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® The electroweak Standard Model
® Precision tests

e Higgs bosons

e Outlook: SUSY extension of the SM



Matter fields in SM

weak charges: weak isospin Iy
weak hypercharge Yw

left-handed fermions are SU(2) doublets
(Iw = 1/2)

() () () ) ) G

right-handed fermions are SU(2) singlets (Iw = 0)

€Ry MRy TRy UR) dR7 CR; SRy tR? bR

minimal model: no right-handed neutrino vg by
convention
VR Can easily be added

electric charge is fixed by Gell-Mann—Nishijima
relation: Q = I3 + %

different representations for left-handed and
right-handed fermions < violation of P and C
invariance



Gauge fields

Isotriplet W7 (a = 1,2,3) and isosinglet By,

= __ 1 Ty 2
Wy = (WrFiW?)/V2
Z, B cos Oy sin Oy w3
A, )  \ —sinfy  cosfy B,
field strength tensors
We, = W —0,W;~+ geuw WIWS
B, = 0,B,—09,B,
LLagrangian
1 a v,a 1 v
LG = —Z WMVW'UJ’ _ZBFWBM
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W W W W Y,Z



Interaction with fermions

through covariant derivative

Y
D, =0, —igl,W; + ig’EBM

for left and right-handed fermion fields
&LDM’YﬂwL + &RDM’YﬂwR —

Lot + PRyt 4 interaction terms

e
255C (Vf ~ af V5)

g=—, Sg=Sinby, cg= CoOSOy

aleg

Vg = ]:];—QQng



Problem:
gauge fields Z, W, W~ are massive
explicit mass terms < gauge invariance broken

= Higgs mechanism

scalar field postulated, gauge-invariant
mass terms from coupling to Higgs field

Higgs sector of the Standard Model:

¢+
scalar SU(2) doublet: & =
qu
Higgs potential:
2
V(p) = 2 \chcb\ + A \chcb\ . A>0

p2 < 0: spontaneous symmetry breaking

V(o)

V2V A T V2



Gauge-invariant interaction with gauge fields:

Lhiggs = (Dp®) T(DH®) — V()

= mass terms

Unitary gauge:

=)

VVPD coupling:

|4 |4

= VV mass terms

1, 1
592'02 = Ma, E(g% + g5)v° = M2

3 components of Higgs doublet — longitudinal
components of W+, Z

H: elementary scalar field, Higgs boson



Fermion mass terms: Yukawa couplings

f
V- -
f
mg=vgs free parameters

Mass of the Higgs boson: self-interaction

My = vV free parameter

= Higgs couplings proportional to masses of the
particles



Interactions of the Higgs boson

with fermions:

f
Mg
v
H
f
with gauge bosons: (Mgw =g)
Z W
Z WA
2 M2 2 Miy
Vv H v H
Z H W H
Z V2 H W V2



Quark mixing and CP-violation

The weak eigenstates (d',s’,b") of quarks differ from
the mass eigenstates d, s, b:

d Vi Vus Vi | [ d d
ss = Veg Ves Vg s | =Vekm | s
v Via Vis Vi b b

Vekm: unitary transformation, Cabibbo-Kobayashi-
Maskawa (CKM) matrix

GIM Mechanism:

unitarity of CKM-matrix = no flavor changing
neutral current transitions at tree level

b — sv, ...areloop-induced in SM = high sensitivity
to new physics effects

VdkmVerm = 1
= parameterized by 3 angles + 1 phase

gives rise to CP-violation in SM

= weak interaction violates C, P and CP



Physical parameters of the Standard Model

e gauge sector (2 parameters)

e Higgs sector (2 parameters)

My
Myy

e fermion sector (944 parameters)
me, My, Mt
muy mqg, Mc, Ms, Mg, Mp
(Vij) 612,623,013,0cp
if right-handed neutrino is included in addition

mye, mylu, mVT

I ol ol sl
0715,053,0713,9cp
= 1248 parameters

= MOost parameters originate from fermion sector



Gauge-invariant Lagrangian:

Lew(g2:91,v, A, EL)‘FCQCD(QS)
MW: Mz, o, MH, mf

gauge invariance = theory is renormalizable

[G. 't Hooft '71] Nobel price '99
[G. 't Hooft, M. Veltman '72]

= quantum field theory: quantum effects calculable

expansion in coupling constant:

lowest order, classical limit

=

quantum corrections: loop diagrams

Vo Vo

Vo ya

via loop corrections: all particles of the model enter



Electroweak precision tests

a theoretical concept becomes
precision physics

Lamb shift:

nucleus

a=3(g—2)
aexp = 1159652188(+4)x 10712

atheo = 1159652 157(+£28)x10~ 12




e LEP1/SLC: ete - 5Z—> ff
LEP1: ~ 4 x 10° events/experiment
4 experiments (1989 — 1995)

e LEP2: ete” -5 WtHtW-™
O(10%) W pairs (1996 — 2000)

e Tevatron: qf - W — v, qf
(pP) q7 > tt, t>WTbh —> ...

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

exp. results

Mz [GeV] =91.1875 + 0.0021 0.002%

rz[Gev] = 2.4952+0.0023  0.09%
sings?t = 0.23148 +0.00017 0.07%
My [GeV] =80.410+0.032 0.04%
mt [GeV] =172.7+2.9 1.7%

Gg [GeV—2] =1.16637(1)10~° 0.001%



Comparison of electro-weak precision observables
with theory:

EW Precision data: Theory:
Ap, Ar, Myy,sin?0qs | <> | SM, MSSM , . ..

Y

Test of theory at quantum level:

Sensitivity to loop corrections

sensitivity to internal particles (X)



Loop contributions

quantum corrections, of O(1%)

contain all details of the theory

e top quark
% t e
S
1
% b Ve
e Higgs boson
B H e
W W
Un W Ve
e gauge-boson self-couplings
p W e
W
o Z,v e

= allow for indirect experimental tests
of not directly accessible quantities



Example of loop integral:

q
1
p< >p N/d4q 2 2
(42 —m3) |(q+p)2 — m3]
q+0p
00 3d oo
ETSTRRNY R R
q q

= integral diverges for large q
= theory in this form not physically meaningful
= further concept needed: renormalization

Renormalizable theories: infinities can consistently
be absorbed into parameters of theory



Two step procedure:

Regularization:

theory modified such that expressions become
mathematically meaningful

= “regulator” introduced, removed at the end

e.g. cut-off in loop integral

x4 A
/O d*q —>/Odq; A = oo at the end

technically more convenient: dimensional
regularization

/d4q —>/qu, D=4—¢;, D — 4 at the end

Renormalization:

original “bare” parameters replaced by renormalized
parameters + counterterms

reparameterization:

= 0
2 < T QY
bare renormalized counterterm

parameter parameter



Renormalizable theory:
divergencies compensated by counterterms

Renormalization:

e absorption of divergencies

e determination of physical meaning of parameters
order by order in perturbation theory

Example:

mass renormalization, m3 = m? + §m?
Physical mass: pole of propagator

inverse propagator up to 1-loop order:

+ @ + x +-

p* —m? ~(»?) — §m?

on-shell renormalization: im? = Re > (m?)



charge renormalization: e + de

de for ¢? = 0 (real photons) involves

photon vacuum polarization

W

virtual pairs

0.06
0.05+
0.04

.03

A
o

0.021

leptons + 5 quarks

0.014

1 - leptons only
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N (Mz) —N7(0) = A«

a(My) = ﬁ effective charge



Ao

AOélept

AOéhad

Aahad = —%Mg Re/

AOélept + AOéhada

0.031498
0.02758 = 0.00035

(3 — loop)

o dS/ Rhad(sl)
4m?2 S/<S/ — M% — 1€
Ws Y's
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6 |l
|
51
4l

0% 1%,

Burkhardt, Pietrzyk 2005

Bacci et al.

Cosmeet al.

PLUTO

¥ CESR, DORIS
MARK |

[1 CRYSTAL BALL
MD-1VEPP-4

¢  VEPP-2M ND

o7 DM2

* BES 1999

Y BES2001

® CMD-2 2004

KLOE 2005

5.9% 6% 1.4%

rel. err. cont.

N

0

1 2

3 4 5 6 7 8 9
Vsin GeV

10

)



My — M5z correlation

Definition of Fermi constant Gg via muon lifetime:

-1 _ P g (M) (4 Ll (14 A
m T 19243 ( ) ( (1+29)

2 = as2
mig 5MW

Aq. QED corrections in Fermi Model,
included in definition

SM prediction: Ve

Gr T
2w a o GHAD

Ar: quantum correction, Ar = Ar(m¢, My, ...)

complete at 1-loop and 2-loop order

— MW — MW(Q7GF7M27mt7MH)



[Awramik, Czakon, Freitas, Weiglein]
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Z-boson resonance

e >V\ZN\< f =€ ,u ,7 ,q
et F=et,ut,7T,q
LEP1: ~ 16 -10° events (1989-1995)

resonance cross-section
(approximate Breit-Wigner) s = EZ\s

S
M3 (s — M2)? + s2(I"2)2 /M
Z-boson width

f
Zw<
f

rz=r(e e +r(wpH)+rer"
IeptT;nic

+ > (e@) + Nl (vo)
q

invisible

or(s) = 12m

hadronic

e Line shape =

e peak cross section
=



Z resonance

o) [ 2v
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cmsenergy [GeV]
Z-boson observables can be expressed in terms of
e effective Z boson couplings:
gl — gl + ngl, gh — gl + g,

with higher order contributions in Ag‘f/A

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

1 e
sin2 Qefr = — (1 — Re g—‘e/)
4 9%

complete at 1-loop order, 2-loop fermionic contributions



LEP Electroweak Working Group [Summer 2005]

Aq ——— 0.23099 + 0.00053
AP . 0.23159 + 0.00041
0b
A —v— 0.23221 + 0.00029
At * 0.23220 + 0.00081
Q" X 0.2324 + 0.0012
Average I+ 0.23153 + 0.00016
10 35 - X°/d.0.f.: 11.8/5
>’
)
O,
T
€ 102 s Ao, = 0.02758 + 0.00035
I ma 172.7 + 2.9 GeV

0.23 0.232 leot 0.234
. 2.lep
sin eeﬁ



LEP Electroweak Working Group
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Global fit [M. Griinewald, EPS Lisbon 2005]

Preliminary

Measurement Fit  |O™@-0™|gmeas

o 1 2 3

m, [GeV] 91.1875+0.0021 91.1874
r,[Gev]  2.4952:0.0023  2.4962
Op.q[nb]  41.540+0.037  41.479

R, 20.767 £0.025  20.741
AL 0.01714 + 0.00095 0.01645
AP, 0.1465 +0.0032  0.1481
R, 0.21629 + 0.00066 0.21573
R, 0.1721+0.0030  0.1723
AP 0.0992 +0.0016  0.1038
AL 0.0707 £ 0.0035  0.0742
A, 0.923 + 0.020 0.935
A, 0.670 + 0.027 0.668
A(SLD) 0.1513+0.0021  0.1481
sin“8°(Q,,) 0.2324 +0.0012  0.2314
m, [GeV]  80.425+0.034  80.383
My [GeV] 2.133 + 0.069 2.092
m, [GeV] 1743+ 3.4 175.1




ra

m, [GeV]

Bounds on m; and Mg

— High Q” except m,
68% CL
200 - -
180 - -
160 Excluded e _
10 10 10

M, [GeV]



Mt
5 _ op —
— Run-| average
=== Run-I/ll prel.
4 — —
c\l><
g 37 -
2 ] ]
1 — —
o |Excluded . N~
30 100 500

M, [GeV]

My < 186 GeV  (95%C.L.)

renormalized probability for My > 114 GeV to 100%:

My < 219 GeV  (95%C.L.)



W-pair production

v, Z

LVe

L/\/\_/\_/\W_ e~ W—

o
LEP2: ®(10%) events (1996-2000)

study of W-pair production allows

e precise measurement of My
, A My /My ~ 0.05%

e measurement of triple-gauge-boson couplings
total cross-section

triple-gauge-boson couplings



anomalous gauge couplings

generalization of gauge boson self couplings

(Fuw = 0,A, — 8,A,, Zuw, WS, analogously)

EWW’y/Z — € [(8MWV+ - 8VW/;'_) W—HAY
+ ki W W, F*
A
+M”2 W AW, # P 4h.c]
+ecot by [(BW,f — oW )W +Z"
+/<;Z WiIw, z

+ W+W kZPY 4 h.cC.

Standard Model:



W-pair-production cross-section

et e W et wt
v, Z
A Ve
e ——— " W— e~ W—
LEPEWWG
- 30 | | | . 16/07/2002
fe :
S LEP
N’
§ i
o
20 —
10 A -
& YESWW/RacoonWW
P _...n0 ZWW vertex (Gentle) .
A __.only v_ exchange (Gentle)
O | | |
160 180 200
Vs (GeV)

contributions of non-abelian couplings
relevance of gauge invariance



LEP Electroweak Working Group
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Figure 11.2: The 68% and 95% confidence level contours for the three two-parameter fits to the charged
TGCs glz-)w, glz-my and Ay-k,. The fitted coupling value is indicated with a cross; the Standard Model
value for each fit is in the centre of the grid. The contours include the contribution from systematic
uncertainties.



Anomalous g-factor of the muon

Dirac theory: g=2

QED, 1-loop order: g=2+ %

Standard Model prediction

QED part: 4-loop (5-loop estimate)
Electroweak part: 2-1oop

Experiment 2004: Brookhaven E821

A

.,
— % — 11659208(6) - 1010

above the SM prediction



Theory versus experiment
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Summary of precision tests

e Electroweak precision physics
= Sensitivity to quantum effects of the theory
= test consistency of the model

constraints on unknown parameters

e Precision tests of the SM
= light Higgs preferred, My < 200 GeV

preference for light Higgs is not an artefact
of observables deviating by ~ 30 from SM
prediction

e Prospects for next generation of colliders:

improved accuracy of precision observables
M, Sin? 0, mp, ...  and
input parameters myg, ...

= Highly sensitive test of electroweak theory



(expected) experimental precision

error for LEP/Tev | Tev/LHC | LC GigaZ
My [MeV] 33 15 15 7
Sin? Oefr 0.00017 0.00021 0.000013
miop [GeV] 4.3 2 0.2 0.13
Myiggs [GeV] — 0.1 0.05 0.05

together with

My, = 2.1 MeV (LEP)

5G|:/G|: =1-107° (n lifetime)




[Erler, Heinemeyer, Hollik, Weiglein, Zerwas]
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Higgs bosons

Higgs boson is the only missing ingredient of the SM

= Higgs search (& Higgs physics) is one of the main
goals of collider physics

< 2000: LEP:
eTe™ collider, Ecpm < 206 GeV

> 2001: Tevatron, Run II:
pp collider, Ecpy =~ 2 TeV

2 2007: LHC:
pp collider, Ecpy =~ 14 TeV

2 2012: 7 LC:
eTe™ collider, Ecp =~ 500—-1000 GeV



Search for the Standard Model Higgs at LEP

Dominant production process: ete™ — ZH

b

b

exclusion limit (95% C.L.):

My > 114.4 GeV



T heoretical bounds on Higgs boson mass from

e perturbativity
— upper bound

e unitarity
— upper bound

e triviality (Landau pole)
— upper bound

e Vvacuum stability
— lower bound



perturbativity

Higgs decay widths into fermions:

Nr(H— ff) = [Mtree - Kf

Ky = 14 (1—loop)+ (2—1loop)+---

Higgs decay widths into vector bosons:

F((H—-VV) = [tree- Ky
Ky = 14 (1-loop)—+ (2—Iloop)+---
1.5
1.4 — KV
13
MIH
N 12F

Lattice —=x

1.1}

10f x =]

| trlee level | ~4
400 600 800 1000 1200
Mg (GeV)

[Ghinculov; Frinck, Kniehl, Riesselmann]

(1-loop) = (2-loop) for My = 930 GeV



unitarity

scattering of longitudinally polarized W bosons:

WiWr — WirWy,

W. %
My = M +ﬁ
V. 4
W. %

_|_

E2
= —9272 —I— O(l) for £ — oo
MW

= violation of probability conservation



Extra contribution from scalar particle:

v " haatevoad
Mg= 5o + ' H
H |
E2
_gWWHM—4+O(1) for E — oo
W

= terms with bad high-energy behavior cancel for

gwwH = g My

for s >> M3, with t = —£ (1 —cos¥9),

M3 M? M?
Mr 2 (24— —H
s— Mz t— Mg



partial wave expansion:

M(s,t) = 8m i (2l 4+ 1) P(cos0) q,

1=0
unitarity condition:

|CLl| <1

project on [ = O partial wave:
1

ag = — dcosf M(s,t
0 167 ), (s,t)
M? M? M?
= T2+ L ——tlog (14—
S8mv s — Mz S i
Mg
~ for >> M?
42 ° H




triviality (Landau pole)

Higgs self coupling is scale dependent, A(Q)

\\\Ii- H/// \\\\\ 4”” \\\ [N /,/ N
\\ // I/“\ \\ ’/ \ ,/ \\
/.\ + \ ) —'I_ /" k\ + /x
/// \\\ ‘,”\.\‘\\ ,/, \_/, \\\ /I’, ‘
’ H H ~ - ~ - ~ \\

variation with scale @) described by RGE

d\ 3 Q2
= 22 t = log
dt  4n2 ) V2
solution:
A(v) M?
A = _ with A\(v) =—Z&
(@=1- 2A(v) log <& (=5

diverges at scale Q@ = A¢ (Landau pole)

A exp 47292
=
¢ 3M2

maximum Higgs mass by condition Ag > My

— Mgy < 800 GeV



vacuum stability

top-quark Yukawa coupling

_V2my

(9
contributes to the running Higgs self coupling A(Q) through

gt

top loop ~ g}

variation with scale @) described by RGE
dA _ 3 \2 m_f
dt 472 v

approximate solution:

MQ) = A(®) - 55 log =

AMQ) < 0 for Q@ > Ac¢ — vacuum not stable

high value of A¢ needs My large enough
Ao ~ 1016 My > 130 GeV
Ac ~ 103 : My > 70GeV



combined effects, RGE in two-loop order:

d\ 1

= 1202 — 3 g2 2 4 ...

i = Toms (P2 300 +6Ag )
800 17 [T T[T T[T T
600 m, = 175 GeV —
= _
& o (M) = 0.118 ]
= 400 —
= | _|
200 — =
0 Tl b b e I
1035 10% 109 10l1% 1015 1018

A [GeV]

[Hambye, Riesselmann]



Higgs boson(s)

e questions to be answered:
— numbers of Higgs particles

— masses and quantum numbers
(spin, partity, charges, CP, ...)

— couplings to fermions / gauge bosons

— self couplings —  Higgs potential

e needs precise determination of mass(es) and
coupling constants

— production cross sections
— decay rates/ branching ratios

— inclusion of higher-order effects



total width and branching ratios
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Production mechanisms

gluon-gluon fusion:
gg — H

NNLO QCD [Harlander, Kilgore]
NL EW [Degrassi, Maltoni]

WW (ZZ) fusion:
qq — Hq'q'

NLO QCD [Figy, Oleari, Zeppenfeld]

Higgs-strahlung processes:

qq' — WH
qq — L H

NNLO QCD + NLO EW [Brein et al |

radiation from heavy quarks:
gg, q@ — ttH (bbH

NLO QCD [Beenakker et al., Dawson et al.]
NLO EW  [Denner et al |



Higgs production at the LHC

100 [T T T I T T T T T T T T
_ o(pp — H + X) [pb]
- 99— H Vs =14 TeV
[ MRST/NLO
my = 178 GeV
10 |
F Hyg
L wa .
zm .
1k ttH
0.1 b

100 1000

MH [GBV]



Production Processes

e 1
Ly H‘H
e 1
e Z
£
« »H
o
e *H
K. Desch

The Profile of the Higgs Boson

500 fb—! | 500 fb~1 | 1000 fb—?!
350 GeV | 500 GeV | 800 GeV
mp =120 74000 35000 27000
mp = 160 52000 29000 24000
mp = 250 5500 16500 19000
500 fbo—! | 500 fb—! | 1000 fb—!
350 GeV | 500 GeV | 800 GeV
mpr =120 15500 37500 158000
mp =160 7500 25000 126000
mpr = 250 6500 8000 71000
500 fb~! | 500 fb~1 | 1000 fb—?!
350 GeV | 500 GeV | 800 GeV
mp =120 - 90 2600
mpr =160 - - 1500
mp = 250 - - 390
500 fb—! | 500 fb~1 | 1000 fb—?!
350 GeV | 500 GeV | 800 GeV
mpr =120 - 80 160
mp = 160 - 20 120
mpr = 250 - - 30

Higgs Boson Precision Studies at a Linear Electron Positron Collider , Fermilab, 03/05/2001

Page 10



Higgs production at a Linear Collider
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Standard Model established as a quantum field
theory

e in agreement with (almost) all experiments
(accuracy > 0.1%)

e quantum corrections are established
e indirect and direct determination of mt agree

e constraints on the Higgs-boson mass
= light Higgs boson

e triple-gauge boson self-interactions established
at per-cent level

not yet directly tested

e existence of Higgs boson
e Higgs-boson self-interaction = Higgs potential

e Yukawa interaction

= future experiments



Open questions of the Standard Model

Large number of free parameters, in particular
in fermion sector

origin of gauge group SU(3) x SU(2) x U(1)
with three different gauge couplings

origin of charge quantization

origin and number of fermion generations
origin of mass pattern

origin of baryon asymmetry in universe

inclusion of gravity (= string theories)



Minimal Supersymmetric Standard Model

(MSSM)
SM Spin | SUSY Spin
leptons 4, vy 1 | sleptons 0, Uy 0
quarks q 5 | squarks q 0
gluons g 1 | gluinos g 3
EW bosons v, Z, W 1 | charginos 521&,2 5
Higgs h, H, A, H* 0 | neutralinos 22,2,3,4 %

lightest SUSY particle stable ~ LSP = %!

e masses of SUSY partners > 100 GeV
(experimentally)

e lightest Higgs boson < 135 GeV (theoretically)



SUSY Higgs sector

SM Higgs:
e \P* term ad hoc
e Higgs boson mass: free parameter
e NO a-priori reason for a light Higgs boson

e SM (perturbatively) unstable at some high energy

SUSY Standard Model avoids these questions

minimal model: MSSM

H2=< Hy ) le(’“ﬁH?)
vo + HS ) H{

couples to u couples to d

e SUSY gauge interaction —  H* terms

e self coupling remains weak

physical Higgs bosons: h°, HO A0 H=*

2 vacuum expectation values: g—j = tang



Spectrum of Higgs bosons in the MSSM
(example)

500IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIII

max
m scen., tan3 =5

450

100

FeynHiggs2.0
50 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

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

large M 4: h9 like SM Higgs boson

m% strongly influenced by quantum effects



m, [GeV]

[Heinemeyer et al.]
135IIII|IIII|IIII|IIII|IIII|IIII|IIII

P m, =175 GeV, tanB = 5

130

125

theory prediction for m,

777777 Bmtexp =20 GeV
exp _

5m ™ = 1.0 GeV

6mteXp = 0.1 GeV
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Possible scenarios

e a single light Higgs boson
— SM Higgs boson?

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

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

e a single heavy Higgs boson (> 200 GeV)
— SUSY ruled out

- SM + (7) strong interaction?

e no Higgs boson

— strongly interacting weak interaction
new strong force ~ TeV scale



Global fits in the MSSM

[de Boer, Dabelstein, WH, M&sle, Schwickerath]
[de Boer, Sander]

SM: x*/d.o.f = 27.2/16
MSSM: x*/d.o.f = 16.4/12
s CMSSM: x%d.0.f = 23.2/16
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[Chankowski, Dabelstein, WH, M0&sle, Pokorski, Rosiek]

[update: Heinemeyer, Weiglein]

experimental errors 68% CL.:
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Feynman diagrams for MSSM 1L corrections:

— Diagrams with chargino/sneutrino exchange

— Diagrams with neutralino/smuon exchange

Enhancement factor as compared to SM:
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Beyond the Standard Model

further substructure

effects from new
strong interaction

new strong dynamics
at high enery scale

elementary fundamental
fields

interactions remain weak

Grand Unified
Theories

new symmetry
supersymmetry




