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General overview

Lecture | — Standard Model (part 1)

Lecture Il — Standard Model (part 2)

4  The Standard Model of electroweak interaction — flavour sector an d quantization

5 Electroweak phenomenology

Lecture Il — Quantum Corrections
Lecture IV — Unstable Particles (part 1)
Lecture V' — Unstable Particles (part 2)
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4 The Standard Model of electroweak interaction — flavour sector an d quantization
4.1 Fermion masses and Yukawa couplings
Ordinary Dirac mass terms msstpr = my (P} + ¢Repf) not gauge invariant
— Introduce fermion masses by (gauge-invariant) Yukawa interaction
Lagrangian for Yukawa couplings:

Lyuk = —\If—%GHﬂzRCI) — \I!—gGuwg”(i) - \If—chﬂﬂ?@ + h.c.

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

0*
°* O = jogd* = ( ¢¢_) = charge conjugate Higgs doublet, Y; = —1
Fermion mass terms:

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

Lo, = ———gLGl — LPLGf — L9t Gauk + hec.

VG V2 V2
— diagonalization by unitary field transformations (f = [, u, d)
/= U R suchthat LURG(UF)T = diag(my)

= standard form: £, = —mfzﬁ—%zﬁ?jth.c- = —mytsiby
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Quark mixing:
* ¢+ correspond to eigenstates of the gauge interaction

. zﬂf 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

(Cabibbo—Kobayashi—-Maskawa (CKM) matrix)

* Higgs—fermion coupling strength = s
v
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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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4.2 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
Lof = ——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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5 Electroweak phenomenology

5.1 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

e’ various precision measurements at the

e_>wf?,mz< Z resonance: Myz.I'z, ohad, ArB, ALR, etc.

= good knowledge of the Zf f sector

e \W-pair production (LEP2/ILC): eTe™ — WW — 4f(+7)

ot W
%ﬂi — measurement of 1y
_ , 2 .
© " w —yWW/ZWW couplings
W
et —— g — quartic couplings: yvvWW, v ZWW

I/eh

@7 o
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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)

Parma School of Theoretical Physics, SNFT06, September 2006
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5.2 Z-boson physics at LEP1 and SLC
Precision study of the Z line shape

e—l_ f E | 0|
S 9.
5 e 40 .
— g = = ALEPH
S f @) DELPHI
| L3
30 + OPAL i

Unfolded resonance:

2 ! 5
0 SPZ 20 | i --
5 i
S — M% -+ 1M2FZML%

Ores(8) = 0

L @ Measurements, error bars
increased by factor 10

10 - —— o from fit
Resonance observables: [ .- QED unfolded

e Z mass and width: My, 'y ) |
* peak cross section: ., 86 88 90 92 94

* various asymmetries: Arg, ALR, €tc.

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

Parma School of Theoretical Physics, SNFT06, September 2006

Stefan Dittmaier (MPI Minchen), Introduction into Standard Model and Precision Physics — Lecture Il — 13



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
0 _ 9fF 9B _ 9 i 1 _
Apg = o ZAeAf 0.035
F f,B ]
(F /B = For/Backward hemisphere) 5 |
: 2
with Ay = QQVngQf -0.038 - A -
9v ¢ + 92 f Adt _
Good agreement with SM |
* lepton universality confirmed g T 0 Y — S84 CL
e constraints on m, and My -0.503 -0.502 -0.501 -0.5
Iai
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Translation of effective couplings into effective weak mixing angle

sin 9

= 1 (1 o))

Important features:
* high sensitivity to My

e combination of
very different observables

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

with the initial-state pol. asymmetry
0 0
AO ! _ 9L —9Rr 1

o) 4+ oR (IPel)

Parma School of Theoretical Physics, SNFT06, September 2006

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

| d 4 s v
AN — t
e
ST £
urei =
HFICh
: A 7
A )4
A Ve
P = [
/(‘(\ \y ‘b
A 4
150 S &
- A 7 —
X S

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

6 T
Aaﬁ?d _ i — My > 114.4 GeV (LEPHIGGS '02)
= — 0.02758+0.00035 N ete” -/ ZH at LEP2
== 0.02749+0.00012 [f:
- ++ incl. low Q° dat LR
4 nel-lowQdaa I | — My < 175 GeV (LEPEWWG '06)
3- B fit to precision data,
| l.e. via quantum corrections
2 ] —
| W Z
W s e
14 N \ , \ ,
0 | Excluded W ‘ H H
30 100 300

m, [GeV]
lept

Sensitivity via “high-precision observables™  my, My, sin” 0 (", etc.

— precise measurement is possible at future ILC !
= stronger bounds on My
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5.3 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

-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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5.4 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
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5.4 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):

Parma School of Theoretical Physics, SNFT06, September 2006

Stefan Dittmaier (MPI Minchen), Introduction into Standard Model and Precision Physics — Lecture || — 24



5.4 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 AL B I N )
o o(pp - H+X) [pb] g fLac=30mt o gy’ oy
3 JVs=14TeV E = (no K-factors) A H - zz()(*) S 4
_ 2 ATLAS H - WwY - Ivlv
. \ a0 H M, = 175 GeV ] 2 07 . G gqwwO
10 F s CTEQ4M E =4 A dgH - quT
\:\ ] 175} ____ Total significance
S ) N
_1 o \\\\ ____________________________
10 £ ~( a9 -HW T
2 \\::\ - 10 |
10 E_ . \\\\\\\ - - B
N \\;-.i..\.t.g..g.:...\...: 199,09 - Htt
10 3 ‘ q T~ - S~
5 avoured: | gg,qg— Hob | . [ q9-fzZ1--
af q9
10 RN PPN B R R RN B SRR PRI v s i T
0 200 400 600 800 1000 P T N R T R I
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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The issue of QCD radiative corrections — reduction of scale uncertainties
Two examples:
pp — H + X in NNLO: pp — ttH + X in NLO:

(]\IH/2 < Uren = Mfact < 2MH)
Beenakker, Dittmaier, Kramer,

Harlander, Kilgore '02 Plimper, Spira, Zerwas '01
o(pp - H+X) [pb] Vs=14TeV
AN B R B A B L B A B 1500:\\ \s =14 TeV
. M, = 120 GeV
L . Ko =(2m +M,)/2
= 5 \\\ —— NLO
2 -~ Lo
1000~
&
N
10 T so0f

K
[
|||||||||||||||||

100 120 140 160 180 200 220 240 260 280 300 .
M, [GeV]

1

= Reduction of scale uncertainties in LO — NLO — NNLO

AONNLO AoNLO

~ 20%

~ 15%
ONNLO ONLO
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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

Parma School of Theoretical Physics, SNFT06, September 2006

Stefan Dittmaier (MPI Miinchen), Introduction into Standard Model and Precision Physics — Lecture Il — 27



wAMUY PV ALE MY S

Examples for Higgs studies at the ILC:

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

15

—
(e
I | I

210 220 230 240 250
Vs (GeV)

— spin J from rise
of cross section
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SM Higgs Branching Ratio

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%

Parma School of Theoretical Physics, SNFT06, September 2006

etTe”™ — ttH

QCD-corrected cross section:

Dittmaier, Kramer, Liao, Spira, Zerwas '98

10 : I I I I I I ‘ I I I ‘ I I I ‘_\ I I ‘ I I I :
i oe’e - ttH+X)[fb] -
i — NLO il
1 e\ T
Vs =500 GeV""x..
-1 | IR | |
10 | | | | | | | | | | | | | | | | | |
80 100 120 140 160 180 200
M., [GeV]
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5.4 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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¢ Ellis/Stirling/Webber:  “QCD and Collider Physics”
¢ Peskin/Schroeder:  “An Introduction to Quantum Field Theory”
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¢ Z-boson production at LEP1/SLC:
“Z Physics at LEP1”, eds. G. Altarelli, R. Kleiss and C. Verzegnassi (CERN 89-08), Vol. 1;
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W. Hollik and G. Passarino (CERN 95-03);
D.Y. Bardin, M. Grinewald and G. Passarino, hep-ph/9902452.
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Geneva, 1996), Vol. 1, p. 79 [hep-ph/9602351];
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Physics”, eds. S. Jadach, G. Passarino and R. Pittau (CERN 2000-009), p. 1 [hep-ph/0005309].

© SM Higgs physics:
A. Djouadi, hep-ph/0503172 and references therein

® Experimental results widely taken from:

¢ LEPEWWG: http://lepewwg.web.cern.ch/LEPEWWG/
¢ LEPHiggs: http://lephiggs.web.cern.ch/LEPHIGGS/www/Welcome.html
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