D' D)3y 30 (A35)
€; f\\\_‘_ﬂ u
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CTETTTE
"Zjéc Tk YO x  (UTCE)13(E'E)3(UTU")13(UT AD)31,32 (A36)
Y i Y Vo
d]g—b—-— ------- —— U
U F.E G
--7:--<:' >“< YO o< (UTAD)1112(UTU")13(UTCE)33( ETE)s: (A37)
~ ¥
d]yg t \*—-}@ u
at "!T"Z""“:rdfg
A ¢ * Tk r- * X % * Tk
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,ac T bC":r?/—fJiQ . : ~ 5
e % 0 o (UIB"ENu(UlU)13(UD* D})ss(DI D})au 5 (A39)
=YV
€ L e
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