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Baryogenesis with scalar bilinears
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We show that if the baryon asymmetry of the universe is generated through the out-of-equilibrium decays of
heavy scalar bilinears coupling to two fermions of the minimal standard model, it is necessarily an asymmetry
conserving (B2L) that cannot survive past the electroweak phase transition because of sphalerons. We then
show that a surviving (B2L) asymmetry may be generated if the heavy scalars decay into two fermions, and
into two light scalars~which may be detectable at hadron colliders!. We list all possible such trilinear scalar
interactions, and discuss how our new baryogenesis scenario may occur naturally in supersymmetric grand
unified theories.@S0556-2821~99!04019-9#

PACS number~s!: 98.80.Cq, 11.30.Fs, 12.10.Dm, 12.60.Jv
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A major success of grand unified theories~GUTs! is ap-
parently the generation of the baryon asymmetry of the u
verse. After Sakharov@1# pointed out the three condition
required for baryogenesis, the first realization of this p
posal was found in GUTs@2#. However, it was later recog
nized that the generated baryon asymmetry conservesB
2L) and is therefore washed away by the sphaler
induced, fast baryon-number violating processes@3# before
the electroweak phase transition.

Restricting ourselves to the fermion content of the st
dard model~SM!, we first prove that (B2L) conservation of
the baryon asymmetry, generated in GUTs through he
particle decays to known fermions only, is a generic feat
of any theory. We then propose a new mechanism for ba
genesis in GUTs in which a (B2L) asymmetry is generate
via heavy scalar bilinear decays into two fermions and i
two light scalars. In this scenario the requiredCP violation
comes from the interference between the tree-level and
loop self-energy diagrams. We classify all possible triline
operators of the scalar bilinears which can contribute to
type of baryogenesis. We demonstrate that in a wide clas
GUTs, the new baryogenesis mechanism occurs naturall
generic feature of these scenarios is the existence of
scalars. For example, in some supersymmetric~SUSY!
GUTs, there are pseudo-Goldstone-type bilinears wh
masses are given by seesaw-type relations and may be a
as O(1) TeV, giving rise to detectable signatures at futu
collider experiments. In particular, observation of an exc
of same-sign lepton pairs ors-channel diquark resonances
the Fermilab Tevatron or the CERN Large Hadron Collid
~LHC! would strongly support the proposed baryogene
scenario with scalar bilinears.

In spite of the tremendous successes of the SM, there
now definite experimental indications for physics beyond
With the positive evidence of neutrino masses in atm
spheric@4# and solar neutrino@5# as well as the Liquid Scin-
tillation Neutrino Detector~LSND! @6# experiments, it be-
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comes apparent that we have to extend the SM. O
important approach to understand the new physics bey
the SM is to study possible new particles whose existe
may be indicated by the particle content of the SM. In t
SM the quarks and leptons transform under the SU(3C
3SU(2)L3U(1)Y gauge group as (ui ,di)L;(3,2,1/6), uiR
;(3,1,2/3), diR;(3,1,21/3); (n i ,l i)L;(1,2,21/2), l iR
;(1,1,21), where i 51,2,3 is the generation index, an
there is only one doublet Higgs scalar, (f1,f0)
;(1,2,1/2), which couples(ui ,di)L to ujR anddjR , as well
as(n i ,l i)L to l jR . However, other scalars which transform
bilinear combinations of the SM fermions~listed in Table I!
are of great interest. There are several scenarios in w
new scalar bilinears are added to explain the masses of
trinos. Dileptons, leptoquarks, and diquarks inevitably oc

TABLE I. Scalar bilinears that can take part in the generation
a baryon asymmetry of the universe.

Representation Notation qq q̄l̄ q l̄ l l

(1,1,21) x2 3

(1,3,21) j 3

(1,1,22) L22 3

(3* ,1,1/3) Ya 3 3

(3* ,3,1/3) Yb 3 3

(3* ,1,4/3) Yc 3 3

(3* ,1,22/3) Yd 3

(3,2,1/6) Xa 3

(3,2,7/6) Xb 3

(6,1,22/3) Da 3

(6,1,1/3) Db 3

(6,1,4/3) Dc 3

(6,3,1/3) DL 3
©1999 The American Physical Society05-1
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in all interesting GUTs@7#. They are classified and the
phenomenology has been studied in comprehensive w
@8,9#. In the following we show that they are also importa
for the generation of a baryon asymmetry of the universe

To generate a baryon asymmetry it is necessary to h
@1# ~i! baryon number violation,~ii ! C andCP violation, and
~iii ! out-of-equilibrium conditions. In early works it was no
ticed that baryogenesis is possible in GUTs because t
exist new gauge and Higgs bosons whose decays vio
baryon number. When these heavy particles~say X) decay
into two quarks and into a quark and an antilepton,
baryon and lepton numbers are broken@10#. For CP viola-
tion this mechanism requires two heavy gauge or Hig
bosons,X and Y, each of which should have two deca
modes,

X→A1B* and X→C1D* ,

Y→A1C* and Y→B1D* ,

so that there exist one-loop vertex corrections to these
cays. The requiredCP violation occurs due to the interfer
ence between tree and loop diagrams. As required by
out-of-equilibrium condition, masses of these particles m
satisfy

GX,H51.7Ag*
T2

M P
at T5MX , ~1!

whereGX is the decay rate of the heavy particleX; H is the
Hubble constant;g* is the effective number of massless d
grees of freedom; andM P is the Planck scale.

In specific GUT scenarios such as SU~5! and SO~10!,
(B2L) is either a global or a local symmetry, respective
Hence the asymmetry generated by the above mechanis
(B2L) conserving@7#. When the scalar or vector boson
decay only into fermions, any attempt to generate a (B2L)
asymmetry leads to its large suppression in all these mod
Only in models with a right-handed neutrino, such
SO~10!, is it possible to generate a (B2L) asymmetry after
the (B2L) symmetry is broken at some high scale, so t
the right-handed neutrinos become massive and since
are Majorana fermions, their decays violate lepton num
@11#. Since we are not concerned with any fermion beyo
the SM, this scenario falls outside the scope of this pape

The baryon asymmetry generated in the above scena
by the interactions that conserve (B2L) is washed out by
sphaleron processes@3# effective at temperatures 102 GeV
&T&1012 GeV. We shall now prove that if the decay pro
ucts are SM fermions only, this is in fact a generic prope
of any baryon asymmetry generated by the above descr
mechanism. This follows from an operator analysis ana
gous to the one used to show that the minimal scenario
proton decay conserve (B2L) @12#. For definitness we con
sider scalarsX and Y, but obviously the result generalize
also to vectors.

Let us start from the Lagrangian giving the decays oX
andY,
07600
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L5 f x
abĀBX1 f x

cdC̄DX1 f y
acĀCY1 f y

bdB̄DY, ~2!

whereA,B,C,D denote any SM fermion. To obtain a non
zero CP violation from the interference between tree a
vertex diagrams, we requireX andY to be distinct from each
other and to have different decay modes. One can then w
down all possible combinations ofA, B, C, and D, with X
and Y, and find out the decay modes ofX and Y. Since the
out-of-equilibrium condition and the nonvanishing of the a
sorptive part of the loop integral require these scalarsX and
Y to be much heavier than the fermions, we can integr
them out and write down the diagrams in terms of the fo
fermion effective operators of the SM, as shown in Fig.
@13#.

This simple but crucial step allows us to use existi
knowledge on SM four-fermion operators for baryon numb
violation that have been studied extensively in the literat
@12#. It was found that all these operators conserve (B2L) to
the lowest order. Any (B2L) violating operator will be sup-
pressed bŷ f&2/MGUT

2 compared to the (B1L) violating
operators. In models with an intermediate symmet
breaking scale or with new Higgs scalars at some interm
ate scales, this suppression factor may be softened a l
but still strong enough to rule out any possibility of gener
ing enough baryon asymmetry of the universe. On the ot
hand, any four-fermion operator that violates only lept
number requires all the fermions to be the same; henc
cannot generate the requiredCP asymmetry. Therefore a
(B2L) asymmetry, needed to survive the sphaleron p
cesses, is impossible to generate with the SM four-ferm
operators.

We now show how a (B2L) asymmetry can be generate
in GUTs if there are both heavy and light scalar bilinea
This is a generalization of a recently proposed scenario
leptogenesis@14#. Low-energy effective operators now con
tain two fermions and two scalar bilinears. The requiredCP
violation for baryogenesis comes entirely from an interf
ence between the tree-level decay and the self-energy co
tions.

Consider the scalarsS1,2, each of which can decay into
two fermionsc11c2 and into two scalarsZ11Z2. The La-
grangian describing these interactions is of the form

L5Ma
2Sa

†Sa1~ f ac1c2Sa
†1maZ1Z2Sa

†1H.c.!, ~3!

FIG. 1. Interference of effective four-fermion operators th
generates baryon asymmetry.
5-2
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BARYOGENESIS WITH SCALAR BILINEARS PHYSICAL REVIEW D60 076005
where the fermionsc1,2 and the scalarsZ1,2 are assumed to
be much lighter thanS1,2. This is then analogous to Eq.~14!
of Ref. @14# and we can simply use the formalism develop
there to obtain the (B2L) asymmetries generated by th
tree-level decays of the physical states approximatingS1,2
and their interference with the one-loop self-energy diagra
@14#, given by

da.D~B2L !
Im@m1m2* f 1* f 2#

16p2~M1
22M2

2!
FMa

Ga
G , ~4!

whereGa5(umau21Ma
2u f au2)/(8pMa) is the decay width.

Let M1.M2, then as the universe cooled down to belo
M1, most ofS1 would decay away. However, the asymme
so created would be erased by the (B2L) nonconserving
interactions ofS2. Hence only the subsequent decay ofS2 at
T,M2 would generate a (B2L) asymmetry that would pas
through the electroweak phase transition unscathed. IfS2 is
heavy enough to satisfy the out-of-equilibrium conditionGa
,H of Eq. ~1!, then the final baryon asymmetry is approx
mately given by@10# dB;d2 /(3g* ). The desired value o
dB;10210 may thus be obtained from Eq.~4! with a variety
of scalar masses and couplings.

At energies below the heavy scalarS1,2 masses, lower
bounds of which can be obtained from Eq.~1!, any (B2L)
violating dimension-five effective operator of the form

O(B2L)[@c1c2Z1
†Z2

†# ~5!

can generate a baryon asymmetry. In the SM there is o
one Higgs doublet scalarf; hence there can be only on
(B2L) violating effective operator of the required form, i.e
l i l jff @12#. This operator has been studied in the literatu
extensively. It contains all the scenarios of neutrino mas
and leptogenesis@15#. For example, it can be induced by th
triplet bilinearj in Table I generating a lepton asymmetry
the universe@14#. It may also originate from heavy Majoran
neutrinos@11#.

In GUTs where the scalar bilinears listed in Table I occ
there are many other possibilities to form dimension-five
erators of the type given by Eq.~5! that violate lepton and
baryon numbers. As all the scalar bilinears couple to o
nary fermions, the classification of the two-scalar–tw
fermion baryon-asymmetry generating operators in GUTs
duces to that of all possible (B2L) violating trilinear
operators of the scalar bilinears, as shown in Table II. Fr
this list, we see that the first two trilinear scalar operato
O1,2, give rise to the operatorl i l jff. The rest occur in
GUTs such as SO~10! and E6, as will be demonstrated be
low. Note the interesting fact thatuD(B2L)u52 in all cases.

To exemplify the general discussion we shall now co
sider a large class of SUSY SO~10! GUTs. The SO~10! sym-
metry may be broken down to the SM symmetry throu
several intermediate steps that include the Pati-Sa
SU(4)C3SU(2)L3SU(2)R and/or SU(2)L3SU(2)R
3U(1)B2L symmetries@16#. It has been shown@17,18# that
at these intermediate stages, the requirement of stabili
the charge-conserving vacuum after breaking the supers
metry introduces higher-dimensional operators to the the
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The resulting low-energy theory is theR-parity conserving
minimal supersymmetric SM plus light diquark, leptoqua
and dilepton states, which obtain masses via seesaw-typ
lations.

In the supersymmetric limit and in the absence of t
nonrenormalizable terms, the superpotential of a minim
SUSY Pati-Salam intermediate theory@19# has a complexi-
fied U~30! symmetry that operates on SU~2! triplet, SU~4!
tenplet superfields. After the neutral components of the t
lets acquire vacuum expectation values at the scaleMR , thus
breaking the symmetry, a U~29! complexified symmetry re-
mains, giving rise to 118 massless fields, 18 of which
masses from theD terms. Inclusion of the higher
dimensional effective terms necessary to conserve the e
tric charge leads thus to a total of 50 complex pseu
Goldstone bosons with massesmpG;MR

2/M P , whereM P is
the Planck scale. ForMR as high asO(1010) GeV, the
pseudo-Goldstone-type diquarks, leptoquarks, and dilep
may have massesO(1) TeV. More details can be found in
Ref. @18#.

Let us consider one of the choices that leaves oneYb field
as light asO(1) TeV. Then, for example, the operatorO23 in
Table II implies that some of the heavyDa could generate a
baryon asymmetry of the universe. Even though the left-ri
symmetry breaking scaleMR is around 1010 GeV, theDa can
be much heavier than this mass scale. The out-of-equilibr
condition implies that these fields are as heavy as 1013 GeV.
Their decay modes intoYb1Yb and into dc1dc violate
baryon number as well as (B2L). Hence the (B2L) asym-
metry can be generated according to the mechanism
cussed before. As the masses ofnR are of orderMR in this
model, their interactions may erase the generated asymm
We assume that this is not the case. The Yukawa coupl

TABLE II. Trilinear scalar operators that can contribute to t
baryon asymmetry of the universe.

Operators B2L Operators B2L

O15m1ffx2 22 O25m2ffj 22
O35m3x2x2L11 22 O45m4jjL11 22
O55m5YaYc

†x1 2 O65m6YdYaYa 2
O75m7YdYbYb 2 O85m8YcYdYd 2
O95m9YbYc

†j† 2 O105m10YaYd
†x2 22

O115m11YbYd
†j 22 O125m12YcYd

†L22 22
O135m13XbXa

†x2 22 O145m14XbXa
†j 22

O155m15XaXbYc
† 2 O165m16XafYd 2

O175m17Xaf†Ya 2 O185m18Xaf†Yb 2
O195m19XaXaYa

† 2 O205m20XaXaYb
† 2

O215m21XbYdf† 2 O225m22DaYaYa 2
O235m23DaYbYb 2 O245m24DaDbDb 2
O255m25DcDaDa 2 O265m26DcYdYd 2
O275m27DbXa

†Xa
† 22 O285m28DLYbYd 2

O295m29DbYaYd 2 O305m30DaYdYc 2
O315m31DcXa

†Xb
† 22 O325m32DLXa

†Xa
† 22

O335m33DLDLDa 2 O345m34Da
†Dbx2 22

O355m35Da
†DLj 22 O365m36Db

†Dcx
2 22

O375m37DL
†Dcj 22 O385m38Da

†DcL
22 22
5-3
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ERNEST MA, MARTTI RAIDAL, AND UTPAL SARKAR PHYSICAL REVIEW D 60 076005
of nR should then be less than about 1024, which are now
too small for realistic neutrino masses~for oscillations! via
the canonical seesaw mechanism. However, there are
SU(2)L Higgs triplets in this model that can be used to ge
erate the required neutrino masses@14#.

An important feature of our new baryogenesis mechan
in general, and the discussed SUSY GUT scenario in part
lar, is that the light scalar bilinear fields can lead to dete
able signatures at Fermilab Tevatron or CERN LHC. T
most interesting among these are thes-channel resonanc
processes mediated by diquarks@9#. They may result in reso
nance production of light dijets or distinct final states such
tc or tt. The leptonic decays of two top quarks provid
same-sign dilepton final states that have very little SM ba
ground. At the Tevatron, thes-channel production is sea
quark suppressed and diquark masses up to onlyO(1) TeV
are testable in thetc, tt channels, but at the LHC, diquar
masses as high asO(10) TeV can be probed@9#. Therefore,
any possible signal of this type detected at hadron collid
will lend support to the proposed baryogenesis mechanis

To summarize, we have shown that a (B2L) asymmetry
cannot be generated in GUTs if the new heavy gauge bo
or scalar bilinears decay only into SM fermions. As a res
the baryon asymmetry of the universe generated by this
s.

.
,
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of mechanism cannot survive to the present day becau
would have been washed out by the sphaleron processes
then show that it is possible to generate a (B2L) asymmetry
in GUTs using heavy scalar bilinear decays into known f
mions and into light scalars. We have classified all poss
operators of the scalar bilinears that can contribute to
baryogenesis mechanism. As an example, we have dem
strated that the proposed baryogenesis mechanism oc
naturally in a wide class of SUSY GUTs based on t
SO~10! gauge symmetry. The light scalar bilinears may le
to clear detectable experimental signatures at colliders, e
cially in the discussed SUSY GUTs where they are pesu
Goldstone bosons with mass ofO(1) TeV.

We thank W. Buchmu¨ller for useful comments on the
manuscript and F. Vissani for discussions. M.R. and U
acknowledge financial support from the Alexander v
Humboldt Foundation and hospitality of DESY Theo
Group. E.M. also acknowledges the hospitality of DES
~where this work was initiated! and of CERN~where this
work was completed!. The work of E.M. was supported in
part by the U.S. Department of Energy under Grant No. D
FG03-94ER40837.
ms

the
are
con-

-

@1# A. D. Sakharov, Zh. Eksp. Teor. Fiz. Pis’ma Red.5, 32 ~1967!
@JETP Lett.5, 24 ~1967!#.

@2# M. Yoshimura, Phys. Rev. Lett.41, 281 ~1978!; 42, 746~E!
~1979!.

@3# V. A. Kuzmin, V. A. Rubakov, and M. E. Shaposhnikov, Phy
Lett. 155B, 36 ~1985!.

@4# Y. Fukudaet al., Phys. Lett. B433, 9 ~1998!; Phys. Rev. Lett.
81, 1562~1998!; Phys. Lett. B436, 33 ~1998!.

@5# Y. Fukudaet al., Phys. Rev. Lett.81, 1158~1998!.
@6# C. Athanassopouloset al., Phys. Rev. Lett.77, 3082 ~1996!;

81, 1774~1998!.
@7# P. Langacker, Phys. Rep.72, 185 ~1981!.
@8# M. Leurer, Phys. Rev. D49, 333 ~1994!; D. Bailey and B. A.

Campbell, Z. Phys. C61, 613 ~1994!; F. Cuypers and S
Davidson, Eur. Phys. J. C2, 503~1998!; J. P. Bowes, R. Foot
and R. R. Volkas, Phys. Rev. D54, 6936~1996!.

@9# E. Ma, M. Raidal, and U. Sarkar, Eur. Phys. J. C8, 301~1999!.
@10# E. W. Kolb and M. S. Turner,The Early Universe~Addison-

Wesley, Reading, MA, 1990!; J. Harveyet al., Nucl. Phys.
B201, 16 ~1982!.

@11# M. Fukugita and T. Yanagida, Phys. Lett. B174, 45 ~1986!; P.
Langacker, R. Peccei, and T. Yanagida, Mod. Phys. Lett. A1,
541 ~1986!; M. Luty, Phys. Rev. D45, 455 ~1992!; A. Acker,
H. Kikuchi, E. Ma, and U. Sarkar,ibid. 48, 5006 ~1993!; M.
Flanz, E. A. Paschos, and U. Sarkar, Phys. Lett. B345, 248
~1995!; L. Covi, E. Roulet, and F. Vissani,ibid. 384, 169
~1996!; M. Flanz, E. A. Paschos, U. Sarkar, and J. Weiss,ibid.
389, 693~1996!; W. Buchmüller and M. Plümacher,ibid. 389,
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