RAPID COMMUNICATIONS

Relaxation of the dynamical gluino phase and unambiguous electric dipole moments

PHYSICAL REVIEW D, VOLUME 62, 11190(R)

D. A. Demir
The Abdus Salam International Centre for Theoretical Physics, 1-34100 Trieste, Italy

Ernest Ma
Department of Physics, University of California, Riverside, California 92521

(Received 5 July 2000; published 18 October 2000

We propose a new axionic solution of the stra@@ problem with a Peccei-Quinn mechanism using the
gluino rather than quarks. The spontaneous breaking of this new gldhalat 13 GeV is related to the
supersymmetry breaking scale of 1 T&¥placing theu parameter with a composite field operatand results
in the MSSM(minimal supersymmetric standard modelth R parity conservation. In this framework, electric
dipole moments become calculable without ambiguity.

PACS numbd(s): 11.30.Er, 12.60.Jv, 14.80.Mz

CP nonconservation is a fundamental issue in particld8] among other differenCP nonconserving contributions
physics. We know tha€ P is not conserved if-K mixing [9] to EDM’s can now be pursued without fear of contradic-
(ie., €#0) [1] and inK decay(i.e., ¢’ #0) [2]. However, ton- » _
only an upper limit (0.6% 10~ %% cm) exists for the electric With the addmon of colored fermions, the parameter
dipole momentEDM) of the neutrori3]. This may not be so  eco Of EQ. (1) is replaced by
bothersome until we realize that the currently accepted o
theory of strong interactions, i.e., quantum chromodynamics 0= 0gcp— Arg DetM My4—3 ArgMy, 3
(QCD), actually violatesCP through the instanton-induced
term[4] where M, and My are the respective mass matrices of the

charge=2/3 and charge=—1/3 quarks, and/j is the mass
g2 of the gluino. The famous Peccei-Quinn soluti@] is to
Ly=0qcpgs2 €005 G5P, (1) introduce a dynamical phase to the quark masses which then

relaxesé to zero. The specific realization of this requires an
axion[7] which is ruled out experimentallj10]. Two other
axionic solutions have been proposed which are at present
consistent with all observations. The Dine-Fischler-
GL'=0*G;— d"GL+0sfap GG, (2)  Srednicki-Zhitnitskii(DFS2) solution[11] introduces a sin-
glet scalar field as the source of the axion but its mixing with
the doublet scalar fields which couple to the quarks is very

less than 10%° in magnitude(instead of the expected order much suppressed. The Kim-Shifman-Vainshtein-Zakharov

of unity) to account fof5] the nonobservation of the neutron (KSVZ_) solution [12] introduces new heavy quarks so that
EDM. This is known as the strongP problem. the axion does not even couple directly to the usual quarks.

Neither scheme requires supersymmetry.

Another fundamental issue in particle physics is super- In th ¢ h itis cl h
symmetry. It allows us to solve the hierarchy problem so that " the context of supersymmetry however, it IS clear that

our effective theory at the electroweak energy scMgj is th(’.} simplestand.most naturalthing to do is to attach the
protected against large radiative corrections. However, thi€Xion 1 the gluino rather than to the quarks in Eg). Be-
requires the scale of soft supersymmetry breakiig sy cause qf the structure of supersymmetry, all other superpar-
to be not much higher thaki, ticles will be similarly affected. This is then a very strong
In the following we address the question of how thehlnt that it may have something to _do with the break|r_lg of
strongCP problem is to be solved in the context of super- supersymmetry. As shown below with our propose_d singlet
symmetry. We find that it can be achieved with a new kinolcomplex scalar fiel&, whose phase contains the axion, cer-

of axion [6,7] which couples to the gluino rather than to tain soft supersymmetry breaking parametdigaugino

2
arks. In a natural implementation of this idea, we find thaf"asSSes anq\ terms are of order|(S)|*/Mp,, whereMp,
qu uratimp : IS wetl ~10'"° GeV is the Planck mass. Hence a value of'1BeV

the breaking of supersymmetry must be related to the axion,

with the . parameter replaced by a composite field operatof°" (S)], WhiCh s allovyed by astrophysical and cosmologi-
containirﬁ:;?he axion P y P P cal constraints, would impls,sy~1 TeV. Other soft su-

In our framework, thefocp contribution to any quark persymmetry breaking parametesfermion masses anél

EDM is canceled exactly by the minimization of the dynami- ter:ng) akre assuln;edhto be alsp of ordelr éa]-e]\_/'
cal gluino phase. Hence the calculation of EDM's in ItiS known[13] that a continuous global(1)g symme-

the minimal supersymmetric standard modMSSM) be-  try [14] can be defined for the MSSM. The qua,(i°,d°)
comes unambiguous. The possibility of cancellationand lepton [,e°) chiral superfields hav®= +1 whereas

wheregs is the strong coupling constant, and

is the gluonic field strength. The value &fcp must then be
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the Higgs @, ,Hy) chiral superfields and the vector super- assumption that the underlying mechanism of supersymme-

fields haveR=0. The superpotential try breaking is such that(S) acts as a kind of “messenger”
field.
\7V=,u|:| '|:|d+h Q~I:| ac+th.|:|d dc+h I:-I:|d ac The LagrangianA L describes the interaction gk(S)
u u u e

(4) with sfermions, Higgs doublets, and gauginos only. How-
ever, a complete description of our model requires the self-
has R=+2 except for thex term (which hasR=0). In  interactions of the singlgt to l2e specified as well. The pure
the above, the Yukawa couplindg, 4. are non-Hermitian  singlet contribution‘nﬁ,u(S) in W is allowed by the symme-
matrices in flavor space. The resulting Lagrangian istries of the model and the mass paramem%r is a priori
then invariant only with respect to the usual discieigarity,  arbitrary. Through theé=-term contributions, this induces a
i.e., positive mass-squared parameter for the singlmﬁ
=4m2/M%,. However, interactions at higher energies at or
R=(—1)38*L+2), (5 near the Planck scale can provide an additional mass-squared
) ) parameterm% as well as a quartic coupling;. Hence the
where B is baryon numberL lepton number, and spin  gffective potential for the singlet takes the forivs
angular momentum, henéeis even for particles and odd for —M2S2+1J9* with M2=m2+mZ2. Since the Higgs
superparticles. doublets have vanishing charges, the electroweak breaking
We now propose to makid(1)g an exact global symme-  .onn6t have any effect on the fate bf(1)g. The only
try of the supersymmetric Lagrangian, as well as that of ally 5y 15 preak it is to allow the singlet to develop a nonvan-
the .supersymmetric breaking terms. We introduce the COMishing vacuum expectation value. This can happen only
posite operator when M2<0 so thatv?=—M2/2\,. Sincem is positive,
m% should be negative enough to induce a negaw@.
(32, (6)  This implies thatm? cannot be as large dd3, as it would
PI leaveU (1)g unbroken; hencém?|~|mj| ~v?Z is the optimal

. choice. The singlet field could then be expanded around
where the singlet superfieihasR=+1. Our model is then ,_ a5

defined by the new superpotential

1 :
W= u(S)H,-Hg+mZu(S)+h,Q-H, u+hyQ-Hy d° S(x)= E[vﬁS(X)]e"”‘X), ©
+hel-Hg €°, () where ¢(x) is the corresponding Nambu-Goldstone

. o . boson [15] which has a strictly flat potential, and(x)
which hasR=+2, thus yielding a supersymmetric Lagrang- js g real scalar field with a mass of ordeg. It is clear

ian vyhich is invariant undet(1)g. The s_o—calledulprob— from the above that out)(1)g plays the role of what
Iem.m t.he MSSM may then be splve_d |'.¢S>|~101 GeV s usually calledU(1)pq [6]. Whereas the conventional
(which is of _coursezan assumption in |t9elbecau_se the U(1)po applies to the usual quarks and leptons, our
scale ofu(S) is |(S)|*/Mp which is of order 1 TeV instead U(1)pq applies only to the superparticles, and the gluino

of the typical gr_and unification scale of fGeV. We NOW " is the only colored fermion having a nonvanishidgl)pq
add the following set of supersymmetry breaking terms

; ) i current:
which are also invariant undéi(1)g:
o e 0= Ny, v\, (10
AL=|u(S)AQTYoQ+TcTY U+ doTY do+ LY L : .
where we have used the four-component notatiaf:

+E°TY e+ {u(9)[k,Q-Hy UC+KqQ-Hq d° o
L 1Hu(S) ThQ-Hy aQ-Ha =(A§.1\). Now the gluino also contributes to the color cur-

+keL-Hg €1+ H.cl+| (S| yulHul?+ Yyl Hal? rent with respect to whicd>? has a nonvanishing quantum
~ ~i anomaly:
+ (K, Hy Ha+H.c) T+ {u(S) Tkah N5+ Koh N,
- -~ 6g2
+kihih]+H.cl, tS) aMJf;9=64;2 €,,apCL GEE. (11)

~a. _ ~i . .
WheleM Is the gluino _OCtet.?\z the SU(2),. gaugino triplet, Since\]i couples top asd*@J> , the effective QCD vacuum
and\, theU(1)y gaugino singlet. The parametdeg,;and  gngle takes the form

k, are complex, whereag, 4 are real. The matrice¥q |

andY, q. are Hermitian, WhereazlsJ'dye are non-Hermitian. 0= 0ocp+6¢(X), (12)

The terms proportional tdu(S)|* are of course invariant

underU(1)g by themselves, so their coefficients are not necawhere the nondynamical phases in the quark mass matrices
essarily of ordetu(S)|2. Here we must make the additional and the phase of the complex constkgtan be included in
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focp by a chiral rotation. In close analogy with the KSVZ and u.¢; itself. The explicit expressions for the mass param-
scenario[12], our ¢(x) also receives a potential from the eters in Eq.(15) read as follows. The gaugino masses are
instanton background so as to develop a vacuum expectatiaiven by

value which enforce®=0 [i.e., (¢)=—10ocp/6], to all or-
ders in perturbation theory. Rather than the quarks, it is thus Ms=|Kaluhss, Mo=koulds, Mi=Kyude, (16)
the gluino which realizes the Peccei-Quinn mechanism of

solving the strongC P problem. which are not necessarily universal. The soft masses for the
The axion,a=v ¢(x)—(¢)], has a mass and lifetime Higgs sector are given by
given by

s Mﬁfyuluiffly Mﬁ.d=ydluﬁff|,
m’]T
m—) T(m—2v), (13

a

fr
m,~m,—, 7(a—2y)~
fa 2
S
2 +k#
US

PetB=|mer? , (17

where its decay constahj is equal tov /6. Our axion is not

a DFSZ axion[11] as it does not couple to quarks and lep-
tons; it is also not a KSVZ axiofiL2] as it does not couple to and are responsible for electroweak symmetry breaking, with
unknown colored fermion multiplets beyond the MSSM similar expressions for the mass-squared matrices of the sfer-
spectrum. We may call it thgluino axion[16] as it is in-  mion fields. In particular, since?/v? is of order unity, theB
duced by promoting the masses of the gauginos to local ogarameter is also of the same scale. FinallyAhgarameters

erators. are given by
Let us choose /2~ 10" GeV, which is in the middle
of the range of 19to 102 GeV allowed by astrophysical and Au=pgriky,  Ag=paika,  Ae=parke, (18

cosmological boundgl7] on f,. The effective theory below
v, is then a replica of the MSSM with the effectiye pa- which do not have to be proportional kg, hy, andh, of
rameter Eq. (7) as in the constrained MSSM.

As noted before, all mass scales of the MSSM Lagrangian
[Eqg. (15)] are fixed in terms of ucs. More than this, the
phase ofucts, i.€., — Ogcp/3, contributes universally to all
mass parameters which are complex. However, the phases of

gthe gaugino masses as well as those ofAladB terms also

2

U . .

Uoti==—e 1focD3— 103 GeVxe ifacd3 (14
2Mp,

which is the right scale for supersymmetry breaking. Thi X
seesaw mechanism for the parameter results from the in- depend on thd& parameters. Hence if the flavor structure of

troduction of the composite operator given by E6) into these matrices is not the same as those of the usual quarks
the theory, the dynamics of which are presumably dictate@"d leptons, then th€P violation in flavor-changing pro-
by physics at or near the Planck scale. On the other hand, tf€SSes is a powerful pro&9] into this sector of the effec-

scale of theu parameter is fixed by the astrophysical angtive theory. In the calculation of electric dipole moments due
cosmological bounds on the axion decay consfanwhich (O SuPersymmetrj9], theseCP phases can be considered as

gives (or receives a meaning to(from) the intermediate they are without Worryﬁlg about whether there is an addi-
scalev [18]. tional contribution fromé.

The low-energy effective theory is the softly broken In conclusion, we have presented in the above a natural
MSSM with R parity conservation. Indeed, after replacing solution to one hierarchy problem, i.e., whys so smallthe
the effectiveu parametefEq. (14)] and(¢)=—6gcp/6 into  strongCP problem and related it to another hierarchy prob-

the effective LagrangiafEq. (8)], we obtain lem, i.e., whyu is 1 TeV and not 1t GeV (the u problem).
The primary difference between our approach and previous
£t —DM2D+UcTM ZCuc+acTMZCac+[TM 27 other atte_r_npt$20] lies in the fact that the gaugino masses
MSSM Q ! d - are specifically promoted here to local operators given by
+8TMZe+{A,Q - H, US+ALQ-Hgy d° «(S). Indeed, finite bare mass terms for the gauginos would
5 5 automatically break th&(1)pq Symmetry, making it impos-
+ AL -Hg €1+ H.ch+ M} [Hy[*+ M [Hql? sible for the relaxation o to zero. As it is(S) serves two
o o important purposes: its magnitude determines the scale of
+(perBHy-Hg+H.c)+{MaA3A3+ Moo\, supersymmetry breaking and its phase solves the stBdPg
-~ problem.
+MN A+ Hcl, (19 Let us summarize our proposal.

(i) We work in the framework of supersymmetry and
which is nothing but the soft supersymmetry-breakingidentify U(1)pq asU(1)g which contains the usu# parity
part of the MSSM Lagrangian. It is in fact this part of the as a discrete subgroup.

Lagrangian that possesses all sources G violation (i) We require the supersymmetric Lagrangian and all
through the complexA parameters, the gaugino masses,supersymmetry breaking terms to be invariant undgt);.
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(i) We implement this with the composite operator (vi) The effective Lagrangian at low energy is that of the
M(“S)E(‘S)Z/M ol whereS is a singlet superfield having MSSM with R parity conservation. Thg problem is solved
=41, once(S)~f, is assumed.

(iv) The spontaneous breaking d{ 1) generates an ax- I (vii) S(;DCGI9=0 in this consisbtent SIUP?fsydmmemeFhEOW,l
ion and relaxes the effective QCD vacuum angleo zero, ~S'€ctric dipole moments can be calculated unambiguously
using the dynamical gluino phase, thus solving the stronérom the other explicilCP violating terms of the MSSM.
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