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« Gauge & scalar sector is determined by 4 parameters
(choose a, G;, M;, My)

« Other parameters and observables related by theory
2
MW

. 92 2 .. 9 T
sin“f@, = 1 — —2 M&, sin” Oy =
w M2 w RN Yo

— over-constrained theory allows consistency check and search for BSM

. Other SM parameters (quark masses, M, o) enter by radiative
corrections

f —
H
vz = Mi [y, [y VBra(l-CArD) mnd Yne ©
w2 GFM% nEw W’Z/W'\Nv:‘/‘vw\’/:vvw
f'/f Z/W Z/w

. a and G, known with high precision - not varied in the fit
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« Consistent set of full EW 2-loop calculations is available:

« sin’@'y: effective weak mixing angle (from ratio g./g.)
(M. Awramik et al., PRL 93, 201805 (2004), JHEP 11, 048 (2006), Nucl. Phys. B813, 174 (2009))

 My: mass of the W boson, includes QCD corrections at 4-loop level
(M. Awramik et al., PRD 69, 053006 (2004), PRL 89, 241801 (2002))

o [ partial widths of the Z boson (. rreitas, JHEP 04, 070 (2014))
« Radiator functions to I': QED and QCD corrections up to N°’LO

(Baikov et al., PRL 108, 222003 (2012))

(- Mv: width of the W boson, only 1-loop EW corrections included

(Cho et al., JHEP 1111, 068 (2011)

« Estimate uncertainties due to unknown higher orders (using a geometric

series):
Stheo M 4 MeV Stheolu.c 0.12 MeV
Sihoo SIN207¢ 4.7-107° Sineols 0.21 MeV Uncertainty on m;:
Stheole o 0.012 MéeV Stheoo 6 pb Relation between m
Stheol'w 0.014 MeV Stheo RV, A ~ O(a) and measured mass
Otheol d,s 0.09 MeV | Otheo Tt 0.5 GeV I
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Experimental Input
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fitter

e My My, Iy, I;

All SM parameters measured in experiments

Input from e'e colliders (LEP+SLC):

« forward-backward asymmetries

« partial-Z-width ratios R

o My, Iy
° MH
° I’T]t

Input from hadron colliders (LHC+Tevatron):

as(M7) enters the fit as free parameter

a evolving parameterized with Ao

Thomas Peiffer

Mgy [GeV] 125.14 + .24
My [GeV] 80.385 £ 0.015
Ty [GeV] 2.085 + 0.042
Mz [GeV] 91.1875 £ 0.0021
Tz [GeV] 2.4952 + 0.0023
0.4 (b 41.540 + 0.037
RY 20.767 + 0.025
A% 0.0171 + 0.0010
Ay 0.1499 + 0.0018
sin?0 (Qrp) 0.2324 4 0.0012
A, 0.670 + 0.027
Ay 0.923 + 0.020
AV 0.0707 4+ 0.0035
AV 0.0992 + 0.0016
RO 0.1721 + 0.0030
RY 0.21629 + 0.00066
. [GeV] 1.27 7997

My, [GeV] 4.20 7051

my [GeV] 173.34 +0.76
Ac (M2) 2757 + 10
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Mol o [Hiiterlo k| .0
M, Emm |14

02 « Global ¥)=17.8 (for ndof = 14),

0.0

1s p-value=0.21

. |-0.9

- |-08

0.2 . . . .

20 * Predictions consistent with measurements

L .07

0.9
0b
AY 2.5

A [ 0.0 « Largest deviation for Ag" ~ 2.50

[

A (M?) 02
had\' | T :
||||||||||||||||||||||||||||||||||
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... Indirect determination [Efitter
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o, 10 I/ IR ELEL L BLALELRI ILRLF /B [T T
RN N T | fltter-_f .
8E [ | sMfitw. ;nn‘?:rll:?nn;::zrement ,_;

« Perform fit without including direct 7 — switwigminimar inpu =
measurement of observable in the e oo izt =
fit 5 F =

4 . N /. = 20
35 E

. Indirect determination of M, more  *E E

precise than direct measurement ; ,,,,,,,,,,,,,,,, N
80.32 8033 80.34 80.35 8036 8037 80.38 8039 804 80.41
M,, [GeV]

My = 80.3584 + 0.0046,,, + 0.00305,, m, £ 0.0026,7, £ 0.00184, .,
+0.00204 & 0.0001,7,, £ 0.00405 17, GeV

= 80.358 £ 0.008;,; GeV .

compared to world average:
80.385 + 0.015 GeV
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... Indirect determination [Efitter
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mm Global EW fit
Bl Indirect determination

Other indirect determinations: - Measurement

R L B L B L L
My = 9372 GeV

direct value: 125.14 + 0.24 GeV o0

i

Wl il

A (LEP)

my — 17701‘32 Gev - A(sLD) _._

smze):a: Q. )

direct value: 173.34 £ 0.76 GeV A

3 2 1 0 1 2 3
(oindirect ) 0) / Gt°t
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2D Scans

fitter

« Testing simultaneously two sensitive observables to New Physics effects

* Determine x’for each point in 2D space

r— 80.5 LI B S I B S B I R LI — T T [ T T T T T ] ;‘ [T T T T [T T T T [T L T [ T T T T T T
% - 68% and 95% CL contours sin*(6!, ) LEP4+SLC * 1o . 8 ~ 68% and 95% CL contours : o ™ ‘::r_k:;: r3"4b'GJ:JG 1
O, 8048 — I direct M, and sin®(6] ) measurements = = 805 — [l fitw/oM, and m, measurements | -- =076 Gev T
Eg 80.46 — M fitwio M, sin’(6],) and Z width's measurements ] EB n fit w/o M,,, m and M, measurements : 1 c=076% 0'5f))bm’GeV a
C fitw/o M,,, sin’(e] ) and M, measurements . L B direct M, and m, measurements 1o - ]
80.44 ?‘” fitw/o M,,, sin*(6,,), M_ ard Z widths measurements — 80.45 — 3 ]
80.42 |- = C ]

\ ] 80.4 [ -
80.4 - - = )
C. ] I My, world comb. + 15 -
80.38 — —] 80.35 [— M, =80.385 + 0.015 GeV —
80.36 [ My, world comb. + 15 _: E E
C ' ] 80.3 — . —
80.34 ; 3 - - “h 5
- 7 - o N - » .
80.32 | | £ N 5. ®% Qé’%f . . 7]
: 1 was[ W G K
RN T TR NN TR TR AN N N S L L] L R PR ]

|’ 1 1 1 1 }‘ 1 1 1 L" | 1 : : : 1 1 | 1 1 1 1 | 1 1
0.2308 0.231 0.2312 02314 0.2316 0.2318 0.232 , 0.2322 140 150 160 170 180 190
sin®(6.,,)
m, [GeV]
* Increased precision due to knowledge of My
°

EPS 2015

Good consistency of SM predictions and measurements
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New Physics in electroweak sector parameterized with 3 parameters:
« S: changes to neutral currents
« T: changes to difference between charged and neutral currents

« U: changes to W width and mass

0 I B o o o o B B L e e o o o e o s

In SM: S=T=U=0 i = Fit contoura for freell.J(SMre1:|MH=125|GeV, m1|=173 Ge|V) =

) 0.4 E_ B 68%, 95% and 99% CL for present fit _E

Fit result (for fixed My=125 GeV P E

and m=173 GeV): “2E E

01— -

S = 0.054 0.11 oF E

-0.1 —

1T = 009 + 013 _0.2 =5 SM Prediction E

< E M, = 125.14 + 0.24 GeV =

U 001+ 011 o3 E m; = 173.34 1 0.91 GeV E

. . 04 -

(with large correlations) Y =S TS PR EURE S ST PR T S S
-0.5 -04 -03 -02 041 0 0.1 0.2 0.3 04 0.5

S

No hint for New Physics but constraints on BSM models!
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« New in Gfitter: constraints from Higgs physics with interface to
HiggsBounds & HiggsSignals (p. Bechtie et al., Eur.Phys,) C74 (2014) 2693 & 2711)

* Include latest Higgs branching ratio measurements from LHC
« Simple New Physics example:

. Scale boson and fermion couplings with k and K,

° K Contributes to S’ T: !I.I. 1-8 _I T T T | T T T T | T T T T | T T T T | T T T T | T T T I:
v - . Higgs Measurements . EW-fit + Higgs Measurements —

1.6 - 68% and 95% CL fit contours 68% and 95% CL fit contours —]

1 A2 - [A =3 TeV] 7

[ * Standard Model prediction ®  Fit minimum T

S 12 (1 - ﬁ:v) lnm 14 C 4
70 - ]

H 1.2 .

3 AQ 1;— _;

I'=— 207 (1—’11/)111—2 08 - =
167 cos“0_g M : -

H 0.6 — —

(S and T depend on scale A) o4 e:_z

(J. Espinosa et al., JHEP 1212, 045 (2012)) e R T T T

4
<

« Combination of Higgs and EW data improves sensitivity to New Physics

. EPS 2015 Thomas Peiffer
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I The 2-Higgs-Doublet Model
« Simplest extension of the SM Higgs sector
« One additional Higgs doublet - 5 Higgs bosons:
ho, Ho, Ay, HY, H
« Additional free parameters:

« tan B = vi/v;
« a: mixing angle of the neutral Higgs fields
« My mass parameter of the mixed term ®,/®,, soft breaking scale

How is the 2HDM constrained by the EW fit and the measured Higgs boson?

. EPS 2015 Thomas Peiffer
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« Use STU formalism to constrain 2HDM
« Assume: discovered 125 GeV Higgs boson is light hy

« Keep tan B and a free (not constraint by EW data)

Two-Higgs Doublet Model

G

@
£
o

Only weak constraints

M,, [GeV]
o
S

800
on masses from

700
electroweak data
600

500

400

300

200 300 400 500 600 700 800 900
M, [GeV]
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« Measured Higgs branching ratios can constrain 2HDM
« Predictions for Higgs BRs from 2HDMC (p. Eriksson et al., CPC 181, 189 (2010))

« Type l, Type ll, flipped (Type lll), lepton specific (Type IV) with different
Yukawa couplings to light, heavy and charged Higgses

« Importance sampling algorithm MultiNest (r reroz et al., arxiv:1306.2144) USed to
scan parameter space

Two-Higgs Doublet Model Type | Two-Higgs Doublet Model Type Il
m— 35 _L T 17T | T 1T | LI I T 17T ‘ T T 7T I L | T 17T | LI | 1T 1T _l_ @_ 35 _L T 17T | T 17T | L | 1 1T ‘ UL | LI | T 17T I UL | LI _l_
% ey T | 68% and 95% CL fit contours g - ° Il 68% and 95% CL fit contours
30 [ ' ’ M, = 250 GeV = 30 [3 M, = 250 GeV i
- ¢ [ — : :
: preliminary ] C preliminary ]
25 - — 25 - —]
20 E ol SM like limit B-a=m/2 -
15 = 15 -
oF E oF Inverted limit B+oa=11/2 ]
5 - 5 =
: | I | + L 11 1 i 111 1L 111 | - L 111 111 1 | 111 | 1L 11 1 | : [ 111 1 L1 1 L1 1 | | | 111 | | | | N | | :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
cos(p - a) cos(B - o)
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Mass scans with constraints from Higgs BRs and EW data

Two-Higgs Doublet Model Type | Two-Higgs Doublet Model Type I
T [T T 1T 17T 1T 7 T T 17T T 17 T T T1 T 7T T T 1T 17T 17 T T T T 7 T T TT1

(E. 900 é—ﬁs‘l% and |/° CL fit colmours (alllowed) | 3 900 é_68!% and 95°L CL fit colntours (alllq,wed) | bu “"_%
EQ< 800 —tanﬁ=[1{% E E°< 800 - tanp = [1,35] f
700 — —f 700 _E
600 f— —f 600 _f
500 = _f 500 = _f
a00 - = 400 =
300 = 300 =
200 preliminary : 200 preliminary _;
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900

M, [GeV] M, [GeV]

Not included so far: Constraints from flavor physics and direct searches
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LHC and future electron colliders could improve EW measurements
Future LHC:

Parameter Present LHC  ILC/GigaZ
« Run 2 and 3 data
My [GeV] 0.4 < 0.1 < 0.1
« 300 fb? My [MeV] 15 8 5
- More precise t, Hand W Mz [MeV] 21 21 2.1
masses my [GeV] 0.8 0.6 0.1
sin60’g (1077 16 16 1.3
« ILC: S
) Aoy, (M3) [1077] 10 4.7 4.7
« WW, tt threshold scans R} [107°] 25 25 4
- t and W masses with high precision
« GigaZ:

- Z pole measurements

Reduced theory uncertainties from 3-loop calculations

- OueMy and SueSin’@'y reduced by factor 4-5

. EPS 2015 Thomas Peiffer




Future Colliders fitter
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« Indirect measurements with ILC data:
Current deviations might become significant hint for New Physics!

« STU scans can constrain NP with higher precision (more than factor 3)

f\lx 25 _‘l T T I\‘I | T T T T | I'.I T T T T T T | l[ _56 P 0.3 [ T T T T | T T T T | T T T T | T T T T T T T T T T T T ]
<] LS |:| Pi 'sent SM fit | : - 68% and 95% CL fit contours for U=0 -
5 1:' Prospects for LHC | | [ (SM_: M,=125 GeV, m =173 GeV) i
20 _I:I Proects for ILC/GI aZ 0.2 L Present uncertainties ]
~ [ Prospects for LHC .
L [ Prospects for ILC/GigaZ -
dc 01— |
15 N .
0 -
10 L .
3o L _
01— SM Prediction ]
L M, = 125.14 £ 0.24 GeV .
5 % y i A& _ m, = 173.34 1 0.91 GeV N
I N T “.‘ ______ ) ::f“:; ____________________________ 20 0.2 — ]
v U Rang ™ g7 ———— t 15 . (€] fitter|u] ]
0 L1 1 1 L1 1 1 | - —
80.33 80.34 80.35 80.36 80.37 80.38 80.39 80.4 03—+ o b b b b
-0.3 -0.2 -0.1 0 0.1 0.2 0.3
M,, [GeV] s

. EPS 2015 Thomas Peiffer



UH

M s Conclusion fitter

DER FORSCHUNG | DER LEHRE | DER BILDUNG

« Electroweak fit probes SM at high precision

« Combination of EW and Higgs data can be used to constrain New
Physics

« So far: consistency of all SM measurements

Outlook:
« LHC and future e'e colliders could improve measurements

« EW fit important to test SM with ultra-high precision in the future

. EPS 2015 Thomas Peiffer
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BACKUP
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Fit

Results

fitter

EPS 2015

Parameter Inpot valoe _ch Fit Resolt wio .c XB - input . v.vfo exp. input
in fit in line in line, no theo. unc
Mz [Gev]t®) 125144 0.24 yes 125.14 4 0.24 gat+ae g3tad
My [GeV] 80.385+0.015 - 80.364 + 0.007 80.358 + 0,008 80.358 + 0,006
Tw [GeV] 2.085 4 0.042 - 2.001 4+ 0.001 2.09140.001 2.00140.001
Mz [GeV] 011875400021  yes 911880400021 91,2004 0.011 91.2000 £ 0.010
'z [GeV] 2.4952 40,0023 - 2.4950+£0.0014  2.4046 4 0.0016 2.4045 + 0.0016
ol 4 [nb] 4154040037 - 41,484 +0.015 41,4754 0,016 41474 +£0.015
R} 20.767 & 0.025 - 20.743 +0.017 20.722 4 0.026 20.721 £ 0.026
A 0.0171 4 0.0010 - 001626400001 001625400001  0.01625 £ 0.0001
Ap ) 0.1499 40,0018 - 0.14724£0.0005  0.14724 0.0005 0.1472 4+ 0.0004
sin¥e (Grp) 0.2324 40,0012 - 0.2315040.00006 0.2314040.00007  0.23150 4 0.00005
A, 0.670 4 0.027 - 06880+£000022 066804+0.00022  0.66804 0.00016
Ay 0.923 4 0.020 ~- 0934634 0.00004 0.9246240.00004  0.93483 + 0.00003
Al 0.0707 4 0.0035 - 0.0728 £0.0002  0.0738 4 0.0003 0.0728 + 0.0002
ARt 0.0992 £ 00016 - 0.1022£0.0004  0.1034 40,0004 0.1023 £ 0.0003
R 0.1721 4 0.0030 - 017226 Fo0000s  0.17226+ 0.00008  0.17226 + 0.00008
R} 0216294+000066 -  0.21578+£0.00011 0.215774+0.00011  0.21577 + 0.00004
i, [GeV] 1272597 yes 1.27 4097 - -
Ay, [GeV] 420 F337 yes 42007 - -
ey [GeV] 172344+ 0.76 yes  173.81+£0.85(%) 177.0 F22(v) 177.04£23
Aal) (pr2)(12) 2757 & 10 yes 2756 + 10 2723+ dd 2722 £ 42
s (M3) - yes  0.1196+0.0030  0.1106+0.0030 0.1196 + 0.0028

(°) Average of the ATLAS and CMS measurements assuming no correlation of the systematic uncertainties.

(*)

(7)The theoretical top mass uncertainty of 0.5 GeV is excluded.

() 1n units of 107,

() Rescaled due to @, dependence.

Average of the LEP and SLD A; measurements, used as two measurements in the fit.

Thomas Peiffer
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Correlations between S, T and U:
S T U

S 1 0.891 -0.540

T 1 -0.803

U 1

P 0-5 LT T 1T ‘ T TTT | T T TT | T T TT | T T 1T | TTTT | T T 1T | T T TT T T 1T T T 11T l— 0.5 [T T TT | T TT | LI | LI | LI | LI | T T 11 T T 11 T 1T 11 T T 1T 1_]

= fit contours for U=0 (SM__: M,=125 GeV, m =173 GeV) C [ 68%, 95%, 99% CL fit contours, U=0 -

0.4 = 'm 68% and 95% CL for present fit 0.4 - (SM_:M,=126 GeV, m =173 GeV) —

0.3 = 95% CL for asymmetries & sine! (Q_) 0.3 = =

- 95% CL for Z widths - T E 3

0.2 — HM 95% CL for M, & Iy = 0.2 =

0.1 = 0.1 =

0 —] 0 =

= - - SM Prediction 3

015 = 01 F- M,=125.7- 04 GeV

= - " E m, = 17318+ 094 GeV

-02 E SM Prediction _ 0.2 - 3

-0.3 — 03 F with M, < [100,1000] GeV _J

04 - 04 N

0 5 L 111 ‘ | | 111 | | 1111 | 1111 | 1111 | 1111 | | ‘ | | 111 I: : G g :

- '_ o _ o - _0.5 1111 | 111 1 | 111 1 | 111 | | 111 1 | 111 1 | 111 | | 11 11 | 1111 | 11117
0.5 0.4 0.3 02 0.1 0 0.1 0.2 0.3 04 0.5 05 04 -03 -02 -0.1 0 0.1 0.2 0.3 0.4 0.5

S S
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2HDM Types

fitter

Parameterization for various 2HDMs (taken from arXiv:1106.0034)

Type 1 Type 11 Lepton-specific Flipped
¥ | cos a/ sin 3 cos a/ sin 3 cos a/ sin 3 cos a/ sin 3
@ | cosa/ sin 3 —sina/ cos 3 cos a/ sin 3 —sina/ cos 3
* | cosa/sin 3 —sina/ cos 3 —sina/ cos cos o/ sin 3
% | sina/sin 8 sin a/ sin 3 sin o/ sin 3 sin a/ sin 3
% | sina/sin g cos a/ cos 3 sin o/ sin 3 cos a/ cos f3
% | sina/sin 3 cosa/ cos 3 cos v/ cos 3 sin «v/ sin 3
4 | cot 3 cot [3 cot (3 cot [3
@ | —cotp tan [ — cot 3 tan 3
5 | —cotp tan (3 tan (3 — cot 3

Thomas Peiffer
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Two-Higgs Doublet Model Type Il Two-Higgs Doublet Model Type IV
aal 35 '_L LI L L I L O O Y Y 35 —L L I e L L I L B
5 B 6 . 68% and 95% CL fit contours 7] g C . 68% and 95% CL fit contours ]
30 :_0 M, = 250 GeV - 0 . = 250 GeV -
05 n preliminary _f o5 E_ “ preliminary _E
= L :
20 = 20 [° -
FEI - 5 .
15 G f”.-ter . — 15 H G f|tte z —
10 = 10 3
5 —: 5 ]
o e b b v b v b e Pa g | . e TN N T T N T -
0 01 02 03 04 05 06 07 08 09 0 01 02 03 04 05 06 07 08 09
cos(p - o) cos(B - o)

Similar constraints for models Type lll and IV

EPS 2015 Thomas Peiffer
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Mass scans with constraints from Higgs BRs and EWPD for Type Il and IV

. Two-lHiggs Dmllblet Modtlal Type IIII | : | Two-Higgs Doublet Model Type IV
> :I T 1T 17T T T T T T T T T T 1T T T T T T T T T¢I T T .I T LI : ;| :| T | | 6 T | T T 1T | T T T 7T | = T T T | T 1T T 1 T T T BT .|| 6‘ T 1 1 :
& 900 [_68% and 95% CL fit contours (allowed) G su)E 8 900 F68% andj95% CL fit contours (allowed) " [e] fitter [)5 =
= - 0 . = 4 = - ° ) ]
E°< = tanp = [1,85] N & = tanp = [)35] .
800 > 2 = 800 ) -
e - ) P pe—— -
700 |— — 700 = —
600 | = 600 . < —
C _ o ! 50, &2 9 - ]
500 | b—: 500 — — M >
o - C o ]
I~ ] ~ * o 7]
400 — 400 —
300 |- = 300 [ S =
- L S oo > C SO0 %E
200 a preliminary _: 200 preliminary ]
1 1 | 1111 | | 1 L1 1 1 | L1 11 | L1 11 | L1 11 | 11— ) | Ll | Ll § -|° L | Ll | Ll | L1 | L L n

200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900

M, [GeV] M., [GeV]
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Experimental uncertainty source [+10]
Parameter Omeas Ot 51%1;‘30 o SMw Mz dmy 6 singf}gﬁ SAOpaq davg
Present uncertainties
T
My [MeV] 15 7.8 5.0 6.0 = 2.5 4.3 5.1 1.6 2.5
My [MeV] 2.1 120 3.7 114 10.5 - 3.5 11.2 2.2 1.4
my [GeV) 0.8 2.5 0.6 2.4 2.3 0.4 - 2.3 0.5 0.6
sin?0f; ©) 16 6.6 4.9 45 37 12 20 - 3.4 1.2
Adhag © 100 44 13 42 31 6 10 41 - 2
LHC prospects
Mg (Gev] <01 Fpo T TR AETAR S e i
My [MeV] 8 5.5 1.8 5.2 - 2.5 3.5 4.8 0.8 2.6
My [MeV] 2.1 7.2 1.4 7.0 6.0 - 2.8 5.9 0.8 1.9
my [GeV) 0.6 1.5 0.2 1.5 1.3 0.4 - 1.2 0.2 0.5
sin0%e 16 3.0 11 2.8 25 11 14 - L5 0.9
Aapag © 47 36 6 36 25 9 12 35 - 5
ILC/GigaZ prospects

My [Gev) <01 X5 55 %% | 1§ I R 8 3 03
My [MeV] 5 2.3 1.3 1.9 - 1.7 0.3 1.3 0.7 0.3
My [MeV] 2.1 2.7 1.0 2.6 2.5 - 0.4 1.3 1.9 0.2
my [GeV) 0.1 0.8 0.2 0.7 0.6 0.5 - 0.3 0.4 0.2
sin20f; ©) 13 23 1.0 2.0 L7 1.2 02 ~ 1.5 0.1
Aayag © 47 64 3.0 5.6 2.7 41 038 3.9 — 0.2

(9)In units of 1075, *)In units of 10~*
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