T oy

Karlsruher Institut fir Technologie

Higgs in Loops

G. Quast, A. Raspereza

Course “Higgs Physics”
Lecture 6, 31/05/2012

KIT - Universitit des Landes Baden-Wiirttemberg und www.kit.edu

Nationales Forschungszentrum in der Helmholtz-Gemeinschaft



Recap and Summary




Reminder: The Lagrangian of EW interactions

Z'}/'u i'au L+ R}/“ ff)p.r R
Ex

E‘g Ly'ty - WL - %Zy“ VB, L — %Ryﬂ VB,R
 ———————————— ——————————————————
Interaction with W£,Z.y
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W=.,Z,7.H masses and couplings

(G\L®R+ G LD R+ hermitian conjugate)
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W

lepton and quark masses and coupling to Higgs

L: left-handed
fermion doublet

R: right-handed
fermion singlet




Structure of gauge boson couplings to fermions

yff eyt vector coupling
—7€ L 1 5 _

Wit /2 sin @WV 5(1 =7’) “V-A” coupling

Zff — Y (gt — g4°) vector and axial

2 cosyy sin Oy

. vector couplings
g =T, gl = Tf — 2 sin? Oy ping

e

, M
HWW SO
HZZ el
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Hff —te  my
2 sin Oy My
1 V2
h:czl;e:\/47rozvvithoz:137—w;gsin@w:e;GF:SMW2

Quelle: Halzen, Martin
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Reading Feynman Diagrams from Lagrangian

W
\/\/\/\< f_eILL,TU.dSCbt \/\A/\<
Y, 4
WV\< f=ve,e,v,,u,vr,7,u,d,c,8,t,b W WYZZ
f f=ve,e,v,,n,vr,7,u,d,c,8,t,b E
W WWWZ

Higgs self-
= uplin
W7 f H T °H .

More complex diagrams constructed
from these building blocks

these are all “tree level couplings”
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Feynman diagrams from building blocks - examples

ff — f'f7

“fermion loop”
(modifies photon propatator)

non-tree-level
w coupling via loop,
here: H—o1yy

------

Very many combinations possible, up to an infinite number of Loops
— enormous number of diagrams contributing to a given process




Reminder: Calculation of differential cross sections (in lowest order)

|IM|? = |Vertex factors - Propagator - Fixternal lines|?

Matrix element

IM|? - [Phase space]
|Colliding particle flux|

Cross Section 0 =




Standard Model processes
in higher order




Example:

e fe f
H + H
e fe" f

2 e

e f f 2 e f e f>!<
>‘?< T H t >T< * >7< + CC
+ £ e’ f et F e f

4 Photon — Z Interference term




Example: SRR il differential cross section

2s 1 dO‘eW (e‘|‘e_ — ff) — Use dimension-less (fine structure)
a N Cf dcos 6 coupling constant instead of e2:
ad > ) e2 1 1
a = —~ —
“color factor”; LO&| (1 + COS 92 Adweg he 137
3 for quarks, ‘,77

1 for leptons

J/

—8ax(s) [g\/egvf(l + c05% 0) + 2gAcgafCOS (9}

-~

v — 7 interference

+16]x(5)|? | (936 + 9ae) (93¢ + gar) (1 + cos? )
+8gvegregvegas cos b |

7

\ .

2

8m/2 S—m%—i—if‘zmz

with x(s) =

Breit-Wigner Propagator
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2 — 2 process 1n higher orders

Higher order corrections
modify simple process ff — f'f’

shown here: examples of
“next-to-leading order”- corrections

vertex correction
“one-loop” correction

final state radiation

1nitial state radiation

— all basic vertices can be inserted, involving
all particles of the theory (fermions & bosons)
— integration over momenta of
radiated particles or particles in loop

propagator correction
“one-loop”’-correction
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Remarks on higher order calculations

Higher-order amplitudes calculable with Feynman rules,

with the following extensions:
— diagrams with n fermion loop receive factor (-1)n
— integrate over 4-momenta in loops

AVAVAVAVAV AV SR AVAVAVAVAVAVERE

Integrals lead to divergences at low and high momenta,
p — 0 or p —0 , respectively: infrared and ultraviolet divergences

handled by “rgularisation” and “renormalisation” techniques

— “regularisation” of integrals to track infinities
cutoff-parameters, or finite photon mass, or “dimensional regularisation”
— reparametrisation of physical observables (mass, charge=couplings):
“renormalisation”
— exploit cancellations between contributions
(e.g. diagrams involving photon, Z and neutriono-exchange in WW cross section)
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Remarks on higher order calculations - Renormalisation

Renormalisation:
Example:

charge and magnetic moment of electron in QED

in pictures: electron is surrounded T @ o ©
by a cloud of virtual electrons, + .
existing at a scale A pa; > h Ny = W
q e
SO
virtual particles in loop virtual photon exchange
shield (bare) electric charge modifies magnetic moment

lead to experimentally well-established effects
Lamb shift g-2 of electron # 0
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Remarks on higher order calculations - Renormalisation (2)

Method: replace bare electric charge in lowest-order diagram
by measured values in a process at a given energy scale p? —
re-parameterize perturbation series in terms of physical charge

Theory now depends on
— scale of the process, Q2 ,
— and scale p2, at which coupling was determined

a(p?)

a(QZ) — | _ a(,u

“running coupling”

%)
log a(Mz?) ~ 1;9

Dependence on p2 diminishes if higher orders taken into account,
and vanishes at infinite order (governed by “renormalisation group equation”).

“Running couplings™ absorb effect of propagator loops

See Halzen, Martin, Chap. 7, for a brief introduction, or Theoretical Particle Physics 11
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Remarks on higher order calculations — running couplings

Examples:
[ ]
Running of
the electromagnetic and
OPAL
= L7 oo UL S B B BLELELEE BN ELELL L B
n L .
& Theoretical predictions
g 1005 o Ac =0 -
T o004 [T Ae=Ac, 3
= [ emmeees Ao = Aoy, ]
3 - ep
= L0003 - An = i‘.ultp + Aoy -
= I
2 1Lo02 - =
Loor | L T et 4
1 :— -_-_______._--:::‘E-::- "':':'. ':':' """""""""""""""""""" —:
0999 [ ° 3
0998 | -
0.997 [ .
0996 [ 4
0.995 :....I....I....I....I....I....I....I....I....I.._

1.5 2 2.5 3 3.5 4 4.5 5 5.5 [
-t (GeV?h)

Measurement of the electromagnetic coupling
constant as a function t-channel momentum

transfer in ete~ — ete— scattering

the strong coupling constants

i \ July 2009
o (Q) [l
) a & Deep Inelastic Scattering
0.4 L oe e'e Annihilation A
08 Heavy Quarkonia
0.3}
0.2 ¢
0.1 L
= QCD o Mz)=0.1184 £ 0.0007
1 100

Y Q[GeVv]

Strong coupling constant as measred
at different energies and in different
processes.
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Remarks on higher orders - exploiting cancellations

Infrared-divergences in photon emission cancel out
if all diagrams up to given order are included

£+

real emission virtual photons  propagator loops

consequence of “Ward identities” in renormalizable theories
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Back to AR

Examples of initial
and final state
radiation

QED corrections
known to leading
third order.

Corrections from strong
interactions in quark final
states (QCD) known to
fourth order!

— QED and QCD radiation
r
e f e f e P f
b
e f e" f e f
e f e f e f
v
T
e f e* f e" f
e q e q e q
q’
q
g
+ +
€ q e q e q




M= a] loop corrections

Examples of diagrams contributing to ete- — ff
e f e f e e
Via loops and radiation,
the simple 2—2 process 7 > Y
becomes sensitive to
all particles in the theory! *

Known to leading
two-loop contributions!

Must calculate a large ¢

number of diagrams

contributing to same z
(experimental) final
states.




From Standard Model in lowest order ...

Model parameters: 02 1 1

¢ ¢ electron charge, or fine structure constant o = lren e = 137
i 0
e My Gr Fermi constant
or, alternatively

e M, sin? @y, weak mixing angle
¢ 12 fermion masses
< 12 Higgs-Fermion Yukawa couplings
¢ quark-mixing (CKM) matrix, 4 angles
< Higgs Yukawa Couplings
e Lepton mixing matrix m,, # 0 !(?)

e Strong coupling constant o

~ intotal: 25 parameters

.

Relations in lowest order:

Gr a My

— . 2 1
V2  2sin® Oy M2, sin” Ow = 1 M2

19



... to Standard Model 1n higher order

Introduce running couplings: a(M,) , Gg (M)

2

. M

keep sin? Ow =1-— 5— as definition “on-shell weak angle”
M7

with “radiative corrections” Ar = A« + ryy 20d relation becomes:

0) (0)

, ol 1 _«a
M% sin? O cos? Oy = : a(Mz) = 1=
V2Gr 1—Ar

There are other variants of an “effective weak angle™:

) from couplings
+ vertex corrections: / measured in experiment
eff,f

z Y . 1
sin? O it _ =7 (1 — gzﬁyf)
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Observables 1n higher order

Results in modifications of couplings:
9o = T3 — got' =/ ptITy Pt =1+ Ap

— T3 — 2qf Sll’l (.—.)W — geff g /peff,f(TS _ 2qf Sin2 @%f/f,f)

Ary, Ap and sin® O5}
absorb higher orders to very good approximation

Radiative corrections depend
- quadratically on top mass

- only logarithmically on My
3acos? Oy M,? 1la M2

e.g. A My, M) = log
g Arw (Me, Mp) 1675 O M2 | d8rsin® O 2 M2

+ ..

Software implementations of higher-order calculations
exist to calculate Observables  O(a,, Gp, Mz, Miop, My, ...)
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Differential cross section near Z resonance in higher orders

¢ W
YZW - 1.2Z/W v.Z/W 1.ZIW
it

W/y,Z .

H .

-

f\/\r\w mmwwww | vz
Correctlons ) i
to boson propagators  and vertex-corrections,
as shown above, and many others, absorbed into
- modified Breit-Wigner with s-dependent width
- “running’’ electromagnetic and strong coupling constants

- effective Z-couplings: Gvi = /Re(T§ — 2QcKssin® )

Grr = RIS

with complex form factors R, K¢

dominant real parts can be extracted from
measurements as “effective Z couplings”
22




Effective Parametrization of differential cross section near Z resonance

2s 1 doey

Y
ete — ) = Form of tree-level
™ N c{:: dcos ¢ ( ) formula retained !
la(s)]” (1 + cos®0)
¥

—8§R {a s)x(s) [QVerf(l + cos? 0) + 2GAGA fcos @]}

Y a

v — 7 interference

+16|x(5)[* [(1Gvel® +1Gael®)(1Gv I + [Gas|?) (1 + cos® 6)
+8R{GveGac™ } R{GvsGas"} cosl]

Z
2
with x(s) = 8?:3_ s—m2 +stFz Ty Breit-Wigner with s-dependent width

Literature: “Z Pole Report” by LEP EW Working group and the LEP collaborations

23



Effective Parametrization of differential cross section near Z resonance

furthermore:
partial decay widths
G Fm Z3 2 2
F(ew) _ Nf ( eff 4 eff )
f ¢ 6 \@W gv ga

receive radiative corrections for real photon and gluon emmission:

ew 3
I'¢ :F§ ) (1—|—Eq§oz(mz)—l—...>

.<1 | Oés(mz) | > last factor

| - | for quarks only
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Effective Parametrization of differential cross section near Z resonance

Important to remember:

Via radiative and loop corrections
effective couplings (i.e. corrections to tree-level couplings)
depend on all parameters of the theory, in particular:
- top quark mass (— prediction of top mass before top quark discovery)
- Higgs boson mass
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Measurements in e” ¢ at LEP — the four experiments

» Vertex

Detector

Inner Track
amber

Time Projection
Chamber

Electromagnetic
Calorimeter

Superconducting
Magnet Coil

Hadron
Calorimeter

Muon Detection
Chambers

Luminosity
Monitors

Fig. 1 - The ALEPH Detector

L3

L3

Magnet Pole

Magnet Yoke

Magnet Coil

Muon Chambers

Support Tube[

_ 5o
oy WO ——
oSt e

—

Forward Chamber A

Forward RICH

Forward Chamber B
Forward EM Calorimeter .
Forward Hadron Calorimeter
Forward Hodoscope \
Forward Muon Chambers

Surround Muon Chambers

i)

4§, DELPHI

OPAL

Barrcl Muon Chambers

Barrel Hadron Calorimeter

Scintillators

Superconducting Coil
High Density Projection Chamber

Outer Detector

Barrel RICH

Small Angle Tile Calorimeter
Quadrupole

Very Small Angle Tagger

\Beamt+pe

"\ Veutex Detector

\Inner Detector

\Time Projection Chamber

1. MUON-END CAP

2. HADRON CALORIMETER
3.JET CHAMBER
4.MAGNET COIL

5. FORWARD DETECTOR

6.MUON BARREL
7.VERTEX DETECTOR
8.LEAD GLASS

9. PRESAMPLER AND
TIME-OF-FLIGHT DETECTOR
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Measurements in e e at LEP

27



Measurements in e e at LEP

LEP 1 LEP 2
i | —
10 E
— 103 §
L0 3
e ]
. 103 T ete yZqam |
"o : :
@ 40 |
B ?
1 4
4]
10

50 90 130 170 210 250
Vs [GeV]

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)
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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
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Precision measurements: Z line shape

Measurement of cross sections: —_—

© Determine canditate events for _ |
signal process

© Subtract background passing DELPHI ;i
selection critetea 30 L OPAL foe

© Determine selection efficiency: '
from Monte- Carlo simulation

ALEPH f

Cad [nb]
=
-
I
.
2
N

or using “data-driven” mehtods 20 1 |
© Normalize corrected number of [ o measrements (ecrec kars
. . . increased by factor 10)
signal events to luminosity 0l ' / )
—  from fit
d( ) bkg( ) weems QED corrected .+
Neand(EY—N 2B (E; g
U(E 5) — I i ! \ P _
EJC(ET) fL (ET) | | | 1 1 ] 1 ] ] | ] |\FI'|"ILI ] ] L |
86 88 90 92 94
EEm [GeV]

Luminosity determination:

count number of events in reference reaction Z[jﬁow’”c corrections are
arge,

but well known
theoretically

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

reference reaction (@ LEP: ete- — e'e- at small angles (“Bhabha scattering




Precision measurements: Z line shape

30.8

14.75

Cyaa (MD]

10.2
30.6

14.5
10.1

30.4

® ALEPH
B DELPHI

14.25
10 L

AL3

. * OPAL
| 1990-1992 data
1993-1995 data 14

typical syst. exp.
luminosity error

30.2

9.9

30

theoretical errors:
B QED

| | | i || Iumlnmlt_\r; » | |
89.44 89.46 39.48 91.2 91.25 91.3 92.95 92.975 93 93.025

EmI [GeV] E_ [GeV] E_ [GeV]

cm

peak-2 peak peak+2

The challenge: combining more than 800 individual measurements
(different channels, CM-energies and data taking periods)
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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
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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
»*/DoF = 3.9/3
I'Ii.llll:'; h III'.II]ZI | (E.'li:lﬂ
Ap

—

=.

et
an
=

A

0.4

0.2

I . . . T
— Ay, from fit
== QED corrected

+ average measurements

88 90 92 o
E_ [GeV]
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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, "

35



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,

—— 0.23099 + 0.00053
_ﬁ__
. 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 AR
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
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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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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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