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Test of the perturbative calculations.
QCD corrections and hadronization models.

Test of electroweak sector of SM.

Sensitive to the interaction between gauge bosons via triple/quartic
gauge couplings (TGC,QGC).

Sensitive to anomalous triple/quartic couplings (aTGC,aQGC)

Important test of the electroweak symmetry breaking

E.g. Higgs boson and unitarity of the VV scattering amplitude
at all energies.



September 2017 CMS Preliminary January 2018 ] l | (IEMS Prelimina[y
T T T T T T T T T T T T T T T T T T T T T T T T T T T T

CMS measurements 7 TeV CMS measurement (stat,stat+sys) o CMS EWK measurements vs. 7 TeV CMS measurement (stat,stat+sys) I
vs. NNLO Loy theory 8 TeV CMS measurement (stat,stat+sys) o Th

eory 8 TeV CMS measurement (stat,stat+sys) ————

13 TeV CMS measurement (stat,stat+sys)  ++eo—+
Y M 1.06+0.01+0.12 5.0 fb'1 13 TeV CMS measurement (stat,stat+sys) ————
Wy, (NLO th,) ——o+—— 116+0.083+0.13 5.0fb" qqW ot 0.84+0.08+0.18 19.3fb™
-1
Zy, (NLO th)) r—o— 0.98 £0.01 £0.05 19.5fb 1
WW-+WZ — 1.01+013+0.14 49" q9Z — 0.84£0.07£0.19 197
WW —_ o — 1.07+0.04+0.09 4.9fb" qqZ e 1.02+0.08+0.10 35.9fb"
ww —l— 1.00£0.02£0.08  19.4 fb" —WW . 1.74+0.00+0.74 19.7 fb"
Ww o 0.96+£0.05+0.08 23fb
WZ - 1.05+007+006 49 fb aqqWy — . — 1.77+0.67+056 19.7 fb"
WZ — 1.02+0.04+007 196 fb" ss WW 0.69+0.38+0.18 19.4fb"
wz e 0.80+0.06+0.07 23 fb‘l ss WW e 0.90+0.16+0.08 35.9fb"
a § i 0.97£0.13+0.07 491" qqZy e 148+065+048 19.7fb"
ZZ e 0.97 £0.06 £0.08 19.6 fb .
S N T 2 s . 4T
All results at: Production Cross Section Ratio: o©.,. /0 All results at: Production Cross Section Ratio: o. . /0o

http://cern.ch/go/pN;j7 exp theo http://cern.ch/go/pN;7 exp theo



Measurement of differential cross sections in the @* variable for
inclusive Z boson production in pp collisions at Vs =8 TeV

Electroweak production of two jets in association with aZ boson in
proton-proton collisions at Vs = 13 TeV

Measurements of differential cross sections of the production of two Z
bosons in association with jets at Vs 13 TeV

Search for the electroweak production of two Z bosons produced in
association with jets at Vs = 13 TeV



Measurement of differential cross sections in the @* variable for
inclusive Z boson production in pp collisions at Vs =8 TeV



Transverse momentum of Z (: g) is essential for high-precision
measurements at the LHC (W boson mass).

Low experimental resolution of : g

Uncertainties in the magnitude of the transverse momenta of the leptons
from the decay of the Z boson.

Angles are measured more precisely. | Ao = opening angle of
" | ] leptonsin the transverse

| % = tan( 2' —) sin(#,) plane.

| cos(6,) = tanh[! n/2]

Ox ~ qr /My



Mainly Drell Yan

aq +
e

q Z/y e

tt, Z - +r—-, WW, W7,
ZZ, single top quarks.

720 (=p,e

High p;isolated leptons.

Vs =8TeV L=19.7 fb™!

p11>30 GeV

Int| <2.1

p2>20 GeV

In2| <2.4

60 < mll, <120 GeV.

@* < 3.227

The distributions of the observables need to be corrected back to the stable particle
level for efficiencies and for detector resolution effects. (1$A,70"$}

The model for the detector resolutionis derived from >*B!C*)D%E&F(generator

interfaced with PYTHIAG.



Normalized and absolute
differential cross section
presented.

Different bin of rapidity (y).

Compared with five
theoretical predictions.

None of the predictions
matches perfectly for the
entire range.

_. 1/oc e do/dd*
Q

Theory/Data

cMs

19.7 fb™ (8 TeV)

“ee + pu combined
= 9

—_
o

—

_f@Data
=4 MadGraph + PYTHIAG (Z2%)
- m POWHEG + PYTHIAG (Z2%)

o

= % ResBos

"0 POWHEG + PYTHIA8 (CUETP8M1) ®

- 0 aMC@NLO + PYTHIA8 (CUETP8M1) 'i
L | L | L MR | L n

1; & 6 66“‘

i

CMS

19.7 b1 (8 TeV)

e
()
|
A
A\
*
+

e + uu combined

ly] < 0.4 [x 10°]

0.4 <|y| < 0.8 [x 10%]
0.8<|y|<1.2 [x 107
1.2 <|y| < 1.6 [x 107]
1.6 <|y| < 2.0 [x 10}
20<|y|<2.4

— MadGraph + PYTHIAG (Z2%)

102



Electroweak production of two jets in association with aZ boson in
proton-proton collisions at Vs = 13 TeV



/+qq Electro-Weak

H23$5%=373(5",$
p:{1>30 GeV p:£2>20 GeV
Int| < 2.4

ImzZ - m%| < 15 GeV,

pretl > 50 GeV
m;; > 200 GeV

pe2 > 30 GeV

¥

Small interference between

_ _ sample uru— | ete”
signal and the main background. Data 422 499 | 163 640
<0.4% in high signal purity phase :"+$#7 Signal 6665.1 | 12833.2

space. WW 1165 | 618
a4EW WZ 21513 | 9145
" 77 1323.7 522.6
[ "$#7%45#53 >H#"$BH(@+9,'$0 tt 12938.1 | 5362.8
Zqq=>20+2 jets ((=p,e) ] ’ single top 7232 | 269.1
o2 02 (DY+ jet S) DY +jets (AMC) | | 394 640 | 152 755
em 13 TeV L <350 fi-t EW™ S Total MC 418415 | 162 059
5= e = 39, DY rescaling (AMC) | 1.009 | 1.006

18/02/18

Lake Louise 2018

10




/+qq EW topology

» Signal vs. Background discrimination made with a
I'75"% 2#9"#53%#$# BEB%ted Decision Tree (BDT)

» 7 Inputs:

@ m”
© An;
o Quark gluon likelihood discriminant , -

(1%t jet and 2" jet) tagging Jet g
* py

1
o 2= (yZ - E(yjl + ij) /! Yij (Zeppenfeld variable)
. . - hard
R(phard) — prj1 + prj2 +pTZ| o7
T — — — — - — — — :

’ pril + [prjel + lprzl  |prjinl + |prje| + Iprz|  (event balance variable)

15/02/18 Lake Louise 2018 11



35.9 b (13 TeV)
T T T 1 T T T T4

Good agreement observed in all = 10°L cms. " Dielectron |
distributions. % ok w ]
» A binned maximum likelihood is used S 10tk SEr
to fit simultaneously the strength T v sat e,
modifiers for the EW Zjj and DY Zjj ol
-strength modifiers (u=0/0¢\) ‘0
Main systematics: Jet energy scale
and the limited statistics of simulated c;g
events 3 ;
& 0.5 3

o(EW £4jj) = 552 + 19 (stat) & 55 (syst) fb = 552 =58 (total) b oo (EW lj5) = 543 £ 24fb



Measurements of differential cross sections of the production of two Z
bosons in association with jets at Vs 13 TeV



» Differential cross
section: #lets, #lets
(n<2.4) Lp;and n of
leading jet, pr and n of
sub-leading jet, m;, An,,

35.9 fb™ (13 TeV)
= I I I B
CMS —4— Data
10° = Preliminary Syst
C [ wwzttz
:_._ B z+xtt
Il vBs

B g9 - ZZ(+jets) |

qq->ZZ +jets, gg->ZZ(box) 5 1 adiag 20t |

Events

+jets , VBS wh S : 7Z+jets=>4l+2 jets

(C=p,e)

DY+jets

Not well represented by MC samples.
= 0#5#%09"23%%I135;,0K

Vs =13 TeV L=35.9fb!




_ 35.9 b (13 TeV)
-cgl i) o E_ C MS —+— Unfolded data + stat. uncertainty _E
.8C %2 E Preliminary & Total uncertainty ;
C DMadGraph5_8MCB(NLO+MCFM+PthIaB |
102— x\ _E
| p5>5 GeV | Jet energy scale ?
. N
| %] <24 | Unfolding B NN
! 60 < mZ <120 GeV. Q 1 ph5_aMCatNLO+MCFM+Pyhtia8. p-value = 0.033
: s S
I pret> 30 GeV 8
. . . ] LEJ ZPowh(;g+MCF£n+Pyhti;8. p-valyue =0.114 I\ | __
The distributionsis unfolded. FRSSSSSS - NN
The model for the detector resolutionis o5t - \ - s
derived from >#0!19#<;*>MN.&F  O%>M/> 0 1 2 =8
generatorsinterfaced with PYTHIAS. Nets (] < 4.7)
Normalized and absolute differential cross Number of jets (|17 < 4.7) Fiducial cross section [fb] Theo. cros;%esction [o]
: 0 28.3+1.3(stat); 1’ (syst) + 0.7(lumi ) 23.6 %
section presentEd' 1 8.1io.8(stat)!+gl;§6(syst)io.z(lumi) 9.1*8?39

2 3.0+0.5(stat); 03 (syst) + 0.1(lumi) 4.0'93
Overallgood agreement s 304 (o) 23 (oy20) it




Data/MC Data/MC

35.9 b 13 TeV

L B e e e e LA s s e s s
- C M S —+— Unfolded data + stat. uncertainty
L Preliminary ‘
- .\ Total uncertainty

- D MadGraph5_aMCatNLO+MCFM+Pythia8
— SONN NN
E o = Powheg+MCFM+Pythia8
E

P T N T S T T (T ST T AT SO S SO (NS S S

F- MadGraph5_aMCatNLO+MCFM+Pythia8. p-value = 0.383 =
- R e
F AN
= - A AN
- ke T BV AY R
- \\\\\\\i\\\\\\\\\\\\\\\\\\\\ \\\\\\\\\\\\:g
- Powheg+MCFM+Pythia8. p-value =Qx \\\\\\\\\\\\
F e
o NNy
E \\\\\\\\\\\\\\ \\\\\\\\\\\\\
Eauisssaan NN
[ AUITIRTRIATRIRRNNF PR R ERERERERERERTRRRRRSNSNS ]

P [GeV]

1

Siig di®l

Data/MC  Data/MC

0.3

35.9fb" (13 TeV)

E_CI\InSIIIIIIII—

Preliminary

—+— Unfolded data + stat. uncertainty

§§ Total uncertainty

D MadGraph5_aMCatNLO+MCFM+Pythia8

RARARRRNY
BN

SN
RN

e Powheg+MCFM+Pythia8

I/XullIII|IIII|IIII|IIII|IIII|I

AN NN
0.1
N\
N \\\\}\\\\\\\\\
ol b by b b b b by by ey 1
1.5:— MadGraph5 aMCatNLO+MCFM+Pyth|aB p value 0437
R
T :
o AEEEEEEERN SRR R ..
0.5F ARRRIRRRR RN Y
F AN
1_5_— Powheg+MCFM+Pythla8 p-value 0338 —E
’\\\\\\\\:1\ :
1B = 3 g
o S AN N
0SF AR
00.5115225335445

jet2
I

Data/MC Data/MC

359 b (13 TeV

~—

5;'194 [rrrrfprrrrprrrrprrrrprrrrprrrrprrrr T
4.5 E— CMS —+— Unfolded data + stat. uncertainty
E— Pr ellmlnary Total uncertainty
3.5 . \:’ MadGraph5_aMCatNLO+MCFM+Pythia8

e Powheg+MCFM+Pythia8

2 Pom’lheg+NiCFM+I"ythia8i -valu'e=0.7'

- T
1F ? NN T .Y

r N \I\\ SONUOARONNNNNNNNNANNY \\\\\\\\\\E

0 100 200 300 400 500 600 700 800 92001000

m; (® < 4.7) [GeV]



Search for the electroweak production of two Z bosons produced in
association with jets at Vs = 13 TeV



Base selection identical to ZZ
+jets
+ mJ) > 100 GeV

Multi variate analysis (BDT) using

My, , ANy, Mg, Prag
o’y (VBS) z*,,, 7*,, (Zeppenfeld)
R(pT hard)’ R(pT reI,jets)
Cross-check with a Matrix
Element Discriminator (MELA)

0(4EW0(25 (QCD-induced
production )

CMS
[ Simulation

- MELA
= BDT .
A Cut-based B

L 1 1 1 ‘ 1 1 1 ‘ 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ ]
0 0 0.2 0.4 0.6 0.8 1




The full BDT spectrum from the events in the ZZjj _ 2S4S preimnay )

< 22T T I T T T T LARRARARRRRARRNRRR

selection is used to extract the significance of S 20 -y
the EW signal via a maximum-likelihood §'°F — I
I u'l16:_ [[]z+X —:
template fit. N e

m; > 100 GeV T

—
N
L L

background-only hypothesisis excluded with a
significance of QKRandard deviations (1.6
standard deviations expected).

p = 13910 B2 (stat.), )5 (syst.) = 1.39] G2

—
o
L L

N » [e2) o)
LU L L I TT T T1

o

0

Cross section measured in same fiducial phase BDT score
space used in ZZ+jets + M;>100 GeV

g (EW pp = ZZjj — ™" "jj ) = 0.407% 2L (stat.) " 2o (syst.) b Otheo = 0.29, 405 b



*71, 456t AR T JA 3B 03%13#4'9313$5%, A%HS, 1#7,'4%23(5, 9%, 396 +4K

Q%4'11#9J%<7,5%#4%3W#I<7/3P%

CMS
Jan 2018 Centtal  ATLAS
Fit Value DO g
LEP P Channel Limits | Lot s
Ak — WwW [-4.3e-02, 4.3e-02] 46" 7 TeV
4 — ww [-2.5e-02, 2.0e-02] 203 fb" 8TeV
—eo— ww [-6.0e-02, 4.6e-02] 19.4 b 8TeV
; wz [-1.3e-01, 2.4e-01] 33.6fb’ 8,13 TeV
k wz [-2.1e-01, 2.5e-01] 19.6 fb” 8TeV
[ ——— wv [-9.0e-02, 1.0e-01] 46" 7 TeV
— wv [-4.3e-02, 3.3e-02] 5.0 b’ 7 TeV
— wv [-4.0e-02, 4.1e-02] 23fb’ 13 TeV
—e— LEP Comb. [-7.4e-02, 5.1e-02] 0.7 fb 0.20 TeV
| Ww [-6.2e-02, 5.9¢-02] 461" 7 TeV
>‘z i ww [-1.9e-02, 1.9¢-02] 20.3 fb" 8TeV
| | ww [-4.8e-02, 4.8e-02] 491" 7 TeV
e ww [-2.4e-02, 2.4e-02) 19.4 fb™ 8 TeV
— wz [-4.6e-02, 4.7e-02] 46fb" 7 TeV
H wz [-1.4e-02, 1.3e-02] 33.6 b’ 8,13 TeV
o wz [-1.8e-02, 1.6e-02] 19.6 o' 8TeV
— WV [-3.9e-02, 4.0e-02] 4.6 b’ 7 TeV
— WV (Ivij) [-2.2e-02, 2.2e-02] 20.2fb" 8TeV
H WV (ivJ) [-1.3e-02, 1.3e-02] 20.2 fo! 8TeV
— wv [-3.8e-02, 3.0e-02] 501" 7TeV
H wv [-1.1e-02, 1.1e-02] 19 fo! 8 TeV
— wv [-3.9e-02, 3.9e-02] 23" 13 TeV
H VBF Z [-1.0e-02, 1.0e-02] 35.9 fo! 13 TeV
—e— DO Comb. [-3.6e-02, 4.4e-02] 8.6fb" 1.96 TeV
o —e— LEP Comb. [-5.9e-02, 1.7e-02] 0.7 b 0.20 TeV
A V4 — ww [-3.9e-02, 5.2e-02] 461" 7 TeV
91 | ww [-1.6e-02, 2.7e-02] 20.3 fo! 8 TeV
e | ww [-9.5€-02, 9.5e-02] 4.9 fb" 7 TeV
—o—i ww [-4.7e-02, 2.2e-02) 19.4 o' 8TeV
| | wz [-5.7e-02, 9.3e-02] 4.6fb" 7 TeV
— Wz [-1.5e-02, 3.0e-02] 3361 8,13 TeV
— wz [-1.8e-02, 3.5e-02] 19.6 fb” 8 TeV
P WV [-5.5e-02, 7.1e-02] 461" 7 TeV
— WV (Ivij) [-2.7e-02, 4.5-02] 20.2fb" 8TeV
— WV (IvJ) [-2.1e-02, 2.4e-02] 20.2fb" 8TeV
— wv [-8.7e-03, 2.4e-02) 19 b 8 TeV
—_ wv [-6.7€-02, 6.6e-02] 23fb" 13 TeV
— VBF Z [-3.5€-02, 4.2e-02] 35.9 o 13 TeV
—e— DO Comb. [-3.4e-02, 8.4e-02) 8.6 fb‘: 1.96 TeV
| , . e . | LEP Comb. [-§4e-02, 2.1¢-02] 071 | 020TeV |

aTGC Limits @95% C.L.

cMs —
July 2017 ATLAS — Channel Limits | Lat is

It s — Wyy [-3.4e+01, 3.4e+01] 19.41b” 8TeV
To P Wyy [-1.6e+01, 1.6e+01] 20.3fb" 8TeV
e | Zyy [-1.6e+01, 1.9e+01] 20.31b" 8 TeV
A Wvy [-1.8e+01, 1.8e+01] 20.2 fo! 8TeV
[ ———— Wvy [-2.5e+01, 2.4e+01] 19.3 b 8TeV
H Zy [-3.8e+00, 3.4e+00] 19.7 fo! 8TeV
H Zy [-3.4e+00, 2.9e+00] 29.21b" 8 TeV
— Wy [-5.4e+00, 5.6e+00] 19.7 o’ 8TeV
H ss WW [-4.2e+00, 4.6e+00] 19.4 fo! 8 TeV

H ss WW [-6.2e-01, 6.5e-01] 35.9 fb! 13 TeV

1 77 [-4.6e-01, 4.4e-01] 35.91b’ 13 TeV
£ /A ; { WVy [-3.6e+01, 3.6e+01] 20.21b" 8TeV
T H Zy [-4.4e+00, 4.4e+00] 19.7 fo”! 8TeV
H Wy [-3.7e+00, 4.0e+00] 19.7 b’ 8 TeV
H ss WW [-2.1e+00, 2.4e+00] 19.4 fo” 8TeV

| ss WW [-2.8e-01, 3.1e-01] 35.91fb" 13 TeV

i 7z [-6.1e-01, 6.1e-01] 35.9 fb! 13 TeV
A WVy [7.2e+01, 7.2e+01] 20.2fb" 8TeV
T2 — Zy [-9.9e+00, 9.0e+00] 19.7 o 8TeV
— Wy [-1.1e+01, 1.2e+01] 19.7 b’ 8TeV
— ss WW [-5.9e+00, 7.1e+00] 19.4 fo’! 8 TeV

H ss WW [-8.9e-01, 1.0e+00] 3591fb" 13 TeV

H 7z [-1.2e+00, 1.2e+00] 35.9 b’ 13 TeV
fro/ A — Zyy [-9.3e+00, 9.1e+00] 20.3 fo 8TeV
S  — | Wvy [-2.0e+01, 2.1e+01] 20.21b" 8TeV
— Wy [-3.8e+00, 3.8e+00] 19.7 b 8 TeV
£ A P WVy [-2.5e+01, 2.5e+01] 20.2fb" 8TeV
6 H Wy [-2.8e+00, 3.0e+00] 19.7 fb” 8 TeV
N WVy [-5.8e+01, 5.8e+01] 20.2 b 8 TeV
7 — Wy [-7.3e+00, 7.7e+00] 19.7 fo” 8TeV
frq /A H Zy [-1.8e+00, 1.8e+00] 19.7 b 8TeV
8 H Zy [-1.8¢+00, 1.8e+00] 20.2 fb" 8TeV

H zz [-8.4e-01, 8.4e-01] 35.91fb" 13 TeV
At — Zyy [-7.4e+00, 7.4e+00] 20.3 fo 8TeV
T9 — Zy [-4.0e+00, 4.0e+00] 19.7 b 8TeV
— Zy [-3.9e+00, 3.9e+00] 20.2 b 8 TeV

1 l 1 P zZ| [1.8e+00, 1.8e+00] | 35.9 b 13Tey |
-100 0 100 200 300

aQGC Limits @95% C.L. [TeV*¥]



M>=9%49%<'94""$#%2 39J%# (5" 23%cd4#738% ,A%#4'93I13$5P

Many different channels studied with access to unfolded differential
measurements and limits on anomalous gauge couplings.

VBS observed in same sign WW and search is on-going in other
channels such ZZ, Wy, Zy and WZ.

Precise measurement on weak mixing angle.

Expect many new interesting results from Run 2 data.
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Electroweak gauge boson interactions

16 June 2017 Gian Luca Pinna Angioni PhD Defense
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The Vector Boson scattering is deeply connected the nature of EWSB.

The Goldstone bosonsof the Higgs field become longitudinal, massive modes of the weak
gauge bosons.

If the Higgs boson is only partially responsible for EWSB than V V| cross section
will keep growing with center of mass energy up to a new physicscale A

a[nb] o[nb]

[,- VV = VV), no Higs '

‘ a(VV = VV) with my, = 120 GeV l
SM without a Higgs boson SM with a 120 GeV Higgs boson

01—

2000 N ] 1000 ANX) S000



Unfolding Procedure — Ingredients

C34<,$43%I#59"(Bdfousing
13$923(5, HAbuilt events generated with the signal

using ALL events definition AND reconstructed in
generated with the the signal region
signal definition

["0'("HT %< #43%4<#(3

me+p > 4 GeV (any OSSF pair)
60 < mz,,mz, <120 GeV

>
\ I © C3(,%3(5,% pT7 > 5 GeV,|n° < 2.5
I built using ALL p’gf" > 5 (}e\/v7 |77,u'| < 2.5
events V3 4
reconstructed in b > 5 GeV
I the signal region pg} > 20 GeV
!

Reco X

15/02/18 Lake Louise 2018 25



1 A 7 OII + (y 9 30 | 93 A “regularization condition” must be
g O 7 imposed to avoid unacceptable results

Matrix Inversion inverting the response matrix.

D’Agostini method with 4 iterations.

L
gen x
\ ¥

reco X
J

Measured Data

111‘—

reco X

Data at “particle level”

| g Distribution correction for

experimental effects

gen X

26



CMS 19.7 b (8 TeV) CMS 19.7 fb™ (8 TeV)

104;ee+pucombined %ee+uucombined NormaIIZEd and abSOIUte
N --\ 10-w --\ differential cross section
glo°e s L ted
;:102 “. E 1 ii presen cd.
:Q ?II\DAZ?Graph+PYTHIA6 (22%) '. ;;1 0" I%lII\D/IZ?Graph+PYTHIA6 (22%) COm ared Wlth five
S [ = POWHEG + PYTHIA6 (22*) = [ = POWHEG + PYTHIAG (22%) o p
105 POWHEG + PYTHIA8 (CUETPSM1) 8 o[ ) POWHEG + PYTHIA8 (CUETP8M1) . . .
" ResBos . 107 ResBos . theoretical predictions.
, 1L7MCONOTPYTHAS CLETPaMY By | aMOGNLO+ PYTHIAS (CUETPAMY) #,
§ | ikl § ' 101} None of the predictions
g.0 T - i matches perfectly for
ya e —— the entire range
& - _ SRR
= ' 1.2E ;F From integral of absolute
ok "Eop ok gk differential cross section
o \ ”JFJFJFJF*JFJFJF

| * 10?

I (pp! Z/""1 ##) = 480.7 + 0.2 (stat) -+ 3.6 (syst) & 12.5(Ilumipb




An event balance variable:
hard

R(pgvard) _ |p_):F‘}1 + pii}Q + pf){‘ _ _ ‘pT_)
|ij1| + \ijz\ + |pr 2] \ij1| + \ijz

Zeppenfeld variable:

§ 1
AN <yz — é(yjl + yj2)> /vy

+ |p

-

TZ



In case of pure EWK production only jets initiated by final states with
qguarks are possible

In case of DY background about half of all jets produced are
originated from gluons

Differences in internal g/gjet composition are structure are
exploited in QGL to enhance separation of signal events

QGL input variables:
The jet constituentsminor RMS in the n¢ plane.
The jet particle multiplicity.
The jet internal p; distribution



. . _ twww v
Tested 6 dimensional operators Owww = =7~ Wi W Wy,

ATGC signal events are simulated at Ow = 32 (D"'®) Wy (D*®),
LO using MADGRAPH5 aMC@NLO Op = +5(D'®)'B,,(D"®),
No significant deviation from the SM Owww = Wi WHW,
expectation is observed. _

35.9 b (13 TeV)
TTTT TT TTTT

35.9 b (13 TeV)
TTTT ‘ TTTT ‘ TTTT TTTT TTTT TTTT ‘ ‘ T ‘ 6 T T T ‘ T T T T T T T T T ‘ T T T ‘ T T T
) 106 CMS Dielectron E % 10 CMS

Additional hadron activity is also g S 10
studied and generally good 21 g
agreement is found between data ., et B
pr‘EdiCtiOnS (PYTH'A or HERW|G++) 10

Data / MC - 1

I
Data/MC -1

0
-0.5F" JES L[up/down | | |
_10 100 200 300 400

T FEE N N, R b b L
500 600 700 800 900 10 200 400 600 800 1000 1200
p,, (GeV) p,, (GeV)



4 4e 2e2u Final state

PF isolation in cone AR=0.3 BDT multivariate technique BDT multivariate technique
el< 2.5 '|I<2.4
R..< 0.35 In°l In |
pr¢>7GeV pr! >5GeV
SIP= IlP/O'”:)I <4 . .
Effective area PU correction AB PU correction
PF jet AK4 |net|< 4.7 pset > 30 GeV
Loose jet ID
60 <m,, <120 GeV M yr0ssed (OSSF) < 4 GeV

60 <m,, <120 GeV (If # Z2>1 the pairof leptons with . At |east two leptons with p; > 10 GeV and one with p;
highest scalar sum of pr is chosen) > 20 GeV



. processes which contain ' Y%<9,I<5%73<5f@48mon-signal
processes (ttZ, WWZ), 239J%4I1#77
Estimated A9,l1%>Mamples.
‘processes which contain ,$3%,9%l,93%%$49,1<5%73<5,54%
the four-lepton final state (DY, tt, WZ, WWW)

not well represented by MC samples.

low statistics.
Estimated using a 0#5#%09"23%$%!I35u€kd from the H > ZZ > 41
Analysis based on the 73<5,%5,435A#@3%9#53



We need 3 different control regions to measure the reducible background with data

ZL (Z(I1)+loose ) to measure the lepton fake rate fi

2P2F and 3P1F
P = lepton passing the final selection criteria (Z1)
F = lepton not passing the final ID and ISO criteria

> p1ip2i
SR - CR 2P2F

2P RBsr = >pi(3P1F) - >p1ip2i(2P2F)

2 (p1i + p2i)

CR 3P1F



hFakeRate h1D FRel EE

-+ Ba
0.4 —+ sarcel
0.38 i E
0.36 :

034 + Endacap
0.32

0.3
0.28

Select a sample of Z(ll)+licose defined as 026~ =

0.24

follow: o2
Z made of 2 tight leptons (as for signal) 014 - -

0.12 ¥ I J

|mil—mZ| <10 GeV. I B R B

0.06 -
0.04 —

licose passing.the |QOS€_ select_ior] criteria. T T e e
(loose selection criteria details in back L R TR R R - R R

Sllde.) . hFakeRate_h1D_FRmu_EE e
The invariant mass of licose and the Z 0.4 .

0.38

|ept0n with the OppOSite Sign must be 0.36 +we¢

0,34 | D

greater than 4 GeV. 052

0.3

Eriss< 25 GeV. ozs

0.22

MtV < 30 GeV (3rd leptons and MET). e

0.16

. R 0.14 ,i

Fake rate binned as function of eta and pT 0128
8:82 S

0.04
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Reducible background

I 35.9' fb-1 (1 3 TeV) TTTT | TTTT | TTTT TTTT TTTT TTTT I TT I315|-9I ‘Ebl-1 I(}? -Irle\ll)
_ CMS i -~ CMS
25 N Preliminary ] 1 0 __ Preliminary |
L N - wz ]
20 o Mlw . g
\ oy i
s\\\‘ MC Err : |
15 S —t— Data 7
10 - E
5 . il
. e —
] . 1 | L1l | L 111 | L 111 | L 111 | L1 I_
OJets  TJets  2Jets  3Jets t >3 Jets 0 100 200 300 400 500 600 700 800 90C
e
Nos (%] < 4.7) M

Bad agreement with MC as expected.
DY has very low statistic. Only 3 events. One is negative because of matching technic

15/02/18 SMP-16-019 status



Data MC comparison
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Variables: #lets, #Jets (n<2.4) Lp; and n of leading jet,
pr and n of sub-leading jet, m, An,,

Unfoding with D’Agostini and 4 iteration. P > 5 GeV,|n L< 2.5
ZZ Inclusive pg > 5 GeV, |n#| < 2.5
' 2% > 5 GeV
8 TeV analysis p%’; > .
2 sets of samples: pp > 20 GeV , p7 > 10 GeV

me+p >4 GeV (any OSSF pair)

+ MCFM + Phantom (nominal set) 60 < my,,my, <120 GeV

+ MCFM + Phantom (Comparison and
systematics)
Differential cross-section obtained in two configuration:
Absolute: Used to extract Cross section per jet multiplicity.

Normalized to 1: Compare shape and reduce systematic
uncertainties.

Jet multiplicity plots presented in both configuration.



!‘Difference between trigger efficiencies in data and in simulated
events. Trigger efficiencies are found with a tag-and-probe technique.

~Distributions recomputed with the scaling factors varied up
and down by the tag-and-probe uncertainties.

) Control regions statistics, difference composition of ZL
and others CR. 30 % on fake rate.

) MC statistic.

. + 4.6% variation of the minimum bias cross section for the pile-up re-
weightingin the MC.

. Estimated using the last NNPDF3.0 recipe.

2“Compare data unfolded with response matrices obtained from
Madgraph5 aMC@NLO and POWHEG samples



y/Nfariation of p; of the jets in MC w.r.t. their
uncertainties

:Variation of p; of the jets in MC w.r.t. their
uncertainties



Choice of input variables:
Explored a total of 36 observables

Prune variables that provide a small gain or are
expected to be poorly-modelledin MC

My, ANy Myg, Prap N*721, N¥2, pr e, py reliets
Hyper-parameters optimized using grid search

Cross-check of BDT performance with a Matrix $ T
Element Discriminator (MELA) [ imtion ]

83I<7#53%#3#7J4"4

w [+)] ~ (o]
T T

Arbitrary units
'
T

oo = N w
T T

.0 0.2 0.4 0.6 0.8 1.0

Preliminary -

O.Gi -
VBS Selection efficiency: 65% signal vs 30% E
background. oA R ]
BDT working point with 65% signal efficiency has 19% 02 "4 Cutbased -

QCD background efficiency.




w ZZjj sensitive to neutral T8 and T9 and TO, T1,T2 operators:

f : f ..
L1g= —2BuB" By B", Lpg= —. B ,B"By B
Lro= %Tr[WWWW] X Te[Wag WP, Ly, = %Tr[wwww] x Tr[W, s W]

L= fT—ZTr[W! CWHT] T Wy W]

| 4
I » 1D 95% confidence limits are derived
) Pt for each operator coupling, setting the
] ttZ, Wwz .
s rore other to zero

10 /A =2 TeV ]

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

| fr, /1% 1 0.53 051 1 0.46 044 06
1 | fr, /14 1 0.72 071 1 0.61 061 06
g | fr,/14 | 1.4 14 1 1.2 12 06
fr,/14 1 0.99 099 1 0.84 084 28
fr,/14 1 2.1 21 1 1.8 18 29

PRI AR R

0 200 400 600 800 1000 1200 1400
m,, [GeV]



Anomalous Couplings
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