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Predictive Power of the SM

Tree level relations for Z — f f
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» Unification connects the electromagnetic and the weak couplings

» Mw can be expressed in terms of Mz and Gr

Radiative corrections

» Parametrisation through electroweak

form factors p, x, Ar

» Effective couplings at the Z-pole

» p, x, Ar depend nearly quadratically

on m; and logarithmically on My

f H ! 1
v.ZIW ~ v.ZIW ZI\W ZIW Z/W ZIW
f/f Z/W

. 2af _ f s 2
sin“ 0’ = K, sin” Oy

gas =\ 13
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Electroweak Fits

A Iong tradition (L L (L L | (L | L | (L | (L Talller_ch:eclkeTM:)eTigiJl:ne|2?1

w

;>5‘: E Electroweak fit w/o M, (LEPEWWG) E

» Huge amount of pioneering work é 2000 ; az::sx;a:nft”(ﬁnvhaxgn(f Heroreue) -

to precisely understand loop I‘_il : :

corrections s -

» Observables known at least in 180:_ | -

two-loop order, sometimes higher i 1. uREES * 11 :

orders available 170:_ I ‘ + {} 1 IR -

» Precision measurements crucial, i i

after the LEP/SLC era results from 160 O -
Tevatron and LHC become 19;2'1'9|9'4'1'9|9'6(')1'9|9'8'éoloblzlololzlzlolohl2'o|o'6'2'o|oé'2'o|1b'éol1'2'2'614

available Year

» Top mass predictions from loop effects available since ~1990
» LEPEWWG fits since 1993
» The EWV fit has always been able to predict the top mass correctly
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The Last Missing Plece
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Higgs Hunting

» Indirect determination (201 1): My =96 3} GeV
» Exclusion limits incorporated in EWV fits: M;; = 120 *}? GeV

Y Roman Kogler 4 The global electroweak SM fit

Ia fitter




Outline

1. Status of the Global EW Fit
2. BSM and Higgs Coupling

3. Prospects of the EW Fit
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The SM Fit with the Higgs

The discovery of a nhew boson

» Cross section, production rate times
branching ratios, spin, parity sofar
compatible with predictions for the SM
Higgs

Assume that the boson is the SM Higgs

EW fit: My=125.7 £ 0.4 GeV
ATLAS: Myg= 126004 + 0.4 GeV
CMS: My=125.3 104 £ 0.5 GeV

[arXiv:1207.7214, arXiv:1207.7235]

Change between fully uncorrelated and
fully correlated systematic
uncertainties minor:

oMp :0.4 — 0.5 GeV

3 weights / GeV

2 weights - Bkg

Events / 3.0 GeV

i60O——m—mmm™m ————————— 71— 7 T 7 -
140~ ATLAS Preliminary =
1208 + Data S/B Weighted =
- ——— Sig+Bkg Fit (mH=126.8 GeV) T
100:_ -------- Bkg (4th order polynomial) =
80 —
o =
40 —]
201 {5=8 TeV, [Ldt=20.7 fb” H—yy —
12
8
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The SM Fit with Gfitter

Unique situation
» For first time SM is fully over-constrained.

» electroweak observables can be unambiguously predicted at loop level

» Powerful predictions of key observables now possible, much better than
without My

Calculations used

» My mass of the VW boson [M.Awramik et al., Phys. Rev. D69, 053006 (2004)]

» [z, 'w partial and total widths of the Z and W [Cho et.al, arXiv:1104.1769]
» sin“0crr effective weak mixing angle [M.Awramik et al, JHEP 11,048 (2006),

M.Awramik et al., Nucl.Phys.B813:174-187 (2009)]
» [1aa QCD Adler functions at N3LO [PA. Baikov et al., Phys.Rev.Lett. 108,222003 (2012) ]

» R partial width of Z—bb [Freitas et al,, JHEPOS, 050 (2012), Erratum. 1305 (2013) 074] NNEW!
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Updated Calculation of R%,

» R% = partial decay width of Z—bb to Z—qq
» We use calculation with full EW 2-loop corrections of Z—bb
» A.Freitas et al.,JHEP 1208 (2012) 050, Erratum ibid. 1305 (2013) 074

Recently a mistake was found in this calculation

» Old:Two-loop corrections to R% comparable to experimental
uncertainty (6.6 x 107)

* Moved theoretical prediction by |1.50

* Much more than the originally estimated theory uncertainty!
» Nlew: bug in calculation of R% has been corrected

* sizeable reduction of the size of the two-loop correction

» All results shown here and on Gfitter homepage use the corrected RY%
calculation

Roman Kogler 8 The global electroweak SM fit [<] fitter |



Experimental Input

Observables:
» Z-pole observables: LEP/SLD results

[ADLO+SLD, Phys. Rept. 427, 257 (2006)]

» Mw and I'w: LEP/Tevatron

[arXiv:1204:0042, arXiv:1302.3415]

» m;: Tevatron [arxiv:1305:3929]

» Adthad®)(Mz) [M.Davier etal EPIC 71, 1515 (201 1)]

» me, mp: world averages
[PDG, J. Phys. G33, | (2006)]

» Mr: LHC [arxiv:1207.7214 , arxXiv:1207.7235]

7 (+2) free fit parameters:

} MZ) MH’ Aahad(s)(MZ), aS(MZ)’
me, mMp, Ny

» nuisance parameters for

theoretical uncertainties
SMw (4 MeV), dsin?0/csr (4.7 107)

My [GeV]° 125.7+9-4 ‘ LHC

My [GeV] 80.385 & 0.015

Ty [GeV] 2085+ 0042 || TEVAtron
M [GeV] 91.1875 =+ 0.0021

'z [GeV] 2.4952 + 0.0023

o0 [nb] 41.540 +0.037 | LEP

RY 20.767 & 0.025

A% 0.0171 % 0.0010

A, &) 0.1499 +0.0018 || SLC

sin?0’ ¢ (QrB) 0.2324 4 0.0012

A, 0.670 &= 0.027 SLC

Ay 0.923 + 0.020

AV 0.0707 £ 0.0035

A%L 0.0992 +0.0016 | LEP

RY 0.1721 £ 0.0030

R} 0.21629 + 0.00066

Me [GeV] 1.27 7007

iy [GeV] 4.20 o7

my [GeV] 173.20 £0.87 | Tevatron
Ac® (M2) (G8) 2757 + 10

Roman Kogler 9
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SM Fit Results

[The Gfitter Group,
EPJC 72,2205 (2012)]

Parameter Input value Free Fit Result Fit without Fl,t Wlth,o Ut, xP-
in fit M measurements input in line
Fit comes in My [GeV]° 125.7154 yes 125.7154 94.7+25 94.7725
three flavours Mw (Gev] 80.385 =+ 0.015 = 80.367 15000 80.367 1500 80.360 £ 0.011
Ty [GeV] 2.085 =+ 0.042 = 2.091 £ 0.001 2.091 £ 0.001 2.091 + 0.001
» left: full fit M [GeV] 91.1875+0.0021  yes |[91.1878+£0.0021|| 91.1878 £0.0021 || 91.1978 +0.0114
incl. MH 'z [GeV] 2.4952 + 0.0023 = 2.4954 +0.0014 ||  2.4954 +0.0014 || 2.4950 + 0.0017
ol | [nb] 41.540 & 0.037 - 41.479 £ 0.014 41.479 £ 0.014 41.471 £ 0.015
: . RY 20.767 £ 0.025 = 20.740 £ 0.017 20.740 £ 0.017 20.715 + 0.026
4 mlddle- fU” 0,¢ +0.0001 +0.0001
Al 0.0171 = 0.0010 = 0.01626 79-9001 0.01626 79-9001 0.01624 + 0.0002
fitwloMH 4, » 0.1499 £ 0.0018 - | 0.1472+0.0007||  0.1472 + 0.0007 -
sin®s (Qrp) 0.2324 4 0.0012 = 0.23149 T5-00619 0.23149 T9-00019 11 0.23150 + 0.00009
» ri ght: fit w/o A 0.670 & 0.027 = 0.6679 7000053 0.6679 "0 00038 0.6680 + 0.00031
observable Ay 0.923 + 0.020 = 0.93464 T-05003 0.93464 £0-99005 11 0.93463 + 0.00006
T AV 0.0707 = 0.0035 = 0.0738 & 0.0004 ||  0.0738 £0.0004 || 0.0737 =+ 0.0004
IN gIveén row 4% 0.0992 4 0.0016 - 0.1032 4 0.0005 0.1032 4 0.0005 0.1034 4 0.0003
RO 0.1721 + 0.0030 — 0.17223 £ 0.0000¢| 0.17223 = 0.00006 || 0.17223 + 0.00006
RY 0.21629 + 0.00066  —  [0.21548 & 0.0000%| 0.21548 = 0.00005 || 0.21547 + 0.00005
M [GeV] 1.27 10-97 yes 1.27 7097 1.27 7507 -
My, [GeV] 4201507 yes 4201007 4201507 -
my [GeV] 173.20 £ 0.87 yes 173.53 £ 0.82 173.53 £ 0.82 176.11 1253
Aal®) (MZ) (14) 2757 + 10 yes 2755 + 11 2755 + 11 2718449
ag(M2) = yes 0.1190 F0-0533 0.1190 790533 0.1190 + 0.0027
UH : .
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Global Fit: Results

Pull values after the fit

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

» Small values for My, A., R, m. and my

indicate that their input accuracies exceed
the fit requirements

» Largest deviations in the b-sector:
A%Ppp with 2.56
(small dependence on Mp)

» RY, using one-loop calculation: 0.8c

» inclusion of Mp: largest effect on My
prediction shifted by ~13 MeV
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Plot inspired by Eberhardt et al. [arXiv:1209.1101]
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Global Fit: Results

Indirect determination of EWPO

» Shown are pull values for

e indirect determination

* measurement

» deviations from indirect determination

* divided by total error (=error from
indirect and measurement)

» Prediction often more precise than the

measurement

Em Fit result

- Measurement

[e] fitter]su?
[TTT

M
r

A (LEP)

q:

P -

|IIII|
o

A (SLD)

. lept
sin’e_, Q)
Ac

Ab
Ao,c

FB

I.-‘IH-

3 -2 -
(O-0

0

indirect

1

)/ o

tot

2

3
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» Shown are pull values for

e indirect determination

* measurement

Global Fit: Results

Indirect determination of EWPO

» deviations from indirect determination

* divided by total error (=error from
indirect and measurement)

» Prediction often more precise than the
measurement

» Consistent picture when combining
asymmetry observables

(3) /np2
Aoy d(Mz)

ocs(M;)

lept

- 2
sin ®eff

Bl Fit result

-- Measurement fitter [su/t

-

°i

3 2 -1 0 1 2 3
(0-0

/ o
indirect) tot
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Goodness of Fit

fitter SM§

2 - . . -
—— x* distribution for n, =14

1400 |

-—h

1200 Toy analysis incl. theo. errors

Toy analysis excl. theo. errors
----- p-value incl. theo. errors

— p-value excl. theo. errors

o
o

800

Number of toy experiments
o
o
o
o
(o)
p-value for ( data | SM)

c>III|III|III|III|III|III|III

600
04
400
p-value = 0.200 + 0.003 0.9
200 """ PN\ p-value = 0.176 '+ 0.003 ™
0 |||||||||||||0
40 45
2
Xmin

?min/nNdf = 18.1/14 = p-value = 0.20

» value of y%min does not change much due to inclusion of My measurement
» without My measurement: y*min /ndf = 16.7/13 — naive p-value = 0.21

» p-value = 0.18 (exp) *+ 0.02 (theo)
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Global Fit: Results

NX 5 :I | L | T T 1 | 1T 1T 1 1T 1T 1 | 1T 1T 1 | 1T 1T 1 | LD LA L .l | L (In:
= SM fit w/o M,; measurement -
4 __"'““"""'"""""""""'- """"""""""""""""""""""" ] 20
. E_ -@- ATLAS measurement [arXiv:1207.7214] _E fit includes only the given observable
I -i- CMS measurement [arXiv:1207.7235] - ——r —————— ——————
3 E = A (LEP) | [fitter .} 109 *2¥
25 = A(SLD) — 40 %,
3 E o | --------------------------------------------- 4585
2E - A | L 5 387 169
- — : 56
15 - M, ——— 607,
T R | S T e B
0.5 f_ _f ....................................................... o
= | | | | | | 1 LHC average i 125.7 + 0.4
0 1 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | L] TR | ! ! T L L M RS |
60 70 80 90 100 110 120 130 140 6 10 20 1 022><1 02 1 03
M, [GeV] M, [GeV]

Scan of the Ay? profile versus My
» blue line: full SM fit

» grey band: fit without My measurement

» fit without My input gives
My =94 2> GeV

» consistent within |.3c with measurement

Determination of My removing
all sensitive observables except
the given one:

Tension (2.56) between A%g3,
Alep(SLD) and MW V|S|b|e

i Roman Kogler | 4
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Indirect Determmatmn* W Mass

N 10 : | ‘ L | L | [ | T 11 F U § LB | -
Scan of the Ax proflle 9 f_ 'SM tw:_:o_Mwmeasutement _______________ . | f.'tte_r__sb"_% 36
8 = SM f w/? M,, and M, measurements . E
versus Mw g — SM fi it‘t‘l minimal input g
7 = - M, wopd average [arXiv:1204.0042] E
» My measurement allows for 6 E ' 3
precise constraint of My 5 =
: e | e | s 20
» also shown: SM fit with E E
minimal input: L E E
MZ’ GF, Aahad(s)(MZ), aS(MZ)’ 1 é— o—------ —% 1o
MH and fermion masses 0 :l | | I I | I I | M -I" | [ I I I | | I I | | L1 1 |:
80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 804 80.41

M,, [GeV]
» Consistency between total fit and SM fit with minimal input

» Fit result for the indirect determination of M.
My = 80.3593 +(0.0056,,,) +0.00180,,,
+0.001 745 =+ 0.0002)7,, +0.004000)
—  80.359 + 0.0114y :

More precise than the direct measurements
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The Effectlve Weak Mlxmg

S - . ! | [- T 715
scan of the A pl"Oflle < 9 f_ SM fit w/o meas. sensitiv Q-_lsm_(ﬂ' )fltters'\"% 36
. X 3 E_ SM fit w/o meas. sensitivq {0 '§in2(GLﬁ) and MI_| meas. _E
versus stO’eff - —— SM fit with minimal input =
. . 7 ;_ -@- LEP/SLD average [arXiv:0 _E
» all observables sensitive to 6 E E
sin?0’esr removed from fit 5 - E
T N N e 2
» My measurement allows for o 17
precise constraint of sin®0lerr  F E
» also shown: SM fit with T | R \\} l R L
. . . I R e
m|n|ma| mput 0 0.231 02312 02314 0.2316 0.2318

sin®(6.,)

0.231496 =+ 0.000030,,,, & 0.000015 7, +0.000035 Aah
+0.000010,,4 + 0.000002,, Q. 000047eo

- 2nf
SIn“0 g

= 0.23150 == 0.00010¢¢

More precise than the direct determination from LEP/SLD measurements
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Indirect Determination: Top Mass

NX 10 L ] ] ] | ] ] ] IS | ] ] ] ] | ] ] ] ] | ] ] f I _]
< 9 SM fit w/o m, _ba_s_ur_eme_nt __________________________ 3 - _f_'ﬂ@_r_ sulsq 5.
o o SM fitw/om, a él M,, measurements n
- . -®- mk" ATLAS medsurement [arXiv:1203:5755] ~
7 - . -l mK" CMS measu ément [arXiv:1209:2319] =
6 — kin Tevatron ave age [arXiv:1305.3929] —
5 -\ -O- mt Pole obtained fro Tevatron Oy [arX|v 1207. 098p] =
e e e — 20
3 — —
2 — -
| I SaBRREEEEEEEEEEEEER. TRRREEEE L . "EEEEEEEETE A - R - — 1o
0 : | | | | | | | | | | | | | | \ i P A | | I | | | | | | | | | :
160 165 170 175 180 185 190
m, [GeV]

Scan of the Ay’ profile versus m;
» consistency with direct measurements

» My measurement allows for better constraint of mi;

— 175.8 737 GeV

LHC average: my

Tevatron average: m; = 173.20 £ 0.87 GeV
173.29 £ 0.95 GeV
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W and Top Mass

Impressive consistency of the SM

80-5 | | | | | | | | | | | | | | | | | | | | ,’l' | | | | |
- |} 68% and 95% CL fit contours min Tevatron average +1G -
— w/o M,, and m, measurements g 7
80.45 B 68% and 95% CL fit contours ’ ' ' ]
B w/o M,,, m and M, measurements 7 — _
— M,, world average = 1o al

80.4 ——

80.35 [— ; —]
80.3 — ) 24 —
80.25 — & g2 T -
- A . . c(g_
- T o ' fitter|suf -

_."I ] ] ] ] ] ] ] ,'1’ ] ] ] ,I'" ] ] | ] ] ] ] | ] ] ] ]

140 150 60 170 180 190 200

m, [GeV]
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W and Top Mass

Impressive consistency of the SM

';' 80-5 B | | | | | | | | | | | | | | | | | | | | | | /l' | | | | | |
. : kin 4
() — || 68% and 95% CL fit contours . | m" Tevatron average 1o 1 | Once My is
O B w/o M,, and m, measurements g 7
E; 80.45 B 68% and 95% CL fit contours ] ﬁxed’ we
B w/o M,,, m and M, measurements 4 cornered the
— M, world average = 1o o3 al |
80.4 —— . >M!
; ............................................................................. 7 Effects Of new
80.35 | ; - [ Physics
- 1 | through loop
a g% -+ | corrections!
80.3 [— 5t —
B 1 = improve
80.25 |— o —
- o oF : [el fitter|.u . measurements
oA e L L L of EWV precision
140 150 60 170 180 190 200 h b|
m, [GeV] obSservabies
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2. BSM and Higgs Coupling
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Oblique Corrections

fitter &

= |f energy scale of NP is high, BSM
physics appears dominantly through
vacuum polarization corrections

« Aka, “oblique corrections”

= Oblique corrections reabsorbed into
electroweak form factors

* Ap, Ax, Ar parameters, appearing in:
M2, sin’0 ¢, G, a, etc.

= Electroweak fit sensitive to BSM physics
through oblique corrections X

« Similar to WOW
v,ZIW v.ZI\W

sensitivity
to top and X’
Higgs loop "
corrections.
ZIW ZIW
ZI\W

Oblique corrections from New Physics

described through STU parametrization
[Peskin and Takeuchi, Phys. Rev. D46, 1 (1991)]

Ormeas = Osmrer(My,My) + CsS + G T +cyU

S : New Physics contributions
to neutral currents
T: Difference between neutral and

charged current processes —
sensitive to weak isospin violation

U: (+S) New Physics contributions to
charged currents. U only sensitive
to W mass and width, usually

very small in NP models
(often: U=0)

Also implemented: extended parameters
(VWX), correction to Z->bb couplings.

[Burgess et al., Phys. Lett. B326, 276 (1994)]
[Burgess et al., Phys. Rev. D49, 6115 (1994)]

Roman Kogler
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Constraints on S, T and U

0 Y0 e e s s B ]
) 04 = | 68%, 95/ 99% CL fit contours Ufree E
» S, T,U obtained from EWV fit L E (e Whim126 Gt m 178 Ge1) E
» SM reference chosen to be 02~ E
n 0.1 —
Mprer = 126 GeV - E
_ defines (O, O, O) 0 SM Prediction E
Miref = 173 GeV _ 01 LS
. . -0.2 N tion —
» S, T depend logarithmically on My 03k with U, 1100,1000] GV
. ] 0.4 =
» Fit result: TR
S — O 03 + O IO -0.5 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5
.03 £ 0. c
T=0.05x0.12 0.5 (T AT
g ll 68%, 9|5%, 99%|CL fit colntours, IU=0 | g
U = 003 + O I O 0.4 3 (SM_: M,=126 GeV, m =173 GeV) E
. . 0.3 —
with large correlation between Sand T ¢ 3
» Stronger constraints from fit with U=0 °'F E
0 __ 1
_— - SM Prediction -
» Also available for Z—bb 04 - \ M= 1257 0406V 3
- M, -
0.2 "™ SM Prediction E
-0.3 :_ with M,, €[100,1000] GeV _:
No indication of new physics 04l E
o5Ciic byl b b b b b b e 1
» Constrains on 2HDM, LED, Technicolor... ™ ** ®° % =21 o &1 082 03 04 ;5
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Modified Higgs Couplings

» Study of potential deviations of Higgs couplings from SM

e BSM modelled as extension of

SM through effective Lagrangian ] . .
o ecvelaren [, b «@in
» Consider leading corrections only 7
l - = -
» Popular benchmark model: Lr = -~ @"" It + (kpymp bb + (Kpym- TT)

* Scaling of Higgs-vector boson («xy)
and Higgs-fermion couplings (xr)

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

. . H
» Main effect on EWPO due to modified H P
Higgs coupling to gauge bosons («7) v, oy L
Involving the longitudinal d.o.f. Z/W W ZIW ZW 2 ZMW

» Most BSM models: ky < |
* Additional Higgses typically give positive contribution to My
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Modified Higgs Couplings
» Main effect on EWPO due to Higgs coupling to gauge bosons («y)

A2

i A = A
Mz ) \/,1_@

Espinosa et al [arXiv:1202.3697]

S ! (1 @1 A T : (1 —(x%)1
= — (1 —(k7) log | —- = — —(k7) lo
27 S\ ) 16mcz, W8

Higgs-vector boson couplings scaling

0-5_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_
» Cut-off scale A represents = Er¥fters: |\ Espinosa et al [arXiv:1202.3697], -
0.4 = preliminary Falkowski et al [arXiv:1303.1812], =
mass scale of new states that 03 Y
unitarize longitudinal gauge 0.2
boson couplings 0.1
(as required in this model) 0
-0.1

-0.2 68%, 95%, 99% CL fit contours

(M|_I =126 GeV, m =173 GeV, U =0)

ky €[0,2]
A €[1,10] TeV

» A is varied between |-10TeV,
nominally fixed to 3 TeV (4nv)
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Reproduction of Experimental Results

T T 17T I T 1T 17T I T T T I T 1T 177 ] T T T I l_" LN N B B B R B .l“.l“ IIIIIIIIIIII
4 ATLAS LiH—= 4l i iH— Iviv ]
~ Vs=7TeV|Ldt=4.6-48fb" &= H— vy EJCombined |
35 \s=8TeV Ldt=207 10" + SM x Best Fit |
2k —
1= =
OF =
1E =
2F =
:l L1 1 I 111 | 111 ”l 11 I 111 I I I I I 11 III | | l 111 I:
06 0.7 08 0.9 1 11 1.2 13 14 15
Private combination of ATLAS results. Average neglects correlations. KV
T T 171 | T T T | T T T | T T 1T | T T 1T | T T T | T T T | T T 1T | T T TT1 | L=
4 - |l 68% and 95% CL fit contours B
n L] Fit minimum ]
S| *  Standard Model prediction ]
2 =
e = E
0 -
af — -
E preliminary E
21— ]
:I 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 |:
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

C

1.6

1.6

arXiv:1307.1427
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= o o — N
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CMS Preliminary

Vs=7TeV,.L=51fb"' {s=8TeV.L=<19.6 b

. o SM Higgs @ Fermiophobic

o Bkg. only

CMS-PAS-HIG-13-005

Private combination of CMS results. Average neglects correlations. Vv

o
O
o)
-
-
0

I 68% and 95% CL fit contours
&  Fit minimum

Standard Model prediction

preliminary

0.2 0.4 0.6 0.8 1 1.2 1.4

C

Decent reproduction of ATLAS andeI\/IS results within limited public-info available.

<
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Higgs Couplings Results

Private combination of ATLAS and CMS results. Average neglects correlations.

>Pr|vateLHCCOmb|nat|On: LKL 2_|||||||||||||||||||||||||||||||||||||||||||||||||_
° - + 1.8 B LHC experiments B EW-fit + LHC experiments
Ky I .OO - 0.06 16 68% and 95% CL fit contours 68% and 95% CL fit contours
* KF— 0.89 + O. I 3 ' ® Standard Model prediction e =3 Te¥]
1.4 < Fit minimum

* perfectly consistent with SM

1.2

» Results from stand-alone EVV fit 0.8

-t
|III|III|III|III|III|III|III|III|II

— +004 () =
0.4
* Ky = 2"'8 8% (k 3 TeV) preliminary
0.2 1 fitter[s.f
— +O 02 — _| 1 11 | 1 11 1 | 1 11 1 | 1 1 1 1 | I I | | 1 1 1 1 | I .| | | I I | | | I I | | | I I |
* Ky = 02_00| (A = 10TeV) %5 06 07 08 089 1 11 12 13 14 15
Ky

» EWV fit sofar more precise result for xy than current LHC experiments

» EWV fit results in positive deviation of xy from 1.0
(Many BSM models: xy < I)
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Mw [GeV]

Higgs Couplings Results

» EWV fit: positive deviation of xy from one driven by small tension in /¥ mass
prediction versus measurement

80.45

80.4

80.35

80.3

80.25

Higgs-boson/fermion couplings scaling, with no invisible or undetectable widths

I|IIII|IIII|III|IIII!IIII|III|IIII|IIII|I
68% and 95% CL fit cantours Ky private average = 1o
w/o M,, and k,, measurements
[\ =3 TeV] :

M,, world average + 1o

preliminary

€] fitter |

0.8 0.85 0.9

Private LHC combination:
+ Kk, =1.00%0.06
+ K-=0.89+0.13

Mw [GeV]

Higgs-boson/fermion couplings scaling, with no invisible or undetectable widths

80-5 B T | LI | LI | LI | T 17T | LI | T T T | LI | T 171 | T i
| 95% CL fit contours w/o xy private LHC average + 10 |
- M, and x, measurements Ao .
80.45 | MM 7. =10 Tev ' |-kl h
80.4
M,, world average = 1o -
i ¢ _
80.3 — -
B preliminary i
! | Y fiter 5
80.25 | | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 111 1 | Y | | 1 1 1 | 11 1 1 | 11 1 1 | |
0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
Kv
= Above: dependency on A
|

(Will be interesting to see how
these measurements develop.)
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3. Prospects of the EW Fit

l!:'\ ot
,-.’vnlllr — -
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Future Prospects of the EW Fit

Two future scenarios are studied

» LHC Run-2+3

* Final W and top mass measurements, combination with LEP and Tevatron
OMw : 15 = 8 MeV, dm:0.9 — 0.6 GeV

* H—ZZ and H=>WW couplings: measured at 4.5% precision

* (possibly optimistic scenario, but not impossible)

» ILC with GigaZ option
* Operation of ILC at lower energies like Z-pole or WW threshold.
Allows to perform precision measurements of EWV sector
* At Z-pole, several billion Z’s can be studied within |1-2 months
* H—ZZ and H—=WW couplings: measured at |7% precision

» Common improvement: theory
» Assuming ~25% of today’s theoretical uncertainties on M and Sin’0' et
Implies three-loop EWV calculations!
» SM,;, (4— 1 MeV), 8sin’0’ ., (4.7x10-5 = [x10-5)
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Future Prospects of the EW Fit

In following: central values of input measurements adjusted to M, = 126 GeV

Experimental input |+10]

Parameter Present | | LHC || ILC/GigaZ

My [GeV] 04 —<0.1 <0.1

My [MeV] 1o — 8 5  WW threshold

My [MeV] 2.1 2.1 2.1

my [GeV] 0.9 — 0.6 0.1  tt threshold scan
sin?0g [-107] 16 16 1.3 84%z: 1073 =107

A M2 1077 10 — 4.7 4.7 low energy data

RY [-1073] 25 25 4 high statistics on Z-pole
O M [MeV] = : three-loop calculations
Oth sin20£ﬂ: [-107°] 4.7 — 1 1
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Prospects for the EW Fit

X 25 I | I I I | I I [ | | | | | I 56 T | I ‘| T | I T I T I I | [l I I | | I | | I I I | I I I 50
L D Present SM fit €] fitter “i — - Pr .'$ent SM fit ":Il: M avg €] fitter “’i |
i Present uncertainties _ _ Pr. llpects for LHC / . H _
20 __ Prospects for LH 6 Gev ] I ‘ . 94 Gev ]
1 B B Prospects for ILC/GigaZ (o, # Riit) i
_ - 1 ] n _
A |---— - Prospects-for ILC/GigaZ (8; 4/=Gauss)- -~/ 440
- ) i [ —
__ ‘| l':/ | ," /
30 P\ I‘,‘ """""""" : e Ry SRR R R EEEEEE ::": """ 30
- 1 : .
20 20
_________ e T RS N A pnt e B B L SN e e e

60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
M, [GeV] M, [GeV]

Logarithmic dependency on My — cannot compete with direct My meas.
» no theory uncertainty: Mp =126 £7 GeV
» present day theory uncertainty: My = 126 *20 GeV
» future theory uncertainty (Rfit): My =126 713 GeV

If EWPO central values unchanged, i.e. keep favouring low value of My
(94 GeV), ~50 discrepancy with measured Higgs mass
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Prospects for the SM EW Fit

80-46 T T T T | T | T | T T T T | I
— 68% and 95% CL fit contours + 1o €] fitter|suf %
80.44 |— w/o M, and m, measurements — w
— Il Present SM fit 4 =
80.42 — Prospects for LHC — g
- B} Prospects for ILC/GigaZ . Z
80.4 —p _|
— Present measurement —
L ILc precision 4
80.38 — —
- M, =1 -
80.36 — " —
80.34 [— -
80.32 — —
80.3 B | | | | | | | | | | | | N
160 165 170 175 180 185
me [GeV]

80 46 | 17T | LI | LI | LI | |||||||| | T T 171 | T T 171 | T T 1 I_
— 68% and 95% CL fit contours sin’(6! o) = 10 7]

80.44 _— w/o M, and sin?*(6. ) measurements —
— [ Present SM fit -
80.42 — Prospects for LHC —
~ [ Prospects for ILC/GigaZ -

80.4 — Present measurement -
L 1L precision d

80.38 — —
80.34 [— —
80.32 — —
80.3 _I 11 1 | 11 1 1 | 11 1 1 | 11 1 1 | | I | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 I_

0.231 0.2311 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318 0.2319

sin(0'e)

» Huge reduction of uncertainty on indirect determinations of m;, Mw,
and sinZ0'cs by a factor of 3 or more

» Assuming central values of m; and My do not change (at ILC), a

deviation between the SM prediction and the direct measurements
would be prominently visible
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Prospects for the BSM EW Fit

» Breakdown of individual contributions to errors of M and sin?6’c

» Parametric uncertainties (not the full fit)

error due to uncertainty (£10)

Parameter  Scenario  Omeas  Opred  Oexp OMp oMz  dmy  0AQnad  0Qs  Otheo
Present 15 10.3 6.3 0.2 2.6 5.2 1.8 1.7 4.0
My [MeV] LHC 8 5.8 4.8 - 2.6 3.6 0.9 1.7 1.0
ILC 5 3.8 2.8 - 2.6 0.6 0.9 0.4 1.0
Present 16 9.5 4.8 0.2 1.5 2.8 3.9 1.0 4.7
sin?0% (©)  LHC 16 41 3.1 - 1.5 1.9 1.6 1.0 1.0
ILC 1.3 3.2 2.2 — 1.5 0.3 1.6 0.2 1.0
(°)In units of 1075.
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Prospects for the BSM EW Fit

» Breakdown of individual contributions to errors of M and sin?6’c

» Parametric uncertainties (not the full fit)

error due to uncertainty (£10)

Parameter  Scenario .& Omeas  Opred | Oexp OMp  O0Mz  o0my  0Aapad  0as  Otheo
Present 15 103 | 63 0.2 26 (5.2 1.8 1.7 @
My Mev]  LHC 8 58 | 4.8 - 2.6 0.9 1.7 1.0
IL.C 38 | 2.8 - 2.6 0.9 04 1.0
Present 16 95 | 48 02 1.5 2.8 @ 1.0 O
sin26%; ) LHC 16 41 | 31 - 15 (19 16 1.0
ILC 2.2 - 1.5) 0.3 0.2
(°©)In units of 107°.
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Prospects for the BSM EW Fit

» Breakdown of individual contributions to errors of M and sin?6’c

» Parametric uncertainties (not the full fit)

error due to uncertainty (£10)

Parameter  Scenario .& Omeas  Opred | Oexp OMp  O0Mz  o0my  0Aapad  0as  Otheo
Present 15 103 | 63 0.2 26 (5.2 1.8 1.7 @
My Mev]  LHC 8 58 | 4.8 - 2.6 0.9 1.7 1.0
IL.C 38 | 2.8 - 2.6 0.9 04 1.0
Present 16 95 | 48 02 1.5 2.8 @ 1.0 O
sin26%; ) LHC 16 41 | 31 - 15 (19 16 1.0
I.C 2.2 - 1.5) 0.3 0.2
(°©)In units of 107°.

» My and sin’0/cr will be sensitive probes of new physics

» At the ILC/GigaZ: precision of Mz will become important again!
(current uncertainty: oMz = 2.1 MeV)
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Prospects for the BSM EW Fit

Higgs-boson/fermion couplings scaling, with no invisible or undetectable widths

F 0 3 | I 6‘80/‘ ld 95°I/ C[L If't f It f I f I llj ol I I I I f f I ] I I I I 1 ; 80-5 T | T 11 I T T T T | T 11 | T 17T l T T 1 | I T T T | T T T I T T 1T | |
N e an e CL fit contours for U= ] u . .
- . 7 _ 68% and 95% CL fit contours Ky private LHC average + 16 |
- (SN My=126 GeV, m=173 GeV) ~ 8 — w/o M, and k,, measurements A Ay —
0.2 | Present fit 4 Y045 T\1-2l _]
: Present uncertainties i ; — | Present precision —
0.1— [ Prospects for LHC 3> [ Prospects for LHC ]
[} Prospects for ILC/Giga _ 80.4 B Bl ILC precision 7
ol I T o [ G e e T I 3P Ay 4 -]
L _ | LHC precision g _
= — M, world average * 1c _
B i 80.35 — —
0.1 SM Prediction __ _ -
— M, =125.7 + 0.4 GeV - - _
B m, = 173.20 + 0.87 GeV 7] - —
-0.2 — | 80.3 — —
- €] fitter|ou - - Y fitter [5.f
| | | | | | | | | | | | | | | | | | | | | | | | | | B 1
-0.3 80.25 | | | I | | I I | | I | | I | I I I | | | I | | I I | I I | | |
-0.3 -0.2 -0.1 0 0.1 0.2 0.3 08 08 09 095 1 105 11 115 1.2
KV

» For STU parameters, improvement of factor of >5 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!
(level of 1%.)
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Summary

» Paradigm shift for EW fit:

From Higgs mass prediction to consistency tests of the Standard Model
» LHC has only added one parameter to the EW fit

Knowledge of My dramatically improves SM prediction of key observables
» Higgs coupling measurements and ILC/GigaZ

Expect further exploration of Higgs couplings in the EWV fit

5. OMy

SAO(had UU%U
OMw (indirect) = m

OMz

Smtop

=11 MeV

rel. uncertainty:
6X = 6MW,X / 6MVV,tot

OMw (exp) = I5 MeV
www.cern.ch/gfitter

Stheo
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http://www.cern.ch/Gfitter
http://www.cern.ch/Gfitter

Additional Material
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Error on Mw

5o OMH

\ RS L
SN
T

J
(J
s
Yersd
s
-
-
-
£
L |

SAO(had
OMz

OMw (indirect) = OM¢op

rel. uncertainty:

Ox = (6Mvv,x)2 / (Z. 6Mw,12)
OMw (indirect) = 11 MeV

SMw (exp) = 15 MeV
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Error on sin?(0'cs)

OO

OAXhad

0sin2(0'es) (indirect) =

Stheo

rel. uncertainty:

Ox = (OMwx)? / (Zi OMw;?)

0sin2(0'ets) (indirect) = 1104
O0sin?(0'et) (exp) = 1.6°10-
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Xs(Mz) from Z—hadrons

. ° N 5 | | | | | | | | | | | | | | | | | | |
» Determination of X o | -
4.5 5 SM fit —
at NNNLO 4 BN A [ swfitwith minimalinputand RPand o, e
» most sen SitiVit)’ - \ _@- «_ from decays at 3NLO [Eur.Phys.J.C56,305 (2008)] -
3.5 ; —
through total hadronic s E =
cross section 6%ag 25 E
and the partial 2 - =
leptonic width RY; 15 E
» Theory uncertainty e EL
obtained by scale 05 E
o . o [ 1 I I | I I I | I I I L,—;F’/I I I | I I I | I I ]
variation, per-mille 0112 0114 0116 0118 042 0122 0124  0.126
level arg(M,)

as(Mz) =0.1191 + 0.0028 (exp.) =+ 0.0001 (theo.)

» Good agreement with value from t decays, also at N3LO

Improvement in precision only with ILC/GigaZ expected

Roman Kogler 38 The global electroweak SM fit

[<] fitter |



ILC with GigaZ

A future linear collider would tremendously improve the precision of
electroweak observables

» tt threshold
* obtain m; indirectly from production cross section: om; = | = 0.1 GeV
» Z peak measurements

» polarised beams, uncertainty 64%z: 1073 =10~
translates to 0sin®0er : 1074 — 1.3-107°

* high statistics: 10° Z decays: 6Rjcp:2.5- 1072 = 4- 1073
» WWV threshold
 from threshold scan: oMy : |5 =& 6 MeV

» Low energy data

* Aohad : more precise cross section data for low energy

(v/s < 1.8 GeV) and around cc resonance (BES-III),
improved o5, improvements in theory: |07 — 4.7 107
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Measurements at the Z-Pole

Total cross section

» Express in terms of partial decay width of initial and final state

0 SF2Z 1 h o0 127 Leel s 7
— = 0} —
fF(s— M2+ 2T /M2 Roep V" 787~ M2 T2

A
O'f—

|

Corrected for QED radiation

4 FU” W|dth I\Z — Fee _|_ F,u,u _|_ FTT _|_ Fhad _I_ I‘inV

» Highly correlated set of parameters

Less correlated set of parameters
» Z mass and width: (M7, |1z

Cross Section [pb]

» Hadronic pole cross section| oy, 4 |= 127/M% - Teel'haa/T'%
» Three leptonic ratios (lepton univ.) RS — Rg = Mhad/Tee (: RSL — RO)
» Hadronic width ratios | R} || R?
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Measurements at the Z-Pole

Definition of Asymmetry

» Distinguish axial and axial-vector couplings of the Z

2 2
9.5t 9k  9vytIay

F 1
» Directly related to sin” ng‘ff = —— (1 + Re (gv’f>>
1Q ¢ gA,f

Observables

» In case of no beam polarisation (LEP) NI NS
use final state angular distribution to App = NZ; n N? ARl = S A Ay
define forward/backward asymmetry v

» Polarised beams (SLC): define left/right 4/ — Né _ Né ; —y
asymmetry N{ + N}, ([Ple)

) 0,4 0,c 0,b
» Measurements: |(AZn | |Azg!|AZg| | Aef|Ac||Ab
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The Electromagnetic Coupling

Running of the EM coupling
» The EWV fit requires precise knowledge of a(A7) (better than |%)

» Conventionally parametrised as (0(0) = fine structure constant)

_ _ a(0)
als) = 1 — Aa(s)

» Evolution with renormalisation scale
Aa(s) = Aagep(s) + Aozgd(s) + Actop(s)

[M. Steinhauser,

. 2
» Leptonic term known up to three loops for g > my Phys. Lett. B429, 158 (1998)]

» Top quark contribution known up to two loops, small: =0.7- 1074

» Hadronic contribution difficult, cannot be obtained from pQCD alone

. .o
» analysis of low energy e*e™ data Acthag(M2) = (274.2 % 1.0) - 10~

» usage of pQCD if lack of data
— [M. Davier et al., Eur. Phys. ). C71, 1515 (201 1)]
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Radiator Functions

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

» Corrections can be expressed as radiator functions R rand Ry

M: 2
7S Gp Z 2 2
L= N (94,51 Ras + lgv.s | Rv.y)
6/ 27
[D. Bardin, G. Passarino, “The Standard
Model in the Making”, Clarendon Press (1999)]

1.041 T T \‘ T T T T T I ‘7

» High sensitivity to the strong L ow) |
coupling as R R ]
» Recently full four-loop calculation of 3" =X\ e
. N i ) =
QCD Adler function became S s O o 0D ;
. z i ]
available (N*LO) ST P :
» Much reduced scale dependence 0% ow
» Theoretical uncertainty of 0.1 MeV, s o 15*, SN
compare to experimental u/My
uncertainty of 2.0 MeV [P Baikov et al., Phys. Rev. Lett. 108, 222003 (2012)]
[P. Baikov et al Phys. Rev. Lett. 104, 132004 (2010)]
UH — .
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Calculation of Mw

Full EVW 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 RZ W
corrections and leading terms of f T VR
higher order corrections é Ve

Results for Ar include terms of order
O((X), O((X(ls), O((X(st), O((Y,Zferm),

O((Xzbos), O((Xz(lsmt4), O(a3mt6) 0.045 |
Uncertainty estimate: |
* missing terms of order O(a?as): 004 |
about 3 MeV (from O(o?asm?)) 5
* electroweak three-loop v
correction O(a?): <2 MeV ;oo e AP AR,
. 0.03 t Ces Ap@ AP (0)
* three-loop QCD corrections Artr Argen A,
o o S Alr(a)j— ATQCI,D+A7‘"(°‘) B
0(0(0(33 )Z <2 MeV 0 200 400 600 800 1000

e Total: oOMw = 4 MeV
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Calculation of sin?(0'cs)

» Effective mixing angle:

sin? H(Iff?t = (1 — My /M7) (1 + Ak)

» Two-loop EW and QCD correction

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

[M Awramik et al, Phys. Rev. Lett. 93,201805 (2004)]
[M Awramik et al., JHEP 11,048 (2006)]

. 0.2325
progression: o 2232 |
8% [ .
O(a’ay) = Olaay). e
(a”as) O0) (avos) . 0.2315
< 0.231}
O(a’ay) beyond leading m¢ 3.3...2.8 x 107> = e
0.23()5;/ =
O(O&O&S) ]_5 . e ]_4 0.23 ' """" Q —— 7 afzerm
E ——— + aay —+ad,,
O(a?) beyond leading m? 2.5...3.5 0.2295 —+aa?  — +leading a3, a2a |
. 200 400 600 800 1000
Total: 6sin?0lesr = 4.7 107> My [GeV]
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New Calculation of sin2(0bP.)

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

more involved, because of top quark e o
propagators in the Z—bb vertex z e |, 7 W )
» Investigation of known discrepancy W W
o

between sin’0.r from leptonic and
hadronic asymmetry measurements

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

» Now sin?0%.¢ known at the same
order as sin’Oefr for leptons and light
quarks

» Uncertainty assumed to be of same
size as for sin’Ocrr:

0sinZ0.¢r =~ 4.7 107>
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New 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
L'y L 1
Rb — — —
lhaa Ta+Tu+Ts+T.+Ty 14+2(0;+T,)/T

» Contribution of same terms as in the calculation of sin?6°.
— cross-check the two results, found good agreement

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

|-loop EWV 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) + FSRu ez | O(Qfmm)  ||O(Qhipm) + FSRus aapm2anmt | Olaas, aas)
(GeV] (1074 [1074] [1074] [1074]
100 —35.66 —0.856 —2.496 —0.407
200 —39.85 —0.851 —2.488 —0.407
400 —36.09 —0.846 —2.479 —0.406
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