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W Motivation for Electroweak measurements

» Confront the Standard Model in regions of complex calculations
 Higher order corrections
 Electroweak correction with (Next) Next Leading Order QCD
- Resummation technigues
» Merging of perturbative QCD and parton showers

- Constrain (or observe) new physics contributions via virtual corrections or
modified gauge couplings
|
* Precision measurements of W mass, sinzeeeﬁc

- Anomalous Triple and Quartic gauge interactions

 Provide accurate and precise predictions of background rates for BSM
searches and for Higgs measurements

» Vector Boson +jets or multi bosons often most important backgrounds

- tails of distributions and production with additional objects



W Standard Model cross-section measurements

Standard Model Production Cross Section Measurements Status: July 2017
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W Electroweak measurements

W, Z properties

September 2017
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All results http://cern.ch/qo/pNj

In this talk, I'll highlight selected

results from recent measurements.
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W

- The mass of the W boson at leading order:

mw sin® Oy =

2
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* Higher order correction Ar from virtual loop :
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Gauge Sector of the Standard Model
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W mass:

theory prediction is
more precise than
experimental
measurement!
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W mass measurement

arxXiv:1701.07240

« Mass is determined by fitting lepton (7.8M e and 5.9M u) pr and transverse mass mr
with 7 TeV collisions. Huge efforts to understand detector response and modeling

MW = 80370+19MeV = 80370 + 7(stat) = 11(syst) + 14(modelling) MeV

PDG average mWw = 80385 = 15 MeV (mainly CDF and DO)

SM prediction myy = 80356 + 8 MeV (arXiv:1407.3792 with updated m, and my,)

- ATLAS reaches precision equal to the best previous single measurement from CDF

 Further progress requires improving modeling (theory and W kinematics)
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W Z forward backward asymmetry

EPJC C76 (2016) 325 @ CMS-PAS-SMP-16-007

* Weak mixing angle measured in forward-backward asymmetry (Agg) of DY (ete—, utu-)
events in 8 TeV collisions

- Z boost preferentially selects direction of valence quark
- Ambiguity of quark direction is more significant in low [YI|

+ 8in204¢ extracted by performing a fit to the m; and Y dependence of Arg

- pdf uncertainties also get constrained in the fit _ CMS Prefiminary 18.8 b (8 TeV)
[0 |o0si,ic04 | 04sv,ic0s | 08,1z | 125t i<t | 16siv,i<z0 | 205, j<2
< ]
gm0.8'—'"v]-'1v°~?v*-'?r~~rv"v] 1111 808[—' rrrrrrrr | A § G T A e - B
< [ PYTHIASB oo < | pyTHIAS g
0.6} A e 0.6} ! 0.2 |—
LO NNPDF3.0 00t LO NNPDF3.0 _
0.4} v 0% _00f°8 0.4f i
.0 :‘H et
o2} 1 oaf et . :
- : 2338882800004 0=
0 529 OWMWW L
a e, ‘,’00666o;°°°:° ) L
-02 5 . 02 "0 anae® *
“ o " dd .ul dd U B
04» " °° s§ +cC - OAP » 88 ct -0.2 —
o ° =
-0.62‘320°° bb eqq - -0.6f bb  eaq L L1
‘2
| 1 - - | " M| 1 P 1 | s | - - L) s [T TOTOTO
%o 70 80 % 100 110 120 085 70 80 9 100 110 120 E 0.05 F-
M, (GeV) M, (GeV) o F o
0:_+~.+“., ........ = 0 SN & SIS [T S )
ruth Measured R ool
~0.05 |-
0 F
70 90 11070 90 110|70 90 110/ 70 90 11070 90 110/ 70 90 110

M, (GeV)



W The Best sin26;’ results at the LHC

- Competitive with Tevatron results, despite quark direction dilution

sin2 07" = 0.23101 =+ 0.00036(stat) = 0.00018(syst) = 0.00016(theory) = 0.00030(pdf)
sin? 67" = 0.23101 = 0.00052.

« Best measurements remain LEP+SLD: +0.00016

CMS ee sy s B 0.23101 Hadron Collider measurements
CMS ee 19.61b 3 | 023056+ 0.00086 Error (10-3)  Stat Syst PDF
ey 1958 3 | (B ||| et ER000 CMS 8 TeV 0.36 0.24 0.30
LHCb uu 3 fb” : * . 0.23142 + 0.00106 ATLAS 7 TeV 0.5 0.6 0.9
ATLAS ee+uu 48] — - 0.23080 + 0.00120 LH_Qb (L) 0.73 0.52 <0.56
o [ ! g2 DO (ee only) 0.43 0.08 0.17
~DF 048 3 o CDF 0.43 0.07 0.16
SLD: A | —o— _[ioes00er=0i00025 - Uncertainties for LHC measurements
LEP + SLD: A, R 0.23221 + 0.00029 will decrease as luminosity increases
LEP . SLD L 0.23153 - LHCDb measures_very forward ra.lpldlty

S EE—— S— (upto 4) - potentially measure high
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Singelept precision results.

eff



Electroweak boson couplings

Triple Gauge Coupling (TGc) * SYL (2)XU(1)y Gauge theory defines uniquely
Gauge Boson Couplings

v/Z
- No other couplings allowed, e.g. no neutral TGC such
as 227
* Precise measurements in multi boson final
W e states test the EW theory!
_ : « NLO EW correction and NNLO QCD correction
Quartic Gague Coupling (QGC) calculated
1% 4% W W W W 1% W
g Y 7 g Z Z W 1%
Nieas Nineas = Nobs — Npkg - Ngwl b theoretical only
fTotal XseC | omess = ACL, .| Where L., =integrated luminosit A= NE™ | uncertainty
. Nmeas Ngen. €
. = — A _ fiducial “*Data the. + exp.
Fid Xsec  |71iq CLint ¢= Nree ey | uncertainty
Unfolded differential Xsec: detailed test of the SM gauge structure!




Anomalous TGC and QGC

Add terms to the SM Lagrangian with minimal constraint
/Z if;_ﬁ;_‘} WAL W™ — WL WH) VY 4 mvw+w V4 g x\vﬁwwﬂw (V=1y or Z)
Ls \_ ‘} ot ke %

"'\-\_

K. Hagiwara et al. PhysRevD.48.2182

Preserve unitarity using Form factor ., _ G
(14 8/A% )"

Moving to EFT: discussed under LHCEW WG

d
Zod

Legpr = Lsy + Z =

1
Un|tar|zat|on Form factor | +5/A2,)2 OF energy cut-off

- The adapted model assumes Dime8 operators only impact QGC with no effect on TGC

f%; fT; f\/,
example of DIm8 ferr=~Low+3 ] Fi0s;+ 3 FiOra+ >, “F5-Ou,

7=1,2 1=0,...,¢ 9 7=0,..., 7§

- Constrain from multi-channels including VBS diboson production

W 1% W W W W 1% W
Y Y Z ki A Z W 44



Diboson cross section

September 2017 CMS Preliminary
‘ ' | Wy—stvy
CMS measurements 7 TeV CMS measurement (stat, stat+sys) O = [njee = 0]
vs. NNLO mwo) theory 8 TeV CMS measurement (stat,statssys)  +—e £y-vity
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ratio to best theory

 Overall good agreement with the Standard Model
« NNLO improves agreement substantially
« NNLO reduces uncertainty to 10~20% from NLO at 60% (arXiv: 1604.08576) )

- Almost all recent measurements are limited by systematics uncertainties

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/SM/
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alGC limits

charged dim-6 neutral dim-8

K. Hagiwara et al. PhysRevD.48.2182 G. J. Gounaris et al. PRD 61, 073013
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Triboson Summary

Mostly statistics uncertainty dominated.
Largest systematic in all cases is on fake background model.

VBF, VBS, and Triboson Cross Section Measurements swuws Juy2017  [Ldt
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Vector Boson Fusion Vi

VBF W bremsstrahlung non-resonant

f 0

Signal

(a) Vector boson fusion (b) W bremsstrahlung (c) Non-resonant

Background
(x10 Signal)

Y1+ Y2

2
|
entra] r I

Topology to enhance EW: /////////}// egion|

e i fomend ot i ///////////

large m;
 Only charged lepton accounted
In this talk.




VBF Vjj Summary

LHC electroweak Xjj production measurements

= v ATLAS
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107"}
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W Vector Boson Scattering: VVjj

- Measurements of the VBS process indirectly reflect/prove the SM Higgs
mechanism and help searches for new physics in TeV scale.

VBS non-VBS

EWK Signal acc TGC = +

qaq ag +...
Background j\:j- iij:é

Topology: VV + 2 tagging high p_ jets in the forward-backward regions
with large m., large rapidity gap and low hadronic activity in between.



Observation of VBS

First observation of VBS same-sign WW: a milestone study!
First study of VBF ZZ: BDT discrimination of large QCD
production

arxiv: 1708 0281 2 \
35.9 fo' (13 TeV)
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aQGC Limits results

CMS
July 2017 ATLAS Channel Limits I Lot (s
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A> 1TeV ! H Wy [-4.30401. 4.40+01 19.7 b 8 TeV
. NS — WVy [-1.3e+02, 1.3e+02 202" 8 TeV
M4 [ Wy [-4.0e401, 4.0e+01 19.7 fip’ 8 TeV
£ IA P WVy -2.0e+02, 2.0e+02 20.21b" 8 TeV
MS — Wy -6.5e+401, 6.5+01 19.7 fb" 8 TeV
(NS [ WVy -2.50402, 2.5e+02 202 fb" 8 TeV
M6 — Wy [-1.3e+02, 1.3e+02 19.7 fio’ 8 TeV
— ss WW [-6.5e+01, 6.3e+01 194 1" 8 TeV

H 55 WW -1.2€401, 1.2e+01 359 fb" 13 TeV
A I ! WVy -4.70402, 4.70+402 20.2fb’ 8 TeV
mr [S— Wy [-1.6e+02, 1.6e+02 19.7 10" 8 TeV
" ss WW [-7.0e+01, 6.6e+01 19.4 fb‘: 8 TeV

l 1 ! ! b ! | sswWwo | [-1.30401, 1.3¢401] 1 35.9|fb 13 Tev !

aQGC Limits @95% C.L. [TeV™]



W Summary

* Thanks for outstanding performance of LHC and experiments

* Rich program of precision measurements on differential distributions
anticipated with larger datasets available, e.g. WW, ZZ, ..., etc.

* Precision measurements to constrain virtual corrections
» Competitive W mass measurements at the LHC
* Process on measurement of weak mixing angle
* Observation of exciting low cross section processes
* Measurements of many triboson and VBF channels
* >50 observation of VBS process (W*W+j))

- Multi-bosons analyses are precision tests of the state of the art of the
theory :

» Cross-sections sensitive to NNLO QCD and NLO EWK
* Probe the EWK gauge structure of the SM : anomalous TGC and QGC



