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The Gfitter Project — Introduction

G f' A Generic Fitter Project
Itte r for HEP Model Testing

=  (fitter = state-of-the-art HEP model testing tool for LHC era

= (Sfitter software and features:

* Modular, object-oriented C++, relying on ROOT, XML, python, etc.
» Core package with data-handling, fitting, and statistics tools

- Various fitting tools: Minuit (1/2), Genetic Algorithms, Simulated Annealing, etc.

- Consistent treatment of statistical, systematic, theoretical uncertainties (Rfit
prescription), correlations, and inter-parameter dependencies.

» Theoretical uncertainties included in x? with flat likelihood in allowed ranges

- Full statistics analysis: goodness-of-fit, p-values, parameter scans, MC analyses.
* Independent “plug-in” physics libraries: SM, 2HDM, multiple BSM model, ...

= Qur publications and new results available at: www.cern.ch/Gfitter
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The global electroweak fit of the SM
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Global EW fits: a long history

» Huge amount of pioneering work by many!

* Needed to understand importance of loop
corrections

200 T

150

- Observables (now) known at least at two-loop & i é};ﬁ%ﬁ:&mt-
order, sometimes more. R -
» High-precision Standard Model (SM) predictions ‘ EE;S'LIEZP_EZ;’;’Y;} (2006)
and measurements reqUIred Direct search lower limit (95% CL)
- First from LEP/SLC, then Tevatron, now LHC. > 1990 1995 2000 2005
Year
6 March 2?08 : mLim.it = 1 60 GeV
= EW fits performed by many groups in past |W:: A=
. . 57 L i —0.02758:0.00035 7
« D. Bardinet al. (ZFITTER), G. Passarinoet al. 1 Wi - 002749:000012
(TOPAZO), LEP EW WG (M. Grinewald, K. 47 - el e i
Monig et al.), J. Erler (GAPP), ... g g |
* Important results obtained! =
2_ -
» (Global SM fits also used at lower energies 17 T
[CKM-matrix], and many groups pursuing o | Excluded Preliminary
global beyond-SM fits.) 30 100 300
m,, [GeV]
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The predictive power of the SM

i

As the Z boson couples to all fermions,
it is ideal to measure & study both the
electroweak and strong interactions.

Tree level relations for Z—ff i
if’yl"' (gv,f _— gA’f,Ys) fZ#, '.'."“u‘;f'u‘n‘u’ﬂ‘
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= The impact of radiative corrections
: =1/ 2 —2Qf sin? 6!

« Absorbed into EW form factors: p, k, Ar gv.f =V Pz \43 off

« Effective couplings at the Z-pole gA,f = Pé—’:{

 Quadraticly dependent on m,,

logarithmic dependence on M, sin? 0 = 7, sin®
; H H )
(/“\; T V2 — & Lo a1 \/§W0¢(1+AT)
ZIW ZIW w/\/\/\/\/\/\l\n/’\/\/\/\/\/\/\rW 2 GrM
| fir ZIW ZIW ZIw
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Hunt for the Higgs

X

Gfitter group, EPJC 72, 2003 (2012)

3] 10 - T | T T T ]
< 9 /V ——————————————————————————————————————————— —i 30
8 | =
7 =
| Early 2012 -
5| —
N R J20
3 Theory uncertainty =
, — Fit including theory errors 3
2 ---- Fit excluding theory errors -
1 AN - V- —; 10
0 = 1 | 1 1 1 1 | 1 1 1 -
50 100 150 200 250 300
M, [GeV]
= M, was last missing input parameter of the electroweak fit
= [ndirect determination from EW fit (2012): M, = 9631 ,, GeV
= (Direct Higgs limits of course also available in the EW fit.)
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The SM fit with Gfitter, including the Higgs @)

= Discovery of Higgs-like boson at LHC

- Cross section, branching ratios, spin, 3
parity sofar compatible with 80;:

+ Data S/B Weighted
——— Sig+Bkg Fit (m =126.8 GeV)
-------- Bkg (4th order polynomial)

3 weights / GeV
N
o

SM Higgs boson. i IPTT

 This talk: assume boson is SM Higgs. 20F fosgov, fLoizo7 15! Hooyy

« Use in EW fit: MH=125.7iO_4GeV g 12 s e
- ATLAS: M, =126.0+ 0.4+ 0.4 GeV  § ofipssdop®

- CMS MH — 1253 + 04 + 05 Gev 100 10 120 130 140 150 160

. . m,, [GeV]
[arXiv:1207.7214, arXiv:1207.7239] CMS preliminary Vs=7TeV,L=5.1fb" ys=8TeV,L=19.6fb™

« Change in average between fully 2 160w ]
uncorrelated and fully correlated S g E
systematic uncertainties is minor: 2 o Jeswmoman | -
oM, : 0.4 — 0.5 GeV S W eremzecen

8
= Unique situation: for first time SM is of
fully over-constrained af
— Test its self-consistency! 2p _
* The focus of this talk ... 0T 20 130 140 150 580

my, (GeV)
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Measurements at the Z-pole (1/2)

Total cross-section

* Express in terms of partial decay width of initial and final width:

2
Z sI'y,

1

O'f——O'

O_
15— M3)?

+ 82F2Z/M% RQED

with o"t;_f j\f{g Fe;gf f
Z YA

Corrected for QED radiation

® FUII W|dth FZ — Fee + I‘u,p, + FTT + Fhad + Finv

* (Correlated set of measurements.)

Set of input (width) parameters to EW fit:

 Z mass and width:

M, |,

2

Ry

Hadronic pole cross section:
0 2 2

Ohadl = 127T/MZ . Feerhad/rz

Three leptonic ratios (lepton univ.):
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Measurements at the Z-pole (2/2) @)

= Definition of Asymmetry
« Distinguish vector and axial-vector couplings of the Z

_Afzzg%J’—Q%J:= 29v,f 9A,f
Q%f‘FQ%Zf g%/f—l-gi,f

 Directly related to sin Hff _ ! (1+Re(gvf))
4Qs gA,f

= QObservables
* In case of no beam polarisation (LEP) NIJ«: — Ng’

3
use final state angular distribution to  Apg = 7 7 A(I):if; = ZAeAf
define forward/backward asymmetry Ny + Ng
- NI —NL 1
« Polarised beams (SLC), Al = L R A%R — A,
define left/right asymmetry i NI{ + N}; {|P|.)

« Measurements: AFB= A‘};g, Ag:g Apl| Aqll| Ap
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2012 averages for M, and m, | @)

Latest Tevatron result from: arXiv:1204.0042 Tevatron result from: arXiv:1207.1069
E % E Do Prefiminary, 1 167 — Data
19 375/ —_
S E FastiC Leptonsjets Runll COF He 17300 £ 065 106 GeV
g 250_— ] ) .
o s S_ngﬁnﬂssneo Lepton+jets Runll D@ Hot 17494 & 083 £ 1.24 GeV
;Mf‘jl Leptonsjets Runl CDF e 1761 ¢ 51 £53 GeV
o ” % % % % P e, 6oV Leptonsjets Runl D@ ——0—H 180.1 % 36 £39 GeV
Mass of the W Boson Migts  Runll COF ol 11247 ¢ 143 £ 140 GeV
Measurement 5 M,, [MeV] Aliets  Runl CDF H ¢ H 1860 £100 £57 GeV
CDF-0/1 I ® 80432+ 79 Dileptons  Runll CDF -t 17028 £ 1.95 £ 3.13 GeV
D&- @ 80478 + 83 Dileptons  Runll D@ #—o— 174.00 + 236 + 1.44 GeV
D@-Il o) —.—.— 80402 + 43 Dileptons  Runl CDF  H o H 1674 £103 £49 GeV
CDF-Il 22 ’_"q 80387 + 19 Dileptons  Runl D@ o H 1684 £123 £36 GeV
. . i Epjets  Runll CDF ot 17232 4 1480 £ 1.82 GeV
DD-Il w@3®) —@ 80369 + 26
| Decay length Runll CDF  H 2 ! 166.90 £ 9.00 £ 2.82 GeV
Tevatron Run-0/1/11 @ 80387 £ 16
L EP-: e 80376 + 33 o
LEP-2 | oclib Tevatron Combination 2012 o Cme: 056 £ 075 GeV )
World Average - 80385+ 15 2
i — X Idof=8.3/11
160 10 180 19
T Mass of the Top Quark [GeV]
80200 80400 80600
M, [MeV] Varah 2015 Used here: m,=173.18 £ 0.94 GeV
Moriond’13: m, =173.20 + 0.87 GeV
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_The electromagnetic coupling @)

= The EW fit requires precise knowledge of a(M,) — better than 1% level
 Enters various places: hadr. radiator functions, predictions of M, and sin?6'

Conventionally parametrized as (a(0) = fine structure constant) :
als) = (0)

1 — Aa(s)
= Evolution with renormalization scale:

Aa(s) = Aaep(s) + Aa'ff;)d(s) + Aavop(s)

_ [M. Steinhauser,
= Leptonic term known up to three loops (for g » m,) PLB 429, 158 (1998)]

= Top quark contribution known up to 2 loops, small: -0.7x10#

» Hadronic contribution (from the 5 light quarks) is difficult to calculate,
cannot be obtained from pQCD alone.

« Analysis of low-energy e*e- data ]_

Aa® (M) =(274.9+1.0)-10"

« Usage of pQCD if lack of data

Similar analysis to evaluation of hadronic contribution to (g-2),
[M. Davier et al., Eur. Phys. J. C71, 1515 (2011)]
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Theoretical input @)

= |n EW fit with Gfitter we use state-of-the-art calculations:
o Mw Mass of the W boson [M. Awramik et al., Phys. Rev. D69, 053006 (2004 )]

o Sin?0/csr Effective weak mixing angle [M. Awramik et al., JHEP 11, 048 (2006),
M. Awramik et al., Nucl.Phys.B813:174-187 (2009)]

- Full two-loop + leading beyond-two-loop form factor corrections

 Thad QCD Adler functions at N3LO [P. A. Baikov et al., PRL108, 222003 (2012)]
- N3LO prediction of the hadronic cross section
o Partial width of Z—bb  [Freitas et al., JHEP08, 050 (2012)] 4mmm New!

full 2-loop calc.

= Two nuisance parameters in EW fit for theoretical uncertainties:
= OM,, (4 MeV), sin20' . (4.7x109)

» Radiative corrections are important! M e
 E.g. consider tree-level EW unification relation: M . 7 1+1/1— =yVE
- This predicts: M,, = (79.964 + 0.005) GeV Fs

- Experiment: M,y = (80.385 £ 0.015) GeV

=  Without loop corrections: 270 discrepancy!

I Max Baak (CERN) The ElectroWeak fit of Standard Model 13
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Electroweak fit — Experimental inputs

[ My [GeV]©)

» Latest experimental inputs: My [GeV] 80.385 + 0.015 Tevatron
vatr
Z-pole observables: from LEP / SLC L' [GeV] 2.085 +0.042
[ADLO+SLD, Phys. Rept. 427, 257 (2006)] Iy 011875 - 0.0021
7 [GeV] . .
M,, and I', from LEP/Tevatron
anv12040042] Iz [GeV] 2.4952 + 0.0023
ol [nb] 41.540 £ 0.037 | LHC
m,,, : average from Tevatron .
[arXiv:1207.1069] R, 20.767 £ 0.025
0,¢
m,, m, world averages (PDG) Ar 0.0171 2 0.0010
[PDG, J. Phys. G33,1 (2006)] Ay ) 0.1499 £ 0.0018 ISLC
. . : J4
Aay,.45(M,2) including o5 dependency sinYeq (Qrn) 0.2324 4 0.0012
[Davier et al., EPJC 71, 1515 (2011)] A, 0.670 &= 0.027
. MH from LHC Ay 0.923 £+ 0.020 SLC
[arXiv:1207.7214, arXiv:1207.7235] A%’é 0.0707 + 0.0035
A%t 0.0992 +0.0016 | LEP
= 7+2 free fit parameters: RO 0.1721 + 0.0030 ‘
0
.« My, My, as(M,?), Acy .®(M,?), RY 0.21629 + 0.00066
m;, mc, rﬁb M. [GeV] 1.27 4007
. 0.17
« 2 theory nuisance parameters mp [GeV] 420557 |
. my [GeV] 173.18 = 0.94 Tevatron
- OM,, (4 MeV), dsin?0' . (4.7x10°
w( ) ot ( ) Ao (M3) BY) 2757+ 10
Max Baak (CERN) The ElectroWeak fit of Standard Model 14



Electroweak Fit — SM Fit Results

@]

From the
Gfitter
Group,
EPJC 72,
2205
(2012)

Left: full fit
incl. M,

Middle: fit

not incl. M,

Right: fit
incl My,

not the row

Parameter Tnput value Free Fit result Fi.t result Fit result i'ncl. M H
in fit incl. My not incl. My but not exp. input in row
My [Gev]©) 125.7 4 0.4 yes 125.7 4 0.4 94725 94125
My [GeV] 80.3854+0.015  — | 80.367+0.007 || 80.380+0.012 80.359 4 0.011
T'w [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 4 0.0021 || 91.1874 4 0.0021 91.1983 +0.0116
Tz [GeV] 2.495240.0023  — | 2.4954+0.0014 || 2.4958 +0.0015 2.4951 + 0.0017
of)  [nb] 41.54040.037 - | 41.479+0.014 || 41.478+0.014 41.47040.015
RY 20.76740.025 - | 20.740+0.017 || 20.743+0.018 20.716 + 0.026
A% 0.017140.0010 - | 0.01627 & 0.0002 || 0.01637 = 0.0002 0.01624 + 0.0002
Ay ™) 0.14994+0.0018 - 0.1473 T0-0006 0.1477 4 0.0009 0.1468 & 0.0005(1)
sin%’q (Qrp) 0.232440.0012 - | 0.23148F3-0000% || 0.23143 1009019 0.23150 + 0.00009
A, 0.670 = 0.027 — | 0.6680 1590020 0.6682 150003 0.6680 & 0.00031
Ay 0.923 + 0.020 — | 0.93464 050002 [/0.93468 + 0.00008 || 0.93463 4+ 0.00006
AR 0.0707 £0.0035 - 0.0739 70 500s 0.0740 + 0.0005 0.0738 + 0.0004
AL 0.0992 4+ 0.0016 - 0.1032 150004 0.1036 4 0.0007 0.1034 4 0.0004
R 0.172140.0030  — | 0.17223 + 0.00006 ||0.17223 + 0.00006 || 0.17223 + 0.00006
RY 0.21629 + 0.00066 - | 0.21474 4 0.00003||0.21475 4 0.00003 ||  0.21473 + 0.00003
. [GeV] 1.27+0:07 yes 1.27 7047 1.27 7047 -
Ty, [GeV] 4.20 7057 yes 4.20 1047 4201047 =
my [GeV] 173.18£0.94  yes | 173.5240.88 173.14+0.93 1758757
Aol (M2) AV 2757 + 10 yes 2755 + 11 2757 + 11 271649
as(M3) - yes | 0.119140.0028 || 0.1192 4+ 0.0028 0.1191 4 0.0028
Otn My [MeV] [—4, 4]theo yes 4 4 -
Sen sin®lg (&) [—4.7,4.T]theo yes —1.4 4.7 -

Max Baak (CERN)
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Electroweak Fit — SM Fit Results @)

= with M,; measurement
mm w/o M,, measurement

AN RS AR RN AR RRRRE R | NO indiViduaI Value exceeds 30‘
M| | = Eiiterl. | 0.0
M, e
Tw 0.2 = Small pulls for My, My, Aay,,®(M?),
M, 0.2 m,, m, indicate that input accuracies
L I exceed fit requirements
R?:p -1.1
A(L’E‘Es'; o8 = Largest deviations in b-sector:
I 0.2 O’b O . _
A(SLD) e A”Pp and R, wlth 2.50 and -2.40
sin*0"(Q_) o7 « - largest contribution to 2
Agg : : : 0.9
2c [: |0 = RO, using one-loop calculation -0.80
ol 0 B2 |06 _
RO oo « RS has only little dependence on M,
Ry B | 24
i L R 1 by = Most affected when including M, :
a0l 1 o M,y prediction:
II|IIII|IIII|IIII IIII|IIII|IIII|II
sz 01203  Shift in predicted M, value of 13 MeV.
(ofit - omeas)/ Omeas

Plot inspired by Eberhardt et al. [arXiv:1209.1101]
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. Goodness of Fit

O

m I LI ' LI ' LILILIL I L I LB I L I llllllllllll —
= =
é 1400 7
= — 2 distribution for n, =14 fu]
@ 1200 o ©
& 7] Toy analysis incl. theo.errors | ©
> ) e
® 000 [ Toy analysis excl. theo. errors |08 5
“—
5 ----- p-value incl. theo. errors 7 0
S goo — p-value excl. theo. errors —os S
e
2 a
E 600 :
3 -
4 i 0.4
400 .
—0.2
200~ ¢ AN, p-value = 0.083 = 0.002
» y oI5 O va|e=0.q71=01002_‘
0 R 0

= Toy analysis: p-value for wrongly rejecting the SM = 0.07*0.01 (theo)
* p-value is equivalent to 1.80.
« Evaluated with 20k pseudo experiments — follows 2 with 14 d.o.f.
« For comparison: ¥2...= 21.8 2> Prob(x?., 14) = 8 %
= Large value of 2., not due to inclusion of M,; measurement.
«  Without M,; measurement: x2_..= 20.3 2> Prob(x?.., 13) = 9%
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Higgs results of the EW fit

1)

N, SETTTTTTTIT LTI B I R
) < E , fitter[sulf
. Scan Of AXZ prOfIIe Versus MH e E_ I:Iz::i:w/om measurement ]
i e Moo DR & LR b —20
° Grey band: flt W/O MH measurement a5 E_ -@- ATLAS measurement [arXiv:1207.7214] _E
] . . ' c -ili- CMS measurement [arXiv:1207.7235] 3
* Blue line: full SM fit, with M,; meas. s& 3
- Fit w/o M,; measurement gives: 25 £
— 25 — —
M, = 94+%5__ GeV 2F E
« Consistent at 1.30 with N EN
LHC measurement. osE E
0 S v v Py e e o b s L B s
60 70 80 90 100 110 120 130 140
M, [GeV]

= Bottom plot: impact of other
most sensitive Higgs observables
 Determination of M, removing

all sensitive observables
except the given one.

« Known tension (2.50)
between A(SLD), A%bg,
and M,, clearly visible.

LHC average

fit below only includes the given observable

A(LEP) |[fitter[.J; .
aeiny [
TN £ %
AFB .....................................................................................................
Yol i 0 I
A

' 248
109 Tse

47
27

585
387 :69

56
60:"19

125.7 = 0.4
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Prediction for a,(M,) from Z—hadrons

O

m Scan Of AX2 VerSUS as z( 55 T IDII T I T T T | T T T | L | T I T T T T T 7 E
_ o 4.5 - SM fit Z
* AISO Sho_vvn' SM flt Wlth 4 _E_ SM fit with minimal input and Rf and O:ad _E 26
mlnlmal InPUtS: é -9~ o, from t decays at 3NLO [Eur.Phys.J.C56,305 (2008)] 4 g
My, Gr, Ady,0g®(My), 0(My), 32 3 E
M, and fermion masses 3 =
= Determination of a 25 E
at N3LO. 2 5_ —5
* Most sensitive through E 3
total hadronic e ER
cross-section a°, ., and SE E
H H H O el R S W (N ST TR A N TN T " - PR TR T N R T R N R T T
partial leptonic width R I $112 0114 0116 0.118 0.12 0122 0.124  0.126
ag(M)

as(Mz) = 0.1191 £ 0.0028 (exp.) % 0.0001 (theo.)

« Theory uncertainty at per-mille level (obtained by scale variation of I', ;).

= |n good agreement with value from 1 decays, also at N3LO.
* (Improvements in precision only expected with ILC/GigaZ. See later.)
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Indirect determination of W mass

@

Mw =

Scan of Ay? profile versus My,

» Also shown: SM fit with
minimal inputs
Mz, Gg, Acoq®(Mg), ag(My),
M,, and fermion masses

» Good consistency between
total fit and SM w/ minimal inputs

M, measurement allows for
precise constraint on M, .
 Agreement at 1.40 §0.32 80.33 80.34¢ 80.35 80.36 80.37

Fit result for indirect determination of M, (full fit w/o M,,):

2
-
o

SM\fit Wo M measurement
SM\tit w/o M,, and M, measurements
— SM w'l,th minimal input

-e- M,, Wrld.average [arXiv:1204.0042]

_______________________________________

____________________________________________

o - N w £~ a » ~ (o] ©
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

T | T T :
______________ el fitterl-d ; .
--------------------------- —i 20

e —i 1o
IIIIII | | I | | 11 1 I:

80.3593 0.002617, + 0.0018a0,_,

+ 0.001744 £ 0.000257,, HH0.0040¢heo)

80.359 4 0.01 144

More precise estimate of M, than the direct measurements!

* Uncertainty on world average measurement: 15 MeV

80.38 80.39 80.4 80.41
M,, [GeV]

“Max Baak (CERN)
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Indirect effective weak mixing angle @)

o D,SM fit w/o meas. sensitive '_ @)
SM fit w/o meas. sensitiye o 5
—— SM fit with minimal inpu 5 ;'

~@- LEP/SLD average [arXiv:05080

AY
)

Right: scan of Ay?
profile versus sin?6'

All sensitive measurements
removed from the SM fit.

Also shown: SM fit with
minimal inputs

20

M, measurement allows
for very precise constraint
on sin?0!

1o

lllllllllllllllllIlllllllllll]lllllllllllllllllll
llllll[llllllllllllllllllllllllllllllllllllrll-ll

1

© a N W & o0 O N oo o

1 l L L A L L 1 | w L L L
0.231 0.2312 0.2314 0.2316 0.2318
. . . . . . i |
Fit result for indirect determination of sin?6'  : Sin(Oen)

sin?6%. = 0.231496 0.000030,,,, X 0.000015,, 0.000035A 4. .
eff Z ha
K 0.000047 theo

+ 0.000010,4 £ 0.000002 s,

= 0.23150 £ 0.00010¢0¢, ,

More precise than direct determination (from LEP/SLD) !
Uncertainty on LEP/SLD average: 1.6x10
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Indirect determination of top mass @)

Nx 10 [T T T T | T T T ‘l | T T T T | T T T T | T T I T | T T T T _]
< gE SM.fit w/o m meas_ur_em_ent ____________________________ €] fitter s - i35
g - SM fit w/o m, n_d M, measurements =
- -@- mkin ATLAS mepsurement [arXiv:1203:5755] =
7E @ mkn CMS meas fement [arXiv:1209:2319] =
6 — mii" Tevatron av age [arXiv:1207.1069] —
5 D\ . =O- mP°" obtained fro Tevatron o, [arXiv:1207. 098p =
4 — — 20
3 —
2 — ' K —
1 e ;:": """ ‘A/' """"""""""""""" — 1o
0 - 1 1 1 1 | 1 1 1 1 | 1 | | | “*‘-—- 1 1 | 1 1 1 1 | 1 1 1 1 -
160 165 170 175 180 185 190
m, [GeV]

= Shown: scan of Ay? profile versus m, (without m, measurement)
« My measurement allows for significant better constraint of m,
 Indirect determination consistent with direct measurements
- Remember: fully obtained from loop corrections!

* Indirect result: m,=175.8"27,, GeV  (Tevatron w.a.: 173.2 £ 0.9 GeV) |
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State of the SM: W versus top mass @)

= Scan of M, vs m,, with the direct measurements excluded from the fit.

= Results from Higgs measurement significantly reduces allowed indirect
parameter space — corners the SM!

';' 80-5 T T T T | T T T T | T T T T | T T T | T T T ’ll' | T T T T
Q — ] 68% and 95% CL fit contours : | myin Tevatron average =+ _
O, = w/o M, and m, measurements : - b
E; 80.45 —  68% and 95% CL fit contours ]
L w/o M,, m and M, measurements _
N M,, world average = 1o ]
80.4 ——
80.35 —
80.3 — _|
80.25 |— : —
- €] fitter|suff
_“;’ 1 1 1 1 1 1 1 "r' 1 1 1 P’l'l I 1 1 | 1 1 1 1 | 1 1 1 1 ]
140 150 160 170 180 190 200

m, [GeV]

. : . |
* QObserved agreement demonstrates impressive consistency of the SM!
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_ Constraints on Oblique Corrections @

fitter &

= Atlow energies, BSM physics appears
dominantly through vacuum polarization
corrections

» Aka, “oblique corrections”

= Oblique corrections reabsorbed into
electroweak form factors

* Ap, Ak, Ar parameters, appearing in:
M2, sin8, Gg, a, etc.

= Electroweak fit sensitive to BSM physics
through oblique corrections X

 Similar to WAMON\NW
sensitivity YZIW VZIW
to Higgs loop %S
corrections. A

ZIW ZIW
ZIW

Oblique corrections from New Physics

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

Omneas = Osmrer(My,my) + ¢gS + ¢ T +cyU

O

i

)

New Physics contributions
to neutral currents

Difference between neutral and
charged current processes —
sensitive to weak isospin violation

(+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: correction to Z->bb

coupling, extended parameters (VWX)

[Burgess et al., Phys. Lett. B326, 276 (1994)]
[Burgess et al., Phys. Rev. D49, 6115 (1994)]
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Fit results for S, T, U

e R L IR I I IS IS IR I IR~
= S T,U obtained from fit to 04 - G s o m TS o 3
the EW observables 03 E
0.2 f =
01 E
u SM: MH = 126 Gev, mt = 173 GeV Oé— :M_P:Z(;It_;tlog4(;v —é
® ThiS defines (S,TlU) = (01070) ::;; MR asteey E
. . “E " SM Prediction 3
= SM: S, T depend logarithmically on M s it M, <11001000 GeV 3
04 E o] fitter|5):
Y]~ W I I I I D P P P
. F|t resu|t 0.5 -04 -03 -0.2 0.1 0 01 02 03 04 05
. S T u
0-5:""l""l""l""I""I""I""I""I""I"'i
$=0.03+0.10 el o T ot aon E
T=0.05%0.12 ' 2 E
1 0.2 E
U=0.03+0.10 01 - =
= Stronger constraints from fit with U=0. ~ °F swendcton
. . 01 m =173.18+ 094 GeV ]
= Also available for Z->bb correction. 02 R 3
03 with M, €[100,1000] GeV _J
C e : °4_ G
" Noindication for new physics. 085 04 03 02 01 0 01 02 03 04 05
= Can now use this to constrain 4" gen, Ex-Dim, T-C, Higgs couplings, etc. ®
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ILC Prospects for the Standarﬂ Model fit
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Prospects for ILC with Giga Z @

» Future Linear Collider could improve precision of EW observables
tremendously.

 WW threshold, to obtain Mw

- from threshold scan: 6Mw : 15 — 6 MeV
» ftbar threshold, to obtain m;

- obtain m: indirectly from production cross section: om: : 0.9 — 0.1 GeV
« Z pole measurements

- High statistics: 10° Z decays: 6R%p:2.5-102— 4-1073

- With polarized beams, uncertainty on §A%fr: 1073 —1074,

which translates to §sin?6lerf: 1.6-10% — 1.3-107

= Low-energy data results to improve Adhad:

+ ISR-based (BABAR) and KLOE-II, BESIII e*e- cross-section measurements,
in particular around cc resonance ...

« ... plus: improved as, improvements in theory: Adhad: 1074 — 5-107°
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Prospects for ILC with Giga Z @)

For GigaZ used: oM, —GMeme, 0.1 GeV, dAa, -47x10 bsm(&) 1.3x 107, bR =4x10"

OR 20 lll TT T 1]
< =
18 iy
16 — 40
14 —
12 —
10 -
---------------------- R R < 18
8 ) ‘ : —
u av _
6 : M9 —
4 {20
2 —
o 41 Ll I L. 1.l l LA 1l 1 l lLl\\LLlM/rJ.l 1 l Ll l>-l I lr; lrrl I 1 llll Vl L 1;10
50 60 70 80 90 100 110 120 130 140 150
M, [GeV]

= |ogarithmic dependency on M, — cannot compete with direct M, meas.
= [ndirect prediction M, dominated by theory uncertainties.

* No theory uncertainty: M, =94.2*53 ., GeV

+ R-fit scheme: My = 92.3*166 . . GeV
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Prospects for ILC wi th G iga Z @)

';- 80.46 :

;80.46_I|Il|II||||III|II||Illl LN D I LD I D LD B B ) |l||l
Q

- 68% and 95% CL fit contours + 1o E - 68% and 95% CL fit contours sin?(6), ): 1o |
2 80.44 |— w/o M, and m, measurements | Q 80.44 |— w/o M, and m, measurements ]
: I present measurements s - [ present measurements .
80.42 [— N prospects for ILC/GigaZ — 80.42 [— Il prospects for ILC/GigaZ —]
- 1 ] N _
80.4 . 80.4 - ]
80.38 i 80,38 [ -
80.36 [~ - 80.36 - "1 -
80.34 [— - 80.34 [— -
80.32 [— 3 80.32 |- -
" ] C c] fitter|<.)* ]
80.-1 L 1 I lll"’lll-l 80- -lllllllllllllll llllllllllllllll llllllllll-l
qGO 165 170 180 185 (?.231 0.2311 0.2312 0.2313 0.2314 0.2315 0.2316 0.2317 0.2318 0.2319
m, [GeV] sin’(0,,)
CurrentpreCISlon [ 0.5_l'llllll']Illl]llIl]llll]llll]'llllll'lllllllllll
. 68%, 95%, 99% CL fit contours for U=0
M prospects for direct ILC measurements 0.4 £~ (SM_: M,=126 GeV, m =173 GeV)
0.3 B present measurements
B prospects for ILC/GigaZ
/ (o) 4 0.2
= Assuming also 50% of today’s
. . . 0.1
theoretical uncertainties

SM Prediction
M, =125.7 + 0.4 GeV
m, =173.18 + 0.94 GeV

 Implies three-loop EW calculations! 04

o
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
IIllIIlllIIIlIIIlIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

» Huge reduction of uncertainty 0.2 "\ sM Prediction
on indirect determinations 03 e
: 04 [e] fitter 3.:
= Also strong constraintson S, T, U gk it
05 -04 -03 -02 -0.1 0 01 02 03 04 05
S
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Summary @)

* Including M, measurement, for first time SM is fully
over-constrained!

* M consistent at 1.30 with indirect prediction from EW fit.

= p-Value of global electroweak fit of SM: 7% (pseudo-experiments)

* Would be great to revisit Z—bb, both theoretically and
experimentally

= Knowledge of M, dramatically improves SM prediction of key
observables

. My, (28—11 MeV), sin20'err (2.3x105—1.0x10°5), m, (6.2—2.5 GeV)

* Improved accuracies set benchmark for new direct measurements!
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- Outlook @V

Paradigm shift for EW fit: from Higgs mass prediction to ...
consistency tests of the Standard Model:

O0A0had Oas

oM,y (indirect) oMz

Large contributions

to dM,y (and 3sin?0'ef)

from top and unknown
higher-order Otheo
EW corrections.

oM,y (direct) = 15 MeV

=11 MeV

amtop

What's next for Gfitter:
combine Higgs couplings in the EW fit. To be continued ...

Latest results always available at: http://cern.ch/Gfitter
Results of this presentation: EPJC 72, 2205 (2012)
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fitter

A Generic Fitter Project for HEP Model Testing

Backup
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New R?, calculation [A. Freitas et al., JHEP 1208, 050 (2012)] @m

= 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 sinZ0°
— 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_1oop| | O(0frm) | | O(Afrm) + FSRo1_1oep| | O(aay, aa?)
(GeV] [1079] [1074] [1077] (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
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Higgs couplings in the EW fit

X

= |n latest ATLAS H—yvy, 2.30 deviation (o

seen from SM p (=1.0)

= Interpret.: H—>VV couplings scaled with ¢, &

From: Falkowski et al arXiv:1303.1812 P—
= Modified Higgs couplings can be
constrained by EW fit through
extended STU formalism.

= Result of ¢, driven by limiton T

parameter. 2 =

- Tree-level relation: p, =—"-=1+aT Y
2 -—— ZOCW I i
° 3gY ,’2 \\ N i

ol =~ 327{'2 ‘\(SV — i)lllog(A/TnZ) ) 2_/,/,
- 7 |
« Reminder: T = 0.05 £ 0.12 (Gfitter) /’{-_ |

» EW-fit Falkowski etal: ¢, = 1.08 + 0.07 o

Unconv. central R | T 17T | T T —lil T 17T | T 17T | T T | T 17T | ]
o —"

ATLAS Preliminary

high P
Unconv. rest
low p.
Unconv. rest
high P
Conv. central

high P
Conv. rest
low P,
Conv. rest
high p. . K
Conv. fransition B

two-jet K
Tight high-mass |
two-jet

Er™ significance [

f Ldt =20.7 fb”

H—yy

m,, = 126.8 GeV

2012 data

Data 2012, (s =8 TeV ]

14

« Blue dashed: c, from y’s, black: comb. w/ EW Falkowski et al. arXiv:1303.1812 &
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Radiator Functions @v

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

= Corrections expressed as so-called radiator functions R, ; and Ry

Tr= Ras + lgv.s|?Rv,z)°

[D. Bardin, G. Passarino, “The Standard
. High Sensitivity to the . Model in the Making ", Clarendon Press (1999)]
strong coupling a, O}asz)

= Recently, full four-loop

calculation of QCD Adler function 3 N
became available (N3LO) s o O@) O(a)
= Much-reduced scale dependence! z _
= Theoretical uncertainty of 0(55)

0.1 MeV, compared with
experimental uncertainty . s

of 2.0 MeV. wiMy
[P. Baikov et al., Phys. Rev. Lett. 108, 222003 (2012)]
[P. Baikov et al Phys. Rev. Lett. 104, 132004 (2010)]
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_ Calculation of M,,

X

= Full EW one- and two-loop
calculation of fermionic and
bosonic contributions.

* One- and two-loop QCD corrections
and leading terms of higher order
corrections.

= Results for Ar include terms of order
O(G)’ O(GGS), O(GGSZ), O(szerm),
O(0%,45), O(a?amg?), O(a’m,®)

= Uncertainty estimate:

« Missing terms of order O(c?ay):
about 3 MeV (from O(a?a,m*))

» Electroweak three-loop 4
correction O(a3): < 2 MeV

* Three-loop QCD corrections
O(aa3): <2 MeV

Total: oM, = 4 MeV

[M Awramik et al., Phys. Rev. D69, 053006 (2004)]
[M Awramik et al., Phys. Rev. Lett. 89, 241801 (2002)]

W c' .‘ - Ll
w,

[A Freitas et al., Phys. Lett. B495, 338 (2000)]

20 20 &0 B0 1ix
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~ Calculation of sin?(0' )

X

= Effective mixing angle:

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

Y'Z
o 2 Alepn ' 2 ey 1ZW 4
sin? 0% = (1 — M& /M3) (1 4 Ax) -~ 50
/ “
L
z 1
= Two-loop EW and QCD correction to
Ak known, leading terms of higher W - 5
order QCD corrections. W oy Vi
= Fermionic two-loop correction about |
1073, whereas bosonic one 107°. 0.2325] e
0.232 | e
/')/ -
: : : o . 023157 g &
» Uncertainty estimate obtained with & g BT '
. . = 0.231 o .
different methods, geometric = o .
. . “0.2305 -
progression, leading to total: ' ) o
1 023 “lernin
6S|n2(e|eﬂ:) - 47X1 0-5 b oeex, +- nim
0.2295| -+ aa’ + leading o®, oo
200 400 600 800 1000
.‘IH A(_;(‘\';
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Input correlations of the EW fit

* |nput correlation coefficients between Z pole measurements

Mz o4 RO AY AYe A% AL Ap RO RY
My 1 —0.02 -0.05 003 0.06 A%e 1 015 004 —002 —0.06  0.07
Tz —0.30 0.00  0.00 A% 1 001 006 004 —0.10
ol 4 1 018  0.01 A, 1 011 -0.06  0.04
RY 1 —0.06 Ay 1 004 —0.08
AYf 1 R 1 —0.18

Table 2: Correlation matrices for observables determined by the Z lineshape fit (left), and by heavy flavour
analyses at the Z pole (right) [56].
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Top mass dependence on Event Kinematics

Difficult to define a pole mass for heavy, unstable and colored particle.
The top mass extracted in hadron collisions is not well defined below a

precision of O(',)) ~ 1 GeV

« Single top decays before
hadronizing. To have colorless
final states, additional quarks needed.

- Non-perturb. color-reconnection
effects in fragmentation.

- Ambiguities in top mass definition

Result: m&® = m/Pole,
and event-dependent.

— Color flow
~~~~~ Color connection
Color reconnection

With additional theo. uncertainty of 0.5 GeV on m;:
« My =90, GeV, M,, = 80.359+0.013 GeV, sin?0'err = 0.23148+0.00010.

« Only small deterioration in precision.

X
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Extended STU results

= Several extended STU parametrizations available
* Here: STU + ¢, latter parameter describing Z—bb vertex

SM: M, =125.7 GeV, m,= 173.2 GeV
» This defines (S,T,U) = (0,0,0)
S, T depend logarithmically on M,

= Fit result: S T U o¢)
g 0ua 0l S 1 +0.89 -056 -0.13
T=000+£0.12
U=006+010 T 1 -0.81 -0.21
Ag,=(2.4+1.4)x 103 U 1 +0.20
0€, 1

(Stronger constraints from fit with U=0.)
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~ Prospects for LHC, ILC and ILC with Giga-Z @)

= Assumed experimental improvements for prospective study:

® LHC MW: mtop
® ILC MWa mtop
® Giga'z: MW’ mtop, Sinzeleﬁ, R|ep

+ ISR-based (BABAR) and BESIII, KLOE-II cross-section measurements,
should improve Aay,,4(M5)

Expected uncertainty

Quantity .

Present LHC ILC GigaZ (ILC)
My [ MeV] 23 15 15 6
my [ GeV] 1.3 1.0 0.2 0.1
sin®¥¢; [107°) 17 17 17 1.3
RY [1077] 2.5 2.5 2.5 0.4
Aoy (MZ) 107 22(7) 22 (7) 22(7) 22(7)
My (=120 GeV) [GeV] T35 (T55) [T50]  Tas (Tag) [Tos] T (Ts) [F2s] T35 (F3s) [F6]
as(M%) [1074] 28 28 28 6

Input from: [ATLAS, Physics TDR (1999)] [CMS, Physics TDR (2006)] [A. Djouadi et al., arXiv:0709.1893][l. Borjanovic, EPJ C39S2, 63 (2005)] [S. Haywood
et al., hep-ph/0003275] [R. Hawkings, K. Moénig, EPJ direct C1, 8 (1999)] [A. H. Hoang et al., EPJ direct C2, 1 (2000)] [M. Winter, LC-PHSM-2001-016]
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