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The —,
'+ baryon mass spectrum is studied to determine the uu, dd, and ss contents in the nucleon. We

Snd that higher-order symmetry-breaking terms in the mass operator are necessary to estimate

&pittu ip &, &piddip &, and &pss ~p) in a self-consistent way. We also assess the scalar (pseudoscalar)

Higgs-boson couplings to baryons.

PACS number(s): 14.20.—c, 11.40.Ha, 13.88.+e, 14.80.Gt

I. INTRODUCTION

There have been several attempts [1,2] in the literature
to study the relationships among the baryon masses. In
the simplest model [3] of chiral-symmetry breaking, the
mass of a baryon may be viewed as the expectation value
of the trace of the QCD energy-momentum tensor 8". AtP
zero momentum transfer, 8„"is [4]

Relation (3) is the well-known Coleman-Glashow mass
formula.

Recently, Cheng [5] has used the relations in (2) to fit

the quantities (U —S) and (D —S) to the baryon mass
spectrum:

U —S=(m, —m) '(m p+m ——
mz

—m„)/2=2. 6,
(5)

D —S=(m, —m) '(m ++m —m —m„)/2=1. 8,

where 6„ is the gluon field strength and q runs over the
light quarks u, d, and s. The first-order mass relations
that follow from (1) may be summarized below:

mp Mo + Um„+ Dmd +Sm,

m„=MO+Dm„+ Umd +Sm, ,

mz+ =MD+ Um„+Smd+Dm, ,

m~ =Mo+Sm„+ Umd+Dm, ,

m O=MO+Dm +Smd+Um, ,

m =Mo+Sm„+Dmd+ Um, ,

(2)

m —m„+m —m ++m 0
—m =0, (3)

m + —m

m 0
—m

m 0+m —m —m„

m ++m —m —m„
(4)

~o= &p 18„"Ip &
= —-,'&p i(a, /4m)GGip &,

U=&p)tttt [p &, D=&p(ddip &, and S=&pissip &. We
have omitted the pair (A, X ) in (2) but shall return to
them later on. Also, we shall have to consider the elec-
tromagnetic contributions which have not been included
in Eq. (2).

It is tempting to fit U, D, and S to the baryon mass
spectrum. Unfortunately, the appearance of four param-
eters in the six relations leaves the set (2) subject to two
constraints:

D —S=(m„—md) '(m p
—m ), (8)

in place of (5) and (6). Inserting the standard values for
the quark masses one finds

U —S=2.4, D —S=1.9
to be compared with (5) and (6).

The point is that, since the experimental values of the
baryon masses do not satisfy the constraints (3) and (4)
exactly, there is no reason to expect that the values of the
parameters U, D, and S determined from other sources
will match (5) and (6) favorably. In this connection men-
tion may be made of the work of Gasser [6] in which the
ratio R =(m, rn)/(md m—„) wa—s computed from the
baryon mass values. Accounting for the lowest-order
corrections [which are O(m, ' )], three estimates of R
were arrived at [7] corresponding to the mass differences
m —m„, m + —m and m 0

—m which were

difFerent from one another.
Following the European Muon Collaboration (EMC)

measurement [8] of the proton spin in deep-inelastic po-
larized pp scattering there has been a revival of interest

where rn =(m„+md )/2. However, owing to the under-

lying constraints (3) and (4), it is clear that the above ex-

pressions for (U —S) and (D —S) cannot be unique.
Indeed, one can also write down from (2) the relations

U S=(m„——md ) '(mz+ —mz ),
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to estimate the parameters U, D, and S. The EMC
analysis points to the possibility that the fraction of the
proton spin carried by its quark constituents is negligible
leading to the expectation that the proton may possess
some ss leakage. The purpose of this work is to make
contact with the baryon mass spectrum and work out re-
liable estimates of the quantities U, D, and S. These will
then be used to study the scalar Higgs-boson —baryon
couplings. We shall also investigate the role of the axial
anomaly to determine the pseudoscalar Higgs-boson cou-
plings to baryons. We shall show that these depend cru-
cially on the gluon-helicity component.

M =Jlk+ KzI3 Y+a Y +bQ +cQ Y . (12)

may even go beyond [6] chiral perturbation theory and
consider a model for the cloud of virtual particles around
baryons and mesons. The latter approach does not con-
sider chiral perturbation for the electromagnetic part of
the mass shift since chiral perturbation theory breaks
down [6] in this case. In the following, however, we
prefer the scheme of Minkowski and Zepeda [1] which
consists of a modification of the mass operator. This
simple-minded model replaces the operator AL by M,
which reads

II. THE MASS OPERATOR AND ITS MODIFICATION

where I, I3, and Y stand for the isospin, its third com-
ponent, and the hypercharge, respectively. We get from
(10)

mp
=Mo +K ) +K2+ 2K3+K4,

m„=MO —K) —K2+2K3+K4,

m + =Mo+2K)+4K4,

m o=Mo+4K4,

m& —=Mo 2K& +4K4

m p =Mo+K1 E2+K3+K4

m =Mo —K) +K2 —E3+K4,

m~=Mo .

(1 la)

The equivalence with (2) is easily established if we set

K, =
—,'(S —U)(md —m„),

K~ =
—,
' (2D —U —S )( md

—m „),
K3 =

—,'(S —U)(m, —m ), K~ = ,'(2D —U —S)(m—,—m ),

Mo =Ma+ —,'( U+S)(m+2m, )
—

—,'D(m, —4m ) .

(1 lb)

We therefore conclude that to obtain a consistent fit to
the baryon mass spectrum, the mass operator (10) is not
adequate and calls for a modification.

The simplest way to modify (10) is to incorporate [1]
higher-order symmetry-breaking effects. Such effects
mostly come from the SU(3) corrections which are next-
to-leading order, electromagnetic corrections, combined
SU(3)-isospin violation, and combined SU(3)-
electromagnetic shifts.

Within the framework of chiral perturbation theory
evaluation of higher-order corrections necessarily in-
volves estimating nonanalytic corrections. In fact, one

The mass relations (2) actually emerge as the expres-
sions for the eigenvalues of the operator

JR =Mo+2KiI3+2KqI3Y+2K3 Y+2Kq(I —Y /4)

(10)

m =Mo+K) +K+2K3+K4+a +b+c,
m„=MO —K

&

—K+2K3+K4+a,
m + =Mo+2Ki+4K4+b

m p=MO+4E4,

m Mo 2Ki+4E4+b

m p =Mo+K~ K 2K3+E4+a

m =Mo —K, +K —2K3+E4+ a +b —c,
Im~=MO,

(13}

whe, re, K =K2+K2
From (13) one finds

Note the difference with (10}: In the expression (12)
the additional terms appearing with the coefficients a, b,
K z, and c take care of the higher-order SU(3) corrections
and electromagnetic contributions along with the com-
bined effects of these. The exclusion of the nonanalytic
terms means that the parameters a, b, K2, and c only give
an estimate of the order of magnitude and a hint of the
higher-order symmetry-breaking trend. A positive aspect
of the mass operator M is that it does allow a consistent
fit of the various parameters in terms of the octet-baryon
masses thereby enabling us to extract meaningful infor-
mation on the Aavor-breaking parameters U, D, and S.

To spell out the model more clearly, the principal as-
sumption which goes into it is that the terms with
coefficients K„K2, K3, and K4 present in Af arise dom-
inantly from the first-order symmetry and electromagnet-
ic interactions so that the relations (1 lb) and

K, /K&=2 K3/3 K~ remain valid even when the elec-
tromagnetic shifts are subtracted and higher-order effects
are allowed in K„E2,K3, and E4. Our aim would be to
separate all these four parameters into a first-order tad-
pole and an electromagnetic piece so that the terms bQ
and cQ y in (12) can account for the electromagnetic
shifts and SU(3) violation in electromagnetic mass shifts,
respectively.

To pin down the parameters, let us write down the ex-
plicit expressions of the baryon masses which follow from
(12):
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K, =
—,'(m p

—m ),
K4= —,'(m p

—mA),

b= —,'(m ++m —2m 0),

2K+b+c=m —m„——,'(m + —mx ),
—2K b—+c=m 0

—m —
—,'(m + —m ),

(14)

K', = —1.97+0.01 M V,
K', = —94.73+0.10 MeV,

K4 = 19.19+0.02 MeV,

K2 =(3K~qKi )/(2K3) =0.6+0.001 MeV .

(18)

The key point to note is that the ratio
(S—U)/(S+ U 2D—) emerges as

4K +2a b=——'(m —m —m —m }3 n g yo A

+ —,'(m~ —m ++m —m o),
S—U

S+U —2D
2K3

, =3.29+0.002 .
3 K' (19)

8Ã3+2c =m +m„—m 0
—m

Solving, we get'

K& = —2.02+0.02 MeV, K3 = —94.75+0. 12 MeV,

K4=19.23+0.03 MeV, K =0.85+0. 15 MeV,

a = —6.96+0. 1 MeV, b =0.85+0.03 MeV,

c =0.19+0.3 MeV .

(15}

The mass operator (12}, however, is not the complete
story. One must take into account the first-order tadpole
(t) and electromagnetic (em) contributions to the K pa-
rameters. To isolate these, we note that the electromag-
netic shifts may be parametrized by

M=M, +2K; Q+2Ke2~Qd+bQ2+CQ2y, (16)

where Qd =I3F+—,'(I ——'F —1}
Comparing (16) and (12) it follows that K3 =

—,'K;
and K4 =

—,'K2 where K
&

and K2 are

=
—,'(mx+ —mx ), = —0.05+0.03 MeV,

KP =
—,'[(m —m-o), +2K( b+c]—

=0.12+0.11 MeV .

(17a)

In the above we have used (mx~ —
mx ),~

= —0.2+0. 1 MeV and (m —m ) = —l.0+0.5

MeV, which have been obtained [6] taking the Born
terms as a measure for the contribution to isospin break-
ing. We also note [6] the estimate (mz —m„),~=0.7+0.3

MeV, which is within the error margin of what is ob-
tained from (16):

Furthermore,

(m„—md )( U D) =—2(K', +K2 ) = —2.74+0.02 . (20)

III. ESTIMATES OF U, D, AND S

Scaling the quark masses at 1 GeV and using [9] the
most recent improved values to three loops, viz.
m„=5.2+0.5 MeV, md =9.2+0.5 MeV, and

m, = 162+15 MeV we obtain from (19) and (20)

U —D =0.69+0.02,
(22}

U+D —2S =3.26+0.04 .
These imply

U —S= 1.97+0.03,
(23)

D —S= 1.29+0.01,
indicating that the difference with the estimates (5), (6) is

about 30 1o. A part of this difference may be attributed to
the inclusion of the higher-order efFects in the mass
operator and the rest to the improved values of the quark
masses which have been used as inputs. Be that as it
may, it is comforting to note that the parameters in the
modified mass operator have been determined consistent-

ly and so the estimates of (U —S) and (D —S) in (23) ap-

pear to be more trustworthy than the first-order solu-
tions.

It should be stressed that although we have included
electromagnetic effects to perform a precise calculation,
the results are only mildly sensitive to such effects.
Indeed with the electromagnetic part set equal to zero,
one finds

(S U)/(S+ U 2D ) = 23 (K3/K4) =3 ~ 28+0 002

(21)

which is very close to the estimate (19).

(m~ —m„), =2K; +2K& +b+c=1.1+0.6 . (17b)
IV. SCALAR HIGGS-BARYON COUPLING

A. Higgs coupling and the role of S
Subtracting the electromagnetic part, the tadpole

terms turn out to be

We are using the mass values (in MeV) 938.27, 939.57,
1115.63, 1189.37, 1192.55, 1197.43, 1314.9, 1321.32 for p, n, A,
X+, X,X, :",:- respectively.

The scalar-Higgs-boson (p) couplings to baryons ap-
pear in the Lagrangian of the form L=g;(m;/v)ii4
where the summation on i runs over both the light (q) and
heavy (Q) marks and v =250 GeV is the vacuum expecta-
tion value of P. The heavy (Q} quark expansion [10] of

2The Lagrangian corresponds to the simple case [3] of a dou-

blet of Higgs bosons.
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Shiftnan, Vainshtein, and Zakharov (SVZ) sets

QQ = —(a, /12m'mg )GG+0(A, /m& ),
where A, is the QCD scale parameter. It follows that

vg»~ = [m„(U S)—+md(D S—)+(m„+md+m, )S]
—(p ~ (a, /4~) GG ~p ),

(24)

An explicit expression for o is4 [3]

o =
—,'(m„+md )(N~uu+dd ~N) . (28)

One can evaluate the nucleon expectation value in
terms of the baryon masses. This yields in the leading or-
der

vg&xq
= [m„( U —S )+rn, (D S—)+(m„+md+m, )S]

—(p ~(a, /4')GG ~p ), (25)

2 2
3 mA m —„

CJ—
2 m~

2ms1—
m~ +md 1 —y

(29)

vg&—= [m, (U —S )+m„(D —S)+(m„+rnd+m, )S]
—(p ~(a, /4~)GG ~p ),

where we have taken n& =3.
Without any specific value of S we are at a loss to

determine g&zrr, g&xx, and g&== from (25). To have a
rough assessment of these couplings, one has to vary S in
some interval to get a picture of the behavior of the
Higgs-boson —baryon couplings. In Fig. 1, such a varia-
tion has been done which indicates that for S spanning
between 0.2 &S & 3.0, the Higgs-boson couplings run ac-
cording to

1.0X10 &g~~~ &2.6X10

1.8X10 '&g~~~ &3.4X10 ',
2.3X10 '&g~—&3.8X10 ',

(26)

where we have used (23) as input values. Note further
that in the present scheme the above range of S is con-
sistent with 95 MeV((p( —a, /4m)GG~p) (204 MeV.
In this interval we also have 57 MeV & Um„
+Dmd+Sm, & 551 MeV.

The results in (26) clearly demonstrate that inclusion of
an ss component in the nucleon pushes up the Higgs-
boson coupling by a factor of 2 or so. Without any
strangeness contamination in the nucleon one essentially
recovers the SVZ result which for the PNN coupling is
about 1X 10

where y represents a measure of the OZI-rule violation

2(ss )„
(uu +dd )~

(30)

4xf P = 60M eV

It is straightforward to ascertain that with y=0, 0.

turns out to be -27 MeV which is more than a factor of
2 smaller than the value in (27). On the other hand, if
o =60 MeV is furnished as an input, y emerges as —,

' indi-

cating that the strangeness content in the nucleon is
significantly high.

In a recent work, Cheng [3] has pointed out that a
large departure from the naive OZI-rule expectation is
not necessarily at variance with the deep-inelastic
lepton-nucleon scattering result. It is also not out of con-
text to keep in mind [13] that a study of the ss content in
the nucleon based on the semiphenomenological data,
low-energy theorems, and bag-model calculations points
to a sizable magnitude for (ss )~.

We may use the relation (28) along with (27) to esti-
mate U, D, and S. Our results obtained from (23) are

B. Higgs-boson coupling and the pion-nucleon cr term

One may try to reconcile [3] the estimates in (26) with
the pion-nucleon term value. An average obtained from
the phase-shift analysis and dispersion calculation gives
[11,12]

PxfP

cr=(60+12) MeV . (27)

As is well known, (27) is rather on the high side unless
compromise is made on a large violation of the Okubo-
Zweig-Iizuka (OZI) rule.

fxfQ
I

2
S

FIG. 1. Variation of the Higgs couplings g&N~, g~~~, »d
gs—with S(—:(p ~ss ~p ) ). The SVZ and m N o term values have

been indicated by bars.

We work with this value but note that 25% reduction is not
ruled out. As pointed out recently in Ref. [20], a smaller value

of o. (45 MeV) would mean a smaller ss contamination in the nu-

cleon (see Fig. I).

"In chiral perturbation theory, one obtains [12] to 1-loop
o.=8'(1—y) where & =(35+5) MeV. With a=60 MeV, y turns

out to be -0.42.
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U =4.51+0.15,
D =3.82+0. 13,
S=2.54+0. 12 .

(31)

where u is the proton wave function.
We can thus combine Eqs. (35) and (36) to have [16]

2Mb q'=2mq v —2M(a, /2qr)bg, (37)

g4,NN =2.3 X10-' . (32)

As seen from (31) and (32), the large value of S, which
in turn is consistent with the present determination of the
n.N o term, influences Higgs-boson —baryon couplings
considerably in comparison with the naive SVZ value.
The estimate provided in (32) should therefore provide in-
sight into the nature of interaction between the Higgs
scalars and nucleons. For the related phenomenology as-
sociated with the search for Higgs bosons and its implica-
tions on the neutron-nucleus limit we refer the readers to
the review by Cheng [3] on this subject.

Corresponding to the estimate of S above, the Higgs-
boson —nucleon coupling is

2MGI '=(m„+md)(v„+vd) (38)

+(m„—md )(v„—vd )
—4M(a, /2')bg .

Following Bagchi and Basu [17] we get ' from (37) the
sum rule

Gt =
—,'[3 4D/(F—+D)]g +—'ghq'=0. 30+0.16,

for each of q=u, d, and s where v appears through
v, ui y, u = (p lqiy, q lp ).

To look into the relation (37), let us write the nucleonic
matrix elements for the divergence of the isovector and
isosinglet axial currents fully:

2Mg„=(m„+md )(v„—vd )+(m„—md )(v„+vd ),

V. PSEUDOSCALAR
HIGGS-BOSON-BARYON COUPLINGS

where flavor-SU(3) relationships have been used
(39}

The latest EMC analysis may be summarized by
defining the moments hq' through hq's„
= (p, slqy„ysqlp, s ), where s„ is the proton spin vector.
The available data on the structure function of the polar-
ized proton and the results on hyperon decays lead to the
estimates [14]

b,u'=(0. 78+0.08),
b d'= ( —0.47+0.08),
hs'=( —0. 19+0.08) .

(33)

Their sum is

ghq'= hu'+Ad'+ bs'=0. 12+0.24 . (34)

Note that SU(3) restricts b, u'+Ad' 2bs'=3F D—while—
from the Bjorken sum rule hu' —hd'=F+D =gz.

The role of the axial anomaly in QCD to determine the
quark spin fractions of the proton has been investigated
[15] by a number of authors. In the following we shall
adopt the notations of Cheng and Li [16] but pursue the
analysis of Bagchi and Basu [17]. What would emerge is
a new relation linking the pseudoscalar Higgs-boson cou-
plings to the axial singlet charge.

We first of all note that the axial-divergence equations
involving the QCD anomaly read

hu'= ,'(F+D—)+—,'gbq',
b d' = —( —')D+ ( —,

' )gb q',
(40)

along with g„=1.254 and F/D =0.61.
The form of the pseudoscalar Higgs-boson coupling to

nucleons has been written down recently by Geng and Ng
[18] for a class of models in which CP violation is in-
duced through the scalar-pseudoscalar Higgs-boson mix-
ings. The relevant portion of the Lagrangian reads

L =(2~2G~)'~ g P"[(u;ysu )M„+(diy 5d )Md ]Hk,
k

(41)

where M„(Md) are the diagonal mass matrices for the
charge —,

'
( ——,') types of quarks, H„ is the Higgs boson,

and p" is a mixing parameter.
Separating the light (q) and heavy (Q) quarks, L may be

reexpressed as

L=(2~2 G)F' gP" gmqqiysq+ gm&QiysQ Hk .
k

(42)

For the light quarks one has from Eq. (37)

&p I g mqq& ysq lp ) = g bq+ 3(a, /2qr)hg M(ui y, u ),
q

8"(qy„y5q }=2mqqiysq+a, (35)
(43a)

where a =(a, /2') TrGG represents the anomalous piece.
In addition to Aq', one can also define the gluon heli-

city component Ag through

while for the heavy quarks (Q =b, c, t) one may write

(pl gmgQiysQlp ) =[3(a,/2qr)bg][M(uir u )] .

(p la Ip ) = —(a, /qr)bg2Muiysu, (36) (43b)

5The replacement hq'~Aq —(a, /2m )hg is convention depen-
dent [21].

Relation (39) has no explicit dependence of hg.
7There have been attempts to relate gb, q' to the q'NN cou-

pling [19b].
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Adding (43a) and (43b), one obtains the sum rule

(p ~ g (mqqiysq+m&Qi ysQ }~p )

gbq'+6(a, /2~)bg 2M(ui you ) (44)
q

derived previously in Ref. [18] somewhat differently.
One may now employ the sum rule (39) to write down

(p ~ g(meqiy5q+m&QiysQ)~p )

= [GI '
,
' [3——4D—/(F+D)]g„

to the value in the first set of parentheses in Eq. (46)
which, indeed, is very small. However, larger values of
hg have been claimed [19b] in the literature which may
very well dominate the gb, q' piece in Eq. (44).

We therefore conclude that a precise estimate of hg
will help decide the order of the pseudoscalar Higgs-
boson couplings to the baryon. Conversely, any limit on
the strength of interaction between nucleons and Higgs
bosons will enable one to assess Ag properly.

+(4a, /2n. )bg]3M(ui y5u ) . (45) VI. CONCLUDING REMARKS

+2[(a, /m. )bg ] ] . (46)

We thus see that g» & depends heavily on Ag, the
k

gluon-helicity component. For b,g=o as is expected
[19a] in some models, gH zz turns out to be proportional

k

From (42) this means that the pseudoscalar Higgs-boson
couplings are of the form

gH ~~=(2&2GF)'~ 3M13"[GI ' —
—,'[3 4D/(—F+D)]g„

+ (4a, /2n )b,g ]

=(2&2GF )'~ 3Mp" [(0.08+0. 16)

We have investigated in this paper the role of flavor
violation in the Higgs-boson couplings to the baryons.
To this end, we have analyzed the baryon mass spectrum
carefully and estimated the content of uu, dd, and ss pairs
in the proton. We have found that a modification of the
baryon mass is called for so that the baryon masses may
be determined in a self-consistent way. Our estimates of
the quantities U, D, and S have been used to determine
the scalar Higgs-boson couplings to the nucleons and
hyperons and consistency with the present value of the
pion-nucleon o. term is sought. We have also derived a
sum rule linking the gluon-helicity component to the
pseudoscalar Higgs-boson —nucleon couplings.
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