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Outline of the talk

» CMS detector and data taking
> EW processes at the LHC
> Drell-Yan measurements
> EW production of Wijj

> Multiboson production

> Vector Boson Scattering

Selection of most recent results: not a comprehensive overview of all
EW measurements of CMS



CMS detector and data taking

Compact Muon Solenoid
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CMS detector and data taking

CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC
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Overall ~200 fb-! of data in Run |1 and I
of which 160 fb-1 at 13 TeV
A total of 300 fb-1 expected after Run lll (2021-2024)
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CMS detector and data taking
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EW processes at the LHC

At least a weak boson, measurements up to three (including photons)

September 2019 CMS Preliminarv

@ 7 TeV CMS measurement (L <5.0 fb™)
@ 8 TeV CMS measurement (L < 19.6 fb™)
Do S M 13 TeV CMS measurement (L < 137 fb™
snjetls): . . o o1 Theory prediction

. 2 L Z CMS 95%CL limits at 7, 8 and 13 TeV
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All results at: http://cern.ch/go/pNj7




EW processes at the LHC

Cross-sections span over 9 orders of magnitude

September 2019

from single W,Z production

to di-bosons and tri-bosons production

to Vector Boson Fusion
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One or more weak bosons decaying
to e or u leptons is the “golden”
signature for EW processes
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= Single bosons are “Standard 104 b e e e e
candles” for SM physics oo B o e

All results at: http://cern.ch/go/pNj7

= Multibosons are very sensitive to
BSM



W/Z production at the LHC

Single W and Z are clean and powerful probes for fundamental processes

Q  wz

gbar AY
LO

To first order at LHC, W and Z are generated by a valence quark and a sea anti-
quark (Q~100 GeV)

Parton fractions are 10-3<x<10-1, so sea-sea contributions are also important




W/Z production at the LHC

Single W and Z are clean and powerful probes for fundamental processes

q | g g/qbar
Wiz 00000 —
Y W/Z
q
Qar 1/ i VAVAAY

LO + NLO

To first order at LHC, W and Z are generated by a valence quark and a sea anti-
quark (Q~100 GeV)

Parton fractions are 10-3<x<10-1, so sea-sea contributions are also important
Furthermore NLO (W/Z+jets) depends also on gluon pdf!




W/Z production at the LHC

Single W and Z are clean and powerful probes for fundamental processes

q | g g/qbar
Wiz 00000 —
q Y Wiz
gbar /v —N\/\/V'V

LO + NLO

To first order at LHC, W and Z are generated by a valence quark and a sea anti-
quark (Q~100 GeV)

Parton fractions are 10-3<x<10-1, so sea-sea contributions are also important
Furthermore NLO (W/Z+jets) depends also on gluon pdf!

EW processes allow precision measurements of fundamental parameters
through their couplings, but most measurements will depend on PDFs

... can not forget QCD!




Drell-Yan m,, differential cross-section

» Distribution of m,, measured in the range 15-3000 GeV SMP-17-001
» Leading muon (electron): pt > 22 (30) GeV, Inl < 2.4 (2.5) JHEP 12 (2019) 059
> Trailing lepton: pt > 10 GeV
> Resolution effects and QED FSR are unfolded
> Then cross-section is obtained by correcting for acceptance Aand  —, 5. — N
efficiency ¢ Ael
CMS 2.8 fb" (13 TeV) CMS Simulation 13 TeV
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S 720 30 100 200 1000 2000 Results also given without A correction:

m [GeV “fiducial cross-section”



Drell-Yan m,, differential cross-section

Results for 13 TeV based on 2015 dataset of 2.8 fb- SMP-17-001

ee and uyy combined after unfolding FSR effects (“dressed leptons”) JHEP 12 (2019) 059
Acceptance is the largest uncertainty at low mass while statistical = systematics at high mass
Excellent agreement with predictions from FEWZ (QCD NNLO + EW NLO)

— CMS 2.3 fb” (ee) 2.8 b () (13 TeV) Photon-initiated negligible
> F . DO .
e 10F Y/Z—>ee, wu except at very high mass .
& 10F :
a
3 CMS 2.3 b (ee) 2.8 fb™ (uy) (13 TeV)
& 101 o 3 YZ —>e'e, utn
O E © | | Stat unc. Tot. unc. ' ’
© 1 0—2 _g Q i
O = g 2.5 v Theory(FEWZ, wio PlyData
-3
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z C - e s
10 é— - 5 F e Theory(FEWZ, w/ Pl)/Data = ¥ S,
10k - FEWZ (NNLO QCD + NLO EW) 1.5
! Lo | ! RIS 1%1’,‘?{/.! | A SN
% 1.5F | stat.unc. .~ Tot.unc. |¥ Theo. unc. (FEWZ) w, e /*I’ 7% '%-,-fl‘» l ' ‘
i roims Y . 9 a7 :
- - e 7 77 0.5
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SMP-16-007
EPJC 78 (2018) 701
y A

Ars In DY events and sin20w

Angular distribution in qgbar — Z/y — £+~
do

1 20* + Agcos6* C e [y
d(cos 07 x 1+ cos™ 0" + Ay cos / i L 9
3 Op — 0B .
App = cAy = ———
The asymmetry Agp = g A4 e tom 'S due to the 1,2 p

interference of vector and axial currents = sin20w ,
Collins-Soper frame

Direction of incoming quark determined from the boost
» quarks are mainly originated from valence quarks and tend to have larger x than antiquarks
> dilution of asymmetry with a strong dependence on the di-lepton rapidity
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Arg in DY events and Sin20w e oo

Measurement done differential in m,, and y,,

> sin20w sensitivity mainly at Z peak
> PDF constrained from Ars value above/below
Results for full 8 TeV dataset: 18.8 fb-1
CMS 18.8 b (8 TeV)
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Arg in DY events and Sin20w e oo

sin? 6%, = 0.23101 =+ 0.00036 (stat) + 0.00018 (syst) == 0.00016 (theo) + 0.00031 (PDF)

LEP + SLD | | | N B | 0.23153 + 0.00016
LEP + SLD: As B —o— | 023221+ 000029
SLD: A, B —O— : 0.23098 + 0.00026
CDF ee+up 9.4 fb™ B | - 0 —— 0.23221 + 0.00046
DO ee 9.7 fb” B — ; 0.23147 + 0.00047
ATLAS ee+up 4.8 b o a = N 0.23080 + 0.00120
LHCb uu 3 fb™ B : o o 0.23142 + 0.00106
S 15 . — O ............. R _ e
CMS ee 19.6fb" B o ) 0.23056 + 0.00086
CMS ee+uu B = *—— ; 0.23101 + 0.00053
0.123 | 0.21’31 0.2132 | 0.233
sin°e

In future can help disentangle LEP/SLD tension!

|5



Ars in DY events and Sin20w  epya 75 (2018 701

sin? 6%, = 0.23101 =+ 0.00036 (stat) + 0.00018 (syst) == 0.00016 (theo) + 0.00031 (PDF)

ATLAS Preliminary

LEP-1 and SLD: Z-pole ‘&2 | 023152 +0.00016
LEP-1and SLD: A2 | —e— | 0.23221x 0.00029
SLD: A B —e—i | 0.23098 = 0.00026
Tevatron B — . | 0.23148 = 0.00033
LHCb: 748 TeV B : . . | 0.23142 = 0.00106
CMS: 8 TeV — o 0.23101 + 0.00053
ATLAS: 7 TeV B o . |0.23080 = 0.00120
ATLAS: eegtin | — et | 0.23119 = 0.00049
ATLAS: ee,. B e |0.23166 = 0.00043
ATLAS: 8 TeV B — o | 0.23140 = 0.00036
023 0231 0232
sin°e/

eff

In future can help disentangle LEP/SLD tension!
(including new ATLAS preliminary result)

|6



Differential Z production cross-section

Results given for fiducial cross-section (2016 data 35.9 fb-1): SMP-17-010
JHEP 12 (2019) 061

» leptons pr > 25 GeV and Inl<2.4

I 919 GeVl < 15 GaV Cross section o B [pb]
» 1My, — . evi < e :
& 07 up 694 £ 6 (syst) = 17 (lumi)
» both ee and uyu channel selected 07 o0 712 + 10 (syst) £ 18 (lumi)
> background ~1% O7_sp¢ 699 =5 (Syst) + 17 (luml)
> largest syst. from lumi = 2.5% FEWZ. predicted (NNLO): 07z—-11=719 £ 8 pb
*
pTee ly47] G e ~ PTIMyy
CMS 35.9fb" (13 TeV) CMS 35.9fb" (13 TeV) CMS 35.9fb" (13 TeV)
Ly FTrTrT Fprrrrrm L rorrrr ' SRR RN R L L D L L '_'X 3 "TTTT " "« T T T T
(%DJ 45 |- S Data E §500 - Se= Data :EJ. 10; Se= Data ]
= 40F ——MINLO 1 N - Zly W, ete —=—aMC@NLO | = _ 6 —~ MINLO
Q . —=— aMC@NLO 5 i v HR. e —~POWHEG | & | —=— aMC@NLO ]
S 35F —— POWHEG © 400 |- —~—FEWZ 1 ©® O5F + —~— PBTMD
S 30E E © | % W == 1 © - # .
% 25%_ Zy - et | 300 =< b 45— : ZIy = w, ete _
205_ ml<2.4,p_>25GeV E B == i 3F H i <2.4,p_>25GeV
- . 200 |- . - : 5
15E E - Il <2.4,p_>25GeV - : 2 F ' 3
10 24 A E 100 |- == 4 : —~ :
C ] ] B . 1 —
5:_ % = i _._: E - E
obind il .l'.fﬁw ) R EEH N RN FUTH RUEE FTE FUTE PO ST R ST oLl . TN I
1 10 107 10° 000204 0608101.21.4 1.6 18202224 103 102 10 1 10
p; [GeV] e 0"

» for normalized cross-section < 1% uncertainty in most bins
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T

Differential Z production cross-section

[pb/GeV]

do/dp

CMS 35910 (13 TeV)
TTTTT |||| 1T |||| ||||| :

4ot <= Data E
40 F —— MINLO B
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30 | ) E
- Zly — p, ete’ ]
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20 F Ml <2.4,p >25GeV 4
15 f —f
10 & E
g . E
i " :
C - 3

0 L || 1 ll.l“ﬂ'.a.h:-.-. =
10 102 103

pZ [GeV]

MINLO/Data POWHEG/Data aMC@NLO/Data

359 b (13 TeV)

i
o

0.8 ——
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ml < 2.4, pT>25GeV Zly —ptu,ete ]

| ||||||||
L R RN

|
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R SN T NN

08}

| IIIIIIl| | IIIIIII| | IIIIIII|_

10°
Pz [GeV]

10 10?

pt¢¢ distribution compared with predictions from:

>

>

PS MC: aMC@NLO (Z+0,1,2 jet NLO), POWHEG, MiNLO (Z+0,1 jet
NLO)

Resummed calculations: PB TMD (NLL+ NLO), Resbos (NNLL+NLO),
Geneva (NNLL+NNLO)

NNLO fixed order (for pt72 > 32 GeV): ZjNNLO (Z+1 jet), FEWZ

Overall good agreement with data within the uncertainties:

>

PB TMD/Data

Geneva/Data Resbos/Data

discrepancies at high pt for POWHEG, RESBOS, PB TMD (missing
higher order Z+jets)

Z+1 jet NNLO fixed order significantly reduces the scale uncertainties at
high pt¢/

10%-20% EWK corrections for pt74 > 500 GeV not included

CMS

35910 (13 TeV)
ETTTTIT T IIIII’II | T TT0

o dGZ ml<24,p >25GeV Z/y —p'w,e'e ]

3591 (13 TeV)
T T T T I T T 1T

- do mi<24,p >25GeV Ziy -yt e'e
- dpZ
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EW production of Wjj ArXi:1509,04040

d d
» select y(e) + missing momentum, 2 jets with pt > 50/30 GeV,

m;; > 200 GeV and an event pr balance < 0.2
> Train BDT using mj, An;, z+, quark-gluon likelihood
> fsig =2 % — 43% for BDT’ > 2.185 (BDT>0.95)

u d
o(EW 2vj)) = 6.23 + 0.12(stat) = 0.61(syst) pb, signal strength 1 =0.91 £ 0.10
CMS 35.9 fo” (13 TeV) CMs 35.9 b (13 TeV
8107 e Data -tQUaé( ESOO """""";'.53{3""]':,";“;,;("'—:
10 MEw wijets Lo U0 10 Wy EREW Wjets [@@vv -
8 10 B Wjets o Z+jets ~ 700 . . —]
o Bt I Interference ; - W+]ets D Z+jets E
= 10° . @ BDT > 0.95 it [ Interference -
W g "E‘ HERWIG++ PS [ QCD RII MC stat. unc. 3
10° " 500 —
10° _f
10 =
1 :
10" E
0.2 m total uncertainty (syst. + stat.) _;
501t _
P REEELEEEEeES e B i
Q_01 _ ot 2 ...................................................: ............ - "“-“"f-“
@ S ffe IS ey oo
+—-0.2} . © : : : : : : :
(U 1 | | 1 I | | 1 1 I 1 1 | | l 1 | | 1 l | = 1 | 'c . . . . . . '
S 0 0.5 1 1.5 2 2.5 0 20 40 60 80 100 120 140

BDT' P,(i3) [GeV]


http://arxiv.org/abs/1903.04040

- T SMP-17-011
EW production of Wjj arXiv:1903.04040
Hadronic activity in the rapidity gap studied in the signal region BDT > 0.95
> sensitive to the treatment of the colour flow

> Herwig in good agreement down to jet pt ~ 10 GeV
» clear disagreement between Pythia and data (now fixed by “dipole recoil” option)

- CMS 35.9 fb' (13 TeV)
8 -1+ e events: BDT > 0.95
o '
O -
Hq_) 0.8——
-'9 L
> B
> 0 6_—
g Correct
O
0.4— * Data
I Background-only
0.2 Background + EW Wijj (MG5_aMC LO + Pythia8)
7 - Background + EW Wjj (MG5_aMC LO + Herwig)
0_1 | | | | I | | | | | | | | | I | | | | | |
0 50 100 150 200 InCOI’reC’[
Third jet o [GeV]
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Multiboson production and VBS

Cross-sections are several order of magnitude smaller

diboson production (5-300 pb) triboson production (0.1-0.005 pb)
vector boson scattering (< 0.01 pb)

Measurements provide a powerful test of SM and an indirect search for new
physics
> new phenomena can induce changes in TGCs/QGC

> enhanced cross-sections, especially at large boson pr

» anomalous couplings usually interpreted in terms of coefficients for dim-6 and dim-8
operators in the framework of effective field theory (EFT):

L= Low+ L g o+szo+

dlm 6 dim 8
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Multiboson production at 13 TeV

Many very recent results!

Production Dataset (13 TeV)
mode

Wz v 35.9/fb JHEP 04 (2019) 122
vibesen Zz il Jlrllljets 1071241 Skl CI\FCILSBP¢§9S(I\2/|§1_;? _10901
WW/WZ Vij 35.9/b JHEP 12 (2019) 062
WWW ll, SS 11+ 35.9/b PRD 100 (2019) 012004
WW ss |l 35.9/b PRL 120 (2018) 081801
Wz v 35.9/b PLB 795 (2019)
77 il 35.9/b PLB 774 (2017) 682
WW/WZ/ZZ vij, 1 35.9/b PLB 798 (2019)134985
Zy ly 35.9/fb CMS PAS SMP-18-007
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Diboson production: ZZ — 47

Among first measurements with full Run 2

_ SMP-19-001
» this measurement 2017+2018: 101.2 fb-1
» combined with 2016: 35.9 fb-1 Year Fiducial cross section, b
S 2016 [5] 40.9 + 1.3 (stat) + 1.4 (syst) & 1.0 (lumi)
Systematic uncertainties driven by lepton 2017 39.1 4 1.2 (stat) & 1.2 (syst) % 1.0 (lumi)
efficiencies and Iuminosity 2018 39.2 £ 1.0 (stat) £ 1.3 (syst) &= 1.0 (lumi)
Combined | 39.9 + 0.7 (stat) £ 1.0 (syst) = 0.7 (lumi)

» correlations of the uncertainty across time are

400
10

200

Important
-1
1 01 fb (1 3 TeV) 3 I I | | I | | I | | | | | |
12 — T T T T T T T T T T T T T T T T T T p—

% 00 - CMS —o— Dsiz - & 20— & CMS 4z (1371b7") Preiiminary ]
Q) [~ Preliminary ) aaioq — ZZ(sjets) ] II:IJ ~ ® CMS 47 -
O 1000 B g0 — zz(+jets) — 1 - ® CMS 272v
2 B z+x 4 a O  ATLAS 47 (x1.016)
D a0 wv ] ol L O ATLAS 4r+2¢2v (x1.016) 7
- BH-z i 15 MATRIX NNLO (qq+qg+9g) - i
G>) Stat. unc. - NNPDF3.0, fixed u =y =m; 7
TP ] B MCFM NLO+gg 7~ |

_ " NNPDF3.0, fixed M= =m, .

|
|

B s = 1

= . o o

8 i

8 05 — . . ! I | ! | | l | | | l ! | |
200 400 600 800 1000 1200 8 10 12 14

m, [GeV’ (s (TeV)
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Diboson production: WZ — 3¢v

> only multiboson process directly sensitive to WWZ coupling SMP-18-002
> |limits on aTGC obtained from M(WZ) distribution JHEP 04 (2019) 122
CWWW
0Lac = =33 Tr[W,, WPW,] + ﬁ " (D,H)"W" (D,H) + ﬁ (D,H)" B" (D,H)
= :c M 'CLm;infj'g'ft)l_1'(1?'Te'V:) Parameter 95% CI (expected) [TeV %] 95% CI (observed) [ TeV~“]
2 L o cw /A2 [—3.3,2.0] [—4.1,11]
5 elf —geee® T T cwww /A2 —1.8,1.9] -2.0,2.1]
g 1 %w Cp/ N (—130,170] [—100, 160]
e [ zz il
102 =" | > total cross-section
Gt e Tiot(pp — WZ) = 48.097228 pb
10 e P > uncer‘[ainty dominated by |ept0n efficiencies
> result in agreement with MATRIX NNLO
1 predictions
-8 3 -Stat bkg. unc. |:|Total bkg. unc. | | UNNLO (pp — WZ) o 49 98 —2. 00/
5 2F r:::' ———t————
s
]
()

0500 1000 1800 2000 2500 3000
M(W2Z) [GeV]
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Diboson production: WW/WZ — ¢v + |et

> “boosted” W/Z — qq reconstructed as a single jet
» mass obtained from sub-jet structure: msp

» |limits set with a 2-D fit to M(WV) and msp

CMS 35.9 fb' (13 TeV)
> 10* Muon channel ¢ Data - CMS 35.9 b (13 TeV)
O 65 <m.. <105 GeV  — — Signaic,, /A°=1.59 TeV = %1400— Muon channel + Data
o SD ] O] 1200F [ YV+jets
S 10%E N 0 Ctt
— = — W
— - (01000_ B Wz
210° E & oo I o
qc) B singlet § Lgu) L—;IP e
LI>J 10 Post-fit unc. _ 600 -
. § 400
1 .
o~ 0
y = 4
102 , RS T e—hgg"%éé ; *Tx¥§{+%%§é+%éé
— wle ol
L.L;-‘:(; ++ *L$;+1{} ll+ {MH l 4 a ill§l}1 111111111 T
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My, (GeV) aTGC Expected limit ~ Observed limit
cwww /A? (TeV™2) [-1.44, 1.47] [-1.58, 1.59]
cw /A2 (TeV™—2) [-2.45, 2.08] [-2.00, 2.65]
.« e . -2
> the limit on cs improves by a factor 10 == c5/A* (TeV ™) [-8.38, 8.06] [-8.78, 8.54]
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WWW

Events

4 WY W W

W

> look for 2SS leptons or 3 leptons

CMS 35.9 fb"' (13 TeV)
35— | | | | | | | u
- |_|lrreducible B charge misassignment - - WWW (stacked) -

30 - : Lost/three leptons Dy—>lepton ¢ Data E
25 . : Nonprompt leptons @Total uncertainty o
20 |- i i =
[ ! t .
15 I \ : -
10F l %&%& -
-l :
5P s RS -
| ]

oetet ettt | oeter  efwt ppt 0 SFOS 1 SFOS 2 SFOS
\¢—— m,;-in——,<¢—— m;-out —, <& Three leptons —»!
| Signal regions
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q W !

SMP-17-013
PRD 100 (2019) 012004 ,~ + A

W

W

W W

result:
o(pp = WEWFW¥) = 0177092 pb

SM expectation: 0.509 +0.013 pb
i : _ +0.62
signal strenght: ; = 0.34735

significance: 0.6(obs) 1.78 (exp)

upper limit: 0.78 pb (obs) 0.60 pb (exp)



Electroweak
ss WW

background

SMP-17-004

Qb PRL 120, 081801 (2018)

Largest ratio of EWK to QCD production compared to other VBS processes
> small background because of same sign leptons (mainly non prompt and WZ)

CMS 35.9 fo! (13 TeV)
= I ! T T
O e Data
~~150 | EW WW
= 150 - o b
H .
o " Nonprompt
2 Others
> AR
W00 1 W Bkg. unc. 1
R
50 - SN
- . \é\\\\\\\\\\\\\%*?\w N
O — T | L, . l—
500 1000 1500 2000
m; (GeV)

> significance: 5.50 (obs.) 5.70 (exp.)

>

>
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0

CTpred

- 3.83 = 0.66(stat) * 0.35(syst) fb

=4.25 *0.27 (scale + PDF) fb

First observation of VBS!



Vector Boson Scattering: WZ

q q g
Rl
Electroweak “\E’M ! QCD SMP-18-001
production i ..,  background PLB 795 (2019) 281
i o
. __ :
Large QCD WZ background

» EW+QCD cross-section measured in a tight fiducial region
> Fit EW on 2D distribution of m;j and An;;

CMS 35.9 b (13 TeV)
x\% = IAInjjIE[IZ.S, 4.0] ' IAlnjjIE[l4.0, 5.0] ' IIAnjjI 250 - > EW+QCD result (tight region):
e | . —Data = fid +0.57 +0.43
I% - 5 :-::EV\t/-Wij . Owzj = 3.18743) (stat) 34 (syst) fb
30 i Y —
. ENopomet 3 > predicted: 3.27 3 (scale) + 0.15 (PDF) fb
20; | ES\C//DV_\&H E [ EW only: 1.25f8:(1)$ (scale) + 0.06 (PDF) fb]
- ' . Stat®Syst. - .
B | | ST 2D it yields: 051
- - =, | e e e _ +0.
Y S = S WEEWSE- - pew = 0.827573
« RN R S 8 C g
2 %ﬁL%%W\\\\\\\\\\ﬁLw“\“ » significance of EW: 2.20 (obs.) 2.50 (exp.)

O 1
0. 7 7 2 7, 7,
5., 0., I8 5520 05, T0., T6. 5,520 05, To., J5. 5520

15°20

m; [TeV]
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Vector Boson Scattering: WV and ZV

WV = ZvorZV — 7 + a jet

priet > 200 GeV + tight dijet selection and centrality of W/Z

Signal region: 65 GeV <mv <105 GeV
Large background from V+jets

Not sensitive to SM yet but sets most stringent limits on EFT operators

CMS 35.9 fb' (13 TeV)
m 106 T T T I I T T T T I T T T T ]
il 3
< —e— (QObserved - V + jets
O _ 5
> 10 E
w Top quark QCD WV ;
10* r
SM EW WV Bkg. uncertainty ;

z
|

SMP-18-006

PLB 798 (2019)134985

May 2019
CMS
Channel Limits | Lt s
| ss WW [-3.82401, 4.0e+01] 10.4 fb" 8 TeV
fs o /A
ss WW [-7.7€400, 7.7e+00] 35.910" 13 TeV
w2z [-2.6e401, 2 80+01] 359 fh! 13 TeV
WV ZV [-2.7€400, 2.7e+00] 35.91b" 13 Tev
es WW [-1.2e402, 1.2e+02) 10.4 b’ 8TeV
fg  IN?
ss WW [-2.2e401, 2.2e+01] 35.9f" 13 TeVv
} | wz [-4.1e401, 4.30+01] 35.91b" 13 TeV
WV ZV [-3.4e+400, 3.4e+00] 35.9fb" 13 TeV
| | l | | l l I
. . ° -4
aQGC Limits @95% C.L. [TeV™]



VBS: final states with neutral bosons

Some operators involve U(1) fields only accessible with EW ZZjj and Zyjj

> ZZjj: ofid — 040702 stat) OB (sysy b pmw = 13970 50

> significance: 2.70 (obs.) 1.60 (exp.)

> Zyjj: ofid = 3.20 £ 0.07 (lumi) £ 1.00 (stat) = 057 (syst) fb  pew = 0.6410 33

> significance: 4.70 (obs.) 5.50 (exp.) [Run1+2016]

c Co | — 35|-9 ﬂ|3-1 (‘||3 TleV) c Cll\n$ | Plrelilmil:lar)l/ | e 3|5$|9 ftl)'1 (|13| TeIV)
g 102 CMS ; g;jtjaEW _ ﬁ 10° g_ —+ Data Nonprompt _§
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i [ ]ttZ, WWZ 1 [ sl
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T /AT =2 TeV*

NS NN N ARSI TSNS

KN KARNNN

i 1 AR
’ = SRR
: 10"
0 200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
m,, [GeV] MZY [GeV]

SMP-17-006

PLB 774 (2017) 682 0 SMP-18-007



VBS: final states with neutral bosons

Some operators only accessible with EW ZZjj and Zyjj

> ZZjj: ofid — 040702 stat) OB (sysy b pmw = 13970 50

> significance: 2.70 (obs.) 1.60 (exp.)

> Zyjj: ofid = 3.20 £ 0.07 (lumi) £ 1.00 (stat) = 057 (syst) fb  pew = 0.6410 33

» significance: 4.70 (obs.) 5.50 (exp.) [Run1+2016]

CMS
July 2019 ATLAS I:| Channel Limits | Ldt B
NS — WWW -1.2e+00, 1.2e+00] 3591fb" 13 TeV
T0 e — Zy -3.8e+00, 3.4e+00] 19.7 fo’ 8 TeV
— Zy -7.4e-01, 6.9e-01] 35.9 fb 13 TeV
Zy -3.4e+00, 2.9e+00] 29.2 fb’ 8 TeV
} | Wy -5.4e+00, 5.6e+00] 19.7 fb 8 TeV
I i ss WW -4.2e+00, 4.6e+00] 19.4 fb” 8 TeV
- ss WW -6.2e-01, 6.5e-01] 35.9 fb 13 TeV
H wz -7.5e-01, 8.1e-01] 35.9fb" 13 TeV
H zz -4.6e-01, 4.4e-01] 35.9 fb’ 13 TeV
H WV ZV -1.2e-01, 1.1e-01] 35.9 fb’ 13 TeV
NS — WWW -3.3e+00, 3.3e+00] 359 fb" 13 TeV
T I | Zy -4.4e+00, 4.4e+00] 19.7 fo’ 8 TeV
— Zy -1.2e+00, 1.1e+00] 35.9 fb’ 13 TeV
—_ Wy -3.7e+00, 4.0e+00] 19.7 fb’! 8 TeV
[ ss WW -2.1e+00, 2.4e+00] 19.4 fb™ 8 TeV
H ss WW -2.8e-01, 3.1e-01] 35.9 b’ 13 TeV
H Wz -4.9e-01, 5.5e-01] 35.9 fb" 13 TeV
H zZ -6.1e-01, 6.1e-01] 35.9 fb’ 13 TeV
H WV ZV -1.2e-01, 1.3e-01] 35.9fb" 13 TeV
NS —- WWW -2.7e+00, 2.6e+00] 3591fb" 13 TeV
T2 } ! Zy -9.9e+00, 9.0e+00] 19.7 fo 8 TeV
— Zy -2.0e+00, 1.9e+00] 35.91fb" 13 TeV
} | Wy -1.1e+01, 1.2e+01] 19.7 fo 8 TeV
} i ss WW -5.9e+00, 7.1e+00] 19.4 fo 8 TeV
— ss WW -8.9e-01, 1.0e+00] 359fb"’ 13 TeV
— Wz -1.5e+00, 1.9e+00] 35.91b’ 13 TeV
— zZ -1.2e+00, 1.2e+00] 35.9 fb 13 TeV
H WV ZV -2.8e-01, 2.8e-01] 359 fb" 13 TeV
£ NG I | 2y -9.3e+00, 9.1e+00] 20.3fb" 8 TeV
TS5 — Zy -7.0e-01, 7.4e-01] 35.9 fb’! 13 TeV
_ Wy -3.8e+00, 3.8e+00 19.7 fo 8 TeV
A — Zy -1.6e+00, 1.7e+00 359fb" 13 TeV
T6 — Wy -2.8e+00, 3.0e+00 19.7 fo’ 8TeV_
NS —— Zy -2.6e+00, 2.8e+00 35.91fb" 13 TeV
T7 l | Wy -7.3e+00, 7.7e+00 19.7 fb” 8 TeV
NG — Zy -1.8e+00, 1.8e+00 19.7 o' 8 TeV
T8 H Zy -4.7€-01, 4.7e-01] 35.9 fb’ 13 TeV
— Zy -1.8e+00, 1.8e+00] 20.2 fb"! 8 TeV
. i ' 2z -8.4e-01, 8.4e-01] 35.9 fb’ 13 TeV
+ A | I Zvy 7.46+00, 7.46+00 203 10" 8 TeV
T9 | Zy -4.0e+00, 4.0e+00 19.7 fo’! 8 TeV
— Zy -1.3e+00, 1.3e+00 35.9fb" 13 TeV
S — Zy -3.9e+00, 3.9e+00] 20.2 fb': 8 TeV
| \ 1 \ —— \ \ p 24 | -1.8p+00, 1.8e+00] ' 35.9 fb 13 TeV

aC summary plots at: http://cern.ch/go/8ghC aQGC Limits @95% C.L. [TeV'4]



Summary

LHC not only a discovery machine: it can provide precision measurements
So far no disagreement found with theory over 9 order of magnitude
More results to come using full Run2 and (in future) Run3: stay tuned!

September 2019 CMS Preliminary
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All results at: http://cern.ch/go/pNj7
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Summary

LHC not only a discovery machine: it can provide precision measurements
So far no disagreement found with theory over 9 order of magnitude
More results to come using full Run2 and (in future) Run3: stay tuned!

September 2019 CMS Preliminary
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Drell-Yan m% differential cross-section

SMP-17-001
JHEP 12 (2019) 059

. Relative uncertainty [%)]
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Arg in DY events and Sin20w e oo

550 CMS 18.8 (uw) + 19.6 (ee) fb (8 TeV)
CY) B I ! L ! ’ ’ ! ¢ J I ' ' ' ' [ ' ' J ! | ' ' ' '_
[ ] v - -
PDF are constrained = - . -
n n 2 B : :
using Bayesian x 8 o0 : I
reweighting FO secte e :
160 - e oo’ -
- LAk UL + ee -
XIZIIIH’Z 140 N ! L L 1 L L f n | " PR S TR R N L N | 1
e 2 * C Nominal NNPDF3.0. ' Weighted NNPDF3.0 -
wl — 5 ] 30 Entries 100 Entries 100
1 N Xin i 9O [ Mean  0.23102 Mean 0.23101 ]
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00229 023 0231 0232 0233
Sin“e.
CMS Nominal NNPDF3.0  18.8 (up) + 19.6 (ee) fp" (8 TeV) QMS Weighted NNPDF3.0  18.8 (uu) + 19.6 (ee) fp" (8 TeV)
Muon ° Muon °
Electron ] Electron ®
Combined ¢ Combined ®
0229 023 023 0232 — %229 023 023 0.032
sin“e’ sin“e.

37



Differential Z production cross-section

T

Uncertainty in do/dp? (%)

SMP-17-01

Source Z — up (%) Z — ee (%) 0
Luminosity 25 25 JHEP 12 (2019) 061
Muon reconstruction efficiency 0.4 —
Muon selection efficiency 0.7 —
Muon momentum scale 0.1 —
Electron reconstruction efficiency — 0.9
Electron selection efficiency — 1.0
Electron momentum scale — 0.2
Background estimation 0.1 0.1
Total (excluding luminosity) 0.8 1.4
CMS 35.9fb' (13 TeV) CMS 35.9 fb' (13 TeV)
15 - Total uncertainty uw Sample 32 15 - Total uncertainty ete sample
----- Unfolding ~ -.:.. Unfolding
T Momentum resolution NQ_'_ T Momentum resolution
- Background ®) - Background
| s Identification & trigger "] \D | =i Identification & trigger
== Reconstruction O] == Reconstruction
i Statistical c i Statistical
10 — Integrated luminosity ; 10 — Integrated luminosity
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B O B
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Vector Boson Scattering: WZ

35.9 b (13 TeV)

Events / 250 GeV

10

T S
-+ Data n
L JEW-WZjj
Mz _
[ Nonprompt |
Bvyv -
B t+VVVY
[]QCD-WZjj
. Stat. unc.

Events /0.5

Data / Pred.
+?

T
“ ORI A \\\\\'\\\ NN NN
k_\\\‘ NN\ SRR AN

L —

e

Data / Pred.

2000 2500

m; [GeV]

1500

Source of syst. uncertainty

Relative uncertainty [%]

O'W'ij EW WZ Slg
Jet energy scale +11/ —8.1 7.0
Jet energy resolution F19/ 2.1 <0.1
QCD WZ modeling — 22
Other background theory +22/-22 0.3
Nonprompt normalization  +2.5/ —2.5 0.3
Nonprompt event count +6.0/ —5.8 1.7
Lepton energy scale and etf. +3.5/—2.7 <0.1
b tagging +20/—-17 <0.1
Integrated luminosity +3.6/—3.0 <0.1
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Diboson production: WW/WZ — ¢v + |et

> Plots for the electron channel

CMS 359 o (13 TeV)
-1 m T T T T T T T T T T T T T T T
cms ot (13Tey)  OMS __________ 3OmTeY)  Sayul o gV
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Vector Boson Scattering: ZZ
EW- and QCD-induced production separated using a BDT

35.9 fb' (13 TeV)

35.9 fb' (13 TeV)

ﬂ' 22 - T T T | T T T T T T | T T T | T T T | v 22 . T T T | T T T T T T | T T T | T T T |
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Vector Boson Scattering: Zy

Fit EW on 2D distribution

of mjj and njj ! :
w
l
muon channel electron channel (b) d
Nonprompt photon 47.6 £ 4.5 39.3 £ 4.0
Other background 74+14 27 +0.8
QCD Zvjj 62.9 + 3.1 496 + 2.7
EW Z7ijj 36.5 + 0.7 254 4+ 0.6
Total background 1179 = 5.6 91.6 + 4.8
Data 172 + 13 113 + 11
(f)
CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 35.9fb™ (13 TeV)
S e ' mmmmacowy, = —+— paa 1 S 50— ' e 0cDWy —+— Daa ]
B R Nonprompt i sT i ?J L Nonprompt P st i
c - . QCD Zy TTy 1 e - B QCD Zy TTy _
o  sol- BN EWK Zy = R ] o _ BN EWK Zy = B -
> ] S 40 —
LLl 7 L A ]
40 : —: ]
30 —f E
20 —f “ _Z
10 ] N
L E— B - S~
[ S T SUUS AU U a A B
g | - —— g |
0 0550800 7000 1200 1400 1600 1800 2000 0 0=&50 800 7000 1200 1400 1600 1800 2000
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EFT: limits on 6-dim operators

CMS

May 2019 P‘?Vfr?' ATLAS -
It Value
LEP —e— Channel Limits [ Ldt (s
5 I WW -2.1e+01, 2.6e+01 20.3fb” 8 TeV
C. /A | WW -2.1e+01, 1.8e+01 36.1 fb’ 13 TeV
B | ® ! WW -2.9e+01, 2.4e+01 19.4 fo” 8 TeV
} ! WV (Ivjj -6.4e+01, 6.9e+01 4.6 fb 7 TeV
} | WV 'V‘j -3.6e+01, 4.3e+01 20.2 b’ 8 TeV
} ! WV (Iv. -1.9e+01, 2.0e+01 20.2 fb" 8 TeV
[ WV (IvJ -1.4e+01, 1.7e+01 19 fb 8 TeV
— WV (ivJ -8.8e+00, 8.5e+00 35.9 fb’ 13 TeV
I T | \!/va qqW,qqZ -?.gegl. ‘11'2618} 35.9 fi’ 13T Tsv
Y -1.6e+01, 1.5e 46fb’ 7 le
C / A2 A Wy -1.2e+01, 9.0e+00 5.0 fb’! 7 TeV
WWW — WW -1.5e+01, 1.4e+01 4.6 fb" 7 TeV
— WW -4.6e+00, 4.6e+00 20.3 fb’ 8 TeV
H WW -3.4e+00, 3.3e+00 36.1 fiy’ 13 TeV
— Ww -1.2e+01, 1.2e+01 4.9 fb 7 TeV
e wWw -5.7e+00, 5.9e+00 19.4 fo” 8 TeV
— WZ -1.1e+01, 1.1e+01 4.6 fb 7 TeV
H WZ -3.3e+00, 3.2e+00 33.6 b’ 8,13 TeV
— Wz -4.6e+00, 4.2e+00 19.6 fb 8 TeV
H wWzZ -2.0e+00, 2.1e+00 359 ﬂ?" 13 TeV
e WV (Ivjj -9.5e+00, 9.6e+00 4.6 fb’ 7 TeV
— WV Nﬂ -5.3e+00, 5.3e+00 20.2 b 8 TeV
[ WV (IvJ -3.1e+00, 3.1e+00 20.2 fp” 8 TeV
[ WV Nﬂ -9.2e+00, 7.3e+00 5.0 fb; 7 TeV
H WV (Iv -2.7e+00, 2.7e+00 19 fb™ 8 TeV
H WV (IvJ -1.6e+00, 1.6e+00 35.9 b’ 13 TeV
} | EW qq -3.6e+01, 3.2e+01 20.3 b’ 8 TeV
[ EW qqW -1.3e+01, 9.0e+00 20.2 b’ 8 TeV
H EW qqW,qqZ -2.3e+00, 2.5e+00 35.9 fb" 13 TeV
b—0—] DO Comb. -8.7e+00, 1.1e+01 8.6 fb 1.96 TeV
—e— LEP Comb. -1.4e+01, 4.1e+00 0.7 fo 0.20 TeV
5 — WW -9.4e+00, 1.3e+01 46 fb" 7 TeV
C /A — WW -5.9e+00, 1.1e+01 20.3 b’ 8 TeV
W — WwW -7.4e+00, 4.1e+00 36.1 fh" 13 TeV
t i WW -2.3e+01, 2.3e+01 4.9 fb 7 TeV
—o— WW -1.1e+01, 5.4e+00 19.4 fy” 8 TeV
} i WZ -1.4e+01, 2.2e+01 4.6 fb 7 TeV
WZ -3.6e+00, 7.3e+00 33.6 fb 8,13 TeV
WZ -4.2e+00, 8.0e+00 19.6 fb’ 8 TeV
— WZ -4.1e+00, 1.1e+00 35.9 fb” 13 TeV
— WV -1.3e+01, 1.8e+01 4.6 fb 7 TeV
— WV ""j -6.4e+00, 1.1e+01 20.2 fb’ 8 TeV
WV (Iv -5.1e+00, 5.8e+00 20.2 fb” 8 TeV
WV (IvJ -2.0e+00, 5.7e+00 19 fb 8 TeV
WV (IvJ -2.0e+00, 2.7e+00 35.9 fb 13 TeV
} ! EW qq -3.3e+01, 3.0e+01 20.2 fb’ 8 TeV
— EW qqW,qqZ -8.8e+00, 1.6e+01 35.9 fy” 13 TeV
—o— DO Comb. -8.2e+00, 2.0e+01 8.6 fb 1.96 TeV
| | | , . e , | , , LEPGomb. |,  [-1.3e+01, 5.1e+00], | o7f" |, 020TeV |

-100 0 100 200

aC summary plots at: http://cern.ch/go/8ghC aTGC leltS @950/0 CL [TeV'Z]
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Dibosons cross-sections

I\/Ilarch 2019 | | QMS 'Preli[ninarly
CMS measurements 7 TeV CMS measurement (stat,stat+sys) =0+
vs. NNLO (o) theory 8 TeV CMS measurement (stat,stat+sys) o+
13 TeV CMS measurement (stat,stat+sys) +—+eo—+
vY o 1.06+0.01+0.12 5.0fb"
WY, (NLO th.) ——o+—— 1.16+0.03+0.13 5.0fb"
ZYy, (NLO th.) i 0.98+0.01+0.05 5.0fb"
ZY, (NLO th.) —.— 0.98+0.01+0.05 19.5fb"
WW+WZ — - 1.01+£0.13+0.14 491b"
WW e 1.07+0.04+0.09 4.9fb
WW e 1.00£0.02+0.08 19.4fb"
WW ——e—— 0.96+0.05+0.08 2.3fb"
"\ o 1.05+0.07+0.06 4.9fb"
WZ —. — 1.02+0.04+0.07 19.6fb"
Wz o 0.96+0.02+0.05 359fb"
77 - ~ 0.97+0.13+0.07 4.9fb"
77 ————— 0.97+0.06+0.08 19.6fb"
77 o 1.06+0.02+0.04 137 fb"
T
nttp oo avaaloNi7 Production Cross Section Ratio: G, / Gy,
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VBS cross-sections

I T T T T I

7 TeV CMS measurement (stat,stat+sys)
8 TeV CMS measurement (stat,stat+sys)

13 TeV CMS measurement (stat,stat+sys)

0.84+0.08 £0.18
0.91+0.02 £0.09
0.93+0.14 £0.32
0.84+0.07 £0.19
0.98+0.04 £0.10

1.74+£0.00 £ 0.74

+ 1.77£0.67 £ 0.56
0.69+0.38£0.18
0.90+0.16 £ 0.08

1.48 £0.65+0.48
0.64+0.20+0.12
0.82+0.47

‘ Ju]Iy 2919] j
CMS EW measurements vs.
Theory

qqW o
qqW e
qqZ o
qqZ -
qqZ R
YYy—>WW -
qqWy
ss WW =+ . H
ss WW H—e—H
qaly .
qaZy H—o—
qqWZ .
qqZZ — °

— 1.38 £ 0.64 £0.38

I 1 1 L L I L L L L l

00—+
e+

o+

19.3 fb™
35.9 fb
5.0 fb™

19.7 fb™
35.9 fb
19.7 fb™
19.7 b’
19.4 fb™
35.9 fb™
19.7 b’
35.9 fb™
35.9 b

35.9 fb

CMS Preliminary
T 1

0
All results at:

http://cern.ch/go/pNj7

2 3

4
Production Cross Section Ratio: o.../0
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