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ABSTRACT

We investigate in detail the R-parity violating SUSY, especially the con-
straints on its parameters. The constraints are mainly obtained from collider
experiments, and they are of order 107>~10"*. However, we found that, if
lepton flavor violating processes are strong enough to equilibrate the lep-
ton flavor asymmetry in the early universe, which is naturally expected in
various models, the present baryon—antibaryon asymmetry brings us much

more stringent constraints of order 1076—107".
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Chapter 1

Prelude

O SUSY and R-parity

We have the Standard Model, which describes almost all physics below the energy scale 100GeV.
Although it is still under verification, especially the existence of the Higgs boson, the experi-
ments held in the Large Hadron Collider (LHC) will work out the answer soon, which will be a
declaration of the triumph of our philosophy.

However, the Standard Model contains one “unnaturalness,” the hierarchy problem. The Higgs
boson, a sole weird particle in the Standard Model, receives a large mass correction Am? ~

2 . . .
(1019GeV) , and forces us to realize a miraculous cancellation

mtz)are - Am? = m;hysical’ (L.1)
that is,
0 (1038GeV2) -0 (1038GeV2) =0 (104GeV2). (1.2)

This problem originates from the separation between the electroweak scale 100GeV and the grav-
itational scale 10'°GeV, and thus it is called the hierarchy problem.

The most famous answer to this unnaturalness is the supersymmetry (SUSY) [2]], a symmetry
which transforms boson to fermion, or vice versa. In a supersymmetric theory, all particles accom-
pany their supersymmetric partners, or “superpartners,” and therefore if we extend the Standard
Model with the SUSY, we have bosonic quarks, bosonic leptons, and fermionic gauge bosons, as

29 ¢

the partners of the quarks, the leptons, and the gauge bosons. They are called “squarks,” “slep-
tons,” and “gauginos,” respectively. They also contribute to the mass correction, and under the
SUSY, the correction is calculated to be zero.*! Also, the SUSY is significant for grand unifica-

tion theories (GUTs) and string theories.

*1 For a more detailed discussion, See Ref. [
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However, very sad to say, the minimal supersymmetric standard model (MSSM) [4 3 [d], which
is the minimal supersymmetric extension of the Standard Model, has a big problem, not unnatu-
ralness. Under the MSSM, the lifetime of proton is naively estimated to be less than one second.
If we would like to obtain the current experimental bounds 10?°yr [[7l], we must yet introduce an
unnaturalness of order 10'3.

Why does this proton decay problem emerge? — In the Standard Model, the baryon number B
and the lepton number L are accidentally conserved by the gauge symmetry. For the rigidity of the
gauge symmetry and the skimpiness of the field content, we could not construct B- or L-violating
operators. However, in the MSSM, the field content is doubly extended. Now B- and L-violating
operators can be constructed, which invoke proton decay.

To solve this proton decay problem, usually we impose the R-parity [[6], a Z, symmetry which
forbids B- and L-violating operators again, on the MSSM. This seems a nice way, because we
have never observed B- or L-violating events. Also, this “MSSM with R-parity” provides a very
nice explanation of the dark matter problem. We know that our familiar matters, e.g., electron,
proton, and neutron, account for about 4% of the substance of this universe. [Bl Q] We consider
that 21% of the substance is some other matter, called “dark matter,” and the rest 75% is not even
matter, which we call “dark energy.” As we will discuss in this thesis (Chap. B), if the R-parity
is conserved, the lightest supersymmetric particle (LSP) becomes stable in the MSSM scheme.
Therefore, if the LSP has appropriate mass, it can be a good candidate of the dark matter.

As we have seen, the R-parity is a very attractive choice. It explains even the dark matter
problem, as well as the proton decay problem. However, it is installed arbitrarily. We just imposed
by hand. Therefore, fairly speaking, it is also unnatural. We should, to explore this mysterious
universe, consider other choices than the R-parity, as well as the R-parity case.

Actually, we have other ways but the R-parity to circumvent the proton decay problem. If we
impose the conservation of either B or L, proton decay does not occur. We call these models
“SUSY without R-parity,” or “R-parity violating SUSY,” and in this thesis, we will explore the
“SUSY without R-parity.”

0 Why not R-parity?
But why do we abandon the very beautiful R-parity?

— Now we have just celebrated the rebirth of the LHC. In the LHC experiments, the discovery
of the SUSY as well as the Higgs boson is expected. However, the studies on the detection of the
SUSY are, almost all of them, with the assumption of the R-parity conservation.

If the R-parity conservation is realized in nature, we will discover the SUSY at the LHC soon,
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which will solve even the dark matter problem, and then we will come to develop deeper under-
standing of the universe. However, if not? Then, we might be unable to know the existence of
the SUSY even if the SUSY is realized in nature. Also we will have no answer to the dark matter
problem, and even be unable to reject the scenario that the dark matter is the LSP.

In the last decade, 2000’s, We had long waited for the LHC. Now, at last, the time has come.
We should exhaust the experimental results obtained at the LHC, and to this end, it is important

to be free from any obsessions, as well as be stick to the beautiful, attractive scenario.

O Outline of this thesis

This thesis focuses on the R-parity violating SUSY, and discuss its phenomenological aspects.

The author studied and wrote a paper [[II], with two collaborators 0 O O (Motoi ENDO) and [J
0 00 (Koichi HAMAGUCHI), about cosmological constraints on the magnitude of the R-parity
violation. We will discuss what we presented in the paper in Chapter 4, with much verbosity.

As preparatory of the discussion, in Chapter 2, we review the R-parity violating SUSY, and some
constraints obtained mainly from collider experiments. Also, in Chapter 3, we review the property
of the universe before the electroweak phase transition (temperature 7 > 100GeV), which we
considered in the paper. The last part, Chapter 5, is devoted to conclusion and discussion.

Also we present several appendices. Appendix A is a brief review of the Standard Model. In
Appendix B, the SUSY is reviewed, and we discuss the higher dimensional proton decay operators
and the R-parity. We will see that the R-parity is not sufficient to prohibit the proton decay.

Appendix C is a brief review of the cosmology, mainly on the Hubble expansion.






Chapter 2
SUSY and R-Parity

To begin with, we discuss the R-parity, its effect to the minimal supersymmetric standard model

(MSSM), and the restrictions on the R-parity violating parameters.

Section 2.1 Review: the R-Parity
2.1.1 PROTON DECAY PROBLEM

The superpotential of the MSSM is constructed as*!

W = uH Hq + yuiiHu QiU; + y4iiHaQiD; + yeijHaLiE ;
2.1)

1 _ _ 1 o
+ x;H,L; + E/lijkLiLjEk + /l,ijkLinDk + E/llliijiDjDk'
Here, the UDD term violates the baryon number B, and three operators LLE, LQD, and H,L
violate the lepton number L. These terms cause a disastrous event, the decay of proton. The
Feynman diagram of the decay is, for example, described as Fig. 2.1l Here, U DD, (AB = +1)

and L;Q1D, (AL = +1) interactions invoke p — me* decay. The decay rate I' is approximately

5 ’ v |2 4
’ 12 mproton /11]2/1112 1TeV
I~ |44 = : 2.2
27112 mt o 2.9%10"20yr | m, (2:2)

while the lifetime of proton according to this decay mode is measured as longer than 1.6 x 103 yr

(90% confidence level) [[7]]. Therefore those parameters are restricted as

m~ 2
<107 () 23
1TeV 2.3)

’ ”
/1112/1112

which is unnatural. This is the proton decay problem.

*1 Here we use the convention A; ik = —Ajik and /llf}k = —/l;];j. For more detail information, see App. Bl
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Fig. 2.1 Feynman diagram of the proton decay (with no suppression). The time goes from
left to right, and the arrows denote the directions of the left chirality. For example, initial u and
d must be right-handed, and the intermediate s, is left-handed, since it is an antiparticle of a
right-handed particle.

Thus, in order to solve this problem, we usually install the conservation of the R-parity [[] into

the MSSM. The R-parity is a discrete Z, symmetry defined as
PR = (_1)3B—L+2S, (24)

where B, L and s are the baryon number, the lepton number and the spin of the particle, respec-
tively.
The exact conservation of the R-parity restricts the superpotential as

W = Wrec := pHyHy + yo;jHu QiU + ya;;HaQiDj + ye; HaLiE . (2.5)

Note that the R-parity makes B and L again conserved in the MSSM, as they were in the Standard
Model. Under this superpotential, the proton decay could not occur, and again the proton would

be a stable particle.

Now we seem to have circumvented the proton decay problem. However, to be honest with
nature, we have to consider higher-dimensional operators which can invoke the proton decay.

The discussion about the higher-dimensional proton decay is presented in App.[B.2.1] and there
we will conclude that we should use another symmetry, the proton hexality [IQ], than the R-
parity. Though, the phenomenology under the proton hexality is almost the same as that under the
R-parity, and in almost all cases, we need not look after the difference between the R-parity and
the proton hexality.

Therefore, here we do not pay attention to the higher-dimensional proton decay, and go forward

with the R-parity.
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2.1.2 R-PARITY AND DARK MATTER

Now we have circumvented the proton decay problem for the sake of the R-parity. Actually, this
R-parity conservation brings us another attractive feature. That is, a solution of the dark matter
problem.

The definition of the R-parity is equivalent to the following one:

Pr = +1 for Standard Model particles,
{ (2.6)

Pr = -1 for superpartners.

Consider the lightest particle among the superpartners (R-odd particles). This particle, which is
called the lightest supersymmetric particle (LSP), cannot decay under the R-parity conservation,
because lighter particles than the LSP are all even in the R-parity. Therefore, if the R-parity is

conserved, the LSP is always stable, and would be an attractive candidate for the dark matter.

* % %

Actually, the R-parity conserving scenario is respected for this feature, that is, for one symmetry
solves two problems. As we will see in the next section, resultingly we must impose a constraint
to forbid proton decay even if we are away from the R-parity conserving models. When we come
to impose a symmetry, we surely want to use the one which solves two problem. Therefore, we

usually use the R-parity.

2.1.3 OTHER CHOICES THAN R-PARITY

Here we shall mention an interesting properties of the proton decay. What we would like to say

is, the proton decay does not occur if at least one of the following two properties is satisfied:

1. The baryon parity (—1)*8 is conserved.

2. The lepton parity (—1)% is conserved and the LSP is heavier than proton (my sp > Mproton)-

The first condition is obvious. If proton would decay, the final state must be B = 0, because
proton is the lightest baryon, and thus the baryon parity must change. Therefore, if the baryon
parity is conserved, proton would not decay. Note that the conservation of the baryon number is a
sufficient condition for this case.

On the other hand, the second one is a bit complicated and needs some explanation. Assume
that the lepton parity is conserved. As we have just seen, the decay process must be AB = —1,
and thus (—=1)*#~f = —1, by the assumption. This means the R-parity of the final state is odd, so

we need one superparticle in the final state. Therefore, if the lepton parity is conserved, the LSP
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must be lighter than proton for the proton decay to be invoked.
The conservation of the R-parity saturates the first condition as long as we consider only 4-

dimensional operators of the MSSM, and therefore the proton decay is circumvented.

* 0 ok 3k

Now we can see that we have actually three choices to forbid the proton decay.
(i) Forbid both B- and L-violation: The first way is to impose the R-parity, or other symmetries,

so that the superpotential is restricted as

W = Wepc := pHuHa + yu;iHu QiU + ya;;Ha QiD;j + ye; HaLiE . (2.7)

In this case, B and L are conserved as the Standard Model. Moreover, with great pleasure, the
LSP becomes stable, and can be a candidate for the dark matter.

Note that we consider only the MSSM scheme. If we introduced other particles to extend
the MSSM, the R-parity might not forbid B- or L-violation. (Imagine a superfield which carries
3B=L=1.)

(if) Forbid B-violation: The second way is to forbid B-violating interactions and restrict the su-
perpotential as

1 o _
W = Wgrpc + k;H,L; + E/lijkLiLjEk +A ijkLinDk (28)

with imposing some symmetry. In this case the LSP is not responsible for the dark matter.
(iii) Forbid L-violation: The last way is to forbid L-violating interactions with some symmetry.
The superpotential would be

W = Wepc + 3 "0, 2.9)

and in this case the LSP must be heavier than proton for fear proton might decay. Also the LSP is

not a dark matter candidate.

Now we consider only the MSSM, and its 4-dimensional operators. In this scheme, the
conservation of the lepton parity and the lepton number are equivalent.

Also note that we distinguish these three patterns by the form of the superpotential, not
the symmetry imposed on, because we are interested in phenomenology.

The discussion on what happens when we consider higher dimensional operators, and
that on the symmetries which we should impose in each case, are presented in App.[B.3l

The first choice is widely discussed. In this thesis, we focus on the second and the third cases,

the R-parity violating MSSM.
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Section 2.2 Constraints on the Couplings

Now we have circumvented the proton decay problem. However, the R-parity violating couplings

/7. 7"
Kis  Aijes A A

e (2.10)

have other constraints, mainly from collider experiments.
We can eliminate the couplings «; by redefining the fields Hyq and L;. Thus we use the following

form as the superpotential:
1 _ , _
W = Wrpe + z/lijkLiLjEk + A ijkLinDk (211)
for the L-violating scenario, and
1 17 T T
W = Wgpc + 5/1 iijinDk (212)

for the B-violating scenario, and discuss the constraints and the bounds on the R-parity violation
parameters.
We have 9 + 27 L-violating parameters and 9 B-violating parameters. For simplicity, we will

focus only on the absolute value, that is, we will ignore complex phases.

0 Single-coupling bounds

We saw in the last section that the product of " and A’ is restricted as

< 10—27(ﬂ)2. (2.13)
1TeV

’ ”
/1112/1112

This is surely a constraint on the R-parity violating couplings, especially a constraint on a product
of the couplings.

In the context of the constraints, however, usually “single-coupling bounds,” which are the
bounds on the indivisual R-parity violating couplings when only the particular coupling is non-
zero, are discussed. This is mostly for simplicity, but not very unreasonable, because the bounds
of products are generally much more severe than the single-coupling bounds, as we saw for the
proton decay case.

In this thesis, we mainly focus on the single-coupling bounds.

k % %
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However, we should be careful when we discuss single-coupling bounds, because several con-
straints are those on the difference of the R-parity violating couplings. We will see examples of

such situations soon in the following discussion.

O Preparation

To simplify expressions, we follow Refs. [{1} [2]] and define

2

2 ’
1 |/lijk| 1 g
rin(X) = , ri (X)) = , (2.14)
’ 422Gy mi * 426Gk m§
and in addition,
1 % )’j 'k/l;mn
4V2Gg  my

where my is the mass of a particle X and G is the Fermi constant, 1.116 X 1075GeV 2.

2.2.1 u AND 7 DECAY: FOR 4;j ETC.

First we consider the leptonic decay of u and 7, as discussed in Ref. [I3]], and previously in
Refs. [[LT} [I4]] (charged current universality). This discussion yields the bounds on A; j.

Here we consider the decay rate of the events

ei = viev, (2.16)
and corresponding two values:

_TIa—- vTevz) B [t — v V;)

R = .
’ * F(,u—>v#ev2)

= = (2.17)
L(t = veuvy)
In the Standard Model, or the R-parity conserving MSSM (R,-MSSM), these processes are

invoked mainly by the gauge interaction mediated by W-boson. However, if we have LLE term, it

also contributes to the process. See Fig. for the Feymnan diagrams of the R,-MSSM process
and LLE-induced case.
Therefore, the values R; and R, are shifted by the R-parity violating processes. The shifts are

calculated as

R;

Room =1+ ZZkl [r13k(erk) — rask(eri)] (2.18)
R,

(Rm;swl =1+ 2; [r23k(erk) — rizk(eri)] (2.19)
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11
A1k ; A13k :
HL - = -t Ve L > - -t Ve
] ]
Rk eL Rk eL
] ]
_/lTZk _/14{3k
Vi Ve
(a) (b)
A3k ; ”
9 - o -t Vi HL > — u
]
ZR k ML W eL
]
A3y
vy
(©)

VT

(R,-MSSM) e

Fig. 2.2 Possible R-parity violating contributions to (a) u — evaﬂ, b))t —> evaT, ©T1T—-
uvlv,, and corresponding R,-MSSM process.

which means that the difference between the experimental result and the Standard Model expected
values of R; and R, give us constraints on the R-parity violating couplings 7;jx, that is, 4; .
The calculated results under the Standard Model v.s. the experimental results are
R, 1.028(4)
(R:)sm 1.028

Ry 1.312(6) x10°

= , 2.20
(Rey)sm 1.309 x10° ( )
where the Standard Model precision values (denominators) are obtained from Ref. [[[2]], and the

experimental results (numerators) are from Ref. [[Z]]. Therefore we obtain the following 20 = 95%
bounds:

100GeV \*
—0.0512<Z[|113k|2—|123k|2]( — ) <0.051> (R
k

2.21)
€Rk
100GeV
~0.048% < Z [|/123k|2 - |112k|2]( ) <0.0622. (R, (2.22)
k ey,

If we see these bounds from the viewpoint of single-coupling bounds, they are

/ll3k < 0051, /lzgk < 0051,

/112k < 0048, (223)
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for m = 100GeV. However, we can see easily that, e.g.,

A131 = Aaz1 = 4121 = 0.3, others = 0 (2.24)

is allowed within these constraints. As you can see, we had better be aware that the single-
couplings are not the true bounds of the parameters, and we should review the constraining
equations, e.g., Eqs. @.21) and 2.22)), even if we overlook the bounds on the products of the

couplings.*?

2.2.2 7 AND 7 DECAY: FOR A, ETC.

Next, in order to constrain A, , we consider the values

1k’

C(n™ : r v
Rﬂ — (7T — € V?) ’ Rﬂr — (T -7 V;) ) (225)
L7 — uvy) L= — pv,)

This discussion is also from Ref. [I13] and Refs. [TIl [[4l]. The processes induced by the R-parity
violating terms, and that of the R,-MSSM, are in Fig.
The decay rates of the events are shifted by the R-parity violating processes as [13] [I6]]*3

I'r— e,-vj) 2

2 =1 2m
I'sp(r — eiyj) V.l ; [ 1k\“Rk mgj(mu +my) kizk11(€Lk

I'r - 77vy) 2 ~ 134.2MeV
=1+ — o (djy) - —m38— . , 2.27
T — + Vo Zk: [rglk( RK) o rk33,k11(5Lk)] (2.27)
and thus the values R, and R, are also shifted, as
R, 2 _ _
=1+ — S [ @ri) = Py (i)
(Rx)sm [Vial Zk:[ HHATRITT T2 TR
7.624 x10*MeV 368.7MeV
- Pk (ere) + —72k2;kll(ng)] (2.28)
m, + my my + my
R, 2 ~ ~
=1+ — rh o (dry) — oy (dri)
(Rer)sm Vad ; [F1u() = e
134.2MeV 368.7MeV
- rizaai(eny) + —72k2;k11(ELk)] (2.29)
my, + my my +mgy

Meanwhile, the Standard Model calculated results (denominators) and the experimental values

(numerators) are [[7] [12]]

R, 1.230(4) x107* Ry 9.775(71) x10° (2.30)
(Rosm  1.235 %107 Rodsm 97717009 103 '

*2 We will see in the next discussion that overlooking the bounds on the products is not so bad because generally the

products are severely constrained.
*3 We calculate Eq. @Z27) by ourselves in App.2d while Eq. (Z28) is obtained from Ref. [[IG].
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dy, e ——— vi R Vi
I
* dri Ay -
| €Lk
ul < ‘,* - eLi u]i €Ri
~ Ak
(a) (b)
dy. vj
w-
ui €Li
()
~A3uk N —Ais3
(s [ - — u TR — 9 = Vr
I
— I
d —
4 dri - €Li Y
+
I u
s L
L —
Vr _/li 11 dR
(c) (d)

o - - Vr
W-

dy

;

() u;

Fig. 2.3 Possible R-parity violating contributions to (a,b) 7~ — eiv;, (c,d) Tt > n7v,, and
(*,**) corresponding R,-MSSM processes. Note that i # k in (b), and i # 3 in (d).
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Therefore we obtain the following 20 = 95% bounds:

2
, 2 , 12]( 100GeV
0058 < Y {[|a“k| | ]( o
k dr
. ., 1(100GeV\*
“R |1 Ay Ay — @2y iy | ) } <0.028%,  (Ry) (2.31)
msz
2
, 2 , 2]( 100GeV
~0.0722 < Z{[|/l31k| — | ]( —
k dr
. . ., 1(100GeV)’
n/lELk
where
7.624 x10*MeV 368.7MeV 134.2MeV
) = , = —, 3 = ——. (2.33)
my + my ny + my my + mgq
* k %
These are, in the terms of the single-coupling bounds,

Al <0.028, Ay < 0.058, Ay < 0.075, (2.34)

for m = 100GeV.** We can see that the products of two (or more) coupling constants are severely

restricted. This is because they generally invoke exotic events not included in the R,-MSSM.

2.2.3 SEMILEPTONIC D AND LEPTONIC D; DECAY: FOR /1;2k

Now the turn for A),,. The discussion similar to what we did for the n-decay in the previous

section yields some other bounds [[I3]]. Now our targets are

B (D’ — uv,K)
C I(D° - etv,K7)’
I(D* — u*v,K°
Rp: = (D" = V“_), (2.36)
I'(D* — e*v,K?)
[ (D* - pi*v,K*(892)°)

R:. = _ i (2.37)
r(D+ - e+ng*(892)0)

RDO .

(2.35)

and

(D! - t*v;)

Rp, (tp) := m

(2.38)

4 Actually our calculated result is a bit different from the original one of Ref. [[2]], which gives /lg e < 0.06.
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L

)
k22

2k +
° - eLi ‘L
I
A dy L
I
Ak
Vi
(a)
CL, -
w
(Rp-MSSM)

eLi

Fig. 2.4 Possible R-parity violating contributions to (a,b) D° — K~e;v;, and corresponding
R,-MSSM processes. Note that i # k in (b).
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Note that the mesons are:

D° = (cin), D' = (cd), D, = (c5); K~ = (sid), KO = (sd). (2.39)

Thus the contribution of the R-parity violating interactions in Rpo, Rp+ and R;,. are as Fig. 2.4
and in Rp (Tu) are the ones similar to (a), (b) and (*) of Fig. [2.3]

Here we ignore the bounds on the products for simplicity, that is, ignore (b) of both Figs. 2.4
and 2.3l Then, the shifts are calculated as

RDO RD+ R*D+ 2 . _
) - = 1+ o= [Poau(dRi) = rioi(dri) (2.40)
(Rpo)sm  (Rp+)sm (R}}) |Vcs|[22k Rk 12k Rk]
SM
and Ry (1) ,
DATU , o~ , o~
=1+ — |Fh, (dri) — 1, (dr1)] - (2.41)
(Rp, (71))sp |Vesl [Fhadra) = royro)

Considering the experimental values and the Standard Model calculated results, we can obtain

100GeV )

.
~0.26 < >’ ol =il || = =] <015°  Ro0) (2.42)
k dr
2
[ 2 21( 100GeV
—0.24% < O 37? . .
> »122k| 2] &= <037 (Rp) (2.43)
k dr
2
[ 2 21( 100GeV
-0.25% < O 30? .
> » i|” = 2] &= <030>  (R}.) (2.44)
k dr
* 1(100GeV \*
—0.24% < S|4, [P = 1%, <033 (Rp.(tw), (2.45)
Zk: | 32k| 22k| ] M, s
as the 20-bounds, and for the single-coupling bounds,
Ay, ] < 0.15, ] < 0.24, |y, < 0.33. (2.46)

2.2.4 THEN HOW ARE A}, ?

Now it is the time when we should discuss A);, . However, we cannot apply the above discussions
here, because these terms correspond to the bottom and the top quark. Thus we must find another
way.

To this end, it is appropriate to see the contribution to the one-loop correction of Zee; vertex,
but since this is much more complicated than the other discussions, we do not discuss in detail.

The corresponding diagrams are as Fig.[2.3] and this yields the following 20-bounds:
Az <047, Az < 045, Az < 0.58. (2.47)

These are much looser bounds than we had obtained in the previous discussions.
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(a) ‘i (b) ‘i
e; €
V4 V4
(*) e/ (+%) e

Fig. 2.5 The contribution to the one-loop correction of Zee; vertex. The upper figures are
from the R-parity violating interactions. The lower ones are of the Standard Model, from which
we can obtain the R,-MSSM contribution by changing two of the three intermediate particles

to their superpartners.
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2.2.5 CONSTRAINTS ON B-VIOLATING TERMS: /l;;.k

It is very difficult to obtain the constraints on the B-violating terms from collider experiments,
because in the discussion we have to examine the inner structure of baryons or mesons, and to
take the QCD effects into consideration. Thus we do not present the procedure of obtaining the
constraints here.
Actually, B-violating terms are severely constrained from cosmology, which we will discuss in
Chap. Ml In the discussion, we will see that the B-violating terms are constrained as
” -6 mg \'/?
B <10 (5a0y) (2.48)

which is rough estimation of Eq. @.2), for all i, j, and k, or

2,

ijk

2
1 s @-s)x107, (2.49)

which is our more precise analysis, Eq. (£.44).

2.2.6 A LIST OF SINGLE-COUPLING BOUNDS

Here as the conclusion of this chapter we present a list of the current single-coupling bounds,
Table 2.11

Here, we do not use the results derived from the neutrino mass bounds in this table except A/,
for which no bounds are known, because the mass of neutrino largely depends on other structures.
Also we do not use the gravitino- or axino-corresponding events as sources.

Our discussion covers the starred values. The sources of the other values are: (1) A2 are from
CKM unitarity, () A}, from the neutrino-lees double beta decay, (§) 1|,, and A5, from atomic

111

physics parity violation, () A},, from forward-backward asymmetry, (#) A’,, and A%, from the

132 23k 33k
contribution of the loop effect to Z-boson decay, (b) A & /1;’12 and /1;’13 from neutron-antineutron
oscillation, and (||) /l’z’jk and A7}, from the renormalization group. We do not discuss these sources
here.

We can see that almost all constraints are of order 10~'-1073. We will see in Chap. H that we
can give much more stringent constraints on not only B-violating couplings (as we mentioned

above) but also L-violating couplings if the lepton flavor is mixed enough in the early universe.
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AijLiL Ly A3 LiQ;Dy A, UiD;Dy
121 | 0.03@F | 111 | 0.0007®% | 211 | 0.06* | 311 | 0.06@* | 112 | ~ 1077(P
122 | 0.03@" | 112 | 0.03@* 212 | 0.06@* | 312 | 0.06@* | 113 | ~ 1077P
123 | 0.03@" | 113 | 0.03@* 213 | 0.06@9* | 313 | 0.06@* | 123 | 1.25¢!
131 | 0.05@* | 121 | 0.03@3 221 | 0.1@* | 321 | 0.3@* | 212 | 1.25¢!I
132 | 0.05@* | 122 | 0.2@* 222 | 0.1@* | 322 | 0.3@* | 213 | 1.25@l
133 | 0.05@* | 123 | 0.2@* 223 | 0.1@* | 323 | 0.3@* | 223 | 1.25¢!
231 | 0.05@* | 131 | 0.03@*® 231 | 0.45®* | 331 | 0.58®%* | 312 | 0.002(P
232 | 0.05@* | 132 | 0.28M1 232 | 0.45®* | 332 | 0.58®* | 313 | 0.003("
233 | 0.05@* | 133 | (0.0004)© | 233 | 0.45®% | 333 | 0.58®% | 323 | 1.12I

Table 2.1 A list of the current single-coupling bounds when the mass of all the superparticles
are 100GeV. The data are obtained from (a) Ref. [I2]], (b) Ref. [I3], (c) Ref. [IT]]. See the text

for details.
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Appendix 2.i The RPV Contributionto 7 — 77v,

In this section we will calculate Eq. (2.27)), the contribution of the R-parity violating terms to the
R,-MSSM result. The notations and conventions are all from Peskin’s book [[I7] (See: App. [A.T]
for example).

This discussion is along Ref. [16].

The operators which induce the processes are

Osu = — (%) (dy* PLu) (Vzy, PL7) (2.50)
O = - (dPLT) (Ve PLu) (2.51)
k de
T Z 22 (dV"PLu) (veyuPLT) (2.52)
k dri
Ow = Z % (vePr7) (dPLu). (2.53)
k eLk

Here we employed the Fierz identity in the derivation of the second operator. Then we convert the

u and d quarks to the pion, using [[I6]]
f

(O 7(x)y" Prd(x) I(p)) = i—\;r_ - plen (2.54)
2
(01 %(x)Prd(x) |n(p)) = +% . munjfmd e P, (2.55)

where f; is the pion decay constant: f; ~ 92.4MeV. m (and p in the following equations) denotes
the mass (and the momentum) of each particle (pion, 7, v, and up/down quark).

Now the amplitude (matrix element) M is calculated as

4GgV?
MSM = (_M) : (_ﬁ ) : ﬁs(pv) [')//JPR] ut(p‘r)

V2 V2
4GV
L} \Ffud_s(l’ﬂ [%PR] W(pr) (2.56)
Miotal = My + ——= _S(pv) lD PR] u (p,r)

Z foat M () Pt ). 2.57)
€k my +my
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Here note that the symbol u*/'(p) denotes not the up quark (as previous equations) but the Fourier
transformation of the particle, as Peskin’s book [17, Chap. 3].

Therefore, using the approximation
Muotal® = IMsuil” + 2R (M Mepv), (2.58)

we obtain the following result:

Msmt = C - [4(px - p)(pr - pe) = 2m2(py - pr)| (2.59)
. P (dri)
R (MiyMepy) = C - % |4(Px - ) (Pr - ) = 2m2(py - o)
2ri33: 2
- ”“Té‘;l@“m "fmdmxpy -pn)]. (2.60)

Here C = 2GgV,4 f,,lz, but we do not interested in this value. We have neglected the phase of V4
for simplicity.

Since this is a 2-body decay process, taking 7’s rest frame, we can determine the momenta as

m, 21 2
p7=(0), pn:(V’"’},p), pv:(”ﬁ”); lpll = 2+ m2 = me.  (2.61)

and obtain the following result:

I(t—->nv,) _ 1+
Tsm(T = 77ve)

G 1344MeV
—— r — —
WVl |2 T, my

We use the numerical value 134.4MeV instead of the symbolic notation for simplicity.

' rk33;k11(5Lk)] : (2.62)
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Chapter 3
Universe before EWPT

In this chapter we discuss the properties of the universe between the SUSY breaking and the
electroweak phase transition (EWPT). We consider the era when the temperature 7' of the universe

is 10TeV > T > 100GeV. Here we concentrate on the minimal supersymmetric standard model
(MSSM).

Section 3.1 Preliminaries
3.1.1 MASS STRUCTURE OF HIGGS SECTOR

To begin with, we shall consider the property of the Higgs sector before the EWPT.
The mass terms of the Higgs bosons under the MSSM are given as, if the R-parity is con-

served,*!

2 150[2 21 50|2 0770 G+ 95 (1, op o2\
V=m?|HY|" +my? |H|” - (pHJH] + H. c.) + - (|Hu| —|Hd|) A1)

where m;? := |,u|2 + m%,d, my? = |u|2 + mlzq

and in order to invoke the electroweak symmetry breaking, the parameters must be so that the
minimum is not at HS = Hg = 0. (See Egs. (B.2) and (B.4) for the meaning of each parameters.)

However, in the early universe where its temperature 7 is above > 100GeV, thermal effects
“hold up” the potential and thus the minimum would be HS = Hg = (0. Therefore, in this era,
the electroweak symmetry SU(2)yeak X U(1)y is (still) alive. In this thesis we do not discuss the

details of the thermal effects, and go on with regarding the electroweak symmetry as unbroken.

I This potential is also discussed in App. with the R-parity violating terms. Or as a nice review, see Ref. 3]
Sec. 7].
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Meanwhile, higgsinos, four Weyl fermions, form two Dirac fermions whose mass are both |u:
W D uH,Hy + H. c. 3.2)
—),ﬁDM(ﬁi[F‘IE—[F‘I\gEg)ﬁ-H.C.
H+ H
+7 _ * 170 0
——w@?@—ww&%. (3.3)

Here, V] and ‘PO are Dirac fermions, and 7 is a phase defined as —n* := u/|u|, which is with no
importance.

Note that these higgsinos do not mix with gauginos (or leptons) to form neutralinos or chaginos
before the EWPT.

3.1.2 SPHALERON

In the Standard Model, we have an anomalous interaction, called the “sphaleron”*2 process.[I8]
Q] This is a 12-fermion interaction which is symbolically illustrated as
0= f]%%% (3.4)

where i is the generation index, and R, G and B denote the SU(3)gong color. For example, we

have

¥

c's" > uddstbbv,v,v, (3.5)

interaction. What is important is that this process violates the baryon and lepton number B and L,
but does not violate B — L. Now in «all the interactions, B — L is conserved.

This process originates the anomaly of the baryon- and lepton-current: J f and ]ﬁ:

Z D ayvan, Jei= > Tyl (3.6)

generatlon color generation
3g22 1
Bu __ L Voo
Oud™ = 91 = 5= Tr (77 Wy, W) (3.7)
= 0, 2292 oo e (w w, + Zigw,w,w 3.8
= 16”26 r(W,, g+§1gvp(,. (3.8)

(See App. [Al for notation. Especially note that W, is the W-boson field and W, is its field
strength.) We can see that the B and L are violated here, by the instanton effect, that is, the

*2 gpahepov, derived from cpoahepdie.
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sphaleron process can be regarded as the transition between vacua, B and L of which are different
by the same number. Here also note that B — L is conserved.
As this process is the transition between vacua, between which an energy barrier stands, its

probability is suppressed by the factor

2
exp(—giz) ~ 107, (3.9)
92

However, Kuzmin, Rubakov, and Shaposhnikov [21]] found that in early universe before the EWPT
this process is enhanced by thermal effects, and even exceeds the Hubble expansion rate. Also
Ringwald calculated [22]] the rate to find that the process would achieve equilibrium.

Their study is based on the Standard Model, not the MSSM, but can be applied to our MSSM
case. In the MSSM, we have another SU(2) fermion, the higgsino. Therefore, the interaction is

illustrated as*3 e
0 =hha | | (afafdPL). (3.10)
i=1...3

In summary: there is the sphaleron process in the early universe before the EWPT, and it is

strong enough to achieve equilibrium. It conserves B — L, but violates B and L.

3.1.3 RELATION BETWEEN NUMBER AND CHEMICAL POTENTIAL

Next we derive the relation between the number density of a particle and its chemical potential.

Here we define the “yield” N of a particle by the number density n as
N = —, (3.11)

where T is the temperature of the universe. This is expressed by the distribution function f and

the degree of freedom g of the particle as

_n_9g dk
N = il f(27r)3f(k)' (3.12)

f(k) is the Maxwell-Boltzmann, the Fermi—Dirac or the Bose—Einstein distribution
1
Svp(k) = E-/T’ JeE(k) = SE-WIT _ 1’ Jep(k) = cEWIT 4 1 (3.13)

E is the energy, which is given by +m? + ||k|[>, and m and u are the mass and the chemical

potential of the particle, respectively.

*3 Note that these higgsinos form Dirac fermion, as we discussed just above.
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However, number density cannot be calculated analytically, as long as we use the Bose—FEinstein
or the Fermi—Dirac distribution.** To obtain an analytical expression, we ought to use the approx-
imation that the particle obeys the Maxwell-Boltzmann distribution. Then we have the following
expression:

Nms = %Fz (ﬂ)exp(ﬁ), where  Fi(x) := X*Ki(x). (3.14)
n T T

Here, K;(x) is the modified Bessel function of the second kind. If the particle is massless, we use
F>(0) =2.%
In the next section, we will calculate relations between chemical potentials in the early universe.

Actually, during the calculation, we will come down to use this approximated expression.

Section 3.2 Relations between Chemical Potentials
O Gauge bosons and gauginos

Start from the gauge bosons. We have the gauge self couplings WO-W'-W+*-W~ and WO-W*—
W~. This means that we have both X — YW'W? and X — YW? events, and therefore X = Y+2W?
and X = Y + WY (The symbol = denotes “equal in terms of the chemical potentials” in this
section.) Thus we know that W° = 0 and W* + W~ = 0. Also this fact tells us that the sum of the
chemical potential of a particle and its antiparticle is zero: X = —X, as well as that of B-boson is
zero: B = 0.

Here, the Majorana mass of W and B allows us to have the process

er +ey — B— B — el +2r (3.15)
etc. as Fig. 3.l Thus we know W = B = 0, and the chemical potentials of a particle and its
superpartner are the same: X = X. Also we have 3-point interaction W-W*—W~, which tells us

W+ W =0. Considering gaugino—gaugino—gauge-boson interactions, we conclude

BEWEEEWOEO, W+EW+E—W_E—W_, X=-X=X=-X. (3.16)
We will not discuss the relations for gluon and gluino, since they are much more complicated.
Actually, most of these discussions which we have done for gauge bosons and gauginos will be

spoiled by the (strong) presumption which we will introduce later.

4 Incidentally, we present more detailed discussion on these distribution functions and the numerically calculated
results in App.[CT2

*3 The expression (B.12) results in F»(0) = 2 if we use f = fyp and m = 0, while the limit of the modified Bessel
function gives the same result: lim,_,o X2Ki(x) = 2.
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€RrR €E
/ \
/{ \\
’é’; / \ ZR

Fig. 3.1 In the presence of Majorana mass, this kind of processes occurs, which guarantees
that the chemical potential of the particle is zero. See the text for details.

O Matter and Higgs sector

Let us go on the quark sector. Since we have the CKM mixings which are strong enough to

achieve equilibria, the chemical potentials of quarks are flavor-independent. Therefore

U =cL=t=d+W=sp + W =b + WH, (3.17)
UR = CR = IR, (318)
dR = SR = bR. (319)

The lepton sector actually has mixings, PMNS mixings, but here we leave the chemical poten-
tials as flavor-dependent. We will discuss whether the mixings in lepton sector achieve equilibria

or not in the next chapter. Now we take only

vize,+ W' where i =1,2,3 (flavor index), (3.20)

into consideration.

For the Higgs sector, we know

HY = H) + W*, H) = H] + W*. (3.21)

That is all for the quark, lepton, and Higgs sector.*

*6 Note that we have already derived the relationship of the chemical potential of antiparticles and superpartners at

Eq. (ZI9).
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Usually when we discuss whether the process is strong enough to achieve equilib-
rium or not, we compare the process rate versus the Hubble parameter, as we will see in
Sec. The Hubble parameter H is, as is discussed in App.[C.1.3] roughly given as

25T°
My~

H (3.22)

On the other hand, considering quark scattering mediated by W-boson as the CKM

mixing process, the rate of the process under thermal effects is approximated as (See:

Ref. [23] or Eq. @3))

N (926)°
4r

r T, (3.23)

where g, is the gauge coupling ~ 0.65 and 8 is the CKM mixing angle. The CKM mixing
angle is ~ 0.2 for Q;—Q, mixing and ~ 0.008 for Q;—Q3 mixing [[Zl]. Therefore,

r

-1
7" 6> - 10" ) > 1, (3.24)

( 100GeV
and thus CKM mixing is considered to be achieve equilibria.

* 0k 3k

From this assumption, usually it is said that
if @ > 1077, the process is equilibrated, and if not, the equilibrium is not achieved.

However, to discuss precisely, we have to solve the Boltzmann equation, which describes
the time evolution of a value. This is what we will do in the next chapter.

O A strong presumption

Before discussing the 00 O interactions, we introduce an above-mentioned strong presumption.
That is, all the particles must have been generated with gauge-invariance. For example, the
number of electrons is the same as that of electron-neutrinos, and the number of red-colored
quarks is the same as blue- and green-colored quarks. Since the masses of the particles in a gauge
multiplet is the same before the EWPT, these equalities in numbers yield equalities in chemical

potentials
UL red = UL blue = UL green> e = Ve, (325)

and so on. Now we know
g=0. (3.26)

M
i
M
S
I
LS
M

W+
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O Superpotential and sphaleron process
Now we have only 12 independent chemical potentials, those of the following particles:

H), HY), w, wur, dr, l1, Ir. (3.27)

This fact tells us that “the particles in a supermultiplet have the same chemical potentials.” There-
fore, from now, we use names of the supermultiplets instead of particles to express relationships

between chemical potentials:
Hu’ Hd’ Qa Ua Da Li9 Ei' (328)
(Be careful that, as the right-handed fermion are barred, U = —ug, and so on.)
Anyway, we have other three types of constraints, those which come from the superpotential,

the sphaleron process, and the conservation of the hypercharge.

The constraints from the 0 [0 interactions are expressed as
Mo + pp + pa, =0, Mo +up + g =0, ML, + Mg, + A, = 0. (3.29)
Similarly, the u-term gives us a relation
ta, + pa, = 0. (3.30)
The sphaleron process results in the following relation, as we discussed in Sec.

g + Zm,, + pp, + pn, = O. (3.31)

O Hypercharge conservation

The last constraint, the conservation of the hypercharge, is a bit complicated. As we are under the
“generated with gauge invariance” presumption, the sum of the hypercharge over all the particles

in the whole universe is zero. Therefore

1 2 1 1 1 1
Z (g"[Qi] = 300 T 3B T FMUL) T Mg |+ S T 5MH) = 0, (3.32)

i=generations
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where n[x; denotes the whole effective number of the particles which belong to the supermultiplet

X. For example,

mMoy = Z o)
i
Z Z (—nuR — Ny + nu; + nﬁl*z)

generation color

o Ll emts)

T
2T3 - _
R
b8 T T

273

My \ Mg
=9 _zgeff(_R) =L
T

T )T

We have used Eq. (3.14) with approximating the distribution functions as the Maxwell-Boltzmann
type, the fact that quarks are massless before the EWPT, the approximation that sinh(u/T) =~ u/T,
and g,, = gz, = i, = 9mp = 1. Note that n;5; denotes the effective number of antiparticles, as

well as u;. We have also defined
et (%) 1= 2 + Fo(x) = 2 + X’ K (%). (3.34)
Next we do the following approximations to simplify Eq. (3.32):

e all the squarks have the same mass mg,
e all the leptons have the same mass m,

e all the Higgs bosons are massless.

Then we obtain

1
mp\ =% 2+ 1,
4 Ejgeﬁ(_l) 2 £ (3.35)

myg
T
_ %[geﬁ(m?a) ger ()| 55 (3.36)

T

n’l~ nm; mz /JH
(9 (F7) + 30ee () 2000 ()] -
[9“(T)+ Geit\ )+ <9\ 717 )| 77
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O Conclusion

As aresult, we can express the chemical potentials of the MSSM particles by only four parameters

pr, and pp, as

1__ 1__ 1__
= —— , o= — —+ , n = — — N
Mo 3,UL Ho 3,UL HH, Hb 3,UL HH,
ME = —HL, — MHy» MH, = —HHy» (3.37)
where .
A= 3 ) (3.38)

Also uy and uy, are related as follows:
uny = ~Cr(T) L, (3.39)

where
2gen (mg/ T) + Ogerr (mz‘/ T)

9geﬁ (mﬁ/T) + 3geff (ml‘/T) + 2gel‘f (mﬁ/T) .

Chy(T) := (3.40)

When we assume that g.¢ = 4 for all the particles, which means all the particles are

massless or the temperature is extremely high, we obtain

4
CHd = 5, (341)
1 —
Hoaryon = 5 (18410 = g = pup) = —4jiz (3.42)
51
Miepton = Z (Z/JL,- - MEi) = 7, (3.43)
and the well-known result reappears:
28

Mbaryon = % (,ubaryon - ,ulepton) . (344)
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Chapter 4

Cosmological Limit to RPV
Parameters

Now we are ready to discuss the strong constraints on the R-parity violating couplings which come

from cosmology. This chapter is devoted to the constraints.

Section 4.1 Introduction

4.1.1 OVERVIEW

There the baryon is, though the antibaryon is not. We can create antibaryon only in colliders, and
even when we create antibaryon, they immediately annihilate.

Why does this universe have baryon, and no antibaryon? Our Standard Model contains the
baryon—antibaryon symmetry, but the universe does not, and the baryon number B is positive:
B > 0. How come the symmetry broke up in the early universe? How was this baryon—antibaryon
asymmetry brought to us?

This is one of the biggest problem in cosmology. Even in 1967, when we did not know 7-lepton
or charm quark, Sakharov [24]] put forward the famous three conditions. Also, many models to
achieve the asymmetry are proposed. In this thesis we do not discuss the models, and focus on the

following important fact:
large B-violation might wash out the asymmetry.

Especially the UDD coupling in the MSSM do wash out, and thus critical.
However, the story does not end here. Before the electroweak phase transition (EWPT) of the
universe, there is the sphaleron process, as we discussed in Sec. 3.1.21 The sphaleron process

transforms baryon into lepton, or vise versa, and thus

violation of lepton number L might also wash out the baryon asymmetry.
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Though a good loophole to avoid this L-violation constraint was found. Note that the sphaleron

process preserves not only B — L but also

1 1 1
-B-1L, —-B-L —B-1L, 4.1
3 3 H 3 .1

respectively. Therefore, supposing that one of the lepton number, say Lz (or L;), is exactly con-
served, sphaleron could not erase B even when the other lepton numbers are completely violated.
B/3 which corresponds to Lz would survive in this case.

However, this loophole can be covered. Davidson pointed out [23]] that lepton flavor violation
(LFV) would spoil the separated B/3 — L; conservation. Think again. If we have LFV processes,
and they mix all the three generations e, u and 7, then the separated lepton number L; are not “con-
served number,” and therefore any L-violation process must be small lest the baryon asymmetry

should be washed out.

This is our story. Endo, Hamaguchi, and the author found [dJ] that such LFV processes which
can be strong enough to wash out the baryon asymmetry are naturally expected in typical SUSY
GUT models, and calculated the bounds on the R-parity violating parameters. In this chapter, we
review the work more verbosely.

But before reviewing the work, we will move back to past discussions as an introduction.

4.1.2 B-VIOLATION ERASES BARYON—ANTIBARYON ASYMMETRY

As we mentioned, B-violating processes spoils the baryon asymmetry. Bouquet and Salati es-
timated [23]] these bounds. They assume that the existing baryon asymmetry was produced in
T > 100GeV era, and under this assumption concluded that the B-violating coupling A" must

satisfy
mq )1/2

2 < 107 (—
< 100GeV

4.2)

lest the asymmetry should be washed out. This constraint is much stricter than those which we
obtained in Sec.
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The procedure of their estimation is as follows.
They considered g¢ — ¢y as a annihilation process, and estimate the annihilation rate
I" and the Hubble expansion rate H (See: App.IC.1.3) as

/11/2 TS T2

r- & __ °  Ha20—, (4.3)
4 (T? + m2)? My,

q

and also consider the baryon-washout process would be out of equilibrium if

H>T for T 2 mz. 4.4)

These conditions result in the bound @.2).

4.1.3 L-VIOLATION MAY ALSO BE HARMFUL

Also L-violating processes would, in presence of the sphaleron effects, wash out the baryon asym-
metry. This feature was first pointed out by Kuzmin, Rubakov and Shaposhnikov [21]] in 1985,
and Campbell, Davidson, Ellis and Olive applied [26] this effect to the constraints on the R-parity
violating couplings. The bounds are first estimated [27], as

msusy )1/2

AV < 10—7(
ITeV

(4.5)

by discussions similar to what we explained just above, and subsequent works [29] 30| support
this estimation.

It was pointed out in Ref. [3]] that the wash out can be avoided if at least one of B/3 — L; is
conserved. Dreiner and Ross [32]] applied this fact to the R-parity violating couplings. Davidson
mentioned [23]] that the lepton flavors are unlikely to be conserved in supersymmetric standard
models, and also noted that LFV effect would cover the loophole. Then the constraints on the
L-violationg couplings reappear. In the paper, the following bounds are estimated:

(m?);;

(m3)ii

LA <1077, <5%x1072, (4.6)

where the former is the baryon wash out bounds for the lepton-number violating couplings, and
the latter one denotes how small should the lepton flavor violation be in order to realize the “sep-

aratedly conserved” loophole. Here, (m%)i ; 1s the slepton mass matrix in the MSSM SUSY part

B.4).

Now what we will discuss is much more nice calculation of these bounds, which Endo, Ham-

aguchi, and the author presented in Ref. [II].
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4.1.4 CLARIFICATION

Here we clarify the condition: we cannot obtain the current universe (the presence of the baryon

asymmetry) if

the present baryon asymmetry was created before EWPT, and

the B-violating processes are strong enough to wash out the baryon asymmetry,

or

the present baryon asymmetry was created before EWPT,

there is no source of baryon asymmetry after the EWPT,

the L-violating processes are strong enough to wash out the baryon asymmetry, and

these L-violating processes invade to all the lepton generations, i.e., for all L;’s, at least one
of the following conditions is satisfied:
o it is directly attacked, e.g. we have W D H,L;, L;LE, or L;QD interactions, or

o itis mixed by LFV processes with another generation L;, and L; is attacked.

Section 4.2 Lepton Flavor Violation Bounds

First, we discuss how fast the lepton flavor is mixed under LFV processes, in other words, how
large violation is necessary to mix the flavors. Here, we do not introduce any R-parity violations
to concentrate on the effect of the LFV.

In the MSSM with the R-parity, we have the following lepton interaction terms:

e gauge interactions,
e 00 interactions,
e SUSY slepton mass terms m? and m%,

e a SUSY trilinear term a, (which we ignore here).

Usually, to discuss the low energy phenomenology of the LFV, we use the basis where the [

0O matrix is diagonal as well as the gauge interactions. In this basis, we have a term

W 2 (ye)iL:EiHy, 4.7

which has no mixing, in the superpotential, and soft slepton masses with lepton flavor violation
—L 2 (m])iLiL; + (m});;2:, (4.8)

in the Lagrangian.
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To discuss the LFV effects in the early universe, however, it is more appropriate to take the
basis where the slepton mass matrices are diagonal [23]], as well as the gauge interactions. Note
that the gauge interaction is more suitable to be diagonalized than the O [ interactions, because
the gaugino—slepton—lepton interactions are stronger than the 0 O, and therefore we cannot let
the gauge coupling not diagonal with making the O 0 matrices diagonal. Thus, starting from the
basis where the 00 O matrix is diagonal, we rotate the leptons and the sleptons by the same matrix,
which guarantees that the gauge interactions remain diagonal, so that the mass matrices should be
diagonalized. Assuming that the mixing angles are small, we can express these rotations as

Li— L+ ) 0hL;, Ei— Ei+ ) 0FE;, (4.9)
i#] i#]

where 6;; ~ —6; are the mixing angles.

0.1+
0.01+

0.001+

104+

10—5,

Remaining Assymmetry Ratio

10—6 M- | [ R L\ T M-
5000 2000 1000 500 200 100 50 20 10

Temperature T
Fig. 4.1 Time evolution of Njz,_,; for slepton mixing angles QgéE = 1x107% 1.5 %107,
and 2 x 107°, from the top to the bottom, for mz = 600GeV, m; = 200GeV, and tang = 10.
The vertical dashed line denotes the sphaleron decoupling temperature 7, ~ 100GeV. The
normalization is arbitrary. The time evolution of Ny, _;,; for HILS/.E = (1-2)x107° is almost the

same.
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Note that those mixing angles are different from the dimensionless parameters

(m});j (m25)ij

(0p)ij = , Opij == —5—, (4.10)
T mdi oY (m2)ii

which are familiar in the context of the LFV rare processes. They are related as
m? _ m>
oF ~ | —L 16, OF =~ | —£ |(6p);; . 4.11
ij (Ami)( L)] ij (Amé ( E)l/ ( )

In this new basis, the LFV effects appear only in the O O couplings, which are given by
Wigy D Z h,’jL,'Ede where ]’l,’j = (ye)”glE; + (ye)]]QJL, (412)
i#]
For instance,

hys = hz@% + h39§2

tan 3 (4.13)

~ (0.0061 - ¢, +0.10.- 952)(?)'

We now estimate how much the lepton flavor asymmetry L; — L; is erased due to the above LFV
interactions. To this end, we solve the Boltzmann equation for the evolution of L; — L;. Here, for
simplicity, we include only the effect of the higgsino decay and its inverse process, Hz Z,E jand
Hz L,-E j» assuming that the higgsino is heavier than the sleptons. Other processes such as 2 — 2
scatterings and those with Higgs bosons may be comparably important, but it is expected that the
bounds on the mixing angles will change only by order one factors. Note that these additional
effects only strengthen the erasure effect, and therefore the bounds which we will derive should
be regarded as conservative ones.

For an introduction of the Boltzmann equation, see App. 41l In the appendix, we also derive

the Boltzmann equation which describes the lepton difference L; — L; as

d 16(T;; +T;;) Filmg/T
T— N1, = , ( ) Nizi-1,), (4.14)
dr 3H Py (my/T)+2

where T is the temperature of the universe, H is the Hubble parameter, F;(x) := x*K;(x) with

K;(x) being the modified Bessel functions of the second kind. Ny, is defined as

Nizi-1;1 := Nz = Ny (4.15)

ML) — MLy
= Tj, (416)
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and here Nz, niz,), etc. denote the “effective yield,” or the effective number density, of lepton in
i-th generation (See: Eq. (3.33)) as an example). The partial decay rate I';; is given by
r, = Mw(l _m )2 (4.17)
Voo 3pH mg? )’ ’
where myz and my are the masses of higgsino and sleptons, respectlvely We assume that the
slepton masses are approx1mately the same, as the end of Sec. Note that the Boltzmann
equation (@.I4) is symmetric under the exchange of the left-handed and right-handed slepton
mixings, 95 o 05, i.e., they give the same effect on the evolution NiL-1))-
In Fig.[4.]] the time evolution of Np,-1, 1s shown for GL/ E (1 -2)x107, for my = 600 GeV,
n- = 200 GeV, and tan 8 = 10. One can see that the flavor asymmetry is rapidly decreased for 7' <
mg;, and almost washed out for 653/E > 107%. The time evolution of Ny, _r, for HlLS/E ~ (1-2)x107°
is essentially the same.

In Fig. @2l and Fig. we show the dilution factors

Nip-1(T)
D 4.18
= L] N[L L](T > T) ( )

as functions of the mixing angles HIL]/ E, where T, ~ 100 GeV is the temperature when the sphaleron
process is decoupled. In the numerical calculations, we take 7. = 100 GeV, mz = 200, 600 and
1200 GeV, m;/mg = 0.4 and 0.8, and tan = 10. Note that the dilution effect is weaker for
mg = 200GeV than for 600GeV. This is because for mz = 200GeV the duration of the L; — L;
erasure is shorter than for mz = 200GeV.

One can see that the lepton flavor asymmetries L, — L3, Ly — L3, and L; — L, are washed away

for
6HF 2 (1-3)x 107 (taliﬁ) B (4.19)
6F 2 (1-3)x 10 (%) B (4.20)
64F 2 2-5)% 107 (t?)ﬂ)_l, 421

respectively. (We take the value where the dilution factor becomes Dy, ~ 0.01.) If any two of
these inequalities are simultaneously satisfied, all lepton flavor numbers become essentially the
same: L; = L, = L3,andhence B— L/3=B-1,/3 =B - L3/3.

4.2.1 NOTE: SUCH LFVs ARE NATURALLY EXPECTED!

Here we will present that these (enough large) LFVs are naturally expected from the viewpoint of

higher energy theories.
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Fig. 4.2  The dilution factor Dy;,_;,) (Dy1,-1,)) as a function of the slepton mixing angle 65,
(6%, or 6, (65,), for mg = 600, 200 and 1200 GeV, from the left to the right. The slepton mass

my is 0.4mg for the solid lines and 0.8my for the dashed lines. We took 7. = 100GeV and
tan = 10.
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Fig. 4.3 The same as Fig. but for the dilution factor Dy, _z,; as a function of the slepton

mixing angle GféE .
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O m? and the right-handed neutrinos

First, let us see that mi would be an actual source of the LFVs in the presence of the right-handed
neutrinos. This discussion is along Ref. [33]. We describe the right-handed neutrinos in the
superfield notation as N;, like the right-handed electrons E;. They are singlets of both SU(2) and
SU(3), and have no hypercharge. Thus the superpotential is modified as

Wrec+= (4,);; HiNiLj + (un);; Ni;, (4.22)
and also the SUSY part is modified as
Lsysy+= — (m‘Z/)U’{—;:"{—;J - ((bN)ijﬂll/ii;j + (ay)inu');;i’Zj + H. C.) (423)

Here, for simplicity, we consider only the R-parity conserving terms.*!

This superpotential
Wrpc explains the experimental fact that the (left-handed) neutrino mass are extremely small,
with the see-saw mechanism [34] B3]|. Here, uy is assumed to be extremely large.

Note that we cannot diagonalize both y, and y, without disturbing the SU(2) gauge symmetry.*?
Here we have diagonalized y,, and thus y, is not diagonal. Then, the right-handed neutrinos
contribute to the renormalization group equation. Fig.d.4]is one of such contributions, and the

equation is modified as

4 (m2 4w L [ S 2
~|dloe E i ' v y+2 v)..

+2m%,u (yiyv)ij +2 (azav)ij] . 424

2 ®
_ Mipj  Yvkp Yvii
[]. - X -p - - - li

Fig. 44 One of the new contributions to the renormalization group equation of m? under the
right-handed neutrino N;.

*I For your information: Wgpy+= b;N; + Y HyHyN; + y;}kl\_/,Nj]\_lk.
*2 In the Standard Model, we diagonalize both of them, which results in flavor violating W*—g—¢ interactions. See

App.[AZ23
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Here, we assume that the SUSY parameters are unified at the unification scale M, as

(m%‘)ij = my0ij, mlzﬁl = My, (ay)ij = a(z)- (4.25)

u

Then we obtain an approximate solution for the additional contributions to the mass terms:
1. My
2\ o N (G 2 Mot
(AmL)l_J_ S =1 W (6m +243) log R (4.26)
where My is the mass of the right-handed neutrino. (We assume that the masses are nearly inde-
pendent of the flavor index.)

Finally we obtain

2 (i =)
2 ~
(), ~ 3oty e otor B Gk ) @20
871'2 Y ki ATV k] MR )

Thus 6;, which is defined as Eq. (@.10Q), is now

3+4d° " Mpl *
(6L)ij ~ W (yv)kl‘ (.I/v)kj lOg M_R ~0.1- (.I/v)k,' (yv)kj ’ (428)

2

where a* := ag /mg. Note that the rotation angle 6 is much larger than §;, as we saw in @I1).

Therefore we can conclude that our results Eqs. (.19)—(4.21)) are naturally expected.

0 mi, and GUTs

2
E

flavors when we consider SU(5) grand unified theories (GUTs).

Next, we discuss to conclude that m~ can also be expected to be large enough to mix the lepton

It is expected that our U(1)y, SU2)weax and SU(3).o10r gauge symmetries are unified at some
very high energy, and many models are proposed as such unified theories. Here we consider SU(5)
GUTs, where our three gauge symmetries are unified to one SU(5) gauge symmetry at some high

energy scale Mgur.

@) ©) o

Table 4.1 The property of the heavy particles which we introduce in this section. See Tab.[B]
for the MSSM particles.

Neutrino (chiral multiplet) Colored Higgs (chiral multiplet)

SU@3) SuU@2) U() SU@3) SU@2) U@
1 1 0 HS 3 1 -1/3

HS 3 1 1/3

=
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To be honest, it is a bit difficult to embed the R-parity violating SUSY models into
SU(5) GUTs, because we need B- or L-parity conservation instead of that of R-parity,
and they draw a sharp contrast between baryon and lepton.

You can see this feature by considering the interactions, which we will present in
Eq. @32). The R-parity violating interactions UUD, LQD and LLE appear all together.

However we do not discuss those matters in this thesis.

Our superfields are embedded in SU(5) representations as follows:

10i E Qi’ Ui7 Eia gi E] Di’ Li’ SH E] HE’Hu’ gH E] Hg’Hd~ (429)
Here, HS and Hg are “colored Higgs” of up-type and of down type.

The colored Higgs particles are considered to be extremely heavy, lest the proton should
decay via the interactions UDHS and QLHS (See Eq. @32))) with a process like Fig. ZT).
The decay rate is

T ~|we)|

M roton 1 Wl \ (100Gev )
prolon ¢ 3 — [lyc “|] ( c ) , (4.30)

M* © 1x1032yr| 106 M

where M is the mass of the colored Higgs. Thus the mass must be heavier than (at least)
10'°GeV, and usually considered as ~ Mgyr.

We can form the following gauge singlets:

10105 1055 55, 4.31)

and thus the following terms in the superpotential can be obtained:

(Wa)y 10105, — —4(ya),; |Q:QHS +(TU:0; + U;0i) Hy + (U.E; + U;E;) HE|,
Up)ix 1055 — Un)ix [UiDjDk — EL;Ly - O (LjDk - Lij)],
W) 1055 — (yo); (UiDng — E;L;Hy — O;D;Hq + QiLng)’ (4.32)
11 555y — u(HSHS + H,Hy),
(i 55 — i (HSD; + H,L;).

Now consider that we are above GUT scale Mgyt, and let us do the mass-diagonalization
procedure as we did in the Standard Model (See: App.[A.2.3). In other words, we will write down
Eq. .32) in the basis which we usually use in the Standard Model. We have the following terms

in the superpotential:

W D (y.)ijU:H.Q; + ()i HS UiE; — (ya)ijDiHaQ; — (ya)ijEiHaL;, (4.33)

where y, is symmetric (at least at the GUT scale), but not normal*3, so we have to use the singular

*3 A matrix A is “normal” when it satisfies AAT = ATA.
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2 *
_ Mepj X3p X
2 —— - S

Hy

Fig. 4.5 One of the new contribution to the renormalization group equation of mé under the

colored higgs. Here X;; := (y,);(Vckm)ij

value decomposition method. The procedure is similar to what we will present in App.[A.2.3] but

here, as y,; = y., the rotations are

0'- Y0, OP- VW0 LeVYIL UsOU D@D E-®E (434

and the superpotential would be diagonalized:

W 2 )i UiH Qi + ()l Ui (¥u®}), Ej = (DuDiHoQi — piEiHaLi. (4.35)

(Note that this equation is written in mass eigenstates, and y; and y/, are diagonal.) What is

important is the non-diagonal term. This non-diagonal matrix ‘PuCI)Z is the very Cabibbo-0 O —[J

O matrix Vcxw, and therefore we have
W 2 (y,)iHy U] (Vekw)i; E; (4.36)
in the superpotential. This term would contribute to the renormalization group equation of mé as

Fig.

Defining
Xij = W) Vexkm)ij » (4.37)

we can approximately write down the contribution to mé as

3 M,
2 ~__" (viy).. 2 2 p
(AmE)l_j ¥~ 1en X' X)ij (6m0 + 2a0)10g p— (4.38)
M,
~ ——— () (Verm)s (Verm)sj (6m2 + 2a3) log —— (4.39)
T2 Y3 Verm)si(Vekm 3;( 0 0) g oUT

Here we assume that the mass of the colored Higgs is ~ Mgur, and the coefficient 3 comes from

the SU(3)color Symmetry.
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Therefore 6 is

33+ az) , . M,
T(yu)gg(VCKM)gi(VCKM)s jlog MGF[)JT

107*  for 1-2 mixing,
~ 11072 for 2-3 mixing, (4.41)
1073 for 1-3 mixing.

Therefore 6F is also expected to be large enough to mix all the lepton flavors, and it is natural

for us to assume that all the lepton flavor asymmetries are equilibrated.

Section 4.3 Implications for the R-Parity Violation

In the last section Sec. we showed that, under the large slepton mixing angles which satisfy

at least two of Eqs. @.19)-@.21)), all the lepton flavor asymmetries are equilibrated, i.e.,

L =L, =Ls. (4.42)

Also we have shown just above that such large slepton mixings are expected in a wide class of
SUSY models. Therefore, not only the B-violating coupling but also L-violating ones are expected
to be constrained by the cosmological constraints.

In this section, we discuss the bounds on the R-parity violating couplings, assuming that we

have such large lepton flavor violations.

4.3.1 COSMOLOGICAL BOUNDS ON THE R-PARITY VIOLATION IN THE PRES-
ENCE OF SLEPTON MIXINGS

We assume that at least two of Eqs. (@.19)-(@.21) are satisfied, and hence all B — L;/3 are equili-
brated. Then, in order to avoid the baryon erasure, any of B — L;/3 violating processes should not
become effective before the electroweak phase transition.

We calculate the dilution factor

Np_(T.)
Dys = B-L

T N (T >T.) (443)

as functions of the R-parity violating couplings A; i, /l;jk, /ll’.;.k, and ;.** The corresponding Boltz-
mann equations are shown in Appendix The results are shown in Figs. E.6H4.91 Here, for
simplicity, we have assumed that all sleptons and all squarks have the same masses m; and mg,

respectively.

* We do not discuss the bounds on the R-parity violating soft terms, for simplicity.
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From the figures, one can see that the couplings should satisfy

2
>l s @5 x107, 4.44)
ijk

2
2l = e-ex107, (4.45)
ijk
1> il s 0.6-1) x107, (4.46)
ijk

K [* ¢ (tanB\!

Z; <12 x10° (5 447)

1

for mg ~ 200 — 1200GeV and mz; ~ 100 — 400GeV. (Again, we took the value where the dilution
of the B — L becomes Dp_; ~ 0.01.) We should note that the bounds on the UDD coupling A% in
Eq. @.44) apply even without the lepton flavor violation.

These are our cosmological constraints on the R-parity violating couplings. As you can see,
these are much severer than what we obtained in Chap. Also these are very important for

collider phenomenology, which we will discuss in the next chapter.
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Fig. 4.6 The dilution factor Dp_; in the presence of an R-parity violating term A" U;U;Dy
for mg = 600, 200 and 1200 GeV, from the left to the right. We took n; = 100GeV and
my = 300GeV, but this result is nearly independent of these masses. Other parameters are:
tanB = 10 and 7. = 100GeV.
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Fig. 47 The same as Fig. L@l for A'L;Q;D; interaction. Parameters are the same as Fig.
myand mg hardly affect the result again.
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Fig. 4.8 The same as Fig.[.8l for AL;L;E; interaction. my = 400, 200 and 100 GeV, from the
left to the right, mz = 600GeV and my = 300GeV. In this case the result depends on nz;, and is
almost independent of the other masses.
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Fig. 4.9 The same as Fig.[.6lin the presence of a bilinear R-parity violating term ;L;H, as a
function of ¢; := k;/u. The masses and the other parameters are the same as Fig. The result

is nearly independent of m;, my, and the generation index i.
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Appendix 4.1 Decay and Inverse Decay in Details

If we have a decay process X — AY in the early universe, then we also have its inverse process
AY — X. This “inverse decay” process usually does not realized because its phase space is very
limited, but if the particles are in a thermal bath, the thermal effects help the process to occur.

The rates are described as

R(X - AY) = I’lx<rX_>Ay>, R(AY i X) = nAny<(GU)Ayﬁx>, (448)

where n is the number density of the particle, v is the relative velocity between A and Y, and ( )
denotes the thermal average.
Since we have decay and inverse decay, the time evolution of a particle is governed not by the

decay rate, but the “effective decay rate,” which we will define as follows:*

(x 5 AY)) := RX - AY) - RAY > X)
(4.49)
= nX<rX—>AY> - nA”Y((U'U)AY—>X>-
In this appendix, we will examine the relation between decay rates and inverse decay rates, and

then obtain the useful expression of the effective decay rate.

O The rate without thermal effects
At first, we calculate the decay rate and the crosssection of one particle without thermal effects.
The decay rate in the rest frame is described as [[I7]]

1
Ty = 35— f dIT4dITy (2m)* 6 (ky = ka = k) [ ) IMP] (4.50)

2mx

where M is the invariant matrix element of the process, the summation symbol denotes sum over

the final states, and dII is the phase space integral which is defined as

&k 1

In a similar manner, we can write down the crosssection of the inverse decay as

0 1 f Ay 27)* 6 (ky — ka — ky) [Z |Ml

TAr-x = 2EA2Ey |vg — vyl

ZLD L (45

but this process does not occur without thermal effects, for the momentum conservation severely

restricts the initial states.

*3 In the next section (App. B, we will use this effective decay rate in the Boltzmann equation.
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Note that these matrix elements are related as follows:

1 1 i
gagy 2], = gx [Z M LD, 4.53)

for we shall take the sum over the final states.

0 Momentum distribution and number density

Now let us introduce the temperature. We will consider the situation that all the particles are in a
thermal bath whose temperature is 7. Then, the momentum distribution f(k) of each particle is

given by the Maxwell-Boltzman, the Fermi—Dirac or the Bose—Einstein distribution
k) = ! k) = 1 k)= : 4.54
fMB( ) - m’ fBE( ) - m, fFD( ) - Ma ( . )

where E is the energy, which is given by vm? + ||k||*, and m and u are the mass and the chemical
potential of the particle, respectively. The number density n of a particle is expressed by its

distribution function f and degree of freedom g as

&k
n=g f oy f(k). (4.55)

O Statistical effect on final states

To calculate the rates (4.48)), we have to take care of one more thing, that is, the statistical effect
on the final states. If a particle decays into a bosonic state, the decay rate is enhanced by the
Bose-Einstein statistics, while if into a fermionic state, it is suppressed by the Fermi—Dirac one.

The decay rate at finite temperature, which includes the final state effect, is given by

_ 1 45(4) 2
Doy = 55 f dIlxdlTy a2 6@ ey — ka = k) [ D IMP] . (4.56)
Here ¢ is the function of the final state effect, which is defined as
dme(k) =1, ¢Be(k) := 1 + fe(k), ¢rp(k) := 1 - fep(k), (4.57)

or more simply,*®
(k) = e EHT f(k). (4.58)

We would mention that, when we consider the Bose—Einstein or the Fermi—Dirac distribution,
this thermal decay rate cannot be transformed into that in the rest frame of the decaying particle

because of the final state effects.

*6 Though seems to be non-trivial, these definitions are equivalent.
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Similarly, we can obtain the cross section of the inverse decay at finite temperature as

1
2EA2Ey |vg — vyl

TAY—SX =

ity gx(2m*s¥ e —ka k)| S IMP| . @s9)

O Calculate and calculate
Now we can calculate the rates (£.49):

R(X — AY)

= nX<FX—>AY>
Py
2o’

~ gr [ Aty (roasn@ots -k -k [YME]. 60
R(AY — X)

=gx fx - Txsay

= nAnY<O'AY_>X “lva — UY|>

= gagy f dITadITydTx(fa frdx)2m)* 6@ tkx — ka — ky) [Z M

2]
ID

= gx f AT, dTTydTTx (fa fr ¢x)(2m)* 6@y = kea = k) [ Y IMP| (4.61)

Therefore, the effective decay rate, which is defined as Eq. (£.49)), is

<<X 2 AY>> = 9gx deAdHYdHX(fX¢A¢Y — Jafyox)
x )6 @ ey — ke — ) [ D IMP]
= 9gx deAdHYdHX < fxfafy - eBT [e_(”“”Y)/T - e_”X/T]
x ()6 @ ey =k k) [ D IMP] (4.62)
From this result, we can see that this process works to reduce the imbalance between py + uy

and uy, and finally achieves the equilibrium to satisfy the equality ux = u4 + py. Note that this
fact holds regardless of the statistics and the degree of freedom of the particles.
0 Maxwell-Boltzmann approximation

Generally, these event rates are very difficult to transform into some useful expressions analyti-

cally. However, if we approximate the statistics of X, A and Y to the Maxwell-Boltzmann type, it
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can be expressed as

f AT dITyd Iy - fi fa fy - /7 Q)6 hky = kea = k) | D IMP]
~ elrtaun/T f AT dTydTye /7 2m)* 6 ky = kg = k) | D IMP]

= elxtuatuy)/T fdnxe—Ex/T . 2mxrg)(_)AY

1 3 m
(ux+pa+uy)/T = X\ 10
elhxHua+py = Fl( )FX Ay (4.63)

where F;(x) is defined as
Fi(x) := X Ki(x) (4.64)

through the modified Bessel function of the second kind K;(x). Thus

(X 2 AYY) = gx [T — elarmrT] LA (@)ro . (4.65)
e T ) XAy

We will use this result in the next section.

Appendix 4.ii Boltzmann Equations

In the section, we will derive the Boltzmann equations which are used in this chapter, that is,
Eq. @14, etc.

4.11.1 BOLTZMANN EQUATION

The time evolution of the number density n4 of a certain particle A obeys the Boltzmann equation.

In the (expanding) universe, it is described as

d
EnA + 3Hn, = (Interacting terms), (4.66)

where H is the Hubble parameter.

This equation ([.66) can be easily obtained: the Hubble parameter is defined by the

scale of universe a as .
H=2, (4.67)
a

where the dot denotes the time derivative. Therefore, we can write down the equation
d 3 . 3
& (na ) = A (the number of the particle) = a’An. (4.68)

This is equivalent to the equation.
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When we consider only the part of the time evolution induced by a process X 2 AY, that is,
the decay of some particle X and its inverse process, we can write down the Boltzmann equation

with the effective decay rate, which we have defined in the last section, as

d + 3H
—nNn n
P A

oy = nX<rX—>AY> - nAnY<(0'U)AY—>X> .69

- (xsan)

Here we assume that X, A, and Y are all in a thermal bath, and discuss the effect of (very weak)
X 2 AY process. Using the “yield” N := n/T? as a variable, Eq. #69) becomes*’

d
T— Ny

i = L«X e AY)). (4.70)

X2AY HT?

We have obtained the analytical expression of this effective decay rate in the previous section,
under the approximation that all the particles obey the Maxwell-Boltzmann distribution. Here
also we use the approximation, and use the result

(= av) = gy e ] Do (20)py @71
272 T
Moreover, as the chemical potential u; of the antiparticle is equal to —uy, the effective rate of

the processes of antiparticles are

«X = A y» = gx [e—ux/r _ e—(uA+,uy)/T] 2T_7:2 F (”% )F‘}( s 4.72)

and therefore

d 1 o

T—=(Na = N3) " HD [<<X 2 AY)) - ((x 2A Y))] (4.73)
0

—i—’;r’(;[” F (—";X) smh(‘%) - sinh('uA ;“Y)] . (4.74)

4.11.2 LEPTON FLAVOR VIOLATION

Here, we derive the Boltzmann equation for the LFV process in the early universe. As an example,

we consider as LFV processes those induced by the following term in the superpotential:

Wo I’l23L2E3Hd . (475)

For simplicity, we discuss only the decays and inverse decays of the higgsinos H, and assume that

all sleptons have the same mass m; (< mp).

*1 ' We have used dT/dt = —HT, assuming for simplicity that the effective degrees of freedom g..(T) are constant.
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We define the asymmetry Nj4; of a supermultiplet as, e.g. for uy,
Ny = (NﬂL - Nﬂz) N (N,; - N ) (4.76)

Since leptons are massless before the electroweak phase transition, the asymmetry is

Ny = OB Fz(”_rz') [exp(&) _ eXp(—#Lz )] L 20 [exp (&) - eXp(ﬂ)]

21?2 T T T 22 T T
1 ml‘ . ML,
= o (7 ) soh (). @77)
as we have discussed in Sec. B.1.31*® Also its time evolution induced by LFV processes is de-
scribed as
ToN| = s (B 2 T + (B 2 )
a7 ey HT3 R R
—(their antiparticles’ processes)] (4.78)
2T mz + Uz
- 2. 2 F (—H) [sinh (Jﬂ) — sinh (M)] . @79)
n* H T T T
where 5
o3 my?
I:= =1-— 4.80
S (+50)

is the partial decay rate of each process, which is the same for all four processes. Similarly,

d 2T mg + Ug

TSNy, =-2-2-F (—H)[sinh(—'u—Hd)— sinh('u—Lz HE, )] 4.81)
dT " LFV 71'2 H T T T
d 2T mg - — UE

TSNyl =45 —F (—H) [sinh(“Hd ) - sinh(M)] . (4.82)
dT LFV 71'2 H T T T

Now let us consider the asymmetry of each lepton flavor, which is defined as, for example,
N2 := Ny ) + Nigg) + N

el (m;/ T) 2ur, — pg, (4.83)
B n? T

Under the LFV interaction L, E3Hy, the time evolution of the difference N, — N3 is given by

d d
Tﬁ(Nz —N3) = ﬁ(N[uL] + Niv,1 = Nizg1) (4.84)
16 T mzg + UE
-2 p (—H)[sinh(@) + sinh(M)] (4.85)
2H '\T T T
16T  (mg\[HH, + HL, +,UE3]

~ —_F (22 4.
2 H 1( T )[ T ’ (4.86)

B getr (X) 1= Fa(x) + 2, which is the same as Sec. B3
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where we have used ¢ < T. On the other hand, reactions mediated by the diagonal lepton [

O couplings are in thermal equilibria for T < 10°GeV, which leads to

Mr, +ug + g, =0, (4.87)
and hence
d 16T _ (mg\[Quw, —ug,) — Cur, — pg,)
T— (N> - ~ — —F| = . 4.
ar M=M=y 1( T )[ 3T (4.88)

(N> — N3). (4.89)

4.11.3 R-PARITY VIOLATION

The evolution of the B — L asymmetry under the R-parity violating interactions can be discussed
in the way similar to Sec. In this section, we will derive the time evolution of the B — L

asymmetry under R-parity violating interactions.

O B — L asymmetry and chemical potentials

We define the B — L asymmetry as

Nbaryon — Mlepton

Np_p = T3

(4.90)
Using the approximation that u < 7', we can calculate this as

Ns-1 = 5 (Nig1 = Ny = Nipy ) — Z (Niz = Nizy)

1

W —

N geff (mﬁ/T) 6ug —3ug —3up  Yeft (mf/T) 2 (zﬂLi - ,UE",-)
S T R T (4.91)
gerr (mz/T) —azzy  ger (M T) 97 + 3 Ha

2 T w2 T

1 Hr
-—Cp_(T)—,
—Chu(1)

where e -
Co-o(T) = 4gu () + (9 = 3Cu(D)gen (5. 4.92)

For the definitions of Ny}, uz, and Cp,(T), please go back to P. Eq. 3.38) and Eq. (3.40),

respectively.



56 Magisterial Thesis / Sho Iwamoto

0 UDD interaction
If in the superpotential we have U;D;Dy term, we have the following 18 (= 3 X color) decay

processes,

- ddy, 5 — widj, d: — wd,, (4.93)
and their antiparticles’ processes. They are all governed by the same decay rate
_ 1 1”2
FU,‘D_,‘Dk - El/ll]“ m~’ (4.94‘)

for now quarks are still massless, and we assume that the mass of squarks are the same.

Therefore, in the presence of the superpotential

1, -~ -
W = S 45,0:D;Dx. (4.95)

the time evolution of Np_; is given by

d 1 92 Tos5,p, mg\ ug + 2up
T (N )~ —— . 2 YD (Ta) RO ™ 21D 4.
ar Ne-1) = =13 H (T) T (4.96)
9 mgz\ 1+ Cy,(T)
= — I'npp Fi|—)|———— - Np_;. 4.97
i § 0;D, Dy 1( T ) Co(D) B-L 4.97)

ijk

We should emphasize that Eq. (@.97) holds even in the absence of the lepton flavor violation.

0 LLE interaction

Here we assume that the lepton flavor asymmetries vanish because of the lepton flavor violation,
that is, we use uy, = ur, = pr, in addition to Eq. @.91)). Under this assumption, the time evolution

of Np_; under the superpotential

W= %/lijkL,-LjEk (4.98)
is described as
_ % ; TppeFi ("?rf) %LH;T()T) ‘NpL. (4.100)
where |
Crie, = ez my. (4.101)



Chapter 4 Cosmological Limit to RPV Parameters 57

0 LQD interaction

Here also we assume the vanishment of lepton flavor asymmetries. The time evolution of Ng_;

under the superpotential

W = 4, LiQ;Dy 4.102)
is
d L[ 12%in Panon, . (mg  O2iiTanon, - (mp\| pe+po +pp
TapNe-1>-13 Fy(=2 )+ =L 0Pp, (ZT)| BLT R THD
a7 d H T H T T
_1 mg mp\1 1+ Cy,(T)
T H ZZJ/; [1F§:Ll-Q,-DkF1 (7) T 6F7:L,~Q_,-DkFl (?)] mNB—L, (4.103)
where
Chr.0,00 = ez afma Tt on, = T4l m; (4.104)
e [ T S :

O Bilinear R-parity violation

As we will discuss in App.[B.1 or as we have done in Sec. the bilinear R-parity violating term
k;L;H, induces, through the L,—Hy mixings, effective trilinear couplings A, and /l;jk. Then, the
time evolution of B — L can be discussed by using the Boltzmann equations of the LLE and the

LOD cases, which we have just discussed.
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Chapter 5

Conclusion

Now let us conclude this thesis.

We have seen that

the R-parity is not necessary for the MSSM,

the R-parity violating parameters are constrained,

the constraints is mainly obtained from collider experiments,
e cosmology would bring us to much severe constraints if the lepton flavor is violated

enough,

in this thesis. Here, we will discuss the application of the last severe constraints, which we have
obtained from cosmology, to the detection of the “SUSY without R-parity” in colliders (LHC,

etc.), and present the outlook for the future.

In the presence of slepton mixings, all the R-parity violating couplings must satisfy Eqs. ({.44)-
#@.47) in order to avoid the baryon erasure. Interestingly, this means that the LSP has a long decay
length at the LHC. For instance, suppose that the LSP is the stau 7, mainly consisting of the right-
handed one Tg. If the LLE couplings ;3 meet the cosmological bounds #46), the decay length

of T becomes

A\ ome \
. . 1
T 50‘”“(10—6) (100GeV) SR

This is comparable to the tau-lepton decay length (c7, ~ 87wm), which can be probed at the LHC.
To our pleasure, this is the shortest possible decay length, and in general we can expect a much
longer one. For example, if the dominant decay of T is caused by 4, (k # 3) or the LQD coupling

A

ke the decay length becomes longer since the decay rate is suppressed by the left-right mixing
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of 7 and/or the flavor mixing.

Also, for other LSP cases, we can obtain similar results. The dominant decay mode of the LSP
is dependent to a great extent on what the LSP is and the pattern of the R-parity breaking. If it is
three- or four-body decay [[ITl], the decay length becomes even much longer.

These features may be a great help for us to detect R-parity violating SUSY models, and there-
fore now, in the LHC era, it is important to study the LHC phenomenology of R-parity violating
SUSY models under the cosmological bounds Eqs. (@.44)-@.47). We should examine various
LSP candidates and various patterns of the R-parity violating couplings, and we leave it for future

works.
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Appendix A
Standard Model

Section A.1 Notations in this Appendix

In this part of the thesis, we use following conventions.

All fermionic fields are expressed as Dirac spinors. Dirac’s gamma matrices, which shall satisfy
LYY= st =0, (1)’ =1 (A.1)

are defined as “chiral notation” like Peskin [[I7]], that is,
y= ( ;),, %ﬂ); ys = —%eyvpay“yvypy" =iy’y'y*y = (_01 (1)) (A2)
where o and ¢ are extended Pauli matrices and €, is the totally antisymmetric Lorentz tensor:
o =(,0), o =(,-0); " =—en=1. (A3)

As we use Dirac spinors, not Weyl spinors, projection operators appear explicitly in the La-

grangian. They are defined as

1- 1+
B pp= Y (A.4)

Py .
L 2 2

For the gauge group of the Standard Model, we use following notations as their representation.

7% denotes Gell-Mann matrices, and 7¢ is equal to 0“/2, where o is Pauli matrices. That is,

SUQB3)strong [T“,Tb] =ifbre, Tr (TaTb) = %6‘”’,
SUQ2)weak [T“, T”] =T, Tr(T°T") = %5‘”’,
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Section A.2 Standard Model

The Standard Model is one of the greatest achievement of science in the last century. It describes
almost all physics below O(100GeV), the electroweak scale.

In this section, we introduce the Lagrangian of the Standard Model, discuss its spontaneous
symmetry breaking from SU(2)yeax X U(1)y to U(1)gm (the Higgs mechanism), and write down

the Lagrangian after the symmetry breaking.

A.2.1 FIRST LAGRANGIAN

The Standard Model is characterized by its gauge group and field content. The gauge group is
SUB)strong X SU2)weak X U(1)y, and the field content is as Table [A1l From these two features,

we can specify the model and write down the (renormalizable) Lagrangian of the Standard Model

as follows:
L= Lgauge + -EHiggs + Lmatter + -ED 0o» (A.5)
1 1 1
where Lgauge = — 4_1 'WBW - ZWWVW’?V — ZG““VGZV (A.6)

2
— V(H), (A.7)

. L.
LHiggs = (6,11 - IQZW,u - Elngp) H

—. . : L.
Lmatter = Qiryﬂ (6}1 - 193G,u - IQZW,u - glngp) PLQi

_ 2
+ Ujiy* (5;1 —-ig3G, — gingp) PrU;

_ 1
+ Dt (aﬂ —igsG, + §ingﬂ) PeD; (A.8)

-y . L.
+ L,‘l’}/ 0,1 - 1g2Wﬂ + Elng'u PLL,‘
+ Eiiy" (0, +ig1B,) PRE:.
Loy = = Uiy)ijHPLQ; + Di(ya)ijH PLQ; + Ei(ye)ijH PLL; + H.oc.  (A.9)

Here, V(H) is the Higgs potential, which we will discuss later. Also note that the field strengths
are defined as, e.g. for SU(2) gauge fields,

W, = 0,W5 — 8,W5 + ge™ W Wy, (A.10)

or with a notation W := W4T?,

Wiy := 0u Wy — 0, Wy, — ig [W,., W, . (A.11)
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Table A.1 The field content of the Standard Model: here we omit the gauge indices, and
subscripts i denote “generation indices”, which run 1-3.

SUB)strong | SUR)weax | U(D)y

Matter Fields (Fermionic / Lorentz Spinor)

Q; : Left-handed quarks 3 2 1/6

U; : Right-handed up-type quarks 3 1 2/3

D; : Right-handed down-type quarks 3 1 -1/3

L; : Left-handed leptons 1 2 -1/2

E; : Right-handed leptons 1 1 -1
Higgs Field (Bosonic / Lorentz Scalar)

H : Higgs 1 2 1/2
Gauge Fields (Bosonic / Lorentz Vector)

G : Gluons 8 1

W : Weak bosons 1 3

B : B boson 1

o O O

A.2.2 HIGGS MECHANISM

In the above discussion we did not write down the explicit form of the Higgs potential. Now let
us discuss the Higgs sector.
The (renormalizable) Higgs potential must be, in order not to violate the gauge symmetry, as

follows: )
V(H) = —*(H H) + A (HTH) . (A.12)

Here u? and A are arbitrary real parameters, and 1 > 0 in order not to run away the vacuum
expectation values (VEVs) of the Higgs. Note that this u is the only parameter which has non-
zero mass dimension in the Standard Model.

If 4? were negative, the potential has a minimum at |H| = 0, and everything would be as it was.
However we set 4> > 0 here. Then the potential has minima at |[H|* = u?/2A4, which means the
Higgs fields have non-zero VEVs, and the symmetry SU(2)yeax X U(1)y is broken.

To discuss this clearly, let us redefine the Higgs field so that the VEV is

(H) = % (S), where v = '%2, (A.13)
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and parameterize fluctuations around the VEV as

1 ¢1 +ipy

H = @ (v+ (h+i¢3))' (A.14)

Here h and ¢; are real scalar fields. A4 is known as “Higgs boson,” and ¢; are 0 0 —Goldstone
bosons according to the symmetry breaking, which the weak bosons “eat” to be massive.

The Higgs potential becomes

gy W
V(h) = =0t + 50+ 1202, (A.15)
492 v

and now we know the Higgs boson has acquired mass m;, = V2.

Accordingly, the kinetic term of the Higgs fields in Ly;g, turns into

2

= 50" +

(v + h)?
8

022 Wi% + 02 Wa2 + (g1B - W) (A.16)

: 1.
0y —ig2 W), — Elng,, H
Thus, we redefine the gauge fields with taking care of the norm of fields as follows:

B S Z,\ _ (cosby —sinb,\(W;
W, = $(WH FiW,), (Aﬂ) - (sin@w cos By )(Bﬂ ’ (A.17)

where 6,, is the Weinberg angle, and e is the elementary electric charge, defined as

g1 . 9192 le] el
e — —

tan 0, := —, = ; = , = — . A.18
Y g [912 + g2 9= Cos Oy 92 = Sin Oy ( )
We obtain the following terms in Lyjggs:
1 (v + h)? _
Liigss > 50,0 + ———[20° W W, + (91" + 9227, (A.19)
Here we have omitted the 0 00 —Goldstone bosons.
Here we present another form:
91B, =lelA, —tan 6,7, (A.20)
_ P e le| 3
G W, = 7 (WiT* + W, T7) + (tanewz“ + |e|A#)T , (A21)
where W, := WiT“ as is already defined, and 7* = T! +iT2.

Note that the gauge bosons acquired the following masses:

[0 2 + 0.2
=& NI T (A.22)

my =0, my = -0, my = >
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A.2.3 MASS OF FERMIONS

Now let us move on to the 0 O terms. The O O interaction is, we writing down SU(2)- and

generation-indices,
—_ J— (o4 — (04
Loy = _6aﬁUi(yu)inaPLQ? + Di(ya)ij (HT) PLOS + Ei(ye)ij (HT) PLLY +H.c.

1 — — _
> | )i UiPLO} + (4a)iiDiPLO? + (ye)jE:PLL: + H. c.|. (A.23)

We can see that these terms give masses to the fermions, and invoke fermion—fermion—Higgs
interactions. However, the [0 0 matrices are not diagonal. Here we will diagonalize the matrices
to obtain mass eigenstates.

We use the singular value decomposition method to mass matrices Y, := vy./ V2. Generally,

any matrices can be transformed with two unitary matrices ¥ and @ as

n 0 0
Y=0'10 m O|¥Y=0"M¥Y (m>0). (A.24)
0 0 ms

Using this ¥ and @, we can rotate the basis as
Q' W0, P> VYI0h LeVYL, UsOU De®D E-®E (A25)

to obtain mass eigenstates*!

Then the 0 O terms are
1 — — _
Log = (1 + —h) |m)iTUPLO} + (ma)iDiPLO} + (mo)E:PLL; +H. c.|. (A.26)
v

in mass eigenstates.
In the transformation from the gauge eigenstates to the mass eigenstates, almost all the terms
in the Lagrangian are not modified. However, only the terms of quark—quark—W interactions do

change drastically, as

— 1
LD Oy (—igzwu — ging“) PLO (A.27)
= é% (W+ T + W_T_) PLO + (interaction terms with Z and A) (A.28)
— — 0o w' ¥io!
- L@ o)y ). (ngz) #C ) (429)
- T xpo' + T WX PR+ (e, (A30)

*l FYI: The fields in the left hand sides of (A.23) are in gauge eigenstates, as well as those in all the equations before
(A.23). Meanwhile, in the right hand sides are in mass eigenstates.



66 Magisterial Thesis / Sho Iwamoto

where X := ‘I’d‘I’Z is a matrix, so-called the Cabibbo—-00 O -0 O (CKM) matrix, which is not
diagonal, and not real, generally. These terms violate the flavor symmetry of quarks, and even the

CP-symmetry.
In our notation, C P-transformation of a spinor is described as
CP W) =i @A, €2 () =inyy), (A31)

where 77 is a complex phase (|| = 1). Under this transformation, those terms are trans-
formed as, e.g.,

L4 (§2W‘XPLQ‘) = (PO P(~WHXPLO V)
= W 0@ Xy Py (A32)
= (0 W'X"PLOY).

Therefore, we can see that the C P-symmetry is maintained if and only if X" = X7, that is,

if and only if X is a real matrix.

A.2.4 FULL LAGRANGIAN AFTER THE SYMMETRY BREAKING
After all, we obtain the following Lagrangian.

L= ~£g.—int. + ~£g.—mass + —EHiggs + ~£matter(1) + Lmatter(Z) + LD 0> (A33)
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Ly 1= 5 [GH/Gl, + 2" O+ DAY (DAY + 2OW P @G,

ile|
tan By
+ilel| @W*Y W, A, + @W VAW + (DAY Wi W, |

2
el WHW W, W,y + —a—
2 sin? Ow tan” 6,

|OW* V"W Z, + @W Y Z, Wy + D2y Wi W, |

le> .
———WIZ,W,Z,

+ (" =)

lel*
tan 6,

(Wiz, W, As + WiAW, Z,) + |e|2WZAVW;AU] :

2
. 2yt o 2
Lg.—mass = my w W,U + TZﬂZp,

Lo ity L
~£Higgs——( )—W —E _Emh

2mW

2
W*Wh + —Zzh —W+W w2+ DL g
v v? 202

((mu)t ( d)z ( e)z

U,PLQ h + D;PLQ?h + E;PLL?h+H. c)

Linaer(ty = O (id + g36) PLO + U (id + g3¢) PRU + D (id + g3¢) PrD
+ L(id) PLL + E (id) PRE,

Lmatter(Z) = [Q W XP Q + Q W+X1P Q ]+L \/_(W+T+ + W T )PLL

N
(T3+8)A+( T wnby )ZO]PLQ

+|e|-§ tan 6,

2 _
+ §|€| -U (4 — Ztan 6y,) PRU

1 _
- §|e| -D (A — Ztan6,) PrD

3
+ le] -Z[(ﬂ - %)A +( r . tangw)zo] P L

tan 6, 2
—le| - E (4 — Ztan 6,) PRE,

Lo = (m)UPLO! + (mg)iD;PLQ? + (m,);E;PLL? + H. c.

We have used an abridged notation

OX)y = 0,X, — 0,X,.. (A.34)
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A.2.5 VALUES OF SM PARAMETERS

Here we present the experimental values of the Standard Model, taken from the “Review of Parti-
cle Physics” [].

m Parameters in low energy

apm = 1/137.035999679(94) Gr = 1.166367(5) x10°GeV 2

m In the electroweak scale

These values are all in MS scheme.

agy(mz) = 127.925(16) my (my) = 80.398(25)GeV
agi(m;) = 133.452(16) my(mz) = 91.1876(21)GeV
as(myz) = 0.1176(20) sin® Ow(myz) = 0.23119(14)

m Mass of fundamental particles

These are PDG value. Here we ignore the renormalization effects.

e : 0.510998910(13)MeV u:1.5to03.3MeV d:3.5t06.0MeV
w : 105.658367(4)MeV c: 127109 Gev s : 104735MeV
7: 1.77784(17)GeV t:171.245,GeV b : 4.20*07GeV

m Estimation of Standard Model parameters

For the electroweak scale, we can roughly estimate the values as

2
e~ 02313, g1 ~ 0.358, g> ~ 0.651; D= \/% ~ 246GeV

Therefore 0 0 matrices are (after diagonalization)

105 0 0 3105 0 0
ye~| 0 0007 0 |, ya~| 0 00006 0 |,

Q

0 0 0.98 0 0 0.02

3x107° 0 0
Yo ~ 0 0.0006 0
0 0 0.01

Also, for m;, ~ 120GeV, we can estimate the parameters of the Higgs potential as u ~ 85GeV and
A~0.12.
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Appendix B
SUSY

Section B.1 MSSM
B.1.1 GAUGE GROUP AND FIELD CONTENT

The minimal supersymmetric standard model (MSSM) [l [3 [@] is the minimal supersymmetric

extension of the Standard Model. Its gauge group is

SU(3)color X SU(2)weak X U(I)Y’ (Bl)

which is the same as the Standard Model,

The field content is as Table Note that we need two Higgs fields H, and Hy to describe
the 0 O interactions, which is also good since we have no gauge anomaly with the two Higgs
doublets.

This field content leads us to the following (general) superpotential of the MSSM as

W = uHyHa + .);; HiQiUj + (ya);; HaQiDj + (y.);; HaLiE

1 _ _ 1, (B.2)
+ Kl'HuL[ + E/lijkLiLjEk +A4 ijkLinDk + E/l iijiDjDk-

Note that the terms in the second line of Eq. (B.2) violate the baryon number B or the lepton
number L, while those in the first line do not. These B- or L-violating terms cause the proton
decay problem, and thus we usually impose the conservation of the R-parity [[f]. These matters

are discussed in Sec.[2.11

We use the convention that A; = —A;% and A, = —A/; ., for the superpotential (B.2))

ijk ikj?
has the following asymmetry:

L,'L_/'Ek = —L./'LiEk, U[D_/'Dk = —U,'Dk[)j. (B3)
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B.1.2 SUSY BREAKING TERMS

From the field content and the superpotential, we can write down the Lagrangian of the MSSM*!,
which respects the supersymmetry. However, this Lagrangian is not what governs our current
universe, because we know the universe is not supersymmetric. We have electron, whose mass
is 0.511eV, but do not have such light bosons. (If the universe were supersymmetric, we had
0.511eV bosons.)

Thus we consider the supersymmetry is already broken so that the mass of superpartners be-
comes much heavier. In these twenty years, various models are proposed to achieve this feature,
the SUSY-breaking (SUSY). To discuss such models is a very interesting theme, but in this thesis

we do not focus on it. Instead, we give the general form of the SUSY effects, which appears in

o} O (0]

Table B.1 The field content of the MSSM: here we omit the gauge indices, and subscripts i

denote “generation indices”, which run 1-3.

Matter and Higgs fields (chiral multiplet)

SU@B3) SUER) U spin 0 spin 1/2
Q| 3 2 16 | (.dy)  (u.dy)
U | 3 1 =23 uj,
D;| 3 1 1/3 & df
L, 1 2 12| ) (e
E | 1 1 1 2 et
Ho| 1 2 12 | (HELH) (L HY
Hi| 1 2 -1/2 | (H.H;) (HOH;)

Gauge fields (vector multiplet)

SU@B) SU2) U() | spinl/2 spin 1

G 8 1 0 g g
w 1 3 0 w w
B 1 1 0 B B

*I' 'We do not present the procedure here, for it is a bit long travel. If you want to follow the way, see Ref. [3@
Secs.3-7], etc.



Appendix B SUSY 71

the Lagrangian.
The general form of SUSY terms is

1, _ _
Lsusy = —3 (Msgg + MyWW + M, BB + H. c.)

- (au)inuéiEj - (ad)indéiJj - (ae)indzigj + H. C-]

_ (mZQ)ij 0:0;+ (m%)ij LiLj+ (m%])l]ﬁfif] + (m%)ij d;d; + (mé)l;éj?,] (B.4)
— |m3y, HHy + my HyHg + (bHyHg + H. ¢.)]

1 T T = y TN 3 1 n=33 T
— zé‘:ijkLiLjék + é:ijkLiQ./ r+ zé:ijkuidjdk +,8,'HuLl' + H. C.] .

Here, i, j are indices for the generations, which run 1-3, and we omit the gauge indices. Note that
the terms of the last line, &’s terms and 8 term, also violate the B- or L-number, and are usually
omitted by imposing the R-parity conservation.

We have the following SUSY parameters:

e M; : gaugino masses.

e a, : trilinear scalar couplings.

) m% : scalar masses, which must be Hermitian.

e b : Higgs off-diagonal mass, which is assumed to be real.
e ¢ @ B-or L-violating trilinear scalar couplings.

e B : L-violating bilinear scalar couplings.

Here we also use the convention

ijk = —Ejiks & =~ (B.5)

Section B.2 Proton Decay and R-Parity

Now we have introduced the MSSM, but with the B- and L-violating terms left. As we discussed
in Sec. 2.1} these terms induce the proton decay problem, and usually omitted by imposing the
R-parity.

However, as is also already mentioned, we overlooked the fact that we have to consider not
only 4-dimensional operators but also higher-dimensional operators in order to realize the current
bounds of the proton lifetime. In this section we will discuss this matter, and introduce a better

symmetry, the proton hexality.
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B.2.1 HIGHER DIMENSIONAL OPERATORS AND PROTON DECAY

We considered the 4-dimensional operators in the MSSM in Sec. 2.1} and saw that we can avoid
proton decay with imposing the R-parity conservation. However, we should be more careful. We
must consider 5-dimensional operators too.

Let us assume that we had a 5-dimensional term which invoke proton decay in the Lagrangian.
The term is suppressed by a huge mass, e.g., the scale of the grand unification theories (GUTs)
Mgur = 10'%GeV as

LD

XXXX, (B.6)
Mgut

where k is the coupling constant. Then the rate of proton decay can be roughly estimated as

L |k|*
r S MéUT mPl‘OtOn = 2.5yr’ (B7)

therefore still we have to constrain the coupling constant as |k| < 107!, This constraint is still
not usual, thus we have to eliminate, or at least pay attention to, the effect of 5-dimensional
operators.*?

In the MSSM scheme, there may be the following terms which lay down 5-dimensional opera-

tors: _ o _
QQUD, QQOL, QQQH,;, UUDE, QULE, B3
QUHdE, LHuHqua LLHuHu’ HuHquHd, ( . )
in the superpotential, and the following in the Kéhler potential:
D'UE, D'QQ, L'QU, H,0U,
‘ (B.9)

H!QD, HILE, H!H4E, L'H,.

(And their Hermitian conjugates, surely.)

They can be classified as follows:

Both Pg- and Py -violating: QQQL and UUDE,
only Pg-violating: QQQH, and D' QOQ,
only Py -violating: QUH4E, LH,H,Hy, D'UE, L'QU, H. HyE and L' Hy,

and neither Pg- nor Pp-violating ones.

Here, Py := (—1)8 is the baryon parity, and Py, := (—1)" is the lepton parity.

*2 To use the Planck scale My instead of Mgyt is not a remedy. Also we can see from this discussion that 6-

dimensional operators, which is suppressed by Mé is not so critical.

uT?



Appendix B SUSY 73

In particular, the four Pg-violating terms are critical, because the proton decay owes to them, as
we mentioned in Sec.[2.11 Now we would like to see how the above Pg-violating operators invoke

proton decay.

In the following estimation, we use as the mass scales

Mgur = 10'°GeV, msusy = 10°GeV. (B.10)

0 QQQOL and UUDE terms

The terms Q;Q;OxL; and U;U;DyE;, where i, j, k and [ are the generation indices, violate not only
B (Pg) but also L (Pr). Note that these terms do respect the R-parity, and thus we cannot omit
these terms by imposing the R-parity conservation.

Here, we cannot choose the generation indices arbitrarily for the asymmetry of the gauge in-
dices. For U;U;DiE;, we have to choose them so that i # j. For Q;Q;0L,, if we select the
SU(2)weak indices (a and b, where a # b) as Q¢ Q? QLY. we have to satisfy i # k.

Ones of the main channels of the proton decay processes are described in Fig. B.Il The decay

rate can be roughly estimated as

a-k/Mgur|© s Ik[>
F ~ - . = =, B.ll
o00L ' msusy | PO T 5 45100yr (B0
and the experimental bounds are [[7]
(p = K*v) > 6.7 x10*?yr. (B.12)
(©] (©] @]
u - u u > u
— i —
_ . _v
<. $ X X
) ~ : \ ~
v T e €R S
d viood R

Fig. B.1 Channels of the proton decay induced by QQQL (left) and UUDE (right) terms. The
star % in the UUDE case denotes the CKM mixing, which we have to use to convert from the
charm quark to the up quark. ¥ denotes the neutralinos.
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Thus we need an unnatural constraint, k| < 107'!, for the QQQL coupling. For the UUDE
coupling the constraint is a bit relaxed because of the CKM mixing, but still unnatural.

Therefore, it is favorable to introduce a symmetry to forbid these terms.

* 0 ok 3k

These 5-dimensional operators are, since they are naturally present in SU(5) GUTs, well stud-
ied. The decay rate for QQQL is more precisely calculated [37] B8] as

2

(m — my)? m
I'p - K+V2L) = pmtor; K2 C (1 4 —proton (D + F))
32n mprotonf n mp

2

. (B.13)

fx in this equation is the pion decay constant ~ 139MeV. C is the coupling constant which is

defined through the 6-dimensional effective operator O(sudv) as

LD C-O(sudv). (B.14)

udd

[ is a parameter related to the hadron matrix element <0 prot0n> which ranges

8 = (0.003-0.03)Ge V". (B.15)

The latter part in the big bracket of Eq. (B.13) expresses the effects of the Quantum Chromo
Dynamics in the Standard Model, and in the references D = 0.81 and F = 0.44 are used as the
values. mp is typical light baryon mass ~ 1150MeV.

Anyway, in our language the coupling constant is

k 1
C~ , (B.16)
Mgyt msusy
and therefore we obtain
1.9x1083yr [ Mgur  msusy \*[0.003GeV3\’
r= - ( ) , (B.17)
2 10'6GeV 103GeV B

which roughly meets our estimate and yields a constraint [k| < 1071,

0 QOQOH, term

This term QQQH, violates only B, thus we need a source of L-violation. Here, we introduce the

bilinear term H,L; as an example:

W = (ue)H,L; + LQQQHd- (B.13)
Mgur
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As we will explain in Appendix [B.ll when the superpotential includes the bilinear term, the

sneutrino obtains a vacuum expectation value (VEV), and the value can be approximated as
1
vy = $e,-vcos,8, (B.19)

Therefore one of the main Feynman diagrams is as Fig. whose decay rate is

2

= ark ‘ mg . guvcosf . 1 3
Mgur vcosB/ V2 V2 msusy| P!
azk | I
| Mgur e msusy Mproton
_ |keil? ( msusy )_2( Mgyt )_2 (B.20)
2.0 x10Myr \103GeV 1016GeV ’

Here m; is the mass of the strange quark. We can see that the experimental constraint is roughly
kel < 10711,
The constraint from this term is weaker than those of the previous two interactions because here

we need an L-violating term.

0 D'QQ term

The term D'QQ is similar to the 4-dimensional UDD term. One of the processes is as Fig. B3]

where we use

f d6*dé* D' 0Q > f de*d” (V260 5) (V20y0) (i60+86,00) (B.21)
term, and a LQD term as a source of L-violation. The decay rate is estimated as
k-m roton 2 erO on kA 2
I~ prot ’ Z t _ | | —, (B22)
Mgur mégy  3-3x1012yr
while the experimental bounds are [[Z]]
(p = K*v) > 6.7 x10¥yr, (p = 77v) > 2.5 x10%yr. (B.23)

Therefore the constraint is
k| < 10710, (B.24)
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u > u
u ’E’L _ —_— SR
/, "6
\‘ Hd
0N
p H, < %
7 |
|
)

Fig. B.2 One of the main channels of the proton decay induced by QQQH,. Here we use the
sneutrino VEV.

u > u
u AR
;l'iL;FSVL
___.<___
d v

Fig. B.3 One of the main channels of the proton decay induced by D'QQ. The intermediate
particle in this diagram must be left-handed.
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Section B.3 R-Parity Violation and Other Symmetries

So far, we saw that we have the following B-violating interactions, and they are very harmful to

the proton decay problem:

.k kh -  k
W o 2’00D + ——QQQL + —=—UUDE + ——QQQH,, (B.25)
Mgut Mgur Mgur
Ko~ D'00. (B.26)
GUT

To solve the proton decay problem, usually we impose the R-parity conservation on the MSSM.
However, even if we do so, QQQL and UUDE terms cannot be omitted. Thus if we want to omit

all these terms, we must find another symmetry.

B.3.1 DISCRETE GAUGE SYMMETRY

Here, we should mention quantum gravitational effects on the symmetries. It is said that any
global symmetries are violated by those effect, for example virtual blackhole exchange and worm-
hole tunneling. Thus all the global symmetries we impose on the MSSM (or other effective theo-
ries) must be a remnant of a gauge symmetry. [39]]

Consider a U(1) gauge theory with two scalar fields 1 and ¢ carrying charge Ne and e, respec-
tively, and 7 is much heavier than £&. Here, if 7 is condensed at some high energy scale, that is,
acquires VEV, then its low-energy effective theory is only the theory with &, and it respects a
global Zy symmetry & — exp(2ni/N)¢ as a consequence of the original gauge invariance. Dis-
crete symmetries of this type are called “discrete gauge symmetries.” Discrete gauge symmetries
are protected from the quantum gravity effects.

However, gauge symmetries must satisfy anomaly cancellation conditions. We can regard a
global symmetry as a discrete gauge symmetry if and only if there is an anomaly-free gauge
symmetry from which the global symmetry is obtained.

Here note that the high energy theory might have another particle whose mass is very heavy
and thus already integrated out. Therefore, the gauge symmetry need not be anomaly-free only
with the low-energy particles. In other words, we can add some heavy particles so that the gauge

symmetry should be anomaly-free.
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For example, the R-parity is anomalous only with the MSSM particles (See: [HQ
Sec.22.4]), but adding the right-handed neutrino N makes it anomaly-free. An example
of the anomaly-free charge assignments is as follows.

0| L |U|D|E|H |H| N
Ll-3]-5][3|7]4]|-4]|-
Here, though we do not prove, we are free to shift all these values by kY, where k is an
arbitral coeflicient and Y is the hypercharge of the particle.

Ibafez and Ross studied this “discrete gauge anomaly”[d1]]. They assume that all the massive
fermions, which is added in order that the gauge symmetry be anomaly-free, have integer Zy
charges*™, and under this assumption, they proved [@2]] that, among Z, and Z3 symmetries, only
two symmetries are anomaly-free. One is the standard Z, R-parity R;, and the other is “baryon
triality” Bs.

Dreiner, Luhn, and Thormeier extended this result to arbitrary Zy symmetries, and propose a
new symmetry “proton-hexality” Pg [[IQ], which is anomaly-free without including fractionally
charged heavy particles. Also Luhn and Thormeier [43]] studied about the symmetries which is
suitable to the MSSM+N (right-handed neutrino) model and their GUT-compatibility, and pro-
posed other several symmetries.

We write down the charge assignments of the symmetries at Tab. and allowed terms of the
MSSM at Tab. as references.

B.3.2 OTHER WAYS BUT R-PARITY

Forget about the matters of high-energy theories, and concentrate on the low-energy effective
theory. What can we say about the MSSM superpotential ?

You can see that we have three ways. (Here, Pg and P are the baryon and the lepton parity as
we have introduced.)
(i) R-parity conserving case The first way is to impose a symmetry which forbids both Pg-
and Py -violating terms, e.g., Pg. In this case the LSP is still stable, and the (renormalizable)

superpotential is

W = Wrpc := uHyHqa + YuijHo QiU + y4ijHaQiD; + yeijHaLiE . (B.27)

(il) R-parity violation in lepton sector The second way is to forbid only Pg-violating terms with,

for example, the baryon triality B;. Then the LSP cannot be a candidate of the dark matter, but

*3 Adding fractionally charged heavy particles will generally relax the anomaly cancellation conditions.
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proton would not decay. The superpotential is
1 _ _
W = Wgrpe + K;H,L; + EﬂijkLiLjEk + /l’ijkLinDk. (B28)

(iii) R-parity violation in baryon sector The last way is to use the lepton triality Ls etc. to forbid
only Py -violating terms, with imposing another condition that the LSP is heavier than proton. The
LSP cannot be a dark matter candidate, and the proton decay would not occur as we discussed in

App.2Z.1.3] The superpotential is

1 __
W = Wgrec + E/l”iijiDjDk- (B29)

We refer the first way as “R-parity conserving case” or “SUSY with R-parity,” and the other two
ways as “R-parity violating case” or “SUSY without R-parity,” although the symmetry we do or

do not impose is not the R-parity.

The fact that the LSP is stable under Pg- and Py -conservation needs some explanation.

First consider the interactions induced from the superpotential. Note that the operators
which induced by the same term in the superpotential have the same R-parity. Since the
conservation of both Pz and Py the superfields means the R-parity conservation in the
superfields, the LSP would not decay via the superpotential interaction in this case.

How about the gauge interactions? Supersymmetric gauge interactions are obtained
by “supersymmetrizing” an even number of fields in a gauge interaction operator. Since
this operation does not change the R-parity, the gauge interactions never violate the R-
parity as long as the gauge boson is even in the R-parity. However, now Py and Py, are
conserved, and therefore gauge bosons must be R-even. Therefore the LSP would not
decay via the gauge interactions in this case.
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Table B.2 The charge assignments to the MSSM particles (and right-handed neutrino N)
of discrete gauge symmetries. Among these symmetries, the R-parity R,, the baryon triality
Bs [@2]] and the proton hexality Pg [[I0]], are anomaly-free without adding fractionally charged
heavy particles. The other symmetries are Luhn and Tohrmeier’s work [E3]].

typel Q| L| U | D |E| H, | Hi| N

R |z |1 ]1]1l1]1]o]ol1
B; Zz 102212 1 210
Pg Ze | O (4] 1 |5 |1] 5 113
B; Zo 1o 1T |{110] 0 0O

L Z O] 1]0O0| 1] 0 01

L Zz 1021010 1] 0 01
M; Zz 10 (1|21 10] 1 211
Rs |z lolol2l1]1]1]2]2
za0| ze o lals 131 ]5]1
Z6(302)| Z¢ | O | 4| 3 | 3|5 ] 3 315

Table B.3 Allowed interaction of the MSSM with a discrete symmetry.

disastrous harmful not good L-violating

UDD QQQL | UUDE | QQQH, | D'QQ | LH, | LOD | LLE

R, v v

B; v v v

R3 v v

Z6(102)

Z6(302)
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Appendix B.i Higgs Mechanism under R-Parity Violation

If the R-parity is not conserved, the superpotential and the SUSY terms of the MSSM are extended,
and the Higgs Mechanism is modified. Especially the violation is in the lepton sector, we cannot
distinguish the down-type Higgs from the leptons because we have no “lepton number.” In this

appendix we discuss these matters [[[T].

B.I.1 HIGGS POTENTIAL

First, we put the Higgs superfield and the lepton superfields into a vector

Ly = (Lo, L;) := (Ha, L) (B.30)
(Greek letters to run 1-4, and Latin letters 1-3.) The superpotential is described as
_ 1 _ _
W =yu;;H QiU + uoHuLo + EyaﬁjLaL,BEj + Y ijLeQiD;, (B.31)
where yo3; = —Ygaj, and the SUSY part is now

Lsusy = (Gaugino mass term) — [(au)ijﬁiéjHu - amﬁiéj am]e L L + H. c. ]

*

- [(mZQ)U ~i Qj + (m%—,)ij u; uj + (mZD)J;fcz + (m%)ijz-kgj + mi,quHu] (B.32)

B (m%)aﬁ L

Here note especially that u, = (uo, i) = (U, ;).

[ﬁaHL +H. c]

The classical scalar potential for the Higgs bosons is now
Vitiges = (Ital” + my,,) (HOP + 1HS )
A ~ 2 ~ 2 ~—= 2
+ (mL)aB (eaeﬁ + Vavﬁ) + |/lava| + |,u(zea/| +4 Z |y(1,8ivaeﬁ|
1

+ |Bo (Hi 2o - HYV,) + H. | B3

+w(|H+| |~ Bl - )

& |Hm Zl'—eﬁ—eavﬁ ]

a<p

which is very complicated. Here, as usual, not to break the electromagnetic symmetry, we redefine
the up-type Higgs field so that (H;) = 0. This is the rotation of SU(2)ye.. The VEV-condition

oV
OH

=0 (B.34)
(H)=0
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yields
<(ﬁa + %VZHS*)?Q> =0,  ie. (@)=0, (B.35)
from which we see that the electromagnetic symmetry does not break up. Thus we obtain
VHiges = (l,uoz|2 + mi,u) IHSI2 + (m%)aﬁﬁ’fﬁ + |,uoﬁ70[|2
(B.36)

2, 2
+ 2
~[BottsT, + e+ T2 (JHO -l
Here, as usual, we can set 5, > 0 by redefining the phases of L,.

B.1.2 MASS MATRICES AND ALIGNMENT

This discussion is along Ref. [44]).
Now the fields which may have VEVs are H? and v,. Define the VEVs of those fields as

(HD) =: v, (.Y =: va. (B.37)
Then the mass matrices of the neutralino and the chargino sector are
1 T T
L5 [—5 (¥o) Mxypo — (¥4) Mcy-|+H.c. (B.38)
02M1 + S2M2 CS(M2 - Ml) 0 0 0 Z
es(My — M) $*My+ My —go,  gug  gv; 4
My=| 0 g, 0 -¢ x| wo:=|HO|: (B.39)
0 guo —u 0 0 Yo
0 gu; —K; 0 0 Vi
My  gu/ V2 gui/ V2 ":‘? W~
Mc =|gv,/ V2 u K , Ve =|HY|, Y_:=|eo |,
0 Wajok  —Wa)ijvo + Aixjvk eszi e;
(B.40)

where g := g»/2 cos Oy, ¢ := cos By and s := sin Oyy.

Here, two eigenvalues of My are zero, and five are non-zero. This means we have two mass-
less “neutralinos” and five massive ones after the EWPT. Note that these five massive higgsinos
contains one neutrino, which is nearly massless.

The product of the masses can be calculated as

[T 7 = (M1 + 245) (gl o sin ) (B41)

i=1..5
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where
H-V
lleall ol

o= U, V:i=U,, cosé = (B.42)

Here, we can expect that M| ~ M, ~ ||u|| ~ 100GeV, and thus the mass of one massive neutrino

can be approximated as
m, ~ (100GeV) - sin® &, (B.43)

That is, we can expect that € is very small, or in other words, u and v are nearly aligned.

* k) *

When we assume k; < u, we can obtain the following expressions of VEVs:

<H3> — %U . Sinﬁ, <Hg> ~ %U . COSﬂ, <T/'l> ~ —% . %l} . COSﬁ, (B44)

where v = 246GeV is the Standard Model Higgs VEV (See: Sec.[A.2.2), and B, the well-known
value of the MSSM, is defined as
()

(H3)

We used this basis in the decay rate approximation of the QQQH, proton decay in Sec.[B.2.1]

tanB = (B.45)

B.I.3 CONDITIONS FOR ALIGNMENT

As the end of this appendix, let us discuss the conditions on the parameters for the alignment. To
this end, we take the basis where «; = 0. If the alignment is realized, v; must vanish in this basis.

In this basis, the Higgs potential would be

Visges = (Wl + miy ) [P + (m7) 27 + | S

2, 2 5 (B.46)
= B [H0, + . ]+ T2 (|0 - wz) .
Here, as usual, we can rotate the fields so that v, > 0 and v; > 0, and express them as
v, =vsiné, vg = vcosé. B.47)
(We use 6 instead of the usual 8.) The VEV-conditions are expressed as
2 2\ 91> + g2 2 .
(I,ul +mHu)sm6’—,80 cosfd — ———p“cos26sinf =0, (B.43)
24 4.2
[l + (m2), | cos 6~ By sin @ + L—F212 cos 265in6 = 0, (B.49)

(m})  cos6—p;sin6 = 0. (B.50)
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Therefore, the conditions for the alignment are expressed as

2Aul’ +myy, + (m7) = siZnLZOH’ (B.51)
g1 Z 9’ 5 _ (72 ) + P Coiz ;e[mﬁ,u + [P sin? 4 .52
(mi)lo _ (m%)ZO = (mi)m =tan6 (B.53)

Bi B B3

in this basis. Here, the first and the second conditions are the same ones of the R-parity conserving

MSSM, and what is important is the last one.
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Appendix C

Cosmology

In this thesis, we discussed cosmological constraints on the R-parity violating parameters. In the
discussion, we have used the fact that this universe is expanding, where the expansion rate is given
by the Hubble parameter. Now, for the sake of completeness, we will obtain the Hubble expansion

rate in this appendix.

Section C.1 The Expanding Universe
C.1.1 UNDERLYING STRUCTURE

We, the human being, live in this universe. We know that this universe is spatially homogeneous

and isotropic. Or more precisely speaking, this universe is macroscopically homogeneous and

9931

isotropic as far as we know. This is so-called “Cosmological Principle.

Under this axiom, the spacetime metric g;; of the universe is restricted as follows, the
Friedmann

“®@puaman—Lemaitre-Robertson—Walker (FLRW) metric:”

ds? := g, dx“dx” (C.1)
K (x-dx)®
:dtz—atzldx2+— C2
(@) |lldx]| K (C.2)
2 o dr? 2( 402 1 «in? 2
= dr’ = a(ty | s + 17 (4% + sin” 6 - dg?) . (C.3)
— Ar

where ¢ is the time coordinate, x and (r, 6, ¢) are the Cartesian and the polar coordinates for the

(3-dimensional) space, a is a time-dependent parameter, which is called the scale factor, and K

I Steven Weinberg mentioned [B3]] that this principle is valid only for “typical observers,” those who move with the
average velocity of typical galaxies in their respective neighborhoods. This is true surely.
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denotes the curvature of the space,

K >0 fora closed universe (+1 for spherical),
K =0 for a flat universe, (C.4)
K <0 for an open universe (—1 for hyperspherical).

Under this metric, the Einstein equation is calculated as

1\ K 81G i a* K
(a) t5= ”TTOO, gi/(g + 5 _) = 8nGTj. (€.5)

a a a a*> a?

The definition of the Einstein equation and the detail procedure of this calculation is given in
Appendix [C1
Recent observations proved that the universe is extremely flat. Therefore we set K = 0 from

now.

C.1.2 ENERGY-MOMENTUM TENSOR

The axiom that the universe is spatially isotropic and homogeneous also leads us an approximation
that the substance of the universe can be approximated as the perfect fluid. The perfect fluid is a

fluid that has no viscosity and no heat conduction. Its energy—momentum tensor 7#, is

T+, = diag(p, —p, —p, —p). (C.6)
Thus the Einstein equation is now
a\:  8rnG a @
(2) = =200, R ) €7
a a

and therefore

a - /&T_Gp(t), a = —&T—G(p+3p). (C.8)
a 3 a 3

The energy density p(f) and the pressure p(f) depend on the property of the substance. Let us
calculate these values.
To discuss the energy density and the pressure, we first introduce the well-known momentum

distributions, the Fermi—Dirac (FD), the Bose—Einstein (BE), and the Maxwell-Boltzmann ones:
v (k) = S E-W/T’ JeE(k) = S E-W/T _ 1’ Jep(k) = cE-W/T 1 1° (C.9)

where E := +/||k||* + m? is the energy of the particle. k, u and m denote the momentum, the

chemical potential, and the mass of the particle, and 7 is the temperature of the universe.
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When a particle is in a thermal bath, its energy density p, pressure p, and number density n, are
given by

d’k ~ d*k ||kl ~ d*k
(Zﬂ)3f(k)-E, p=g (2ﬂ)3f(k)-3—E, =9 | o

where f(k) depends on the statistics of the particle.

p=g f(k), (C.10)

C.1.3 HuUBBLE PARAMETER
00 Massless approximation

Now, almost all have been done. We know that the Hubble parameter is given only by the energy
density p (C7), and p can be calculated by the above expression. Thus, theoretically, we can
obtain the Hubble parameter at any temperature.

However, actually, this calculation cannot be done analytically in general, and we cannot ob-
tain the analytical expression of the Hubble parameter, which we want to use in the Boltzmann
equations. Therefore, here we come down to do an approximation, m < 7.

If we use the approximation m < T', which means that all the particles are nearly massless, or
the temperature is extremely high, we can continue the calculation analytically. Especially, if we
can approximate u is small enough, i.e., u < T, we expand the expression to the 1st order of u to

obtain the following result:

2
BE sl 3803) BE _ 1 BE BE 31¢3) 1
=gT" | — , =—p°°, =gT’° | — + =-f|, C.11
P =g [30+ K p 3P =gl T Gk (C.11)
Tn? 9¢(3) 1 3¢(3) n?
FD 4 - FD FD FD 3 -
=aT = = =gT — C.12

where i := u/T.

Now we can calculate the Hubble parameter, which is defined as

H = é = 1/%,0(0. (C.13)
a 3

The particle which we have and their degrees of freedom are presented in Tab. [CI1*> As you can

see, the energy density and the pressure is calculated as

(T)—"—2T4 110+z 110 (C.14)
P =30 8 . '
a 7
T)==—T*|110+ = - 110 C.15
p(T) 90 ( +3 ) (C.15)

*2 Also in the table the mood of the mass are presented. “Massive” denotes around 100GeV, and “heavy” denotes
300-1000GeV, which describe only the mood, or the tendency.
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Boson | Fermion | D.0.Fg
0 HEAVY 0 36
U HEAVY 0 18
D HEAVY 0 18
L, E | massive 0 12+12
H,, Hy | massive 0 4+4
g 0 HEAVY 8
w 0 massive 3
B 0 massive 1

Table C.1 The mood of mass, and the degree of freedom, of the MSSM particles.

@) O o

under this massless approximation.

Finally, we obtain the Hubble parameter

T 8 2 7
H=§¢— h = ql===-110|1+ -] = 24. C.16
S, Vhere € 3 30 ( 8) (€.16)
(Note that the Planck mass is defined as My, := G~!/2.) We used this value, which is approximated
to be constant for simplicity in calculation, in Chap. A
Also the second order differential of the scale factor is obtained as

a T4 8 n? 7
Ty h Ti= —_.110(1 + = | ~ 1.14 x10°. C.17
P A R E [1+3) 7

O General result

Here, we will try to obtain the Hubble parameter without the approximation m <« T. We present
numerical results here.
As we can still use the approximation u < 7', or i < 1, we expand the values as, for example

the energy density p of a boson,
PP, 1) = pgt(m) + Py m) + O(@?), (C.18)

where /71 is defined as: m := m/T, as we did in 2. We put the numerical result of the energy density

p of a massive boson, and fermion, in Fig. and Fig. respectively. Also the pressures in

Fig. and the number densities in Fig. For the energy density, the approximation seems to

be still good for m < T', and for the pressure and the number density, it 1s good for only m < T/3.
As we presented in Tab. we have
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massless:  Ghoson = 12, Gfermion = 98
massive:  gboson = 20,  Gfermion = 4

heaVy: Jboson = 72, Jfermion = 8

particles. Then, assuming that the “massive” particles are all m = 100GeV, and “HEAVY” parti-
cles are m = 600GeV, and estimating the energy density of the massive particles from Figs. [C.1]

and we can approximate

p(T = 1OOGCV) ~ Z [(g 'p)massless + (g 'p)massive + (g 'p)heavy] (C19)
BE, FD
n? 7
~ %T“ [12+26-09+72-0.1] + gET4 [98+4-09+8-0.1], (C.20)
and finally,
T2
H(100GeV) ~ 19 - Yo (C.21)

p!
Here we have ignored .
This result tells us that our massless approximation is not so bad even when 7 = 100GeV, our

lowest temperature under consideration.

O One more note

So far, we have not consider the complexity that the particle might get out of the thermal bath.
When the temperature falls down so that the mass becomes not negligible, the creation processes
become less frequent, and meanwhile, when the particle becomes very dilute due to the expansion
of the universe, the pair annihilation processes also less frequent. These effects make the distri-
bution of the particle different from the original (MB or FD) one, and eventually the particles can
travel freely.

If we would like to discuss the expansion (the value of &) precisely, surely we had to include
these effects. However in this thesis (the main part of thesis: Chap. 3l and Chap. M), we have

ignored these effects in the calculation of the Hubble parameter for simplicity.
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DO -
o 1 2 3 4 5 6

mass/ Temperature

Fig. C.1 The functions p?E(m) normalized by the massless result p;(0), which describe the
energy density of a massive boson. The blue line is pg-(m)/pSE(0), and the red line is
PPE(m)/pBE(0). See Eq. (CIR) for the definition.

N S
0o 1 2 3 4 5 6

mass/ Temperature

Fig. C.2 The same as Fig.[C1] but for a massive fermion.
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Fig. C.3 The pressures, the same as Fig. and Fig. The upper figure is for a massive
boson, and the lower is for fermion. The blue lines for the Oth order (py), and the red lines for

the 1st order (py).
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Fig. C.4 The number densities, the same as Fig.
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Appendix C.i Metric and Einstein Equation

In this appendix, we introduce the valuables which we use to express the curvature of the space,
calculate their values in under ®puaman—Lemaitre—Robertson—Walker metric, and introduce the

Einstein equation.

C.1.1  THE VALUABLES

When we want to express the curvature of the space, we usually use several valuables which are
derived from metric. At first, we give the definitions of the valuables [43] 6] @7]].*3

o Christoffel symbol (affine connection)

1 0 0 0
e, = —g* + —3gpy — —uv |- C.22
K 27 ((’)x" Tou T o P ™ G I ) ( )
e Riemann curvature tensor

R%;,, = 9 re al"“ r<,r° r<,ro C.23
Bur 2= b BT o pu T o "y =1 ol g (C.23)

e Ricci curvature tensor and Ricci curvature scalar
Ry = R yovs R :=g"R,,. (C.24)

e Einstein tensor :
Gy =Ry — =Rg,,. (C.25)

2

As the metric is symmetric, i.e., g, = ¢, these valuables also have the following features

related to the (anti-)symmetricity:

rayv = Fav;u Rozﬁ,uv = _R,Boz,uv = _Raﬁvy = RyvapBs Ryv = Rv,u- (C26)

*3 Weinberg [E3] uses different definitions. He use R'/}‘; = —R)," as the Ricci tensor, thus his Einstein equation is

Rzlvs — %gﬂvg”ﬁRgig = —8nT,.
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C.1.2 VALUES UNDER FLRW METRIC

The FLRW metric is, under our time-respecting notation n = diag(1, -1, -1, —1), given by

Kxix; ) . (C.27)

=1, .= gio =0, --:—a(t)2(6-~+—
goo 9oi gio 9gij ij 1— K||x||2

From this metric, we can obtain the Christoffel symbol, the Ricci curvature tensor, and the Ricci

scalar as follows:

;= —gg,- i\ Ty, = g(sg, Iy = —afzx"g s (Others) = 0, (C.28)
Roo = —%, Roi = Rip = 0, Rij = —(Z + Za_azz + i—lj)gij, (C.29)
R= —6(3 Z—z g) (C.30)

Goo =3 (Z—i + a—li) Goi = Gy =0, G = (Za_a Z—j + a—Kz)gU (C.31)

For your information, we give the values in the space-respecting notation n =
diag(-1, 1,1, 1). In this notation the FLRW metric is modified as

goo = —1, goi = gio = 0, gij = a(t)’ (551‘ + Lx,z)’
1 - K|x]l

and the results are
a K .

. =4 .= %s . = i
i = i 0j = —0j, k=X

3i a  2d* 2K a a K
Ry = ——, Ri=|-+=+=|g R=6|—+—=+—|.
0 a ! (a a>  a? )g] (a a? az)
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C.1.3 EINSTEIN EQUATION

The Einstein equation is the equation which describes the gravitational interactions. It is expressed

by the energy-momentum tensor 7, and the Einstein tensor G, as

Gy = 87GT,, (C.32)

where G is the gravitational constant.

Sometimes a term with the cosmological constant A is inserted to the Einstein equation,

as
G,y = 87GT,, + Ag,,. (C.33)

Then the result (C8)) which we have obtained under the perfect fluid approximation is
modified as

a 81G A K a 4rG A
— = —p+=-—, —=——@E+3p)+ —. C.34
3 Pt3 T P 3 (0 +3p) 3 (C.34)
Meanwhile, if we add the “dark energy” as a substance which satisty ppg(t) = —ppe(?),
the Einstein equation is modified as

a 8nG K a dnG 8nG
— = \/_(p+pDE)——2, — :——(p+3p)+—pDE. (C35)
a 3 a a 3 3

Therefore inserting the cosmological constant is equivalent to introducing the dark en-
ergy.

Actually it is known that the universe is accelerated, or @ > 0, therefore we need the
dark energy, and it is known that 70% of the whole energy of the universe is the dark

energy. [0
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