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Cosmological Constraints on R-parity violation
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1. SUSY without BR-parity

We usually impose the R-parity on
the MSSM.

But we have other choices than
the R-parity, and it’s also important.
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Introductive Diagram

Standard Model
Supersymm@

MSSM
L-conservation
conservation B -MSSM

Also possible & important.

MSSM with R-parity z’, -MSSM
S Dark Matter! MSSM without R-parity
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SUSY without R-parity

Very successftul model
@ One unnaturalness
“Hierarchy problem”

Extra dimension l Others... Various Extensions...

@ersymmetr
MSSM

(Minimal Supersymmetric Standard Model)
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SUSY without R-parity

Standard Model
@ersymmetr

MSSM

Solved

Proton decay problem
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Proton decay @ MSSM

MSSM Superpotential:
W 3 Hquj HdLE_’,, HdQD.J HUQU,

Both B and l: — proton decay ()
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Proton decay @ MSSM

Both B and L
invoke decay of proton.

]
a ‘ [ ) A [ )

Usual choice becas
TO fOI‘bld B & ﬁ with R-parity etc.

gid this problem!

To impose B-conservation with Baryon-parity et

To impose [-conservation with Lepton-parity et
with the assumption that mysp > mproton-
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Why R-parity?
PR ppm— (—1)SB_L+28 (s:spin)

R-parity conservation —
NO B- and L‘ViOlating events @roton decay etc.)

®

Since = +1 for SM particles,
e —1 for superparticles,
the LSP cannot decaY! [Lightest Supersymmetric Particle]
— A candidate for the Dark MatteX ("(\'\

o
s
W s H,Ha, HqLE, HaQD, H,QU, ((:@
| DK, DRE, DR (0RD]| o




Introductive Diagram

Standard Model
@ersymmetr

MSSM with R-parity
Dark Matter!!
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Without R-parity

We have 3 choices.
To forbid B- & L-violation with R-parity e

To 1Impose B-conservation with Baryon-parity etc.
W > H.H4, HqLE, HqQD, H,QU,

(LH,, LLE, LOD)(0%D) l:

To Impose L-conservation with Lepton-parity etc.
(and to assume ™MLSP = Mproton .)

W > H,Hy, HiLE, HiQD. H,QU,
(PH,. DE, Dol (0DD) E
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Without R-parity

Wrpc = uHyHg + yuij HiQiU;
That is, + Yaij HaQ:iD;j + Yeis HaL;: E;

MSSM with R-parity — W = Wgrpc

7,-MSSM —
f{i;
WL— Wrpc + A\iikLi L By, + )\jkL Q,;Dy + k;L; H,

B -MSSM — WE— Wrpco + AEJ;;U D D
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Without R-parity

Wrpc = pHHy + yuinuQ@in
That IS, + yd?;deQ@Dj =+ yez'deL’iEj

We can install

New RpV interactions!

(R-parity violating)
(2 < 2)

Wy= WRPC _I_)\?jkL L Ek‘ + AJ,I;;L QJDR' + FC—;L H

(7 < k)

B-MSSM — Wy= Wipc + Ny U:D; I
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Introductive Diagram

Standard Model
Supersymm@

MSSM
L-conservation

conservation B MSSNV

Also possible w
MSSM with R-parity z’, -MSSM

B MSSM without R-parity
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Why IiImportant?

) ‘What’s the Dark Matter?
]s SUSY the truth?

SUSY detection in LHC is important.

R-p arity is Conserved (missing transverse momentum)
— LSP yields Large pT
— Used as a signal

Then if not? — We have to study!

<15>



Introductive Diagram

Standard Model
Supersymm@

MSSM
L-conservation
conservation B -MSSM

Also possible & important.

MSSM with R-parity z’, -MSSM
S Dark Matter! MSSM without R-parity
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What 1l studied

What I studied with Hamaguchi, Endo)
= A detailed analysis of
cosmological constraints
on these RpV couplings.

v
much more stringent

than from collider experiments.

Aan



2. Gosmological
Constraints

The violation of R-parity may spoil
the current Baryon Asymmetry of
the Universe.
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Baryon asymmetry of
the Universe

Current university:

There’s Bal‘YOIl,

and no anti-baryon.

Baryon
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Wash-out with B-viol.ﬁ?

However, if we have

W > N'UDD interaction,
~ s = ~k
q — 44, { < {q

in the early universe.
And if frequently enough,
— achieve : B = 0.
— )" must be small enough!
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(Bouquet and Salati, 1987)
Wash-out with B-viol. [3

That is, if E
LARGE then

“WASH-OUT” occurs!!



Kuzmin, Rubakov and Shaposhnikov, 1985
Campbell, Davidson, Ellis and Olive, 1992
® ®
Wash-out with IT-VIoI. l:

This story
does not end here.

The L—Violation also washes-out

the Baryon asymmetry
in the presence of the Sphaleron!!
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Manton, 1983; Klinkhamer and Manton, 1984; 't Hooft, 1976
Kuzmin, Rubakov, Shaposhnikov, 1985; Ringwald, 1988

Sphaleron

In the early universe 7' 2 100 GeV

— the process is frequent.
(by thermal effects)

OSph — -(uddy)-

L=1 1 1
— uddcsstbbye
1 1
32335352355

AB=3,AL=3; A(B-—L)=0
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Manton, 1983; Klinkhamer and Manton, 1984; 't Hooft, 1976
Kuzmin, Rubakov, Shaposhnikov, 1985; Ringwald, 1988

Sphaleron

In the early universe 7' 2 100 GeV
— the process is frequent.

Sphaleron converts
Baryon — Anti-lepton

L= 1 1 1
uddcsstbbye
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Sphaleron’s Effect

If Baryon is short...
sphaleron works right to left.

.. sphaleron 1 (in T' 2 100 GeV)

.9.

(baryon)

(anti-lepton)
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Sphaleron’s Effect

If Baryon is short...

sphaleron works right to left.
(in T' 2 100 GeV)

B

(baryon)

# aniepron
Oral Exam] SUSY without R-Parity | amoto ( 2010/02/01 ) 26>
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Sphaleron’s Effect

Also when (anti-)Lepton is short,

sphaleron does left to right.
(in T 2 100 GeV)

om0 O O
2B B,

(anti-lepton)

[Thesis Oral Exam] SUSY without R-Parity | amoto ( 2010/02/01 ) QD



Sphaleron’s Effect

Also when (anti-)Lepton is short,

sphaleron does left to right.
(in T 2 100 GeV)

(anti-lepton)
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Wash-out with B-viol.E

Thus, actually the previous

(baryo

# antlepton)
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Wash-out with B-viol.E

Thus, actually the previous

O
@ O
)
O

sphal

4

[Thesis Oral Exam] SUSY without R-Parity !
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Wash-out with B-viol.ﬁ?

Thus, actually the previous

Be«wASH-OUT!”
-
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Wash-out¢ with L-viol. L

Therefore, if (e.g. 12 I*e from LLE)

large before EWPT,

(baryon)

# antiepton
Oral Exam] SUSY without R-Parity | amoto ( 2010/02/01 ) 32D
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Wash-out¢ with L-viol. L

Therefore, if (e.g. 12 I*e from LLE)

I-lepton)

( 2010/02/01 ) <33>



Wash-out¢ with L-viol. l;

Therefore, if # (e.g. I = I*e from LLE)

“WASH-OUT” occurs!!

A

(anti-lepton)
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Wash-out with L-viol. /.
But
NOTE ONE
IMPORTANT POINT!

(baryon) (anti-lepton)
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983
® ®
Wash-out¢ with L-viol. L
But

NOTE ONE
IMPORTANT POINT!

(baryon)

(anti-lepton)
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983
@ @
Wash-out with L-viol. /,

If the Lepton Flavor is not violated
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983
@ @
Wash-out with L-viol. /,

And if at least
one of [, is not violated,
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983

Wash-out¢ with L-viol.
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983

Wash-out¢ with L-viol.

0 O O
Ol0 |O
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983

Wash-out¢ with L-viol.

amoto  ( 2010/02/01 ) 41>
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983

Wash-out¢ with L-viol.
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983

Wash-out¢ with L-viol.

Baryon SURVIVES!
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Campbell, Davidson, et al., 1992; Dreiner and Ross, 1983
® ®
Wash-out with L-viol. /.

Now B and L are balanced,
and thus no more process.

Baryon SURVIVES!!
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Endo, Hamaguchi, and IWAMOTO, 2009

Wash-out with L-vigll.

But remember!

The Standard Model
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Endo, Hamaguchi, and IWAMOTO, 2009

Wash-out with L-vigll.

But remer (yny)

Lepton Flavor Violation

The Standard Model The MSSM

i
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Wash-out¢ with L-viol. L

Therefore,
Only One I-violation would...

[Thesis Oral Exam] SUSY without R-Parity |
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Wash-out¢ with L-viol. L

Therefore,
Only One I-violation would...

om0 O O
CNC 010 |0

i-lepton)
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Wash-out with L-viol. li

Therefore,
Only One I-violation would...

Do “WASH-OUT™ !!
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When 71" 2 100 GeV
— [-viol. invades Baryon Assymetry.

Especially
Lepton Flavor Mixing & One L-viol.

— Baryon Wash-Out l ‘ l l
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I f '.DHOW Large LFV needs?

all flavors are mixed

— All L-violation must

?  JHow SMALL?

be SMAll enough.

W = Wrpc + AijeLiL; Ex + X, LiQ; Dy + 1, L Hy
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I f How Large LFV needs?

all flavors are mixe(R
These are our study!

— All L-violation mustx

@HOW SMALL?
be SMaAal enough.

W = WRPC + /\?J,LJL?LJ.E;@ -+ )\;jkL?QjDk -+ FG?;L?;HH
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3. Our Resul€:
Lepton Flavor Violation

To mix the Lepton Flavors,
how large mixing interaction

do we need?? l ‘ I !
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Methods

Set up:
MSSM; before EWPT;
[gnoring R-parity violating at first;

2\. . T*T
m7 ) L: L g
( é)mﬁ:iﬁ:l? (ye)inqu;Ej
(m)ij€; € !
T Not diagonal

Diagonalize (Flavor viol.)
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Mecthods
We consider the time evolution
Of/’Li — L 7 -

Lepton number density in i-th generation

By LFV, L; — L; — Q.

!J}

Boltzmann Equation:

Dilution, due to

number density the expansion of the universe.
1A = —3Hn 4 + (interaction)
w N

time Hubble parameter




Methods -~
(Ye)ijHaL; E;
We consider only
the decay of Higgsino

and the antiparticles’ process.

Approximations:
Ignoring the mass of Higgs bosons.
All particles obey Maxwell-Boltzmann distribution.
(instead of Bose/Fermi distrib.)
Shutting off the sphaleron at T=100GeV.




0.01F

Remaining Assymmetry Ratio
-
o
S
[—
7

5000 2000 1000 500 200 100 50 20 10
Temperature 7

mz = 600GeV, m;=mz = 200 GeV

18—

5D




Conclusion "W > alal;k;

a>3x1077
— MIXED

‘ l All Flavors are MIXED
l
A7 All L-viol. must

be small.

<58>




4, Our Resul€¢:
R-parity Violation

Now Lepton flavors are mixed.
Then how about
the constraints on ‘ l
RpV couplings?

\"\ <
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Methods

Set up:
MSSM; before EWPT;
Lepton flavors are mixed.
R-parity violated.

Method: The same.

— We examined the of
B and L (in number density).
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' TT T T
W > AN"UD Dyf;
Result¢ g =qq
1 -
\ N =1x10""
0.1+
B(T) é N =3 x10""
B g 0.01}
)0.001-
N =6 x10""
1072 '

2000 /1000 500 200 100 50 20 10 5
Temperature I

mg — 600 GeV (mz = 300GeV, m;=100GeV)



l Ay
\
§
B(T) | =
= 0.01} |
Binit | £
A ‘ _~
= ‘ _ A =3 x10
> A=3x107°
0.001¢F '
A=1x10"°%
0—4 4 | |  EPUEN S, 4 L |

2000 1000 500 200 100 50 20 10 5
Temperature I’

my = 100 GeV (mg = 600GeV, mz = 300CeV)



A<1x10"°
N <4x107°

From similar analysis:

AN <3x1077
k<1.5x107°

(For all i, j, k)
VVL: Wrpc + Aijk LiL; E) + )\:;jkLinDk = T

o " TT DY T
%_ Wrpc + iijtD.}'Dk (63>



Note

We can avold this “wash-out” with
to create current B-asymi.
HERE (in T < 100GeV).

<64>



Now we have a good tool
to study LHC phenomenology
of RpV-MSSM.
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Wash-out by B-viol. E

W > N'UDD

N >4 %1077
— Wash-out ')

7

mg = 600 GeV, mz = 300 GeV, m;= 100 GeV



Lepton Flavor Violation

WBO{HC]LE (i # 5)
a>3x1077
— MIXED

‘ l All Flavors are MIXED
l
Ak All L-viol. must

be small.

67>




Wash-out by L-viol. L
If all Flavors are MIXED,
A>1x107°
or ' >3 %107

or k > 1.5 x107°

é — Wash-out !! &)

W > )\ijkLiLjEk, )\;jkLanDka Kk L; H,

mg = 600 GeV, mz = 300 GeV, m;= 100 GeV



Application (LHE€)

Stringent RpV-constraint

— LSP is a bit “long-lived.”

Example: W 2 \;isL;L;E3 (7-LSP)

Aija|’
F:F—}L,;,vj = | ?83*}1'" m’ff

D Length ~ 50 Aij3 _2( mz )_1
—> = 11
cedy LEnst = 9V AR o6 100 GeV

(cf. tau-lepton: 87 pm )
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Application (LHE€)

Stringent RpV-constraint

— LSP is a bit “long-lived.”

Example: W > )\ing-L FE3 (T-LSP)

r To be a good signal of RpV -MSSM?
/ X \ M~ )—1

~ D¢ Future works!
(of my following years.)
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That's all.

Thank you
for listening.
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Appendices

Hierarchy Problem
Rate of Proton Decay
Collider Constraints
Sphaleron

The Other Results
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A. Hierarchy Probliem
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Hierarchy Probliem

In Standard Model with Higgs,
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Hierarchy Probliem

L3 Mff A ~ 10'® Gev
Al° 4
hmmmm “om D A, = — A 4 finite

. 0(10°%) — 0(10%%) — 10* 17
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Hierarchy Probliem

In MSSM (or other SUSY models),
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Hierarchy Probliem

L3Mhff
AL o
== - =) A
872
And its superpartner goes round!
L3> =X\°|h%||¢|? Cancelled!
" A% o
\ |
3 | =) 167T2A X 2/

f=————— L e e —— -
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B. Rate of Proton Decay
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Proton decay @ MSSM

MSSM Superpotential contains:
W s H.Hy, HqLE, HyQD, H,QU.,
LH, LLE. LOD
L violating B violating

Violation of both B and L
invoke decay of proton as...
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Proton decay @ MSSM
W s H.H4q, HqLE, HsQD, H,QU,

LH, LLE. LOD

u U
U u'i' _|_ 0
L D— e
TSTE
d e’
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Rate of Proton Decay

W D AfjkL Q;Dk
)\f;k.U.D .Dk

(i, j, k for generations.)

m 1
7, 2 proton
I' ~ |Aj12A712] 1 <

N
\, 5 %1077 ()
A 12A 12| < 5 X 1 ToV
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€. Collider CGonstraints

The RpV interactions
are constrained
by several experimental facts.
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Constcraints
Wrpv = kiLiHy + Nijk Li L; B} + )\EjkLinDk:
or — /\;;kUzDng

The RpV parameters
{k, \, N1 AN}

— experimental constraints

And the constraints are important
to study RpV-MSSM.
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Constraints

Example:
R. =

(1t — vyev))

D(T — vy pu))

Standard Model RpV-MSSM
A3k
> T - ;/\ il Vj;,: Vf];
|
A —(\)—R/\ ,ljfj €
|
iu‘?"
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Constraints

R | Z Aizk]” — [Aoskl’
(R7)sm 4\/_(}'1: (mz.,)”

T 5 1/ 11 17

(R’T)GXPI'H = 1 -028(4)

(RT)SM = L.
W _— L. € X‘;,‘, A=
100 GeV \ ?
~0.0512 <} [IAle _ |A23k|2] ( © ) < 0.0512
2 meg i
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Sphaleron

Sphaler()n (a ‘wobbly’ process) 1S

a solution of
the Standard Model (SM).
Roughly speaking,

Osph — H@(’U,ddl/)@

— uddcsstbbrv, v,
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Sphaleron
Osph = uddesstbbr v, v,

For example:

u+d—d+c+2s+t+2b+v, Y A

Note!
Sphaleron processes:

AB =3,AL = 3; A(B—L):O

— Converts B L I
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u

Note!

Sphaleron processes:
AB =3,AL = 3; A(B—L):O

— Converts B L I
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Sphaleron

The sphaleron process:
Generally — EXTREMELY
Thermal effect — enhanced

The etfect is present when

T 2 100 GeV

(Before the electroweak phase transition.)
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N =4 x10"7

2000 /1000 500 200 100 50
Temperature I’

ma — 600 GeV (m‘gj = 300 GeV, m;= 100G8V)
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2000 1000 500 200 100 50 20
Temperature I’

mg = 600 GeV, tan 3 = 10(mj = 300GeV, m;= 100GeV)





