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INTRODUCTION

d1

e \/BS can involve quartic gauge coupling.

e With photon: WWZy, WWyy QGC vertex

e Interesting in the context of EWSB due to Higgs

boson’s role in restoring unitarity in VV scattering G2 , , , ,
Sometimes involving Higgs

Cross-section.
exchange

e Also sensitive to triple gauge couplings, but well constrained in diboson production.

e Rare process and large background, only became accessible in recent years at the LHC.

e Can be used to search for aQGCs.
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Standard Model Production Cross Section Measurements

Status: July 2021
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tVW AND

* Not counting

VBS

decays of the boson, at LO:

EW O(aew?)

[ i

Jrves +

W/Z /v \ é Wiz)
.

W/Z [~

/\[\/\’ W/Z/~

/ I N

" non-VBS ¢ / \q"

o All purely EW-induced processes treated as signal, QCD-induced (at least one strong

INteraction ve

(Olasaew?d)), eft

Yee Chinn Yap

tex) as background. EW and QC
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n the extraction of EW s
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D-induced processes interfere
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nen measuring EW+QCD cross-section




SIGNATURE

o At O(apn?), EW process cross-sections are typically much smaller than QCD ones.

e Se
he

ection making use of typical VBS topology

0s to Mminimise non-

e Typical topology:

e 2 high energy jets with wide rapidity

 Hadronic activity suppressed between the two jets.

e Boson pair more central than in non-EW processes.

Yee Chinn Yap

-\W processes.

separation and large invariant mass.
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KEY OBSERVABLES

e (: centrality of the diboson system relative to the two tagging jets
Yyy — (yjl T sz)/z ‘
Yit — Vp2

V

e &=
» Zeppenteldvariable n* = |yyy — (v + y)/2 |
|et
* m;: dijet invariant mass
* |Ayj| or |Anjl|: (pseudo-)rapidity difference
e N9t number of jets within the rapidity gap between the two tagging jets

o |AD(VV, jj)|: azimuthal angle difference between diboson and dijet

Yee Chinn Yap
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ANOMALOUS GAUGE BOSON COUPLING

e Extend SM with dimension-6 and dimension-8 operators in
Effective Field Theory (EFT) framework:

SM

L =L+ Z —09+ ) o)

New Interactions

* Dimension-6 and 8 operators give rise to alGC and/or aQGC,
allowing new types of interactions between weak bosons with

non-SM tensor structure.

* Anomalous gauge interactions would manifest themselves as
enhancement in cross-sections at e.g. high myy or ptV.

e Lowest dimension operators that modity QGC but not TGC is dimension-8.
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PROCESSES INVOLVING PHOTONS

e yWWWW: ATLAS (Phys. Lett. B 816 (2021) 136190, see
Savannah Clawson’s talk), CMS (JHEP 08 (2016) 119, 8 TeV) ,,—=

e /(—Il)y: ATLAS (ATLAS-CONF-2021-038),
CMS (arXiv:2106.11082)

e Z(—VV)y: ATLAS (CERN-EP-2021-137)

e W(—=Iv)y: CMS (Phys. Lett. B 811 (2020) 135988)

°* VY
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https://www.sciencedirect.com/science/article/pii/S0370269321001301
http://dx.doi.org/10.1007/JHEP08(2016)119
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/
http://arxiv.org/abs/2106.11082
https://doi.org/10.1016/j.physletb.2020.135988

EW Zyj]
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q q q q y
VBS via QGC VBS via TGCs non-VBS
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ATLAS-CONF-2021-038

ATLAS Z(=1l)y

e eeyjj and ypyjj channels combined.

e Found 4.1 o evidence with 36 fb-1.

e Data: 139 tb-! full run 2 data recorded with single and di-lepton triggers.

e MC:

e EW signal: Madgraph LO +Pythia with dipole recoil on.
e QCD Zy: Madgraph NLO(<1j) with FxFx merging.

e |nterference: Madgraph O(asagw?). Treated as a systematic on EW.

e Others: tty with Madgraph LO, Sherpa NLO for WZ QCD and Madgraph LO tfor WZ E

Yee Chinn Yap 10


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-038/

ATLAS Z(—Il)y: Selection

e \VBS-enriched selection: Lepton pr > 20,30(leading) GeV, || < 2.47

Ny, > 2
mjj>W50 GeV ijj‘>1, :
Photon EL > 25 GeV, |n,| <2.37

N 92P;es=0. ET" < 0.07E7
AR(l,~v) > 0.4

. et
e SR defined as ¢<0.4 and Jet pr > 50&6‘\/» 1\%1«%\ <44
y| > 1.

QCD-enriched CR as {>0.4. m,; > 150 GeV
remove jets if AR(v,j) <04 orif AR(¢,j) < 0.3

Event Myy > 40 GGV

tO remove _SR > Myy + Mg~ > 182 GeV
C(0y) < 0.4
N9 — 0

jets

Particle-level tiducial selection, similar to SR

Yee Chinn Yap 11



ATLAS Z(—Il)y: Backgrounds - 1000

5 oof. | ATLAS Preliminary s Data =

@ = . {s=13TeV, 139 fb” EW-Zyji 3

G 8008y | prei -gcj;gt;zYu =

. — ! + -

e QCD Zy dominant. 4 7005 | SR ICR - E
600 = ; WZ E

. ] 500 XX Total unc. E

e CR designed to validate the MC . E
modelling of this largest background. 30 E

200 —]

100 =

e /+jets (6% in SR): obtained from data- - +?
o 14r -

d I | Veén 2 D S | d e b an d me t h O d U 'tl ‘ ISI N 9 CD%% 1'21 }\«QW\*M\QMN\Q\«\\MgMm\,\\V\«\\i«\\\\a\\*\\:\\\\\+\\\e\\\\t\\\\\e\\\\\e\\\\\\\\\e§

. . . (- . x 9%, 02 04 06 08 1 12 14 16 18 2 22

ohoton isolation and identification. =(Ihy)

e tty (5% in SR): from MC, using NLO k-factor and validated in a data epy CR.

e WZ (EW+QCD, 1% in SR): from MC.

Yee Chinn Yap 12



ATLAS Z(—Il)y: EW Signal Extraction

e m; distributions fitted simultaneously in SR and CR.

e Good description of QCD Zy by Madgraph MC is found in both regions.

Yee Chinn Yap
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ATLAS Z(—1l)y: Results

e ~100 (11 0) observed (expected).

e Fiducial cross-section measured by scaling predicted

cross-section by signal strength.

_ +0.14
pHEw = 0.957) 3

= 0.95 £ 0.08 (stat) £ 0.11 (syst)
orw = 4.49 +0.40 (stat.) = 0.42 (syst.) tb

e For EW+QCD fiducial cross-section, only SR is fitted.

ocewsocp = 20.6 0.6 (stat.)* 15 (syst.) fb

Yee Chinn Yap

Uncertainty on Ogw

Source Size |90
Electron/photon calibration =+ 0.3
Photon + 0.3
Backgrounds + 1.0
Electron + 1
Flavour tagging + |
Muon + 1.1
MC stat. + 1.4
Pileup + 2.6
Jets + 4.7
QCD-Zy jj modelling o
EW-Zyjj modelling Y
Data stat. + 8.8
Total #1594

14



arXiv:2106.110382

CMS Z(—1l)y

e Found 4.2 o evidence with 36 tb-'.
e Data: 137 fb! full run 2 data recorded with dilepton triggers.

e MC:
e Similar MC as ATLAS for the EW, QCD Zy and interference.
o tty with Madgraph NLO, Pythia LO or Powheg NLO for VV and single top.
e aQGCs with Madgraph LO.

e Backgrounds:

e QCD Zy from simulation but constrained by fit to data. Interference treated as part of QCD.

e /+jets: data-driven.

e Other: tW and WW to NNLO, WZ, ZZ, QCD Wyjj and tty to NLO.

Yee Chinn Yap
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http://arxiv.org/abs/2106.11082

CMS Z(—1l)y: Selection

Common selection

Fiducial volume

Control region

EW signal region

aQGC search region

Yee Chinn Yap

01,02

pr’ > 25GeV, [n**2| < 2.5 for electron channel

1,02

pr " > 20GeV, 17t142| < 2.4 for muon channel

pr > 20GeV, |57| < 1.442 or 1.566 < |17
P = 30GeV, [l2] < 4.7

< 2.500

70 < My < ].].OGeV, rnz,}, > 100 GeV < tO remove FSR

AR;, AR, ARy, > 0.5, AR, > 0.7

Common selection,

Common selection,
150 < My < 500 GeV

Common selection,
n* <24, Apz. 5 > 1.9

Common selection,
pt > 120GeV <

Zeppenteld variable N*=|nzy-(Ni1+Nn;2)/2

igher p7Y in aQGC search

16



CMS Z(—l)y: EW Signal Extraction

e SR and CR divided into lepton flavour and whether photon in ECAL barrel/endcap.

SR divided turther into 7 bins in m; and |An;
CR into 3 bins in m;;.

/

Systematic uncertainty on pew

Systematic uncertainty Impact [%]
o Jet energy correction +7.9 —6.7
o Observed (expected) SlgﬂlflcaﬂCe: 240 (85 0). Theoretical uncertainties +55 —47
_ CMS o 187f7(18TeV)  MC statistical uncertainties  +4.7 —4.5
S 200l BEW Zy STTTYW 4 pyy A7 41
2 - cey B QCD zy ~ Stat ® Syst - ' '
g) 150_— barrel Nonprompt Y ; . Related tO e, ’Y “4.5 —36
ek 5 1  PUjetlD +3.7 —-34
100 2> =lAngl=4.5: ¢ 43<lAnt<6 ) ~9  ECAL timing shift at L1 +3.5 =238
1 Nonprompt-y bkg. estimate +2.0 —1.6
> | g Related to +1.7 —14
—___ . J  Integrated luminosity +0.8 —0.6
S U S R B W kg . . .
g | ; | Total systematic uncertainty +14 —12
QO 05

0.5-0.8 0.8-1.2 1.2-« 0.5-0.8 0.8-1.2 1.2-00 0.5-
Yee Chinn Yap m, [TeV] 17



CMS Z(—1l)y: Cross-sections

Hpw = 1.207013 (stat) 7575 (syst) ofid = 521 4 0.52 (stat) & 0.56 (syst) b

Hewroep = L11E000 (stat) 7000 (syst) b cp = 14.7 4 0.80 (stat) & 1.26 (syst) fb

e Ditferential cross-sections in ptY, p7, p7i'. Unfold via ML fit in bins of observables.

— 1 CMS 137 b (13 TeV) ; CMS 137 b (13 TeV)
> = 4 Data(ctat @ evat) S > = =
e Double o : ¢ Data (stat. @ syst.) - o - ¢ Data (stat. @ syst) -
. . 8 107" - EWZy MadGraph S 107 EW Zy MadGraph =
ditferential = . - syst. unc. ; = F | syst. unc. z
s lAnd S == 1 Fof __ et
mJJ VS ‘ nJJ" ..8 - = 'g m%m'_ x ¢ Y 7
— - o) = SR B— ——
10—3 E_ e e e C\IB E =

- o

® BOtthrEW 0] _::::::::::::::::::::::!::::::::::::::_ 0

= p S

= 2 =

and EW+QCD. § |- % g

------------------------------------------------------------------------

pr[GeV]
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CMS Z(—Il)y: Limits on aQGCs ~ Cms 137 fo' (13 TeV)
g 10°E | ¢ Da'lta | Nonplrompt yl E
2 F WEWZy ST TTy,VV
* my, used to extract limits. St WACDZy —p ya*—0.47 Tev*

—F /A =0.91TeV™

Table 8: The expected and observed limits on the aQGC parameters at 95% confidence level. 10
The last column presents the scattering energy values for which the amplitude would violate
unitarity for the observed value of the aQGC parameter. All coupling parameter limits are set
in TeV—*, whereas the unitarity bounds are in TeV. 1

b

Coupling Exp. lower Exp. upper Obs. lower Obs. upper Unitarity bound

Fyvo/A® —12.5 12.8 —15.8 16.0 1.3

Fypp /A4 —28.1 27.0 —35.0 34.7 1.5 107

Favo/ A* —5.21 5.12 —6.55 6.49 1.5

PM3/A4 —10.2 10.3 —13.0 13.0 1.8 0.15-04 0406 06-08 08-10 1012 12-
Faa/A* —10.2 10.2 —13.0 12.7 1.7

Fys/A* —17.6 16.8 —22.2 21.3 1.7 Mzy [TeV]
Fyy /A —44.7 45.0 —56.6 55.9 1.6 o o) . : :
PTIN os i oo pp e 95% CL limits on EFT dimension-8
Fr /A% —0.65 0.63 —0.81 0.90 2.0

Fr/A*  —136 1.21 —1.68 1.54 1.9 operators Mo to Ms , M7, Toto Ty,
Frs /A% —0.45 0.52 —0.58 0.64 2.2

Fre/A* —1.02 1.07 —1.30 1.33 2.0 T5 to T9.

Frr /A% —1.67 1.97 —2.15 2.43 2.2

Frg/A* —0.36 0.36 —0.47 0.47 1.8

Fro/A* —0.72 0.72 —0.91 0.91 1.9

e Most stringent limit to date on To.
Yee Chinn Yap



CERN-EP-2021-137
Z(—VV)Y

e Part of an analysis looking tor 3 signal processes using a final state ot missing Er,
a photon and two jets with VBF/VBS topology:

EW Z(— vv)y VBF H(— inv.)y VBF H — vv4

¢ BSM

e Dominant background from Vy+jets (QCD Zy and EW+QCD Wy). Other
backgrounds from jet faking photon, electron taking photon, jet taking electron,
fake MET and tty/Vyy.

Yee Chinn Yap 20



/(—VV)y: Samples

e Data: 139 tb-! tull Run 2 data, collected with missing Et triggers.

e MC:

e EW signal: Madgraph LO+Pythia with dipole recoil on.

* Normalised to NLO (QCD) predictions from VBFNLO via mj-dependent correction.
e QCD Zy: Sherpa 2.2.8 NLO (<1j), with NLO EW correction.

e Alternative sample with Madgraph NLO (<1j) using FxFx scheme. Difterence taken
as an uncertainty.

e Interterence: Madgraph O(asagw?). Treated as a systematic on EW.

 Other backgrounds: Wy samples similar to Zy, Vyy with Sherpa NLO, tty.

Yee Chinn Yap
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/Z(—VvV)y: SR and CRs

e SR tor EW Z(—=Vvv)y:
* pr>60 (50) GeV, njixn;2<0.
¢ m“>250 Ge\/, |AI’]JJ‘>3,

Adjj|<2.5 to reduce multi-jet.
e 15<p7v<110 GeV (upper bound to reduce y+jets).

o Ermiss>150 GeV, lepton veto.

4 o i1 — N2 21> 0.4
(77]'1 — 77]'2)2 ! 2 |

e C,=1when photon in the middle between the two
tagging jets, =1/e when aligned with one of the jets,
and =0 when tarther forward in n than the jets.

. C, =exp|

o A third jet with pt>25 GeV can be present, if C3 (similar to
Cy but replacing ny with third leading jet n)<0.7.

Yee Chinn Yap

* Four CRs to constrain
backgrounds:

e Wy, and WY,y CRs: require an
additional e/u with pr>30
GeV to constrain Wy.

® /VRev.Cen. CR: reverse centrality
cut to constrain QCD Zy.

e Fake-e CR: like Wy, but
reverse Eymiss cut.

22



/(—VV)y: Backgrounds and Extraction of EW Signal

e Normalisation of EW+QCD Wy and QCD Zy background determined trom fit through use of CRs.

¢ 350 e :
1= = ATLAS Preliminary Post-fit ®-Data  N\Uncertainty -
MZ’)/EW IBZ’)/QCD IBW’Y § 300;_ Vs = 1y3 TeV, 139 fb™ FENSEE EW Z+y [l Strong Z+y
1.034+0.25 | 1.024+0.41 | 1.01 £ 0.20 Hoggof e AT men ey Mswono ey 2
.— - : W irvwvyy ey -
200F - jot—>7 =
. . . . : Y : :
e Jet faking photon: data-driven with 2D sideband method 150F VA Rev.Cen SR \\\\\\(\\\\\;
to determine take rate. 100E : E
50F
e Electron faking photon: using fake rate from Z—=ee data @ @« | e ——————
5 15 :
e Jet taking electron (affecting WY, CR): from Fake-e CR E 1) :
using anti-elD information. 0.5F @-DataBkg N Uncertainty 1 — Pre-/Posti -
0 01 02 03 04 05 06 07 08 09 1
e Fake MET: MC using data-driven jet smearing. Photon Centrality

o tty/Vyy.

Yee Chinn Yap 23



Z(—VV)y: Results

<

o EW Z(=VvV)yj c

observed with it
520(0B.10
expected).

:

Yee Chinn Yap
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.
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- -
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2.\ Uncertainty
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B tty/Vyy
L y+jet

025 0.5 1.0 155/02505 1.0 15502505 _ 10 15502505 10 15 50.25 05 1.0 1.5

Fake-e CR W, CR

¢/ = 1.31 £ 0.20(stat) = 0.20(syst) fb

W,,CR Z

7

Rev.Cen.

CR SR- m;
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U

TGC

VBS via QGC
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Phys. Lett. B 811 (2020) 135988

W(=Iv)y

e Partial Run 2 data analysis with 35.9 fb-1.

e MC:
e EW signal: Madgraph LO

e QCD Wy: Madgraph NLO (<1))
with FxFx merging

o1'>30 GeV, p1v>25 GeV, p1>40 (30) GeV,
mTVV>3O Ge\/,

Selnplaalelgl o iss>30 GeV,

AR>0.5 between selected objects,

e |Interference (Madgraph LO) Mey-21/>10 GeV

treated as uncertainty on the S E ©00<m;: <400 GeV

signal.
e Others: VV Pythia LO, single top SR ::JJ:ESO GeV, Aﬂ.’J‘>2-5: mwy>100 GeV,

Powheg, tty Madgraph NLO. All AWy, jj>2
normalised to NLO cross-sections.

Yee Chinn Yap 26


https://doi.org/10.1016/j.physletb.2020.135988

1
W(—v)y: Backgrounds S 2 (13TeY)
8 10° = ¢ Data [ty []Single t =

0 E ] QCD wy []QcD zy [Je—y E

e QCD WYy: simultaneous fit to SR and ~ 10k gEWWY E'V"S'D lepton SW _
= Bkg. unc MisID photon Double misID I

CR. = 1.281015 c :
Hocp —0.16 Q0 Muon barrel _

L _ §

e Misidentified photon or lepton or both: Control reglon -

data-driven.
e e—V: from MC.

e Others: from MC, normalised to NLO.

Data/Pred
T
’
¢
g 2
4
®
8-
I
-
-
e
5
_..c
- !
—»—
1 ——
4
——
-
+—
—e
e
I
—4—
——
-
_._
.
_l_._
e
o

40 60 80 100 120 140 160 180 200

p. [GeV]
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W(—Iv)y: EW Signal Extraction

e 2D fitin 4 mj bins and 3myy bins simultaneously in SR and in CR.

06 CMS 35.9fb™" (13 TeV)
° oy = 1.20720 49 (4.6) O f= — 1 T T T T T T T T T T 2
EW —0.24 ( ) f 300: EWWy | |QCD Zy " Single t
| | £ _ ¢ Data MisID lepton | e—y
e Combined with 8 TeV :5.3(4.8) o. g “°L Zunc.  EMisID photon | WV
L - B acb wy tty
fid 200-_ Muon barrel B
* Comwyi = 20.4 £+ 2.8(stat) & 3.5(syst) b : : : -
150 m, (30, 80) i my, (80, 130) % my, > 130 -
e For EW+QCD fiducial cross-section, : 2 : :
o 1004 o
only SR is fitted. X
| 50 -
o /@ = 108 = S(stat) = 15(syst) b "

EW+Q0CD—Wyjj

Yee Chinn Yap m; [GeV] 28



W(—Iv)y: Limits on aQGCs

e myy used to extract limits.

The exclusion limits at 95% CL on each aQGC coefficient, parameterized using the
distribution in mwy, and listed along with the unitarity bound. All coupling param-

eter limits are in TeV—*, while the Up,yng values are in TeV.

Parameters Obs. limit Exp. limit Ubound
Mo /A: —8.1,8.0] —7.7.7.6] 1.0
fmi1/A —12,12] —11,11] 1.2
fma/A? —2.8.2.8 —2.7.2.7 1.3
fms/A? —4.4,4.4 —4.0,4.1 1.5
fma/A% —5.0,5.0 —4.7.4.7 1.5
fms/A? —8.3,8.3 —7.9.7.7 1.8
fme/A? —16, 16] 15, 15] 1.0
fmz/A% —21,20] —19,19] 1.3
fro/A? —0.6, 0.6 —0.6,0.6 1.4
fri/A% —0.4,0.4 —0.3,0.4 1.5
fra/A% —1.0,1.2] —1.0,1.2] 1.5
frs/A% —0.5,0.5] —0.4,0.4 1.8
fre/ A% —0.4,0.4] —0.3,0.4 1.7
fr7/A% —0.9,0.9] —0.8,0.9 1.8

Yee Chinn Yap

CMS 35.9 fb" (13 TeV)

lllllllllllllllllll_l|||||||||||llllllllllllllll

g - [ acb wy tty [ single t =
o10° - LJEW wy []acb zy ey _
Q F ¢ Data [ ]MisID lepton [JVwV =
w»  Aunc. [ MisID photon [] Double misID -
c10° o/ A* = 0.8x10"2 TeV™
> -
L

s, Lt

10 /f
2
.. . /g

A
vV

7
gz
U |

200 300 400 500 600 700 800 900 1000 1100
my,., [GeV]

107"

1& SNNTTTT BRI A

Selection for aQGCs search: Common
selection + m;>800 GeV, |An;|>2.5,
mwy>150 GeV, p1v>100 GeV.

Limits on operators MO to M/, TO to T2,
T5to T/. Very stringent.

29



SUMMARY

e Observations ot EW production of Zyjj and Wyjj at 13TeV from ATLAS and CMS.

Experiment Process L [fb] Reference
ATLAS Z(= 1)y ATLAS-CONF-2021-038
CMS Z(—>1l)y 137 arXiv:2106.11082
ATLAS Z(2VV)Y. 139 CERN-EP-2021-137
CMS WG 35.9 Phys. Lett. B 811 (2020) 135988)

e Measured EW cross sections agree generally well with predictions (LO in most cases, NLO QCD in
Z(—VV)Y).

e Main challenge in constraining the dominant QCD-induced production of Vyjj @ design dedicated CRs.

* Process involving photon has larger cross-sections, and sensitive to anomalous quartic gauge couplings.
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DIMENSION-8 OPERATORS

S: Pure Higgs field, pure longitudinal

M: Mixed Higgs-field-strength, mixed
long-transverse

T: Pure field-strength tensor, pure
transverse
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ATLAS Z(=1l)y

Sample SR CR

NE'W—Z")/jj 300 . 36 55 . 7
Nocp—zvi;  987+55 1352460

N, 72411 5949
Ny 1743 1443
Nyt iors 85-+30 143+ 43
Total 1461 =38 1624 £+ 40
N ps 1461 1624

Data stat. MC stat. Background Reco EW mod. QCD mod. Total

Ao pw /opw (%] £9 +1 +1 +5 12 - +13

Yee Chinn Yap



CMS 137 fb! (13 TeV) CMS 137 fo (13 TeV)
c 300FT T o L S S S c 500 T I LA S S S B
Q0 | QO B
2, Foeey o g Fowy, PO
CM S Z(—} ‘ ‘)v S 5 E drre ~ Pred. stat. unc S 400 drre ~_~ Pred. stat. unc.
Ll N L -
2001 T Ewzy : I D EWZy
- B acp zy : S00F B acp zy
1500 - Y
. Nonprompt vy Nonprompt vy
° _ 200
SR: pre ﬂt 100 ST, TTy,VV ST, TTy,WV
50 E 100
o /M o T '
g 2 _ .......... + ....................... . g 1 5 ..._ ............. L ................ % ................ .
500800 7000 1200 1400 1600 1800 2000 0.5 556800 1000 1200 1200 1600 1800 2000
CMS 137 fb” (13 TeV) CMS 137 fbo! (13 TeV)
c 120 T~ T T T T T T c I L I
o) - - e} -
s Coeey o PR LGy o TR
g 1001 endcap ~_ Pred. stat. unc. S - cndedp ~_ Pred. stat. unc. -
LL] — . L n
80| N EWZy ; sof W ew zy
- B acp zy B B acp zy
60 i - %
Nonprompt v ] 100 Nonprompt vy
40 ST,TTY,VV 1 ey ST,TTy,VV
20 — O .
P Lk 0
) E TR A S — + ..................................................... I- - RRRNE TS N TS S—— T ......... L
§ : é : % % %/? i // 74// - § . é & é }” Z /// %
500800 1000 1200 1400 1600 1800 2000 500 800 1000 1200 1400 1600 1800 2000
Yee Chinn Yap m; [GeV] m; [GeV.



CMS 137 fb™ (13 TeV)

H S 200f - mEwzZy B ST,TTy, WV
CMS Z( ) )v L - ce B QCD zy 7 Stat @ Syst
® 150 ybanel Nonprompt vy : _
Ll - ; - ]
. 100E 2.5< |Anjj| S4.5§ + 4.5 < |Anjj| <6 |An | _ﬁ
e SR, post-fit :
50 —
0 L "
= I S
% 1,4//&///////// 055545555 W////////////// ////%//%//5/ 555055554
T
0 0.5
0508 0812 12w 0508 0812 12w 05w
m; [TeV]
CMS 137 b (13 TeV)
c L — 1o/ (1o I Y)
5 1001 BEW Zy ST,TTY,VV
£ i ce B QCD zy 7 Stat ® Syst |
o B Yendcap Nonprompt vy : i
LLI B : : |
2.5<|An | < 4.5! 4.5 <|An [<6 §|Anjj| >_6
O
g ettt eteeeeeaee e teaes et eseaeesese e ek es et et es et eeeae e eseae e s s eseae et eseasea s e e s sene s eseseas et eseaseeesese et ennnens —
g 2
CDU 1 ﬁ-/-/-é-/-/-/-/-/-/-/-/-/-4/—/-/-/////////////%ﬁ%@/-/—/—/-/////- 7‘/////////4‘/%;‘//7‘%-/7&////7

0.5-0.8 0.8-1.2 1.2-0 0.5-0.8 0.8-1.2 1.2-00c  0.5-00
. m, [TeV]
Yee Chinn Yap

300

Events /bin

200

100

Data/MC

150

Events /bin

100

50

Data/MC

cmé 137 o (13 TeV)
i W EW Zy ST, TTy,VV _
L B QCD Zy 7 Stat ® Syst—
B l'u'wbarrel Nonprompt y : _
» 25 <|An | < 4.5 45<|an | <6 |An BY:
,W-//QW/-//////i/////ﬂ//x#///ﬂ////;//////////{////////4//////////g///ﬁ
0508 0812 120 0508 0812 12w 05
m, [TeV]
cms 137 fo'! (13 TeV)
W EW Zy ST,TTY,VV -

B QCD zy 7 Stat ® Syst
endcap Nonprompt Y :

_

af-x-/-/-’/-/-/-/-/-/-%/-A;7474;«4;‘/////}////-/-/-/-/-/-,‘-/-/-/-/-/-M/-/-&ﬁ%ﬁ%/%///-/-/—/ﬂ@/-/—ﬁiﬁ/-/-ﬁ

ML

|IIII|III

5<|An|<45 4.5 <|An [<6 IAnI

IIIO‘IIIII

E

0508 0812 12w 0508 0812 12w 05
m [TeV]

37



CMS Z(—1l)y

e CR, post-fit
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o E\\ differential cross-sections
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CMS Z(—1l)y

e EW+QCD
differential
cross-sections
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CMS Z(—1l)y

Post-fit yields

Process HH Ybarrel ,u,u’)’endcap €€ Ybarrel ee’)’endcap

ST 0704 02=x=02 06=x03 02=x0.2

TT 88+13 21405 34406 02402

VV 6.0x=19 32=x=12 41=x13 08=x0.3
Nonprompt photon 189492 143 69 93.6 =65 74.3 £5.0
QCD Z’)/ 274 = 10 108 = 5.6 162 74 62439

EW Zy 133 4.7 465 =17 845=x=31 282=x1.1

Predicted yiEIdS 612 =13 303 = 8 349 + 9 166 += 6
Data 584 320 375 174
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Z(—VV)Y

Post-fit yields

- N N SR - m.. [TeV]
Process Fake-e CR W., CR W, CR 25 oo Con. OR 0.25.0 5 0.5.1.0 J) 015 > 1.5
Strong /v + jets L& 0x1 3 2 o0 = 12 20 =6 54 + 12 13 x5 o2
EW Z”}/ —I—jets 0.6 =0.2 0.3 0.2 0.410.2 72 T 30 L7 20 £ 30 =
Strong W~y +jets | 4349 A7+ 9 133 + 21 24 + 6 22 + 6 35 + 10 0+ 3 3+ 1
EW W’y —I—jets 1906 3l £ 7 09 = 13 1.4+£0.5 2x1 6 1 4x1 Ox1
jet— vy 11 T 3 1 2 T T 2 1 2 mulll | 0.4 4 0.3
jet— e 34 £ 17 T — — — — — —
e — 7 — 2.7+ 0.4 2.91+04 13 +£1 T 11+ 2.0=+0.4 1.4 £0.3
y +jet — — — 0.7+ 0.5 0.7+ 0.5 0.4=+0.3 0.1 0.1 0.1 =0.1
tﬁ/Vyv + 1 1 2 13 £ 2 + 1 2+ 1 4 1 0.4 £0.2 0.1 =0.1
Fitted Yields 108 = 10 96 == § 213 = 14 1029 D8 L 143 == 12 54 £ 5 52 £ 0
Data 108 95 216 100 52 153 50 H2
Data/Fit 1.00=0.14 0.99=+0.12 1.01 =0.09 0.98 =0.13 0.90+=0.15 1.07x=0.11 0.93x0.16 0.99=x=0.1
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W(=Iv)y

Events / bin

e SR, EW extraction

Events / bin
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W(=Iv)y

e SR, EW+QCD extraction
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W(=Iv)y

MisID MisID Double

Source EW Wvijj QCDWqyjj  VV tty QCDZy Singlet photon lepton sl €Y
JES 0.9-6.9 11-28 6.4-38 3.7-16  12-78 3.3-18 — — — 11-28
JER 0.7-2.2 0.7-4.1 6921 1349 65-15 29-71 — — — 0.7-4.1
Integrated luminosity 2.5 2.5 2.5 2.5 2.5 2.5 — — — 2.5
MisID photon — — — — — — 12-22 — 12-22 —
MislD lepton — — — — — — — 30 30 —
URr/ ur scales 1.5-11 6.1-20 — — — — — — — —
PDF 3.2-5.6 1-2 — — — — — — — —
Interference 1.8-2.8 — — — — — — — — —
Cross section for ttvy — — — 10 — — — — — —
Cross section for VV — — 10 — — — — — — —
Modeling of pileup 0-0.6 0.3-1.4 48-13 26-39 62-19 1.0-3.9 — — — 0.3-1.4
Statistical uncertainty 7-11 6-36 45-100 13-56  16-100  17-55 7-36 43-72 30-100  54-100
L1 mistiming 1.7-2.4 08-1.6  05-1.6 14-25 0.6-3.6 1.0-2.1 — — — 1.1-2.8
Muon ID/Iso 0.3 0.3 0.3 0.3 0.3 0.3 — — — 0.3
Muon trigger 0.3 0.2 0.2 0.2 0.1 0.1 — — — 0.2
Electron reconstruction 0.5 0.6 0.5 0.6 0.6 0.5 — — — 0.5
Electron ID/Iso 1.3 1.3 1.3 1.3 1.3 1.3 — — — 1.3
Electron trigger 2.5 2.5 2.5 2.5 2.5 2.5 — — — 2.5
Photon ID 1.2 1.2 1.1 1.2 1.3 1.2 — — — 1.2
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W(=Iv)y

Pre-tit yields

CMS 35.9 fb' (13 TeV)
— 35¢ Electron barrel Electron endcap Muon barrel Muon endcap
Z. :_ MislD phOtOl‘l 831.0 5.2 48.1 4.9 134.8 £ 8.2 52.1 =4.8
<530 Observed 2ANLL MisID lepton 63.7 +12.3 278+72  468+10.6  23.1+65
25 . - QCD Wi 154.2 £ 12.0 41.1+4.4 221.2£15.8 72.1 +6.2
: Observed 5% CL limit tty : 20.6+ 1.6 5.1+ 0.6 283+ 1.8 6.9+0.8
20:_ QCD Zvy 18.0 + 3.1 1.94+0.9 16.2 + 3.0 49+1.3
1 5:_ Single t 491 0.8 2.540.5 6.8 = 0.9 24 1+0.5
- VvV 42+1.6 0.6 0.6 7.5+21 1.4+0.7
10:— e — Y 1.540.6 2.1=L0.8 1.7 +£0.7 1.1 +£0.6
- Total background  348.3 +- 184 129.1 £9.9 463.4+21.2 163.8+10.4
S A EW Wi 48.8 4 2.2 16.1+1.0 745428  244+13
Oi | o Total predicted 397.1 +£18.5 145.2 +10.0 537.9 £21.4 188.2 =10.5
-1.5 -1 05 0 0.5 1 1.5 Data 393 159 565 201
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