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OUTLINE

 Tntroduction

* EW fits with current data:
- SM
- oblique corrections
- modified Z couplings
- modified Higgs couplings
- Constraints on D=6 operators

* Future prospects

* Conclusions



INTRODUCTION

» SU(2). X U(1), symmetry hidden at low
energies, but restored in the UV

- tree-level relations among weak couplings and
masses corrected by finite and calculable loop
corrections

- precision measurements of masses and couplings
* test the quantum structure of the SM
* probe NP through its virtual effects
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INTRODUCTION II

* What is the scale A of NP?

- consider the SM as an effective theory valid up
to the NP scale A:

=L+ N |§|2+ L5/ + 3%/\2 + ..

/

determines the EW scale

break SM accidental symmeftries;
modify SM predictions

* Precision measurements in the EW sector
are a very powerful probe of A
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EW PHYSICS IN THE LHC ERA

* The measurement of the Higgs mass
completes the knowledge of 7,

- all EWPO now fully computable in the SM

* Higgs signal strengths directly probe
electroweak symmetry breaking

- test SM Higgs couplings

* Combine EWPO and Higgs signal strengths to
constrain extensions of the SM
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EWPO FIT

* SM input parameters:
B GFI a, MZ, MHI m;, O(’.<:(AAZ)1 AO('hcld(&-))

* state-of-the-art computation of EWPO

* parametrize possible NP effects (modified couplings,
additional loop contributions, D=6 operators)

* perform a fit o experimental data
 GAPP (Erler)
» ZFITTER (Akhundov, Arbuzov, S. & T. Riemann)
* Gfitter (Baak, Cath, Haller, Hoecker, Kogler, Monig, Schott, Stelzer)

* us, using Thelmfitl public code
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HEPfit developer repository: https:/github.com/silvest/HEPfit
HEPfit webpage: http://hepfit.romal.infn.it

]
mflt home developers samples documentation

HEPfit: a Code for the Combination of Indirect and
Direct Constraints on High Energy Physics Models.

T — jt ¥ with dz3 = 0.1

Higgs Physics Precision Electroweak Flavour Physics BSM Physics
HEP£it can be used to study Electroweak precision observables The Flavour Physics menu in Dynamics beyond the Standard
Higgs couplings and analyze data are included in HEPfit HEP£it includes both quark and Model can be studied by adding
on signal strengths. lepton flavour dynamics. models in HEPfit.
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https://github.com/silvest/HEPfit

EW FITS WITH HEPfit

Both electroweak and Higgs observables are calculated as a SM core plus
corrections:

- the SM core includes all existing higher order corrections

- NP corrections are at the lowest order in all SM couplings

Experimental results are taken from the most recent published analyses

The fit procedure uses BAT (Bayesan Analysis Toolkit) with flat priors for all
input parameters, and posteriors calculated using a Markov Chain Monte Carlo

Stand-alone or library mode to compute observables in a given model:

- Implemented models:

 SM, Oblique parameters (S,T,U), ¢ parameters, modified Zbb couplings, Modified Higgs couplings
(;), SMEFT (D=6), 2ZHDM

- Implemented observables:
* EWPO, Flavour (AF = 2, UT, rare B decays)
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Ref Measurement Posterior Prediction 1D Pull nD Pull

as(Mz) [10]  0.1179 £ 0.0012 0.1180 + 0.0011 0.1185 + 0.0028 0.2
Aal®) (Mz)  [13] 0.02750 40.00033  0.02747 £0.00025  0.02743 = 0.00038 0.04
My [GeV] [14]  91.187540.0021  91.1879 + 0.0020 91.199 + 0.011 1.0
ms [GeV] [15] 173.34 +0.76 173.61 +0.73 176.6 £+ 2.5 1.3
my [GeV] [16] 125.09 + 0.24 125.09 + 0.24 102.8 + 26.3 0.8
My [GeV] [17]  80.385 £ 0.015 80.3644 + 0.0061 80.3604 + 0.0066 1.5
I'w [GeV] [18] 2.085 + 0.042 2.08872 +0.00064  2.08873 £ 0.00064 0.2
sin? 0Pt (QRad) [14]  0.2324 4 0.0012  0.231464 -+ 0.000087  0.231435 =+ 0.000090 0.8
PPol= A, [14]  0.1465 £ 0.0033  0.14748 +0.00068  0.14752 4 0.00069 -0.4
I'z [GeV] [14]  2.495240.0023  2.49420 +0.00063  2.49405 £ 0.00068 0.5
ov [nb] [14]  41.540 4 0.037 41.4903 + 0.0058 41.4912 + 0.0062 1.3 0.7
RY [14]  20.767 4 0.025 20.7485 + 0.0070 20.7472 + 0.0076 0.8
AL [14]  0.0171£0.0010  0.01631 +0.00015  0.01628 £ 0.00015 0.8
A¢ (SLD) [14]  0.15134£0.0021  0.14748 +0.00068  0.14765 & 0.00076 1.7
A [14] 0.670 £ 0.027 0.66810 +0.00030  0.66817 & 0.00033 0.02
Ay [14] 0.923 +£0.020  0.934650 =+ 0.000058 0.934663 + 0.000064  -0.6
A [14]  0.0707 £0.0035  0.07390 4 0.00037  0.07399 = 0.00042 -0.9 1.5
AL [14]  0.0992 4 0.0016  0.10338 4 0.00048  0.10350 £ 0.00054 -2.6
RY [14]  0.1721 £0.0030  0.172228 4 0.000023 0.172229 £ 0.000023  -0.05
RY [14] 0.21629 £ 0.00066 0.215790 4 0.000028 0.215788 £ 0.000028 0.7
sin? 0<% [19]  0.23248 + 0.00052 2.1
sin? 944 [20]  0.2315 # 0.0010 0.07

in? 0S¢ 21 23146 £ 0.0004 0.1
S Octt " 2] 0.23146 £ 0.00047 o0y o) 4 0000087 0.231435 % 0.000090
sin? 0 [22]  0.2308 + 0.0012 -0.5
sin® 914 (23] 0.2287 + 0.0032 0.8
sin? G## [24]  0.2314 4 0.0011 0.1

PDG

Burkhardt et al
LEP

TeVatron + LHC
Atlas + CMS

CDF + DO
TeV + LEP + SLD
LEP

LEP

LEP

LEP + SLD

CDF

CDF

DO

ATLAS
CMS 9
LHCb



Ref. Measurement Posterior Prediction 1D Pull nD Pull

as(MZ) [10] 0.1179 4+ 0.0012 0.1180 4+ 0.0011 0.1185 4+ 0.0028 -0.2
Aat® (Mz)  [13]  0.02750 +0.00033  0.02747 +£0.00025  0.02743 + 0.00038  0.04
Mz [GeV] [14]  91.187540.0021  91.1879 =+ 0.0020 91.199 + 0.011 -1.0
my [GeV] [15]  173.3440.76 173.61 +0.73 176.6 + 2.5 -1.3
mu [GeV] [16] 125.09 + 0.24 125.09 + 0.24 102.8 4+ 26.3 0.8
My [GeV] [17] 80.385 4+ 0.015 80.3644 + 0.0061 80.3604 + 0.0066 1.5
Correlated
I'w [GeV] [18] 2.085 4+ 0.042 2.08872 + 0.00064 2.08873 £+ 0.00064 -0.2 Observables

sin? 0Pt (QRad) [14]  0.2324 4 0.0012  0.231464 -+ 0.000087  0.231435 =+ 0.000090 0.8

PProl= A, [14]  0.146540.0033  0.14748 £ 0.00068  0.14752 =+ 0.00069 -0.4
I'z [GeV] [14] 249524 0.0023  2.49420 +0.00063  2.49405 =+ 0.00068 0.5
o [nb] [14]  41.540 +0.037 41.4903 + 0.0058 41.4912 + 0.0062 1.3 0.7
R [14]  20.767 & 0.025 20.7485 + 0.0070 20.7472 £ 0.0076 0.8
AL [14]  0.017140.0010  0.01631 +0.00015  0.01628 + 0.00015 0.8
A¢ (SLD) [14]  0.151340.0021  0.14748 £ 0.00068  0.14765 + 0.00076 1.7
A [14] 0.670 & 0.027 0.66810 4 0.00030  0.66817 +0.00033  0.02
Ap [14] 0.92340.020  0.934650 & 0.000058 0.934663 + 0.000064  -0.6 Correlated
AxE [14]  0.070740.0035  0.07390 +0.00037  0.07399 + 0.00042 -0.9 L5 < s
AL [14]  0.099240.0016  0.10338 £ 0.00048  0.10350 £ 0.00054  -2.6
R? [14]  0.17214+0.0030  0.172228 +0.000023 0.172229 + 0.000023  -0.05
RY) [14]  0.21629 4+ 0.00066 0.215790 +0.000028 0.215788 + 0.000028 0.7
sin? 055 [19]  0.23248 £ 0.00052 2.1
sin? 014 [20]  0.2315 4 0.0010 0.07
<2 nee
sin? 0% [21]  0.23146 £ 0.00047 0.1
0.231464 + 0.000087  0.231435 4 0.000090
sin® 0cp [22]  0.2308 £ 0.0012 -0.5
sin® 944 (23]  0.2287 4 0.0032 -0.8 10
]

0.2314 + 0.0011 -0.1




Ref. Measurement Posterior Prediction 1D Pull nD Pull
as(Mz) [10] 0.11797 0.0012 0.118030.0011 0.1185 3 0.0028 -
Aal®) (Mz)  [13] 0.02750 4 0.00033  0.02747 40.00025  0.02743 4 0.00038  0.(4
Mz [GeV] [14]  91.1875H 0.0021 91.1879 H 0.0020 91.199 i 0.011 -1]0
m [GeV] [15] . : .
ma [GoV] [16] Experimental Result of the || Result of the Difference Difference
value used as global fit - fit not using —| between between
Mw [GeV] [17] input IR 7P the corresponding )_ measurement measurement
T'w [GeV] [18] 2.085 £ 0.042 2.08872 £+ 0.000 measurement 4| and prediction and prediction
sin? 0P (Qlad) [14] 02324 £0.0012  0.231464 +0.000087 0.231435 & 0.00009] " UNits of @, in units of o,
neglecting taking all

PPol=A, [14]  0.1465+0.0033  0.14748 £0.00068  0.14752 % 0.00069| correlations correlations
Iz [GeV] [14]  2.4952 +0.0023  2.49420 +0.00063  2.49405 = 0.00068| for correlated (theoretical
oy [nb] [14]  41.540 £ 0.037 41.4903 + 0.0058 41.4912 + 0.0062 | observables and experimental)
RY [14]  20.767 & 0.025 20.7485 + 0.0070 20.7472 + 0.0076 0.8 properly into
A% [14]  0.0171£0.0010  0.01631 +0.00015  0.01628 + 0.00015 0.8 account
A; (SLD) [14]  0.151340.0021  0.14748 +0.00068  0.14765 - 0.00076 1.7
A, [14]  0.670 £ 0.027 0.66810 £ 0.00030  0.66817 £ 0.00033  0.02
Ay [14]  0.923+£0.020  0.934650 + 0.000058 0.934663 & 0.000064  -0.6
A% [14]  0.0707 £0.0035  0.07390 +0.00037  0.07399 & 0.00042  -0.9 1.5
A%t [14]  0.0992+0.0016  0.10338 £0.00048  0.10350 +0.00054  -2.6
RO [14]  0.172140.0030  0.172228 +0.000023 0.172229 + 0.000023  -0.05
RY [14]  0.21629 & 0.00066 0.215790 + 0.000028 0.215788 + 0.000028 0.7
sin® 0§ [19]  0.23248 & 0.00052 2.1
sin? 6" [20]  0.2315 = 0.0010 0.07
<2 nee
sin” Ui 21} 023146 £ 0.00047 ) o) 101 1 0000087 0.231435 4 0.000090 O
sin? 95 [22]  0.2308 £ 0.0012 0.5
sin® 944 (23]  0.2287 4 0.0032 -0.8 11
sin? g1 [24]  0.2314 +0.0011 0.1




2016 PDG average
for a (M,) has
doubled the error
due to unweighted
average of Lattice
results; FLAG gives
same error but
based on estimate
of truncation of
perturbative
series.

Ref. Measurement Posterior Prediction 1D Pull nD Pull
as(My) [10]  0.1179 £ 0.0012 0.1180 4 0.0011 0.1185 + 0.0028 0.2 d4¢—
Aal®) (Mz)  [13]  0.02750 4 0.00033  0.02747 & 0.00025 0.02743 + 0.00038 0.04
Mz [GeV] [14]  91.1875 4 0.0021 91.1879 + 0.0020 91.199 + 0.011 -1.0
m; [GeV] [15] 173.34 £ 0.76 173.61 +£0.73 176.6 £ 2.5 1.3
mpy [GeV] [16] 125.09 + 0.24 125.09 + 0.24 102.8 + 26.3 0.8
My [GeV] [17]  80.385 £ 0.015 80.3644 + 0.0061 80.3604 £ 0.0066 1.5
I'w [GeV] [18] 2.085 £ 0.042 2.08872 =+ 0.00064 2.08873 + 0.00064 -0.2
sin? 0Pt (QRad) [14]  0.2324 4 0.0012  0.231464 -+ 0.000087  0.231435 =+ 0.000090 0.8
PPol= A, [14]  0.1465 £ 0.0033 0.14748 £ 0.00068 0.14752 £ 0.00069 -0.4
I'z [GeV] [14]  2.4952£0.0023  2.49420 + 0.00063 2.49405 + 0.00068 0.5
oy [nb] [14]  41.540 & 0.037 41.4903 + 0.0058 41.4912 + 0.0062 1.3 0.7
RY [14]  20.767 & 0.025 20.7485 4+ 0.0070 20.7472 £ 0.0076 0.8
AL [14]  0.0171 £0.0010  0.01631 & 0.00015 0.01628 £ 0.00015 0.8
A¢ (SLD) [14]  0.1513 £ 0.0021 0.14748 +0.00068  0.14765 4 0.00076 1.7
A [14] 0.670 & 0.027 0.66810 4 0.00030  0.66817 & 0.00033 0.02
Ay [14] 0.9234+0.020  0.934650 + 0.000058 0.934663 + 0.000064  -0.6
A [14]  0.0707 £ 0.0035 0.07390 £ 0.00037  0.07399 + 0.00042 -0.9 1.5
AL [14]  0.0992 +£0.0016  0.10338 4 0.00048  0.10350 & 0.00054 -2.6
R? [14]  0.1721 £0.0030  0.172228 4 0.000023 0.172229 4+ 0.000023  -0.05
RY [14]  0.21629 £ 0.00066 0.215790 4 0.000028 0.215788 4 0.000028 0.7
sin? 0% [19]  0.23248 + 0.00052 2.1
sin? 014 [20]  0.2315 £ 0.0010 0.07

in? 0S¢ 21 23146 £ 0.0004 0.1
S Octt " [21] 023146 £ 0.00047 o0y 01 4 0000087 0231435 % 0.000090
sin? 0 [22]  0.2308 £ 0.0012 0.5
sin® 944 [23]  0.2287 £ 0.0032 0.8
sin? O~ [24]  0.2314 4 0.0011 0.1
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Prediction g Aag 4 My My

My [GeV] 80.3618 + 0.0080 +0.0008 +0.0060 +0.0026 +0.0046
Cy [GeV] 2.08849 + 0.00079  £0.00048  +£0.00047  +0.00021  £0.00036
'z [GeV] 2.49403 = 0.00073  £0.00059  +0.00031  +0.00021  4+0.00017
02 [nb] 41.4910 + 0.0062 +0.0059 +0.0005 +0.0020 +0.0005
sin? Qi?t 0.23148 +0.00012  £0.00000  £0.00012  4+0.00002  40.00002
prol — Ay 0.14731 +0.00093  £0.00003  +£0.00091  4+0.00012  40.00019
A 0.66802 £+ 0.00041  £+0.00001  =£0.00040  +0.00005  =£0.00008
Ay 0.934643 4+ 0.000076  £0.000003 +£0.000075 40.000010 40.000005
AOF’é 0.01627 +0.00021  £0.00001  +£0.00020  40.00003  £0.00004
AOF’E) 0.07381 +0.00052  £0.00002  +£0.00050  4+0.00007  40.00010
AOF’E 0.10326 += 0.00067  £0.00002  £0.00065  4+0.00008  40.00013
Rg 20.7478 £+ 0.0077 +0.0074 +0.0020 +0.0003 +0.0003
RY 0.172222 4+ 0.000026  £0.000023 +£0.000007 +0.000001 40.000009
Rg 0.215800 4+ 0.000030 £0.000013 +£0.000004 =0.000000 =0.000026

Parametric error budget for theoretical predictions (no fit)

La Thuile, 5-11/3/2017
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Excellent agreement between full, direct and
determinations of input parameters
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IMPACT OF m, m_, M

we Sin°0 & T,

%t : 68% and 95% probability contours ; ~ 68% and 95% probabili|ty contours
g i Fit without M,,,, sin“(8,q), m , and T, O 50 Fit without M,,, m|, and m|,
£ 0.234 L [[_T] Fit without M,,,, sin*(8_,), and m_ g _ [ T] Fit without M, and m,
« - [T_T] Fit without M,,, and sin®(8}) = [T FunrFit
| [T Fun Fit I [[_T] Experimental measurements
i |:|:|:| Experimental measurements
0.233 — i
i 200 —
I I o
0.232 — =
I 150 —
g HEP[T HEP[T
0'231 —I— | | | | | | | | | | | | | | | | | | 1 C | | | | | 1 | 1 | | | |
80.2 80.25 80.3 80.35 80.4 80.3 80.4
Muw [GeV] Muw [GeV]
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EW FIT BEYOND THE SM

* Oblique corrections
-5, T,U; d¢q,3

* Modified Zbb couplings
— 0gb g, OF,

* Modified Higgs couplings
- Ky

* Effective theory with D=6
—C

La Thuile, 5-11/3/2017 Luca Silvestrini 16



OBLIQUE CORRECTIONS

* Parameterize dominant NP effects in gauge-
boson vacuum polarization:

- 5, T,U [Peskin & Takeuchi ‘90,'92]

- €1,3— 081, 3now that m; and m, are known
pr'ecisely [Altarelli & Barbieri ‘91; + Jadach ‘92; + Caravaglios ‘93]

» UxS,T (0e, < 0¢q3) in many NP models
(linearly realized EWSB)

La Thuile, 5-11/3/2017 Luca Silvestrini 17



g HEP[T

0.5

[ 68% Probability
7] 95% Probability
[ ]99% Probability

—0.2 0 0.2 0.4
S
Result Correlation Matrix
S | 0.09£+0.10 1.00
T | 0.10 +£0.12 0.86 1.00
U | 001+0.09 | —-0.54 -0.81 1.00

La Thuile, 5-11/3/2017

Luca Silvestrini

0.5 —

all

- I Mw

B asymmetries

B

U=0

05 HEP[T
| | | | | | |
—0.5 0 0.5
Result Correlation Matrix
S 1 0.10+£0.08 | 1.00
T 1 0.1240.07 | 0.86 1.00
Result Correlation Matrix
de1 | 0.0007 £0.0010 | 1.00
ey | —0.0002 +£0.0008 | 0.82  1.00
ez | 0.0007+£0.0009 | 0.87 056  1.00
ey | 0.0004+0.0013 | —0.3¢4 —0.32 —024 1.00




Modified Zbb couplings

.0@0: 0.06 'Qc><
e o 0.02 —|Eiflt [ 68% Probability
i [ ]95% Probability
0.04 I | ]99% Probability
0.02 =
0 -
-0.02 -
-0.02 -
1 1 | | 1 | 1 1 | | | 1 1 | | | | | | | | | ‘ |
-0.02 0 0.02 0.04 0.06 0 0.02 0.04
b b
0 0
_ . gL gv
Sob Result Correlation Matrix Result Correlation Matrix
ok | omtoool | oo 1o 5 | 004=009 Lo
JiE : : : T 0.08 & 0.07 0.86  1.00
. gl 0.003 + 0.001 —0.24 —0.15 1.00
La 5% | 0.018 £0.007 | 1.00 ca Sil 7L
5q%, | —0.013 = 0.005 | —0.98 e dgb, 0.017 + 0.008 —0.29 —0.22 091 1.00




Higgs Couplings Analysis

p =7y wyr; where
[O'X BI‘]Z'

w; =
¢ [osmxBrsmls
ATLAS Input measurements r, = eiS[,(KE’M xBrsmli
Individual analysis +foon i €5 losmxBrsml;

m,, (GeV)

o; = JE’M + do;

Lo {7027
Overall:u = 1.177“27 125.4

H-— k ‘ ‘ : : ‘ : :
i ggF: u=1-32_§§§ 125.4 : : : = : : : SM
VBF: 11 =087 1254 : : —_— . : Fj — F ; 51_‘3
WH:u=1.0"7 |125.4 —_— : ‘7
ZH =01 |15 : . Y'_—'
L= +040 1125 36 ——
H—z2z* Overall: n 1.447”3 X . . : . . .
gaF+iH: 1 =1.7° 112536 P o—— : SM FSI‘I — Y R f H:(S G
e A o : ; vy
VBF+VH: 1 =030 1125 36 — O-ql Y j 0]
Overall:n =1.16°% | 12536 B :
H—ww* - oo T
09 =098 125,36 s : do;— FR+Madgraph+Kfactors
VBF:j =1.28"% |125.36 He— :
VH:u=3.077 125,36 T
Overall: u = 1.43°% |125.36 e : 5F _> Hd
H— veral 03 : : : : : : : J = ecay
9gF:u=20"" 12536 e
_ 4 0gt059 : . : : .
VBF+VHi i =1.2470% | o o i
VH > VbB Overall: u = 0.5270" [125.36 ma:
— T
WH: = 111758 425 —t—

moootilos | | | hyy: ATLAS(1408.7084), CMS(1407.0558)

Overall: u = -0.7i:: 1255

=~ " I I hrr: ATLAS(1501.04943), CMS(1401.5041)

R
Overall:p =277 11255

i | hzZ: ATLAS(1408.5191), CMS(1412.8662)

H—

“““ TS I AW W: ATLAS(1412.2641,1506.06641),
Vs =7TeV, 45-4.7 fb" -2 0 2 4 CMS 1312 1129
Vs =8 TeV, 20.3 fo” Signal strength (u) ( . )

hbb: ATT.AS(1409.6212, 1503.05066),
CMS(1310.3687, 1408.1682),
CDF (1301.6668), DO (1303.0823)

ATLAS: arXiv:1507.04548
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Non-standard Higgs boson couplings

* Minimal assumptions (inspired by strong-
dynamics EWSB models):
- only one Higgs boson below the cutoff A
- custodial symmetry approximately realized

- NP corrections flavour-diagonal and universal
2

Log = Uztr(DMZTDME) (14—2/{‘/% _|_> —m,ft (1‘|‘2"‘3f%‘|‘"') o4
where Y(x) = expic®x®(x)/v 2 W/Z Iongi’rudinal pOl
- SM given by k, k¢~ 1
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Probability density

kK, ONLY

1 A? A2
§= - (l=rp)In{— ], T=- 32 (1—wp)In | —5 ),
127 miy lﬁ?rcw miy

[Barbieri et al., PRD 76 (2007) 115008
* set cutoff A to scale of perturbative

unitarity violation: A =4mv/\/l1 - #2|

JHEPK (B0 6% Probabiliy Result 95% Prob.
[ ]95% Probability
ky | 1.02+0.02  [0.98, 1.07]

nd
o
' [

K, < 1 predicted in composite

Higgs models disfavoured =
need additional contributions

[Grojean et al; Azatov et al; Pich et al]
Luca Silvestrini 22
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http://arxiv.org/abs/0706.0432

K, and K,

¥ X I I 68% Probability
| 7] 95% Probability
150 [ 199% Probability
L
0'5; \ | |
| | 0.8 | | | 1 | | | 1.2
3
Higgs + EWPO
Result 95% Prob. | Correlation Matrix
kv | 1.02+0.02 | [0.99,1.06] | 1.00
)y | 1.03£0.10 | [0.85,1.23] | 0.14 1.00

La Thuile, 5-11/3/2017

Luca Silvestrini

Higgs data only

Result 95% Prob.

Correlation Matrix

Ky | 1.01+0.04 | [0.93,1.10]
ki | 1.03+0.10 | [0.83,1.23]

1.00
0.31 1.00

1.4
- [ EW+Higgs
e
1.2 | Higgs
1L
0.8+
ELE L 1
0.8 0.9 1 1.1 1.2



¥ >3
oL [ 682 Probability

[[T95% Probability

4l o
1 1 1 |
06 0.8 1 12
Kw
z_ 3
ol [ 68% Probability X
I [ 95% Probability
[ [199% Probability
15[
1E
05
ol 1 [ 1 L
04 06 08 1 1.2
Ky
z_ F =
ol [ 68% Probability X
I [ 95% Probability
[ [[]99% Probability
15[
1k
0s[
P T T N O A T T W A Y |
0.95 1 105 1.1
Ky

La Thuile, 5-11/3/2017

oL [ 65% Probability < I [ 68% Probability
L [T 5% Probability | [ 95% Probability .
-_7F'rubab|\|ty o []99% Probability H'ggs da'ra Only
INC f—:. j =
o [ Y :" Result | 95% Prob. | Correlation Matrix
oF 't | e 100+ 0.05 | [0.89,1.10] | 1.00
, . il k7 | 1074011 [0.85,1.27] | —0.17  1.00
By o sk | k;[101£011 [0.80,1.22] | 041 —0.14 1.00
0.5 1 15 0.6 0.8 1 1.2
Kz Kw
[ it = Probabilit f 3 it robabili .
JEE o] COEE ge Higgs data only
r [99% Probability I []99% Probability
1.5 2} Result [95% Prob. | Correlation Matrix
i ky | 0.97 £ 0.08 [[0.80,1.13] | 1.00
T L ke | 1.014+0.141[0.73,1.30] | 0.54 1.00
ok I Ky |0.97 £ 0.13|[0.73,1.25] | 0.42 0.41 1.00
o I Kq 1 0.91+0.21([0.48,1.35] | 0.81 0.61 0.77 1.00
0_4I I Ilf),lﬁI I ID.IBI ; ‘1,|2I %.4‘ IO.IBI IO!SI ‘;‘ ‘|.I2I
Ky Ky
L it % Probabilit < i it robabili :
(=TI ey (B g Higgs + EWPO
i [199% Prabability []99% Prabability
1‘5:_ 2r Result  |95% Prob.| Correlation Matrix
i [ ky | 1.0240.02[0.98,1.06] | 1.00
T I ke | 1.07 £0.12[0.82,1.32]0.15 1.00
ook : Ky | 1.014£0.121[0.79,1.27] |0.10 0.24 1.00
o | | | | kg | 1.01+0.13][0.76,1.30] | 0.31 0.38 0.78 1.00
I [I)_QSI - 1 - ‘IIOSI - I1.1I I - 6.95
Kv
Result 95% Prob. Correlation Matrix
kw [0.94+ 0.10 [0.73,1.13] 1.00
Kz |1.0340.13 [0.77,1.28] 0.34 1.00 Higgs data only
ke [1.02+£0.15 [0.73,1.33] 0.55 0.22 1.00 24
Ky [0.95+0.13|[—0.96,—0.72] U [0.68,1.28] | 0.49 0.04 0.44 1.00
kg |0.91 £ 0.22 [0.46, 1.36] 0.81 0.36 0.62 0.78 1.00




The SM as an effective theory

1
Log = Lsm + Y vz Las with Lo=) C,0; [0;]=d,

d>4

- d=6 only, one Higgs doublet, SU(2)xU(1), B, L

* with flavour universality/conservation, 59
operators (we use GIMR basis) (Grzadkowski et al ]

» contributing to EWPO + y; : 18 operators

* take C;at EW scale, no running included

[See also Corbett et al, Ellis et al, Falkowski & Riva, ...]
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One operator at a time - Preliminary

95% prob. bound on % [TeV 2]

Operator Only EW Only Higgs EW + Higgs

Ouwc (H'H)G,,G*™ — (—0.005,0.009] [-0.005,0.009]
Ouw (H'H) W2 W - (—0.033,0.015] [-0.033,0.015]
Ous (H'H) B,,B" — (—0.009,0.004] [—0.009,0.004]
Ouwp (H'o,H)W? B*  [-0.010, 0.004] [-0.008,0.017] [-0.007,0.005]
Oup uaﬁ‘]:)ﬂﬁr}2 [—0.032, 0.006] [-1.38,1.35] [-0.032,0.005]
Opyn (H'H)UO(H'H) — [—1.12,1.72] [-1.12,1.72]
o) (HT:&B”H) (Izy*lL)  [—0.006, 0.011] — [—0.006, 0.011]
o) (H*iﬁ;ﬂ) (Igy*o.ly) [—0.013, 0.006] [-0.64,0.49] [-0.013,0.006]
Ou. (H'iD,H) (egy"er) [—0.017, 0.006] — [—0.017, 0.006]
Of;; (HH&H) (@zy"qr)  [—0.025, 0.046] [—4.3,1.3] [—0.026,0.046]
o5 (HH’BEH) (qzy"oaeqr) [—0.011, 0.016] [-0.35.0.18]  [-0.011,0.015]
On. (HYiD,H) (ugy"ugr) [—0.069, 0.088] [—1.9.2.2] [—0.068,0.088]
Ona (HHB“H) (dry*dr)  [—0.16, 0.058] —6.2,7] [—0.160,0.055]
Ocn (H'H) (IrHer) — (—0.053,0.027] [-0.053,0.027]
O.n (H'H) (EﬁuR) — -0.350,0.510] [~0.350,0.510]
" Oan (H'H) (qrHdr) - (—0.036,0.086] [—0.036,0.086]
Oy (Iy,.0) (1vH1) [—0.010, 0.023] [-0.970,1.26] [-0.010,0.022]




One operator at a time - Preliminary

95% prob. bound on A [TeV]
Only EW Only Higgs EW 4 Higgs

Operator ICi| =1 |ICi| =1 |IC:| =1

Ouc  (H'H)G{ G — 12 12
Opw  (H'H) W2 Waer — 5.9 5.9
Ous (H'H) B, B*" — 12 12
Ouwp (H'o H) WS B 11 8.2 12
Oun |H'D, H|® 5.9 0.9 6.0
Omun (H'TH)O(H'H) — 0.8 0.8
o) (HYD,H) (I;7*1) 10 — 10
o¥) (HHB;H) (I oalr) 9.4 1.3 9.7
Oue (H'iD,H) (egy"er) 8.2 — 8.2
o) (H'iD,H) (qzv"qs) 5.0 0.5 5.0
o) (H?iEEH) (qry"oaqr) 8.6 1.8 8.7
Onu (HTz'DH”H) (WY uR) 3.5 0.7 3.5
Opa (H'D,H) (dgy*dg) 2.7 0.4 2.6
Ocn (H'H) (I.Heg) — 4.7 4.7
Oun  (H'H) (qzHur) — 1.5 1.5
La Thuile, 5 Oun (H'H) (grHdg) — 3.7 3.7

Ou (Iy,l) (Iy*1) 7.1 0.9 7.1




Future Prospects: data sets

FCCee Z pole WWw HZ tt Above tt
threshold | threshold | threshold | threshold
Vs [GeV] 90 160 240 350 > 350
L [ab™!/year] 88 15 3.5 1.0 1.0
Years of operation | 0.3 / 2.5 1 3 0.5 3
Events 1012 /1013 108 2x 105 | 2.1 x10° | 7.5 x 10
[Talk by P. Azzi @ 2016 FCC week]
ILC Phase 1 Phase 2
(Luminosity upgrade)
Vs [GeV] 250 200 1000 | 250 000 100
[Ldt[ab™] | 0.25 0.5 1 | 115 1.6 2.5
[dt (107 s) 3 3 3 3 3 3

[S. Dawson et al., 1310.8361]

wm plus CepC: 105 H @ 240 GeV + 101 Z @ M =

[CepC-SPPC preliminary CDR, 2015]


http://arxiv.org/abs/1310.8361

Prospects: EWPO

Current HL-LHC ILC FCCee CepC
Data (Run)

as(Mz) 0.117940.0012
Aal® (Mz)  0.0275040.00033
Mz [GeV] 91.187540.0021 4+0.0001 (FCCee-2) 4+0.0005
my [GeV] 173.344+0.76 +0.6 +0.017 +0.014 (FCCee-tF)
mp [GeV] 125.09+0.24 +0.05 +0.015 +0.007 (FCCee-H Z) +0.0059
Myw [GeV] 80.385-+0.015 +0.011  40.0024  £0.001 (FCCee-W W) +0.003
Iy [GeV] 2.085+0.042 +0.005 (FCCee-WW)
I'z [GeV] 2.4952-+0.0023 +0.0001 (FCCee-2) 4+0.0005
oy [nb] 41.5404:0.037 1+0.025 (FCCee-Z)
sin? .°P* 0.2324+0.0012 +0.0001 (FCCee-Z) +0.000023
prot 0.14654+0.0033 +0.0002 (FCCee-Z)
Ay 0.151340.0021 1+0.000021  (FCCee-Z [pol])
A 0.670+£0.027 +0.01 (FCCee-Z [pol])
Ap 0.923+0.020 +0.007 (FCCee-Z [pol])
A% 0.017120.0010 +0.0001 (FCCee-Z) 4+0.0010
A% 0.0707+0.0035 4+0.0003 (FCCee-Z)
A% 0.0992+0.0016 +0.0001 (FCCee-2) +0.00014
R) 20.767+0.025 +0.001 (FCCee-2) +0.007
RY 0.172140.0030 4+0.0003 (FCCee-2)
R} 0.21629-+0.00066 +0.00006 (FCCee-Z) +0.00018




Future Prospects: Higgs + Th

Current HL-LHC ILC FCCee CepC
Phase 1 Phase 2
250 500 1000 250 500 1000
H — bb > 23% 5-36% 1.2% 1.8-28% 0.3-6% 0.56% 0.37-16% 0.3-3.8% 0.2-0.6% 0.28%
H — cc 8.3% 6.2-13% 3.1% 3.9% 3.5-7.2% 2% 1.2% 2.2%
H — gg %  4.1-11%  2.3%  3.3%  2.3-6% 1.4% 1.4%  1.6%
H—WW > 15% 4-11% 6.4% 2.4-9.2% 1.6% 3% 1.3-5.1% 1% 0.9% 1.5%
H— 7171 > 25% 5-15% 4.2% 5.4-9% 3.1% 2% 3-5% 2% 0.7% 1.2%
H— ZZ > 24% 4-17% 19%  8.2-25% 4.1% 8.8% 4.6-14% 2.6% 3.1% 4.3%
H — vy >920%  4-28%  38%  20-38% 7% 16%  13-19% 5.4% 3.0% 9%
H— Zv 10-27%
H— up 14-23% 31% 20% 13% 17%
Current Future Current ILC FCC-ee CepC [Freitas et al.,
Observable Th. Error Th. Error Exp. Error 1307.3962:
A. Freitas
M B ;
fiw [MeV] 4 1 15 3—4 1 > 1406.6980,
sin 9eff [10 ] 4.5 1.5 16 0.6 2.3 1604.00406]
'z [MeV] 0.5 0.2 2.3 0.1 0.5
Ry [107°] 15 10 66 6 17

+ 5A0®, =510 from R; da (M )= 2 10 from LQCD


http://arxiv.org/abs/1307.3962
http://arxiv.org/abs/1406.6980
http://arxiv.org/abs/1604.00406

Uncertainty

Future Prospects: NP analyses

>‘ -
Today -mf't = I | Today fit
Es HL-LHC : S | m— vLLrC HEP
e + [ HL-LHC+LowStatlLC(250GeV+500GeV)
1 ConC 9 1 HL-LHC+HighStatILC(250GeV+500GeV)
ep _ c B  HL-LHC+HighStatlLC(250GeV+500GeV+1000GeV)
FCC-ee(Z,unpolarized) - HL-LHC+CepC
[ FCC-ee(Z+WW+HZ+t) 1o P HL-LHC+FCC-ee(Z+WW+HZ+f)
1075 [ | - . =
- 10°E
102 & -
- 10°
S T U S(U=0) T(U=0) Ky K Ky K K,

Lighter: incl. th. error;
darker: no theory error
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Future Prospects: A from EWPO

@ @ (1) (3) @) (1) (3) O O
OH / OHI He OH{; OHQ.- Hy Hy 1]



Future Prospects: A from EWPO, p.
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= 30F
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15F
10F
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% ( ()O3 O O O O
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Conclusions

* Remarkable experimental progress on EWSB
with measurements of m, &

* Combined with EWPO: high sensitivity to NP,
currently probing scales up to 12 TeV

* Impressive progress foreseen with future
facilities will allow us to challenge further the
SM and hopefully see some NP effect, with
order-of-magnitude improvements in the
sensitivity to NP
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