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1. Introduction

Enlarged Higgs sector: Two Higgs doublets
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gauge couplings, in contrast to SM

Five physical states: h0, H9, A0, H* (no CPV at tree-level)

2 CP-violating phases: &, arg(mio) = can compensate each other

Input parameters: tan3 = ”‘;—f My or My+
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t/b sector of the MSSM: (scalar partner of the top/bottom quark)

Stop, sbottom mass matrices (X¢ = A, — p*/tan @, X, = A, — pu*tan g):

5 M{?L + mg + DT, my X/ 0; mtgl 0
M.E — _—
m X Mg +mf + DTy, 0 mz
5 MEQL -+ mb2 + DTy, my X, 0; m%l 0
M = 2 2 - p)

mixing important in stop sector (also in sbottom sector for large tan )

soft SUSY-breaking parameters A;, A; also appear in qﬁ-i’/'l; couplings

SU(2) relation = My, = MBL

= relation between m;gl,mgz,é’g, m517m62795
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Contrary to the SM:

my, iS not a free parameter

MSSM tree-level bound: m; < My, excluded by LEP Higgs searches

LLarge radiative corrections:

Dominant one-loop corrections:

mz. Mms

2 4 t1" "o
Ami ~ Gpmy In ( 5 )
my

The MSSM Higgs sector is connected to all
other sector via loop corrections
(especially to the scalar top sector)

Measurement of my, Higgs couplings = test of the theory
LC: Amy, =~ 0.05 GeV
= aim for theoretical precision!

(= my, will be (the best?) electroweak precision observable)
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Example of application: mj prediction as a function of A;

[S.H., S. Kraml, W. Porod, G. Weiglein '02]
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mgl,mgQ,m'El,m'BQ known,
Ay unknown

tan 3, M4 known,
realistic parametric

errors assumed
(from SUSY exp. errors)

— extraction of A; possible
Theory error neglected

= my, iS crucial input for SUSY fit programs (Fittino, Sfitter)
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2. Correction of O (apas) In the rIMSSM

Evaluation of Higgs boson masses in the MSSM with real parameters:

Two-point vertex function:

q2 o m%—[’tree —l— iI—[I—](qz) ihH(q2>

M(¢?) =
) > (q?) ¢®> —m? oo+ 10 (0%)
h,tree hh

determination of det(I(¢?)) = 0 = My, My, cerf, - - -
Main task: calculation of 3(¢2), including renormalization

Here:
— evaluation of 2-loop corrections of O (apas)
— comparison of 4 different renormalization schemes
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Motivation: Why 2-loop corrections in the b/E sector?

10 T T T TT 7T 7T I'TTT T TT T T 7T T TT
O_ —
> 10~ 7 1-loop corrections O (ay) to My,
O, - 1 can be sizable
> I | . -
a4 o0k | Precise M,;, prediction
I | = 2-loop corrections necessary
n lu| = 1000 GeV, tanB =50 1 ]
i A |
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The Higgs self-energy at 2-loop:

— as correction to the leading 1-loop term ~ my

Approximations:

— only m? (~y7) terms
— gauge couplings are set to O
— external momentum is set to O

=527 ~ =2(0) + cos2gsn2 2

B e .2 (2) _ o 2 (2)
> Mipom (sun B Ccos B0t5 sin B (1 + cos= 3 )dts )

in the ¢1¢> basis with

Z%)(O) . unrenormalized 2-2 self-energy
5Mi(2) — 21(42)(0): A mass counter term

6t,§2) — —T,L-(Q): ¢; tad-pole
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Contributions to the 2-loop self-energy:

2-loop self-energy diagrams:
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— different renormalization schemes enter
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Contributions to the 2-loop self-energy:

2-loop self-energy diagrams:

by, _ _ b _
7 ;N T b b b
bj ,QQ@S’\ k ]/)/ \‘\ J ¢ ~ b \‘\ / ¢
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— different renormalization schemes enter = the real problem!
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Renormalization:

Calculation of two-loop corrections of O (ayas) and O (o)
= parameters of the ¢/ and b/b are defined at the 1-loop level

= different choices of renormalization possible

t/t sector: |one renormalization scheme:
4 independent parameters:
mgl, m52, 9{, my on-shell

— Ay given in terms of the others

b/b sector: four schemes analyzed

Investigation of scheme dependence:

= information about size of missing higher order corrections

= estimate of theory uncertainty
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Renormalization schemes in the b/b sector:

SU(2) relation = My, = MBL

= out of mg., Mg, 95, Ay, my only 3 are independent
= two parameters (incl. CTs) are given in terms of the others

In all four schemes: mg, dep.| (SU(2) relation), mg, OS

scheme b-mass my, Ap mixing angle 603
my, DR DR DR dep.
Abv 95 OS dep. OS OS
Ay, 6; DR DR dep. DR
= : analogous to the t/t sector

— Obvious choice 7
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Resummed bottom quark mass:

— absorb the leading corrections in a resummed form
in the bottom quark mass at the 1-loop level

~po|e _I_Ztanﬁnon enh.

mg)—R _ |fin
1 —|— Amb
with
_ 2as > 2 2
Amy = 3. tan 8 um;g I(mgl,mEQ,mg)
Zzanﬁnon_enh"ﬂn = tanpgBnon-enhanced terms in =,
_ MSHy2
~ pole __ MS as (4 (mb )
m = m Mz)x |[14+4—[|=—10
b b ( Z) |: + o (3 g M%

“formal” pole mass obtained from the MS mass
= large higher-order corrections included at the 1-loop level

— other renormalization schemes by finite shift
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M, as a function of tang3, u < O:
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Observations:

° gives very large corrections

Reason: Ay is a dependent quantity = large corrections via 6 A4,

1 om
= |2 2 2

0A
b my 2 my b1 b2

)sin 20y + ...

1
= — [—5mb(Ab — u tan B) + .. ]

my
iHH ~ (COSO&Ab)Q, ihh ~ (Siﬂ aAb)2
= effect more pronounced for My

= IS discarded as a useful renormalization scheme

e Other schemes: differences of O (1 GeV) for large tanpj
= non-negligible
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M, as a function of tang3, u > O:
117

p = 1000 GeV, My =120 GeV, mz = 1000 GeV
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<
=
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Dependence on renormalization scale u

DR.

My, [GeV]

120

110

100

90

3 O (aras) @ my DR for O («a

g

b

7 O (apas) @ my DR
| | | | | | | | | | | | | | | | | | | | | | | | | | | |
500 1000 1500 2000 2500

3000

M, = 700 GeV
1= —1000 GeV
tan 8 =50

my/2 < PR < 2my

= Scale dependence
O (£2 GeV) for large mg
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3. Corrections of O (aias) in the cMSSM

Effects of complex parameters in the Higgs sector:

Complex parameters enter via loop corrections:

— u : Higgsino mass parameter

— Ay pr o trilinear couplings = X, . = A, - — p"{cot 3, tan 3} complex
— My o gaugino mass parameter (one phase can be eliminated)

— M3 : gluino mass parameter
= can induce CP-violating effects
Result:
(A, H,h) — (hz, ho,h1)
with

Mpy > Mp, > Mp,y
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Inclusion of higher-order corrections:

(— Feynman-diagrammatic approach)

Propagator / mass matrix with higher-order corrections:

( g — M2+ 3 44(q%) > an(g?) > an(g?) \
> ma(q?) ¢ —m?% + Zpu(d?) > un(q?)
\ Sna(a?) Shm(a?) 0> —m? + Zpn(e?)

>,i(¢?) (i,j = h,H, A) : renormalized Higgs self-energies
> an,2ag =0 = CPV, CP-even and CP-odd fields can mix

Our result for 3;;:
— full 1-loop evaluation: dependence on all possible phases included
— New: O (atas) corrections in the FD approach

rMSSM: difference between FD and RGIEP approach O (few GeV)
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Differences to the real case:

e use M+ as on-shell mass, since A mixes with h, H in higher orders
= b sector enters via =+
= renormalization of the b sector

o A; complex = renormalization of [A;| and ¢4,
(no renormalization of u, no O (as) corrections)

e M3 complex, but mg is real (and positive)

= phase of M3 enters gluino vertices

e 7'y = 0 = renormalized to zero
= Jt 4 enters renormalized self-energies >, 4, >4
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Contributions to the 2-loop self-energy:

2-loop self-energy diagrams:

L t
~ e o g g g
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¢ \\\ /// ¢ ¢ \\ (/ ____q;__‘.':_?q;___ ¢ (/
- A P RS
g t; i t t;
(4
— complex phases enter = something new
diagrams with counter term insertion: .
J .
¢ o ¢ N9 L ¢
- - - + $---—- ------= KL - ----
RN 6 b ¢
i j
~ //X\\
/”J\\ ¢ j(\ /xz
----4 | T - -
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— renormalization os complex parameters enter = something new
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mp, as a function of ¢y4,:
125 ¢
> 115 |
Y 110! _
< 105 |
g
100 r
o5 +
O(Oét)
90 r O (apas) —— |
0 0.5 1 15 5

ba, /T

Msysy = 1000 GeV
|A;| = 2000 GeV
tan s =10

Mpy+ = 150 GeV

OS renormalization

= modified dependence
on ¢4, at the 2-loop level
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mp, as a function of ¢y4,:
150
LA [ | Mgysy = 1000 GeV
S MHp = 500 GeV |A¢| = 2000 GeV
$ 130 1 At = 2600 Gev | tang =10
— 120 + 1 Mg+ = 500 GeV
=
S 110t OS renormalization
100 + = modified dependence
0!l O(ma) — | on ¢4, at the 2-loop level
0 0.5 1 1.5 2
ba, /T

Sven Heinemeyer, LCWS06, Bangalore, 10.03.2006 21



mp, as a function of A;:
150 — . . | |
Mp: = 500 GeV
140 +
S 130 ¢
O
— 120
<
= 110 ¢
100 ¢
YA, — 0O; O(atas)
90 -SOIAt — 7TI; C)(atl()ls).I |

500 1000 1500 2000 2500 3000 3500
A [GeV]

MSUSY = 1000 GeV
|A¢| = 2000 GeV
tang =10

M+ = 500 GeV

OS renormalization

1L: shift in |Ay,
no change in mp,

2L: M, depends on gbAt
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mp, as a function of ¢;:

Msysy = 500 GeV
A; = 1000 GeV
A —— tan g = 10

120 1
MHj: = 500 GeV
118 L, 1
S 116 OS renormalization
Q
O 114y | = threshold at m; = mz+my
S o112 -
S 110 t 1
_—0 = large effects around
;=
108 ¢ =m/2 1 threshold
g=m
106 - = phase dependence
200 400 600 800 1000 1200 1400 1600 1800 2000 has to be taken
mg [GeV] into account
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4. Conclusinos

The LC will provide high precision results for a light r/cMSSM Higgs

MSSM Higgs masses and couplings is connected via radiative correc-
tions to all other sectors

Evaluation of O (apas) corrections in the rMSSM:

— real problematic part: renormalization
— investigation of different renormalization schemes
= error estimate from scheme and scale dependence
— > 0: corrections O (100 MeV) = under control
— < 0: corrections O (2 — 3 GeV)
error estimate O (2 GeV) = not under control

Evaluation of O (aras) corrections in the cMSSM:

— new: renormalization for complex parameters
— b sector enters

— |A¢| and ¢4, dependence modified

— ¢z dependence O (2 GeV) possible

Results will are currently implemented into FeynHiggs (www.feynhiggs.de)
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Backup slides
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Contributions to the 2-loop self-energy:

2-loop self-energy diagrams:
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Contributions to the 2-loop self-energy:

diagrams with counter term insertion:

b %,
3 N
R AN
4 Yommm mmoo el
b e o
b
b

— different renormalization schemes enter
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Contributions to the 2-loop self-energy:

2-loop tad-pole diagrams:
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Evaluation of 2-loop diagrams:

1. Generation of diagrams and amplitudes with FeynArts
[Kiiblbeck, Bohm, Denner '90] [Hahn '00 - '05]

2. Algebraic evaluation and tensor integral reduction to scalar integrals:
TwocCalc

(works for two-loop self-energies)
[G. Weiglein '92] [G. Weiglein, R. Scharf, M. Bbhm '94]

3. Further evaluation: insertion of integrals, expansion in § = %(4 — D)
— algebraical check: cancellation of divergencies

4. Result:

— algebraic Mathematica code
— Fortran code (planned: implementation into FeynHiggs )
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Some more details:

— . analogous to the ¢/t sector
— Obvious choice 7

— Ay OS: determined via Ao @

analogous to [A. Brignole, G. Degrassi, P. Slavich and F. Zwirner '02]

Res; (fmg)+Rez5 (mg)
— 07 OS: 66; = e

M, + e,
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Comparison with existing calculation: [A. Brignole et al. '02]

125 . .

AT T o o
[ Sadlae M"ﬁ'c": .
120 B ""'-',:;'.. ‘m O(Oétas) mg, Ab OS fOI’ O (Oéb) """"""" .
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= 2-loop: differences O (0.5 GeV)
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M;, as a function of mg, p < O:
125 :

0 (oztozs)lwith ml?ﬁ’MSSi |
Y O (apas) : scheme: my DR ——
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105 r
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M4 = 700 GeV
95 1 1 1 1 1
500 1000 1500 2000 2500
= corrections of O (3 GeV) mg [GeV]

scheme difference O (2 GeV)

3000
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Comparison with existing calculation: [A. Brignole et al. '02]

125 . .

AT T o o
[ Sadlae M"ﬁ'c": .
120 B ""'-',:;'.. ‘m O(Oétas) mg, Ab OS fOI’ O (Oéb) """"""" .
") O (apas) @ myg, Ay OS e
*\-
115 %o, il
| | ”"x’ ""!‘
> ”\"X “‘ .‘
",’) " -0
”” o“ ’.‘
= 110 %, _
'Q ”'X’\ o.‘ -‘.
"r% ’0“ 0.
2 ’,’ X, 0‘.. Q‘
"’%\ ..‘o ...0-.
105 ¢ Tk . g ]
>“,x N . e - .
o e e
R S TR RIS g 202

uw = —1000 GeV
tan 3 =50
Mg =700 GeV

95 1 1

100

O (oqas) = Ay, 05 OS for O (ag) =

O(ozbozs) . Ay, 95 OS

500 1000
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= 2-loop: differences O (0.5 GeV)
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M;, as a function of p, p < O:
120

O(oz;gozs) With mER’MSSM T | |
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= corrections of O (1 GeV) p [GeV]

scheme difference similar

Sven Heinemeyer, LCWS06, Bangalore, 10.03.2006



M;, as a function of M4, pu < O:

120 . : . , | | | |
p = —1000 GeV, tan g = 50, mz = 1000 GeV
115 ..",’.‘./:i:":".;&%ﬁ{.:::"".'".'.-"."."'°"°"""""""""""0-0--0-0-0--0..-0-::_;»
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100 200 300 400 500 600 700 800 900 1000
M 4 [GeV]
= subleading corrections of O (1 GeV)
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