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New contributions to neutralino elastic cross sections fromCP violating phases in the minimal
supersymmetric standard model
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We compute the four-Fermi neutralino-quark interaction Lagrangian including contributions from theCP-
violating phases in the MSSM. We find that neutralino-nucleus scattering cross sections relevant for direct
detection experiments show a strong dependence on the value of theCP-violating phase associated with them
parameterum . In some cases, for a broad range of non-zeroum , there are cancellations in the cross sections
which reduce the cross section by more than an order of magnitude. In other cases, there may be enhancements
as one variesum . @S0556-2821~99!01705-1#

PACS number~s!: 95.35.1d, 11.30.Er, 12.60.Jv, 95.30.Cq
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The minimal supersymmetric standard model~MSSM!
with a neutralino lightest supersymmetric particle~LSP! pro-
vides one of the better motivated candidates for the d
matter in the Universe. From observations of the dynam
of galaxies and clusters of galaxies@1#, and from the con-
straints on the baryon density from big bang nucleosynth
@2#, it is clear that a considerable amount of non-baryo
dark matter is needed. The MSSM, with supersymme
breaking mediated by gravitational interactions and w
R-parity conservation, typically possesses a stable dark m
ter candidate, the LSP, which for much of the parame
space is a neutralino@a linear combination of the SU~2! and
U~1! gauginos, and the two Higgsinos# with a mass in the
rangemx;O(12100) GeV. In fact, there has been cons
erable progress recently in establishing strong constraint
the supersymmetric parameter space from recent runs a
CERNe1e2 collider LEP@3,4#. These constraints provide
lower bound to the neutralino mass of;40 GeV, when in
addition to the bounds from experimental searches
charginos, associated neutralino production and Hi
bosons, constraints coming from cosmology and theoret
simplifications concerning the input scalar masses in
theory are invoked.~The pure experimental bound is abo
mx*30 GeV @5#.!

A major issue concerning dark matter of any kind is
detection and identification. Indeed, there are a multitude
ongoing experiments involved in the direct and indirect d
tection of dark matter, many with a specific emphasis
searching for supersymmetric dark matter@6#. The event
rates for either direct or indirect detection depend crucia
on the dark matter elastic cross section, in this case
neutralino-nucleon, or neutralino-nucleus, cross section.
cause the neutralinos have Majorana mass terms, their i
actions with matter are generally spin dependent, com
from an effective interaction term of the form
x̄gmg5xq̄gmg5q. In the regions of the MSSM paramete
space where the LSP is a mixture of both gaugino a
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Higgsino components, or where the squarks are highly mi
@7#, there is also an important contribution to the scatter
cross section due to a term in the interaction Lagrangian
the form x̄xq̄q @8# which is spin independent. These term
are particularly important for scattering off of large nucle
where coherent nucleon scattering effects can quickly co
to dominate all others.

When gaugino mass unification at the grand unifi
theory ~GUT! scale is assumed, as is done here, the iden
of the LSP in the MSSM is determined by three paramete
These are the gaugino mass, represented here as the S~2!
gaugino massM2 at the weak scale, the Higgsino mixin
mass,m, and the ratio of Higgs vacuum expectation valu
~VEVs!, tanb. The interactions of the LSP with matter als
depend on additional mass parameters, specifically the s
mion and Higgs boson masses, which in turn are determi
from the soft supersymmetry breaking sfermion masses,
linear and bilinear parameters,mi , Ai , and B. It is very
common to choose a common soft sfermion massm0 at the
GUT scale, which greatly reduces the number of availa
parameters. In some cases, the Higgs boson soft masse
also chosen equal to the common sfermion soft masses a
GUT scale. This assumption leads to what is known as
constrained MSSM~CMSSM!. In the CMSSM, two param-
eters, usuallym and the Higgs pseudo-scalar mass, are fix
by the condition of proper electroweak symmetry breakin
The CMSSM generally leads to a nearly pureB-ino as the
LSP, and as we want to consider all neutralino compositio
we will not consider the case of universal soft Higgs bos
masses, though for simplicity we will assume that the
maining~sfermion! soft masses are unified at the GUT sca

The MSSM is well known to contain several independe
CP-violating phases. If one assumes that all of the supers
metry breaking trilinear mass terms,Ai , are equal toA0 at
the GUT scale, then the number of independent phases
duces to 2, which one can take asuA andum . The phase of
m can always be adjusted so that it is equal and opposit
©1999 The American Physical Society09-1
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that of the supersymmetry breaking bilinear mass termB,
uB52um by rotating the Higgs fields so that their vacuu
expectation values are real1 @9#. Though these phases ca
lead to sizable contributions to the neutron and electron
pole moments@10#, it has been shown that large phases
indeed compatible with these constraints, as well as cos
logical constraints on the neutralino relic density in t
MSSM @12# and in the constrained MSSM@13,14#. Indeed,
in the CMSSM, cancellations between different contributio
to the electric dipole moments~EDMs! over a broad range in
mass parameters allow for aum as large as;0.3p, depend-
ing on the magnitude ofA0 and tanb, and auA which is
essentially unconstrained. If we drop the assumption of u
versal Higgs boson masses at the GUT scale, these ph
are even less constrained.

Here we will show the importance of theCP-violating
phases on the elastic scattering cross-sections of neutra
on matter. To this effect, we will calculate the four-Ferm
x-quark interaction Lagrangian with the inclusion of theCP-
violating phaseum for the standard spin dependent and s
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independent interactions. Here, we have chosenuAi5p/2
and adjusted the magnitude of theAi ~of order 1–3 TeV! in
order to satisfy the bounds for the electric dipole moments
the electron and neutron. That this can be done has b
demonstrated in@15# where it was shown that the neutro
electric dipole moment contains separate contributions fr
the imaginary parts ofAu , Ad , andB. Though this can be
regarded as a fine-tuning, our purpose here is to concent
on the behavior of the elastic scattering cross section rat
than the cancellation of the electric dipole moments whi
has been treated at length elsewhere. A complete treatm
of the effective Lagrangian which includesuA as well as new
annihilation contributions for non-zero phases will be pr
sented elsewhere@16#.

Before writing down the effective Lagrangian, it will be
useful to clarify our notation. We will write the lowest mas
neutralino eigenstate~the LSP! as

x5Zx1
B̃1Zx2

W̃1Zx3
H̃11Zx4

H̃2 . ~1!

The neutralino mass matrix in the (B̃,W̃3,H̃1
0 ,H̃2

0) basis
states.

ndent and
h the off-
S M1 0 2MZ sinuW cosb MZ sinuW sinb

0 M2 MZ cosuW cosb 2MZ cosuW sinb

2MZ sinuW cosb MZ cosuW cosb 0 2m

MZ sinuW sinb 2MZ cosuW sinb 2m 0

D ~2!

depends explicitly on the Higgsino mass parameterm, and the coefficientsZx i
all depend on the phaseum . In Eq. ~2!, we have

takenM15 5
3 tan2 uWM2. The phases could in principle also enter into the calculation through the sfermion mass eigen

The sfermion mass2 matrix can be written as

S ML
21mf

21cos 2b~T3 f2Qf sin2 uW!MZ
2 2mfm̄fe

ig f

2mfm̄fe
2 ig f MR

21mf
21cos 2bQf sin2 uWMZ

2D ~3!

whereML(R) are the soft supersymmetry breaking sfermion masses, which we have assumed are generation indepe
generation diagonal and hence real. Because of our choice of phases, there is a non-trivial phase associated wit
diagonal entries, which we denote by2mf(m̄fe

ig f), of the sfermion mass2 matrix, and

m̄fe
ig f5Rfm1Af* 5Rf umueium1uAf ue2 iuAf, ~4!

where mf is the mass of the fermionf and Rf5cotb(tanb) for weak isospin11/2~21/2! fermions. We also define the
sfermion mixing angleu f by the unitary matrixU which diagonalizes the sfermion mass2 matrix,

U5S cosu f sinu fe
ig f

2sinu fe
2 ig f cosu f

D[S h11 h12

h21 h22
D . ~5!

Note thath2152h12* .
The general form for the four-Fermi effective Lagrangian can be written as

L5x̄gmg5xq̄igm~a11a2g5!qi1a3x̄xq̄iqi1a4x̄g5xq̄ig
5qi1a5x̄xq̄ig

6qi1a6x̄g5xq̄iqi . ~6!

1Note that in some cases loop effects may not allow this simple tree level rotation@11#.
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The Lagrangian should be summed over quark generations, and the subscripti refers to up-typei 51 and down-typei 52
quarks. Here, we shall only be concerned with the axial vector (a2) and scalar (a3) contributions. These coefficients are give
by

a2i5
1

4~m1i
2 2mx

2!
FUh11* S Yi

2
g8Zx1

1gT3iZx2D1
h12* gmqi

Zx52 i

2mWBi
U2

1U2h12* eig8Zx1
* 1

h11* gmqi
Zx52 i

*

2mWBi
U2G

1
1

4~m2i
2 2mx

2!
FUh21* S Yi

2
g8Zx1

1gT3iZx2D1
h22* gmqi

Zx52 i

2mWBi
U2

1U2h22* eig8Zx1
* 1

h21* gmqi
Zx52 i

*

2mWBi
U2G

2
g2

8mZ
2 cos2 uW

~ uZx3
u22uZx4

u2!T3i ~7!

a3i52
1

2~m1i
2 2mx

2!
ReF S h11* gmqi

Zx52 i
*

2mWBi
2h12* eig8Zx1

* D Xh11* S Yi

2
g8Zx1

1gT3iZx2D1
h12* gmqi

Zx52 i

2mWBi

C* G
2

1

2~m2i
2 2mx

2!
ReF S h21* gmqiZx52 i

*

2mWBi
2h22* eig8Zx1

* D Xh21* S Yi

2
g8Zx1

1gT3iZx2D1
h22* gmqi

Zx52 i

2mWBi

C* G
2

gmqi

4mWBi
FRe~Zx3

@gZx2
2g8Zx1

# !CiDiS 2
1

mH1

2 1
1

mH2

2 D 1Re~Zx4
@gZx2

2g8Zx1
# !S Di

2

mH1

2 1
Ci

2

mH2

2 D G . ~8!
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In these expressions,m1,2i
are the squark mass eigenvalue

Bi5sinb(cosb) for up ~down! type quarks and Ci
5sina(cosa), Di5cosa(2sina) ~a is the scalar Higgs
mixing angle!. In the limit of vanishingCP-violating phases,
these expressions agree with those in@6# and @22#. Expres-
sions fora1i , a4i , a5i anda6i , which are suppressed by th
neutralino-quark relative velocity, will be presented in@16#.

Equations~7! and ~8! contain contributions to the effec
tive Lagrangian for neutralino-quark scattering from squa
Z, and both scalar Higgs boson exchange. The spin de
dent contribution~from a2! contains terms which are no
suppressed by the quark mass and can be large over mu
the parameter space, that is, they do not rely on the L
being a mixed gaugino-Higgsino eigenstate, i.e. having b
a largeZx1,2

and a largeZx3,4
component. In contrast, the sp

independent term~from a3! is always proportional to the
quark mass and relies on either the LSP being a mixed s
or significant squark mixing@7#. However, the spin indepen
dent cross section is enhanced by the effects of cohe
scattering in a nucleus and can dominate over the spin
pendent cross section for heavy nuclei.

The elastic scattering cross sections based ona2,3 have
been conveniently expressed in@6#. The spin dependent cros
section can be written as

s25
32

p
GF

2mr
2L2J~J11! ~9!

where mr is the reduced neutralino-nucleus mass,J is the
spin of the nucleus and
05500
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J
~ap^Sp&1an^Sn&! ~10!

and

ap5(
i

a2i

&GF

D i
~p! , an5(

i

a2i

&GF

D i
~n! . ~11!

The factorsD i
(p,n) depend on the spin content of the nucle

and are taken here to beD i
(p)50.77,20.38,20.09 foru,d,s

respectively @17# and Du
(n)5Dd

(p) ,Dd
(n)5Du

(p) ,Ds
(n)5Ds

(p) .
The ^Sp,n& are expectation values of the spin content in t
nucleus and therefore are quite dependent on the ta
nucleus. We will display results for scattering off of a73Ge
target for which in the shell model^Sp,n&50.011,0.491, and
for 19F, which haŝ Sp,n&50.415,20.047. For details on the
these quantities, we refer the reader to@6#.

Similarly, we can write the spin independent cross sect
as

s35
4mr

2

p
@Z fp1~A2Z! f n#2 ~12!

where

f p

mp
5 (

q5u,d,s
f Tq

~p!a3q /mq1
2

27
f TG

~p! (
q5c,b,t

a3q /mq ~13!

and a similar expression forf n . The parametersf Tq
(p) are

defined by^pumqq̄qup&5mpf Tq
(p) , while f TG512( f Tu1 f Td

1 f Ts) @18#. We have adoptedf Tq
(p)50.019,0.041,0.14 for
9-3
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TOBY FALK, ANDREW FERSTL, AND KEITH A. OLIVE PHYSICAL REVIEW D 59 055009
u,d,s and for f Tq
(n)50.023,0.034,0.14@19#. The cross sections

derived from Eqs.~8! and ~13! approximate the squark ex
change contributions for heavy quarks@20# and neglect the
effect of twist-2 operators; however the change from a m
careful treatment of loop effects for heavy quarks and
inclusion of twist-2 operators is numerically small@21#.

We are now ready to show the importance of the pha
As we noted earlier, we will restrict our parameter choices
universal gaugino masses and universal sfermion mass
the GUT scale. We will also choose tanb53 throughout to
make it easier to remain consistent with recent constraint
the Higgs boson mass of about 78 GeV~for this value of
tanb! @23#. We will also choosem05100 GeV throughout.
Because of the running of the RGE, this leads to typi
squark masses of;450 GeV forM2;150 GeV. Finally, we
have chosen the value of the pseudo-scalar Higgs bo
mass to be 300 GeV.

We begin our discussion by focusing on the spin dep
dent contribution froma2 . For this case, we consider th
scattering of neutralinos on fluorine, for which the spin d
pendent contribution typically dominates by a factor of ab
20 @6#. In Fig. 1~a!, we show the contributions from differen
quarks toap given in Eq. ~11!, as a function of theCP-
violating phaseum , for M25150 GeV andm5500 GeV. In
this case, both the contributions from squark exchange anZ
exchange are significant. The signs of the individuala2i ’s
are all positive; however, the sign of the contribution toap is
different for theu quark than for thed ands quarks due to
the different sign inDu relative toDd and Ds . As one can
see, there are important cancellations which can dramatic
reduce the spin dependent cross section. We note that s
this sign difference in theD’s is generic, this effect does no
depend heavily on the spin structure of the nucleon.

The total value of the spin dependent cross sec
s2(um) for x-19F scattering is shown by the solid curve
Fig. 1~b!, normalized to the value of the spin dependent cr
section atum50. For these values of the MSSM paramete
the neutralino is predominantly aB̃ with a mass mx

.75 GeV. The relic density is aboutVh2.0.15. As one can
see, there is an important dependence onum and a cancella-
tion in s2 leading to a decrease in the cross section by
least an order of magnitude forum /p50.2– 0.3. The pres-
ence of such a large cancellation in the spin dependent c
section over a range inum and its position inum depend on
the MSSM parameters. For comparison, we also show by
dashed curve, the spin independent cross sections3 for the
same MSSM parameters and for scattering on fluor
which also exhibits a similar reduction nearum /p
50.3– 0.4. Note that the neutralino relic density is n
strongly dependent onum since theB̃ mass is insensitive to
m. Furthermore, theB̃ relic density depends primarily on th
annihilation through slepton exchange~since squarks are
heavier when universal sfermion masses are assumed a
GUT scale andm0&M2!. Because slepton mixing is sma
@the off-diagonal elements in Eq.~3! are proportional to the
lepton masses# the dependence on theCP-violating phases is
also small@13#.
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The spin independent cross section is dominant in m
of the parameter space for scattering off of heavy nuclei
Fig. 2, we consider the scattering of neutralinos on73Ge, for
M25150 GeV andm5250 GeV. In Fig. 2~a!, we show the
relative contributions tof n . The dominant contributions to
f n come from Higgs exchange, and from Eqs.~8! and ~13!
one sees that contributions from up-type quarks and do
type quarks are simply scaled by the appropriatef T’s. The
solid line shows the totalf n ~which is close to the totalf p!,
and again one sees significant cancellations, nearum /p
50.15. The cancellation in the totalf n occurs at a different
place from that of the individual contributions because of
relative signs of the latter which are not shown. The signs
the up-type contributions differ from those of the down-ty
~at um;0,p! and change sign atum /p;0.6 and 0.4 respec
tively. In Fig. 2~b!, we show by the dashed curve the tot
value of the spin independent cross sections3(um), again
normalized tos3(0). Here again, we see a strong depe
dence on theCP-violating phaseum , and forum;0.15, there
is again a strong cancellation in the total scattering cr

FIG. 1. For elastic scattering off of19F, ~a! the absolute value of
the contributions toap from individual quarks as a function ofum ,
and~b! spin dependent~solid! and spin independent~dashed! cross
sections as a function ofum , and normalized to the cross sections
um50.
9-4
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NEW CONTRIBUTIONS TO NEUTRALINO ELASTIC . . . PHYSICAL REVIEW D 59 055009
section. Note that in this case, the spin dependent cross
tion ~shown by the solid curve! simply connects theum50
andum5p limits monotonically.

Finally, in Fig. 3, we show that theum dependence of the
cross sections does not always lead to cancellations a
diminishing of the cross section. Indeed, while we genera
do find a strong dependence onum , in some cases this de
pendence leads to an enhancement of the cross sectio
Fig. 3, MSSM parameters were chosen asM25130 GeV,

FIG. 2. For elastic scattering off of73Ge, ~a! the absolute value
of the contributions tof n from individual quarks as a function o
um , and ~b! spin dependent~solid! and spin independent~dashed!
cross sections as a function ofum , and normalized to the cros
sections atum50.
a-

ta

05500
ec-

a
y

In

umu5110 GeV, tanb52 andm051500 GeV~to satisfy the
Higgs boson mass constraint!, and we now normalize the
spin independent cross section to the cross section aum
5p. As one can see, the dependence of the cross sectio
um is not monotonic. The large variance in the cross sect
from um50 to p is largely due to the fact that the neutralin
mass varies rapidly for these parameters, from 26 to 70 G
Note that forum /p&0.5, the chargino mass~which is also
strongly dependent onum! is below the current experimenta
constraint of about 91 GeV.

We have shown that the cross sections for ela
neutralino-nucleus scattering relevant for the detection of
persymmetric dark matter are strongly dependent on theCP-
violating phaseum associated with the Higgs boson mixin
massm in the MSSM. For particular MSSM parameters, t
value of the phaseum can lead to either strong cancellation
or in some cases enhancements to the cross section and
mately the detection rate. The full dependence on the MS
parametersM2 , m, and tanb as well asA0 and its associated
phaseuA will be presented elsewhere@16#.
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FIG. 3. An example of aum dependence which shows an e
hancement in thex-19F scattering cross section rather than a ca
cellation. Note that the cross sections are normalized differentl
this case.
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