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Introduction

Model P ion Cross Secti Status: July 2017
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» Cross sections of electroweak processes at - £ °
the LHC span eight orders of magnitude - 4 — 3
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» High precision measurements using events .. .° e on
with single W and Z bosons = & Sl W
2 & LHCpp Vs =13 TeV.
» Precise measurement of diboson processes <2, -
> First measurements of rare processes e ]
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» Summary of recent results in the electroweak sector from ATLAS, CMS and LHCb
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Measurement of my

> First measurement of my, at the LHC
> Performed in 2011 data at Vs = 7 TeV,

> P
. & DPata
using 7.8M W — uv and 5.9M W — ey events ¢ me
e o =30
2 |
S |
. . . . g !
> Extensive re-weighting approach to describe all relevant Y !
kinematic distributions (y x pr x A;) 2
5 : T
g 1
; f‘*ﬁ tﬁﬂj
> The largest sources of uncertainties are theoretical! § o3 44‘45 s
. . P, [GeV]
> QCD modelling (parton-shower and angular coefficients) !
> PDF uncertainty from CT10 (+ CT14 and MMHT2014) 3 o
> Eaaclgfonnd E
g Yeldof =57/59
@ E
Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total | x2/dof E
categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | of Comb. E
mr, W*, e-p 80370.0 | 123 83 6.7 14.5 9.7 94 34 169 309 2/6 -
my, W™, e-u 80381.1 | 13.9 8.8 6.6 11.8 10.2 9.7 34 162 305 7/6 E .002 it T
mr, W*, e-u 803757 | 9.6 78 55 130 83 96 34 102 251 11/13 T g:%w'«mm”m Mwwhﬂ ﬂlf H‘Hm
s Jid
p[ *ep 80352.0 | 9.6 6.5 8.4 25 52 83 57 145 235 5/6 % 98 T ) 50 1‘00 o 50
W=, e-u 80383.4 | 10.8 7.0 8.1 25 6.1 8.1 57 135 236 10/6 o m, [GeV]
I L WE e 80369.4 72 6.3 6.7 25 4.6 83 57 9.0 187 19/13 T

mr-pl, W e | 803695 | 68 66 64 29 45 83 55 92 185] 2927
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https://arxiv.org/abs/1709.05822

Measurement of my
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ATLAS e my % E ATL/-‘\S = my = 80370 0,019 Cev ]
Stat. Uncertainty O, 805 Bl m -17284+070GeV |
— Full Uncertainty EE £ --- m,=12509+0.24 GeV
80.45~ [ 68195% CL of m,, and m,
LEP Comb. @-80376£33 MeV. C
Tevatron Comb. o 80387+16 MeV 80'4;
LEP+Tevatron @-80385£15 MeV/ 80.35: :
ATLAS ———@ B0370x19 MeV 80.3 E 5 68/95% CL of Electrowealc]
. = Fit w/o m,, and m, ]
Electroweak Fit —_@-80356:8 MeV r (Eur. Phys. J.C 74 (2014) 3046)
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my, [MeV] m, [GeV]
» The measurement of my is compatible with previous
CMS preiminary measurements and as precise as CDF and DO individually:
o Pr
1, my = 80370 + 7(stat.) + 11(exp. syst.) = 14(mod. syst.) MeV
o ' ‘ e > It is compatible with the global electroweak fit
s e
¥ 2
2 m, —1
E 2 _ _Z
2 g, [ fo—— my, = 2
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> W-like measurement of m, from CMS hints at a more precise recoil

calibration with larger uncertainties on the lepton calibration
4/15


https://arxiv.org/abs/1709.05822
https://cds.cern.ch/record/2139655

Prospects for low-u run

N L
2 ATLAS Simulation
W-boson charge w+ w- Combined o 115 V5=7 TeV, pp— WX, pp— Z+X
Kinematic distribution Py mr  py omr ph mp .
Smyw [MeV] 108
Fixed-order PDF uncertainty 131 149 120 142 80 87 }
AZ tune 30 34 30 34 30 34
Charm-quark mass 1.2 15 1.2 15 12 15
Parton shower pp with heavy-flavour decorrelation 5.0 6.9 50 6.9 50 6.9 0.95
Parton shower PDF uncertainty 3.6 4.0 2.6 24 1.0 1.6 0.9 == Pythia 8 AZ
Angular coefficients 5.8 5.3 5.8 5.3 5.8 5.3 : —— DyRes 1.0
Total 159 181 148 17.2 116 129 085f — gewos
0'80 E‘) 1‘0 1‘5 26 55 3b 35 40
Pl [Gev]
3 *F ATLAS Simulation Prelimi
H H H © r imulation Preliminary
> Further improvements in QCD modelling needed 8 Eristevae m .
> measurements of angular coefficients A; = 20; . 000
(or using higher order predictions) E 0000**"
> using PDFs that include LHC data 5 wo‘**}
> improve knowledge of p#” 10F <"
> aim to replace the extrapolation from pZ with direct sE DA
measurement E | \ \ |
0 5 10 15 20 25

v

low-u data at 13 TeV could allow for a measurement of p¥V with 1% precision

the LHC delivered 160 fb™! of {1y ~ 2 data in the end of 2016

v
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http://cdsweb.cern.ch/record/2298152

Measurement of sin? Gefs

> Measurement of sin? 9}:;? from the forward-backward asymmetry Agg using 2012 data

at Vs = 8 TeV o (cos6* > 0) — o (cos 6 < 0)
Apg = " -
o (cos@* > 0) + o (cosg* < 0)

CMS Preliminary 18.8 fb™ (8 TeV)
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> Ambiguity in quark direction dilutes Arz and causes a large sensitivity to PDFs

» Variations of si nz elep and variations of PDF Channel without constraining PDFs | with constraining PDFs
L eff. Muon 0.23125 + 0.00054 023125 % 0.00032
uncertainties show different shape dependence  Ejectron 023054 + 0.00064 023056 = 0.00045
Combined 0.23102 4 0.00057 023101 + 0.00030

— PDF uncertainties are constrained by the fit
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https://cds.cern.ch/record/2273392/files/SMP-16-007-pas.pdf

Measurement of sin? G

e etk —— 0.23101 £ 0.00052

CNIS ee 196 * —_———— 0.23056 + 0.00086

> The measured value of sin? e is: Swsssm' [ — o | 028125 = 0.00060

) LHCb ppu 3 fb? ——— 0.23142 + 0.00106
Sin” Gegr = 0.23101 + 0.00036(stat) + 0.00018(syst) = -

ATLAS ee+pp 48 b ——e——— 0.23080 + 0.00120

* 0'00016(the0ry) + Ooooso(pdf) DOee9.7fo" B . N 0.23147 + 0.00047

CDF ee+jp 9.4 fb™ —— 0.23221 + 0.000:
> In agreement with previous measurements SLoA L o | 029008+ 0.00026
at LEP, SLC, Tevatron and LHC LEP +SLD: A —o— 0.23221:+ 0.06029
> Most precise measurement at the LHC LEP eSO ‘ . 0.23153 £ 00016
0.23 0.231 0.232 0.233
sinzegUI combination: +0.00033
0. r r T T ¢ 08F
< 05F LHCh < o
0af somow — o0
>F i 02 > LHCb can probe larger values of y;;
oif T e fmerer 0 but statistically limited
oF *."’ POWHEG + PYTHIA 0.2
01F * (il =02915) 04 > Recent measurement of Arg by ATLAS
Y| i O 24, <20 without a measurement of sin? O
-O'to BID 10‘0 150 1;10 160 : 70 80 90 100 110 120 130 140 150

JHEP 1511(2015) 190  ™w[GVI  juEp 17 (2017)059 MV
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https://cds.cern.ch/record/2273392/files/SMP-16-007-pas.pdf
https://link.springer.com/article/10.1007%2FJHEP11%282015%29190
https://link.springer.com/article/10.1007%2FJHEP12%282017%29059

Diboson Measurements

Diboson Cross Section Measurements Status: July 2017
rr ' : ' ' September 2017 CMS Preliminar
w T T T b e
z [n.:LY= 0 CMS measurements 7 TeV CMS measurement (stat,stattsys) o
Zy-tty vs. NNLO (o) theory 8TeV CMS measurement (stat,stat+sys) e
= [ = 0] 13 TeV CMS measurement (stat,stat+sys) e
~Zyowy w —— 1.06+001£012 50fb?
WV i Wy, (NLO th) ———+—— 116+0.03+0.13 50fb'
— WVt B oo 2y, o) S 0.98+0.01+0.05 5.0fb?
ww 2y, (ot v 0.98 +0.01+0.05 19.5fb*
B woaco WW+WZ —_— 1.01£0.13+0.14 4.9fb?
~WWore, [ = 0] LK pp Vi 7TV ww —a— 1.07 £+0.04+0.09 49fb*
W e 2 0] - 0 ww —— 1.00£0.02+0.08 19.4fb"
el = stats syt ww e 0.96+0.05+0.08 23fbt
wz A wz e 1.05£0.07 +0.06 4.9 fb*
v - wz e 102+004+0.07 19.61b’
2 e Vi= 1T wz ] 0.80+0.06+0.07 23fb?
aia 7z —— 0.97£0.13+0.07 49fbt
_zz80 ot 74 ——— 0.97 +0.06 £0.08 19.6fb*
7z . 1.14+0.04+005 359fb*
~ 2250w . . L .
-2z Al RSuts at R i st io: 2
. tpicern ehigolpNi7 Production Cross Section Ratio: Gy, / Oy

06 08 1.0 12 14 16
ratio to best theory

Recent diboson measurements reach a precision of 10% or better
> Many of them are already systematically limited

» Agreement with theory improves substantially using NNLO calculations
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ZZ — 4¢ production

» Updated results on pp — ZZ — 4¢ cross sections from ATLAS and CMS,and pp — Z — 4¢ from CMS

> Fiducial cross section measurement systematically limited for the first time
102 CMS 35.9fb " (13 TeV)
: ,

B > 16IATLAS /5=13TeV,36.1 fo '
N (0
e ——— ~ 14 « Daa
i " g g 12 i Total uncertainty
| | Systematic uncertainty
9 1okl —— MaTRIX NNLO + corrections
3 & == MATRIX NNLO
3 T 0_3‘4 —— SHERPA
E o L . POWHEG + PYTHIA
4 T os (SHERPA 00 & ZZjj)
" POWHEGMCFIPythias
©
T &
% [
= NG
[Py S— s—— ;
°
== ++ p— o
* a 0 50 100 150 200 250 1500
10°
mae (GeV) Pr.ac [Gev]

> Large dataset and clean final state allows for an increasing number of differential measurements

> Limits on anomalous neutral TGCs improved by ~ 2 —0.0012 < f# < 0.0010, —0.0010 < fZ < 0.0013,
—0.0012 < f] < 0.0013, —0.0012 < fJ < 0.0013.
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https://arxiv.org/pdf/1709.08601
https://arxiv.org/pdf/1709.07703

Vector Boson Scattering / Vector Boson Fusion

January 2018 . . . (‘:MS Preliminag
CMS EWK vs. 7TeVCMS (statstat+sys) [——
Theory 8 TeV CMS measurement (stat stat+sys) [E——
13 TeV CMS measurement (stat,stat+sys) — ——e——
qgw e 0.84£0.08+0.18 19.3fb!

qaZ o 093+0.14+032 50fb*

qqz e 0.84 +0.07 £0.19 19.7 fb*
qqZ - 1.02+0.03+0.10 359fb
Yy - WW ——————————— 1743000074 19.71fb"
qqwy <+ 177 £0.67 056 19.7 fb
SSWW #——e——t1 0.69+0.38+0.18 19.4fb"
s WW het 0.90 £0.16 +0.08 35.9 fb!
qqzy e+ 1.48+0.65+048 19.7 bt
qqzZ [ —— 1.38+0.64+0.38 359fb™

Alresusat ! Proéuction Crossssection RatiAo: O ! O, :

http:/icern.chigolpNj7 exp ! Ctheo

> LHC dataset allows studies of the EW prod. of single (O(“gw)) and diboson (O(QSW)) final states
> Access to quartic EW couplings in W — VV signatures with sensitivity to EWSB
> VBS and VBF topology is:

> two forward jets with high invariant mass
> and a large rapidity gap
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Electroweak Zjj production

—— 13Tev. (QCD-Zj) +
—©— Data (EW only) 13 TeV. MG5_aMC (QCD-Zjj) + PowHeG (EW-Zjj)
— Tev
> Electroweak Zjj production measured by ATLAS and —-+ T e O
CMS =) : ]
2 100, T 3
. . L T T © ksl B E|
> ATLAS highlights: s E Rbel ez b . i
o Eﬂ L6 e NGsaC (aCo ) E 10°F ™ “lg 4
analysis in EW-and S 14f = Seanaror e E i Z, 3
—enri i ERY E ! o
QCD equched regions, £ 121 10°F, 1 s s L *é
data-driven correction 5=13Tev, 321
0.8] 10 LVs=8TeV, 20.3 fby o |
factors to QCD 06 e T, e oo WS BT
0.4F E 9 15F T NT AN
AT S I QAR SR TLX ER T Ko
1000 2000 3000 4000 S - ” CETT R
Dijet invariant mass [GeV] § 0.5 H _|
Fiducial region
. . 359m“mrew
> CMS highlights: E 10°F s Diekeron | S
full 2015+2016 dataset, higher precision, 210 = < e
studies on had. activity, limits on aTGCs 2 10° B '
§ 10° e aa e
> Comparison of ATLAS and CMS results:
- 1
0 of
oew(ATLAS) =119+ 16 +20 fb for mj; > 250 GeV 2 <5
8 500 1000 1500 2000 2500 3000

oew(CMS) =552 +19+55  fb for m; > 120 GeV m; (GeV)
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https://arxiv.org/pdf/1712.09814
https://arxiv.org/pdf/1709.10264

Electroweak ZZjj production

T T T
CMsS —-Data

W ZZjj EW
W99 - Z2Z
[aq - 2Z
Ottz, wwz
EZ+X

m; > 100 GeV

Events / 0.04

0.2 0.4 0.6 0.8
BDT output

35.9 fb (13 TeV)
RS

> First study of electroweak ZZjj production

> Afit to a BDT discriminant is used to separate the EW signal
(5%) from the QCD induced production (83%)

1 > The significance of the signal is 2.70 (1.60 expected)

> The fiducial cross section is measured to be:

o™ = 0.407 0 (stat) 023 (syst) fb

compared to the theoretical prediction at LO of o = 0.297%92 fp

—-0.03
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https://arxiv.org/pdf/1708.02812

Observation of Vector Boson Scattering

> Electroweak W=W=jj production is an ideal probe for vector
boson scattering

> QCD production suppressed using leptons with same charge

> First observation with 5.50 (5.70 expected)

CMS 35.9 fb™ (13 TeV) CMS 35.9 fb (13 TeV)
c T c T
3 - Data S - Data
~ 150 EW WW — 150 EW WW 7
§2) mwz §4] mwz
c [ Nonprompt < [ Nonprompt
g Others ‘1>-’ Others
M 100 N BKg. unc. ] 111100 N Bkg. unc. —
50 SN ] 50 i
\\\\\\\?\\\\\\\\\\\\\\\\W B
0 T I 0 n n n n ! ! 1 ! !
500 1000 1500 2000 200 400 600
m; (GeV) m, (GeV)

> The fiducial cross section is measured to be:

o9 = 3.83 + 0.66(stat) + 0.35(syst) fb
in agreement with the theoretical prediction at LO of o1 = 4.25 + 0.27 fb .


https://arxiv.org/abs/1709.05822

BSM Limits on Quartic Couplings

» Measurements of VBS are used to set model independent limits on BSM physics

» Here shown are limits on EFT dim-8 transverse parameters
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July 2017 A — Channel Limits I i
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» New limits from W*W=jj and ZZjj constrain the transverse parameters to O(10°),/TeV*
(fr.0.fr.a,fr.2 from SUL(2), fr.9, fr.9 from Uy (1))

» Limits on mixed longitudinal and transverse parameters set to O(101)/TeV* - 0(10°)/TeV*
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Conclusions

> The electroweak precision measurements at the LHC become increasingly precise

> for the measurements of my and sin? Oef the precision of Tevatron is in reach
> improvements in the theoretical description of the W and Z DY processes are needed

» Measurements of diboson production reach the precision era

> with uncertainties of typically a few percent they are sensitive to NNLO effects
> limits on anomalous triple gauge couplings improve on those derived at LEP

> The large datasets recorded by the experiments render rare processes accessible

> access to quartic gauge couplings in triboson and VBS signatures
> first observation of a VBS process
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