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1. Introduction

Electroweak precision measurements:

My [GeV] = 80.425 +0.034
sin? §LP" 0.23150 4 0.00016

I'y[GeV] = 2.4952 +0.0023
My[GeV] = 91.1875 4+ 0.0021
Gu[GeV™? = 1.16637(1)107°

me[ GeV] 178.0 + 4.3

0.04%
0.07%
0.09%

0.002%
0.0009%
2.4%
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1. Introduction

Electroweak precision measurements:

My [GeV] = 80.425 +0.034
sin? §LP" 0.23150 4 0.00016

I'y[GeV] = 2.4952 +0.0023
My[GeV] = 91.1875 4+ 0.0021
Gu[GeV™? = 1.16637(1)107°
mi[GeV] = 178.0+4.3

Quantum effects of the theory:

0.04%
0.07%
0.09%

0.002%
0.0009%
2.4%

Loop corr. to “pseudo-observables” My, sin?beg, ... ~ O(1%)
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1. Introduction

Electroweak precision measurements:

Mw[GeV] = 80.425 + 0.034 0.04%
sin? 0P = 0.23150 £ 0.00016  0.07%
I'z[GeV] = 2.4952 +0.0023 0.09%
M7 GeV] = 91.1875 4 0.0021 0.002%
Gu[GeV™? = 1.16637(1)107° 0.0009%
mi[GeV] = 178.0+4.3 2.4%

Quantum effects of the theory:

Loop corr. to “pseudo-observables” My, sin?beg, ... ~ O(1%)

= EW prec. measurements test quantum effects of the theory
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Comparison of electroweak precision data with

theory predictions:
EW precision data: Theory:
szMW,Sinz Qéef?t,... SM, MSSM,

|

Test of theory at quantum level: sensitivity to loop corrections

Indirect constraints on unknown parameters: My, ...

Effects of “new physics”?
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Example: indirect determination of m; from
precision data vs. direct measurement

Indirect det. of m; from precision data: m; = 180.3735" GeV

Direct measurement: mi = 178.0 +£ 4.3 GeV
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Example: indirect determination of m; from
precision data vs. direct measurement

Indirect det. of m; from precision data: m; = 180.3735" GeV

Direct measurement: mi = 178.0 +£ 4.3 GeV

Leading corrections to precision observables:
2
~Y mt

NlnMH
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Example: indirect determination of m; from
precision data vs. direct measurement

Indirect det. of m; from precision data: m = 180.37 %" GeV

Direct measurement: mi = 178.0 +£ 4.3 GeV

Leading corrections to precision observables:
2
~Y mt

NlnMH

= Very high accuracy of measurements and theoretical
predictions needed
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Example: indirect determination of m; from
precision data vs. direct measurement

Indirect det. of m; from precision data: m = 180.37 %" GeV

Direct measurement: mi = 178.0 +£ 4.3 GeV

Leading corrections to precision observables:

Nm%

NlnMH

= Very high accuracy of measurements and theoretical
predictions needed

Theoretical uncertainties:
— unknown higher-order corrections

— experimental error of input parameters: my, Aapaqg, - - -
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Observables vs. “pseudo-observables’:

Couplings, masses, mixing angles, etc. are not (directly)
physical observables = “pseudo-observables”

Actual observables: o, BRs, asymmetries, ...

Need deconvolution procedure (unfolding) to determine
masses, partial widths, etc. from measured cross sections

— pseudo-observables are not strictly model-independent
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Observables vs. “pseudo-observables’:

Couplings, masses, mixing angles, etc. are not (directly)
physical observables = “pseudo-observables”

Actual observables: o, BRs, asymmetries, ...

Need deconvolution procedure (unfolding) to determine
masses, partial widths, etc. from measured cross sections

— pseudo-observables are not strictly model-independent

What is a suitable definition of model parameters?
need some compromise between

— simple interpretation within given model

— model independence
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Experimental determination of model parameters
(masses, couplings, ...):

Particle masses: relatively small model dependence

Electroweak Precision Physics, Georg Weiglein, Durham 01/2005 — p.6



Experimental determination of model parameters
(masses, couplings, ...):

Particle masses: relatively small model dependence

= The experimental value of My (slightly) depends on the
value of the SM Higgs mass

(5My = £0.2 MeV for 100 GeV < My < 1 TeV)

Couplings, mixing angles, etc.: relatively large model
dependence
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Sensitivity of different (pseudo-)observables to
the Higgs mass in the SM

| Preliminary ] [LEPEWWG '04]
200'_ 68 % CL 7
mW F| A
= /
O 1751 —
9
-
i Rb
150' SinZGIeef;f:)t —
10 10 10

m, [GeV]

= highest sensitivity from sin® 0.4 and My
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Comparison of current and anticipated future
experimental errors

Present errors vs. Run Il of Tevatron, LHC, and ILC with and
without low-energy running mode (GigaZ):

now | Tevatron | LHC | ILC | GigaZ
0 sin” feg(x10°) || 16 — 14-20 | — 1.3
oMy [MeV] 34 20 15 10 7
omy [GeV] 4.3 2.5 1-2 0.1 0.1
omy, [MeV] — — 200 50 50

= Large improvement at next generation of colliders
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2. Electroweak precision observables

Sensitivity to quantum effects (loop corrections) of new
physics:

# Precision measurements resolve %-level loop effects:
Mw, sin2 Heff, Fz, -
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2. Electroweak precision observables

Sensitivity to quantum effects (loop corrections) of new
physics:

# Precision measurements resolve %-level loop effects:

2
Mw, S111 Qeﬂr, Fz, "

# Loop-induced processes < new physics contribution
doesn’t compete with large SM lowest-order prediction:
(g —2)u, b— sy, Bs — utu~, EDMs, ...
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2. Electroweak precision observables

Sensitivity to quantum effects (loop corrections) of new
physics:

o Precision measurements resolve %-level loop effects:
Mw, sin2 Qeﬁ‘, Fz, -

# Loop-induced processes < new physics contribution
doesn’t compete with large SM lowest-order prediction:
(g —2),, b— sy, Bs— u"p~, EDMs, ...

o Future precision measurements, possibly very large loop
effects: m,,, other Higgs-sector observables
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Theoretical predictions for My, sin” Oeg :

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

M?2 T
=  M?2 1——W>: 14+ Ar),
W( M?2 \/iGM( IIT)

loop corrections

= Theo. prediction for My in terms of My, a, G,,, Ar(my, My, .. .)
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Theoretical predictions for My, sin” Oeg :

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

M2 T
= M 1——W>: 1+ Ar),
W( i) = e {)

loop corrections

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

Effective couplings at the Z resonance:

1 Mz
= Sin2eeff:Z (1—Re§—z> :( —ﬁ) Re k(s = M)
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Theoretical predictions for My, sin” Oeg :

Current status in the SM: complete two-loop result known for My,
fermionic two-loop corrections known for sin® .

Necessary diagrams for evaluation of 2-loop corrections to sin® 0.

» Renormalisation: 6 Mg, = ReXy,) (M) + ...
=- 2-loop self-energies with arbitrary momentum and masses

No analytical results available for general case
= numerical integration

#» [wo-loop vertex diagrams:

two classes:
top, light fermions

i

W

=il
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W
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Evaluation with different methods

Top-quark contributions: expansion in Mz /m?

= expansion up to (M2 /m?)° yields intrinsic precision of 10~7

Light fermion contributions:

depend on only one variable = reduction to master integrals using
integration by parts and Lorentz invariance identities
[Chetyrkin, Tkachov ‘81] [Gehrmann, Remiddi "00] [Laporta '00]

=<0

Analytical results for master integrals via differential equations
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SM prediction for My (complete 2-loop result)
vS. experimental result

[M. Awramik, M. Czakon, A. Freitas, G.W. '04]

80.45

80.4

Main source of
theo. uncertainty:

= |
3 8035 |
= |
8031~ |
|
| = AM " ~ 26 MeV,
|
80251 | - A sin? Qggra ~ 14 x 107°
Lexp. |Iower boundI on My, M|H = 114.7 lee\L\\
0 | 400 | 600 | 800 1000

M, [GeV]

= Preference for light Higgs
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SM prediction for sin’ 6.; (fermionic 2-loop result)
vS. experimental result

|
|
| exp. lower bound MH = 114.4 GeV
0.2325 - }
S
| »
‘ //// L aan
; X0
1 et
o
" 0.232 - }
ol L o
= e
()] | L/
S S
Tl .~ exp. value 0.23150 +/— 0.00016
0.2315 / -
S ,
L ‘ /// 77777777777777777777777777777777777777777777
i J/
o)
0231 Ll ‘
100 300 500 700 900
M, [GeV]

= Preference for light Higgs

[M. Awramik, M. Czakon,
A. Freitas, G.W. '04]
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SM prediction for sin’ 6.; (fermionic 2-loop result)
vS. experimental result

| exp. lower bound MH = 114.4 GeV
0.2325 -

[M. Awramik, M. Czakon,

A. Freitas, G.W. '04]
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/
/
1 1 L 1

0.231 ‘

M, [GeV]
= Preference for light Higgs

However: experimental value for sin” 6.4 contains average over
A; = 0.23098 £+ 0.00026 (SLD) and A?t;b = 0.23210 + 0.00030 g)LEP
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SM prediction for M~y and sin® 0.¢ vs. current experimental result (LEP2/Tevatron) and

prospective accuracies at the LHC and a LC with low-energy option (GigaZ):

[J. Erler, S. Heinemeyer, W. Hollik, G.W., P. Zerwas "00]

0-23250 T T T T | T T T T | T T T T | T T T T | T T T T

N o SM@GigaZ ]
@
i S, 68% CL: i
— {‘/} —]
0.23225 — LEP/SLC/Tevatron—
L LHC/LC —
- GigaZ .
t0.23200 _— MH _ —_
D

) L |
N [ 180 GeV i
= - |
0.23175 150 GeV —
. 120 GeV ]
0.23150 — —
0.23125 — |
i 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | i
80.25 80.30 80.35 80.40 80.45 80.50

M,, [GeV]

= Highly sensitive test of electroweak theory:
improved accuracy of observables and input parameters
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The anomalous magnetic moment of the muon:
(g —2), = 2a,

LIFE OF A MUON:

THE g-2 EXPERIMENT Muons are fed
Muons are into a uniform,
tiny magnets doughnut-shaped
spinning on magnetic field

After each circle,
muon's spin axis
changes by 127,

axis like tops. and travel in a circle.

m .. yet it keeps on traveling
. Hit & ‘j
Target. \
Protons Pions, weighing Pions decay
from AGS. 1/6 proton, to muons.
are created.

One of 24 detectors
see an electron, giving After circling the ring
the muon spin direction; many times, muons
g-2 is this angle, divided spontaneously decay to
by the magnetic field the electron, (plus neutrinos,)
muon is traveling through in the direction of the muon spin.
in the ring.

Coupling of muon to magnetic field: ;. — 1 — v coupling

(

u(p') |V Fu(g?) + o
1

UMV(]VFQ(QQ) u(p) Ay [5(0) = (9—2)u = 2ay
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a,: experimental result vs. SM prediction

P —al}® = (25.24£9.2) x 10719 : 2.70 .

Better agreement between theory and experiment possible in
models of physics beyond the SM

Example: one-loop contributions of superpartners of fermions
and gauge bosons

I 2!
- ~0
\K‘\\V” \b\?\xj.
- b o 2!
Xi Y > aV _ >
~ e
X’t ’\/\/\/\/.’ /Lb
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SUSY contributions to a,,

One-loop SUSY [S. Heinemeyer, D. Stéckinger, G. W. '04]

' I B0 R T T RN RN RN RN RN
contribution (dashed), - LMLV Mt 50
two-loop 25 -
chargino/neutralino :
contributions 201
(dash-dotted) s |

151
and the sum (full line) < | '
for e G
= M2 — MA = MSUSY’ 5:_ ‘\'\. _auSUSY,1Lx2L
my =1 TeV, tan 8 = 50: - Tl '
0_' coc v b b b |§|.|~|.|~|.|-|;T|.|_|-|_|'|_|' |||| 0T T
0 50 100 150 200 250 300 350 400 450 500
Mgysy [GeV]
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Precision Higgs physics
Large coupling of Higgs to top quark

One-loop correction ~ G,m;

= My depends sensitively on m, in all models where My can
be predicted (SM: My is free parameter)
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Precision Higgs physics
Large coupling of Higgs to top quark

One-loop correction ~ G,m;

= My depends sensitively on m, in all models where My can
be predicted (SM: My is free parameter)

SUSY as an example: Am; ~ +4 GeV = Amy, ~ +4 GeV
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Precision Higgs physics
Large coupling of Higgs to top quark

One-loop correction ~ G,m;

= My depends sensitively on m; in all models where My can
be predicted (SM: My is free parameter)

SUSY as an example: Am; ~ +4 GeV = Amy, ~ +4 GeV

= Precision Higgs physics needs precision top physics
(ILC: Am; < 0.1 GeV)
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Higgs mass bound in the MSSM:

= Prediction for my, my, ...

Tree-level result for my,, myy:

1
My, = 5 [MX + M7 + \/(Mi + MZ)? — AMZ M3 cos? 23

= my, < My at tree level
MSSM tree-level bound (gauge sector): excluded by LEP!

Large radiative corrections (Yukawa sector, .. .):

2
em;

Yukawa couplings: 5™

QMWSW, Mwsw’ "t

. . mz Tz
= Dominant one-loop corrections: G, m; ln( 1y t?), O(100%) !
t




Higgs mass bound in the MSSM:

Present status of m,, prediction in the MSSM:

Complete one-loop + “almost complete” two-loop result available
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Higgs mass bound in the MSSM:

Present status of m,, prediction in the MSSM:

Complete one-loop + “almost complete” two-loop result available

Upper bound on my,:

‘Unconstrained’ MSSM: My, tan 3, 5 param. in t-b sector, 1, mg, M,

iy ,S 136 GeV

[S. Heinemeyer, W. Hollik, G. W. °99], [M. Frank, S. Heinemeyer, W. Hollik,
G. W. ’02] |G. Degrassi, S. Heinemeyer, W. Hollik, P Slavich, G. W. *02]
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Higgs mass bound in the MSSM:

Present status of m,, prediction in the MSSM:

Complete one-loop + “almost complete” two-loop result available

Upper bound on my,:

‘Unconstrained’ MSSM: My, tan 3, 5 param. in t-b sector, 1, mg, M,

my ,S 136 GeV

[S. Heinemeyer, W. Hollik, G. W. °99], [M. Frank, S. Heinemeyer, W. Hollik,
G. W. ’02] |G. Degrassi, S. Heinemeyer, W. Hollik, P Slavich, G. W. *02]

for mi; = 178 GeV, no theoretical uncertainties included
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Remaining theoretical uncertainties in prediction for m,,:

[G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich, G. W. ’02]
— From unknown higher-order corrections: = Am,, ~ +3 GeV

— From input parameters: Am; ~ +4 GeV = Am,, ~ +4 GeV

Minimal supersymmetric
standard model

T T T T T T T Ty

" | Uncertainty
. |due to error
- |on top-quark
" | mass

-l

B

(@]
I

=
W
@]

Previous value for 1
top-quark mass, |7
174.3 GeV/c2

-

)

@]
|

New value for 4
top-quark mass, ]

110
B 178.0 + 4.3 GeV/c2

Mass of lightest Higgs boson (GeV/c?)

R ; )
a0 1 10

tang
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Remaining theoretical uncertainties in prediction for m,,:

[G. Degrassi, S. Heinemeyer, W. Hollik, P. Slavich, G. W. ’02]

— From unknown higher-order corrections: = Am,, ~ +3 GeV

— From input parameters: Am, ~ +£4 GeV = Amy, ~ +4 GeV

Minimal supersymmetric
standard model

T

" | Uncertainty
| |due to error

-l

B

(@]
I

- |on top-quark
" |mass

=
W
@]

-

)

@]
|

Previous value for
top-quark mass,
174.3 GeV/c2

110f

New value for ]
top-quark mass, =
178.0 + 4.3 GeV/c=2 ]

Mass of lightest Higgs boson (GeV/c?)

P |

100l

10
tang

For 1-0 range of m;:

=- upper bound beyond
my, = 140 GeV

LEP does not exclude
any tan ( value!

Electroweak Precision Physics, Georg Weiglein, Durham 01/2005 — p.22



3. Precision tests: Standard Model and
Supersymmetry

® Global fit in the SM
® SMvs. MSSM

# Fit to precision observables in the constrained MSSM
(MSUGRA) with dark matter constraints

Electroweak Precision Physics, Georg Weiglein, Durham 01/2005 — p.23



Global fit to all data in the SM

6

| (5)

L 1 — 0.02761+0.00036

T i i - 0.02749£0.00012
4 L % e incl. low Q° data -
3 ] ]
2 _ |
1 _ |
0 Excluded .. H#Preliminary

1 1 1 1 1 1 1 I 1 1
20 100 400
m, [GeV]

[LEPEWWG '04]

Theoretical uncertainties:

— exp. error of input parameters:
My, ANQhad, - - -
= large m;—Mpy correlation

— unknown higher-order
corrections

= “blue band”
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Global fit to all data in the SM

6 [LEPEWWG '04]
5 - R A(ng)d =
] L 1 —0.02761+0.00036 ) : b A
| L\ oozmsroo0on: Theoretical uncertainties:
] L R T exp. error of input parameters:
Al
g 37 1 ™ Adnag, -
2 - = large m;—Mpy correlation
1 1 — unknown higher-order
0 | Excluded S ,.-""'F.;reliminary— corrections
20 100 400

m., [GeV] = “blue band”

New m; value, m; = 178.0 4+ 4.3 GeV, new result for sin® 0.
= My = 11475 GeV, My < 260 GeV, 95% C.L.
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Correlation between )M+ and my in the fit:

200 -

High Q° except m,

68% GCL

Exclgdeldl .

Preliminary (a)

[LEPEWWG '04]

-
PRGN
. U

.

.

140
10

10°
m, [GeV]

3
10

=- Precise knowledge of m; crucial for constraining My
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Electroweak precision tests: SM vs. MSSM

Prediction for My in the SM and the I\/ISSM

|
80. 70_— N

[A. Djouadi, P Gambino, S. Heinemeyer,
W. Hollik, C. Jiinger, G. W. "97] _
[S. Heinemeyer, W. Hollik, G. W. '98]  sosof
[S. Heinemeyer, G. W. "02] :

80.50 |

M,, [GeV]

80.40 |

80.30

A SM ]
80.20 | ]

Heinemeyer, Weiglein ‘04 _|

SM: MH Varied 16OI [ I1|65I 1| I1|70I 1| I1|75I 1| I1|80I 1| I1|85I 1| I1_90

m, [GeV]
MSSM: SUSY parameters varied
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Electroweak precision tests: SM vs. MSSM

Prediction for My in the SM and the I\/ISSM
[A. Djouadi, P Gambino, S. Heinemeyer,
W. Hollik, C. Jiinger, G. W. "97] _
[S. Heinemeyer, W. Hollik, G. W. 98]  sos0}
[S. Heinemeyer, G. W. "02] :

- | T T | T T 1 | T 1T T 1
80.70 __ experimental errors 68% CL:

LEP2/Tevatron (today)

=\

80.50 |

M,, [GeV]

80.40

80.30

SM

Heinemeyer, Weiglein ‘04 _|

SM: My varied 160 165 170 175 180 185 190

m, [GeV]
MSSM: SUSY parameters varied
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Electroweak precision tests: SM vs. MSSM

Prediction for My in the SM and the I\/ISSM

- | T T | T T 1 | T 1T T 1
80.70 __ experimental errors 68% CL:

[A. Djouadi, P Gambino, S. Heinemeyer,
W. Hollik, C. Jinger, G. W. 97] - i::t/; :‘/’f:;” (today) Jeen
[S. Heinemeyer, W. Hollik, G. W. '98]  8080[- | ¢, Gigaz

[S. Heinemeyer, G. W. "02] :

80.50 |

M,, [GeV]

80.40

80.3

SM

80.20 =

Heinemeyer, Weiglein ‘04 _|

SM: My varied 160 165 170 175 180 185 190

m, [GeV]
MSSM: SUSY parameters varied
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Prediction for My, sin? 0. in SM and MSSM:

T 11 T 11 T 11 | T T1 | T T1 | 1T 1T T | [
I m =169.4 ... 186.6 GeV |
0.2325 - | 1 [S. Heinemeyer, W. Hollik,
i R SM (m,, = 114 ... 400 GeV) 1 G. W.04]
0.2320 B i
o0 I ]
£ i 7
" 0.2315— —
0.2310 __ experimental errors: __
- LEP2/SLD/Tevatron .
| —— LHC/LC MSSM |
0.2305 —_ - Gigaz Heinemeyer, Weiglein ’04_—
L1 1 1 | L1 1 1 | L1 1 1 | I I | | I I | | ,I L1 1 | |

80.20 80.25 80.30 80.35 8040 80.45 80.50
M, [GeV]
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eeff

sSin

Prediction for My, sin? 0. in SM and MSSM:

0.2325

0.2320

0.2315

0.2310 experimental errors:

LEP2/SLD/Tevatron
- | HC/LC
— (igaZ

0.2305

m =169.4 ... 186.6 GeV |

SM (mH = 114...400 Ge)

MSSM ]

Heinemeyer, Weiglein '04 -

80.20 80.25 80.30 80.35 80.40
M, [GeV]

80.45

80.50

[S. Heinemeyer, W. Hollik,
G. W. '04]

= High sensitivity
to deviations from
both the SM and
the MSSM
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v* fitin mSUGRA with dark matter constraints:
My, sin® Oeg, (9 — 2),, BR(D — s7)

[J. Ellis, S. Heinemeyer, K. Olive, G. W. "04]

tan 8 = 10:
00—
gl i
e i . :2#¢° 1 = very good description
g . %-gc’ 1 of the data
s ) 5 . wpon-o 1 Preference for relatively
: . S e tanB=10Aj=em,, - small mass values
ol o % o tanB=10,A,=-m , |
- o0, & < tanf =10, A, =+2m,, -
] ‘o & tanp=10,A=-2m,, ]|
00 — I2(|)0I | I4(|)0I | I6(|)OI | I8(|)OI | I1000
m,, [GeV]
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v* fitin mSUGRA with dark matter constraints:
My, sin® Oeg, (9 — 2),, BR(D — s7)

[J. Ellis, S. Heinemeyer, K. Olive, G. W. "04]

tan 8 = 50:
UL L L L L B B BN LU LR
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v* fitin mSUGRA with dark matter constraints:
My, sin® Oeg, (9 — 2),, BR(D — s7)

68% and 90% C.L. regions in m, ,,—Aq plane:
[J. Ellis, S. Heinemeyer, K. Olive, G. W. '04]
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Fit results for particle masses, tan 3 = 10:

Myt = Mxgs T

[J. Ellis, S. Heinemeyer, K. Olive, G. W. "04]
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— Good prospects for the LHC and ILC
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4. Conclusions

#® Global SM fit
= preference for light Higgs, My < 260 GeV

strong m;—My correlation
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4. Conclusions

#® Global SM fit
= preference for light Higgs, My S 260 GeV

strong m;—My correlation

# Fit in mSUGRA with dark matter constraints:
= very good description of the data
preference for relatively small SUSY masses

good prospects for LHC and ILC

#® At Tevatron, LHC, ILC: improved accuracy of prec. observables
My, sin” O, 1, ... and input parameters my, m:, . ..

=- Very sensitive test of electroweak theory
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