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1. Introduction

Electroweak precision observables:
current situation vs. ILC + GigaZ

ILC + GigaZ

® My 34 MeV 7 MeV

ILC + GigaZ .

® sin’0O.q: 16 x 107° x 1070

® mi. 2.9 GeV & 0.1 GeV

= High sensitivity to indirect effects of new physics

New Results for M5 and sin? 0 o £f inthe MSSM, Georg Weiglein, Wien 11/2005 - p.2



Theoretical predictions for My, sin® Og !

Comparison of prediction for muon decay with experiment (Fermi
constant G )

M2 T
=  M?Z 1——W>: 14+ Ar),
W( M; ﬁGH( ﬁr)

loop corrections

= Theo. prediction for My in terms of My, a, G,,, Ar(m,m;, .. .)

Effective couplings at the Z resonance:

1 M
= SiHZQGH:Z(l—Reg—Z) :( _ﬁg) Re k(s = M7)
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Leading contributions to precison observables

SM result for My, one-loop: [A. Sirlin '80], [W. Marciano, A. Sirlin "80]

A701—100p = Aa — ETEVVA,O T A701'em(j\4H)
M 2
~ log m—}% ~ M
~ 6% ~ 3.3% ~ 1%

Leading contributions to Myy, sin® f.g, . .. from mass splitting
between isospin doublet fields enter via

~27(0)  Ew(0)

Ap = —
2 2
M M,
M 2 , 2 52
= AMwy ~ W W __Ap, Asin?fg~ — =2W_Ap
2 _ 2 2 _ 2
W W W W
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Theoretical uncertainties: current status
o From experimental errors of input parameters

omy = 2.9 GeV = AME"™ ~ 18 MeV, Asin®05e™ ~ 9x 107"
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Theoretical uncertainties: current status

o From experimental errors of input parameters

omy = 2.9 GeV = AME"™ ~ 18 MeV, Asin®05e™ ~ 9x 107"

# From unknown higher-order corrections (“intrinsic”)

SM: Complete 2-loop result + leading higher-order
corrections known for My, complete 2-loop fermionic corr.

+ leading higher-order corrections known for sin? 6.4

= Remaining uncertainties:
[M. Awramik, M. Czakon, A. Freitas, G.W. 03, "04]

AMBY ~ 4 MeV,  Asin® 0% ~ 5 x 107°

New Results for M5 and sin? 0 o £f inthe MSSM, Georg Weiglein, Wien 11/2005 - p.5



Higher-order corrections in the MSSM

Only known higher-order SUSY corrections to My, sin® f.g:

® O(aag) corrections to Ap (+ gluonic corrections to Ar)
[A. Djouadi, P Gambino, S. Heinemeyer, W. Hollik, C. Junger, G. W. ’97]
[S. Heinemeyer, W. Hollik, G. W. "98]

® 0O(a?), O(ayan), O(a?) Yukawa corrections to Ap in limit
Mgusy — oo (SUSY loop contributions decouple)
[S. Heinemeyer, G. W. "02]

= well approximated by SM contribution

= SUSY loop contribution potentially larger
(no SM counterpart)

= Intrinsic theoretical uncertainties can be much larger
than in the SM
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Aim

# Improve prediction for two-loop Yukawa corrections to
electroweak precision observables in the MSSM

[J. Haestier, S. Heinemeyer, D. Stéckinger, G. W. "05]

» Provide new result for My (later also for sin® 6. and other
Z-observables) that contains all available corrections in
the SM and the state of the art of the MSSM corrections:

= Write MSSM prediction for observable O
(O = My, sin? Outr, - - ) dsS

Omssm = Osum + Onvissy—sum

[S. Heinemeyer, W. Hollik, D. Stéckinger, A.M. Weber, G. W. "05]
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2. Two-loop Yukawa corrections to electroweak
precision observables in the MSSM

Calculation of complete O(a?), O(awa), O(af) Yukawa
corrections to Ap in the MSSM:

[J. Haestier, S. Heinemeyer, D. Stéckinger, G. W. "05]

— quark loops with Higgs exchange,
— squark loops with Higgs exchange,
— quark/squark loops with Higgsino exchange

t.b t.b b e tb £b e~ t,b
/ | \ /
/ | /
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The gauge-less limit

Yukawa couplings of top and bottom quarks:

\/§mt \/§mb
Yt =

v sin 3’ =0 cos 3

= leading Yukawa corrections are obtained in the
gauge-less limit:
1 1
g2 —0, Mg = 593?}2 —0, Mj= 5(9% +g3)v? — 0,
My
My,

. fixed, v : fixed

Cw
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The gauge-less limit

Yukawa couplings of top and bottom quarks:

\/§mt \/§mb
Yt = —

v sin 3’ =0 cos 3

= leading Yukawa corrections are obtained in the
gauge-less limit:

1 1
g2 —0, M = 593?}2 —0, Mgz = 5(9% +g3)v* = 0,
M
Cow = VVZV . fixed, v : fixed

= in MSSM, 1-loop: only fermion/sfermion contributions

Higgs sector of general 2HDM contributes
contribution in MSSM vanishes due to symmetry relations
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Two-loop Yukawa corrections: O ()

Gauge-less limit at 2-loop yields 2-loop Yukawa corr. O(a4)

O(o@f) contributions to Ap are the only corrections at this order
to My, sin® O.g
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Two-loop Yukawa corrections: O ()

Gauge-less limit at 2-loop yields 2-loop Yukawa corr. O(a4)

O(o@f) contributions to Ap are the only corrections at this order
to My, sin® O.g

In the SM O(a?) corrections were first obtained for special
case My = 0: [J. van der Bij, F. Hoogeveen ‘87|

2
G
12874

= very small correction because of accidental cancellation
of terms in the bracket

SM, o

p2—loop|MH:0 =3

me (19 — 27°)
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Two-loop Yukawa corrections: O ()

Gauge-less limit at 2-loop yields 2-loop Yukawa corr. O(a4)

(9(0@) contributions to Ap are the only corrections at this order
to My, sin® O.g

In the SM O(a?) corrections were first obtained for special
case My = 0: [J. van der Bij, F. Hoogeveen ‘87|

G2
SM,af Iz 4 2
2—loop| Mu=0 =3 128774 e (19 — 27 )

= very small correction because of accidental cancellation
of terms in the bracket

SM O(a?) result for arbitrary My [R. Barbieri, M. Beccaria, P. Ciafaloni,
G. Curci, A. Vicere '92|, [J. Fleischer, O. Tarasov, F. Jegerlehner 93]

= much bigger correction for realistic values of MSM

New Results for MW and s n eeff n the MSS eorg Weiglein, Wien 11/2005 — p.10



Consequences of the gauge-less limit

# Higgs sector:

Méi = MI% = Mi, sinaw = —cos(3, cosa =sin(3
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Consequences of the gauge-less limit

# Higgs sector:

Méi = MI% = Mi, sinaw = —cos(3, cosa =sin(3

M, =0
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Consequences of the gauge-less limit

# Higgs sector:

Méi = MI% = Mi, sinaw = —cos(3, cosa =sin(3
M, =0

= Investigate in how far dependence on M;, can be kept
In a consistent way

New Results for Myx; and sin? 0 o £f in the MSSM, Georg Weiglein, Wien 11/2005 — p.11



Consequences of the gauge-less limit

# Higgs sector:

Méi = MI% = Mi, sinaw = —cos(3, cosa =sin(3
M, =0

= Investigate in how far dependence on M;, can be kept
In a consistent way

# Higgsino sector:

Diagonal mass matrices of charginos, neutralinos simplify
to

me+ = (0,4+p), mgp = (0,0, +p, —p)
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M, dependence: pure fermion contributions

Full M, dependence can be kept (i.e. can use true MSSM
value for My,) in pure fermion contributions of class (¢):
t,b t,b o
t/b loops with Higgs and Goldstone

boson exchange
[S. Heinemeyer, G. W. "02]

()

Reason: diagrams + counterterm contribution of class (¢)
correspond to a special case of a general 2HDM

(where M, is a free parameter)
[J. Haestier, S. Heinemeyer, D. Stéckinger, G. W. "05]
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Renormalisation in the t /b sector

Mass matrices in the stop/sbottom sector:

ME M2 + m?2 + cos 203 (% — %S%V)M% mtXt

g mi Xt M2 + mf —|— £ cos 20 SWM2 7
2 M2 + mb + cos 203 (—— + = S%V)]W2 mp, Xp

b mpXp MBQR + m% — %cos 20 S%VM%

SU(2) gauge invariance requires: M; = MBQL
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Renormalisation in the t /b sector

Mass matrices in the stop/sbottom sector:

ME M2 + m?2 + cos 203 (% — %S%V)M% mtXt

i me Xt M2 + mf —|— £ cos 20 SWM2 7
2 M2 + mb + cos 203 (—— + 3 S%V)]W2 mpXp

b mpXp MBQR + m% — %cos 20 S%VM%

SU(2) gauge invariance requires: ML?L = MBQL

= relation between m; , mg,, 0;, m; , m;_, 6
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Renormalisation in the t /b sector

Mass matrices in the stop/sbottom sector:

2 M2 —I—’mt + cos 203 (% — %S%V)M% mtXt
£ me Xt M2 + mf —|— £ cos 20 SWM2 7
2 M2 + mb + cos 203 (—— + 3 S%V)M2 mpXp
b 1 2 As2
mpXp MISQR + m% — 3 COs 20 sy M

SU(2) gauge invariance requires: M7 = M?

= relation between m; , mg,, 0;, m; , m;_, 6

= not all parameters can be renormalised independently
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Renormalisation in the t /b sector

Mass matrices in the stop/sbottom sector:

2 M2 + m?2 + cos 203 (% — %S%V)M% mtXt

£ me Xt M2 + mf —|— £ cos 20 SWM2 7
M MB2L + mZ + cos 23 (—% -+ %S%V)M% mp Xp

b mpXp MISQR + m% — %cos 20 S%VM§

SU(2) gauge invariance requires: M7 = M?

= relation between m; , mg,, 0;, m; , m;_, 6

= not all parameters can be renormalised independently

= choose 5m51 as dependent counterterm

— f(émtl,émt2,59t,5mb ,5910,5?7%,5?7%)
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Total result for Ap

On-shell renormalisation of the other parameters:

5m]; Rerz( f) for fz — 1?1’2,82
. 2
_Rerf( fl) + Re fo2(mf2) -
00 ; = 5 5 or f =t,b
/ 2(mf m];)
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Total result for Ap

On-shell renormalisation of the other parameters:

5m]; Rerz( f) for ﬁ — 1?1’2,62
_ReZ];];( fl) + Re Z];];Q(m%) N
00 ; = 5 5 for f =1t,b
f 2(mf mf)

= total result for Ap can be written as

where Am? = dm? —om?

b1 b1 ‘symm b1 ‘OS’ b1 |OS

Alternative renormalisation scheme: DR ren. for soft
SUSY-breaking parameters in stop/sbottom sector
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M, dependence: sfermion and higgsino
contributions, Ap'%H)

AP os: Tull My, dependence can be kept

Amz O,z Ap§U§3gp needs to be evaluated in full
gauge-less limit, i.e. for M, = 0

— treat M;-dependence of Ap@H) as theoretical uncertainty
in the following
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3. Numerical results for My and sin® 0.4

My,-dependence of Ap(@H);

0 — 0]
Shlft |nduced by . :_MSUSY=4OO GeV, A, = A_ =-400 GeV, tanB = 50, p = 800 G.ev_E 1
Ap(‘ij) N My, sin? Oufr - : _52
4 . _
. %I \f —: 3@2
“extreme scenario’, = o w0 3
where M, dependence = [ M, =01n @ 1 5
~ TT\ -8 ]
of Apl@H) is 1,
particularly large a0 i ‘
--------------------------------- ==
12h '2c|)o' — 'scl)o' — '4c|)o' — '5c|)o' |
M, [GeV]

= My,-dependence of squark and higgsino contributions
induces shift of up to +5 MeV in My and —3 x 107° t0 sin? f.g
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Shifts induced in My and sin” 0. by two-loop Yukawa

corrections as function of mixing in scalar top sector

12 T T T T T T T T T T T T T T T T T T T T T T T T
| | | | | i}
- Mg,gy =300 GeV, M, =300 GeV, tanf = 50, u = 500 GeV - 6
ol ]
- — @"n >
sl
- Tl
> L 4o
[o)) L A
= 6l 5
= - 3 N
= =
= _
. 34
7 O ———
- —-2
2 3 4
0 i | | | | | | | | | | | | | | | | | | | | | | | | | | | | O
-600 -500 -400 -300 -200 -100 0

X, [GeV]

= Corrections up to AMw ~ +8 MeV, Asin?fg ~ —4 x 107°
from SUSY loops, can be as large as SM quark loops
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Result in SPS 1a scenario: 2-loop on-shell and 2-loop DR
result relative to 1-loop result with DR parameters

Shifts induced by squark and higgsino corrections
Msusy, At, Ay, 1, nPR varied using common scale factor

8 _I LI | L | LI | LI | L | LI | L | LI
- — -4
7 _
- SPS1a, relative to 1-loop DR
6 ; ............ 1_|Oop oS
2-loop DR 1.3
s\ = - 2-loop OS ¥
- o
— 5
C 2 N
- ‘»
— <l
- -1

800 300 400 500 600 700 800 900 1 00%

Mgusy [GeV]

= Corrections up to AMw ~ +6 MeV, Asin?f.g5 ~ —3 x 107°
large reduction of scheme dependence

w Results for Myx; and sin? 0 o £f inthe MSSM, Georg Weiglein, Wien 11/2005 - p.18



Yukawa corrections vs. O(aay) corrections to My, sin” 0.5 as

function of Mqy<y for three SPS scenarios

10 _I T T T 11 T 171 L T 11 T 171 | L | T 1 |:
C 2-loop OS = =
8 ]
- 44
°K -3
4 =
. 2r e
3 of i
= Or 50 =
'_é C ] 8
= °F ER™
< - 3 %)
4= .~ 2 K
B r — SPS1a(q,q,H) 1
6F P ~—sSPStaQcD 33
- S e SPS1b (q,8, F) T4
8= /S el SPS1b QCD ]
- .~ 45
qo=/ S SPS5(q, 8, F) -
i j «—--+ SPS5 QCD —6
_1 _I L1 Il.l | I | | 111 1 | | | | | I | | 111 1 | | | | L1
500 300 400 500 600 700 800 900 1000

Msusy [GeV]

= Corrections have similar size, large compensations
for small Mqygy
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Result for My, : Yukawa vs. O(aqg) corrections

Prediction for My as function of Mgygy for tan 8 = 50,
Ay = Ap = —600 GeV, u = 300 GeV, mg = 500 GeV

[S. Heinemeyer, W. Hollik, D. Stéckinger, A.M. Weber, G. W. "05]

80.39 | DE@quE@>rgsu<lzgto.425 + 0.034)GeV
I 1L SUSY & 2L SUSY QCD
80.3875 | BN 1L SUSY cnly
80.385
§ 80.3825 |
T 80.38

80.3775 -
80.375 |

80.3725 |

— Large compensations for small Mqygy
The two corrections add up if sign of Ay, A;, is reversed
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Electroweak precision tests: SM vs. MSSM
Prediction for My in the SM and the I\/ISSM (my = 172 == 2 9 GeV)

| T T 1 | T 11 | | T 1 | | |
80.70 __ experimental errors 68% CL:
- LEP2/Tevatron (today) o

[A. Djouadi, P Gambino, S. Heinemeyer,
W. Hollik, C. Jiinger, G. W. '97]

i Tevatron/LHC
[S. Heinemeyer, W. Hollik, G. W. 98] 8080 | c6igaz
[S. Heinemeyer, G. W. '02] :

80.50 |

M, [GeV]

80.40

80.30
=

MSSMEE

80.2 both models [

Heinemeyer, Weiglein '05

SM: MH Varied 160I 1| I1|65I 1| I1|70I [ I1|75I [ I1|80I 1| I185I 1| I1_90

m, [GeV]
MSSM: SUSY parameters varied
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4. Estimate of remaining uncertainties from
unknown higher-orders

Theoretical evaluation of precision observables is more
advanced in the SM than in the MSSM

= Writing MSSM prediction for observable O
(O = Myy,sin®O.g,...) as

Omssm = Osum + OnvissM—SMm

takes all known SM corrections into account
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4. Estimate of remaining uncertainties from
unknown higher-orders

Theoretical evaluation of precision observables is more
advanced in the SM than in the MSSM

= Writing MSSM prediction for observable O
(O = Myy,sin®O.g,...) as

Omssm = Osum + OnvissM—SMm

takes all known SM corrections into account

— higher-order uncertainties reduce to SM uncertainties in
decoupling limit (where Oygsv—sv — 0)
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4. Estimate of remaining uncertainties from
unknown higher-orders

Theoretical evaluation of precision observables is more
advanced in the SM than in the MSSM

= Writing MSSM prediction for observable O
(O = Myy,sin®O.g,...) as

Omssm = Osum + OnvissM—SMm

takes all known SM corrections into account

— higher-order uncertainties reduce to SM uncertainties in
decoupling limit (where Oygsv—sv — 0)

= Need estimate of further uncertainties from SUSY loop
corrections as a function of the SUSY scale

New Results for Myx; and sin? 0 o £f in the MSSM, Georg Weiglein, Wien 11/2005 — p.22



Estimate of uncertainties from SUSY loop
corrections depending on Msysy

» Electroweak 2-loop corrections beyond the leading
Yukawa corrections:

s assume ratio of subleading ew 2-loop corr. to 2-loop
Yukawa corr. is the same in the MSSM as in the SM

s M, dependence of squark and higgsino contributions

» O(aay) corrections beyond the Ap approximation:

assume ratio of contribution entering via Ap to full result is
the same as in the SM

New Results for Myx; and sin? 0 o £f in the MSSM, Georg Weiglein, Wien 11/2005 — p.23



Estimate of uncertainties from SUSY loop
corrections depending on Msysy

® O(aa?) corrections:

s assume ratio of supersymmetric O(aa?) contributions
to O(aay) supersymmetric contributions is the same as
for corresponding corrections in the SM

s geometric progression from lower orders: assume ratio
IS the same as of O(aa,) supersymmetric contributions
to O(«) supersymmetric contributions

s variation of renormalisation scale of a,(xPR) entering
the O(aa;) result according to my /2 < PR < 2my
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Estimate of uncertainties from SUSY loop
corrections depending on Msysy

® O(a’ay) corrections:

s assume ratio of supersymmetric O(a?a,) contributions
to O(a?) leading Yukawa supersymmetric contributions
is the same as for corresponding corrections in the SM

s geometric progression from lower orders: assume ratio
Is the same as of O(aa,) supersymmetric contributions
to O(«) supersymmetric contributions

s change value of m; in result for 2-loop supersymmetric
Yukawa corrections from mP> to

me(my) = mg® /(1 +4/(31) as(my))

» Electroweak three-loop corrections:

renormalisation scheme dependence of result for 2-loop
supersymmetric Yukawa corrections
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Resulting estimates for uncertainty in My
(in MeV ) for different values of Mqygy

Values obtained for SPS 1a, SPS 1b, SPS 5 (largest value taken
as estimate):

Msusy <500 GeV 500 GeV 1000 GeV
O(a?) sublead. 6.0 2.0 0.8
O(aay) sublead. 1.8 0.9 0.5

O(aa?) 3.0, 53, 1514, 11, 0.7]0.9, 2.2, 0.5

O(a2a) 15, 2.2, 1406, 0.8, 04|02, 0.2, 0.2

O(a?) 0.3 0.3 0.3
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Estimates for uncertainties in My, and sin? 0.4
from unknown higher-order SUSY contrib.

5 My
5 My
5 My

0 sin? B
0 Sin2 Qeff
O sin® O

8.5 MeV for Mqygy = 200 GeV
2.7 MeV for Mqysy = 500 GeV
2.4 MeV for Mqyugy = 1000 GeV

4.7 x 107° for Mgysy = 200 GeV
1.5 x 107 for Mgysy = 500 GeV
1.3 x 107° for Mgysy = 1000 GeV
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Estimates for uncertainties in My, and sin? 0.4
from unknown higher-order SUSY contrib.

5 My
5 My
5 My

0 sin? B
0 Siﬂ2 Qeff
O sin® O

8.5 MeV for Mqygy = 200 GeV
2.7 MeV for Mqysy = 500 GeV
2.4 MeV for Mqyugy = 1000 GeV

4.7 x 107° for Mgysy = 200 GeV
1.5 x 107 for Mgysy = 500 GeV
1.3 x 107° for Mgysy = 1000 GeV

= Total uncertainty including higher-order SM corrections:

My = (5—9) MeV, dsin®feg = (5—7) x 107°
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5. Conclusions

# New result for 2-loop Yukawa corr. to Ap in the MSSM.:

O(a?), O(aray), O(ai) contributions from SM fermions,
sfermions, Higgs bosons and higgsinos
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5. Conclusions

# New result for 2-loop Yukawa corr. to Ap in the MSSM.:

O(a?), O(aray), O(ai) contributions from SM fermions,
sfermions, Higgs bosons and higgsinos

o Corrections up to AMyy = +8 MeV, Asin® g = —4 x 107°

can be as large as SM quark loop and SUSY O(aay)
corrections
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5. Conclusions

» New result for 2-loop Yukawa corr. to Ap in the MSSM:

O(a?), O(aray), O(ai) contributions from SM fermions,
sfermions, Higgs bosons and higgsinos

# Corrections up to AMy = +8 MeV, Asin® g = —4 x 107°

can be as large as SM quark loop and SUSY O(aay)
corrections

o Detailed estimates of remaining uncertainties of My and
sin” A from unknown higher-order contributions for
different values of Mgygy:

My = (5 —9) MeV, §sinfg = (5 —7) x 1075
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5. Conclusions

New result for 2-loop Yukawa corr. to Ap in the MSSM:

O(a?), O(aray), O(ai) contributions from SM fermions,
sfermions, Higgs bosons and higgsinos

Corrections up to AMyw = +8 MeV, Asin? 85 = —4 x 107°

can be as large as SM quark loop and SUSY O(aay)
corrections

Detailed estimates of remaining uncertainties of My and
sin” A from unknown higher-order contributions for
different values of Mgygy:

SMy = (5—9) MeV, §sin g = (5 — 7) x 107°

New result for My (will appear as public program soon),
contains all known corrections in the SM and the MSSM
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