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I Higgs sector of the NMSSM AT

Karlsruhe Institute of Technology

Superpotential:

W = iy (O7eRy) + By (O7eRy) — ety (LTeRly ) + 18 (MTefly) + gﬁéa

m 3+2 neutral Higgs bosons, 2 charged Higgs bosons, 4+1 neutralinos

a Solution to the “u-problem” — an effective u-term is generated dynamically
through the vev of an singlet field

Heff = AVs

m Higgs sector is very restricted in MSSM:
Upper bound on tree-level: My < Mz
— Large quantum corrections are needed to get My above LEP-limit
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I Why complex NMSSM? AT
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Complex parameters can lead to CP-violation

— CP-violation in the kaon system can be explained by the phases of the CKM-matrix
— But: To explain observed baryon asymmetry in the universe the
Shakarov-conditions must be fulfilled:

a Baryon number violation
a C and CP-violation
a Departure from thermal equilibrum
e.g. in GUT-baryogenesis the SM CP-violating phases are not enough!
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I Complex parameters on tree-level AT
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Higgs scalar potential:
1
V =IAP[SI? (HiHu + HiHa ) + X (] eHa) + mS2P° + =03 H{Hq|?
1 2 2 HTH _HTH 2 2 HTH 2 HTH 2 SZ
+8(91+92) uflu d'd +mHu u U+de d d+ms| ‘
1
+ (AAA (HleHq) S + é;{A,@sﬁ + c.c)

with

1 ; +
~5 (Vg + hg +iaq) : Hy
He = | V2 Hy = e'%v

Hd_ % (Vu + hy + iau)

1
S = e"i’sE (vs + hs + ias)
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I Complex parameter A\‘(IT
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In the Higgs sector:

¢A:¢H7¢S7¢U7¢An7¢/\>\

But only in the combinations:
V=0¢x—dx + du— 2¢s
Wy =+ da, +du+ s
wm = (z)m + ¢A,§ + 3¢S

On tree-level:
Only one phase remains due to the tadpole conditions

1
V2

In other sectors:

. Vs . 1 . 3| AvgVvi
|[Ax|SinWy = —% sinwv, —|Ag|sSinV, = _ 3IANavu

\/E 2vs

sinwv

¢M17¢M27¢A17¢Ab7¢Ae7
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I Renormalization: A short reminder on Kathrin’s
talk last semester

Parameter of the Higgs sector:

Al ‘ Kl | [Ax] ‘ Al m?

SKIT

Karlsruhe Institute of Technology

2 2
g1 92 Vd Vu Vs He Mhy ™Ms
2
tan8 e My Mz | vs | |} ‘ Il | 1Al | MGzt thy  the
On-Shell-renormalization:
e, MW7 M27MHi7tHu7tHd 7tH5
DR-renormalization:
tanﬁ, VS,‘)‘|7|H" ‘An|
N — N~~~
neutralino/chargino sector Higgs sector
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What is new for complex parameters?
| blexp T
Introduction of the phases:

dxs Prs Ps; Pu, ¢A>\7 (ZSAN, ¢M1’ ¢M2’ ¢At7 ¢Ab’ ¢Ae
—_——

replaced by tadpoles  Influences only on loop-level

® The mixing matrix is now a 5 x 5-matrix.
a We introduced for every phase a counterterm.
a Two can be replaced by the two additional tadpole conditions (ta and ta,).

m The phases are renormalized in the DR-scheme. Of course the tadpoles also get
a finite part!
But:
Only the new tadpole conditions get a divergent part. All other counterterms related to
phases vanish.
Why?
We don‘t know yet. Maybe they can be interpreted as part of the rotation matrix....
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I Renormalization ﬂ

vV, v,

FY (p2) = — g (p? — M2) i (guv -

PuPy o
- ';TZ\L/(F)Z)

rs(p?) =i [(Sij (pz - Mé) + iij(PZ)]

rF(p?) =iy (p— m) +i (Per £f + Pty

w54 m e 57)
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I Renormalization conditions for
OnShell-parameters

a Tadpoles: s,

—

=T+6t=0

® Vector boson masses: Re Y (M2) = 0
M 2 = M3, +0M3 ,  with  oM% , =Rex*(M§ ;)
® Mass of charged Higgs: R?éf:(Mai) =0
M2 —M2L +0M2.  with M2, =Rex(M2.)
a Electric charge:

. 1 95AA(k2) sw TA2(0)
e e(l+6z with  §Ze =T+ 7 W
— e (1+dZe) = 5T k2 lk2—o +CW M%
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I Renormalization of the DR parameters ror uan s see reias,

Stoeckinger]

Vi 1
étanﬁ =4 (i) = 5 tan g8 (JZHU — 6ZHd) ‘div

And the field strenght renormalization condition is

— O
Re — | 2 =0
k2 k=M,
So
Re WQ lke=mz =|Ri1[?6Zu, + |Ri2[*6Zn, + [Ri|*0Zu,+
1

Rial? ((sin £)?6Z4, + (cos B)26Zu, ) + [Ris|?62n,
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Renormalization of the DR parameters
m S|, 8|k], OVs, Ok, ddx, dpu, d¢s are taken from the chargino/neutralino mass
matrix — we need more conditions as in INMSSM but we also can impose
conditions on the real and imaginary parts

M2e|<¢>rv|2 Qf/‘iu eldu
2
Mcha =
v ) )
79\2/; |)\‘ Vs elér+ids
idm —ig
Mpe M1 0 —MzSwCs Mz Sy Sge ' Pu 0
iom P
0 Moe ~ M2 MzCwCg  —MzCySge ' Pu 0
Mneut = —Mz Sy Cg Mz Cy Cg 0 —% AelPs —vyxelPu
My Sy Spe 1#U  _M,CySpe—iPu  _ VS gids 0 _Yd
zSw S zCwSB i el
o 0 _ L\/uéeid)u — % V2vs rel®s

m §|A«| is taken from the Higgs mass matrix
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I Determination of the Higgs mass A\‘(IT

Renormalized self-energy:
N 1 L) = 1 > % > *
S(p%)j = T(p?)j + EPZ <5Zji + 5Zij) —-3 (5Zki Dy + Dik5zkj> — RikdM R

with

624, O

0Z =ROZRT and 0Z = 0 6ZHd

and D is the diagonal tree-level mass matrix D = RM RT
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Determination of the Higgs mass: On-Shell and
I p? = 0 approximation AT
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On-Shell-approximation:

o ~ 1

£30%) - R (5(F +mP))
Mass determination by the eigenvalues of the matrix M + 3 R
Determination of the rotation matrix at one-loop by the eigenvectors of M + X
p2 = 0 approximation:

(%) — %5 (0)

Mass determination by the eigenvalues of the matrix M + 3 R
Determination of the rotation matrix at one-loop by the eigenvectors of M + X
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Determination of the Higgs mass: lterative
I procedure A\‘(IT
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a Beginning: R
Calculate the Higgs mass i as the ith eigenvalue of the matrix M + 3(p?) with
2 _m2
pe = mi,treelevel
m lteration steps:
Take the new Higgs mass (the ith eigenvalue) as new p2.
LoopTools can only treat real momenta — expansion in Im (p2).

a lteration end:
|assumed p? — newest eigenvalue| < ¢

Treatment of imaginary parts:
To calculate 3 at p? = M?

3 (M?) = $(Re M?) +iIm M? 3/(Re M?)

Problem:
How to determine the rotation matrix at One-Loop
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I Determination of the Higgs mass: Pole of the
prO pag atOI’ [Frank, Hahn, Heinemeyer, Hollik, Rzehak, Weiglein; Williams]

Hi H;

re2) =i [5 (P2 = m?) + £(p?)]
Determine the Higgs mass as pole of the propagator

AN = [FH]_l

i
p? —m? + £¢7(p?)

The complex pole M of the propagator can be obtained by solving

:>Aii:

M? —m? + 55 (MP) =0
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Determination of the Higgs mass: Pole of the
I propagator A\‘(IT

Expansion of M2 = M2 —iMT" in I" around M2 leads to

Im e (M2) (ImxeM)" (M2)

M? —m? + Re ¢ (M?) + P 0
1+ (Re):ii ) (M7)
The solution can be obtained by an iterative procedure.
Disadvantage:
Very slow! A lot of iteration steps are needed.
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I Amplitudes for external Higgs bosons AT
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To guarantee the right behaviour for external Higgs bosons mixing must be taken into
account
5
VZ G+ D> zih)

j=L,j#i
For internal Higgs — interpretation as mixing matrix (with Z; = 1):

Zj = \/Z Zj

. 1 A (M2
Zi = PRI . and Zij = 7IJ( ! )
1+ (Rexf™) (M2)

with

But:
Mixing matrix is not unitary.
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I Results

Parameters:
A=0.7, xk=0.11, vs = 442.8 GeV, Ax =
5sin® Oy
M =1TeV, M, =1 TeV, My = — "W
SuUsY 2 1= 3052 O

A=Ay = A = —750 GeV
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—230GeV, A, =928 GeV,

Mp, Q=300 GeV,
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I Results:

190
180
170
160
150
140
130
120
110
100

90

Variation in ¢y, A\‘(IT
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One-loop masses
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Results: Variation in ¢ A\‘(IT
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Tree-level masses One-loop masses
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I Conclusion and Outlook AT
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a The one-loop corrections are very important.

a The phase dependence can, however, already be found in the tree-level
contributions.

a The HZZ-coupling depends strongly on the (Higgs sector) phases — light Higgs
can have probably escaped detection at LEP

What has still to be done?
m Understand why only two new divergent counterterms are generated.
a Investigate mixing with Goldstone bosons.
m Look at exclusion limits from LEP, Tevatron and LHC
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Results: Variation in ¢,
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Results: Variation in ¢s

Tree-level masses
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