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Massive Neutrinos??
® Structure formation difficult

® Tremaine-Gunn (or Pauli prmcnple) Can't pack so
many lught neutrinos into halo.

MACHQS??
* Why would halo baryons be dark??
® What if Qpato > 0?7
® ul in LMC: verdict not in
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Y. CONCLUSIONS

htlhnpa.wehaventudiedinmz“thcpd—
bility of & “heavy” neutralino (mt>m.yl. mapping ont
“ompietely the cosmolngically allowed regions of parsme-
ter space. The mmin difflorence betwoen & heavy and a
light (m, <my ) newtrelino is that additionsl annikils-
tionchannelsopuw(vm#nofllﬁ'ndm
bosons). We have collowinted the smnibiletion cross sec-
tions into those eew chwmmels for o gomeral neutralino
state. In largs regioms of the pawwmsster space for the
minimal supersymmetric extonsion of the standard model
(s, M, tang, m.,.m,,udm,lthmchnnnehmakea

substantial contribution to the annihilation cross section,
and for & mewtrelimo that is Higgsino-like, the gauge-
boson fmal shetes (W W =, ZZ) often dominste all the
other chenmels by & factor of 10. Ou the other hand, for
4 beavy santraliino thet & the sew final states
are typically enlblonsimant. sew oheanels contribute
and cammot be igmorod for mewtrelises that are mixed
states.

Using owr resslts for e new smmibilation channels
along with previsws rsmits for the fsrmion Smal states, we
have calculated the totel sumibilation cross section for
heavy neutralinos and, from this, the relic cosmological
abundance of heavy neutralimos. We find that for o large
portion of the parameter space, a heavy newtralino of
mass between my and 3200 GeV can have a cosmologi-
cally interesting relic sbuadance, i.c., 0.025SQA2S1.
Thus, we comclude that s heavy neutralino is a well
motivated and viable dark-saather candidate. Based upon
the cosmological comstraint @ 4*S1, we have mapped
out the regions of parassseter apace that are cosmological-
ly forbidden. In particular, for m, < 180 GeV, one can

rebe out a mewtrslino that is heavier than
sbout 3200 GeV. For a mewtralino that is Higgsino-like,
the bound is shout 3000 GeV, while if the newtralino is
sweginclike, the bound is sbout 530 GeV. (If & top quark
of mons less than 120 GeV s discovered, the general
bowad drops to 2000 GeV.) As aoted in the Introduction,
Olive and Srodwicki® have recestly considered the case of
a heavy newtralimo thet is cither pure gaugino or pure
Miggeino. [n these miting cases and for the values of m,
and tenf thev have comsidered, our results agreé with
theirs. Finally, it is interesting to note that the cosmolog-
icat wpper bound to the mewtralino mass is comparable to
thet which follows by insisting that low-energy supersym-
metry “solve” the hierarchy problem.
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tities M, M", and s ors the masees that appear in the neu-
trelino mass sesrix Y, Bg. (C38) of Ref. 1, and Z; are the
slomsents of the reel orthegonal matrix that diagonalizes
Y. The menses of the fowr meutralinos are the absolute
vuhuo(&cmdf,mﬂ;onelhouldkeepin

“mﬁu&u&cuﬂmhwﬁve. The mass of

the Nghtost neutralino is the ath sigenvalue of ¥ which
we shall denote by mg. Thechr;inommmr.givm
f

by Bq. (C18) in Ref. 1, are always positive. The quantitics
¢. and ¢, determined from formulss given in Ref. 22,
describe the mixing of the charginos. The squares of the
Higgs-boson masses (m;? and m:’). a, and 8 are given
in Appendix A of Ref. 11. Finally, the quantitios gand g’
are, respectively, the U(1) and SU(2) gauge couplings. In
this appendix oaly, some quantities arc scaled by m, in
ocder to simplify some of the equations. Specifically,

2 m-.
m..
o= =X |, =X
My my
) (Al)
mz (py+p;)
2 e e
v my

where sm}, is the square of the centerf-mass energy,
sad p, and p, are the four-momenta of the incoming neu-
tralinos. (In Appendix B, these same quantiiies will be
rescaled by m z-)

Next we define the quantities

-l
)|

V2
where e=detX /|detX! and X is thé matrix defined in Eq.
(C9) of Ref. 1. From these we define

sing _ cosg_
cosd_ |22 | —sing _
. (A2}
l coné .
n2

_eﬂ...ll¢+

sing .

ccoss, |*Z

Ci'=elfl, ClV=elf +ef},
Co=et 1, COmel—fl, CO=ei+f7,
D V=clei +fif}, DV =celeif 1 +fi\f 1,
PO=eirttelft, DO=clerss+flefs
D=2ese.ff, , .

(A3)

wher: 1,2,
The following dimensioniess quantities are aiso useful:
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E 2

Ll AR R S A . B AW

AR &

AR A ARE A WaAK 3 .A AR .

R ENEE i .AAA

L} SUPERSYMMETRIC DARK MATTER ABOVE THE W MASS

-l

L‘-—l- Ity —2—2a+2%
f"'—l‘ l
(1+y)s —2—2w+2,

B i _
(I—yk —2—le+2x, l ' Ad

M-
y -::-dn+z(cw~¢b—n siacx] ,

...
C-;-:-cm—l(cm—a)-i-k cosa} ,
whare

z,
e -T’(:Z.,—x'z“l .

:—l_... *
f | . (MZYL +M'Z2, —-Z,.Z.), (AS)

F=Z} 72

Thmdcmncuou.nveugedovermmlinoapm

is given by

X(Xzz+ Xygg + Xy

ARITPILD AOST NS

mmumx,mmmmmm
g:vubythe&ynmdhun-n& 2, sesaming aver
unnlmtepohnuuomndam“mnlm

the sum of the squares of the (- and and w-chanuel
of the charginos, Xos, ¢+ comes from the interferemoe be-

sn

mmhl-mduchﬂmdbm
MI +.dX +m&ulﬁ¢m¢ﬂn
mchmpm-ﬁiﬁcl--d!ﬁm-

hange diagrams. The interforence botween the

Z- lnd Hl;.-bocon-exchange diagrams vanishes. The
quastities X, are given by -

Y o Al Y — 4Nz —da X5+ 208 +12)
u (s —LR+(Fe/mg P ’

1 .
n-_‘__ 2+ l%_l ] ](l""ﬂ)l‘d .

Ssin’p
‘ - me+
x5 ms
er_f_s_; Cl(lralcli+_;'_:_;:_c}zlal(z:
+chgW
. (AT
xi*li'"‘a_ piige
”m- mid— m-y
VRS & L YC VPR FNTTY U
My | my 'p @
M-—+
~phge 4 X ey 1 pwmgm
my My
s
X .= g'F ($)3(8)
= M —gP+ (T /my i) A 2 OO G
o oF W _.L {(6)219) "
XH;": ‘w 2 C G +2 ef,G,“o' N
where I is the Z width. Here
— A cos(f—a)
2
[(s m,’/m‘l’-i-(l‘.’/m,)’]m
C sim(
Se(f—a) (AB)

[(.l' —Mao/ﬂ")""(r,o/”l’}’]ln ’

whereF”‘oisthewidthofthcﬁ}',mdtheGmgivmby
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=

GV ax K [ — (k,—w—2Ps + Mo, —0— L1+ 20 + W] — H 25t 500~ 8w — 36x, ) + Uor— | Xx; — P+ 120x, ]
+4L{ s%bx, — 2t —u 0 ) (B, — 12w+ L] — Gum, +80" — Y (x, —0)]
+6x;, — v + O — 130+ G, +0,(x, —w P —(x, —al| ,
V= UK [2—(x, el —(, —0P]+16—&

+ 8L, Yo, ~ 1)+ !, e 4] — N, — @+ S, — T+
s_z_u+h.l (' K ‘[(‘; ) ""&; 2ue l e k‘“ﬁ 2‘,

<
r

[ye +Shedad.

Q,‘V/ Deraes A

G = 2K (k[ («, ~ @ —2)s +x,[K,(c, ~ 40 —2) + 60’ + b + §] ~ AW +2) 207 -0 +2)| +H{a— 1 H@+2P)
L

+m[szuxfﬂ.‘-sx,+4n+u{s.—,’—uu+ukf+(1o'+lu+11)x,—m-";-1om=+3m—-sp
]
+4{ N, — @V — 4, — @) —un, — 0 + 8} +Sun; + 9, —(@—4Ko+ 1)]] "y
s
— 4 — 252+ (125, — 160 — 40 + Molw; — )} — e, + 880 + 48] , NS/,
L
GW=— - _’K [8(x;— @ =2V, + (i, — ) + 20—y P+ 303 — By — '@+ 2K 30— 2) ] +( 1e+2)
t 2 .
+ ol (gt +2{(my— @) —~ 6y + 200 — 3] — iy — w1 + 8y + 20+ 2] +(142) @
2+2ﬂ_‘l_‘1"‘ 2 2 t 2 1 _—
“*[_hz*'(&l"'&;”l“- +N‘| +K1)z‘“(360+|2KK|+K1)+3(K|'—R1}2+4(901+220+12)] » \V-l :
6L b
S g — e — (ko — P+ —x—
G =g —2s "1""‘1[ (,—wP+2—x,—a)+(1e2) ::\\\)
L, 2 e AV
- ) — Gacs — - — —By— ‘ RY
+’_2_b+‘l+les1{zx, 2041 [ 2y, — )2 — 6y — 2+ 11]~ U, — 0 +éx, —Bo—2] +(1+-2), ég) N
\ .
GY= Klia: (x,L,—x,L,)+'—'6——:—z[ﬂxl+x1l+la—40]—-[{-(xl+x,l—o]’+x|+x,—-]—(x|—x;)’+§-o: ‘i” §
1 2
+ L, { sH by —ad) +5{ — 2cpxy— a2 + Baf — Bamc, — 9, + How — 2N w—1)] O A
24 20— K, —Ky—S 2Ky ALY 2 ] = v
—(x, @ by, — 0 — 53+ 20+ 2)x, +90 —Bar| +(1=2) , RN
L
G M= — 2 [5(x,~0—2P — My — )l +8x,— 280 —4]+(1es2) ‘N
Ky —Ky v
+ Ly A

P e [sz(m-*le"i-s[-*-(xz-a.a)2+6(x_,_—m)]+4(K1-m)2"8(x1+m)+4j+(1+-2)+2.s -8, Q/
G¥= L, [x,s}4+0—x;)+5s[4x]~ 5k, + 30)—(x, — &) — 10wk, + 60+ 8] +2(x, — @)’ — Bulx, — @) — 6, — 100 +4} ' ,
+ 3 =52+ 5 M, + 0 — 18) 4+ 5{6(k, — @)}~ 12, +360+28] — 12(x, — @) — 12x, + 440 +24] , .y
G =L, [ —xs2+5[,— 2+ 30— (x; —@)]+4—2x, +0)— 2Kk, —0P] + {2 +4x—o—1)s +8(x, —0+2)], >~
GO =s(1—5 /D)+ LK, + 0l —5(2+x,+30)+120] . |

At zero velocity, the Higge-buson- snd Z-exchange dia-  terms are most certainly of importance. However, in the
grams vanish, and oaly the chargiso-enchange diagrams  galactic halo, neutralino-neutralino rciative velocities are
remain. The rather lengthy expression for o yy times the  of order v?=v},, ~0, and to a good approximation, the

ti 1 to annihilation cross section times relative velocity should
o wwv (0 =0) be given by o it (v —+0) (unbess it vanishes).

o ge— | etrt | edest
Izsflmilm' l-o—xl

APPENDIX B: CROSS SECTION FOR vy —Z*2*

|l—o—x

The matrix eiement for the process Yy —Z°Z% is given
by the Feynman diagrams shown in Fig. 3, and the total
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Polarization and Gravitational Radiaﬁsﬁ

MK, KosowsKy, and Stebbins, astro-ph/9609132; Seljak and Zaldarriags, astro-
ph/9609169, astro-ph /9609170 WIS

Anisotropic Compton scattering => linear polarization
Temperature: T'(7)

Polarization: “P" (%)

Vector field has curl and curl-free part:
PA)=VA+V x B

Density perturbations = T xP=0 (i.e., scalar pertur-
bations have no “handedness”)

- -
Gravitational waves = V x P # 0 (i.e., gravitational
waves have “handedness”)

Polarization map = model-independent probe of
long-wavelength gravitational waves
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Conclusions

CMB maps will likely provide information about:

¢ geometry and cosmological parameters

® structure formation

® ionization history

® long-wavelength gravitational waves
o New tests ef inflghvaon
Other uses:

® Matter/CMB correlations = (),

® tests for non-Gaussian statistics —> structure-formation
theories

® Sunyaev-Zeldovich effect:
- H,
— fearn about clusters
* Blackbody spectrum
~ comstraivs ionization history
— cowstrains exotic phenomena in early Uwiverse
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