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Summary

One-loop formulation with all CP phases

Parameter search
— mass bounds for the charged Higgs boson

EWPT in CP conserving case

Higgs spectrum in CP violating case

Todo
EWPT in CP violated case
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Features of the NM SSM

5 neutral and 1 charged scalars
(3 scalar and 2 pseudoscalar when CP cons.)
The lightest Higgs scalar H; can escape from the bound

MHy > 114GeV

because of small g7, zz, = Hsm = Ha  [Miller, et. al. NPB681]
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Features of the NM SSM

5 neutral and 1 charged scalars

CP violation at the tree level: 7

7 = Im(A\k*e(?729))

from the vacuum condition, 7 related to the other combinations
T ~ Tm(AA5ei0+9)) ~ Im(kA,,e3)

Only one combination of the phases is physical
Our formalism is independent of prametrisation for the phases
One can escape from the EDM constraint
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Features of the NM SSM

5 neutral and 1 charged scalars
CP violation at the tree level: 7

Pure NMSSM regime
v, — oo With \v,, and kv,, fixed = MSSM [Eliis, et. al. PRD39]
— new features expected for v,, = O(100)GeV

we focus on this regime
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NM SSM

Superpotential:

W = dedQDC - yuHuQUC - HdHu — gNB

~ 1 In the MSSM

Z3 symmetry
— We assume it’s already broken by higher dimensional operator
If one include tadpole term — NMSSM [Menon, et. al. hep-ph/0404184]

All couplings are dimensionless
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NM SSM

Superpotential:

W = dedQDC - yuHuQUC - HdHu — gNB

~ 1 In the MSSM
SUSY X soft terms:

J —m?\,n*n + { n®, P, + gAﬁn?’ + h.c.

~ B In the MSSM
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NM SSM - Higgs sector

The tree-level Higgs potential:

V = <I>2<I>d -+ <I>L<I>u + n'n — (AAn®;P, + gA,m?’ + h.c.)

2 2 2
4 92 g I (@hd, — 01d,)2 + %2(@2%)(@2%)

+ NP (@) ®, + BT D) + Ay, + kn?|

Order parameters:
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Tadpole conditions

1 1 1
= Ryv, tan 3 — §mQZ cos(20) — §|)\|2(vi +v2) — ZRv2 tan 3

2

1 1 1
= Ryv, cot 3 + §m2Z cos(20) — §|)\|2(’U§ +v2) — 5721}% cot (3

VgV L2 2 2 2.2
= Ry—— + R.v, — —|)\| (v +v;) — |k|“v; — Ruquy
n
1 3 vdvu
I, = =1v I, =—=1
A 9 ns K 9 v
R = Re[Ax*e'072¥)] 7 = Im[Ax*e'(0=2¥)]
1 : 1 :
Ry = —Re[MA, e 019)], Iy = —Im[\A,e'01%)
=5 e[AAxe ] =5 [AAxe ]
1 : 1
Ry = ERe[ﬁ:Amez?’@], = %I [kALe"?]

[ [
YITP - June 30, 2004 — p.6



Constraintsfor the parameters

The parameters are restricted

The vacuum that break electroweak symmetry
IS the absolute minimum of the potential

V(vac.) = min{V'}

Positive mass? of the all scalars
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Constrained parameter - example

Charged Higgs mass bound

Positive mass? of pseudo-scalar

det M% > 0 = lower bound of m g+

s SR, e Lye
THE 2 R 3Rv2sm28 W T 2
where
. 1 .
R = Re[MAx*e!?=29)] R, = —Re[kA e
[ ] 7 [ ]

* In the MSSM : m%li:m%v%—mi — m%li>m%v
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Constrained parameter - example

Charged Higgs mass bound
Positive mass? of pseudo-scalar

Higgs potential at the vac. is lower than that at origin

V(vac.) < V(0) = of m g+

’04

i 2|l€’2 n

m2. < 2|\|*0v2 —— + m3, cot” 28 + miy

sin” 2 v2 sin? 2
2 3
v 1 4 v 1
R 2 — _RK, L 0
3 v?sin28 3 " v2sin? 25

* In the MSSM limit :  this bound — oo
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Constrained parameter - example

Charged Higgs mass bound
Positive mass? of pseudo-scalar

Higgs potential at the vac. is lower than that at origin

CP cons.
Pure NMSSM regime
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Constrained parameter - example

Charged Higgs mass bound

Positive mass? of pseudo-scalar

Higgs potential at the vac. is lower than that at origin
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Constrained parameter - example

Charged Higgs mass bound
Positive mass? of pseudo-scalar

Higgs potential at the vac. is lower than that at origin

In fact, we search the allowed parameter
numerically and systematically at one-loop level
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Allowed parameters

The masses of the Higgs bosons are heavier than
114GeV, or their coupling to Z boson is less than 0.1

The electroweak vacuum is the global minimum of the
effective potential

The mass-squared of the squarks are positive

tan 8 = 2, 3,5, 10,20 and v,, = 100, 150, 200, , , 1000 GeV
heavy-squark scenario (mg, m;7, ) = ( ,200)GeV
light-squark scenario-1 (mg, m;z,,) = (1000, 10)GeV
light-squark scenario-2 (mg, m;z,) = (500, 10)GeV
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Allowed parameters

vy, = 100 GeV vy, = 200 GeV e Y
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Allowed parameters

crit light Higgs
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Electroweak phasetransition

The effective potential at finite temperature
V(T) = Vigee + AV + AV + AV + ApV

For the Baryogenesis
Strong 1st order PT . ve > T

CPV (but now we investigate the PT in CP cons. case)
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Electroweak phasetransition

tan 3 M+ Ak Un, A K 05 myg.
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example of strong 1st order in light-mass and small-coupling case
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CP violation

We used light-mass and small-coupling

3 scalar mixing in NMSSM |wiilier, et. al. NPB681]
light Higgs mass = strong 1st order PT

And more, CPV is nessesary for Baryogenesis

But now we weren’t include CP phase

Is there other mixing that related to CPV?
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CP violation

We used light-mass and small-coupling
3 scalar mixing in NMSSM |wiilier, et. al. NPB681]

The squark phase, also in MSSM |[carena, et. al. NPB586]
Scalar-pseudoscalar mixing at one-loop level
We investigated the effect of this phase in MSSM

Im(pA¢)

on the PT in previous paper [Funakubo, et. al. PTP109]
We gain light Higgs, but 1st order PT is weakened by this phase
Is there other phase?
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CP violation

We used light-mass and small-coupling
3 scalar mixing in NMSSM |wiilier, et. al. NPB681]
The squark phase, also in MSSM |[carena, et. al. NPB586]

The tree level CP phase in NMSSM
Scalar-pseudoscalar mixing at tree level
One can escape EDM constraint

We expect good result
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CP violation

We used light-mass and small-coupling
3 scalar mixing in NMSSM |wiiller, et. al. NPB681]
The squark phase, also in MSSM |[carena, et. al. NPB586]

The tree level CP phase in NMSSM

20000 1

15000 \ll\_/_\ — m H272 0-8 — g_H2zz
— A —
c000 — 0.6 g_H4zZ
Il i —— g_H52Z
0 04
-5000 0.3
0.2
-10000
0.1
-15000 : 0«
0 0.2 0.4 0.6 0.8 1 del_kappa/pi
[} [} [} [} [} o [} [} [ }

YITP - June 30, 2004 — p.11



Summary

One-loop formulation with all CP phases

Parameter search
— mass bounds for the charged Higgs boson

EWPT in CP conserving case

Higgs spectrum in CP violating case

Todo
EWPT in CP violated case
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EWPT in the NM SSM

order parameters : <

y

N

Vg = v oS 3 = y cos o cos 3

Uy = vsin 3 = ycos asin 3

UV, = Y SIN &

— y3-term, even at the tree level [Pietroni, NPB402]
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CP phase and the EDM

The phases apear in following 3 combinations

1 1

7 = ImMk*e’?720)] [, = —Im[M\A, 019, [, = ——Im[rA,e3?
[ ] A \/§ [ A ] K \/§ [ K ]
from vacuum condition, these are related
1 3 __vqUy
I = -Tvn, Ic=-—-T1 :
AT gt SE =g

EDM related phases that appear in Higgs sector are

OEDM O + 6
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CP phase and the EDM

define
Sy =6\ +0+p, & =068+3¢

so, describe the phases explicitly
Arg(As*e! 0720y =5, — 6, +0 —2p =0, — 4",
Arg(AAxe' TP =6y + 84, +0+p =0\ +6a,,

Arg(kAe?) =6, +64, +3p =01 +6a,

and
OEDM D 0\ +p+ 0 =

Although one choose the phase , the vacuum condition can be satisfied.
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Maximal effect of the CP phase

now we have

R = Re[Ax™], 7 = Im[Ax™],
1 1
Ry = —Re[AA,], Iy = —Im[AA,],
by [AAA] Sl [(AAN]
1 1
T RelwA T5lmleA

from the vacuum condition, I, and I, are described by the function of Z. The input
parameters are A, K, 0, mg+, 04, = 0, 7. The input m ;- gives Ry, and the input
04, = 0, gives following simple relation,

3AU Uy

\/§'Un ,

so the parameter A, becomes dependent one. Then R, determined.

A, ==+

Note : in this situation, we can see the effect of the CP phase §,, maximally.
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