10. Elektroschwache Vereinheitlichung

10.1 Die Glashow-Salam-Weinberg Theorie

10.2 Vorhersagen von Massen und Kopplungen
- Massenrelationen
- Kopplungen, Verzweigungsverhaltnisse fir W- und Z-Zerfalle
- Strahlungskorrekturen

10.3 Experimentelle Tests der GSW-Theorie bei LEP

10.4 Messungen der W-Masse, Test der Konsistenz des Standardmodells

10.5 Test des Standardmodells in seltenen B-Meson-Zerfallen



Important Milestones towards Electroweak Unification

1961 S. Glashow proposes an electroweak gauge theory,

Introduction of massive W*and Z° bosons, to explain the large difference in strength
of electromagnetic and weak interactions.

Key question: how acquire W and Z bosons mass?

1964 R. Brout, F. Englert and P. Higgs demonstrate that mass terms for gauge bosons can
be introduced in local gauge invariant theories via spontaneous
symmetry breaking

1967 S. Weinberg and A. Salam use Brout-Englert-Higgs mechanism to introduce mass
terms for W and Z bosons in Glashow's theory

- GSW theory (Glashow, Salam, Weinberg)

- mass terms for W, Z bosons, y remains massless

- Higgs particle (see chapter 7)

1973 G. t'Hooft and M. Veltman show that GSW theory is renormalizable

Discovery of ‘weak neutral” currents in neutrino scattering at CERN

1979 Nobel prize for S. Glashow, A. Salam and S. Weinberg

1983 Experimental discovery of the W and Z bosons by UAL1 and UA2 experiments at the
CERN ppbar collider (Vs = 540 GeV)

1990-2000 | Precision test of the electroweak theory at LEP

1999 Nobel prize for G. t'Hooft and M. Veltman

2012 Discovery of a Higgs particle by the ATLAS and CMS experiments at the LHC

2013 Nobel prize for F. Englert and P. Higgs
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W and Z vertex factors
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The Z - ff vertex factors in the Standard Model

(sin? B, is assumed to be 0.234)
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10.3 Summary of electroweak precision tests at LEP

Results of 30 years of
experimental
and theoretical progress
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Cross-section (pb)

Cross sections for W and Z boson production
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Cross section for ete- - p*u at LEP |
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Cross section for ete- = ff at LEP |
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Cross section for e*e- = ff on resonance (Vs = m,)

« Onresonance, \s = m,: - v*IZ interference terms vanishes
-y term contributes ~1%
- Z contribution dominates !

» Contribution of the y*/Z interference term at s = (M, — 3 GeV)?: ~0.2%

Total cross section for e*te- - p*u~(integration over cos 0)
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Measurement of the Z line-shape
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Measurement of the Z line-shape (cont.)
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¢ Keine Unterschiede fur verschiedene Leptonarten = Leptonuniversalitat

¢ Form der Resonanzenkurve fur alle Endzustande gleich (gleicher Propagator!)



Results on Z line-shape parameters

M, = 91.1876 +0.0021 GeV 23 ppm (*)
5 =2.4952 + 0.0023 GeV 7o
L = 1.7458 = 0.0027 GeV
E; =0.08392 + 0.00012 GeV __ 3lepton flavours
Iy = 0.08399 + 0.00018 GeV treatediindependently
e = 0.08408 = 0.00022 GeV
= Test of lepton

H universality
I, = 2.4952 = 0.0023 GeV lepton universality
IR =1.7444 £ 0.0022  GeV — assumed:
Iy = 0.083985 == 0.000086 GeV F=1" =1

*) Uncertainty on LEP energy measurement. == 1.7 MeV (19 ppm)
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Forward-backward asymmetries
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Forward-backward asymmetries

-comparison between ee and uu final states-
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Forward-backward asymmetries
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Hadronic versus leptonic branching ratios
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Forward-backward asymmetries and fermion couplings

 Asymmetry at the Z pole
(no interference) is small

AfrpB ~ g_ig%gig{f

since g,/ is small
(in particular for leptons)

» For off-resonance points, the
interference term dominates and
gives larger contributions

e Ml s(s—M32)
AFB ~ g ga (s—MZ)2+MZT32

* A can be used for the determination
of the fermion couplings

—> Clear evidence for contributions
from radiative corrections
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Electroweak radiative corrections
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Results of electroweak precision tests at LEP (cont.)

partial decay width versus sin? ®;:
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Results on measurements of sin? 8,, at LEP and SLD

0.l
A, 5 0.23099 + 0.00053
A(P) 0.23159 + 0.00041
A(SLD) 0.23098 + 0.00026

0,b
Ag, —v— 0.23221 + 0.00029
A(I:)c * 0.23220 + 0.00081
Qs X 0.2324 + 0.0012
Average I 0.23153 + 0.00016

10 3 F i v’fd.of:11.8/5
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£ 10 6 1 Aa®) = 0.02758 + 0.00035
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Results of electroweak precision tests at LEP (cont.)

Summary of results:
* All measurements in agreement
with the Standard Model

 They can be described with a
limited set of parameters

Measurement Fit |O™—0M/c™=s

1

2

s

| 0
Ao (m,)  0.02750 +0.00033 0.02759 |
m, [GeV] 91.1875+0.0021 91.1874
I,[GeV]  24952+0.0023 2.4959

ob Inb]  41540+0037 41478

R, 20.767 +0.025  20.742
A 0.01714 +0.00095 0.01645
A(P) 0.1465+0.0032  0.1481
R, 0.21629 + 0.00066 0.21579
R, 0.1721+0.0030  0.1723
AYP 0.0992 +0.0016  0.1038
AXS 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"0SP(Q,) 0.2324+0.0012 02314
m,, [GeV] 80.385+0015  80.377
IIGeVl  2.085+0.042 2.092

m, [GeV] 173.20 £ 0.90 173.26

March 2012 0



Predictions for the Higgs boson mass from individual
LEP-observables

March 2012

Chad

A(P)

A-?t;c

A(SLD) =
sinzﬁ:ff’,’ t(Qm)
Myy
Uy

Q,(Cs)
sinzﬂm(e_e_)
sin“0,(vN)
gr(vN)
ga(VN)

10
M,, [GeV]



10.4 W mass measurement
- and test of the consistency of the Standard Model-

Major contributions: LEP-II, direct mass reconstruction

Hadron collider: Tevatron and LHC (in the future)



Precision measurements of m,, and m,,,

Motivation:

W mass and top quark mass are fundamental parameters of the Standard Model,
The standard theory provides well defined relations between m,,, m,,, and m,,

Electromagnetic constant
measured in atomic transitions,
e*e- machines, etc.

£

T Oy 1 v
are known with high precision

\/E G = SITﬂ HW \/1 T %r Precise measurements of the

: / Lo : W mass and the top-quark
Fermi constant T it radiative corrections | mass constrain the Higgs-
(rjneasured In muon o e A Ar ~f (m2, log m,) boson mass

ecay LEP/SLC AT ~ 3% (and/or the theory,
radiative corrections)

Gg, Ogy, SiN By
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W bosons at LEP — 11
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W mass and cross-section measurement at LEP-II
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Measurements of the W-pair production cross-section, compared to the predictions from the Standard
Model. The shaded area represents the uncertainty on the theoretical predictions, estimated as

+2% for Vs<170 GeV and ranging from 0.7 to 0.4% above 170 GeV. The W mass is fixed at 80.35
GeV;



Results from W mass measurements at LEP-II

LEP W-Boson Mass

ALEPH —o— 80.440 + 0.051
L3 —— 80.270 + 0.055
OPAL —o— 80.415+ 0.052
LEP -o- 80.376 + 0.033

v2/DoF = 48.9/41

| | L
80.0 80.2 804 806 808 81.0

My, [GeV]

Results from all four LEP
experiments are consistent

Statistical error is dominant
Total precision from LEP-II

Amy,, = = 33 MeV




Results from W boson width from LEP-II

LEP W-Boson Width

ALEPH —e— 2.14+ 0.11
L3 —— 218+ 0.14
OPAL —— 2.00+0.14
LEP —o— 2.195+ 0.083

v%IDoF = 37.4/33

‘ | | ‘ | | | | ‘ | | ‘
1.5 2.0 2.5 3.0
I\ [GeV]

Results from all four LEP
experiments are consistent

Statistical error is dominant
Total precision from LEP-II

ATl'y, = = 83 MeV




Results of electroweak precision tests at LEP (cont.)

6 March 2012

m,.= 152 GeV

Yal al e i : I I
| | Aa(5i e faimnty { —LEP2 and Tevatron (prel.)
had —
D — 0.02750+0.00033 80.5 - LEP1 and SLD
---- 0.02749+0.00010 68% CL
4 -+ incl. low Q* data
o _ 80" T A
= 3 |

2 |

] 80.3 1
1 _|

|LEP LHC | .
0 echLfdedl radl excluded 150 175 200

40 100 200

my, [GeV]

* Radiative corrections (loop, quantum corrections) can be used to constrain
yet unobserved particles (however, sensitivity to m,, only through log terms)

e Main reason for continued precision improvements in m, , m,



What can hadron collider contribute ?

How can W mass be measured at a hadron collider ?
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g
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Technique used for W mass measurement at hadron colliders:

Event topology:

E,

> 10000 — r

3 - DO Preliminary, 1 fb + DATA

Electron pY 0 7500 = FAST MC
« o B

0 - B Wty

’ 5 5000:_ Z->ee

. Neutrino a - Fit egion QcD

“ sl y2ldot = 48/49
% 60 10 0 01
my, GeV
Observables: P (e), Py(had)

= Pq(v) =-(Pi(e) + Pq(had)) long. component cannot be

= My =42-R-P’.{l-cosAg")  measured

In general the transverse mass M- is used for the determination of the W mass

(smallest systematic uncertainty).



Shape of the transverse mass distribution is sensitive to m,,, the measured
distribution is fitted with Monte Carlo predictions, where m,, is a parameter

ALY ‘ . . . Main uncertainties:

~ MC template: Mw=80 GeV | Ability of the Monte Carlo to reproduce
== MC template: Mw=81 GeVi real ||fe

« Detector performance
(energy resolution, energy scale, ....)

* Physics: production model

- pr(W), Ty -.....
50 70 80 90 100

My (GeV) « Backgrounds

In principle any distribution that is sensitive to m,,, can be used for the measurement;

Systematic uncertainties are different for the various observables.



True distribution

__—Including p_(W) effects

Including detector effects

pT(e) not sensitive to

detector effects, requires
pT(W} knowledge

Transverse mass less
sensitive to p_ (W), requires

good modeling of missing E_




W mass measurements

The beginning State of the art, today w

1.68 M events, electrons |n| < 1.05
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m,, =80.35+0.33+0.17 GeV m,, = 80.371 £ 0.013 (stat.) GeV



Systematic uncertainties:

New CDF Result (2.2 fb™)
Transverse Mass Fit Uncertaintics (McV)

electrons muons COmmaon

W statistics 19 16 0
Lepton energy scale 10 7 3
Lepton resolution + 1 0
Reconl energy scale 5 5 5
Recoil energy resolution 7 7 1
Selection bias 0 0 0
Lepton removal 3 2 2
Backgrounds 4 3 0
pT(W) model 3 3 3
Parton dist. Functions 10 10 10
QED rad. Corrections 4 4 4
Total systematic 18 16 15
Total 26 23



Momentum Scale Calibration

- “Back bone” of CDF analysis is track pr measurement in drift chamber (COT)
- Perform alignment using cosmic ray data: ~50pm—~5um residual
« Calibrate momentum scale using samples of dimuon resonances (J/y, Y, Z)
- Span a large range of p; R free
. . t.m | app=(1.188 - 002 ) x 107
« Flatness is a test of dE/dx modeling i C rsreeras
- Final scale error of 9x10°:. Am, =7 MeV - ]
CDF I L dt ~2.21b" N S
-0.001 J- R o
< i CDF Il J'L di ~ 2.2 fb™'
= 10000 —
3 ® Data f‘
= ~ — Simulation ! ’1 Ap/p =(-1.284 = 0.024__) x 10°
00015 8+ / 11 ¥*/dof = 95/ 86
I s Jhp—uu data (stat. only) ‘E\‘--—H_._, JI 1l
i ¥— Y —uu data (stat. only) Em__ ;
| w— Z—pup data (stat. only) | H’ \
| ——— combined A p/p (stat. ® syst.) for W—pv events | ] ;f' ]11 l
B RV E— 06 = —""/ \_ . .
<ip,> (GeV?) - ¥ R ¥ S
m,, (GeV




Summary of W-mass measurements

W-Boson Mass [GeV]

TEVATRON + 80.387 £ 0.016
LEP2 —— 80.376 + 0.033
Average 802.385 +0.015
£/DoF: 0.1 /1
NuTeV A 80.136 + 0.084
LEP1/SLD = 80.362 + 0.032
LEP1/SLD/m, - 80.363 £ 0.020
80 80.2 80.4 80.6
my, [GeV]

fdarch 2012

m,y (from LEP2 + Tevatron) = 80.385 £+ 0.015 GeV

Precision obtained at the
Tevatron is superior to the
LEP-II precision



Indirect limits from electroweak
precision measurements

February 2012
80.5 T T
| ) LEPEWWG (2011) 58% CL (excluding M L & giract Higgs oxclusion) -
- (D 68% CL (by area) M, (2009), m_ SR
o — & 68% CL by arga}M“ (2012), m_ {ﬂ 4
> 80.45 — —
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e
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© Il
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Impressive precision in W mass from the Tevatron

(February 2012)

Top Mass (GeV)

Ay?

6 March 2012 My, = 1512 Gr:-n‘.-'
I j
| ol -
B == 0.02750+0.00033
y LY - 0.02749+0.00010
4 +== incl. low Q° data
3 —
2 -
1 -
{LEP LHC
0 excluded w . excluded
I ' =1
40 00 200
m,, [GeV]

my = 94+, GeV/c?
m, < 152 GeV/c?

(95 % C.L.)

The main story of 2011: eliminate 470 GeV of Higgs boson mass range




W-Boson Mass [GeV]

TEVATRON 80.387 £ 0.016
LEP2 80.376 £ 0.033
Average 80.385+ 0.015
¥DoF: 0.1/ 1
NuTeV A 80.136 £ 0.084
LEP1/SLD — 80.362 + 0.032
LEP1/SLD/m, - 80.363 + 0.020
80 80.2 80.4 80.5

my, [GeV]

March 2012

Systematic uncertainties:

New CDF Result (2.2 fb™)
Transverse Mass Fit Uncertainties (MeV)

W statistics

Lepton energy scale
Lepton resolution
Recoil energy scale
Recoil energy resolution
Selection bias

Lepton removal
Backgrounds

pT(W) model

Parton dist. Functions
QED rad. Corrections
Total systematic
Total

electrons
19
10

%5"*"5'“4&""9"‘4""'4'—

muons

16

Can the LHC improve on this?

In principle yes, but probably not soon .and. not with 30 pileup events
- Very challenging (energy-scale, hadronic recoil, p; (W),..)

- However, there is potential for reduction of uncertainties
- statistical uncertainties
- statistically limited systematic uncertainties (marked in green above)
- pdfs, energy scale, ...., recoil(?)

commaon



What precision can be reached in Run Il and at the LHC ?

Int. Luminosity CDF D@ LHC
Numbers for a 0.2 fb1 1 fb1 10 fb?
single decay Stat. error 48 MeV | 23MeV | 2 MeV
channel Energy scale, leptonres. | 30 MeV | 34 MeV 4 MeV
W — ev Monte Carlo model 16 MeV | 12 MeV 7 MeV

(P, structure functions,

photon-radiation....)

Background 8 MeV 2 MeV 2 MeV

Tot. Syst. error 39 MeV | 37 MeV 8 MeV

Total error 62 MeV | 44 MeV | ~10 MeV

» Tevatron numbers are based on real data analyses
e LHC numbers should be considered as ,ambitious goal”
- Many systematic uncertainties can be controlled in situ, using the large Z — ¢/ sample
(pr(W), recoil model, resolution)
- Lepton energy scale of £ 0.02% has to be achieved to reach the quoted numbers

Combining both experiments (ATLAS + CMS, 10 fb1), both lepton species and
assuming a scale uncertainty of =+ 0.02% a total error in the order of

= Amy ~ %10 MeV might be reached.



Signature of Z and W decays

Underlying event



What precision can be reached in Run Il and at the LHC ?

Int. Luminosity CDF D@ LHC
Numbers for a 0.2 fb1 1 fb1 10 fb?
single decay Stat. error 48 MeV | 23MeV | 2 MeV
channel Energy scale, leptonres. | 30 MeV | 34 MeV 4 MeV
W — ev Monte Carlo model 16 MeV | 12 MeV 7 MeV

(P, structure functions,

photon-radiation....)

Background 8 MeV 2 MeV 2 MeV

Tot. Syst. error 39 MeV | 37 MeV 8 MeV

Total error 62 MeV | 44 MeV | ~10 MeV

» Tevatron numbers are based on real data analyses
e LHC numbers should be considered as ,ambitious goal*
- Many systematic uncertainties can be controlled in situ, using the large Z — ¢/ sample
(PT(W), recoil model, resolution)
- Lepton energy scale of = 0.02% has to be achieved to reach the quoted numbers

Combining both experiments (ATLAS + CMS, 10 fb1), both lepton species and
assuming a scale uncertainty of =+ 0.02% a total error in the order of

= Amy ~ +10 MeV might be reached.
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Ultimate test of the Standard Model:

Compare direct prediction of the Higgs boson mass with direct observation



10.5 Test of the el.weak predictions in rare B-Meson
decays

- Additional processes that test the Standard Model precisely and probe
New Physics

- Accessible due to the large number of B meson decays
(LHCb experiment at the LHC)



Search for the decays B, 2 p*u- and B 2 p*w

Rare decay in the Standard Model: Branching ratio for B, 2> pp is
(3.2 = 0.2) 10°

Contributions from New Physics can be large
(also from non-SUSY models)

Standard Model

w4
3

Huge b-production rates at the LHC - all LHC experiments are searching
for this decay mode



... and even additional Higgs bosons




Quest for BE’S) —

Start in 1984 by the CLEO experiment ...

PHYSICAL REVIEW D VOLUME 30, NUMBER 11 1 DECEMBER 1
Two-body decays of B mesons

B. Search for exclusive B decays
into two charged leptons

Our search for the #¥ ™ final state is not sensitive to
the mass of the final-state particles, provided that they are
light, since the mass enters only in the energy constraint.
Therefore, the upper limit of 0.05% applies for any final-
slate particles with a pion mass or less. When the final-
state particles are leptons the limits are improved by using
the lepton identification capabilities of the CLEO detec-
tor." For the decay B%—pu*u—, we improve our limit by
requiring that both muons penetrate the iron and produce
signals in drift chambers. We find no such evenis. Afier
correcting for detection efficiency (339), we set an upper
limit of 0.02% at 90% confidence for this decay. We im-

oM expectations (FCNC and helicity suppressed):
+,—y— —9

BR(Bs — p™pu™)=334£027 x 10 Buras, Girrbach, Guadagnoli, Isodori, Fleischer, Kengjens

BR(BY — putp—)=107 L 010 x 1010 Eur Phy J. C72 (2012), 2172 + arXiv: 1303 3820

time integrated BR taking into account AI's 0 (to be compared to experimental resuits)

BR(Bs — utpu)=356+029 x 1072




New results presented at EPS conference 2013, Stockholm
By S. Hansmann-Menzemer (LHCD)

Quest for B?S) —

B0%: C.L. Upper Limits

LHCb: Phys Rev Lett 110 (2013) 021801 (24 0~1) & F° T e
CMS: J. High Energy Phys 04 (2012) 033 (5010~ 1) ¢ )
ATLAS: ATLAS-CONF-2013-076 (5.0~ 1) g .
CDF: Phys. Rev. D 87, 072003 (2013) (9.7 1) 107 N
DO: Phys. Rev. D87 07.2006 (2013) (104 1) o
m"F

CC: two central muons
CF: one forward muon
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Updated Results

arXiv:1307.5024

expected sensitivity: 3.7 —+ 5.0

LHCH

» 2.1 =301

p» more variables in BDT

» 50 2251

» cut base selection — BDT

» new & improved variables (PID)

LHCh o
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BR(Bs — uTp")=307150 x 107°
— 430

BR(BY — utu—)<11 x 10~ % at95% CL
BR(BY — ptp—)=35121 x 1010
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Combined LHCb + CMS Result

Observation:

BR(Bs — utpu™)=(2.9+0.7) x 1079

BR(BY — ptp~) =367 x 10710

=1
LM 104D CDF [0 { .SM
CDF 10fb™
ATLAS 4.9 ' LHCh b ' =
peehiminary b
LHCh 3k |
Chis 25 =
.SM
CME 2500
ChS+LHCE
”lfl:":lmr = prefiminary [~
pEiL i Ar e PP PR PRI B BRI APEPETE BPETEE BPEPE PR TR RS U S W S S S AT S S S A S S S
g 2 4 & K 0 12 14 16 18 20 22 { 1 2 3 4 3 4] 7
E{Bf—ul'p][lﬂu] BiB"— ') [10 III]

LHCb-CONF-2013-012, CMS-PAS-BPH-13-007

Stephanie Hensmann-Meroemer 28



	Foliennummer 1
	Important Milestones towards Electroweak Unification
	Foliennummer 3
	Foliennummer 4
	Foliennummer 5
	10.3  Summary of electroweak precision tests at LEP
	Foliennummer 7
	Cross sections for W and Z boson production
	Cross section for e+e-  m+m- at LEP I 
	Foliennummer 10
	Cross section for e+e-  ff on resonance (√s = mZ)  
	Measurement of the Z line-shape 
	Measurement of the Z line-shape (cont.)  
	Results on Z line-shape parameters  
	Number of neutrinos   
	Forward-backward asymmetries   
	Forward-backward asymmetries �-comparison between ee and mm final states-  
	Forward-backward asymmetries �- e+e-  m+m- -  
	Hadronic versus leptonic branching ratios�
	Forward-backward asymmetries and fermion couplings   
	Electroweak radiative corrections   
	Results of electroweak precision tests at LEP (cont.) 
	Results on measurements of sin2 θW at LEP and SLD
	Results of electroweak precision tests at LEP (cont.) 
	Predictions for the Higgs boson mass from individual LEP-observables
	Foliennummer 26
	Precision measurements of mW and mtop
	Relation between mW, mt, and mH
	W bosons at LEP – II
	W mass and cross-section measurement at LEP-II
	Results from W mass measurements at LEP-II
	Results from W boson width from LEP-II
	Results of electroweak precision tests at LEP (cont.) 
	Foliennummer 34
	Technique used for W mass measurement at hadron colliders:
	Foliennummer 36
	Foliennummer 37
	W mass measurements
	Foliennummer 39
	Foliennummer 40
	Summary of W-mass measurements
	Foliennummer 42
	Foliennummer 43
	Foliennummer 44
	Signature of Z and W decays
	Foliennummer 46
	Foliennummer 47
	Foliennummer 48
	Search for the decays B0  m+m- and Bos  m+m-
	Foliennummer 50
	Foliennummer 51
	Foliennummer 52
	Foliennummer 53
	Foliennummer 54

