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What precision is needed to see significant deviations
between measurements and predictions!?
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Higgs mass [GeV]

Prediction of Higgs Mass

400 — | | | | | | | | | | | | | | | | | | | ] } MH Predictions
— Measurements Results of the EW fit ] f | ff
350 [  LHC 90% CL, PDG - rom loop efrects
- 68% CL, LEPEWWG = since the
— —— 68% CL, Gfitter _
250 [ (incl. direct searches) = top qual’k 1995
- 1 » weaker
200 — ] .
- - constraints than
150 - —|  for m¢ because
= ® 06 o . .
100 - 3 of logarithmic
: — 1 dependence
50 = ]
- 1 » still, the fits have
| | | | | | | | | | | | | | | | | | | | | always Predicted
1995 2000 2005 2010 2015 M | |
Year H correctly!

Again: what precision should we strive for!? What are the major challenges!?
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Present: Experimental Input

My [GeV]©) 125144024 | LHC
Fit is overconstrained My [GeV] 80.385 + 0.015 Ty
» all free parameters measured Pw [GeV] 2085 = 0.042
. _ . My [GeV 91.1875 + 0.0021
* most input from e*e” colliders 7 [Ge]
Tz [GeV] 2.4952 + 0.0023
- Mz : 2-107 o0 | [nb] 41.540 + 0.037 LEP
. RY 20.767 + 0.025
* but crucial input from oo
. A% 0.0171 + 0.0010
- me : 4-1073 sin?0%: (Qrp) 0.2324 4+ 0.0012
A 0.670 + 0.027
i . 9. 10-3 c
My 210 A, 0.923 + 0.020 SLD
- Mw: 2-10™ A 0.0707 4 0.0035
: A%L 0.0992 + 0.0016
L
rema.r.kable ei(perlmental RO 01721 + 0.0030 ‘ LEP
precision (<I%) RY 0.21629 = 0.00066
» require precision calculations! e [GeV] .27 +0.07
My [GeV] 4.20 1007
my [GeV] 17334076 || Tev.+LHC
Ac® (M2) 2757 + 10

Roman Kogler 4 Fits of EWPO in the SM



Calculations

Uy

All observables calculated at 2-loop level

. k
» Mw : full EW one- and two-loop calculation =

L . L - _ "
of fermlonlc and bosonic contributions “farmionic” “bosonic”
[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
[Awramik et al, PRL 93, 201805 (2004), JHEP 11,048 (2006), Nucl. Phys. B813, 174 (2009)]

» partial widths I't: fermionic corrections known to two-loop level for all
flavours (includes predictions for 6%aq) [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?
for example: O(a’ay) = O((a)) O(aas)
important
' Oth.er. methods (e°g' Scale. Observable Exp. error \Theo. error
variation) not always feasible
: . My 15MeV | 4 MeV
* but give ~similar results
: _ sin#' 1.6-107* | 05-107*
» theoretical uncertainties eft
smaller by a factor of 3-6 Iz 23MeV [ 0.5MeV
than measurements O-l(iad = olete” - Z — had.] 37 pb 6 pb
e for the first time R} = T[Z—>bb]/T[Z - had] 6.6-107* | 1.5-107"
reasonable estimate My 0.76 GeV || 0.5 GeV
for all observables ]4
» important missing higher order terms: new in fit

* O(x3), O(X20s), O(Xs?), O(0%bos) (in some cases), O(Xs°) (rad. functions)
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Future Improvements

LHC = LHC with 300 fb~!

Parameter Present || LHC | | ILC/GigaZ ILC/GigaZ = future e”e”
collider, option to run on

Miyr [GeV] 0.2 = <0.1 < 0.1 Z-pole (w polarized beams)

My [MeV] 15 — 8 5  WW threshold

My [MeV] 2.1 2.1 2.1

myg [GeV] 0.8 = 0.6 0.1 tt threshold scan

sin6g [1077] 16 16 1.3 0A%g: 1073 =107

Acay, (MZ) [107°] 10 = 4 4 low energy data, better Os

RY [107] 25 25 4 high statistics on Z-pole

Ky (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'es)
* 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]
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Present: the Strong Coupling ots(Mz)

(3] 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) a5t b mswm 2
. . 4 o . [77] SMfit minimal inputand R0and of,, FEPe
) determlnatlon Of s = 4@ g(M,) from T decays at 3NLO [Eur.Phys.J.C56,305 (2008)] i/ =
. 3.5 ; iy £
at full NNLO and partial NNNLO ~ £ i
» also shown: minimal input with 25 - E
two most sensitive 2 =
measurements: R, 6%ad 15 E
q q q 1 ;— --------------------------------------- —e, —; 1o
Zly Zly g ZIy g 0.5 - =
g 0 E | | | | | | | | | | | | | — | 1 | | | | | | | | | | E
q q q 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126
» Mu has no (visible) impact os(M,)
2
as(Mz) = 0.1196 %+ 0.0028 exp £/0.00065,,,, %y, , * 0.00065,,,r, + 0.00025, 0

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

(previously: dtheo = 0.0001 from scale variations)

dominated by exp. uncertainty
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Future: the Strong Coupling &s(Mz)

LHC-300 Scenario W PETW T T T T
i < 4.5 — ] Present SM fit | flttel’ smiz
> No improvement S Q_P_’RS_I??E’!?!_"F_'_'-_{?_'Q?_Z_ _______________________________ 1,
. — -+ Prospects for IL/GlgaZ presenf..theo. .Z:nc. - ©
|LC Scenarlo 3.5 ;— , HO- ag(M, ) from: rde ys at 3NLO [E’JC59',305(2008)] —;
» improvement of factor 4 3E E
or better possible 23 E E
e needs improvement 2E E
1.5 —
from theory - -
o 1 e — 1o
e present uncertainties: - ]
0.5 —
factor of 2.5 only - | | -\ / | | E

0
0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126

Fit Results: (M)

O0rs = (6°56XP D 295,001 D 2'35theoRV,A) .10~

das = (7.001) - 10~ (present theory uncertainty: 12.2- 107%)

Promises most precise measurement of Xs(Mz)
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Present Results:

Higgs

~, 5T T T o TR
% oF S #]ﬁ'nerl.,l_:
. £ [ SM fit with M, measurement =
AXZ pFOfIIe VS MH 4;'_ SM fit wo M,, measurement _;2”
. 35 _:__rl« ATLAS measurement [arXiv:1406.3827) _f
» grey band: fit without My measurement : | cwsmessuemen axivisoross 2
* My = 93*2, GeV 25 £ E
* consistent with measurementat .30 't E
» blue line: full SM fit 1E =P
05 =
P =TSR B ] N PR oG UrEl EPRPETET APR NP AP
60 70 80 90 100 110 120 130 140
M, [GeV]
Impact of most sensitive observables . . . -
A (LEP) | [eX fitter || o 143 254
» determination of My S %
. L A(SLD) - 387,
removing all sensitive observables o =
: ’ =503
except the given one Pes| L o 28
. M,, = 77 54
» known tension (30)
between A|(SLD),A%,
.- LHC .
and Mw clearly visible average)| ., L. J11=02
6 10 20 10%2x10? 10°
M, [GeV]
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Future: nggs Mass

N BT T T T T T TR T T T T T T T T T T '
< . [ |Presentsmfit | ‘| [Elfltterl I
[\ Present uncertailﬁia q
20 N Prospects for LHG
: Prospects for ILC/GigaZ (5, = Gauss)
. ~'zrProspectsforchmgaZ(om-myrr

I25 Ge

TTI]II

1111111111\L111111111

M, [GeV]

» Logarithmic dependency on My — cannot compete with direct My meas.

* no theory uncertainty:
* future theory uncertainty (Rfit):

* present day theory uncertainty:

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

measured Higgs mass
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Future: nggs Mass
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e b
/ 94 GeV

beve

.....

llllllllll

1 11801 1
M, [GeV]

» Logarithmic dependency on My — cannot compete with direct My meas.
* no theory uncertainty:

* future theory uncertainty (Rfit):

* present day theory uncertainty:

MH
MH
M

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

Ay? profile vs My

» also shown: SM fit with
minimal input:
Mz, GF, AGhad®)(Mz), &s(Mz),
MH, and fermion masses
* good consistency

» M4 measurement allows for
precise constraint on Mw
* agreement at |.40

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

My, =

80.3984 =

0.0046,y,,

0.00204

-10.00305,,

+0.0026,7,, -

- 0.0018A0, .,

- 0.0001 3y,

0.0040s,, . nry

GeV

80.358 £ 0.0080; GeV

more precise than direct measurement (15 MeV)
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Present Results: Mw

Ay? profile vs My

» also shown: SM fit with

minimal input:

MZ’ GF’ Aahad(s)(MZ), (XS(MZ)’
Mu, and fermion masses

* good consistency

» MH measurement allows for
precise constraint on Mw

* agreement at |.40

» fit result for indirect determination of Mw (full fit w/o Mw):

2

Ay,

-
o

=
~4
@
q -
1L

9 — — 30
E :
7 i—— SM fit wi mh:nmal input —i
N :
E :
4 20
¥ :
2 E
1 E— ] ” —E 1o
ST A e I N B
80.32 80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4 80.41

M,, [GeV]

My = 80.3584 &

0.0046,y,,

0.00204

T
T

0.0030s,, _m,

+0.0026,7,, -

- 0.0018A0, .,

0.0001,,,

0.0040s,, . nry

GeV

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

more precise than direct measurement (15 MeV)
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Future: Mw

LHC_3OO Scenar’io N}< 25 4| LI S L B B B r"l| T 1 L B .[ 1 I B N P T 7 L— 50
) < s [] Present SM fit ] m fitter|swv); -
) mOderate Impl"ovement Prospects for LHC " : |
. . 20 ]
(~30%) of indirect | -
constraint - _----‘.\‘. .................... ............ ... Jao
 theoretical uncertainties -
already important 10 ‘ ‘ , , -
—————————— S R K-

ILC Scenario .

» improvement of factor 3 B e s At 120
possible, similar to direct E— R R < 1o
measurement ’80.33 80.34 8035 8036 8037 80.38 80.39  80.4

M,, [GeV]

Fit Results:
6MW—17MZ€B01mtEB12 2] @ 0.6Aq,.4 ©0.34, MeV

eff

5MW — ]--3theo D 1-9exp MeV = 2-3tot MeV

Measurement uncertainty for ILC: 5 MeV
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Present: Effective Weak Mixing Angle

b R | 1 SRR - (ioa
Ay? profile vs sin?0'es T — I |
» all measurements directly I | |
sensitive to Sin29| off 6 |_"® LEP/SLD average [hep-ex/05090 8]:._‘
removed from fit : |
(asymmetries, partial widths) 4~ W2 I

* good agreement with min inputzi_

» MH measurement allows for e R :

. . 0 P
preC|se constraint 0.2309 0.231 0.2311 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318
sin’(6..)

» fit result for indirect determination of sin20'y:

sin0’ = 0.231488 4{0.000024,,, |+ 0.0000165,, . &= 0.000015,7, 4 0.000035A4, .,
+ 0.000010,, % 0.000001 7, £(0.000047 2/

5theo Sin eﬂ'

0.23149 £ 0.00007¢0t

more precise than determination from LEP/SLD (1.6 10%)
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Future: Effective Weak Mixing Angle

LHC-300 Scenario =

» large improvement of indirect
constraint

* compromised by today’s
theoretical uncertainties
ILC Scenario

» Indirect constraint and direct
measurement comparable
precision

Fit Results:

o3 A L B S | N AL I NLANLENLI I ILFD LN W o A
L[] Bresent SMfit . | : fitter [sw|z 4
B P;‘pspects for LH g ]
20 ] Pr6§pects for ILC/ ‘l‘gaZ "
— HOH Dire‘c‘t measureme t'\‘(present/LHC/ILC) : ; -
U VY A/ S— f & ] 4

] ’
Y ' I ’
. L [ .
‘ 1 4
A "‘ [J 4 3 (]
A 1 ’
Y ] P 2
Y ) ’

Y A [ 4
\ A [} .
\‘ \ P ’
.
------------------------ - N .0
N Y L/ ’
- \ ) 4
\ \ /) ’

0
0.2312

0.2313 0.2314

1o

0.2315 0.2316 0.2317

0.2318

sin’(6.,)

5sin? 07, = (1.7a5, ® 1.201, ® 0.1, ® 1580, @ 0.14,) - 107°

§sin? 07, = (1.0¢neo @ 2.0exp) - 107° = (2.3 0¢) - 1072

Measurement uncertainty for ILC: 1.3-107>

Roman Kogler
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80.38

80.36

80.34

80.32

Future: Mw and sin20'

68% and 95% CL fit contour sinz(efeﬁ) +10

w/o M, and sinz(efeﬁ) measurements
Present SM fit
Prospect for LHC
Prospect for ILC/GigaZ

Present measurement

My, 10 \\ %
\\\_//1
fitter|sul; -
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 11 1 |_
0.231 0.2311 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318 0.2319
sin®(6.)
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Ay? profile vs

» determination of m. from
Z-pole data (fully obtained

from rad.

Present: Top Quark Mass

Mt

corrections ~m¢?)

» alternative to direct
measurements

» My allows for significantly
more precise determination

of m¢

™My — 177.0 =

= 177.0 =

=h
— ]
9]
-

N
[ 111

.
|:| SM fit w/g, m, measurement smlz

30

SM fit w/ ‘m and M, measurements
— -®- mi" world ‘verage [arXiv:1403.4427]

“vatron O [arXiv:1207.0980]

S, Oy (CMS) [arXiv:1307.1907]

FOA mPo' from AT {AS, o, [arXiv:1406.5375]

=V mP* from ATL S, Oy [ATLAS-CONF-2014-053

ti+jet

IIII|IIII|IIII|IIII IIII [TT

20

N W A~ OO O N 0 ©

—h

165 170 175 180 185 190

- 2°3MW, sin2e/ T 0.6, £0.5A4,.4 £ 0.4, GeV

-2 Ao

I O-5theo GeV

» similar precision as determination from o, good agreement

» dominated by experimental precision

Roman Kogler
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Future: Top Quark Mass

o (9] 10 : I I I l I I I l I I : I I I I I I I I I I I I I -
LHC-300 Scenario S EW [l fitter [l
O\ e — 30
. = s Prospect for LHC | -
> Improvement due to 8 ;_ ‘\‘ || Prospect forILC/Gig‘_Z —
|mproved PreC|S|0n on MW 7 f_ ‘\""’" mii" world average [a ?(iv:1403.4427] j
: 6 &
ILC Scenario - -
5 —]
» Comparable precision dueto ,& % \ v+ 1/ J 1,
— / ] ©
Mw and sin?0'et measurements ,E E
(Mw: om¢=1 GeV 2 E =
sinZ0'er: Ome = 0.9 GeV) S N ey m— F10
: | I | | | I | | | I | | | | | I | | | I | | | -
Fit Results. 0 166 168 170 172 174 176 178 180
) m, [GeV]

Smi = 0.6a5, @ 0507, ©0.3_. 5,5 ®0.4a0,,, ©0.24, GeV

eff

5mt — O°2theo &, O-7exp GeV = O-Stot GeV

» similar precision as present world average of m" from hadron colliders
» still dominated by experimental precision
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Summary of Indirect Predictions

Experimental input [+1oesy] :  Indirect determination [+1oexp, +10theo]
Parameter Present LHC  ILC/GigaZ : Present LHC ILC/GigaZ
My [GeV) 0.2 <01 SO U S P N 1o S
My [MeV] 15 8 5 : 5.2, 1.8 1.9, 1.3
My [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% [10~°] 16 16 1.3 : 2.8, 1.1 2.0, 1.0
Acy, (M%) 1077 10 4.7 4.7 42, 13 36, 6 5.6, 3.0
R} [1072] 25 25 4 : —~ —~ -
ag(MZ) [1074 - - - 40, 10 39, 7 6.4, 6.9
S|y—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
Ky (A = 3TeV) 0.05  0.03 0.01 L 0.02 0.02 0.01
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Summary of Indirect Predictions

Experimental input [+1oexp]

Indirect determination [+10exp, £10theo]

Parameter Present LHC  ILC/GigaZ Present LHC ILC/GigaZ
My [GeV] 0.2 <0.1 <01 & AL+ 20 39 M BNE Y
Vi e 5oos 5]
My [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
sin20%g [107] 16 16 1.3 :
Acy, (M%) 1077 10 4.7 4.7 42,13 36, 6 5.6, 3.0
R} [1072] 25 25 4 : —~ —~ -
ag(MZ) [1074 - - - 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 0.01

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

» Future e*e™ collider: fantastic possibilities for consistency tests of the SM
on loop level and NP constraints

Roman Kogler
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Summary
Uncertainties on Mw

Today LHC-300

Smeas — |5 MeV Smeas = 8 MeV

6ﬁt = 8 MeV 6ﬁt = 6 MeV

dfcheo = 5 MeV dpcthee = 2 MeV
‘ SMZ ‘ Smtop

ILC/GigaZ
Omeas — S MeV
Sﬁt = 2 MeV

o= | MeV

‘ SAO(had ‘ 60(5

Improved theoretical precision needed already for the LHC-300!

Roman Kogler 20
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Additional Material
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Interpreteation of m¢ Measurements

e hard scattering

What about accuracy?

e partonic decays, e.g.
t — bW

e parton shower
evolution

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

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

* MC mass is (most likely) related to the
low scale short-distance mass
in the jet function [Hoang, arXiv:1412.3649]

[D. Zeppenfeld]

CMS preliminary @ 7TeV Iepton+|ets

§ " cimeam

* but: no quantitative statement available e G Py

* relating m&" to mePele: Ame > Aoco ‘“5“ 105_ % fn"c"gﬁ‘ﬂ’o'?‘ﬂgﬁ'véz_z
» colour structure and hadronisation o ———1——:
* partly included in experimental uncertainties 0_ i
* study on kinematic dependencies of m¢ N
» calculating m¢(m¢) from m¢Po'e § [CMS TCIDIPI |2| 029]__
* QCD (three-loop): Am: = 0.02 GeV § s T P
* EW (two-loop): Am: = 0.1 GeV g SEdulau 200 )
[Kniehl et al., arXiv:1401.1844] S roreg [G8V]
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Measurements of Mgy

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

RERRA RS RARRNRRRR AR RARRNRARAN RERRE RARN ]
35 ATLAS ¢ Daa -
C H— ZZ* — 4] |:|Signal(mH=125GeVu=1.51) ]
30 [ oormev JLdt ~451" B ceciorouna 2 =
E 5 =8 Tev _[Ldt 20 - Background Z+jets, tt E
25 — o o 7////% Systematic uncertainty ]

[1615°80F | :AIX4e ‘SY11V]

0
80 90 100 110120 130 140 150 160 170

m,, [GeV]
10 19.7 b7 (8 TeV) + 5.1 b (7 TeV)
[TT T T T T T T T T T T T T T T T ‘ PR S S s s s g [ 1
= —— Combined @)
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Mw : key parameter in the SM

11l
48WS%V W

B 3&0%4/
16#5%‘/ MW

Ar =

Measurements of Mw

[CDEF, Phys. Rev. D 89,072003 (2014)]

5 GeV

1@ 15000
nM -+

W — uv

x2/dof = 58 / 48

Events /0

» final LEP-2 measurement (2013):
* AMw = 33 MeV [ADLO, Phys. Rept. 532:119,2013]

10000

5000

» Tevatron : most precise result so far
* Jacobean peak in Mt and pT) inW=1Iv
* AM = 16 MeV, accuracy: 0.02% !!
* crucial: lepton energy and resolution, PDFs

%o 70 80 90 100
m, (GeV)

CDF 1988-1995 (107 pb™ ——@ 80432 + 79

DO 1992-1995 (95 pb™) = @

80478 = 83

» LHC : no result so far

CDF 2002-2007 (2.2 fo') —0— 80387 + 19
* (optimistic) scenarios: [arXiv:1310.6708] . e
Tevatron 2012 -.- 80387 = 16
AMyw [MeV] LHC LEP + 80376 = 33
\/g [TGV] 8 14 14 World average -C- 80385 = 15
L[fb™!] 20 300 3000 =
Total <E 8 E
* very challenging 80200 80400 80600
- PDFs, momentum scale, hadronic recoil, pile-up at high L? M,y [MeV]
[CDF, DO, Phys. Rev. D 88, 052018 (2013)]
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orange: full fit

light-blue: fit excluding input from row

SM Fit Results

black: direct measurement (data)

» goodness of fit, p-value:
X*min= 17.8 Prob(X?min, 14) = 21%

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 Albre with 2.50

— largest contribution to X?

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

RO

lep

AO,I

FB

A (LEP)
A/(SLD)

.2 lept
sin“e_ (QFB)

mm Global EW fit

-0 Measurement

3 2 -1 0 1 2 3
(O, et = 0)/ Oy

indirect
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The global electroweak fit




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((X), 0((1(15), O((X(st), O((Xzferm),
O((Xzbos), O((Xz(lsmt4), O((X3mt6)
Uncertainty estimate: |
* missing terms of order O(o’as): 004 |

about 3 MeV (from O(a?asm*))
* electroweak three-loop

correction O(0%): <2 MeV <o AT 4 ATl

. 0.03 1 - AR 4 AP AR

* three-loop QCD corrections T . _N(a)iAT&aéDim(az)

O((XOLS3)I <2 MeV 0 200 400 600 800 1000
o Total: My = 4 MeV Haleeld

0.045 ¢

Ar

0.035 ¢
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Calculation of sin%(0')

» 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

wramik et al, s. Rev. Lett. 93,
MA | , Phys. Rev. L 93,201805 (2004
[M Awramik et al., JHEP |1, 048 (2006)]

. 0.2325|
progression: o 123]
(@7 i )
O(la) = Olaay). -
(a”ay) o) () . 0.2315
. < 0.231)
O(a?as) beyond leading m; 3.3...2.8 x 107° 'z 09505 b
O(OéOé:S)’) 1.5 .« o . 1.4 0.23 { """" o —— + a?erm
| -+ aag —+ o,
O(a?) beyond leading m{ 2.5...3.5 0.2295 v an?  —-+leading a® aZa |
. 200 400 600 800 1000
Total: 0sin?0lesr = 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?0.sr for b-quarks

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

» Investigation of known discrepancy
between sin’0cfr from leptonic and
hadronic asymmetry measurements

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

» Now sin?0°°.¢r known at the same
order as sin’Ocs for leptons and light
quarks

» Uncertainty assumed to be of same
size as for sin?Ocfr:

0sinZ0%.¢ =~ 4.7 107
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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 Tag+T,+Ts+T.+1% 14+2(034+T1,)/T

» Contribution of same terms as in the calculation of sin?6°.
— 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 EW 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 03 aas,m2as,m? O(aas, aa?)
(GeV] [1074] [1074] [1074] [1074]
100 —395.66 —0.856 —2.496 —0.407
200 —39.89 —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 R4 yand Ry

GFM3 2
[r= N/ 2 “Ras+ °R
T v (lga.fI°Ra,f + |gv.fI°Rv.r)

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

» High sensitivity to the strong o Hodelin the Ma"zi”g”’c'are”d°” Press (1999)]
coupling s 1040(»)/()

» Full four-loop calculation of QCD LT S \
Adler function available (N°LO) g A VIO L ol o

» Much reduced scale dependence Z
» Theoretical uncertainty of 0.1 MeV, - ol
compare to experimental I
03 0 s a0 as 0

uncertainty of 2.0 MeV WM,

[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 /1
SM through effective Lagrangian Ly = ~ (2@1/11‘}, W, W* + (kpm3 ZNZ“)
* Leading corrections only n

Lr - @m, It + @mb bb + @mT ?T)

» Benchmark model:
* 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,”" Ky { }

* Involving the longitudinal d.o.f. W AV
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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