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Standard Model

® the symmetry group SU(2) x U(1) x SU(3)¢c

# the principle of local gauge invariance
—— fermion — vector boson interaction
—— vector boson self-interaction

# Higgs mechanism and Yukawa interactions
- MasSses Mw, MZ) Mfermion

renormalizable quantum field theory

accurate theoretical predictions

# detect deviations —  “new physics” ?
precise predictions required
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Outline

Electroweak precision observables — Standard Model
Theory versus data

Perspectives

Extensions of the SM — Supersymmetry

Outlook
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electroweak precision tests through quantum loops

sensitivity to unknown particles (X)

X = Higgs [+ non-standard]

precision observables

u lifetime: GF
Z observables: My, Ty, gv, g4, sin®Oug, ...
LEP 2, Tevatron: My, my
low energies: (9 —2),



Mw — M 5 correlation

Definition of Fermi constant Gg via muon lifetime:

G%m?> 2 3 m?2
= Fl—=||1+=-4|1+A
m T 19243 (mﬁ) ( 5 Mg, ( 7

Aq: QED corrections in Fermi Model,
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with loop contributions

Gr T
V2 Mg, (1= My, /M)
(14 Ar)
Ar:  guantum correction

Ar = Ar(my, M)

determines W mass

MW — MW(O&, GF) M27mt7MH)

complete at 2-loop order

1-loop examples

e top quark

Vu

e
e
U

b

e

e Higgs boson

full structure of SM
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2-loop examples
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/ resonance
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o effective Z boson couplings with higher-order Agy 4

@ =g +A0gl, g g+ A

e effective ew mixing angle (for f = e):

1 e ]V{2
sinQHfo:—(l—Reg—Z> :KJ°< ——MQ/)
4 9ga Mz



2-loop examples for Z couplings

complete 2-loop calculation available for sin? 6,
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EW 2-loop calculations for Ar
Freitas, Hollik, Walter, Weiglein

Awramik, Czakon

Onishchenko, Veretin

EW 2-loop calculations for sin? f.q
Awramik, Czakon, Freitas, Weiglein

Awramik, Czakon, Freitas

Hollik, Meier, Uccirati

universal terms beyond 2-loop order (EW and QCD)
van der Bij, Chetyrkin, Faisst, Jikia, Seidensticker

Faisst, Kilhn Seidensticker, Veretin

Boughezal, Tausk, van der Bij

Schroder, Steinhauser

Chetyrkin, Faisst, Kiihn Chetyrkin, Faisst, Kiihn, Maierhofer, Sturm
Boughezal, Czakon
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charge renormalization e +0e  involves

photon vacuum polarization

W

M(MzZ) —11"(0) = Aa — a(My) =

0%

1 — A«

Aa = Aagept + Adhaq,

Acgepy = 0.031498 (3 — loop)
0.02758 £ 0.00035

ACVhaud

significant source of parametric uncertainty

WMw ., ()23 §Aq, 252°0 154 §Aa

My sin? 6
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iInput from experiments

LEP1/SLC: ete” -Z > ff
LEP1: ~ 4 x 10° events/experiment
4 experiments (1989 — 1995)

LEP2: ete™ - WTtw-—
@(10%) W pairs (1996 — 2000)

Tevatron: q¢ — W — v, qf
(pP) 7 —>tt, t—>WTb > ...

low-energy experiments (u decay, vN
scattering, ve scattering, atomic parity
violation, ... )
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Theory versus Data

experimental results (selection)

Mz [GeV] =91.187540.0021  0.002%
,[GeV] = 2.495240.0023  0.09%
sin29 Pt =0.23148 4 0.00017  0.07%
My [GeV] = 80.398 £ 0.025 0.04%
my [GeV] =173.1+1.3 0.75%
Gg [GeV™2] =1.16637(1)10"° 0.001%

guantum effects at least one order of magnitude larger than
experimental uncertainties
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80.25 |

80.2

experimental lower bound on My = 114.4 GeV

80.15

200 400 600 800 1000

[Awramik, Czakon, Freitas, Weiglein] m; = 174.3 £ 5.1 GeV

M ~ 4MeV

§sin?f2° ~ 5.107°
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LEP Electroweak Working Group

March 2009
1

|
1 —LEPZ2 and Tevatron (prel.)
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LEP Electroweak Working Group

March 2009
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Importance of two-loop calculations

0.2325, e
0. 232 T
CHS_) 0. 2315/ I e -
" ﬁ
5 0.231
11 oop
0.2305 — - +QCD+l ead. 3l oop
N +2| oop
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1000

-p.19






development of precision

1990-1992
91.19040.0065
1993-1994
91.18820.0033
1995
91.18660.0024
average
01.18740.0021

P

—

—o—

91.185 91.19 91.195
m, [GeV]
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W-palir production

v, Z
A Ve
e —— NN W— e~ W—
30 I . i l17/02/200_5
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20 - -
’ll,‘ ",' + é ’ * s ®
II, '¢" 6 ° A
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10 .
& YFSWW/RacoonWw
7/ _...no ZWW vertex (Gentle) -
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O | I ! |
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6 March 2099 i mLimit. = 1'63 GeV

| 3 Aaﬁa)d:
7 3§ —0.02758£0.00035 7

T % % -+ 0.02749+0.00012 _ -
4 L incl low O data |  blueband: theory uncertainty

= 3 {1 “Precision Calculations

) | atthe Z Resonance”

: CERN 95-03
14 7 . . .

] | [Bardin, Hollik, Passarino (eds.)]
0 Excluded W4 Preliminary

30 100 300

m, [GeV]

My < 163 GeV  (95%C.L.)

with renormalized probability for My > 114 GeV:
My < 191 GeV  (95%C.L.)
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Perspectives

2008: Future:
The Large Hadron Collider eT e~ Linear Collider

Internatiorxl\ﬁ\_‘__‘_Linear Collider
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Higgs production at the LHC

e gluon fusion, g9 - H

g
100 ! 1 1 I 1 T T T T T T LI
_———— H : :
s : o(pp — H + X) [pb]
r 99—~ H Vs=14TeV 1
i MRST/NLO
e vector boson fusion, qq — qqH my = 178 GeV
q
W,
—---H
W, Z
q
e Higgs strahlung, ¢/ = VH
1000
t(b) q t(b) My [GGV]
- H
- H
t(b) q t(b)
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(expected) experimental precision

error for LEP/Tev | Tev/ILHC | LC | LC/GigaZ
My |[MeV]| 25 15 15 7

sin? O, 0.00017 | 0.00021 0.000013
Myop |GEV] 1.3 1 0.2 0.13
Miiges |GeV] — 0.1 0.05 0.05

theory uncertainty:
AMy =4 MeV, Asin?fg=5-107°

crucial parametric uncertainties for PO from
Miop aNd e, (My)
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photon vacuum polarization

W

M(MzZ) —11"(0) = Aa — a(My) =

0%

1 — A«

Aapa = 0.02758 £ 0.00035
0.02749 4+ 0.00012 (QCD based)

significant source of parametric uncertainty

Mw 0.23 6Aa, 280~ 154 §Aa

Mw
oMy, = 6 MeV dsin® 6 = 0.00012
O My = 2MeV dsin® 6 = 0.00004 (QCD based)

required for GigaZ precision: dAa =5-107°
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Fig. 1. Transverse mass distribution and O(«a) relative correction.

[Carloni Calame et al.]
[Baur, Wackeroth]

[Dittmaier, Kramer]
[Arbuzov et al. |
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My from threshold scan in e e~ annihilation
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My  from threshold etTe” - WW —4f

Denner, Dittmaier, Roth, Wieders '05

o[ fb]
200

| | | | |
8 %] ete” = v T,

150
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My  from threshold etTe” - WW —4f

Some Feynman diagrams...
...for LO:

...for NLO: total number = O(1200)
40 hexagons

"% f1 v/Z f1 v/Z f1

e fa e fa e f2
v/Z W 1174

e fz e f3 e f3

i fa. 2 fa. /2 fa

+ graphs with reversed fermion-number flow in final state

+ 112 pentagons
+ 227 boxes (‘tHF gauge) + many vertex and self-energy corrections
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[Erler, Heinemeyer, Hollik, Weiglein, Zerwas]

0.23225 —

0.23175

0.23150 [~

0.23125

SM@GigaZ
68% CL: i
LEP/SLC/Tevatron
LHC/LC i

GigaZ

150 GeV
120 GeV

80.25

80.30 80.35 80.40 80.45 80.50
M,,, [GeV]

—p.33



Theoretical bounds on Higgs boson mass from

perturbativity — upper bound
unitarity — upper bound
triviality (Landau pole) — upper bound

vacuum stability — lower bound
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combined effects, RGE in two-loop order:

d\ 1
gy (12\* =3g; +6Ag; +--+)
800

600 m, = 175 GeV —
> _
K o (M;) = 0.118
= 400 —

= B _
200 [— —
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SM Higgs:
® )\ H*term ad hoc
® Higgs boson mass: free parameter ~ v\

® no a-priori reason for a light Higgs boson

SUSY Standard Model avoids these questions

H v + HY
Hy = N Hy = -
couples to u couples to d

e SUSY gauge interaction — H* terms
¢ self coupling remains weak
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MSSM Higgs potential contains two Higgs doublets:
V = m%ngl -+ m%Hgf_]Q — m%Q(eabH{‘HS -+ hC)

9" +9° - ' T
+ 3 (H H, — H2H2)2 + 5 \H1Hz|2
——— <~

gauge couplings, in contrast to SM
Five physical states: h°, H°, A°, H*

Input parameters: tan 5 = z—j M

= my, my, MIXIng angle o, my=: NO free parameters
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coupling to vector bosons V =W, Z:

(W0, HO[VV = [sin(a — 8), cos(a — 8)] - [SM]

coupling to fermions (v — Hsy, d — Hy):

[h%, HOJob = [5525, sexgl(SM,  [1°, HOltt = [§55, Sh3l(SM]
Abb = tan 3 |[SM] Att = cot 3 [SM]

large M 4: RY is SM-like

HY A have non-standard couplings
my ~ma~ mg+ > myz, o« — (3—5: ‘decoupling regime’

mp — Mz + Amy  with large loop contributions Amy,
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Spectrum of Higgs bosons in the MSSM (example)

500

450 F

400 F

100§ -
C FeynHiggs2.0 ]
50 | | | | | | | | | | | | | | | | | | | | | | | | 111 I_

50 100 150 200 250 300 350 400 450 500
M, [GeV]

large M 4: h" like SM Higgs boson ~ decoupling regime

m} strongly influenced by quantum effects, e.g.

~

q q

L2 A
X
£
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1-loop: complete

2-loop:
— QCD corrections ~ agoy, ago

— Yukawa corrections ~ o?

theoretical uncertainty:
5mh ~ 3-4 GeV
[Degrassi, Heinemeyer, WH, Slavich,

Weiglein]

m, [GeV]

mjo prediction at different levels of accuracy:
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tan g = 3, MQ=MA= 1 TeV, mz=800 GeV

X; : top-squark mixing parameter

Xt:At—/.LCOtﬂ

- p.40



3-loop contributions to My, ~ ag Ot

[Harlander, Kant, Mihaila, Steinhauser]
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130 —
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> i
(]

O 125 —

=3 theory prediction for m_ |
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] dm°" =1.0 GeV :
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[Kraml et al.]

dependent on all SUSY particles and masses/mixings

through Higgs self-energies
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masses and mixing of SUSY particles through soft-breaking

model parameters

#® gaugino masses:. M, My, M3

# sfermion masses:. My, M., M.
for each doublet of squarks and sleptons

# trilinear coupling: A]; for each f
—  L-R sfermion mixing

#® supersymmetric Higgsino mass parameter. u

® Higgs sector parameters: My, tanf = vy /vy
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Benchmark scenarios
“Snowmass points and slopes” (SPS),
hep-ph /0202233

examples (mSUGRA):

eSPS1a: mg = 100 GeV, my/, = 250 GeV, Ag = —100,
tan 8 = 10, u > O.

eSPS1b: mo = 200 GeV, m1/2 = 400 GeV, AO — O,
tan 8 = 30, u > O.
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Indirect access to SUSY particles through quantum loops

X = Higgs bosons, SUSY particles

» 4 lifetime: My < My, Gp
® 7 observables: gy, gu, sin? 0., Tz, M,
[Heinemeyer, WH, Weiglein, Phys. Rep. 425 (2006) 265]

2-loop improvements O(aas, of, oF, aap)
and complex parameters

[Heinemeyer, WH, Stockinger, A. Weber, Weiglein 06]
[Heinemeyer, WH, A. Weber, Weiglein 07]
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Mw — M 5 correlation

Cr _ = (1+ Ar)

V2 MG (1= Mg /M)

Ar: quantum correction, Ar = Ar(my, Xsusy)
— MW — MW(&yGF7M27mt7XSUSY)

Xgqusy = set of non-standard model parameters

—p.47



/ resonance

o I 2v
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effective Z boson couplings

@ =g +Ag, g g+ A

with higher order contributions ~ Ag{, , (m:. Xsusy)

1 e ]V[Q
sin2(9€ff:—<1—Reg—Z> :Ii°( ——M2/>
4 9ga Mz,
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My, and sin® 6.« for varied SUSY-scale

80-480:||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||: :IlllllllllllllllllIl””llIllllllllllllllllllllll|IIII|IIII|IIII:
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1 1

Fortran Code SUSYPOPE [A. Weber, PhD thesis, Munich 2008]

also used in recent fits by AbdusSalam, Allanach, Quevedo, Feroz, Hobson,
arxiv:0904.2548
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SPS1a’ scenario

M1/2 — 250 GeV Slgn(lu) — 41
My = 70 GeV tan 6(M) — 10
Ay = —300GeV
700 L
m [GeV] SPS1a’ mass spectrum
600 L ? —
i —— b
500 L b,
a0 [ A=—" {‘é_ Xz _
ty
300 L
200 L 5;1; Zi )Zg )Zli
o M— " Aoz
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Scatter plots for My & Sin® e

m SUSY parameters:

sleptons
light squarks

t/b doublet

gauginos

Higgs

m Unconstrained scan, only Higgs mass required to be in

Mg £, = 100...2000 GeV

Mz =, = 100...2000 GeV
|:’Fup/down

Mz =, = 100...2000 GeV

T

’" up/down

Aip = —2000...2000 GeV
M; 2 = 100...2000 GeV
mg = 195...1500 GeV
1= —2000...2000 GeV
Ma = 90 — 1000 GeV
tang =1.1...60

agreement with LEP data.
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[Heinemeyer, Hollik, Stockinger, Weber, Weiglein]
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: SM . O_para-ILC :
(MHSM - MhMSSM)

0.2316
= ———— = ——— e ——— s e —— S—
e T T e e T R s e e =
0.2315 .2 Xp ILC |
(sin'B ) " =today + o i
, -ILC _
0.2314 SPSla’ + O_para _
0.2313 _|
squarks & gluinos: M, , ;=6 (M, D)SPS; A, 6 (A, OI)SPS; m-=6 (ma)spS ]
0.2312} sleptons, neutralinos & charginos: ML’E:scaIe (MLiE)SPS; A =scale (AT)SPS; Mlyzzscale (MLZ)SPS __
. SPS .
superpotential: p = scale (u) ]
scale = (SUSY mass scale varied) ]

100 200 300 400 500 600 700 800 900 1000

ms. [GeV]
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Anomalous g-factor of the muon

:

DEHZ (03) (e*e) r—-—i
HMNT (03b) ——
woo | e
rvos +

--- including new 't data (CMD-2, KLOE, SND) ----

HMNT (06) A S,
i eXperiment '""""""""'""""""""""""'"""- """
o - B

i i i i i :
160 170 180 190 200 210
S

My 1010 _ . .
g, x 107" - 11659000 Hagiwara,Martin,Nomura, Teubner

ete” data based SM prediction: 3.4 o below exp. value
theory uncertainty from hadronic vacuum polarization
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g — 2 with supersymmetry

new contributions from virtual SUSY partners of 1, v
and of W+, Z

H -
< Pu
- | N M
}i
~ o

2
CV m UQ

,u
_|_

__.<__

extra terms

can provide missing contribution for
MSUSY — 200 — 600 GeV

2-loop calculation [Heinemeyer, Stockinger, ...]
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scan over SUSY parameters compatible with

EW and b — sy constraints (tan G = 50)
[Stockinger]
70 - all data
Mg, My, >1TeV
60 full result
improved one—loop
&~ 50

100 200 300 400 500 600 700
Miosp [GeV]

LOSP = lightest observable SUSY particle (x5, xJ,- )
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CMSSM R —— Standard Model R
Variable Measurement Fit ? ! 2 3 Variable Measurement Fit ? L 2 3
M, [GeV] 91.187% 0.0021 91.1873 M, [GeV] 91.1875 0.0021 91.1875
r;[GeV] 2.4952+ 0.0023 2.4952 I, [GeV] 2.4952+ 0.0023 2.4957
Opag ND] 41.540+ 0.037 41.486 Opq [Nb] 41.540+ 0.037 41.477
R, 20.767+0.025 20.744 R, 20.767+0.025 20.744
A 0.01714+0.00095  0.01641 A% 0.01714+0.00095  0.01645
AlP) 0.1465+ 0.0032 0.1479 A(P) 0.1465+ 0.0032 0.1481
Ry, 0.21629 0.00066  0.21613 Ry 0.21629: 0.00066  0.21586
R. 0.1721 0.0030 0.1722 Re 0.1721 0.0030 0.1722
A 0.0992+ 0.0016 0.1037 A2 0.0992+ 0.0016 0.1038
A 0.0707 0.0035 0.0741 A 0.0707+ 0.0035 0.0742
A, 0.923+ 0.020 0.935 A, 0.923+ 0.020 0.935
Ac 0.670+ 0.027 0.668 Ac 0.670+ 0.027 0.668
A/(SLD) 0.1513+ 0.0021 0.1479 A((SLD) 0.1513: 0.0021 0.1481
since, (Q)  0.2324:0.0012 0.2314 sin’e., (Q)  0.2324:0.0012 0.2314
M,, [GeV] 80.398+ 0.025 80.382 M, [GeV] 80.398+ 0.025 80.374
m; [GeV] 170.9+ 1.8 170.8 m; [GeV] 170.9+1.8 171.3
BR(b-sy) 1.13+0.12 1.12 Iy [GeV] 2.140+ 0.060 2.091 ’—
BREB.-uW[x10%]  <8.00 0.33  |N/A (upper limit)
8a,[x10°] 2.95¢ 0.87 2.95
Qh? 0.113+0.009 0.113

global fit in the constrained MSSM including data
from g — 2, B physics, and cosmic relic density

[O. Buchmueller, ..., Weber, Weiglein]
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Outlook —Possible scenarios

a single light Higgs boson
— SM Higgs boson?
— SUSY light Higgs boson?
H, A, H* heavy (decoupling scenario) h ~ Hgy

a light Higgs boson + more (H, A, HY)
— SUSY Higgs?
— non-SUSY 2-Higgs-Doublet model?

a single heavy Higgs boson (> 200 GeV)
— SUSY ruled out
— SM + (?) strong interaction?

no Higgs boson
— strongly interacting weak interaction
new strong force ~ TeV scale

— p.60



Conclusions

Electroweak precision physics
— sensitive to quantum structure
— constraints on unknown parameters

precision tests of the Standard Model have established
the SM as a quantum field theory

MSSM is competitive to the SM
— global fits of similar quality (even better)
— natural: light Higgs boson h°

future experiments at colliders
— discovery of Higgs and SUSY at LHC (?)
— precision studies at eTe~ Linear Collider

- p.61
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