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Supersymmetric grand unification under siege: Proton lifetime upper bound
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SQO(10) supersymmetri¢SUSY) grand unified theories provide a beautiful framework for physics beyond
the standard model. Experimental measurements of the three gauge couplings are consistent with unification at
a scaleM g~3x 10'® GeV. In addition, predictive models for fermion masses and mixing angles have been
found which fit the low energy data, including the recent data for neutrino oscillationd.05@oundary
conditions can be tested via the spectrum of superparticles. The simplest models also predict neutron and
proton decay rates. In this paper we discuss nucleon decay rates and obtain reasonable upper bounds. A clear
picture of the allowed SUSY spectra as constrained by nucleon decay is presented.
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[. INTRODUCTION Y4, Ye [EQ. (1)].} In a predictive SUSY GUT the arbitrary
parameters in the Yukawa matrices, defined at the GUT
The standard model is unlikely to be a fundamentalscale, are fixed when fitting charged fermion masses and
theory; it contains 19 arbitrary parameters, 13 of which aremixing angles at low energies. Hence the parameters in the
the charged fermion masses and mixing angles. At least siftavor matricesc,y, Cuq, Cue, Cq are also fixed once
more parameters are needed to describe neutrino masses &jirged fermion masses areZit:
mixing (for three active neutringsSupersymmetri€SUSY]
grand unified theorie)GUTS] provide a beautiful framework

for understanding many of the outstanding problems of the HuQYuU+HaQYD +HglL Y E
standard modd]l1]. 1 -
For this framework to be accepted as a description of +Q5CqQT+QCyLT+UC,DT+Uc,ET.
nature, the three pillars of SUSY GUTs must be verified.
These are (1)
[I] gauge and Yukawa coupling unificatipp—A4];
[II] observable superparticle spectriisy; Below the GUT scale the color triplets are integrated out
(11 ] nucleon decay6]. of the theory giving the dimension five operat¢Ey. (2)].
Of these only(l) has been verifiedlIl) must await run Il All dimensionlessdimensionfu) parameters are then renor-

at the Fermilab Tevatron or the CERN Large Hadron Col-malized to M,.? We use universal squark and slepton
lider (LHC) and(lll) is in danger of being observed or ex- masses m0)1 gaugino massesl\/((llz)) and non-universal
cluded by SuperKamiokande and Soudan II. It is this lasHiggs boson massesn(; ,my ) atMg:

feature which is the main subject of this paper. In the next v

section we review the steps in the calculation of nucleon _ _ _
decay rates. H.QY,U+H QY D+HyLYE

1 1 1
IIl. NUCLEON DECAY +th2quQch|L+ MtUC”dDUC”eE' @
In SUSY GUTs, dimension five baryon and lepton num- . o
ber violating operators resulting from the exchange of color [N the effective theory belowM; the coefficients of the
triplet Higgsinos dominate, suppressed by one power of afifféctive(dimension six four fermi baryon and lepton num-
offective color triplet mas#l. . Unlike proton decayv medi- bgr violating operators_ are determined@hese are ob_taln'ed
P t P -~ y via one loop graphs with squark, slepton and gaugino inter-

ated by gauge boson exchange, the valuevigfis a free

parameter. It is only constrained by requiring perturbative———

threshold corrections & . This constraint, in conjunction | i _

with nucleon decay bounds, however, has been used to rule,”°r more details on notation, SEel. _

out simple SU5) SUSY GUTs[7]. SO(10) on the other In our analysis the Yukawa matrices and gauge couplings are

hand, has escaped exclusion, but it is now under siege. :g;]o;gilgiguf;%gwsg éoegﬂ %/\/ueSItrr]ngntV:Z;C;Ogli)l;lsz\;rzzg/?s?:)lIﬁ?_

n Eq (1), the nggs d_OUbIe_tH“ (Hq) "_md th_e color trip- the datg[9]. This analysis self-consistently checks for electroweak
lets T (T) are contained in a single 10 dimensional represensymmetry breaking and includes the relevant one loop threshold
tation 1Q; of SO(10). The couplings of the color triplet corrections aM, .

Higgs fields to quarks and leptons are given in terms of 3n a more detailed calculation it may be appropriate to have a
Yukawa-like 3<3 complex matriceqq, Cyg, Cyes Cqi- hierarchy of effective field theories to take into account the hierar-
These are related by $00) to the Yukawa matrice¥,, chy of SUSY particles between 100 GeV and 3 TeV.
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mediate lines. In general there are LLLL, LLRR and RRRRparing two quite different models, that the model dependence
operators generated via gluino and chargino exchahges. is probably no more than an order of magnitude in the rate.

We then renormalize the four fermi operators frivig to The largest uncertainties in the proton lifetime, however,
1 GeV using QCD with the multiplicative factdx; [10]:° enter through the value of the effective color triplet mass
(6/23) M, ; through the sparticle spectrum via the loop fadidF),

-1.32. and through the strong interaction matrix elemgpt. We
address these uncertainties below.

( ag(l GE‘V)) (2/9)< ag(me) ) (6/25)< ag(m)
A3:

ag(mg) ag(my) ag(Mz)

The final step is to evaluate the matrix elements of these Effective color triplet mass — M,
four fermi operators between a nucleon and the lepton  The color triplets are required to be heavy with mass of
meson final state. This requires lattice gauge theory calculasrderM since they contribute to nucleon decay; Higgs dou-
tions and usually chiral Lagrangian analygi®,13. The de-  plets on the other hand must have mass of order the weak
cay rates depend significantly on the chiral Lagrangian facscale. In S@L0) the Higgs doubletsH,, Hy) and triplets

tors ajqr and B, Where (T, T) are in the field 1Q which is the only Higgs-like
_ adqBy Y representation coupling to standard model fermions. A
Prail (K) = €45,(0] (u*d)u?|protortk)), simple mechanism for accomplishing this doublet-triplet
splitting exists in S@L0), known as the Dimopoulos-
Wilczek [DW] mechanism16]. In this mechanism an ad-

andU(K) is the left handed component of the broton’s wa E!Jomt (45 dimensional scalar obtains a vev of ordéB—L)
func‘uc()n) ! P P wav XMg, with B (baryon and L (lepton number and gives

We finally obtain the general amplitude for Higgsino me- mass to the Higgs field 10 Since color triplet Higgs fields

diated nucleon decay given schematically by the formula N@Ve non-zero BL charge, while Higgs doublets have zero
charge, only the triplets obtain mass. A simple variation of

T«A; (FF) (LF) mt—l Biat (4) the original mechanism also allows for the possibility of ob-
taining large(or smal) tanB~50(2) solutions with the ad-
where dition of four fields,’, ¢; ', ¥ [16, 16 representations of
FF is aflavor factordepending on Yukawa, gauge cou- SO(10)] with the unprimed fields obtaining vevs in the
plings andcqqCq, CuqCue €valuated aM, and the specific  “right-handed neutrino™ directions. For self-consistend,

@1atU(K) = €,5,(0|(u* “d* #)u”|protor(k))

nucleon decay mode.  get mass of ordeM ¢ and their mass and vevs are gener-
LF is aloop factor dependmg on gaugino, squark and ated in the SQLO) breaking sector of the theofyL7].

slepton masses roughly &&;,)/mj for M <m. The Higgs doublet and triplet mass matrices are given by
The flavor factor(FF) is model dependent. In our analysis .

we use a particular S@0) SUSY GUT with a U(2) 1, 100 (y")°

X U(1)" family symmetry with the Yukawa matrices given

in [14]. Note, however, that the Yukawa matrices are fixed to 0 (45 0 1(5

fit the low energy quark and lepton masses and mixing =

angles and the rate ftr—sy. The model is also constrained Mea=| (49 X (&) 10° )

by electroweak symmetry breaking. We estimate, by com- <Z> 0 M (w,)g

where the superscript indicates the(S)tontent of the field.

“We have not included the contribution of neutralino loops. ForWe take the VEVs(45~(B—L)Mg, M~Mg and X
more details, see for examp8]. ~10 3Mg. We then consider two cases

SNote, A; is different thanA, which appears ifil1] and is used in (1) <J>%<¢> =0
many other works on proton decay. This is becafigdakes into 7)) <Z>%<¢’>~O M
account two different effects, the QCD running of the dimension 6 In both Caseil)'anés(.Z) the effective color triplet mass
operators fromM, to 1 GeV and the running of the quark masses . !
from low energies taVl, in order to use the correct Yukawa cou- [Eq. (2)]is given by
plings at the weak scale. In our analysdg, including only _
the QCD running of the dimension 6 operator, is the appropriate 1/Mt—( t l)11:XM/de“\/'tNX/M(23”(1019 GeWﬂ
factor to use, since we are already using the Yukawa couplings (6)

evaluated aM,. The general solution to the RGE for the coeffi- . ) . )
cient C(x) of the dimension six operator is given bg(x)  WhereMgis the color triplet mass matrix. Note there is ac-

= C (o) (el ) as( 1)) 2P0 whereby= 11— 2nj,0r. Note also tually no color tnplet W|_th mass greater thdpanck [18].

that analytically we have the relatioh =A; 3. Given the numeri- Consider the light Higgs doublets.

cal value we find forA;=1.32, we then obtain the value @ (1) Hy, HygC104 are identified as the light Higgs dou-
=0.43. For some reason, this differs from the valuedpt=0.22  blets. We have\,=\,=\=~\ at Mg and tan3~50. \ is
[11] used in previous works. We believe this must be a numericathe universal third generation Yukawa coupling given in

error. A 104 165 16:.
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(2) The light Higgs doublets are identified Hg and yH 4 Natural superparticle spectrum
with y=XM/(#) (¢)<1. We then have\,=\,~y <)\, In order for SUSY to provide a solution to the gauge
~\. . . ) hierarchy problem, the SUSY breaking scalg,symust be
The “gzhtGSt Higgs doublebesidesH,,, Hq) has mass of of order the weak scale. Otherwise, we must fine tune in
order 10 “Mg. order to haveMz~My;ges<Asysy. In order for nucleon

A limit on the value oflT/It', the effective color triplet  decay rates to be consistent with the present data we need to
Higgs boson mass, is obtained by requiring perturbativenaximize squark and slepton masses, consistent with natu-

threshold corrections to gauge coupling unification. At onérainess, and minimize gaugino masses, consistent with
loop the definition of the GUT scale is somewhat arbitrary. Apresent experimental bounds.

particularly convenient choice is to defiMég as the scale How heavy can squarks and sleptons be? Since the first
where the two gauge couplings;, i=1,2, meet. We define 4 families of squarks and sleptons couple weakly to the
ag=a;(Mg)=ay(Mg) and the relative shift inr3(Mg) is  Higgs bosons, it has been argued that it is still natural to have
given by heavy first and second generation squarks and sleptons as

long as the third generation squarks and sleptons are lighter
~ o~ than, say, one Te\[21]. In fact in SUSY S@10) with
€3=(a3(Mg)—ag)lag . (") Yukawa unification and S@0) boundary conditions a¥l
for soft SUSY breaking mass parameters, it was noted that
In general, a value ofs~ —(2—4 %) is needed to obtain the third generation squarks and sleptons are naturally lighter

as~0.119. The one loop t_hreshold correction coming solelyt_lt]kﬁg itsh(caiufgsi:) t:ﬁg ?aecrt]?ga;\ttloigsth?:ini?n R_Gf _ru)\nrl[ighﬂ.s
from the Higgs sector (55) is given by[20] b St

the effect of driving the third generation scalars to lower
masses. Fomy= 3000 GeV and large tgh we find all third
generation squarks and sleptons are lighter than 1 EaV,

(8)  ceptfor the left-handed stau and tau sneutrino. These have
mass ~2 TeV. If we estimate the contribution tém?

~(\?/167?)(m2+ m? ) and demandm3 < (130 GeVY, we
which is valid in either case 1 or 2 above, if we let  find m,~m, <2100 GeV. Thus we avoid fine-tuning in the

=Ap/A¢. _ o _ N effective theory at the weak scale.

Since the Higgs contribution te; is always positive, we Note however that fom,=3000 GeV we must still do
must therefore have a negative contribution coming from thgome fine-tuning in order to obtain the correct electroweak
rest 'of the GUT sector of the theor)_/. If we demand that thesymmetry breaking via RGE running froM gyt to M.
maximum allowed threshold correction from the GUT sectorThjs js pecause all three families of squarks and sleptons
is —10% (—8%), wethen have at most a positive 604%)  have large mass during most of the running. This fine tuning
contribution from the Higgs sectdassuming we needs;  can be avoided, however, if we take large masséd affor
~ —49%). This gives an upper bound on the allowed valuesthe first two families of squarks and sleptons, while keeping
of M;v. the mass of the third family less thanl TeV. This is cer-

Note, in the small ta regime there is no explicit sup- tainly consistent with the S@0) GUT X U(2) family sym-
pression factor entering the coefficient of the dimension Smetry which we are considering. It may even be possible in
operators, since they are all proportiona\f/M, . The dif-  this case to increase the squark and slepton masses of the
ference in the small vs large tghregimes is the maximum first two families above 3 TeV. _
allowed value ofl, consistent with perturbative threshold For small tans, only the stop squark mass is naturally
correction® We find the boundM,<8x 10"y 1 GeV (6 Ig:\t/ Thus, in this case, the upper bound g is ~1000
X 108y~ 1) GeV for €3 (Higgs boson¥k 6% (4%). Unfortu- '
nately this bound is exponentially sensitive to the assumed
maximum allowed correctiogs (Higgs boson

Finally we warn the reader that, with additional 0 There have been several lattice calculations of the chiral
adjoints and a clever modification of the DW doublet-triplet Lagrangian parameters,,;, Ba: [12,13. A recent lattice
splitting sector, it is indeed possible to suppress proton decagalculation[23] on a significantly larger lattice givega:
via dimension five operators entirely, see for example~— a,,,=0.015GeV. The statistical uncertainties in this re-
Chacko and Mohapatfd 7]. In this case, we would unfortu- sult are small {1 in the last digit. However systematic
nately lose a significant test of SUSY GUTSs. Moreover, suchuncertainties connected with the chiral Lagrangian approach
elaborate constructs for suppressing nucleon decay seem en-
tirely contrived and unnatural.

. 3ag M
€3(Higgs) = glog Mg ”

Lattice results

’In order to check these possibilities, we must include two loop
RGE running as emphasized by Arkani-Hamed and Murayama
5This result was also discussed][it9]. [22]. we will investigate this further elsewhere.
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and the quenched approximation may be significant, perhapag that the Higgs contribution to the one loop threshold
as large as 50%. Note that the proton lifetime is also sensicorrection to gauge coupling unification Bt is at most
tive to the relative magnitude ef,; and3,;. In our results  6%.

we use the central value quoted[i3]. Gaugino masses are taken to be near the allowed experi-
mental lower bounds. While squark and slepton masses must
Il. RESULTS be near the upper bounds allowed by naturalness. I(1®0O

o with universal squark and slepton masg, we havem,

The procesp—K ' v is the dominant decay mode for the ~3000 GeV for tarB~50 or my~1000 GeV for tarB~2.
proton. In all cases we find the rate for~K%» dominates We use the central value fgBj,, given in [23]. If the
over pHK+;; typically by a factor of 2 — 4. However the [:)i/agesrir?]rpﬁfee:zsigcl)it:ger value, the new bound can be obtained
EZﬁg:xgg%mghtélbgﬁﬁgg 'g‘n Or?uct:rI]:orllat(t:ieerca_y E:S;JK:?QJ;- Any further uncertain'gy depends on the s_pecific mod_el for
ktonyear exposurgls| h_e Higgs d(_)ublet and triplet Yukawa couplings; we estimate

this uncertainty to be at most an order of magnitude in the
9 lifetime. The upper bound given here is for the particular
SO(10) SUSY GUT with aUu(2)xU(1)" family symmetry

and we use it to establish that SUSY GUTSs argler siege which provides an excellent fit to charged fermion masses

The result of this analysis is the theoretical upper bound"d Mixing angle$14].
on the proton lifetime given by Clearly we have pushed most of the parametergoto

perhaps beyondwhat the reader may consider reasonable
0.015 Ge\?\? upper or lower bounds. Nevertheless, with these exception-
,3—) ally conservative bounds we are barely consistent with the
at latest Super-Kamiokande limits gm—K™* v [Eq. (9)] [15].
M, 2 We have shown that the recent SuperKamiokande bounds
X 8% 10° Gev (100 on proton decay severely constrain 30 SUSY GUTs.
Recall, simple S(b) SUSY GUTs have already been ex-
for my=3000 GeV,M =175 GeV and tap~54 or glrl;c\i\?: ngmthc;zrd;rg&igome general conclusions may be
0.015 GeV\?2 Based on these resulise first two generations of squarks
) and sleptons must have mass significantly greater than 1
Prat TeV, while the third generation squarks and sleptons can be
( M, 2 lighter than 1 TeVput not lighter than~400GeV. Thus, at
X| ————— (11 best we expect only the third generation squarks and sleptons
5X 107 GeV to be visible at LHC.
Clearly proton decay must be seen soon IF minimal

— — _n8
for my=1000 GeV,My=300 GeV and tag=2. SUSY GUTs are the correct description of nature.
Let us briefly summarize the theoretical input to these

upper bounds. ACKNOWLEDGMENTS
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