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The Electroweak Sector of the SM

Electroweak interactions described by SU(2)xU(I)

» 4 gauge bosons: 3 massive (Z,W?*), | massless (y)
» | scalar (H)

* extremely successful theory

* taught in each particle physics course
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The Electroweak Sector of the SM

Electroweak interactions described by SU(2)xU(I)

» 4 gauge bosons: 3 massive (Z,W?*), | massless (y)
» | scalar (H)

* extremely successful theory

* taught in each particle physics course

Let’s take one step back...

» it’s a complicated, highly non-trivial theory
* massive gauge bosons
* parity (and CP) violation
* Higgs field, results in a scalar particle

Why do we believe it?

» we physicists always had a hard time believing anything...
» we want to test the theory to ultimate precision!
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The Electroweak Sector of the SM

Electroweak sector given by 3 parameters

» g, & :coupling constants of SU(2)L and U(I)y
» vV : vacuum expectation value
» weak mixing angle : fixed by the massless photon

Use the three most precise parameters
» & Ac/o = 3% 1010
» Gr : AGF/GF = 5% 107

vlg
=10
v 2_|_ /2
M, — \/92 g
6 My
cos Oy = ——
M

» Mz : AMZz/Mz = 2x]0
» measure more than the minimal set
of parameters to test the theory!
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The Electroweak Sector of the SM

Electroweak sector given by 3 parameters v|g]
» g, g : coupling constants of SU(2)L and U(l)y Mw =5
) V :vacuum expectation value N — vV g2 + 9"
» weak mixing angle : fixed by the massless photon g 2
M
Use the three most precise parameters cos thy = —MW
A

o Ao/ = 3x[0-19
» Gr : AGFH/Gg = 5x%10”

» measure more than the minimal set

» Mz : AMz/Mz = 2x10° M ( S
144/1—
of parameters to test the theory!

Calculate Mw and compare with experiment

» Mw(theo) = 80.939 + 0.003 GeV
» Mw(exp) = 80.385 + 0.015 GeV
» difference = 0.554 GeV ~ 35c !l new physics!?
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Radiative Corrections

Modification of propagators
and vertices

» Parametrisation of radiative corrections: H
electroweak form factors p, x, Ar

» Effective couplings at the Z-pole:
et b € b
gv.s =\l (1] =207 sin® 0 ) ] f

gar =\l p, 1]

. 2af _ f 2
sin® 0 = K7, sin” Oy

M2 8 14+ A
» Mass of theW boson M7, = —2 [1+4/1— vama( +2 ")
2 GFMZ

» p, x, Ar depend on all parameters of the theory %mt, MH, Xs...)
37 + ...

2 11
Ar = Sy ]\?@ + 2

167‘(‘8%/‘/ v 48%8%/[/ W
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Free Parameters

EW sector

M GF :AGF/GF = 5x]0”/

» Mzl : AMZz/Mz = 2% 10

» evolution of fine structure constant (Ac/&x = 3x10-'9) to scale s

Fermion masses

Aa(s) = |Aciep(s)|+|Act”) (8)+ | Acgep (s)
relative precision = | Ix[06| | 2x10*| | [x]0”

»Mc

, Mp|: precision of about 7% and | %, sufficient (see later)

> Mt

crucial parameter, experimental precision of 0.5% (more later)

Strong sector

4108

: can be constrained using Z-pole measurements

Higgs sector

» Mu|: precision of LHC measurements is 0.3%

Measure more than minimal set to constrain the theory
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Measurements at e*e™ Colliders

e’ f
Z-pole measurements at LEP-1 and SLC
» LEP : running near the Z-pole, four i
. . B f
experiments, 4% |0 Zs / experiment )
108 g e S Rep. 427, 257 (2006)]
» SLC : one experiment, 500.000 Zs, '
polarized beams 0t I ]
Precision measurements 5 __
» exactly known initial state s b
O 10°FGoris '
» precise beam energy, AEbeam = £ 02MeV 0 | T
:EE'ES.F? TRISTAN S| C
. 10 LEP| LEPII 3
Cross section ) 0720350 80 o0 10 140 160 180 20 220
y o 0 sl's 1 Vs [GeV]
0L =0;7
212 1 272 2
1h 70 (s = M2)? + s2T% /M2 Rqep
| o 127 Deel'sy
with Orf = 172 T2 and 'z =1ce+1,, +177 +1naqa +1Liny
Z Z
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Observables

[ADLO, Phys. Rep. 427, 257 (2006)]

Minimal correlated set of parameters 0
» mass and total width of Z° Mz, Iz N ,.-

» hadronic pole cross section Opaq *t L
» leptonic decay ratios RY = R? =Thaq/Tee 2 |
» hadronic width ratios Rgb = L'z 5 /T had 10 _e:wewe;d)
Asymmetries B 88 %0 92 o

E., [GeV]

2 2
Ir.p ~ IRt _ o5 9vis/9As

A p— 1 « 2 ff_
b Af Z A, 1+ (gvs/gar) directly related to sin” 04
NI — N, 3
f _*'F B 0,f
» forward/backward asymmetry Awrp = AL = —-AA
orw KW y Y “'FB N},: L N]EJ; FB — 4 f
. N! — N, 1
f _ 'L R
» left/right asymmetry A}, =

Ni + N} ([Ple)
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Measurements at the Z-Pole

My [GeV 91.1875 + 0.0021
Ty [GeV] 2.4952 £ 0.0023
of . [nb] 41.540 4+ 0.037
RY 20.767 £+ 0.025
A% 0.0171 # 0.0010
Ay ) 0.1499 4 0.0018
sin?0%e (Qrp) 0.2324 + 0.0012
A, 0.670 + 0.027
Ay 0.923 + 0.020
AV 0.0707 & 0.0035
A% 0.0992 + 0.0016
RO 0.1721 4 0.0030
R} 0.21629 + 0.00066
~ 1 | | |

i1 2nf
SIin“0

[ADLO, Phys. Rep. 427,257 (2006)]

ALEPH — = 91.1893+0.0031
DELPHI —=— 91.1863+0.0028
L3 ———  91.1894+0.0030
OPAL —=— 91.1853+0.0029
LEP o 91.1875+0.0021
- common: 0.0017
+*IDOF = 2.2/3
91.18‘ H ‘9]‘..19‘ o 91.2
m, [GeV]

» precision of up to 0.002%!

» LEP/SLD measurements will stay the
most precise for quite some time

» allow for precision tests of the SM and
constrain new physics
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Prediction of top quark mass

';' 200 B | | | | | | | | | | | | | | | | | | |
3 - — _r
O r 1 » m¢ predictions
% 190 — - from loop effects
= - 1 since 1990
Q
180 — —
S :
= L = o 1 ) official
170 - ) & @ ¢ 1 LEPEWWG fit
- 1  since 1993
160 [ ~J » the fits have
- Measurements Results of the EW fit - | b bl
- Tevatron LEPEWWG 4 @lways been able
150 — ¢ Tevatron + LHC [ Gfitter, incl. M,  — to predict m¢
B (searches or meas.) - correctly!
140 B ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | B
1995 2000 2005 2010 2015
Year
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Measurements of m:

[CDF, DO, ATLAS, CMS: arXiv:1403.4427

Tevatron+LHC m, combination - March 2014, L _=3.5fb™-8.7 fo™
ATLAS + CDF + CMS + DO Preliminary

» Tevatron pioneered measurements
of a “kinematic” mass in t decays

» Tevatron

* exceeding all expectations
(expected precision: 2-3 GeV)

» LHC collaborations taking over
* re-use of methods, high statistics

CDF Runll, l+jets
L, =8.7fb?

CDF Runll, di-lepton

i =i

Ly =5.6fb ®
CDF Runll, all jets

L, =58fb"

CEF Runll, EI"*+jets

77777

I — — ]

b e e— o

[ ]

33333

» world average:|m¢ = 173.34 £ 0.76 GeV

172.85+ 1.12 (0.52 + 0.49 + 0.86)
170.28 + 3.69 (1.95 +3.13)
172.47 + 2.01(1.43+0.95+ 1.04)
173.93 £ 1.85(1.26 + 1.05 + 0.86)
174.94 + 1.50 (0.83 + 0.47 + 1.16)
174.00 £ 2.79 (2.36 + 0.55 + 1.38)
172.31+ 1.55(0.23+0.72 + 1.35)

* single best measurement in WA from
CMS in |+jets channel

* recently updated [CMS-PAS-TOP-14-001]

me = 172.04 £ 0.19 (stat.+JES) £ 0.75 (syst.) GeV 1.008

- crucial: JER, pile-up, flavour dependence of |ES

» Tevatron 2014: Am. = 0.64 GeV [Do0, CDF, arXiv:1407.2682] 1004

e e 173.09 £ 1.63(0.64 +1.50)
CMS 2011, Hjets — ot — 173.49 + 1.06 (0.27 + 0.33+ 0.97)
Cﬁigg}lv d-lepton —_— — 172.50 + 1.52 (043  +1.46)
‘{?if{f}l’ alljets —_— = 173.49+ 1.41069  +123)
World comb. 2014 %4/ =510 o=t 173.34 £ 0.76 (0.27+0.24 £ 0.67)

25 TevatonMarch 2013 Run+l) —.— 173.20+ 0.87 (0.51£0.36 £ 0.61)
S LHC September 2013 —r— 173.29 + 0.95 (0.23 + 0.26 + 0.88)
o | | | total  (stat. syst.)
165 170 175 180

JSF

1.01

1.006

1.002

welcome to the community of precision measurements! 1715

CMS Preliminary, 19.7 fb™, {s =8 TeV, I+jets

Myop [GeV]

172 172.5
m, [GeV]
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Interpreteation of m¢ measurements

What about accuracy?

» top mass definition
e EFT, factorization: hard function, universal

jet-function, non-pert. soft function
[Moch et al, arXiv:1405.4781]

* MC mass is (may be) related to the

i D.Z feld
low scale short-distance mass [D. Zeppenfeld]

. . . CMS preliminary, s =7 TeV, lepton+jets
in the jet function [Hoang, arXiv:1412.3649] S s T T T ey
. . . - —— MG, Pythia 72 ’
* but: no quantitative statement available ~ f Meeyhabu
i i T T et PYtia 2
* relating m&" to m©'®: Am: = Aqcp g - e f ]
» colour structure and hadronisation t T e
* partly included in experimental uncertainties r ;
* study on kinematic dependencies of m : :
: > S CMS-TOP-12-0291-
» calculating m¢(m¢) from m¢o'e 8 3.|....|[....|....|...].3
o~ 5"ttt 4
* QCD (three-loop): Am: = 0.02 GeV 0O oy =g ]
= -
* EW (two-loop): Am: = 0.1 GeV R T
[Kniehl et al., arXiv:1401.1844] ° Prppag [C€V]
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Higgs mass [GeV]

400

350

300

250

200

150

100

50

Prediction of Higgs mass

T T T T | T T T T | T T T T | T T T T } MH Predictions
Measurements Results of the EW fit
from loop effects

é LHC 90% CL, PDG
68% CL, LEPEWWG since the
discovery of the

B 68% CL, Gfitter
— 68% CL, Gfitter
top quark 1995

(incl. direct searches)

» weaker
constraints than
for m: because

_— of logarithmic
— dependence
éf/
» still, the fits have
| ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | always Predicted
1995 2000 2005 2010 2015 '
Year Mn correctly!
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Measurements of My

Discovery of a Higgs boson
» cross section times branching ratios, spin,
parity: compatible with SM Higgs boson

* assume it’s the SM Higgs boson
- (or a BSM Higgs boson h in the decoupling region)

* test the consistency of the SM including it
» best mass measurements: H—=yy, H—4l

* ATLAS: 125.4 £ 0.4 GeV [ATLAS, 1406.3827]

« CMS: 125.0 £ 0.3 GeV [CMS-PAS-HIG-14-009]

* weighted average: [25.14 £ 0.24 GeV

- change between fully uncorrelated and
fully correlated systematic uncertainties

is minor: OMu :0.24 — 0.32 GeV

* accuracy: 0.2% !
- sufficient for electroweak fit (more later)

Events/ 2.5 GeV

-2AInL

RERRNRRRRNRRRRNRRRE AR RN RRRRNRRRRNRRRR ]
35 ATLAS ¢ o -
r H N ZZ* N 4| \:I Signal (mH=125 GeV pu=1.51) 7]
30 \s=7Tev JLdt =451M" B =-ccorouna 2 -
E (5= 8Tev _[Ldt - 0s - Background Z+jets, tt i
25 — . o 7////% Systematic uncertainty _:

[1615°80F | :AIX4e ‘SYT11V]

0
80 90 100 110120 130 140 150 160 170

m, [GeV]
10 19.7 fo* (8 TeV) + 5.1 f5* (7 TeV)
7\\\\\\\\\\\\\\\\\\\‘\\\\\\\\\\\wwwwwwwwi
C —— Combined
;* E'\IAS —— H — vy tagged
- Preliminary — H 77 tagged
FH—=yy +H—>2Z2Z

w_»u (9gH,ttH),
vy
n (VBFVH)

[600- 1 -DIH-SVd-SWD]

=, N W DN 0O N © ©
“ T T
/
—
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Measurements of Mw

Mw : key parameter in the SM g _:CDF, Phys. Rev. D 89,072003 (2014)]
2 5 - :
aro_Bocy @) | 1o (O
16msy, My,  48wsy, My, > -
= I »2/dof = 58 / 48
» final LEP-2 measurement (2013): $10000]-
* AMw = 33 MeV [ADLO, Phys. Rept. 532:119,2013] f
5000 [—
» Tevatron : most precise result so far :
* Jacobean peak in Mt and pt) inW—Iv WISt e 1 SN .
o 60 70 80 90 100
* AM = 16 MeV, accuracy: 0.02% !! e (GeV)
e crucial: Iepton energy and resolution, PDFs CDF 1988-1995 (107 pb') f o 80432 £ 79
DO 1992-1995 (95 pb™) @ 80478 + 83
} LHC : no reSUIt SO fa‘r CDF 2002-2007 (2.2 fb™) -.- 80387 £ 19
* (optimistic) scenarios: [arXiv:1310.6708] 0 memneIm e T
Tevatron 2012 -.- 80387 + 16
AMypy [MeV] LHC LEP —e— 80376 + 33
\/g [TGV] 8 14 14 World average @ 80385 + 15
L[fb™!] 20 300 3000
Total <E 8 E i
* very challenging 80200 80400 80600
- PDFs, momentum scale, hadronic recoil, pile-up at high L? M,, [MeV]

[CDF, DO, Phys. Rev. D 88,052018 (2013)]
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Experimental Input

Fit is overconstrained
» all free parameters measured
* most input from e*e™ colliders

* but crucial input from
hadron colliders:

- m¢:0.4%
- Mw : 0.02%
- Mu: 0.2%

* remarkable experimental
precision (<[%)

» require precision calculations!

My [GeV]©) 125.14 4+ 0.24
My [GeV] 80.385 + 0.015
Ty [GeV] 2.085 + 0.042
My [GeV] 91.1875 £ 0.0021
Iz [GeV] 2.4952 4+ 0.0023
o . [nb] 41.540 4 0.037
RY 20.767 + 0.025
A% 0.0171 4 0.0010
Ay &) 0.1499 + 0.0018
sin?0’; (Qrp) 0.2324 + 0.0012
A, 0.670 + 0.027
Ay 0.923 + 0.020
AV 0.0707 =+ 0.0035
A% 0.0992 + 0.0016
RY 0.1721 4 0.0030
RY 0.21629 + 0.00066
e [GeV] L2755
My [GeV] 4.2010-07

my [GeV] 173.34 £ 0.76
Aol®) (M2) 2757 + 10

| LHC

Tev.

LEP

SLD

SLD

LEP

|| Tev.+LHC
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Calculations

Uy

All observables calculated at 2-loop level

» Mw : full EW one- and two-loop calculation e

of fermionic and bosonic contributions 3 L Ve € . ., Ve
. fermionic bosonic
[M Awramik et al., PRD 69, 053006 (2004), PRL 89, 241801 (2002)]

+ 4-loop QCD correction [Chetyrkin et al., PRL 97, 102003 (2006)]

» sin?0leq : same order as Mw, calculations for leptons and all quark flavours
[M Awramik et al, PRL 93,201805 (2004), JHEP | 1,048 (2006), Nucl. Phys. B813, 174 (2009)]

» partial widths I't: fermionic corrections known to two-loop level for all
flavours (includes predictions for 6%ad) [A. Freitas, JHEPO4, 070 (2014)]

» Radiator functions: QCD corrections at N3LO [Raikov et al, PRL 108,222003 (2012)]

» I'w : only one-loop EVV corrections available, negligible impact on fit
[Cho et al, JHEP | 111,068 (201 1)]

» all calculations include one- and two-loop QCD corrections
and leading terms of higher order corrections

All EWPOs calculated at two-loop level or better
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Theoretical Uncertainties

Estimation
» assume that perturbative expansion follows a geometric series (an=a r") :
O(a?)

Oe) important
» other methods (e.g. scale \

for example: O(a?ay) =

O(aay)

variation) not always feasible

* but give similar results

» theoretical uncertainties

smaller by a factor of 3-6
than measurements

e for the first time,

reasonable estimate 0.5 GeV

for all observables ]4
» important missing higher order terms: new in fit
* O(ax3), O(021xs), O(xXxs?), O(C%0s) (in some cases), O(Xs°) (rad. functions)
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Fit method

Free parameters
» Mz, AGhad, MH, Mc, Mp, My, Xs
* Gr is fixed to world average (PDGQG)
* (Xs is unconstrained — independent measurement
Treatment of theory uncertainties
» included as additional free parameters (10 parameters)
» different ways on how to treat their effect on the likelihood

* Rfit : flat likelihood within uncertainties (box potential), corresponds to
linear addition of uncertainties

* Gaussian likelihood : corresponds to quadratic sum of uncertainties
Minimization
» pre-fitter : genetic algorithm (useful for many parameter fits)
» Minuit (standard, others are used as well)

» test of results using MC toy data
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The global electroweak fit

disclaimer:

» there are several groups who routinely perform the electroweak fit
» there are small differences in the methodology, the results agree very well
» | will focus on results from the Gfitter group (www.cern.ch/gfitter)
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http://www.cern.ch/gfitter

Parameter Input value .Free Fit Result w/o oxp- mput : W/ 0 exp. input
in fit in line in line, no theo. unc
My [GeV]© 125.14 + 0.24 yes 125.14 + 0.24 9313 93125
My [GeV] 80.385 4 0.015 ~ 80.364 4 0.007 80.358 4 0.008 80.358 4 0.006
Ty [GeV] 2.085 + 0.042 ~ 2.091 + 0.001 2.091 + 0.001 2.091 + 0.001
My [GeV] 91.1875+£0.0021  yes | 91.1880 +0.0021 || 91.200 + 0.011 91.2000 £ 0.010
I'z [GeV] 2.4952 4 0.0023 - 2.4950 4 0.0014 || 2.4946 4 0.0016 2.4945 4 0.0016
o o [nb] 41.540 + 0.037 = 41.484 4+ 0.015 41.475 4+ 0.016 41.474 +0.015
RY 20.767 4 0.025 = 20.743 4 0.017 20.722 4 0.026 20.721 4 0.026
A% 0.0171 4 0.0010 ~ ] 0.01626 & 0.0001 || 0.01625 =+ 0.0001 || 0.01625 =4 0.0001
Ay &) 0.1499 £ 0.0018 - 0.1472 4 0.0005 || 0.1472 £ 0.0005 0.1472 4 0.0004
sin®0cq (Qrn) 0.2324 4+ 0.0012 —10.23150 £ 0.00006 || 0.23149 £ 0.00007 || 0.23150 £ 0.00005
A, 0.670 £ 0.027 ~ | 0.6680 4 0.00022 || 0.6680 4+ 0.00022 || 0.6680 + 0.00016
Ay 0.923 + 0.020 —10.93463 £ 0.00004 || 0.93463 £ 0.00004 || 0.93463 £ 0.00003
AV 0.0707 & 0.0035 - 0.0738 4 0.0003 || 0.0738 4 0.0003 0.0738 4 0.0002
A% 0.0992 4 0.0016 - 0.1032 4 0.0004 || 0.1034 4 0.0004 0.1033 & 0.0003
RO 0.1721 + 0.0030 = 0.17226 7000002 |10.17226 4 0.00008 || 0.17226 %+ 0.00006
RY 0.21629 & 0.00066  —  [0.21578 & 0.00011 || 0.21577 £ 0.00011 || 0.21577 & 0.00004
M. [GeV] 1.27 1007 yes 1.27 10-97 ~ ~
my [GeV] 4.20 7007 yes 420047 ~ ~
my [GeV] 173.34 £ 0.76 yes 173.81 £ 0.85 177.0153(V) 177.0 £ 2.3(V)
Ac® (M2)EA) 2757 + 10 yes 2756 =+ 10 2723 + 44 2722 & 42
o (M3) yes | 0.1196 +0.0030 || 0.1196 + 0.0030 0.1196 4 0.0028

[Gfitter group, EPJC 74, 3046 (20I4)]
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SM Fit Results

black: direct measurement (data)
orange: full fit
light-blue: fit excluding input from row

» goodness of fit, p-value:
X2min= |7.8 PrOb(szin, |4) — ZI%
Pseudo experiments: 2| + 2 (theo)%
* X%min(Z widths in |-loop) = 18.0
* X%min(No theory uncertainties) = 18.2
» no individual value exceeds 30

» largest deviations in b-sector:

e A%rg with 2.50
— largest contribution to X?

» small pulls for Mu, Mz
* input accuracies exceed fit requirements

z;iz

=]
NN

()
Riep
2
A (LEP)
A (SLD)

lept

1A 2
sin“@_, (QFB)
AC
Ab
A

>0 O
QD
o

0,c
FB

mEm Global EW fit

- Measurement

3 -2 -1 O 1 2 3
(O -0)/ o,

indirect
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Higgs results

Ay? profile vs My

» grey band: fit without My measurement :
* My = 93*2_,, GeV
e consistent with measurement at 1.30
» blue line: full SM fit

impact of most sensitive observables

o A(LEP)
» determination of My,

. " A(SLD)
removing all sensitive observables N
except the given one Ars

I\/IW

» known tension (30)
between Ai(SLD), A%%g,

. LH
and Mw clearly visible C average

~ e | - +254
(elfiterlut  — T 143 g5
— a8 "
----------------------------------------------------------------------------------------------------- +628
' _____________ 503 L¢3
77
1 125.1 +0.2
6 10 20 10%2x10? 10°
M, [GeV]

Roman Kogler 22

The global electroweak fit



Indirect determination of W mass

: T

Ay? profile vs Mw 3 9— ----------------------------------------------------------- .f.iﬂf?f.w%go

» also shown: SM fit with °F F
minimal input: ;_ /
Mz, Gr, AGhad®(Mz), &s(Mz), E E
My, and fermion masses BN EN
* good consistency 3 E E

» MH measurement allows for 2 |- =
precise constraint on Mw . o EG
* agreement at .40 §0.32 8033 8034 80.35 80.36 8037 I8IO.|3I8I I8IO.|3I9I Iéol.zi " 80.41

» fit result for indirect determination of Mw (full fit w/o Mw): My [GeV]

My = 80.3584 £[0.0046,,, [+:0.00305,, m |+ 0.002657, + 0.001844, .
+0.00204, = 0.0001 7, +0.00405,, s |GeV

= 80.358 £ 0.008;o GeV

more precise than direct measurement (15 MeV)
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Indirect determination of W mass

~, 10 T -
Ay? profile vs Mw RIS o R £ - =30
. o — [T sMmfit vifo I\/i"v measurement E
2 aISO Shown: SM ﬁt Wlth - SM:f:_itw My, and M,, measurement 3
. . . . 7 == SM fit wit mi“x‘1imalinput =
mlnlma‘l InPUt' E_I-Q-I Mva:'QrId ver't_age[arXiv:1204.0042] Rf _E
5 — E 3 1T ]
Mz, Gr, AO(had.( )(Mz), &s(Mz), 3 e :
MH, and fermion masses JE 2 NG i S EM
* good consistency 3E =
» MH measurement allows for 2 E —
precise constraint on Mw LE s N . t- 3o
OB Loy ol S S I T
¢ agreement at |1.40 80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4 80.41
» fit result for indirect determination of Mw (full fit w/o Mw): M [GEV]
My = 80.3584 £[0.0046,,, [+:0.00305,, m |+ 0.002657, + 0.001844, .
+0.00204, = 0.0001 7, +0.00405,, s |GeV

—  80.358 £ 0.008o¢ GeV  (Rfit: 13 MeV)

more precise than direct measurement (15 MeV)

Roman Kogler
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The effective weak mixing angle

NX].OIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

<

Ay? profile vs sin20'e

» all measurements directly 8
sensitive to sin?0'es 6
removed from fit
(asymmetries, partial widths) 4

* good agreement with min input |

» M4 measurement allows for
precise constraint

» fit result for indirect determination of sin20'y:

[ s™ it with M, measuremen

L SM fit w/o M, measurement

0 LN
0.2309 0.231 0.2311 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318

sin®(6.,)

sinZ6’g 0.231488 £{0.000024,,,

0.23149 £ 0.00007¢ot

+0.0000165,, . m, £ 0.000015,7, =+
+0.0000104 =+ 0.000001,;,, +

0.000035A4,

0.000047

dtheo SIN

0.

more precise than determination from LEP/SLD (1.6x10%)

Roman Kogler
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The strong coupling &Xs(Mz)

N 5 [T 51 | I I I | I I I I I I I I I I I I I I I _]
x — 3 .T:
Ay? profile vs &ts(Mz) “Tusbe & Eswm 2
L 4 BN \& [0 smifit minimal inputand R0and o%,, i,
» determination Of s - 4@ o (M,) from < decays at 3NLO [Eur.Phys.J.C56,305 (2008)] 7/ 3
. 35 ; iy £
at full NNLO and partial NNNLO ~ £ i
» also shown: minimal input with o5 - ‘ ] 7 =
two most sensitive 2 - 77 =
measurements: R, 6%ad 15 ' E
q q q Ty “x-‘: ————————————————— ——. — 1o
Zly Zly g Zly g 0.5 i_ _i
g O - | | | | | | | | | | | | | — | 1 | | | | | | | | | | -
ﬁ q q 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126
» Mu has no (visible) impact o5(M,)
2
as(MZ) = 0.1196 = 0.0028 ey £{0.00065,,,,, %y, , & 0.00064,,,r, £ 0.0002;, 0

= 0.1196 £ 0.0030 ¢ , , o
More accurate estimation of theo. uncertainties

(previously: dtheo = 0.000| from scale variations)

good agreement with WA, dominated by exp. uncertainty
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Indirect determination of m¢

Q] 10 L | | | | | | | | | | | | | | | | | | | | ]
X T E . 3
2 : < o E[Edswiitwim measurement 4 | (el fitter|s.J:3 .

AX pl"OflIe VS Mt = SM fit w/o\in, and M,, measurements g ©
) determination Of Mt from 8 ;_I-Q-I mkin world ‘verage [arXiv:1403.4427] _E
— H_H ,..pole ]
. 7 m; from vatron O [arX|v 1207.0980] —
Z'POIe data (fU”)’ obtained = P P from '_ o, (CMS) [arXiv:1307.1907] ]
from rad. ° - HOH mf’°'e from ATRAS, o [arXiv:1406.5375] =
corrections ~mt2) 5 ="V m{? from ATL S, O, [ATLAS-CONF-2014-053 —

. . T e A =20

» alternative to direct = E

3 = —
measurements = =
2 — i —

» My allows for S|gn|ﬁce.1ntl).' B . CH\%V _____________________________________ EN
more precise determination f /X __— 3
Of M 165 170 175 180 185 190

m, [GeV]

my = 177.0 & 2'3MW, sinQQfo T O.Gas T O'5Aahad T O.4MZ GeV
= 177.0 = 2.4exp & 0.5¢neo GeV

» similar precision as determination from o, good agreement
» dominated by experimental precision
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State of the SM: Mw vs sin20'

';' 805 [ | | | | | | | | | | | | I | | | | | | | | | | | | ]
8 —  68% and 95% CL contours 5in*(6,) LEP+SLC = 1o 7
— 80.48 — direct M, and sinz(e‘;ﬁ) measuréments _:
23 80.46 — W fitw/o M, sinz(e‘;ﬁ) and Z WidthES medgsurements 7
— fit wio M, sin(6],) and M, measurements 7

80.44 = fit w/o M, sin(6,), M, and Z widths measurements —
80.42 :\ | — -
80.4 | = [ = .
80.38 -—-_--... e R R .....E........... ......_.;.
80.36 — My, world comb. = 1o _:
80.34 |- —
80.32 = fitter]su: -

[ | | | | | | | ] ] ] \ ]

0.2308 0.231 0.2312 0.2314 0.2316 0.2318 0.232 0.2322
sin®(6.,)
sensitive probes of new physics

» significant reduction of parameter space due to knowledge of My
» predictions are more precise than the direct measurements
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Theoretical uncertainty on m¢

';' 80.46 _| ] ] ] | ] ] ] ] | ] ] ] ] | | | | | | | | | | | |. 2| || ] | ] ] ] ] | ] ] ] |_
8 . 95% CL contour for fit w/o sin“(0,,) LEP+SLC + o _
— 8044 |— My sin*(6l,) and Z widths measurements _
< - 5, m, =15GeV -
- 0., M =1.0GeV .

80.42 — 5,., m =0.5Gev «—— default —]

— 0., M = 0.0GeV —

80.4 [— —
80.38 [— .

: m,y world comb. * 1o :

80.36 — —
80.34 — —

- fitter |su; -

_I | | | | 1 1 1 | | | 1 1 1 | 1 1 1 1 | 1 1 1 | | | 1 1 1 | | 1 1 1 | | | | I—

80.32
0.2311 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318 0.2319
sin®(6.,)
impact of variation in d¢heo m¢between 0 and 1.5 GeV

» better assessment of uncertainty on m. important for the fit
» uncertainty of 0.5 GeV small impact on result
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Constraints on BSM models

» if energy scale of NP is high, BSM physics could appear dominantly through

vacuum polarisation corrections
stronger constraints with U = 0:

» described by STU parameters

[Peskin and Takeuchi, Phys. Rev. D46, | (1991)]

» SM: Mu = 125 GeV,m¢= 173 GeV
this defines (S,T,U) = (0,0,0)

» S, T depend logarithmically on MH

» Fit result: S T U
S=0.05+0.11 S | +0.90 -0,59
T=009+0.13 T | -0,83
U=00I x0.11 U |

» no indication for new physics
» use this to constrain parameter space in BSM models
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Constraints on BSM models

» with My unknown, changes in S, T and U could often be compensated by
changes in My

» rather weak limits: e.g. large parameter space for sequential fourth
generation open

Sequential Fourth Fermion Generation
|

|_ 05 | I | I | I I I | I T 111 L L L L
0.4 =
03F _ _ _ =

~  m,=200 GeV, m =120 GeV, m =400 GeV =
0.2 ~ @ m,=360GeV, M =120 GeV ® =
" E m m,=450GeV, M =350 GeV -
0.1 ~ A M,,=480 GeV, M =600 GeV =
0 —
- m,,,m\, €[100, 1000] eV
-0.1 N —
R My4s,M \E[200, 1000} GeV
— M —]
02 & S My €[100, 1000] G -
-0.3 & M,, €[114, 1000] GeV —
— _ m, =173.3 £ 1.1 GeV -
0.4 68%, 95%, 99% CL fit contours =
T E (MH =120GeV, m =173 GeV) -

1 1 | I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 11 1 I 1 1 1

-0.5
-05 -04 -03 -02 -01 0 01 0.2 0.3 0.4

n o
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Constraints on BSM models

» with My unknown, changes in S, T and U could often be compensated by

changes in My

» rather weak limits: e.g. large parameter space for sequential fourth

generation open

» after discovery of a SM-like
Higgs boson:
chiral 4th generation

ruled out
[O. Eberhard et al., PRL 109, 241802 (2012)]

» note: mostly from Higgs

signal strength,
small impact of EWPO

Pulls of the Higgs signal strengths

SM3
99 — H — vy SM4
SM4+EWPO
VV — H — vy
pp— H —-WW
|
pp — H — 27
o H o ﬁ
—30 —20 —lo +1lc +20 +30
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The Scalar Sector
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Tree Level Higgs Couplings

» study of potential deviations of Higgs couplings from SM
» leading corrections only, parametrize deviations with effective couplings
» LHC and Tevatron data included using HiggsSignals [P Bechtle et al, JHEPI 1,039 (2014)]

L

L
A4 A4

Kw Kz
» no BSM contributions on tree-level to fermion or vector-boson coupling

» stronger constraints on Kw than on Kz

» custodial symmetry holds, Kw = Kz = Kv
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Constraints from EWPD

» consider specific model in “k parametrisation’:

* scaling of Higgs-vector boson (Kv) an
with no invisible/undetectable widths

» main effect on EWPD due to modified
[Espinosa et al. arXiv:1202.3697, Falkowski et al.

ZI\W ZIW

ZIW

d Higgs-fermion couplings (KF),

Higgs coupling to gauge bosons (Kv)
arXiv:1303.1812], etc

1 A2 ; 80-5 B I 1T 1T 1 I 1T 1T 1 I | L I T 1T L | 1T 171 I 1T 17T I 1T 17T I
S T (1 _@) ln— E | 95% CL contours Ky private LHC average + lo :
127 M2 ~ w/o M,, and k, measurement A= |1ﬁ<2| —
80.45 __ A=10TeV v __
— A= 5TeV —
= (1— ln = _ i
167 COS2(9€ - M LTeY -
80.4 — —
A C |
‘ 1 _ — M,y world comb. + 1o —
80.35 — —
» correlation between kv and Mw 803 [ -
- 68% and 95% CL contours for _
* slightly smaller values of Mw P e M Ay memsHenps ftterjsu:

80.25 I 1 1 1 I 1 1 1 I 11 1 1 I | I | | 11 1 1 | [ I I | I 1 1 1 I 1 1 1 I

preferred 08 08 09 095 1 105 11 115 1.2

Ky

33

Roman Kogler

The global electroweak fit



Higgs Coupling Results

LL 1.8 | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
. . 7 B ]
nggs Coupllng 16 B . Higgs Measurements . EW-fit + Higgs Megsurements:
measurements: ol 68% and 95% CL fit contours F}?f;q_i\%@ CL fit contours .
by Ky = O 99 + O 08 14— Standard Model prediction = Fit minimum ]
»Ke= 1.0l £0.17 1.2 —
: 1 —
» Combined result: . -
»Kv = .03 £ 0.02 08 E
(A = 3TeV) 0.6 [~ —
» implies NP-scale of 0.4 - ”fr_“i”ary =
N itter |z -
A Z I 3 Tev O 2 B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | B
0.7 0.8 0.9 1 1.1 1.2 1.3
Kv

» some dependency for Ky in central value [1.02-1.04] and error [0.02-0.03]
on cut-off scale A [I1-10TeV]
* EW fit sofar more precise result for Ky than current LHC experiments
* EW fit has positive deviation of Ky from 1.0
- many BSM models: Ky < |
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Higgs coupling results

only Higgs signal strength

» allowing for different

» stricter constraints due to
EWPO, some gain also in

couplings to up- and down-
type quarks Ky and Kd

the fermion sector

68%

95%

Correlations

1.03 £0.02
1.10 £ 0.14
0.88 £0.12
0.92 +£0.15

[0.99, 1
[0.82, 1
[0.66, 1
[0.65, 1

.07]|1.00
.38]

0.14 1.00
15110.09 0.23 1.00
.26]10.28 0.35 0.81 1.00

» also possible to constrain
coefficients of dimension-6

operators

e contributions to EWPO
have been worked out

o theoretically sounder than
constraints from S, T,U

~-
-
N i mima=

____________
_____________
PR s

-
-
=== l=

- -
’’’’’
.

V%

i r\'.’ _::':;:' ~~~~~ . i
-1 ~. ..'-.- ttttt e 1
1 | | 1 1 | _2_
0.6 0.8 1 1.2 1.4 0
Kv
= +EWPO
s 2 - 2
V2 [ ~ I
: l.t‘-.\\‘ :
1- :,'/.‘{-, 1
i ‘S W I
ol oF
: o
-1 ‘."l' 1 ' o \\\\
- - .\.:~~. 'I ,\
I T 3 ’
L | | Lo _2_||||||...|....|....
0.6 0.8 1 1.2 1.4 0 0.5 1 1.5 2
Ky K]

[Marco Ciuchini et al, arXiv:1410.6940]
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Two Higgs Doublet Models

» extend the scalar sector by another doublet Type I and Type I
» studies of Z; Type-| and Type-2 2HDMs Higgs Cy

* difference in the coupling to down-type quarks " sin(f — a)

* Type-2 related to MSSM, but less constrained Z COS(BO_ il

Two-Higgs Doublet Model

>

& [ : 2H|5

O 900 ¢ fitter|
<

» constraints derived
from EWPD using

700 S, T,U formalism

600 » lightest scalar

Mn = 125.]1 GeV

» weak constraints
onh masses, since
tanf3 and cos(p-a)

200 300 400 500 600 700 800 900 are unconstrained
M, [GeV]

500

400

300

200
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2HDM and H Coupling Measurements

» coupling measurements place important constraints on 2HDMs
» predictions of BRs using 2HDMC [D. Eriksson et al, CPC 181, 189 (2010)]

» 7 additional, unconstraint parameters (4 masses, 2 angles, soft breaking scale):
importance sampling with MultiNest [F Feroz et al., arXiv:1306.2144]

a'al a'al
S Mis =250 GeV S Miz = 250 GeV
Type-| Type-2
Preliminary Preliminary
cos(B-x) cos(f—x)
» additional constraints from flavour data
* B Xy: tanf3 > | * Bs— U : constraints depending on My and Muz+
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Global Fit to 2HDM of Type-2

Two-Higgs Doublet Model Type Il

I|IIII|IIII|IIII|<>IIII|IIIIIII

fitter

— 68% and 95% CL fit contours (allqwed)

tanp = [10,35]
@ i

A° [GeV]
(o)
o
o
|

= 800

K

é
|

700

600

500

400

300

<O
@Ooco PN

preliminary

200

200 300 400 500 600 700 800 900
M o [GeV]

» for given Muz: tight constraints from H coupling measurements and EVWPD
» expect improvement from direct searches at the LHC
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The Future
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sin20'-¢ measurements at the LHC

» Drell-Yan: Ars sensitive to distribution of polar angle
of lepton w.r.t. quark direction

proton

* LHC: quark direction unknown!
» assume: dilepton boost is quark direction
* often: interaction of valence

. . [ATLAS-CONF-2013-043]
quark with sea antiquark ATLAS.eCC | O
* important: reach in |yil, ie. [N ATL:TSL’:SCF I —O—‘JATLASPre"mmaW
o o L O i |Ldt=48fh @ s=7Tev
» ambiguity due to PDFs dilution of Arg  AtLas combined ~— |
CMS o——
» sin?Qes from MC templates o | e
* accuracy of 9.8%|0-4 LEP,CA[\)(F)E _ _________ ZO“ ________________________________________________________
e consistent with LEP/SLD result LE?;ZL@ A _____ © O _____________________________________________________________________
(accuracy I.6x IO'4) DG Flt _I ..... B II ..... lllllllcé)llll ..... B II ..... B ll ..... o I
0.22 0.225 0.23 0.235 0.24 0.245
» prediction for LHC 14/300 sinco;]
e accuracy of 3.6X10™* [arxiv:1310.6708] sin? 0%z (exp) = 0.23153 £ 0.00016

. 2
substantial contribution from LHC difficult|  sin® feg(fit) = 0.23149 £ 0.00007
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Future improvements

LHC = LHC with 300 fb~!

collider, option to run on
Z-pole (w polarized beams)

WW threshold

tt threshold scan

SAY R: 1073 =104

low energy data, better s
high statistics on Z-pole

Parameter Present || LHC ILC/GigaZ ILC/GigaZ = future e’e”
My [GeV] 0.2 —< 0.1 <0.1

My [MeV] 15 — 8 5

M [MeV] 2.1 2.1 2.1

my [GeV] 0.8 — 0.6 0.1

sin26’§ﬂ_- [107°] 16 16 1.3

Acay, (MZ) [107°] 10 — 4.7 4.7

RY [107] 25 25 4

k17 (A = 3TeV) 0.05 — 0.03 0.01

direct measurement of BRs

» theoretical uncertainties reduced by a factor of 4 (esp. Mw and sin?0'cs)

* implies three-loop calculations!

* exception: Otheo Mt (LHC) = 0.25 GeV (factor 2)

» central values of input measurements adjusted to My = 125 GeV

[Baak et al, arXiv:1310.6708]

Roman Kogler 41

The global electroweak fit



Higgs mass
El"h—imeEls =125 GeV

125 GeV 94 GeV

» Logarithmic dependency on MH — cannot compete with direct My meas.
* no theory uncertainty: Mu= 12517 GeV

» future theory uncertainty (Rfit): Mu = 125710 GeV

. e — +20
present day theory uncertainty: Mun = 125 77 GeV

» If EWPO central values unchanged (94 GeV), ~50 discrepancy with
measured Higgs mass
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Higgs mass

present theory uncertainty present theory uncertainty

'Mymess = |25 GeV

125 GeV 94 GeV

» Logarithmic dependency on MH — cannot compete with direct My meas.
* no theory uncertainty: Mu= 12517 GeV

» future theory uncertainty (Rfit): Mu = 125710 GeV

. e — +20
present day theory uncertainty: Mun = 125 77 GeV

» If EWPO central values unchanged (94 GeV), ~50 discrepancy with
measured Higgs mass compromised by present theory uncertainty!
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Prospects for Mw

50

(\l>< 25 _‘.l | | | | | | | | | | | 'lll | | | | | | | .[ | | | | | 17 | | | /I L_
< Ly [ Present SM fit ' E fitter [sul; -
| || Prospects for LHC i
20 _|:| Prospects for ILC/Gi aZ ]
B I-.-I Directymeasurement p-resent/LHC/ILC) -
. R e - S Y 40
15 . ' ' J —]
10 L} L] [ " ]
---------- b | BUGRISCRSTEE. EURRCRY /' ACEECERCERSTRSEERRRRS K%
5 “\ “‘ ': "' ]
SRECEEEEEETRES -GREER SCEEEEE e /e - 20
O |___|__|__|__I__l__l___l__l__l__|~:l~:: ______ ‘__'_'1' :_-I-_ | | | | | I.I | | | | | ] :IQ
80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4
M,, [GeV]

» improvement of a factor of 3 with the ILC (similar to measurement)
» stringent test of internal consistency of SM
» moderate improvement with LHC (~30%)
* nevertheless, if at present values, theory uncertainties already important
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BSM Prospects of EWV fit

03 B T | T T T T | T T T T | T T T T ]
— 68% and 95% CL fit contours for U=0 —
_ (SM_: M,;=125 GeV, m =173 GeV) _

ref t
0.2 - Present uncertainties ]
— Prospects for LHC -
- B Prospects for ILC/GigaZ -
0.1 — —
0 I —
0.1 SM Prediction -
L My =125.14 + 0.24 GeV —
— m, =173.34 + 0.91 GeV —
-0.2 — —
N €] fitter|sul:
_0 3 B | | | | | | | | | | | | | | | | | | ]
-0.3 0.2 0.1 0 0.1 0.2 0.
S

=
=

80.5

80.45

80.4

80.35

80.3

80.25

I|IIII|IIII|IIII|IIII
| 68% and 95% CL contours

— w/o M, and k,, measurement

I Present SM fit
Prospect for LHC
I Prospect for ILC/GigaZ

Present measurement

Ky private LHC average = lo
A = _4nv

.|.|._.C.pre(.:.i.s4i0n .................................................... /

My, world comb. = 1o

0.8 0.85 0.9 0.95 1

1.05 1.1 1.15

» for STU parameters, improvement of factor of >3 is possible at ILC
» again, at ILC a deviation between the SM predictions and direct

measurements would be prominently visible.

» competitive results between EWV fit and Higgs coupling measurements!

* precision of about 1%

1.2

Ky
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Summary of indirect predictions

Experimental input [+1cexp]

Indirect determination [+10exp, +10theo]

Parameter Present LHC  ILC/GigaZ Present LHC ILC/GigaZ
My [GeV] 0.2 <01 <01 o T, R TR TS TS, T
My [MeV] 15 8 5 : 5.2. 1.8 1.9, 1.3
M [MeV] 2.1 2.1 2.1 L1, 4 7.0, 1.4 2.5, 1.0
my [GeV] 0.8 0.6 0.1 L 24,06 1.5, 0.2 0.7, 0.2
sin20%g [107°) 16 16 1.3 : 2.8, 1.1 2.0, 1.0
Add (M2) 107° 10 4.7 4.7 42,13 36, 6 5.6, 3.0
RY [1072] 25 25 4 - - -
as(MZ) [1074 — ~ — 40, 10 39, 7 6.4, 6.9
Sl—o - - = © 0.094, 0.027 0.086, 0.006 0.017, 0.006
T|v—o - = = 1 0.083, 0.023 0.064, 0.005 0.022, 0.005
kv (A = 3TeV) 0.05  0.03 0.01 0.02 0.02 0.01
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Summary of indirect predictions

Experimental input [+1cexp] Indirect determination [+10exp, £10theo]
Parameter Present LHC  ILC/GigaZ : Present LHC ILC/GigaZ
Mpy [GeV] 02 <0.1 <0.1 SRS T e, o8 2o
w1 s 5
My [MeV] 2.1 2.1 2.1 L1, 4 7.0, 1.4 2.5, 1.0

my [GeV] 08 0.6 0.1 L 2.4, 0.6 0.7, 0.2>

Wil 016 16 13
Add (M2) 107° 10 4.7 4.7 D 42,13 36, 6 5.6, 3.0

RY [1072] 25 25 4 : - - -
as(MZ) [10-4] - - - : 40, 10 39, 7 6.4, 6.9
Sl—o = - - © 0.094, 0.027 0.086, 0.006 ~0.017, 0.00
T|v—o - - - 1 0.083, 0.023 0.064, 0.005 \0.022, 0.00
Ky (A = 3TeV) 0.05  0.03 0.01 L 0.02 0.02 0.01

» theory uncertainty needs to be reduced if we want to achieve the
ultimate precision with the LHC!

» ILC/GigaZ offers fantastic possibilities to test the SM and constrain NP

Roman Kogler 45 The global electroweak fit



Mw : Impact of Uncertainties

Today LHC-300 ILC/GigaZ

6meas = |5 MeV Smeas — 8 MeV Smeas — 5 MeV

ot = 8 MeV ofc = 6 MeV Ot = 2 MeV
. SMZ ‘ smtop ‘ SAahad ‘ 50(5

Impact of individual uncertainties on o0Mw in fit (numbers in MeV)

» ILC/GigaZ: impact OMz of will become important again!
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Summary

Paradigm change

S! B | | | | | | | | | | | | | | | IE F: | | | | | | | | J,_
Q — 68% and 95% CL contours | ¢ | meworld comb. x 1o .
° ° | : : e my = 173.34 GeV —
} from the dlscovery Of the nggs 9- 80.5 — [ fit w/o M, and m, measurements -- 0=0.76 GeV ) —
- Eg fit w/o M,,, m and M, measurements | | —0=0.76 @0-5%eo’GeV
boson to a probe of new physics direct M,, and m, measurements | ! ’
80.45 " t

» knowledge of My and . ; ]
two-loop calculations gy
— M, world comb. = lo /,' /,/

unprecedented precision of EWV fit &%

|
z

w = 80.385 = 0.015 GeV

» cannot know Mw and sin20'ex 303 - | :
I B e 7 Elq/, E
precise enough 8025 [~ T - [ fitter[s.:
_’I//I | | | | | | l'//l | | I,’//l I:iI | | | | | | | | | I_

LHC 14/300 140 150 160 170 180 190
o m, [GeV]

» AMw (indirect) = 5.5 MeV

AMw (exp) = 8 MeV More information and latest results:

www.cern.ch/gfitter

ILC with GigaZ
» Am¢ (exp) = 100 MeV = AMw (indirect) = 2 MeV

measurement of Mz will become important again (AQhad as well)
» indirect determinations of Mz and AQhad Will match exp. precision
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Additional Material
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Calculation of Mw

Full EW one- and two-loop [M Awramik et al., Phys. Rev. D69, 053006 (2004)]
calculation of fermionic and bosonic [M Awramik et al., Phys. Rev. Lett. 89,241801 (2002)]
contributions Yy
One- and two-loop QCD v 3Z W
corrections and leading terms of P v R
higher order corrections é v

Results for Ar include terms of order
O(a), O(aas), O(aos?), O(aferm),
O((Xzbos), O(azasmt“), O(Otgmt6)
Uncertainty estimate: |
* missing terms of order O(a0s): 004 |
about 3 MeV (from O(a2asmi?))
* electroweak three-loop
correction O(0%): <2 MeV |
* three-loop QCD corrections R A A Ak
O(OL(XSB): <2 MeV 0 — 200 400 600 ‘;(?)g. 1000
* Total: SMw = 4 MeV HalGeld

0.045 |

Ar

0.035 |
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Calculation of sin%(0')

» Effective mixing angle: [M Awramik et al, Phys. Rev. Lett. 93, 201805 (2004)]
sin 9Pt = (1 — M2, /M32) (1 + Ax) [M Awramik et al., JHEP | 1,048 (2006)]
Y,z
» Two-loop EW and QCD correction v.ZW

to Ax known, leading terms of higher
order QCD corrections

» fermionic two-loop correction about
1073, whereas bosonic one 107

» Uncertainty estimate obtained with
different methods, geometric

. 0.2325
progression: o 0232
« [ .
O(&2a8) — O(Oé) O(&a8)° - 0.2315
< 0.231}
O(a?as) beyond leading m; 3.3...2.8 x 107° = ot
©0.230577 .
O(aa?) 1.5...1.4 P o ok,
| -+ aoy —+ o,
O(a?) beyond leading m{ 2.5...3.5 0.2295 —taa?  —+leading o®,ala
_ 200 400 600 800 1000
Total: 8sin20'ers =~ 4.7 107> My [GeV]
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Calculation of sin?(0%b)

[M Awramik et al, Nucl. Phys. B813, 174 (2009)]
» Calculation of sin%0efr for b-quarks

more involved, because of top quark
propagators in the Z—bb vertex

» Investigation of known discrepancy
between Sin0Octf from leptonic and
hadronic asymmetry measurements

» Two-loop EVV correction only
recently completed, effect of O(107)

» Now sin%0° known at the same
order as SiN“Oeff for leptons and light
quarks

» Uncertainty assumed to be of same
size as for SiN%0eff :

dSiN20°.4s ~ 4.7 107>

Roman Kogler 5l The global electroweak fit



Calculation of R%

. — [A. Freitas et al., JHEP 1208, 050 (2012)
Full two-loop calculation of Z—bb Erratum ibid. 1305 (2013) 074]

» The branching ratio R%: partial decay width of Z—bb and Z—qq

I I 1
Rb — — p—
[haa Tyg+T,+Ts+T.+1% 14+2(034+T1,)/T,

» Contribution of same terms as in the calculation of Sin20°°.s
— cross-check the two results, found good agreement

» Two-loop corrections small compared to experimental uncertainty (6.6-107%)

|-loop EW and || 2.loop EW 2-loop EWV and | +2-loop QCD
QCD correction || correction 2+3-loop QCD correction to gauge
to FSR correction to FSR boson selfenergies
My O(a) + FSRaac02|| O(afm) || Olafm) + FSR 3 aas,m2as,m? O(aas, aa?)

(GeV] [1074] [1074] [1074] (1074
100 —35.66 —0.856 —2.496 —0.407
200 —35.85 —0.851 —2.488 —0.407
400 —36.09 —0.846 —2.479 —0.406
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Radiator Functions

» Partial widths are defined inclusively: they contain QCD and QED

contributions

» Corrections can be expressed as radiator functions Ra and Ry;

[D. Bardin, G. Passarino, “The Standard

3
yp =N C;F\gf (l94,/PRa s + lgvs* Ry 5)”

» High sensitivity to the strong rou

coupling os 100
» Full four-loop calculation of QCD L 1o

Adler function available (N°LO) 2 o
» Much reduced scale dependence z Loa|
» Theoretical uncertainty of 0.1 MeV, ol

compare to experimental
uncertainty of 2.0 MeV

Model in the Making”, Clarendon Press (1999)]
I | O(Otsz)
R \/\ ]
X N\ RS
L O(os?) O(as?) ]
O(Ots)
0.5 A 1.0 . 15 . 2.0 . 25 . 3.0

1.035

u/Mz

[P. Baikov et al., Phys. Rev. Lett. 108,222003 (2012)]
[P. Baikov et al Phys. Rev. Lett. 104, 132004 (2010)]
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Modified Higgs Couplings

Study of potential deviations of Higgs couplings from SM

» BSM modelled as extension of
SM through effective Lagrangian O O
* Leading corrections only

» Benchmark model: O O O

* Scaling of Higgs-vector boson (Kv)
and Higgs-fermion couplings (Kr)

* No additional loops in the production or decay of the Higgs,
no invisible Higgs decays and undetectable width

» Main effect on EWPO due to modified
Higgs coupling to gauge bosons (Kv)

H // \\

. . . KV,/-— -‘\\KV { }

* Involving the longitudinal d.o.f. W NGB
Z/W Z/W

» Most BSM models: ky < | L ZW 2 ZIW

H

—

» Additional Higgses typically give positive contribution to Mw
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