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1 Electroweak phenomenology before the GSW model
Some phenomenological facts:

» discovery of the weak interaction via radioactive (3-decay of nuclei:
n—p-+e -+ Vg, p—n-+ et + Ve (not possible for free protons)

e terminology “weak”. interaction at low energy has very short range
— long life time of weakly decaying particles:

strong int.:  p — 2, T ~ 107 %%s
elmg. int.: 7T — 27, T ~ 107165
weakint. 7T — uT + 7, T~ 107 %s

poo— e + Ve + Uy, 7~ 10 Ss
e l[epton-number conservation: u~—/e~ +v (BR S 1071)
= L, L,,, L, individually conserved:
L, = +1fore, v, L.=—1fore", v, etc.
(For massive v’s with different masses, only L.+ L, + L is conserved.)

e parity violation (Wu et al. 1957):
e.g. KT —2r 3n 0Co — ONi* + e + 1

_ \,—/_ _ — polarization inversion does not
final states of different parity yield inversion of spectra
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The Fermi model
(Fermi 1933, further developed by Feynman, Gell-Mann and others after 1958)

Lagrangian for “current—current interaction” of four fermions:
Lrermi(7) = —2V2G, J}(2)J7 (), G, =1.16639 x 107° GeV

with  J,(z) = J})ep(x) + ngad(a:) = charged weak current

* Leptonic part J)** of J,:

Jéep = Y. Ypw_ e + w—,,/ﬂpw_wu Wi = %(1 + ~5) = chirality projectors

o only left-handed fermions (w_1), right-handed anti-fermions (yw. )
feel (charged-current) weak interactions = maximal P-violation

o doublet structure: (eyf ) (:‘i ) later completed by (TVZ )

o (J'P)T.JeP induces muon decay:
B o< E e~
Ve
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* Hadronic part J}*“ of J,:

Relevant quarks for energies S1GeV: u,d,s,c
— meson (¢q) and baryon (gqq) spectra

Question: doublet structure (3) (Z) ?

Problem: e.g. annihilation of us pair would not be allowed,
but is observed: K — ptu,
~—

us pair in quark model

Solution (Cabibbo 1963):
u-c-mixing and d-s-mixing in weak interaction

/
— doublets (%) (C,> with (d,) = Uc (d>
d S S S

cosfc  sinfc )

orthogonal Cabbibo matrix U¢ = ( sinfe  cosl
_ C C

empirical result: 6o ~ 13°

Jgad — %’pr—wd’ - E’pr—ws’
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Remarks on the Fermi model:

* universal coupling &, for all transitions
(UéUC = 1 is part of universality)
* no (pseudo-)scalar or tensor couplings, such as (1) (Y1), (V) (Pys),
etc., necessary to describe low-energy experiments (£ < 1 GeV)
* Problems:
° cross sections for v,,e — v.u, etc., grow for energy £ — oc as E?
< unitarity violation !

© no consistent evaluation of higher perturbative orders possible
(no cancellation of UV divergences)

— non-renormalizability !
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“Intermediate-vector-boson (IVB) model”
ldea: “resolution” of four-fermion interaction by vector-boson exchange

Lagrangian:

LIVB — [’O,ferm + £O,W + Einta

[,o,ferm = ?,b_f(lﬁ — mf)wf, (summation over f assumed)
1
Low = —5(8MWj — 8VWJ)(8’“‘W_’” — "W ™H) + M%VWJW_’”,
1 .
. + 1 TA72 )
with W5 = — (W, FiW7), W/ real

V2

W= are vector bosons with electric charge +e and mass My .

. WW —1 k k’/ —
Propagator: G (k)= 2 MZ (gW — ]\Zv2v) ,  k =momentum
Interaction Lagrangian: Ling = % (JPW T + JPTW;) ,

JP = charged weak current as in Fermi model
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Four-fermion interaction in process v, e~ — pu~ v

Fermi model: IVB model:
Vi . Y —> B
W
e Ve e Ve
- 1 koko
—i2v/2G . gpo s g (gpo - p—)
29V k2 — M, M3,
X [ﬂu_fypw_uyu} (U, ¥ WU | X [ﬂu_ypw_u,/u] (U, YV wW_Ug— |
2
= identification for |k| < Mw: 2v2G, = 2%
2M2,

Consequences for the high-energy behaviour:

°* kPterms: Uy fw_u,— = Uy, (Pe — Pro )W—Ug— = Melly,W—Ug—
— no extra factors of scattering energy F£

* propagator 1/(k* — Mg,) ~ 1/E? for |k| ~ E> My
— damping of amplitude in high-energy limit by factor 1/E?

= Cross section ——~— const/E?, = No unitarity violation !
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Comments on the IVB model:

* Formal similiarity with QED interaction:  J*WJF +hc. «— ji A,
* Intermediate vector bosons can be produced, e.g.

\uél/ — W7 - f f: (discovery 1983 at CERN)
In pp collision W= unstable

* Problems:
o unitarity violations in cross sections with longitudinal W bosons, e.g.

W
W
Ve
8
W W

© non-renormalizability
(no consistent treatment of higher perturbative orders)

— Solution by spontaneously broken gauge theories !

Lecture “Electroweak Physics at the LHC”, University of Vienna, October 2007 Stefan Dittmaier (MPI Minchen), Introduction into Standard Model and Precision Physics — 9



2 The principle of local gauge invariance
QED as U(1) gauge theory:

Lagrangian Lo form = ¥ (i@ — m ;)4 has global phase symmetry:
Vr — Py = exp{—iQyred}by, y — ) =y exp{+iQred}

with space-time-independent group parameter 6

“Gauging the symmetry”: demand local symmetry, 6 — 6(x)
To maintain local symmetry, extend theory by “minimal substitution”:
" — D" = 90" +iQreA"(x) = “covariant derivative”,
A*(x) = spin-1 gauge field (photon).

Transformation property of photon A, (z) — A, (z) = Au(z) + 0,0(x) ensures
* Dupy — (Dptpy)’ = Dby = exp{—iQred}(Dputpy)
* gauge invariance of field-strength tensor F,, = 0, A, — 0., A,

Gauge-invariant Lagrangian of QED:

1

Lqep = V(i — Qe A — mys)hy — ZFMVFMV
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Non-Abelian gauge theory (Yang—Mills theory):

Starting point:
Lagrangian L4 (P, 0, P) of free or self-interacting fields with “internal symmetry”:

° o = <¢1> = multiplet of a compact Lie group G:
Pn
®— o' =U0)P, U(H) = exp{—igT*0°} = unitary,
T* = group generators, [T%,T° =iC*T°¢, Tr{T*T"} = 15"
* Lo isinvariantunder G: Lg(9,0,P) = Lo (D',0,P")

Example: self-interacting (complex) boson multiplet
Lo = (0,)(0"D) —m’DTD 4+ A(®TP)? (m = common boson mass, A = coupling strength)
Gauging the symmetry by minimal substitution:

Lo(®,0,P) — Lo(®,D,d) with D, = 9, +igT*A% (),

g = gauge coupling, T'“ = generator of G in ® representation, A (x) = gauge fields
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Transformation property of gauge fields:
* Lo(®,D,®) local invariantif D,® — (D,®)' =D, ®" =U(0)(D,?)

= TA) = UT*ALUT - éU(@MU‘L), A% A1 = not gauge invariant
infinitesimal form: 6 A% = gC***§0° AS, + 9,60
* covariant definition of field strength:  [D,, D,| = igT"F},
= T°F}, — T°F% =UT*F2,U', F{,F“" =gauge invariant

explicit form:  F?, = 9, A% — 9, A% — gC**° Al A,

Yang—Mills Lagrangian for gauge and matter fields:

1 a a v
Lyv = _ZFMVF B ,C@((I),DM(I))
e Lagrangian contains terms of order (0A)A?, A* in F? part

— cubic and quartic gauge-boson self-interactions

* gauge coupling determines gauge-boson—matter and gauge-boson
self-interaction — unification of interactions

®* mass term MQ(AZA“’“) for gauge bosons forbidden by gauge invariance
— gauge bosons of unbroken Yang—Mills theory are massless
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Quantum chromodynamics — gauge theory of strong interactions

e Gauge group: SURB)., dim.=38
2

structure constants f**°, gauge coupling g., as = 2=

4
* Gauge bosons: 8 massless gluons g with fields Aj;(z), a=1,...,8

* Matter fermions:  quarks g (spin-1) with flavours ¢ = d, u, s, ¢, b, t
in fundamental representation:
qr ()
Ye(x) = q(x) = | q.(z) | = colour triplet
gv ()

a

A\ 01 0
T = -  Gell-Mann matrices A\' = [ 1 0o o], etc.
2 00 0

* | agrangian:
1 a a,uv A
Lqcp = _ZFWF M+ qu(llp — Mg )Yq
q
1 a a abc 4b ,c 2 A . a
= _Z (aMAV — aVAM - gsf A/,LAI/) + Z wq 1@ — Js E‘A — My qu

q

g g g q
g s g :;%wmg :;%i: Go——q >mmg
g g g q
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3 The Standard Model of electroweak interaction  (Glashow—Salam—Weinberg model)
3.1 The gauge group for electroweak interaction

Why unification of weak and elmg. interaction ?
* similiarity: spin-1 fields couple to matter currents formed by spin-% fields

e elmg. coupling of charged W* bosons

v, W, W~ as gauge bosons of group SU(2) ? — No!
Reason: charge operator ) cannot be SU(2) generator, since Tr{Q} # 0

0 O e
for fermion doublets: (@ = (O 1) for ( Y ) etc.

e

Possible way out: additional heavy fermions like E* as partner to e~ ?
— no experimental confirmation !
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Minimal solution: SU2)r x U(1)y
e SU(2); — weak isospin group with gauge bosons W', W, W"
* U(l)y — weak hypercharge with gauge boson B

W" and B carry identical quantum numbers

— two neutral gauge bosons ~, Z as mixed states

Experiment: 1973 discovery of neutral weak currents at CERN
— Indirect confirmation of Z exchange

1983 discovery of W= and Z bosons at CERN
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3.2 Fermion sector and minimal substitution

Multiplet structure:
Distinguish between left-/right-handed parts of fermions: " = w_, "™ = w

a

* )" couple to W= — group %" into SU(2); doublets, weak isospin 71" = %-

e " do not couple to W+ — % are SU(2); singlets, weak isospin 77 = 0

e /R couple to v in the same way
< adjust coupling to U(1)y (i.e. fix weak hypercharges Y™/ for v
such that elmg. coupling results: Lin..qep = —Q e s Aty

L/R)

Fermion content of the SM:

(ignoring possible right-handed neutrinos) TI3
L L L 1
1% 1% v + 5 0

leptons: ok = T, T, Ll ’
P " (eL) (ML) (TL) 1
R S
quarks: | . - oL L +i  +2
(Each quarkexists V¢ = gL ) L) pL ) ) .
in 3 colours!) ) — 3
by = u ¢, t, 0 +3

R R R R

Vg = dY, s, b, 0 -3
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Free Lagrangian of (still massless) fermions:
Loferm = WrPpy = (WEPVE +IVHPVE + F PP + pE P + 1 Poa
Minimal substitution:
Ou — D, =0, —igTYW, +ig13Y B, = Djw_ + Djwy,
L igo (O W i (W, —aY"B, 0
DM — 8,1, - = _ - A 3 L )
\/5 WM 0 2 0 —QQWH — g1Y B,u
D)t =0, +ig1iYEB,

Photon identification:

“Weinberg rotation”: (Z“> _ ( Cw SW) (WS) Cw = €08 Ow, sw=sin Ow,

A, —Sw  Cw B, Ow = weak mixing angle
Py = g, ( g28w = giew ) Lojeq, (@1 )
Ay 2 0 g2sw — griewY 0 Qo
e charged difference indoublet Q1 — Q2 =1  — go = —
Sw
e normalize Y*/® such that ¢, = —
Cw v

< Y fixed by “Gell-Mann—Nishijima relation” Q = T} + 5
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Fermion—gauge-boson interaction:

I 0 + I
Lferm,YM — € \IJL ( W ) \IJ% + € \IJ%O'SZ\IJIFJ’

V25w g /4 0 20w Sw
— eS—Wwa_fzwf —eQ s Ay (f=all fermions, F'= all doublets)
Cw
Feynman rules:
f . f
%% L’y w A —iQ) rey
) % \/§8w 2 i % Fe T
f f
f
Zy evugfwr 4 g5 wo) = ievu(vy — agys)
fT Sw Sw TI3
with ¢f = —=2% .= —— LA
gy - Qr, 9y - Qr + p——
3 3
s 17, 17,
Vf = _—WQf ! ) af = !

Cw 2Cw Sw 2Cw Sw
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3.3 Gauge-boson sector
Yang—Mills Lagrangian for gauge fields:

1 1
Ly = _ZW'LCLLVW@,MV_ZBMVBMV

Field-strength tensors:
We, = 0,WS —0,W+ goe®® W, WS, By, = 0,B, —9,B,

Lagrangian in terms of “physical” fields:
1 —,V v —
Lym = —5(8HWJ —(9,,W/j)((9“W Y — "W TR

— (OuZy — 0, Z,)(0" 2" — 9 Z") = 2(Du Ay — D, A,) (DAY — ¥ AV

1
4
+ (trilinear interaction terms involving AW W —, ZWTW ™)

1
4

+ (quadrilinear interaction terms involving
AAWIW =, AZWYW ™, ZZWTW =, WTW - W+ W ")
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Feynman rules for gauge-boson self-interactions:

(fields and momenta incoming)

W .
ieCwwy | g (ks — k=)o + gup (k= kv ),
Jol
W- -+ gpu(kV - k+)1/}
with CWny =1, Cwwz = _&w
Sw
W v,
iGQCWWVV’ 29uv9poc — Gup9ov — guagvp}
W]/_ Va/ . Cw
Wlth CWW'y'y — _]-7 CWW’YZ — T
Sw
C 1
Cwwzz = ——, Cwwww = —
Sw Sw
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3.4 Higgs sector and spontaneous symmetry breaking
ldea:  spontaneous breakdown of SU(2); xU(1)y symmetry — U(1)eimg Symmetry
— masses for W* and Z bosons, but v remains massless

Note: choice of scalar extension of massless model involves freedom

GSW model: .
Minimal scalar sector with complex scalar doublet ¢ = (?50 ) Yo =

Scalar self-interaction via Higgs potential:

V(®) = —p 0T + %(cb*cb)?, 1, > 0,
= SU(2)1 xU(1)y symmetric
. 2112 v
V(®) = minimal for |®| = \/ = >0
(@) ol =5 =5

ground state &, (=vacuum expectation value of ®) not unique

- . 0 o .
specific choice ®o— ( ) ) not gauge invariant = spontaneous symmetry breaking

V2

. : : 1 0
elmg. gauge invariance unbroken, since Q®y = (O O) Py =0
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Field excitations in &:

¢" ()
®(z) = ( 2 (v + H(z) + ix(a:)) )

Gauge-invariant Lagrangian of Higgs sector: (6~ = (¢
Ly = (D, @) (D"®) - V(®) withD, =0, — igga—Wa + i%BM
lev 2 2
= (0,07)(0"¢7) — o (W, 0"~ — W, 8" )+ W W "
28W 48\7\/
1 2 62U2 2 1 2 27172
— Z,0" —(0OH)" — u"H
i 2 (0%)" + ZCWSW IXF 4c2, 52, + 2 (OH)" = p
+ (trilinear SSS, SSV, SVV interactions) x> e e

+ (quadrilinear SSSS, SSVV interactions) = :’Afi

e ~ e

Implications:

ev ev M
e gauge-boson masses: My = —, My = — =Y M, =0
2SW QCWSW Cw

e physical Higgs boson H: My = +/2u2 = free parameter
* would-be Goldstone bosons ¢*, y:  unphysical degrees of freedom
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3.5 Fermion masses and Yukawa couplings
Ordinary Dirac mass terms m s ;1 ; = mf(w_%w}f” + @D_Jlf‘w%) not gauge invariant
— Introduce fermion masses by (gauge-invariant) Yukawa interaction
Lagrangian for Yukawa couplings:

Lyvuk = —\IJ_I]:GMDF(P — \I!_gGuzbg”Ci) — \p_ng¢§¢ + h.c.

* (1, Gy, G4 =3 x 3 matrices in 3-dim. space of generations (¥ masses ignored)

O*
* d = ig?d* = ( Z_) = charge conjugate Higgs doublet, Y; = —1
Fermion mass terms:

mass terms = bilinear terms in Ly, obtained by setting ® — $g:

TR V2 V2
— diagonalization by unitary field transformations (f = [, u, d)

zﬂJIZ/R = UJI:/Rw?/R such that 5 FGr(UMT = diag(my)

= standard form: L, = —mf@ﬁ—%@@?jth.c- = —mssi;
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Quark mixing:
* ¢+ correspond to eigenstates of the gauge interaction

. z@f correspond to mass eigenstates,
for massless neutrinos define ¢~ = UFyY — no lepton-flavour changing

Yukawa and gauge interactions in terms of mass eigenstates:
\/_m 0 — "R \/_mu
(o LGN+ o I ) + (0" PRV + 0 kv L)
\f 2mq

»CYuk —_—

A = A mrs . = A
(0" PEVIE + o $RVIL) — Tisen(TE)x b5y
m ¢

- 7(U+H) by,

e =z o W 0 VIWTN o
Lferm,YM — \/§SW \Ij% (W ) wL \/§SW qu (VTW 0 ) ,(pQ

4 ILo® zi% — 6 Qf%fZ%f — eQpiby Ay

QCwSW

e only charged-current coupling of quarks modified by V' = UL (UX)" = unitary

m (Cabibbo—Kobayashi—-Maskawa (CKM) matrix)
* Higgs—fermion coupling strength = —
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Features of the CKM mixing:
e |V = 3-dim. generalization of Cabibbo matrix Uc

* /' is parametrized by 4 free parameters: 3 real angles, 1 complex phase
— complex phase is the only source of CP violation in SM

counting:

#real d.of.\  [#unitarity |\ (#phase diffs. of\  (#phase diffs. of\ (#phase diff. between
inV relations u-type quarks d-type quarks u- and d-type quarks

=18—9-2-2—-1=1

* no flavour-changing neutral currents in lowest order,
flavour-changing suppressed by factors G,,(m2, — m_,) in higher orders
(“Glashow-lliopoulos—Maiani mechanism”)
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3.6 Quantization — gauge fixing and Faddeev—Popov sector
Gauge fields contain unphysical degrees of freedom that must not be quantized.
Consequences:

* gauge-boson propagators ill-defined without gauge fixing,
e.g. for photon the (singular) operator (g, — 9,,0, ) would have to be inverted

* in path integral [ DA, exp{i [ dx L}:
only one representative of each gauge orbit should contribute,
otherwise integral over gauge-equivalent fields diverges
— fix gauge by d-functions §(F“[A};] — C*) in path integral (C“ = const.)
— by averaging over C'“, gauge fixing can be cast in terms of a
gauge-fixing Lagrangian L

Gauge-fixing Lagrangian of general R¢ gauge:

1 1 1
Lo = ——FTF — ——(F%)? — —(F")?
gf gW 2£Z ( ) 257 ( )
with the gauge-fixing functionals F'“:  (&y = arbitrary gauge-fixing parameters)

FE = oW™ FicwMwo™,  F? = 0Z —&,Mzy, F7 = 0A
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Features of the R gauge fixing:

e elimination of mixing terms (W 0"¢¥), (Z,0"x) in Lagrangian
— decoupling of gauge and would-be Goldstone fields (no mix propagators)

* boson propagators:

4 Guv — B30k ¢
Gy (k) = —i | 2o p v V=W2Z2

Z; JyA % ( ) 1 k2 . M‘2/ _|_ k2 k2 . gVM‘Q/ ) ) 7,7
S i

-  G°(k) = ,  S=9¢,

* important special cases:
o &y =1 ‘t Hooft—Feynman gauge
— convenient gauge-boson propagators kQ—igl;\Z‘%

¢ &w, &z — oco: “unitary gauge”
— elimination of would-be Goldstone bosons
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Faddeev—Popov ghosts

Consistent use of gauge fixing in path integral: Faddeev—Popov ansatz

/DA exp{ /dxﬁ} S(F[AL] = C )det@];:)

with the gauge variation of the functionals F*:

() s

MYV (z) =6VV (O, + v M2) + terms linear in vector and scalar fields

Functional determinant can be written as path integral over
Grassmann-valued auxiliary fields u“(x),u"(x): (Faddeev—Popov ghost fields)

oF“
det((mb) /Du /Du eXp{ /dxﬁFp}

Lrp(x) w(z) = —a" (O+ & Mi)u” +...

host propagators: Ve-r-—-o 7V 1
o PIoPSS ¢ e ! k2 —&v M
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Features of the Faddeev—Popov ghost fields:

* ghosts do not correspond to physical states
(ghost propagators have poles at unphysical mass values &y M3)
— appear only inside loops in diagrams for physical processes

* ghost fields have spin O, but are anti-commuting
(would violate spin-statistics theorem as physical states)

— signs as for fermions in Feynman rules
* ghost fields couple to gauge and scalar fields (not to fermions):
T N

~
SO ‘o
- -
’ ’
X’ X’
’ ’
’ ’
’
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4 Electroweak phenomenology

4.1 Brief overview

Features of the electroweak Standard Model

* Higgs boson not yet found, particle content verified otherwise
* No really significant contradictions of GSW model with experiment

* |nput parameters:

2
€

o = 4— %1/137, MWQSOGGV, Mz%91GeV, MHZH)OG@V, my, Vv
T

* GSW model = consistent quantum field theory
¢ matrix elements respect unitarity

¢ renormalizability

= evaluation of higher perturbative orders possible
(and phenomenologically necessary !)
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Important electroweak experiments

* Muon decay: 1= Ve D
determination of the Fermi constant
Iu_ 2
W G = TolM, L
YT V2ME, (M2 — M2)

e Z production (LEP1/SLC): ete” = 7Z— ff

et various precision measurements at the

e—>w%mz< Z resonance: Mz, I'z, onaa, Ars, ALR, etc.

= good knowledge of the Zf f sector
e \W-pair production (LEP2/ILC): ete™ — WW — 4f(+7)
— measurement of My

— ~yWW/ZWW couplings
— guartic couplings: vvWW, v ZWW
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Important electroweak experiments (continued)
* \W production (Tevatron/LHC): pp, pD — W — v (+7)

— measurement of My
_ W — bounds on YWW coupling

 top-quark production (Tevatron/LHC): pp,pp — tt — 6f
W

. N — measurement of

Theoretical predictions
parametrized by a(Mz), Mw, Mz, my, mys, as(Mz) and My
— global fit of SM to data yields bounds on My

But: high precision necessary,
since My sensitivity weak  ~ < log(Mpu/Mw)

Lecture “Electroweak Physics at the LHC”, University of Vienna, October 2007
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4.2 Z-boson physics at LEP1 and SLC
Precision study of the Z line shape

_|_
e f = ' ool ]
= 40 i N B
o : .
- v 2 £ g _ ALEPH :
© f o DEL PH
i L3 :
30 | OPAL i
Unfolded resonance: '
) -
0 sl's N : _
Ores(8) = 0 5 20 | i
S — M% + 1MZFZﬁ :o measur ements, error bars
7z |~ increased by factor 10 ;
10 - o fromfit
Resonance observables: [ --.-- QED unfolded
e Z mass and width: My, T M
! N R TR R TR B ANA S S
* peak cross section; ¢? &6 &8 90 92 = A
P had E_ [GeV]

* various asymmetries: Arg, ALR, €tc.

* ratios of decay widths: R, = 1k, etc.
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Number of light neutrinos

3B

ALEPH

I'z = I'haa +1% _|_F,u +FT + Lliny

®* I'y measured from Z line shape
® I'hag and I'j— ,, ~ from

I 127 [T’
R, = had and Ugad _ T Lel had

T, M2 T2

07|\||\|||||||||\||||||\||\||||||\|||||
23] B9 80 91 g2 93 84 85

Energy (GeV)

Fit of 'z, R;, and o?_, yields invisible Z-decay width:  T,, = N, T
— N, = 2.9840 4 0.0082
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Effective Z-boson—fermion couplings

f

Zy = ieyu(gvy —gars)
LEPEWWG '05

f
00382  [Im=178.0+43 GeV
Leptonic couplings from LEP1 ] Mﬁ;‘: 114...1000 GeV -

asymmetry measurements, e.g.:

0 0

of _ 95F 9B 3 i i _

Apgn = —5 0 _ZAeAf 0.035
9fFTOrB B _
(F /B = For/Backward hemisphere) 5 |
with Ay = V1941 -0.038- Ao
Ad
9y ¢ ‘|‘9Af )
Good agreement with SM |
* lepton universality confirmed oo+ OBWCL
-0.503 -0.502 -0.501 -0.5

e constraints on m¢ and Mg
9al

Lecture “Electroweak Physics at the LHC”, University of Vienna, October 2007 Stefan Dittmaier (MPI Miinchen), Introduction into Standard Model and Precision Physics — 35



Translation of effective couplings into effective weak mixing angle

lept 1

SIE)

sin 9

Important features:
* high sensitivity to My

* combination of
very different observables

* ~ 30 difference between
AYP(LEP) and A}’ (SLD)

with the initial-state pol. asymmetry

0 0
Aoz 0L —0ORr 1
IR =
o + o0 (|Pel)
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LEPEWWG '05

A . 0.23099 + 0.00053
A(P.) — 0.23159 + 0.00041

0,b
Aq —vV— 0.23221 + 0.00029
Ar * 0.23220 + 0.00081
Q" X 0.2324 + 0.0012
Average 1+ 0.23153 + 0.00016

10 3__ . x°/d.0f.:11.8/5

>’
(D)
O

T
€ 102 s Aa®) = 0.02758 + 0.00035

=Ema 178.0 £ 4.3 GeV
0.23 0234
o lept

sin 9
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Observables most sensitive to m¢ and Mg

210 ——— LEPEWWG 05
168 % CL

main sensitivity to m. via
b
W W

- w2 e
130 —— —_— W W Z 7
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Bounds on My (95% C.L.)

m = 144 GeV

6 R ..'Limii"
G Adf;)d _ i — My > 114.4 GeV (LEPHIGGS '02)
7 — 0.027580.00035 [ : 7 ete™ —/~ ZH at LEP2
== 0.027490.00012 [ ¢ I
- »+ incl. low Q° data [ff } —
4 el low Q- data J: | — My < 144 GeV (LEPEWWG '07)
>< 3 _ fitto precision data,
| l.e. Via quantum corrections
2_ —]
| W Z
W s e
1- . - \ , \ ,
0 | Excluded \ Preliminary | H H
30 300

Sensitivity via “high-precision observables™  my, My, sin” 0.7", etc.

— precise measurement is possible at future ILC !
= stronger bounds on My
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4.3 W-boson physics at LEP2
W-pair production ete™ — WW — 4f(+~)

diagram dominates near W-pair threshold

diagram contains vWW/ZWW couplings

Physics issues:

* test of non-abelian structure of triple gauge-boson couplings (TGCs)
— constraint on non-standard YWW /ZWW couplings

* precision measurement of W-pair cross section
* precision measurement of W mass My
* first bounds on non-standard gquartic gauge-boson couplings (QGCs)

=- Theoretical requirement:
precise understanding of 2 — 4 process (0.5% level for cross section)
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A typical 4-jet event observed at ALEPH
N

Sd'ZibT €08066 TS66T0 ¢990500Q Bweus|iH
Aq 8v:zvT 666T-Bnv-g Uoape N

"Z3 17va Yyim uooue|
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Gaemers, Gounaris '79; Hagiwara, Hikasa, Peccei, Zeppenfeld '87;
(Non-)standard TGCs Bilenky, Kneur, Renard, Schildknecht '93; etc.

General parametrization (C- and P-conserving):

W—l—
»CVWW = —iengw{ gY(W;VW_”uVV — W_’MVWJVV)
V =7,7 + eV W W, VY 4 A\; W;LW_’/’MVUP}
) MW
W

Meaning for static W* bosons:

Qw = eq; = electric charge (= e by charge conservation)
Hw = - (9{ + r~ + A,) = magnetic dipole moment
2 Mw
qw = —]\;2 (kv — A\) = electric quadrupole moment
W

Standard Model values:

g}/:K’V:]w )\V:O

Restriction to SU(2) xU(1)-symmetric dim-6 operators:

Kz = g% — (r, — 1) tan? Oy, Az = Ay
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LEP2 constraints on charged TGCs

> 0.2
<

0.15

0.1

0.05

-0.05

-0.1

-0.15

-0.2

> 1.2

1.15

11

1.05

0.95

0.9

0.85

0.8
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-0.1 0 0.1

LEP diarggdd GG Ombitsitiani2603003 A

LEPEWWG '04

>1.25

X 3 3 3

12 f e e

115 R E— —

PR AU PSS N—

1.05 | |
4 +0.022

095 —
09 —

L Ak = —0.016+0:042
0.8 [ e ——

| | |
0.75 +0.021
0.9 0.95 1 1.05 1.1 )\,y —0.016_0_023

LEP Preliminary

95% c.l.

W 68%cl. Standard Model values verified
© adftresut at the level of 2—-4%

Note: TGC bounds ~ O(EW corrections)
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Total WW cross section at LEP2

Status of 1999:  (LEPEWWG '99) Final (?) result: (LEPEWWG '05)

\/% > 189 GeV: preliminary

| i I : | /|/ | i —_ | i | i | |17/n7/7nnl§_
- LEP R 1 8 209 LEP PRELIMINARY
g 201 / L, — § YFSWW and RacoonWW
’ o) ]
=
|
+§ 10 - 1
ET 10- i
ICD ® Data i |
"o — Standard Model 1 .
B’ - - - no ZWW vertex 1
----- v, exchange 7 ' . . '
O : : : : : : : : : O : : : 190 19:5 200 : 205
160 /170 180 190 200 160 180 200
Vs [GeV] Js (GeV)
GENTLE (Bardin et al.) YFSWW (Jadach et al.) / RacoonWW (Denner et al.)
only universal EW corrections non-universal corrections included
— theoretical uncertainty ~ +2% — th. uncertainty ~ +0.5% for /s > 170 GeV
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4.4 Higgs search at present and future colliders

Higgs bosons couple proportional to particle masses:

W, Z 7
H--- o< Mw H--- X my
W, Z /

= Higgs production mainly via coupling to W/Z bosons or top quarks

Processes at hadron colliders (pp/pp):
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Cross sections and significance of the Higgs signal at the LHC

Spira et al. '98 ATLAS '03
| T | | T | LA B I B 3 H
, o(pp - H+X) [pb] g JLdt=30b" tH (H " bb)
10° Js=14 TeV E .g (no K-factors) H - zz® _ 41
B ) ATLAS H - ww® vy
\\ \ 99— H Mt =175 GeV i % 10 2 I G - qq ww®
10 F s CTEQ4M E g i qoH - dq
\:\ ] ) __ Total significance
1 E \ oo | T
AT \\\\ 1 |gg-Hgg T
10 £ ~9q -HW 3
N \\\: S 10 |
N T, | g Hitf
10 F f q e T e~ T
5 AVOUTEE | gg,am~HbB ™. [ qq Fiz 1~ -
10 Lt b b b b L T TR
0 200 400 600 800 1000 1 T
M,, [GeV] 100 120 140 160 180 200

m,, (GeV/c?)
Physics goals:

— Higgs discovery, My measurement, decay analyses

— ratios of couplings to W/Z bosons and quarks

— extended Higgs sectors (MSSM: h, H, A, H*)
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Higgs-boson production in e*e™ annihilation

ZH production ("‘Higgs-strahlung™) WW fusion
e - > Ve
w
——————— H
w
et - - Ve

TESLA-TDR 01

WW fusion dominates 5 | | | |
' o(e*e” — Higgs) [fb)

at high energies (/s > Mpg): 100

oz ~ const / s

oww ~ const X In(s/Mg)
Physics issues: 0
— Higgs decay width '
— gquantum numbers (spin, P, CP)
— measurement of couplings

— extended Higgs sectors ? ! .
100 200 300 400 200 600 700
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wAMUY PV ALE MY S

Examples for Higgs studies at the ILC:

A gualitative study — spin:
Miller et al. '01; TESLA-TDR '01

g

=

=

=1)]

R

=

| 3}

=

15 s

8 [==]

1/}

=])]

20

i =

10 i %

5 |
0 T T T T T T T T T T T T
210 220 230 240 250

Vs (GeV)

— spin J from rise
of cross section
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Precision BR measurements:

1 B

10"

10°

3
10

Battaglia '00; TESLA-TDR '01

100 110 120 130 140 150 160
M, (GeV)

(assumed data versus theory error bands)

— precision test of Higgs mechanism,
demarcation of SUSY Higgs bosons
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Channel for analyzing the top-Yukawa coupling:

Associated Higgs production:

. H

4

Y, 4

expected accuracy:
Ageer/geer ~ 5%

Lecture “Electroweak Physics at the LHC”, University of Vienna, October 2007

10

-1

10

etTe”™ — ttH

QCD-corrected cross section:

Dittmaier, Kramer, Liao, Spira, Zerwas '98

o(e'€ - ttH+X) [fb]

.......

Vs=500 GeV “.

80 100 120 140 160 180 200
M., [GeV]
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4.5 The role of precision at LHC and ILC
L HC: the discovery machine (Higgs & EWSB, SUSY, etc.?)

* QCD corrections (at least NLO) are substantial parts of predictions
typical LO uncertainties ~ several 10%—100%

corrections needed for signals and many background processes

* EW corrections also important for many observables

(precision physics, searches at high scales, particle reconstruction, etc.)

ILC:  the high-precision machine (precision — window to higher energy)

* old and new physics with high accuracy (typically do /0 S 1%)
— QCD and EW corrections required

* the ultimate precision at GigaZ/MegaW.
precision increases by factor ~ 10 w.r.t. LEP/SLC
EXP: Asin?6P" ~ 0.00001,  AMw ~ 7MeV
TH:  go from a few 10? to a few 10* (more complicated) diagrams

= Precision calculations mandatory for LHC and ILC !
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5 Quantum field theories and higher perturbative orders

5.1 General procedure

Formulate theory: Lagrangian

e

guantization — gauge fixing, Faddeev—Popov ghosts

Y

Perturbative evaluation:  Feynman rules

e

Feynman graphs

Y

loop integrals — technical problem: divergences (UV, IR)

4

regularization — divergences mathematically meaningful

Y

Define input parameters: renormalization — eliminates UV divergences
Y
Theoretical predictions: calculation of observables (cross sections, decay widths, etc.)

— IR divergences cancel for sufficiently inclusive quantities
(e.g. inclusion of photon bremsstrahlung)
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5.2 Green functions, transition amplitudes, and observables
“Amputated” Green functions G2,

calculated as sum of all connected Feynman diagrams with external n legs
o1, ..., 0, With external propagators (and propagator corrections) omitted

cuge = - = <+ <+ O+

Transition amplitude M, for i) — |f):

calculated from amputated Green functions G;ﬁb‘% by “LSZ reduction™;

* put external momenta to their mass shell, p? = m?

* contract with wave functions of external particles (Dirac spinors, polarization vectors)
Note: fields must be normalized: R,;, = 1 (= residue of propagator pole),
otherwise multiply by /R4, for each external leg

Cross section for transition |¢) — |f):

o = flux x /dLIPS M il
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“Vertex functions” I'*1¢» as irreducible building blocks:
o [¥192 = _(G?192)~! = _(inverse propagator)

example: scalar 2-point function

%% (p) = i(p® — m?) +iX(p?), ¥ = self-energy = sum of 1PI graphs
‘ _ ‘ 1P| = 1-particle-irreducible
o + (graph canFr)lot be disconnected by cutting one line)
G??(p) = o R—— + o R—— i3 (p”) o R— +... (Dyson series)

(O = + @+ @@ + .
- - -(m)” - (@)

p? —m? + X(p?)

° F¢1---¢n — G;br%-b-qbn

only 1PI graphs

example:
>:< = >‘< + )—Q—( + two permutations
Gooeo [odod [66 (106 ddd
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5.3 Loop integrals and regularization

Regularization of divergences
Observation: loop integrals involve divergences

* UV divergences for ¢ — oo, €.9.:

1 dq : .
d*q ~ / — forg — o0 — logarithmic divergence
/ (¢ —m3)(q® — m3) q ) °

* |IR divergences for ¢ — qo, €.9.:

1 dq : .
d* ~ | = for 0 logarithmic divergence
/ 4 q%(q% + 2qp1)(q? + 2qp2) / q 1 o9 J

“Regularization”™  extension of theory by free parameter ¢ such that

* integrals (and thus the theory) become finite, i.e. well defined
* original theory is obtained as limiting case § — do
— fix input parameters z; of regularized theory (6 # do) by experiment

= observables must have finite limit § — ¢ as functions of z;
(independent of regularization scheme)
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Convenient regularization schemes:

* Dimensional regularization:  switch to D # 4 space-time dimensions
¢ regularizes UV (and IR) divergences, respects gauge invariance, easy use

© prescription: (u = arbitrary reference mass, drops out in observables)
4 4—D D : : :
/d qg — (2mp) /d g and D-dim. momenta, metric, Dirac algebra

and analytic continuation to complex D !

¢ divergences appear as poles In results

. 2 2
= — —— 4 const.
— define A =D ~ve + In(47) =D +

* IR regularization by infinitesimal photon mass m.,
and (if relevant) by small fermion mass m

¢ prescription:  photon propagator pole

—

1 1
q2 q2 _ m%
¢ divergences appear as In(m.) and In(m ) terms

Lecture “Electroweak Physics at the LHC”, University of Vienna, October 2007
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Standard 1-loop integrals:

* 2-point integrals:

5

2mp) "t 1, qu, Qe - - -
Bosuson(p.maym) = 0 [ a7 ( Qs 40

i ¢*> —mg +10)[(q +p)? — mi + 0]

scalar integral By = logarithmically UV divergent = A + finite,

vector integral B, = —2p,A + finite, etc.
* 3-point integrals: /;2
—>
p1

Co.pu,pv,...(p1, P2, Mo, M1, M2)

(2mp)*=" /qu 1, qu, QuQy, - - -
im? (¢2 —mg +1i0)[(q + p1)? — m3 +1i0][(¢ + p2)? — m3 + i0]

Co, C,, = UV finite,
Cyv = logarithmically UV divergent = 1g,, A + finite, etc.

* A-point integrals:  D__ functions, etc.
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Features of one-loop integrals:

* sign of infinitesimally small imaginary part i0 in mass terms reflects causality

* general results for 1-loop integrals known
(complicated but straightforward calculation)

¢ momentum integrals can be carried out after “Feynman parametrization”
— (n — 1)-dimensional integrals for n-point functions
¢ B functions — can be expressed in terms of log’s

© C, D, etc. — involve dilogarithms Liz(z) = — [ ¢ In(1 — ¢)

* tensor integrals can be decomposed into Lorentz covariants:
B" = p" By, B"” = g"” Boo + p"p” B11,
CH =piC1+p5C2, CF =pipiCr1 + phpsCaz + (pi'Ph + Pips) + 9" Coo,  etc.
— tensor coefficients By, B;;, C;, etc. can be obtained as

linear combinations of scalar integrals By, C, etc.
(e.g. by “Passarino—Veltman reduction”)
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5.4 Renormalization

Propagators and 2-point functions:

Structure of one-loop self-energies (scalar case as example):
Y(p?) = Cip* A + C2 A + Zgnite(p?) = UV divergent

Behaviour of propagator near pole for free propagation:

p2—m2—|—2(p2) p2—m? 1+E’(m2) p2—m2—|—2(m2)

— higher-order corrections change location and residue of propagator pole

Interaction vertices:
Example: scalar 4-point interaction £ 4 = Aop* /4!

F¢¢¢¢(p1’p27p3) = i\ + iA (p17p27p3)

e

momentum-dependent one-loop correction:
A (p1,p2,p3) = C3A + Aginite (p1,D2,p3) = UV divergent
— higher-order corrections change coupling strengths

Lecture “Electroweak Physics at the LHC”, University of Vienna, October 2007 Stefan Dittmaier (MPI Miinchen), Introduction into Standard Model and Precision Physics — 57



Structure of UV divergences:

* Renormalizable field theories:

UV divergences in vertex functions have analytical form of
elementary vertex structures (directly related to £)

— idea: absorb divergences in free parameters
= Reparametrization of theory (=renormalization)

Different types of renormalizable theories:

¢ theories with unrelated couplings of non-negative mass dimensions
— renormalizability proven by power counting and “BPHZ procedure”

¢ gauge theories (couplings unified by gauge invariance)
— renormalizability non-trivial consequence of gauge symmetry  ‘t Hooft '71
* Non-renormalizable field theories:

e.g. theories with couplings of negative mass dimensions (cf. Fermi model)

operators of higher and higher mass dimensions needed to absorb
UV divergences

— Infinitely many free parameters, much less predictive power
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Practical procedure for renormalization:

consider original (“bare”) parameters and fields as preliminary
(denoted with subscripts “0” in the following)

— switch to new “renormalized” parameters and fields that obey certain conditions

Propagators and 2-point functions:

e mass renormalization: mja = m? + ém?,
| . .
m? = location of propagator pole = “physical mass” — §m? = X(m?)

* wave-function ren.:  rescale fields ¢o = \/Zyp, G** = Z ' G?%
fix Z, = 1+ 624 such that residue of G at p* = m? equals 1
— 0Zy = —X'(m?)

= Renormalized propagator G*? is UV finite:

9% (p2) — 1
(p ) p2 _ m2 _|_ Eren(pQ),

Yren(p?) = 2(p?) — (M) + (p* — m*)X'(m?) = ren. self-energy
= Bfinite(p”) = Bainite(m?) + (p* — m?) T (m?) = UV finite
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Vertex functions for interactions:
® coupling renormalization: Ao = A+ dA

fix 6\ such that A assumes a measured value for special kinematics p;™
note: %999 — Z£F¢o¢o¢0¢0

— ON = —20Zg)\ — A(pS*P, pS*P, pSP)

= Renormalized vertex function is UV finite:

F¢¢¢¢ (pl’p2,p3) p— iA —|_ iAren (p17p27p3) 9

Aren (P1,P2,03) = Agnite (D1,P2,03) — Agnite(P] ", D5 05 ~) = UV finite
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6 Electroweak Standard Model — radiative corrections

6.1 Loop corrections

Recapitulation of elementary SM couplings (vertices)

gauge-boson self-couplings: Higgs self-couplings:
Wﬁ{ :Ei‘ L« 7/ AN . /
gauge-boson-Higgs couplings: fermion couplings:

/ /
/ /
% %
- — = ANNNNK - — =
\ \
\ \
\ \

Faddeev—Popov couplings:

= Large variety of loop diagrams !
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Examples for 2-point functions at one loop: (‘t Hooft—-Feynman gauge)
Electron self-energy:

[ (p) = i(p — me) + ipwy IR (p?) + ipw_3 (p?) + ime X5 (p?)

H)X ¢ ’77Z W
ST e ST e e e
e \__/ e \__/ e e
e Ve e Ve

W-boson self-energy:

W-WT . 2 2 .
OV (k) = g (8 — M) — 1 (g — %2
H, x ¢
%% %% %
) U _
SNW T W
~e ¢ e [
W W
H, X ’u”}u Uz
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Examples for 3-point functions at one loop:

Wevr, vertex correction:
HaX/, = e : ¢// : H/, = '772 ¢ '772 ¢ %% ¢
T A e = ST N S T e
¢ \ Ve Ve Ve z Ve w Ve ¢ \ Ve w Ve z Ve

H~~ vertex (loop induced):

1, - N

Y Y Y Y Y
o W e
W b P W b W 3

Y Y Y Y

~
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6.2 Renormalization

Bare input parameters: eo, Mw .0, Mz,0, Mu,0, m¢.0, Vij,o

Renormalization transformation:
* Parameter renormalization:
eo=(1+dZc)e,
My o= My + Mgy, Mzo=Mz+6Mz,  Mg,=Mg+ oMz,
meo=mys + 0my, Vijo=Vi; +0Vi;, (both V;; 0, Vi; unitary)
Mw
M,
(sw IS not a free parameter if Mw, Mz are used as input parameters)

* Field renormalization

Note: renormalization of cw, sw fixed by on-shell condition cw =

i (2)-( 2 ) (2). e

¢JI?,0 — \/ZJ]-EJJC/ w?’a w?,O — \/Z?f’ %1}/

Note: matrix renormalization necessary to account for loop-induced mixing
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Renormalization conditions:

* Mass renormalization:
on-shell definition:  mass? is location of pole in propagator
— M3 = Re{XZX (M)}, similar expressions for § Mz, S M7, m

Note: ¢ location of pole is complex for unstable particles

— subtlety in all-orders definition, but not relevant at one loop
(gauge-invariant definition: mass? as real part of pole location)

¢ other definitions of quark masses often more appropriate
(running masses, masses in effective field theories)

* Field renormalization:  (bosons and leptons)
¢ residues of propagators (diagonal, transverse parts) normalized to 1
— 0Zw = — Re{3¥ (M%)},
similar expressions for 6 Za4,0222,0 2w, 5ZJI:J{R
¢ suppression of mixing propagators on particle poles
< fixes non-diagonal constants 6§74z, 5ZZA,5ZJI:J{,R (f # f))

Note: problems for unstables particles beyond one loop
(field-renormalization constants become complex)
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Renormalization conditions:  (continued)

* Charge renormalization: define e in Thomson limit
e k

NG k—0

A, — ey, foron-shell electrons
e

= e = elementary charge of classical electrodynamics

2
fine-structure constant a(0) = Z— = 1/137.03599976
7
Gauge invariance relates d Z. to photon wave-function renormalization:
1
§Z. = —=6Zan — 5724
2 QCW

* Quark-field and CKM-matrix renormalization — fixes 5Z;Jq/,R, OVi;

rotation to mass eigenstates;
CKM part requires a careful (non-trivial) investigation
of mixing self-energies, mass eigenstates, LSZ reduction, etc.

General result:  all renormalization constants can be obtained from self-energies.
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6.3 IR divergences and photon bremsstrahlung

Consider processes with charged external particles, e.g., eTe™ — putpu~

* Virtual corrections:  loop diagrams
IR divergences from soft virtual photons (¢ — 0)

diq...
/ @ —m2) o) 2qpe) )

* “Real” corrections:  photon bremsstrahlung
2

e . IR divergences from soft real photons (q — 0)
q 3
d°q... — —C'ln(m,)

ca
10 Vv aZ + m2(2qp1)(2qp2)

Bloch—Nordsieck theorem:

IR divergences of virtual and real corrections cancel in the sum

— virtual and soft-photonic corrections cannot be discussed separately
— related to limited experimental resolution of soft photons

= Cross-section predictions necessarily depend on treatment of photon emission
(energy and angular cuts)
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Separation of soft and hard photons:
Why?  cancellation of In(m~ ) terms delicate in practice, but terms are universal

* soft photons, m~ < F, < AE < () = typical scale of the process
< correction Is universal factor é..¢ t0 Born cross section

relatively simple analytical expression with explicit C'In(AE /m.~ ) terms
* hard photons, £, > AFE

— Monte Carlo integration of full radiative process, but with m., = 0
—C'In(AFE) terms emerge numerically

In(AFE) contributions cancel numerically in sum for small AFE upto O(AE/FE)

Calculation of soft-photon factor:

— AQp- q>(<’6 e (@) s )

p—q)?—
Q e —A = —Q € —MBorn
o ~Q@res (p)uy(p) e
“Eikonal factorization” holds for all charged particles (spin 0, %, 1)
o d?q (+Qi)(£Q;)(pip;)  ( = particle with charge Q;
= Osoft = 5 92 LN incoming(+) or outgoing (—))
277 Jin<ao<am 200 5= (qpi)(ap;) : Jome
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6.4 The universal radiative corrections A« and Ap
Running electromagnetic coupling a(s):

a becomes sensitive to unphysical quark masses m,

VZMQVZW for |s| in GeV range and below (non-perturbative regime)

. — charge-renormalization constant 6 Z. sensitive to m,

Solution:  fit hadronic part of Aa(s) = — Re{¥%%a(s)/s} and thus of §Z.

o(eTe” — hadrons)
olete” — utp™)

via dispersion relations to R(s) =
Jegerlehner et al.

(0)
1— AOéferm;étop (3)

= Running elmg. coupling: a(s) =

Leading correction to the p-parameter:

mass differences in fermion doublets break custodial SU(2) symmetry

— large effects from bottom—top loops in W self-energy Veltman '77
b

W W A x27(0) 2y "V (0) 3G . m3
Prer M M 8v/2n?

t
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Precision calculation of My via . decay
— M as function of a(0), G, Mz and the quantity Ar

i (1 28) - 0

Ar comprises quantum corrections to p decay
(beyond electromagnetic corrections in Fermi model)

Lowest order: »
I e
W —
O(Oz) corrections: 5 Sirlin ’80, Marciano, Sirlin '80
C
A"f‘l—loop — AQ(M%) — STWAptop + A70]['61(](1(]\4H)
W
~ 6% ~ 3% ~ 1%
aln(my/Mz) G, m? aln(Myg/Mzy)
f b
f t
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Virtual correction — 1-loop diagrams:

ol

W self-energy W v, vertex correction box diagrams

K~ Z e M 1,74 e H 174
€.g..
v
v, W v vy, VA Ve vy, Z

Real correction — 1-photon bremsstrahlung:

Consistent use of G,

Photonic QED corrections are treated In
the Fermi model and subtracted from Ar etc.
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State-of-the-art prediction of M from muon decay:
80.5 T T | T T T | T T T | T T T | T T T

Hollik et al. '03
N M,,~® = (80.426 +- 0.034) GeV
=y .
goaN Y _ _
_ _k\'\ | Theoretical uncertainty:
> \
& N\ 1 status '00: AMw ~ 6 MeV
— \
= i B ;
= i status '06: AMwy ~ 4 MeV
80.3 — _|
] ~~—__ | Experimental error:
. R status '06: AMy ~ 29 MeV
. |exp. lower bound on M, = ﬁM.GeV m
| | | | | | | | | | | | I\I\l\ I\ Sy | ILC(?): AMW ~ 7Mev
80.2 200 400 600 800 1000

M, [GeV]
Prediction includes:
* full electroweak corrections of O(«) (1-loop level)

e full electroweak corrections of O(a?) (2-loop level)
(v.Ritbergen,Stuart '98; Seidensticker,Steinhauser '99;
Freitas,Hollik,Walter,Weiglein '00-'02; Awramik,Czakon '02/°03; Onishchenko,Veretin '02)

* various improvements by universal corrections to p-parameter
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