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To take home from last lecture

Higher orders modify
tree-level diagrams:

initial or final propagator loop
state radiation “vacuum polarization”

@ running coupling constants: o — a(s) (holds for strong, em and weak interactions)
¢ modified decay widths: I' — I' (I+c a(s) + ...) (for em and strong interactions)
@ Z couplings — “effective couplings”, or

sin*(@ ) — sin*(®@ )™ and p=1 — p*'=(1+Ap)

e relation between sin’(® ) from W and Z masses and sin*(®@ )™ : Ar

e large vertex corrections in diagrams involving b and t -quarks: Ap,

Corrections depend
- quadratically on top quark mass
- logarithmically on Higgs boson mass

Need precision calculations and precision measurements
to become sensitive to Higgs in loops




Precison tests of ew theory 1n the 90ties
(LEP, SLC, Tevatron)




Measurements in e” ¢ at LEP — the four experiments
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Measurements in e e at LEP




Measurements in e e at LEP
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LEP 1: measurement of Z boson parameters (16 million Z's)
LEP 2: measurement of W and Z boson pair production,
W boson Parameters (40'000 W pairs)




Measurements: differential cross section

total cross section

— rl dc
Gror = J_; dcasﬂdcme

depends on (1+cos? ®) terms only

Forward-backward asymmetry

f A _ fﬂ m dcosB-— f I m dcosB
FB = Gtot

depends on cos< © terms only

Principle:
Extract combinations of Z-couplings to fermions form measurements
of o, and Apg 1n different channels and at different energies




Precision measurements: Z line shape

Measurement of cross sections: —_

. ) )
© Determine canditate events for & 1 f,.,;.................."...3;.
signal process 3 — /iy
© Subtract background passing © DELPHI [

. . I L3 / \
selection critetea 30 - OPAL /

© Determine selection efficiency:
from Monte- Carlo simulation

or using “data-driven” mehtods 20 1 _ )
© Normalize corrected number of . mcasurcments dereor bars /
. . . increased by factor 10 ;
signal events to luminosity 0l '/ 1
—— F from fit
d( ) bkg( ) weems QED corrected .+
Neand () NORE (. -
U(E 5) — it =i 1 \ P _
€ac(E;) JL(E;) = My
86 88 90 92 94
E_ [GeV]

Luminosity determination:

count number of events in reference reaction photonic corrections are large,
but well Known theoretically

with well-known cross section: [L =1 ¢ / 6,

reference reaction @ LEP: efe- — ete- at small angles (“Bhabha scattering”)




Precision measurements: Z line shape
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The challenge: combining more than 800 individual measurements
(different channels, CM-energies and data taking periods)




Precision measurements: Z line shape for leptons and hadrons

Parametrization
of cross section
using

“pseudo-observables”:;

° my
o Iy
m% F%
* R. = Fhacl/ree
¢ R‘u — rhacl/ryy
° Ri = Thaa /Tt

12_?17 Ieel had

ALEPH  |—¢ 91.189320.0031
DELPHI ———| 91.1863+0.0028
L3 —=—  91.1894+0.0030
OPAL 91.1853+0.0029
LEP - 91.1875+0.0021
: : common: 0.0017
v DoF = 2.2/3
91.18 I91.l9 91.2
m, [GeV]
ALEPH b 41.559+0.057
DELPHI 41.578+0.069
et 41.536+0.055
OPAL —<— | 41.502+0.055
LEP L @ 41.540+0.037
: ' common: 0.028
v DoF = 1.2/3
41.4 41.5 41.6" 41.7
O haalnb]
partial decay width

ALEPH 4—:-_ 2.49590.0043
DELPHI —=—| | 2.4876£0.0041
L3 —— 2.5025£0.0041
OPAL e 2.4947+0.0041
LEP * 2.4952+0.0023

common: 0.0012

y*/DoF =7.3/3

L Loaiy
248 249 1.5 2.51

I, [GeV]
ALEPH . 20.729+0.039
DELPHI— 20.73020.060
L3 —— 20.809+0.060
OPAL - 20.822:0.044
LEP + 20.767+0.025

commeon: 0.007
v*/DoF = 3.5/3

[ ' T T T T Il
20.7 20.8 209

Ly o< (gvi® +gar?) for f=e, y, T




Precision measurements:

forward-backward asymmetries of lepton pairs

fD dcmEl dcosB— J'"_lddﬁ dcosB

Ctot

pseudo-observables:
Vi
0f _ 3 . 28vi/
Arg = Eﬂeﬁlf with 27 = SAf 5
1 + (gvf / gAf)
ALEPH  +ob 0.0173+0.0016
DELPHI | —=—  0.0187£0.0019
L3 e 0.0192:0.0024
OPAL —o— | 0.0145+0.0017
LEP . 0.0171£0.0010
. common: 0.0003
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More Precision measurements — tau lepton polarisation

ine'e— T'T:
Spin 1n final state can be measured assuming V-A structure in T decay

average T polarization depends on e and t couplings

(14 cos?0) + 24, cos 0
1 +cos?0+24.4,cos0

P:(cosB) = —

Measured 13’T Vs CGSBT

0l - ALEPH w i
DELFHI m

L3 i

oPAL allows precise measurement
™ of vector and axial vector
\3\{. couplings of T to Z !

Ty
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More Precision measurements — with polarized e-beam

Measurements at SLAC linear collider:
polarized e colliding with unpolarized e* at \/s=MZ

measurements analogous to LEP, but
can determine 6 and Ay for left- and right-handed e~

observables at SLAC:
I 61 —Or
A — o<

|
Afb1R = 7 (AL —AmRr) o< A
e

A, i1s most sensitive single measurement to sin®0y, "
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Determination of lepton couplings to Z boson

. . _0.032 [ T T T | T T T | T T I I
Combination of [ ]m=178.0 + 4.3 GeV

, m,,= 114..1000 GeV -
previously shown

measurements gives ] :
most precise values 5 gap ":
of lepton couplings.

=
Consistent with O .
“lepton universality”
PO HIIVERSATY ™ 0.038 - b -
— combine all into At
leptonic g,, and g, .
Measurements are 68% CL
. -0.041 — T
sensitive to top and -0.503 -0.502 -0.501 -0.5

Higgs boson masses

Jal
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More Precision measurements — heavy quarks

b-quarks — are (relatively) long-lived special relation
— are heavy to top quark:

— decay 1n cascades — can be
distinguished from other quarks

electroweak observables

) I N
R — bb p b
b rhad

.2 nlept
0,b 4 sin“0 .,
Ag =32, 3, — S Yy
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Summary of asymmetry-type measurements

Asymmetry-type measurements
depend on vector and axial
vector couplings, g, and g,

and hence on sinz()weff

Average of sin®0,,*" very
sensitive to Higgs mass

There is, however, some
“tension” between the most
precise measurements !

0.l
A,

i 0.23099 + 0.00053
_E__
e 0.23221 + 0.00029
* 0.23220 + 0.00081
* 0.2324 + 0.0012
1+ 0.23153 £ 0.00016
¢id.of:118/5

EEAc| = 0.02758 + 0.00035
Emm= 178.0 + 4.3 GeV

0232 | tl 0.234
. 2.1€p
SIN“0
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Combination of precision measurements: I'

e 20 eff
and sin OW

lept

March 2012

0.233 . .
| [Im=173.24 0.9 GeV
m,,= 114...1000 GeV
m, \
2 £0.232 -
D
ad
C
k7
0281~ ’g Aa me
I, and sin®0,, " |
together provide | | | 68% CL
strong constraint 83.6 83.8 84 84.2

on Higgs mass !
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W pair production at LEP II

+ + + *
'E ----- “.-'- E: / # 1||;Ilr + E p 4 w"‘
& Fa
V
\ ) \
T % w‘ % “I_'
- % %
E: - s == IW 'E % E: LY
— 30 : 25.-'n4.-22n?g
a9 'LEP |
e'e” — W'W~ cross section in E |
EW theory remains finite only S
. : 20 - .
if photon, Z and neutrino exchange *
. 4 ] ¥ T
are all taken into account - : -
experimentally 10 )
well confirmed - & YFSWW/RacoonWW
~ ____no ZWW vertex (Gentle) —
{5.;-1' ___.only v_exchange (Gentle)
D I I ' I
. . 160 180 200
Remark: there 1s also a Higgs Vs (GeV)

diagram, but negligible in ¢"¢™ !
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W Boson mass

W-Boson mass o
from reconstructed £ 350
objects in detectors 3 -
by LEP experiments 200
ALEPH, DELPHI, :02
L3 and OPAL and 50 [
by Tevatron expe- 0 !
riments CDF & DO

300

(LHC not yet ...)

events/ GeV
I~
th
[—]

[
—
(=]

very difficult,
dominated by
systematic errors

] 77,
Tl Z/y

60

LWW = qqlv
[+ OPAL data
-] WW signal
[T WW mis-ID

80 100
(mq(_Ierh_,)fE (GeV)

T[] ZZ
o Z/y

60

— 1 | 1 I I
L WW — qqqq
[~ ¢+ OPAL data
T[] WW right
T WW wrong

1 I I | —
0.7<Q <1.0 4

(m

80 100
+m " )2 (GeY)

qql

@LEP: W pair events:

.
, 1 BR ~ 10%
1
BR ~ 44%
q
q ., BR~40%
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W Boson mass — world average 2012

W-Boson Mass [GeV]

TEVATRON - 80.387 £ 0.016
LEP2 —— 80.376 £ 0.033
Average 80;385 +0.015
xIDOF: 0.1/ 1
NuTeV A 80.136 £ 0.084
LEP1/SLD — 80.362 £ 0.032
LEP1/SLD/m, . 80.363 £ 0.020
80 802 804 806
m,, [GeV] March 2012

Remember: Relevance of W mass:
determines on-shell weak angle
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One more ingredient: need the top quark mass

t()p quark mass t candidate event in CDF (09/24/92

Early tt
measured from reconstructed
objects in detectors by
Tevatron experiments P .S
CDF & DO (LHC on the way ...) A

— top quarks (mostly) produced
In pairs via qq or gg

q>r5tmm~<t g}ﬂm<t
q t g t

— dominant decay:

t— b+ W
W — qq' or Iv .
signatures studied: L=
- fully had.ronlc Signature: “lepton +jets”
- 1§pt0n + Jets — 1lepton — four jets
- di-lepton — missing transverse energy

21



One more ingredient: top quark mass

Example of observed mass distribution:
CDF Run Il Preliminary (5.8 fb™)

[
[=]
N

‘%z : all-hadronic channel
(5 200F —4— Data
s, 180} " Fitted tt
E 160 Fitted Bkg
Ei14u;

120f ¥*/Ndof = 29.4 /32

1uuf— Prob = 0.601

saf-

saf-

saf-

20;

A B . S
100 150 200 250 300

m* [GeVic

Top-Quark Mass [GeV]
CDF o 172.5%£1.0
D]% - 1749+ 1.4
Average 173.21£0.9
¥*/DoF: 6.1/10
LEP1/SLD 172.6 7 17
+ 11.7
LEP1/SLD/m,, /T, . 179.7 7 1
60 170 180 190
mt [GeV] March 2012

W, Z W\AOW wz Remember: dominant radiative

corrections arise from top (~ Ggm ) !
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Top quark mass from loop corrections ...

LEF + SLL» + Colhiders + g

... at Moriond conference

. s | S
in March 1994 ;
32 |
direct search for top at Tevatron: |
me > 130 GeV/c? e N
. : 26 | |
from radiative corrections: : > |
24 |
_ +18 2 :
my = 177 £1177g,, GeV/e® | e
20 .‘x‘m;-_ J;f’r = 300 Gw-
a little later in summer, direct i s
observation of top quark (CDF): '® [, .. [ (&aconimt

1
80 100 120 140 160 138C 200 220 240

me = 174 £10155  GeV/c?

W gal GV

Excellent agreement between
top from loops and from direct measurement!
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My; from individual precision measurements

With known top mass,
can now disentangle
radiative effects from
top and Higgs

( provided nothing else
is in the loops ...)

My, from precision

measurements
with large errors

A(SLD)
sin“0°”(Q,,)

My

 July 2011

LEP EWWG

—e—
@
@
10 10
M, [GeV]
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Putting 1t all together ....

... In a rather complicated plot:

top quark vs. W boson mass g0 5 e
1. direct measurements | CJLHC excluded
2. indirect determination | —LEP2 and Tevatron

1 ----LEP1 and SLD

from precision variables:
68% CL

0:=0(0,Gp,M,, m, M) <
solved numerically & 80.4-
=

(“Newton's method) for
m,and My (using SM) e
3. W mass predicted for
different values of M,

nice consistency check,
prefers low value for
Higgs mass !
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Putting 1t all together ....

. Measurement Fit |JO™_QfM|/gmeas

... In an overall fit 0 1 2 3
, m,[GeV] 91.1875+0.0021 91.1874
of Higgs boson mass I,[GeV]  2.4952+0.0023  2.4959
within the minimal ol [nb] 41.540+0.037  41.478
R 20.767 £0.025  20.742
Standard Model Afg{;' 0.01714 + 0.00095 0.01646
A(P.) 0.1465+0.0032  0.1482
14 X R 0.21629 + 0.00066 0.21579
pull plot and.over?ﬂl F{: 0.1721 £0.0030  0.1722
value of ¥* to identify A2 0.0992+0.0016  0.1039
potential problems ASb’C 0.0707 +£ 0.0035 0.0743
A, 0.923 + 0.020 0.935
A, 0.670 +0.027 0.668
A (SLD) 0.1513+0.0021  0.1482
good overall consistency,  sin%*Q,) 02324+00012 0.2314
but there is one “outlier”; m,, [GeV]  80.399+0.023  80.378
the measurement of the Iy [GeV] 2.085+0.042 2.092
b-quark forward backward m [GeV] 17320 +0.90 173.27

asymmerty. July 2011 ?1 1 2 3
http://1 epewwg. web. cern. ch/ LEPEWNG
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Putting 1t all together ....

... profiled y?

for My from overall fit

within the minimal
Standard Model

“Blue Band Plot”

Precision measurements
predict mSM Higgs
boson to be light,

My <161GeV/c*@95%CL

300

6 July 2011 my. = 161 GeV
®) '
5 2y Al = .
2. — 0.02750+0.00033

i %31+ 0.02749+0.00010
4 — i+ incl. low Q° data —
3 — —
2 — —
1 _ —
0 Excluded e,

30 100

m, [GeV]
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Loops affect theory itself

28



Conclusions on results from precision measurements

Standard Model established as a renormalizable field theory:
— 1n agreement with (almost) all experimental results, prec. ~0.1%

— quantum corrections seen and well established

— indirect determination of top quark mass
— triple gauge boson couplings confirmed with prec. 1%
— precision measurement constrain nggs to be hght

Theoretical work on proof

of renormalizability awarded
with Nobel prize in 1999

Gerardus 't Hooft Martinus J.G. Veltman

The Mobel Prize in Physics 1999 was awarded jaintly to G'-'I‘al jus tHIIth and
Haltmus J.G. wwltmaﬂ *for elucidating the quantum structure of electroweak

interactions in physics®




Theoretical constraints on Higgs boson mass

Diagrams with Higgs-Boson prevent divergencies:

w* w*
~

-~ wt w+ W W
~ - h Y e
i s % / N\ 7’
\ v f \x/
. . =
Without Higgs boson: L + ,M\ N
PR ,J" \\ v N
i - W
..-/ \"\ W W L
W W

w+ W+ w+ W+
- -~
~~ o
~ -~ \ /
\ /
additonal diagrams involving Higgs boson: % Y~ - J‘(
/
”~ f, \\
~ \
=7 g w- W
W~ W~

Cross section for WW scattering remains finite

Higgs must not be too heavy:: <~1 TeV/c?
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Theoretical constraints M,  loop corrections

Higgs propagator affeced by higher order corrections, P
in particular from Higgs self couplings - » - - &

S
H o~
Higgs in loops couples

J=1 J=1/2 J=0
H to itself with strength
Nam2, LN\, . ()

proportional to Higgs
mass —

large corrections to
Higgs mass and
Higgs potential

— high Higgs mass: Higgs self-coupling becomes strongly interacting,
breakdown of perturbation theory
—small Higgs mass: Higgs self-coupling becomes negative
— unstable vacuum
(in contradiction to age of universe)
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Theoretical constraints on My, — vacuum stability

Example of renormalized Higgs Potential

Loops (in particular top) drive Casas, Espinosa, Quiros (1996)
quartic coupling negative aboveo.2o .

some scale A for small M

A =1 TeV
— renormalized Higgs potential> ™ = 175 &V .
1S e] My = 52 GeV
1s either unbounded °

(inconsistent with the existence  ©-1°
of the universe)

or in local minimum 0.05
“false vacuum”,
(assume tunneling time 0.00

> 14 billion years to
derive limit on M)

-0.05

0 200 400 600 800 1000 1200

¢ [GeV]
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Theoretical constraints on My, — vacuum stability

M, [GeV]

350

300

250

200

150

100

— beyond energy scale A new Physics must be present

A=2n

—— Perturbativity bound

[ ] Stability bound

[ ] Finite-T metastability bound
B Zero-T metastability bound

Shown are 1o error bands, wio theoretical errors

Tevatron exclusion at =95% CL

I~ LEP exclusion

105

T

a 6

8

10

- —_— __..-:__________._,__—

12

AT

18

Iugm{n / GeV)

J. Ellis et al. CERN-PH-TH/2009-058

C [ Stability bound
E [ Finite-T metastability bound

C I Zero-T metastability bound
T Shiwn are 13 ervor bands, including theanetial ermars

|

LEP gxclussion
at -85% CL

i 6 B 10 2 W4 16 18
Ingm[h [ GaV)

— corridor of allowed values of Higgs mass within Standard Model
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Final remarks

We know that the Standard Model is incomplete:

—no candidate for dark matter
(would have to be heavy, stable and only weakly interacting)

—no explanation of “dark energy”

— inclusion of gravity causes problems
(Why are Higgs mass and Boson masses so “small” compared

to the relevant scale, the Planck mass?)

There must be new physics, even 1f the Higgs boson will
be found one day at a mass making the Standard Model
self-consistent).
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Standard Model looks fine and gauge couplings
and Higgs mechanism appear to work,
although the model 1s clearly incomplete.

To be done:

— discovery of Higgs boson

— determination of Yukwa couplings to fermions

— test Higgs potential via measurement of Higgs self couplings

Will the model show inconsistencies and thus
point to way to extend it, or will it remain to
be a self-consistent theory for the part of reality
it describes ?
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