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Dark matter candidates:

light neutrinos, axions,

sterile neutrinos, primordial black holes,
weakly interacting massive particles (WIMPs).

Neutral, non-baryonic, weakly interacting particle!
Possible DM candidates:

. Light DM > . PR -
s Sterile Microlensing lower limit on MACHOS
s Ultra-light Bosons, Axions Neutrinos WIMPs Planck Scale |
DM 30
E 10%kg
107 107% 1071
Primordial Black Holes
T\KN Scale Solar Mass
= (10-10-10-22 gV) = (keV) = (1GeV-1TeV) = (1040 -10%5 GeV)
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The superpotential

W = Ewg + ,UJEI ﬁd + Msgg — Ydéﬁﬁd — Yéfﬁd + )‘-.Hgﬁuﬂ_d

‘|—)*.CST]’F}'—|— 3SSS+YHQH —I—nyﬁu+}’yiﬁf.

The Higgs superfields
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Scalar neutrino superfields

- 1 i 3 1 ?

vy = ﬁﬁi’z -+ ﬁ":’h VR = ﬁ‘?{’ﬁ + ﬁﬂ'ﬂ-

The soft breaking terms are
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The covariant derivatives of this model is shown in the general form
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The neutrino mass matrix is deduced in the base (vr, vr)

0 %(YUT)IJ
%(YH)IJ \/EU.?—?(YX)IJ

The mass matrix for CP-even sneutrino (¢, ¢,) reads as

M, =

T
Mgy Mg,

ﬂfuﬂ =

My Mpripy.
1
Mg = g((gi? +gyx + 95 + gvxgx)(vg —vy) + gyxgx (20 — 21’?;))

1
—|—§1!3YUTYU —|— m%,

1 1
M6, = \—@vuTu + v, v Yx Y, — Evd(/\HUS +V21)Y,,

1
Mo, 6, = 3 ((E}'YXQX + 9%) (vg — v) + 29% (v, — ‘U%)) + vyusYxAc

+m2 + *UQ|Y 2 + vy (20, Yx Yx + V2T ).




The CP even Higgs ¢4, ¢u, Oy, 05 and ¢s mix together

in the basis: (¢4, du, Oy, O, Ps)
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CP-even Higgs couples with CP-even sneutrinos

Lypron = Hii! 1{ Z | —2V2Z5 ZE (T w2l — 2Xcvs 28, 25, (YY) 21
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We also deduce the vertexes of 7' — & — x; and 7 — v; — X.
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Relic density and cross section

ngR is governed by the Boltzmann equation

dt

= —3Hnzr — (0v)sa (n?}lﬂ - n?ﬁ'feq) — (ov)ca(nprng — NpRegNgeq).

it can both self-annihilate and co-annihilate with another species ¢.
The species freeze out at the temperature 7.

(ov)sangr + (ov)cang ~ H(Tf).

With the supposition M, > Mﬁf

M, ~3/2
g = ( . ) EKP[(Mﬁf - M:ﬁ)/T]”ﬂﬁ-




Then 1t becomes

M
2 ) Exp[(Myr — My) /T nop ~ H(Ty).
M:r 1 1 n

The freeze-out temperature(7y)

[(U’U)SA - (OU)CA(

mp 0.038Mpgmg(ﬂ + ﬁb/ﬂ’,‘p)
rp = ——= lIl[ ]
Tr VI TF
. 1.07 x 10%
Q_Dh =~ .
VG=Mpp(a+ 3b/xp)GeV

its value should be Qph? = 0.1186 + 0.0020
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The operators v 0gq and v%*0,0%gy"q at the quark level

_ 2
_ N N
agmqeqq — fnmy NN, N = Z fi&q)ﬂq + ﬁfit“cj Z g,
q:ﬂ':dss q:ﬂ,b,t
_ N N N
(N|m,gq|N) =mnfry)s  fro =1— > fi.
g=u,d,s

convert, the operator b, 0,0"qv"q to byv™ 0,7 N~y*N
b, = 2b, +bg, b, =2b;+b,.

With the obtained fp, one gets the nucleon cross section

1
o= ;HQ[pr +(A=2Z)fa]".



self—annihilation

ol = {(W+W), (Z+2), (h°+ K°),
(’I_Li + ’U@)j (ri + dﬁ)? (z_z + I’i‘-}: (Eﬂ' T yi)}




co—annihilation
vt + o] = {(W+ W), (Z+1°), (4; + u;),

(di +d;), (i +1), (i +uvi)}
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scattering off nucleon

The main scattering processes of CP-even sneutrinos off nucleons are

vli4qg— vFf+gand v 4+q — vl +¢.




Numerical results

The used parameters

p=Ms=T,=Ml=M2=1TeV, tanf=05 wv,=2TeV, wv,=09TeV,
Ao =—05 vs=3TeV, T, =2TeV, Ly =DB,=Bs=m;=1TeV>,
Tyoo =2 TeV, Ty33=3TeV, M, =1176"° GeV*, T, =12 TeV,

Moo =2 TeV?,  Mya3 =3 TeV?,  Thoo = Tyas = 1.1 TeV, xk=0.7,
ML = ME = 53'3‘1{} TEV2 and TE = 51'3‘TEV and YI = (SijU.EJ, (’E?j = 1,, 2:, 3)
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The mass matrix for neutralinos in the basis: (A5, W0, H9, H° X ¢, 7,7, 3)

A B
Mi”:(BT c)

The concrete torms of A, B and C are

CM 0w me | (Maw 00 00
0 M Lo ——F v 0 0 0 0
A— . : 2 2g2d 2g2u BZ ) 0 0 AH Vs
| —Fve 2g2va 0 mpgogo Mg HY R
1 - HVd
\ %vu —Egzvu mgggg 0 ) \m}thE 0 O _—\/E )




( Mpr —gX Uy gXVjj 0 \

1
o —gXx Uy | 0 ﬁkcvs—l—ﬂn ?lcvﬁ
8xVij  Hhcus+ iy 0 Uy
\ 0 %lct}ﬁ %kcvq mgs )
Lo L orcen
M go 3__ﬁ HUS — [, ch?f’Li__z 8YX T 8X |Vd-
|
Mo, = E(EYX + gx)vu, mss =2Ms + 2k vs.

This matrix i1s diagonalized by N

N*MzoNT = M.



With some supposition, we can deduce the lightest neutralino mass and eigenvector
approximately. Comparing with A and C, the matrix B is small. In this condition, we can

use Z{, to simplity Mzo with matrix ¢

In this work, we suppose the lightest neutralino m 20 is different from the MSSM condition, that
is to say m, dommantly comes from the matrix C and MSSM neutralinos in the matrix A are
heavy. C0n51dermg the constraint that tan 3, is near 1, we use s, = v — v, with the relation
vy > Spy- So, C turns to

Mpyr —gXx Uy gxVy+ &XSm 0
c_ —gx VU 0 AoVUs+ [y ey + Aespy
gxVp+ 8xSm  Apvs+ [y 0 heUp
0 Y cUn + }LCSm AFCUH mss

with 1. = Ac/v/2.



The eigenvalues of C are deduced to the leading order according to s,,.

1/

mfﬁ =5 \MBL _}‘-CUS_H’TI‘F\/SgXU ‘I‘()‘CUS'l‘“n"‘MBL)z)’
I/

mio = "MLt hcvs i+ VB3V + Opvs + iy + MBL)E) =
|

' =2 (Revs + g+ mss + 8000?03 + (s — 2vs — py)?)
|

m%) = 2 ( clUs + My —I—m~~ — \/8(}. )21}2 + (mgg — }\f vg — ,u,?)z)

Mpp and mg; are positive parameters. v, is large and bigger than vg.

m 0 and myo are large values. Using mz; > Mpr and s 1150 1S
smaller than m 40+ SO 1m0 1s the lightest neutralino mass m 0
h d 1
(1) 2()\. )2SmU?]
m o =

Xa \/8@ V202 + (55 — Apvs — fiy)>




At the leading order, the eigenvector of m X0 1S

v =

| ( | |
0,1,1,0(})“# 0. —. .0).
Ad ,JZ—I—QS ( ﬁ ‘/i

, . : 0) . 1
Here, ag 1s a small parameter. The s,, correction to eigenvector V(D) 18 V(ﬂ)

Xd Xd
|
p (O = 2 (0, 0. br, c]).
Xd Un N blz — {?%
.\/S(ka)QUE + mgf + mi; I M
b= 45 " Cl:i( - _l)
cUn _\/S(AE)Q v% + mgf

ci 1s much smaller than b, then V(é} can be simplified as
Xd

s
v(é,)w—”*(o. 0. 1. 0).
Un

In the whole, the eigenvector of the lightest neutralino is dominantly

I composed by the linear combination of 1 and ﬁ



The self-annihilation processes are dominant in general condition.
xi + xi — A+ B. A and B represent final states (Z, h), (W, W),

(Z. Z). (h. ), (@ioui), (dis di), iy 1), (B, vi). Here i =
[. 2, 3 and h represents the lightest CP-even Higgs.

For co-annihilation processes, if the mass of another particle is almost equal to

mass of xP, they give considerable contributions to the annihilation cross section.

a. The lightest neutralino x? annihilates with heavier neutralinos xE(k =2...8),
whose final states are same as those produced by self-annihilation processes.

b. x? +x = {w, ). (u,d). (W, Z), (W™, y). (W™, hD)}. The corresponding
processes are obtained by the charge conjugate transformation.

C. X? + L™ — {(y. 7). (Z.]7). (hY, [7)}. Similar as the condition b, condition
¢ also has charge conjugate processes.

d. 0+ R @51y {(v, 7). (4~ wHy. . wHl.

The co-annihilation between }{10 and scalar quarks ({7 . ﬁ) are neglected, because

scalar quark masses are very heavy and much larger than m 0
|




The lightest neutralino scatters off nucleus, and the process is X]O +qg — x? + ¢g. The
exchanged particles can be CP-even Higgs H ?, CP-odd Higgs A?, gauge bosons Z, Z'.
Because neutralino is Majorana particle, the operator ;EP]/H X,O@ yHqg disappears.

For the CP-odd Higgs A? contribution, there are two suppression factors:
1. The Yukawa coupling Y, of light quark;
2. The operators }E? x?é ¥sq and ;T;?nxloé vsq are suppressed by ¢~ and q*.

The dominant operators are i?xfﬁq and ;Eloyluyg ;(lo.f}y“ygq obtained
from CP-even Higgs and vector bosons Z, Z’ contributions.




The parameters

Mg=27TeV, T, =1.6TeV, gyx =0.2, gx =0.3. 1c = —0.08. iy =0.1.

vp =155 xcos B, TeV, vz =155 xsin B, TeV, Yx|| =Yx20=0.5, Yx33=0.4,

Iy, =03TeV, Tx11 =Tx0n =Tx33=—1TeV, T,11 =Te2no =T33 = =3 TeV,

Ty =—0.1TeV, u, =10GeV. M| =M, =10TeV>, Mjs = M3 =3.5TeV>,
lw =4TeV?, M2, =M, =M>;=0.5TeV>, Ty =Ty =T33 =-2TeV., k =1.
Ta1o =Ty =02TeV, Mj,, =My =M; 3 =19TeV?, B, = Bs =m3=1TeV~,
Mz, = Mzy = Mgy =3.54TeV?, tan B, =0.8, Ty =Ty =T33 =0.5TeV.

Iy, Tx, T, etc. are supposed as diagonal matrices and we use the supposition

M%m =M%)22=M§)33=M%, Tan =T =Tg33 =14.
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Summary

1 The U(1)xSSM is the extension of MSSM, whose local gauge group
is SU(3)e x SU(2)p x U(1)y x U(1)x. The Higgs superfields
i, 1, S are added to the MSSM.

2 With the assumption that the lightest CP-even sneutrino can be a
cold dark matter candidate, the relic density of dark matter and

the cross section of dark matter scattering off nucleon are both studied.

3 The virtual Higgs contributions to both the relic density and the
scattering cross section are dominant. The numerical results imply

that the parameters 31333_. ﬂfg%,Tygg and g are all important.

4 From our numerical results, we find that Mgp and Mg in the neutralino
mass matrix are sensitive . The reason is that both Mggp and Mp; affect
neutralino mixing. Large parameter space supports m,o ~ 300 GeV,

1
though m x0 can be smaller with reasonable parameter space.
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