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Predictive power of the Standard Model

Electroweak physics at the Z-pole

Vector and axial-vector couplings for Z - ff in SM
at tree level:

M:
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Electroweak unification: relation between weak
and electromagnetic couplings:
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Gauge sector of SM on tree level is given by three
free parameters, e.g.: a, M;, G (best known!)
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Predictive power of the Standard Model

Electroweak physics at the Z-pole

f W

modifying propagators and vertices fif Wiy,Z

Significance of radiative corrections can be | -
illustrated by verifying tree level relation:

1 1
M? Z/W Z/W Z/IW Z/W
W

Z/

~

. 2 _ _ W
sin“6,, = v
z e’ b
Using the measurements: W
t
M, =(80.399+0.023) GeV VZ
M, =(91.1875+0.0021) GeV o 5

one predicts: sin’g, =0.22284 +0.00045

which is 18 o away from the experimental
value obtained by combining all asymmetry
measurements: sin’g,, = 0.23153 = 0.00016
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Predictive power of the Standard Model
Electroweak physics at the Z-pole

f W

modifying propagators and vertices fif Wiy,Z

. . . . . H
Parametrisation of radiative corrections: .

H ’ \
“electroweak form-factors”: p, k, Ar ( )
VVWAAANMNVWA-
* Modified (“effective”) couplings at the Z pole: W 2/ 21
ZIW
_ o (1f _90f <in2 of
gv,f =Pz (I3 2Q" sin Heff) o 5
_ | ryf W
gA,f - pzl3 p : overall scale t
2 nf  _ o f cin? Kk : on-shell mixing angle /7
sin“6 . =k,sIn" 6, e w
e b

*  Modified W mass:

2
M2=&'1+1 \/EJ'L'O!

W - 2 .
2 GFMZ . (1 - AI‘) — éfrfAlj:Ct]on
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Predictive power of the Standard Model
Electroweak physics at the Z-pole

f W

modifying propagators and vertices fif Wiy,Z
Leading order terms (M, < M,) y /,.H.\\
« pyand k, can be split into sum of universal AR N
contributions from propagator self-energies: WW
ZIW Z/W Z/W ZIW
3G_M? | m? M? ZIW
Ap, =—*|—L-tan’g, ln—g—E T . _
8\/27 | M, M, 6 e b
r W
3G M | m? M?
Ak, = —=X~ gcotZHW—E ln—g’—E + t
827 | M, 9| M, 6 2w
e b
» and flavour-specific vertex corrections, which are e b

very small, except for top quarks, owing to large
mass and |V,,| CKM element

G 2
Apf = -2AKT = -t 4,

m
2\/5712
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Predictive power of the Standard Model
Electroweak physics at the Z-pole

f W
fIf
H

modifying propagators and vertices Wiy,Z

Radiative corrections 2w NSz zw oz

allow us to test the SM 2 :
and to constrain unknown AL
SM parameters - :
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Predictive power of the Standard Model
Electroweak physics at the Z-pole

Observables computed using p/, x,//, Ar and QED/QCD radiator functions Rup Ry

Asymmetries:

Partial widths:

Partial widths are
highly correlated

set of parameters.

For EW fit, use:

ZRe(gv,f/gA,f) where €&y 4 4‘Q ‘sm 0.,

1+|Re(g,,/ gA,f)]2 ’ Re(g, ,)

Measured asymmetries (forward-backward, left-right [+ FB] (SLD), tau polarisation)
can be expressed as functions of different A,

A=

r, NfGM\ \(/")2 g_éva,f(Mg)ﬁLRA,f(M;)

627 g4,

Radiator functions for leptonic (hadronic) width involve QED (EW+QCD) corrections;
- dependence on oyp(M;) and ag(M;)

« Z mass and width: M, (2x10° accuracy!), T,

 Hadronic pole cross section: o&%,,4

Three leptonic ratios (use lepton-univ.): R} =R =T, | / r,., RS’ R’
» Hadronic width ratios: R =T, /T, ., R
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Predictive power of the Standard Model
Electroweak physics at the Z-pole

Observables computed using p/, x,//, Ar and QED/QCD radiator functions Rup Ry

Latest calculations for observables used

- My mass of the W boson
O(a?), O(awy), O(Grom,2), O(GFam,*), O(GESm,?) [ Awramik et al, PRD 69, 053006 (2004)* ]
SiheoMy = 4 MeV

« sin20! effective weak mixing angle
0(02), O(Gam,), O(GSm,%) [ Awramik et al, JHEP 11, 048, NP 813, 174 (2009)* ]
6theOSin29leff = 4.7 X 10_5

- I',, Iy Total widths of Z and W [ Cho et al, arXiv:1104* ]
* R, leptonic width ratio
QCD Adler functions at 3NLO [ Baikov et al., PRL 108, 222003 (2012)* ]

* R, Z—bb width ratio

Full two-loop fermionic correction (sizable: [ Freitas et al, JHEP 08, 050 (2012)" ]

theoretical uncertainties larger than expected?)
*References only those used directly by Gfitter.
Full list of theoretical calculations referenced given in 0811.0009.
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Electroweak fits

Several groups perform these fits with regular updates (LEPEWWG, PDG, Gfitter, BSM groups)

LEP: Phys. Rept. 427 (2006) 257, Gfitter: EPJ C72 (2012) 2003

A long tradltlon Gi Il Theory uncerliainty' 200 I I o I I
Aafy =
« Precision measurements crucial. After LEP/SLC > L oariaoaoon
era, results from Tevatron & soon also LHC 4 B o & data 1 = 150.
. . N§ 3; 1 é = SM soniraint
* Huge & pioneering work to compute loop | » 68%CL |
corrections to two-loop order or higher 2 1 1007 ]
Brout-Englert-Higgs hunting olbxuded o Y Al
30 100 500 1990 1995 2000 2005
* M, last missing parameter of the SM Year
- Indirect determination (2011): M, = 96*>} GeV ol " EN
» Exclusion limits were incorporated in EW fits —
Discovery of new boson in July 2012 E
* The cross section and branching ratios are (so far) 4B AT A — 20
compatible with the SM scalar boson ooy uheeranty 3
it including theory errors_:
« Assume in the following that the boson is the SM T Theedng ey ey,
scalar: M, = 125.7 + 0.4 GeV* L E
200 250 300
*Exact value and uncertainty irrelevant for EW fit in SM M, [GeV]
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Experimental observables

Several groups perform these fits with regular updates (LEPEWWG, PDG, Gfitter, BSM groups)

Experimental inputs:
» Z-pole observables: LEP/SLD results (corrected for ISR/FSR QED effects)

[ADLO & SLD, Phys. Rept. 427, 257 (2006)]
« Total and partial cross sections around Z: M,, T',, o%..4, R%, R?, R,°
« Asymmetries on the Z pole: A%, AP, A0C A, A, Ay, sin20' . (Qrp)

« My and T, : LEP + Tevatron average [arxiv:1204:0042]

« m,: latest Tevatron average [coF & Do, new combination, arXiv:1305.3929]

* m,, m,: world averages [ppG, Phys. Lett. B667, 1 (2008) and 2009 partial update for the 2010 edition]

* Aoy,q(M;): data + QCD-driven [pavier et al., EPJ.C71, 1515 (2011) + rescaling mechanism to account for «, dependency]

o M, : LHC [arxiv:1207.7214 , arxiv:1207.7235]

Fit parameters

© Aoyq(My), as(M,), My, My, m,, m,, m, + theory uncertainty parameters 8y,,,M,y,/ sin20'.

theo

« Other parameters well enough known and fixed in fit

Solvay workshop, May 29-31, 2013 12



Tevatron

Tevatron

LHC

& LEP

Parameter Input value Parameter Input value
Mz [GeV] 91.1875+0.0021 | 4 | My [GeV]'®) 125.7+04 | |
FOZ [GeV] 2.4952 +0.0023 | M GV 20355 £ 0015
Thaq [1P] 41.540+0.037 Ty [GeV] 2.085 + 0.042
RY 20.767 4 0.025
A%L 0.0171 % 0.0010 M. [GeV] 1274097
Ay @) 0.1499 % 0.0018 || % My [GeV] 4.20 %017
sin®’q (QrB) 0.2324 + 0.0012 my [GeV] 173.20 + 0.87
A, 0.670 £0.027 || ¢, Aol (M2) (A7) 2757 + 10
Ay 0.923 = 0.020 ‘ %) as(MZ) -

0,c

FB ' ' S sin?9’ g () [—4.7,4.T]theo
RY 0.1721 4 0.0030 || ¢
RY 0.21629 + 0.00066 ‘ ®

Correlations for observables from Z lineshape fit Correlations for heavy-flavour observables at Z pole

My r; oda RY A% A% AR A, Ay R? RY
My 1 —0.02 —005 003 0.6 AY%S 1 015 004 —0.02 —0.06  0.07
I 1 —030 000  0.00 AL 1 001 006 004 —0.10
o0 1 018  0.01 A, 1 011 —0.06  0.04
RY 1 —0.06 Ay 1 004 —0.08
A 1 RY 1 —0.18
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Parameter Input value Free Fit Result Fit without Fi_t with‘out‘ exp-
in fit M g measurements input in line

[MH [GeV]° 125.74+0.4 yes 125.74+0.4 94.17%5 94.1735

[ My [GeV] 80.385 + 0.015 - 80.367 15900 80.380 15915 80.360 & 0.011
T [GeV] 2.085 £ 0.042 - 2.091 £ 0.001 2.092 £ 0.001 2.091 £ 0.001
My [GeV] 91.1875+0.0021  yes | 91.1878+0.0021 || 91.1874+0.0021 || 91.1983+0.0115
Tz [GeV] 2.4952 + 0.0023 - 2.495340.0014 || 2.4957 4 0.0015 2.4949 + 0.0017
P, 4 [nb] 41.540 + 0.037 = 41.480 +0.014 41.479+0.014 41.472 4+ 0.015
RY 20.767 4+ 0.025 - 20.739 +0.017 20.741 4+ 0.017 20.713 4 0.026
A% 0.0171 £ 0.0010 = 0.01627 706003 0.01637 4+ 0.0002 || 0.01624 =+ 0.0002
Ay ) 0.1499 + 0.0018 - 0.147310-5006 0.1477H0-5009 -

[ sin®’ (Qrp) 0.2324 + 0.0012 - 0.23148 1550001 0.23143 1050019 |} 0.23150 + 0.00009
A, 0.670 & 0.027 - 0.6681 ") 00042 0.6682 T 00035 0.6680 + 0.00031
Ay 0.923 4 0.020 = 0.93464 *5-30005 0.93468 T5-0900% |1 0.93463 + 0.00006
AL 0.0707 & 0.0035 = 0.0739 70500 0.0740 753503 0.0738 4 0.0004
AL 0.0992 + 0.0016 - 0.1032 05052 0.1036 55007 0.1034 £ 0.0003
RO 0.1721 4 0.0030 - 0.17222 70-00008 1| 0.17223 + 0.00006 || 0.17223 + 0.00006
RY 0.21629 4 0.00066  — | 0.21491 & 0.00005 || 0.21492 =+ 0.00005 || 0.21490 + 0.00005
. [GeV] 1.27 1007 yes 1.27 1007 1.2710-07 -

T, [GeV] 4.2010-17 yes 4.200-47 4201017 —

[ my [GeV] 173.20 + 0.87 yes 173.49 + 0.82 173.17 + 0.86 175.83 7215
Aoy (M3Z) (T2) 2756 + 10 yes 2755 + 11 2757 £ 11 271675

[as(Mg) - yes 0.1188 00653 0.1190 F0-0653 0.1188 + 0.0027
Otn My [MeV] [—4, 4]theo yes 4 4 —

S sin?9’ g () [—4.7,4.7]theo yes —1.4 4.7 -

(©) Average of ATLAS (My = 126.0 + 0.4 (stat) 4 0.4 (sys)) and CMS (Mg = 125.3 £ 0.4 (stat) £ 0.5 (sys)) measurements
assuming no correlation of the systematic uncertainties. (*)Average of LEP (A, = 0.1465 + 0.0033) and SLD
(Ay = 0.1513 £ 0.0021) measurements, used as two measurements in the fit. The fit w/o the LEP (SLD) measurement gives
Ap =0.1474 739905 (A, = 0.1467 £3:9996 ). (D n units of 107°. (“)Rescaled due to s dependency.

http://dfitter.desy.de/Standard_Model/
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Goodness-of-fit:
x2min/ Ngor = 20.7/14 — p-value = 0.09,, uc

» large value of y%min not due to M,
measurement

» Without M, measurement:
¥2min/Ngor = 19.3/13 — p-value ~ 0.11

Pull values after fit:

» No pull value exceeds deviation of
more than 36 (consistency of SM)

» Small pulls for M, A, R°,, m_and m,
indicate that their input accuracies
exceed the fit requirements

» Largest pulls in b-sector: A%’; and R,
with 2.50 and -2.10 (little dependence on M,,)

» For comparison: R% using one fermionic
loop calculation: 0.8c

A (LEP)
A (SLD)

. lept
sin"07(Q_)
AO,c

FB

0,b
A

FB

AC
Ab
R,

m(:

Aa® (M2)

had

= with M,, measurement
& w/o M,, measurement

II|IIII|IIII|IIIIIIIIIIIIIIIIIIlII
N i : :
S =
e
S :
—
Co o
N N
=
i

i

3 2 -1 0 1 2 3

(Ofit -0

meas
Plot inspired by Eberhardt et al. [arXiv:1209.1101]

)/ o

meas

0.0
-1.2
0.1
0.2
0.0
-1.6
-1.1
-0.8
0.2
-1.9
-0.7
0.9
2.5
0.0
0.6
0.0
-2.1
0.0
0.0
0.3
-0.1
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Scan of the Ay2 profile
versus M,

» Blue line: full SM fit

» Grey band: fit without M,
measurement

» Fit without MH input gives
My =942 GeV

» Consistent within 1.30 with
measurement

Tension in M, fit ?

» Determination of M, removing
all sensitive observables except
the given one

» Tension (2.50 - from toy MC)
between A%t . A (SLD) and M,

Ay
T

T LI I LN L I UL

45 é_ [ Ismiit e
- SM fit w/o M, measurement -
L ) o R — 20
c -@- ATLAS measurement [arXiv:1207.7214] 3
3.5 E_ -li- CMS measurement [arXiv:1207.7235] _E
3K y
25 =
2 =
15 =
Ll o ﬂ fffffffffff 10
05 -
0 : 11 1 1 | 11 1 1 | 1 11 I | 1 L1 1 | 1 1 11 | 1 1 11 | 11 1 11 1 1 :
60 70 80 90 100 110 120 130 140
M, [GeV]
A(LEP) | [Xfitter[.. o 109 1247
A (SLD) . 4013
O a5
AFB .................................................................................................... 387 -169
+56
Wl -~ 6019
LHC average | i 125.7 = 0.4
6 10 20 10%2x10? 10°
M, [GeV]

http://gfitter.desy.de/Standard_Model/
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Global fit results

Indirect determination of the W boson mass

2 : N10:"""'1""|""|""""r"'|""|"":
Scan Of AX prOﬁ le Versus MW é 9 f_,,,DSM tm:(o,Mwmeasutement ,,,,,,,,,,,,,,, ;. ,,,,,,,,, _E 3G
» M, measurement allows for precise s E SM i wio M, and M, measurements E
Constraint Of MW g — SM fi it|;‘| minimal input g
[ -8~ M,, wopld average [arXiv:1204.0042] =
» Also shown SM fit with minimal input: 6 : =
M, Gg, Aay,q(M;), a(M,), M, and fermion sE E
masses = 3
q— Ny e 7120
» Consistency between total fit and SM fit 3 = =
with minimal input \ = 3
. . . P e N —— 1+ - 1o
Fit results in the indirect N . WA I
80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4 80.41

determination :
M,, [GeV]

My, = 80.3603 + 0.0056(m,,;) +0.0026(M,) + 0.0018(Act,)
+0.0027(cg)  + 0.0002(M,) + 0.0040(theo) GeV

= 80.360 + 0.011(tot) GeV, more precise than experimental value
= 80.385 + 0.01 5(exp) GeV [Tevatron/LEP: arXiv:1204.0042]

Solvay workshop, May 29-31, 2013 17



Global fit results

Effective weak mixing angle

2 o . 2 [ NX 10 - T T T
Scan of Ay profile versus sin“6' E0E [ swrtwiomess.sensi
» All observables sensitive to sinZ0! removed s E SM fit w/o meas. sensitivq {0 §in’(0,,) and M, meas.
from fit = — SMfit with minimal input |\
7 = -@- LEP/SLD average [arXiv:0
» M, measurement allows for precise 6
constraint sE
» Also shown SM fit with minimal input ) SRS | 1 SRR A /4 N
1
2
: : L L] S T -
Fit results in the indirect oE e S e .
determination : 0.231 0.2312 0.2314 0.2316 0.2318
sin’(6.,)

$in26'¢ = 0.231496 + 0.000030(m,,) + 0.000015(M,) + 0.000035(Act,,)
+0.000010(c5)  + 0.000002(M,) + 0.000047(theo)

= 0.23150 + 0.00010(tot), more precise than LEP/SLD average
=0.23153 + 0.00016(exp) [LEP/SLD: Phys Rept 427 (2006) 257]

Solvay workshop, May 29-31, 2013 18



Global fit results

Top mass

-
o

2 . NX : T T T T | T T T |‘| | T T T T | T T T T T T :.' T | |. T T |g :
Scan of AX P rofile versus mtOP < o F—---[ ] sMmfitw/om\measurement .. . .. ___if] €] fitter]suf: 3 35
8 E_ SM fit w/o m, n,fi M,, measurements _E
- -@- ml" ATLAS mdasurement [arXiv:1203:5755] 3
7 S m:““ CMS meas r‘é_ment [arXiv:1209:2319] =
6 | - mi" Tevatron avirage [arXiv:1305.3929] =
5 C\ . -O- m"° obtained fro "-_Tevatron o,; [arXiv:1207.09t 3
e — g - Z2
sE ;
2 E
. . o L IR TR AN =L
F]t reSUltS ]n the ]nd]reCt E 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ‘*— ) 1 1 | 1 1 1 1 | 1 1 1 1 E
determination . 160 165 170 175 180 185 190
m, [GeV]

My, = 175.8 7574 (tot) GeV

=173.2 + 0.9 (exp) [Tevatron: arXiv:1207.0980]

Solvay workshop, May 29-31, 2013 19



Global fit results

W boson and top mass correlation — impressive consistency of the SM

S O i earsove oo | e ravevan e o Once My fixed, the
— % an % it contours Pl My ) % - .
S, ~ w/o M,, and m, measurements : o SM'is cornered
E; 80.45 - 68% and 95% CL fit contours —| Effects of new
- w/o M, m and M, measurements - physics can enter
— M, world average = 1o 4 through loop
804 ey e | corrections
N 1 - Improve
80.35 — — measurements of
B -| EW precision
- -| observables
80.3 — —
80.25 |— : —
— fitter|suz -
_/I | | | | | | | ’1/ | | | I’" | | | | | | | | | | | | | | B
140 150 60 170 180 190 200
m, [GeV]
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Global fit results

Constraints on new physics

Parametrise contributions from
vacuum polarisation

» Sensitivity to new physics

» SM reference chosen to be
My e = 126 GeV, m; o = 173 GeV

» S, T depend logarithmically on M

» Fit result:

$ =0.03+£0.10
T =0.05+0.12
U=0.03+0.10

with large correlation between Sand T
» Stronger constraints from fit with U =0

» S, T, U fit used to constrain new physics

models (Little Higgs, 2HDM, SUSY, universal extra
dimensions, Technicolor, ...)

Solvay workshop, May 29-31, 2013

- 05
0.4
0.3
0.2
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0.4
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B 68%, 95%, 99% CL fit contours, U free
(SM_: M,=126 GeV, m =173 GeV)

SM Prediction

M, = 125.7 = 0.4 GeV
m, = 173.18 = 0.94 GeV

"™ SM Prediction

with MH €[100,1000] GeV
€] fitter|: [
11 1 1 I 11 1 1 I 1 1 1 1 I 11 1 1 I 11 1 1 I 1 1 1 1 I 11 1 1 I 1 1 1 1 I 1 1 1 1 I 11 1 1
5 04 -03 -02 -01 0 01 02 03 04 05
S

B 68%, 95%, 99% CL fit contours, U=0
(SMref: M,;=126 GeV, m ‘=1 73 GeV)

A

SM Prediction

M, = 125.7 = 0.4 GeV
m, = 173.18 = 0.94 GeV

™~ SM Prediction

with MH €[100,1000] GeV
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
5 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5
)
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A future linear collider could tremendously improve
the precision of the electroweak observables

ILC with GigaZ

» tt threshold: obtain m,, from production cross section: 6(my,,) ~0.1 GeV

» Z peak measurements

- Polarised beams, uncertainty A%/ ;: 1073 — 104
translates into 6sin26!: 104 — 1.3x10>

— High statistics: 10° Z decays: dRY, : 2.5x1072 — 4x10-3
» WW threshold: from threshold scan: M, = 15 — 6 MeV

» Low energy data: Aa,,4: more precise cross section data for low energy (/s < 1.8 GeV) and
around cc resonance (BES-11l), improved o, improvements in theory: 1.0x104 — 0.5x104

Solvay workshop, May 29-31, 2013
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A future linear collider could tremendously improve
the precision of the electroweak observables

Current theorey uncertainties

20
18
16
14

Ve

12
10

N A OO @

(=]

5

For GigaZ used: 5M,, = 6 MeV, dm, = 0.1 GeV, 8Aa, , =4.7 x 107, dsin(6’ ) = 1.3x 107, 3R =4x 107

70

SM fit pnd‘&_:tlon using current uncertainties (5,,,; = Rfit)
diction using estimated GigaZ uncertainties

No theory uncertainty:

Rfit scheme:

Solvay workshop, May 29-31, 2013
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— 40

130

Prospects
for ILC
with
GigaZ

In brackets the 40
uncertainties
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A future linear collider could tremendously improve
the precision of the electroweak observables

5 80.46
Q
(S

80.42 [— W prospects for ILC/GigaZ

T T T
- 68% and 95% CL it contours
=— 80.44 [— W/o M,, and m, measurements

- I present measurements

m, + 1o

T T

L
[eT fitter[..):

80.4

80.38

:sz1o

80.36

80.34

80.32

llllll‘lllll]l 1

lIlIIIIIIIl

‘

S FEEE

[
.‘~00
"G
\
%

80.3I60 E—

I 185
m, [GeV]

5 80.46
[ [~ 68% and 95% CL fit contours
== 80.44 |— W/o M,, and m, measurements

O

T1TrrT

llll|ll|lll

- W present measurements
80.42 — W prospects for ILC/GigaZ

lllll’ T T T TRT

llllllll

sin?(8),) + 1o

TJTrrroTT

80.4

80.38 |-

-

80.36

80.34

80.32

IIII]IIIIII

My = 1o

[c] fitter|s.:

&231 0.2311 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318 0.2319

Solvay workshop, May 29-31, 2013

sin®(0.,,)

- 05
0.4
0.3
0.2
0.1
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-0.2
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-0.4
-0.&'3

Prospects for ILC with GigaZ

Assume 50% of today’s theoretical

uncertainty (implies three-loop EW

calculations), treated a la Rfit

Fit features huge uncertainty

reduction for indirect determinations

Strong constraintson S, T, U

68%, 95%, 99% CL fit contours for U=0
(SMM: M,=126 GeV, m =173 GeV)
B present measurements
|

prospects for ILC/GigaZ

SM Prediction

M, = 125.7 = 0.4 GeV

m, = 173.18 = 0.94 GeV

™ SM Prediction
with M,, €[100,1000] GeV

e
(2]

wn o
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Summary

Knowledge of M, over-constrains EW fit allowing a precise prediction of observables

http://dfitter.desy.de/Standard_Model

SM Fit with p-value of 0.07

» Incentive to revisit Z — bb
experimentally and theoretically !

» Incentive also to compute higher
order contributions to other
partial width observables

=11 MeV
(exp: 15 MeV)

Significant improvement 6Mw =
in SM prediction of key
observables with M,

» My 28 — 11 MeV
» sin20': 2.3 —>1.0x10°
> My, 6.2 — 2.5 GeV

Improved accuracy sets benchmark for new direct measurements

Solvay workshop, May 29-31, 2013 26
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Parameter Input value Free in fit Predicted fit result
My [GeV] 125.8 £0.1 yes 125.012

| My [GeV] 80.378 + 0.006 - 80.361 4 0.005 |
Ty [GeV] - - 2.0910 + 0.0004

[ My [GeV] 91.1875 4 0.0021 yes 91.1878 + 0.0046 |
T, [GeV] - - 2.4953 + 0.0003
o . [b] - - 41.479 £ 0.003
RY 20.742 + 0.003 — —

AL - - 0.01622 + 0.00002
Ay - - 0.14706 + 0.00010
| sin?6’s 0.231385 + 0.000013 ~ 0.23152 + 0.00004 |
A, - - 0.66791 & 0.00005
Ay - - 0.93462 + 0.00002
AV - - 0.07367 + 0.00006
AL - - 0.10308 + 0.00007
RY - - 0.17223 4 0.00001
RY - - 0.214746 + 0.000004

M. [GeV] 1.27 097 yes -

my, [GeV] 4.20 007 yes —
[ my [GeV] 173.18 +0.10 yes 173.3+12 |
[ Aoy (MZ) ) 2757.0 + 4.7 yes 2757 +10 |
| s (M7) - yes 0.1190 4 0.0005 |

dtn My [MeV] [—2.0, 2.0]theo yes -

S sin260%; (&) [—1.5, 1.5]theo yes —

(&)In units of 1075.

(V)Rescaled due to o, dependency.

http://dfitter.desy.de/Standard_Model/
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Oblique Corrections

Parametrising new physics contributions to electroweak precision observables

At low energies, BSM physics appears » Oblique corrections from New Physics

dominantly through vacuum polarisation described through “STU parameters”

) ) [Peskin-Takeuchi, Phys. Rev. D46, 381 (1992)]
» Aka, oblique corrections

u v

— T

A B Mis-w.z.n(9) Ormeas = Osu ref(Mp,Me) + €55 + CT + U
g Dt]reﬁlt correctlonsu(vertex, bO)E:I’ E rems/-A S: (S+U) New Physics contributions

strahlung) generally suppressed by m; to neutral (charged) currents
Oblique corrections reabsorbed into T : Difference between neutral and
electroweak parameters Ap, Ak, Ar charged current processes -

sensitive to weak isospin violation

Electrowealf fit sensitivg to BSM physics U: Constrained by M,, and T,. Usually
through oblique corrections g very small in NP models (often: U=0)
» In direct competition PR

with Higgs loop / ™\

: \UAVAVAVAVAVAVAVA
corrections z z

Solvay workshop, May 29-31, 2013 29



Oblique Corrections

Parametrising new physics contributions to electroweak precision observables

At low energies, BSM physics appears
dominantly through vacuum polarisation

I— 0-5 [T T 1T | T T 17T | T T T | | L | T 17T T T 17T T T 17T T T T T T 1T T T Illustrations
95% CL fit contours of constraints
0.4 [ | Asymmetries & sin®0__
onS, T

] Z widths
£ my, &1y,

0.3 [ arXiv:1107.0975 ]
0.2
0.1

0

> 158 ]
[173, 10007 G€V

-0.1
m, = 173.3= 1.1 GeV

-0.2

-0.3
68%, 95%, 99% CL fit contours

-0.4 (MH=1 20 GeV, m =173 GeV, U=0)

5
-05 -04 -03 -0.2 -0.1 0 01 02 03 04

»n .°_IIII|IIII|IIII|IIII|IIII|IIII IIII|IIII

Solvay workshop, May 29-31, 2013 30



Oblique Corrections

Parametrising new physics contributions to electroweak precision observables

Definitions of 2 2
aS S (M?)-oI1,(0)| (Cw —Sw) ., ,
S,T,U,V, WX : v [ e i - Dar, 0)-ar1, 0,
[STU parameters wow z wow
suffice when (q/M)2 a1, (0) dI1,,(0)
small, so that linear al = M2 - IV
approximation is w z
accurate] aU _ [anww (M2) - 6HWW(0)] 2 [51122 (M2)- 51122(0)]
w
4s,;, M3, M:

~ SZ0I (0)-2s,,,,0I1, (0) ,

SI1,,(M2)-4I1,(0)
M2 ’

o, (Mz2)- 41, (0)
My,

aV = 6H’ZZ(M§)—[

aW=an'WW(M5V)-[

[Burgess et al., PLB 326, 276 w 2
(1994), PRD 49, 6115 (1994)] z

Solvay workshop, May 29-31, 2013

S, (M?) ,
aX =-s,C, [L—(Snzy(O)




Oblique Corrections

Parametrising new physics contributions to electroweak precision observables

Dependence of
electroweak
observables on
S5,LU,VWX.

[The numerical values
are based on a'(M,) =
128 and sin?6,, = 0.23]

[Burgess et al., PLB 326, 276
(1994), PRD 49, 6115 (1994)]

Solvay workshop, May 29-31, 2013

= (T,)g, —0.00961S +0.0263T +0.0194V - 0.0207 X [GeV]
= ([,,)gy - 0-00171S +0.00416T +0.00295V - 0.00369X [GeV]
= (T, )g —0.000192S +0.000790T +0.000653V - 0.000416 X [GeV]
Fhad = (T,,,)sy - 0-00901S +0.02007 +0.0136V - 0.0195X [GeV]
A = (A )om — 0.00677S +0.00479T -0.0146 X
A= (Agin)su —0.0284S +0.0201T - 0.0613X
A py = (A pn gy —0.0284S +0.0201T - 0.0613X
Ay = (A —0-0188S +0.0131T - 0.0406 X
A= (A )ow —0-0147S +0.0104T - 0.03175X

A= (Ag)s, —0.0284S +0.0201T - 0.0613X

M2 = (M), (1-0.00723S+0.0111T +0.00849V)

r, = (T,), (1-0.00723S -0.00333T +0.00849U +0.00781W)

g’ = (g?), - 0.00269S +0.00663T

= (92)g, + 0.000937S -0.000192T
= (9¢)g, +0.00723S - 0.00541T

~(9°)g, - 0.00395T

e
gV,(ve%ve)

e
gA (ve—=ve)

Q, (®Cs)=Q, (Cs),, -0.7955 - 0.0116T
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ILC with GigaZ

Prospects for M, fit at ILC with GigaZ

Central values of input observables chosen to agree with their SM prediction for a Higgs mass of 126 GeV (left) and 94 GeV (right), respectively.

For GigaZ used: 3M,,, = 6 MeV, dm, = 0.1 GeV, dAa, = 4.7 x 10°, dsin(@? ) = 1.3x 10°, 3R}, =4x 10° For GigaZ used: 3M,, = 6 MeV, 5m, = 0.1 GeV, dAa, = 4.7 x 10%, dsin(6? ) = 1.3x 10°, dRY_ =4x 10°
NX 20 L I LI "| T LI [T T LI L T Hi A LI [T T T ] NX 20 LI L L L I I L L L L B IO |e‘(l' TT LI NI LI L L
< 18 E SM fit predic Oﬂ using current uncertainties (B.heq."= fit) €] fitter z_: < 18 - SM fit pre i'(l:tion using current uncertainties (6the'¢'a' =Rfit) [€] fitter :_Z
E D SM fit prediction using estimated GigaZ uncertainties (3, = Rfit) E C D SM fit prediction using estimated GigaZ uncertainties (5, = Rfit) ]
16 = = 4c 16 [— it predic ion using estimated GigaZ uncertai — 40
14 - 14— ' E
12 — 12 —
10 ] — 10 : —
ittt | "ttt P57 /7 /e 1 3¢ il \'\‘””’”””””’””””7"/ ”””””””””””””” 130
8 . 3 4 —] 8 — » 4 —]
6 - 6 —
4 2 4 Qg R o =20
2 - 2 . ; =
R e ey . e bt 1 1c EERREREEEE LR ST LR “SREEEEL Y T e T 110
0 0 _I 11| I 1111 I 111 1 I | - S| / | | I 111 1 I 111 1 I 1111 I 111 1
60 80 100 120 180 200 50 60 70 80 90 100 110 120 130 140 150
M, [GeV] M, [GeV]
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New R°, calculation

A- Freitas et al., . Stag, nxf 050 (2012)] .@m

Orj Ond

= The branching ratio R%,: partial decay width of Z—bb to Z—qq
» Freitas et al: full 2-loop calculation of Z—bb

= Contribution of same terms as in the calculation of sinZ6°°_
— cross-check of two results found good agreement

= Two-loop corrections comparable to experimental uncertainty (6.6x1074)

1-loop EW 2-loop EW 2-loop EW and 1+2-loop QCD
and QCD correction 2+3-loop QCD correction to
correction correction to gauge boson
to FSR FSR self-energies
My O(a) + FSRy_100p O(ot...) | |O(at.,,,) + FSR.1-1eep| | Olaas, aa?)
(GeV] [1077] [1074] [107] [1074]
100 —3.632 —6.569 —9.333 —0.404
200 —3.651 —6.573 —9.332 —0.404
400 —3.675 —6.581 —9.331 —0.404

Max Baak (CERN)

The ElectroWeak fit of Standard Model

21



Higgs couplings in the EW fit

In latest ATLAS H—vy, 2.30 deviation
seen from SM pu (£1.0)

Interpret.: H—VV couplings scaled with c,,

From: Falkowski et al, arXiv:1303.1812
Modified Higgs couplings can be

constrained by EW fit through

extended STU formalism.

Result of ¢, driven by limiton T
parameter. )
« Tree-level relation: p, = 2W°2 =1+aT
) —— z,Cw
. = 30y 7 N
ol = 327r2l\(f‘:_——1,)}log(./\/mz)
 Reminder: T = 0.05 + 0.12 (Gfitter)

EW-fit Falkowski et al: ¢, = 1.08 £ 0.07

’

’

Blue dashed: ¢, from p’s, black: comb. w/ EW

ok

Unconv. central

low p.

Tt
Unconv. central [

high Py
Unconv. rest
low p.
Unconv. rest
high P,

Conv. central

low p.

t
Conv. central

high P
Conv. rest
low P,
Conv. rest
high p

v L
Conv. fransition B

Loose high-mass |

two-jet

Tight high-mass [

two-jet
Low-mass
two-jet

Er* significance [

One-lepton

2012 data
combined

Sta tUS: MO,-"O
n

| T 1 T | T va'lrf,{.l -
r ——=

d
XD, 2015

@]

Data 2012, |s = 8 TeV 1

f Ldt =207 fb”

H—yy ]

m,, = 126.8 GeV

Falkowski et al, arXiv:1303.1812
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