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Effective Hamiltonian for nucleon decay
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Renormalization effects for the SU(3) ® SU(2) ® U(1)-invariant baryon-number-violating operators of lowest
dimension are calculated. Linear relations involving these operators are presented and a minimal set is given for

nucleon decay processes.

I. INTRODUCTION

Renormalization-group analyses! of SU(3), SU(2),
and U(1) gauge theories have shown that unification
of the strong, weak, and electromagnetic inter-
actions is possible at a mass scale of order 10
GeV. New interactions resulting from this unifi-
cation may violate baryon-number conservation as
in the SU(5) model of Georgi and Glashow.>’® If
they do, nucleon decay will provide us with impor-
tant information about these interactions and could
help to determine how the SU(3), SU(2), and U(1)
theories are unified. However, the parameters
measured in a nucleon decay experiment refer to
a mass scale of order the proton mass m,, where-
as the mass scale relevant to grand unified models
is 10'® GeV. In this paper, we calculate the SU(3),
SU(2), and U(1) renormalization effects® which
allow one to relate parameters at these two widely
different mass scales.

If nucleon decay is governed by a mass of order
10 GeV, then only those baryon-number-violating
operators of lowest possible dimension will con-
tribute at an observable rate. Such operators con-
sistent with SU(3)® SU(2)® U(1) and Lorentz sym-
metry have been enumerated by Weinberg and by
Wilczek and Zee.® In the notation of Weinberg,
the operators are

Otiibzd:(daaRuBbR)(qiycLljdL Jeo8yEL s (1-})
O«igzd:(qiaanj g0 )Uycrlar Jeasy €5 5 (1.2)
O‘:géd:(qiaanjBbL)(qkchlldL)Ea ByEij€Rl » . (1.3)
O;%La = (qiaanj or X eyerliar Jea 8y (;e)ij * (;f)kz , (1.4)
O;?u):d=(daaRuBbR)(urchdR)€a By s (1.5)

where «, 5,y are SU(3) color indices; ,j,k,l are
SU(2) indices; a,b,c,d refer to generation num-
bers, and L and R refer to left- and right-handed
fields. We have used two-component spinor nota-
tion in Egs. (1.1)~(1.5) with spinor indices con-
tracted as in the Appendix. The correspondence
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with four-component spinor notation is given in the
Appendix. The operator 0‘®, which appears in
Ref. 5, can be expressed in terms of O ®’ by the
relation
O;g;d:(oég;d ‘Oéiga) (1.6)

and therefore need not be considered separately.

For renormalization-group calculations it is
useful to take into account any relations between
the operators being considered. The operators
0% and O can be written as the symmetric and
antisymmetric part (in the first two generation in-
dices) of a single operator. We therefore find it
most convenient to define an operator

65%34 =(qaiard 8oL Ny rerliarJea sy€isEin (1.7
and note that®

Oupea==(0usia+ Opara (1.8)
and

Oa(ggdz ‘(O-«:%;d "6;32:1 . (1.9)

With the relations (1.8) and (1.9) the effective
Hamiltonian for nucleon decay can be expressed
in terms of only four types of operators:

@) @ AW )
Ogbea s Ogpeas Oavea» and Ogpeq.

To avoid confusion we will retain the original
numbering in Egs. (1.1)=(1.5). Thus, no 03, will
occur in our analysis. Note that there are still
some relations between these remaining operators,
namely

0.2,=0% (1.10)

and

5 @) A (4) A (4) A4y
Oabcd +Obacd - Ocabd - chad"‘ 0.

(1.11)

In terms of the original operators 0’ and 0%’
Eq. (1.11) becomes

Q) _ 1 3) 4> 3) 4)
Oabcd - Z(Ocabd + Ocabzt + chad + chad .

(1.12)
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In the following section, we derive the one-loop
renormalization factors for the operators OL),,
Ogpeas Oapeas and O3, from SU(3), SU(2), and U(1)
interactions, and then apply our results to nucleon
decay into nonstrange and strange final states. We
will ignore the extremely small effects from light-
Higgs-boson renormalization of the operators.
Our results allow one to include SU(3), SU(2), and
U(1) renormalization effects in calculations of nu-
cleon decay rates and branching ratios in grand
unified models.” For example, operators of type
one and two can occur from vector-boson exchange
while operators of type four and five originate
from Higgs-boson exchange.’

II. RESULTS

To determine renormalization effects in a re-
normalization-group approach one needs to know
the anomalous-dimension matrix for the operators
~ of interest.? This is determined from the renor-
malization Z factors which relate the bare and re-
normalized operators. In our calculation of these
Z factors, we have used dimensional regulariza-
tion in n =4 - 2¢ dimensions and minimal subtrac-
tion. The calculation was performed both in the
Landau gauge and in the Feynman gauge (where
external wave-function renormalization must be
taken into account). Our results are

9 11
(10 _ 2 12\ o
Oupea= [ 4“ (2)+4115(4)+41r ( 2)] Ogpea, (2.1)
a 9 23
ofn=[1+ g+ 2 () (B o, @
0w _ |1 2_;_( 2) + g(3 +4 1 oW
aved 4re 4me\2 ) " 4me\6/] >

o i :
s (X050l +0%aa+ 060a) (2.3)

(3) - (2) 25(1)
A1(#)=[_a§(#ﬂz“° ag(My)]*/ 4% [cza,ww)] et oo

Q gum
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(5)0 _ qs oy (5) a; (10\ )
= + —
Oabcd [1 + 4776 (2) 47T€ (lﬂ Oabcd + 4776 ( 3 o .

(2.4)

Here a superscript 0 refers to a bare operator,
o, is the SU(3) coupling constant, which at some
large mass M is given by

4
as(M)=m ; (2.5)

and o and o, are the SU(2) and U(1) couplings re-
lated to the electromagnetic coupling a gy at the
W -boson mass My by

ax(Mw)zaEM(MW)/coszew : (2.6)
and

a(My) =0 gu(My)/sin®6y . (2.7

Note that under renormalization 04), mixes with

6;&:&; 5%;41, and 0,433, and O3}, mix with (O

We apply these results to two relevant cases.
First consider a =b=c =d =1 so that we have op-
erators relevant (apart from Cabibbo-suppressed
modes) to nucleon decay into nonstrange final
states.’ In this case there are only four linearly

independent operators, which we denote by
Qy=0{1}1 =(dartsr) ¥y 101 ~ds Vi g, »  (2.8)
Qy=-30{1; =(daztsr)rCR)asy » (2.9)
Q;=0i{ts =(artsrNthyrer —dyy V) Jeasy, (2.10)

and

Qu=04{}1 =(dortsr)(Uyr€r)eq sy - (2.11)

These do not mix under renormalization. If
AT™ .. ,AJ™ are the tree-level coefficients of
Q4,...,®, in a grand unified model, then the cor-
responding coefficients at a mass scale of order
the proton mass p ~m, are given by

X Ggum L Qgum J aGuM ’ (2.12)
727851 Je/48[c 23/12¢28{1
a 0 | oM 0 (M
Aalb )=[a§u“}‘a)J ;(GU:) [ “L'_W)] A7, (2.13)
. q2/883r 15/28§2rc 1/6c23‘“
Aa(u):.[as(“') QJLMW) 0 [__J) UM , (2.14)
A gum J L Cgum J Q@ gum
and
2/883rc2 13/3c28(1) :
o) [ S [Ty [T o (2.15)
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ay(My) and ay(My) are given by Egs. (2.6) and
(2.7, a () is the SU(3) running coupling constant
evaluated at the renormalization point p=~m,, and
agyu is the grand unified coupling. C is the nor-
malization factor between the U(1) of SU(2)® U(1)
and the U(1) subgroup of the grand unified gauge
group. InSU(5), C’= 2.!" Renormalization effects
due to the electromagnetlc interactions have been
neglected between the W-boson mass and the re-
normalization-point mass since aEMIn(sz/ u?) is
a small number. The 8 functions are given by!!

By =11 -%N,, (2.16)

2

By =2 -2N, -1, (2.17)
and '

1) _

B =-iN,- L, (2.18)

when one light Higgs doublet is included. The last
terms in Egs. (2.17) and (2.18) are the contribu-
tions of the light Higgs doublet. N, is the number

of quark flavors.
]

Now consider the case of nucleon decay into
strange final states.’ The linearly independent set
of operators relevant to this case are

Q=041 (2.19)

Q;=0{l2 (2.20)

Q=031 (2.21)

Qi =201 +03l)) , (2.22)

@5=(051; -Oi8ly) (2.23)
and

Q§=03i; - ' (2.24)

Q4,...,Q¢ have been defined in such a way that
they do not mix under renormalization. Denoting
the tree-level coefficients of these operators in a
grand unified model (i.e., the values of the coeffi-
cients at the superheavy mass scale) by

AS™ LA™ ) it follows from Egs. (2.1)—(2.5)
that the coeffxcients determined at u=~m,are

- 2,
. 112 68 [ay(My) 9/48(? [Cza,(Mw) MR rcum ' (2.25)
Ayp)= on o gum Ccum  J ! , ’

2) 25 (1)
Al 18531, ay(My) 9/48, [CZQI(MW)]““zC By A.GUM (2.26)
ag A Gum Qcum : ’
(3) @) 2g{1)
Al = ) 2/ 8y az(Mw) 9/48, |:Cz¢3¢1(]VIW)T 237120769 A/GUM (2.27)
s & Gy L X cum Ggum  J ? ’
_ 3 2,(1)
Aty [ M) 2/ 6 az(MW)]‘s/”o [cza,(M )]“GC P oo (2.28)
— -_ b
A & Gum L @cum G cum
, 3) 25(1)
Al 0y 12 8 [og(My) 3/284 [CZQI(M )]1/6° Bo 4/G0M (2.29)
s\H) = QGum | @ cum O GuM R
and
~2/8) 2 13/3¢%8{D
A= a(p)] % [ a,(Mw)] Voo (2.30)
Q Gum _ L ocw

HOI. CONCLUSIONS

In the previous section we gave a minimal set of
SU(3)® SU(2)® U(1)-invariant operators which
enter the effective Hamiltonian for nucleon decay
into strange and nonstrange final states. It is im-
portant for both theoretical and experimental anal-
yses to have a minimal set of such operators. We
then calculated the relationship between the coeffi-
cients of these operators at the grand unified and
proton mass scales. A given grand unified theory
predicts most directly (i.e., from tree-level)
values of these coefficients at the grand unified
mass scale. However, quark-model—type esti-
mates for the matrix elements’ of the operators
can be expected to be valid at the proton mass

I

scale. Thus one must make use of Egs. (2.12)—
(2.15) and (2.25)—(2.30) in order to make predic-
tions concerning proton decay from a grand unified
theory or to extract from future experiments in-
formation on the physics occurring at the grand
unified mass scale. In general, the effect of the
SU(3)® SU(2)® U(1) renormalization factors is to
enhance nucleon decay. For example, in SU(5)
with six flavors and A =0.1 GeV we have the fol-
lowing numerical values for the coefficients ap-
pearing in Egs. (2.12)—(2.15) for operators con~
tributing to nonstrange decays:

Aym ) =(2.2)(L.4)N1L.DAT™=(3.4)A7"™, (3.1)

Am ) =(2.2)(1LA LA™ = (345 | (3.2)
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Ag(m ) =(2.2)(3.0)(1.01)A5"™ = (6.7)A5™, (3.3)
Aym,)=(2.2)(1.0)(1.3)A "M =(2.9) A5, (3.4)

where the numerical factors give the SU(3),
SU(2), and U(1) renormalizations, respectively.
A large part of the enhancement comes from the
common factor of 2.2 from strong interaction ef-
fects. However, it is interesting to note that @,
receives a significant enhancement from SU(2) in-
teractions as well, yielding a large overall factor
of 6.7 for this operator.

Finally, it is worth noting that our analysis is
only valid in the simplest possible scenario, where
there exist only two relevant mass scales. It is
possible that new physics exists at intermediate
mass scales. The grand unified group G could
break down to SU(3)® SU(2)® U(1) in a series of
steps GDG’'D ... DSU(3)®SU(2)® U(1), in which
case one must also calculate, for example, the
renormalization of the operators due to a G’ gauge
theory in order to relate the coefficients of oper-
ators at the grand unified and proton mass scales.
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APPENDIX

Two-component spinors come in two varieties
which, for fields that annihilate particles, we refer
to as left- and right-handed. These two transform
under SL(2C) according to representations which
are complex conjugates of each other. To dis-
tinguish these representations we denote left-
handed fields with'an undotted index and right-
handed fields with a dotted index. Under complex
conjugation of the fields undotted indices become
dotted and vice versa. Either dotted or undotted
indices may be lowered, raised, or contracted by
the antisymmetric e tensors e,z =€**=¢4 5 =€*".

The relationship between the four-component
spinor notation and the two-component form is as
follows. If we write

ye= ['1 0 ] (A1)
01

and -

0 o '
= [ o J : (A2)
a0
with
0“2(1,5)=(0“)a& (A3)
o =(1,-0)=(c")*", (A4)
then a four-component spinor can be written as
y= {La ] , (A5)
R
¥=(R°Ly), (A6)

where a bar on a two-component spinor indicates
complex conjugation. Familiar bilinears are

Jb=RL +LR =R°L,+LR% (A7)
and

Prup=Ro,R +L5,L =R*(0,)ask® + L3(@,)* L.

(A8)

The charge-conjugate ,w field is

wcz[%] PR, (a9)

Zoz

where

2 B Ta_ abT 5 8.
Ry=R’es,, L=e*"Lj, L*=¢""Ly, Ry=R’e;q,

(A10)
so that, for example,
P=L%+R?*=L*L,+R R" (A11)
and
P ==L +R¥=~L°L ,+R4R*. (A12)

These formulas can be used to express the oper-
ators defined in Egs. (1.1)—(1.6) in four-component
form.

In order to prove some of the identities involving
the operators (1.1)—=(1.5) and to calculate the re-
normalization effects, one needs the Fierz-trans-
formation rules

(AgBr)C D)= -3(Ag0 D )(C 0" Bg),
(AgBg)(CrDr ) ==2[(ArDr)(CrBg)
+ 3(AR0,,DR)(C 0" Bg)] ,
(A14)

(A13)

(ALB)CDy)=~ =i (ALD.)C.B;)
+ %(ALO' u-vDL )(CLU‘WBL )] ’

(A15)
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where

O :-’?:(o“a, -0,5.,) (A16)
and

Tus :%(auoy -5,0,). (A17)
It is also useful to note that

(AREU.VBR) == (BR—(;M.VAR) ) (A18)

(ALOM»VBL)z_(BLOuVAL) 3 (A19)

(AL0"Bg)=—(Bgro"AL), (A20)
and
(AREWBR)(CLUWDL):O- (A21)

Equations (A13)—(A21) can be used to write all
SU(3)® SU(2)® U(1)-invariant baryon-number-
violating nucleon decay operators (of lowest pos-
sible dimension) as linear combinations of those
in Egs. (1.1)=(1.5).
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