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WW, WZ, and ZZ production at CMS

Kalanand Mishra
Fermilab, CMS Collaboration

» WW cross section @7 & 8 TeV New !
» WZ cross section @7 TeV

» First observation of Z—4l in pp collisions
» ZZ cross section @7 & 8 TeV New !

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP
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Diboson production at LHC ¢ | cading Order in as

CMS

to fermion

W

s-channel WW s-channel WZ t-channel WW (similar
diagrams for WZ, ZZ)

4In SM, the s- and t-channel WW diagrams are divergent but
their sum is not. Important milestone for LHC physics program.

4 Allow test of triple-gauge couplings (TGC).
4Background to Higgs.
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Significant contribution from NLO (250% of LO ;%
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WW = 2¢2v cross section measurement

SM WW signal
qq—WW : gg—-WW
no resonance

Higgs signal
H—=WW has large BR
small Ap(éf)

Kalanand Mishra, Fermilab

Signature:
2 high pr leptons

large missing Er

lepton pr > 20 GeV

projected MET L
to the closest
lepton > 40 (20
for ey) GeV

= |

P
4

N
Backgrounds:
W+jet
Z/y*
top
WZ/ZZ /Wy
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WW—=2¢2v: kinematics
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4+Drell-Yan reduced by MET requirement, and
emyg > 20 GeV, and veto 76 < mg < 106 GeV

*Ad(L, jet) <165° to reduce Z+jets

+\WH+jets, ttbar reduced by: central jet veto, b-veto

4+/—71t reduced using projected MET cut
4+Veto third lepton to reduce WW/WZ
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CMS

WW —2¢2v cross section at 7 TeV (5.0 fb=1)

https://twiki.cern.ch/twiki/ Sample Yield =+ stat. &= syst.
bin/view/CMSPublic/ gg — WHW- 460+ 0.6 +14.2
PhysicsResultsSMP 12005 qq — WHW- 7509 + 4.1+ 53.1
S/B=3.2 tt +tW 1285 +12.8 = 19.6
Signal efficiency averaged Wijets 99.5+ 3.9 +21.4
over all lepton flavors: 3.28 Wz+22 294+04x20
+ 0.02 (stat) + 0.26 (sys) % Z/y" 11.0+£51+26
W+y 18.8 =28 147
Cross section Z/v* =TT 0.0+1.0+0.1
Nsignal Total Background 2471 +=14.6 £ 29.5
o.BR =Acceptance . Efficiency . L [Signal + Background 1044.0 =152 & 62.4\
BR(W—¢v) from PDG: Data 1134

0.1080 £ 0.0009

0 =52412.0 (stat) ¥ 4.5 (sys) 1.2 (lum) pb
NLO prediction (MCFM): 47.0 £ 2.0 pb

Campbell, Ellis, Williams. JHEP 07 J‘ - : —
(2011), 018. arXiv:1105.0020. Consistent with the NLO prediction
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WW —2¢2v cross section at 8 TeV (3.54 fb~1) 2

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP12013

NLO prediction: Campbell, Ellis, Williams.

oNO(ge 5 WHW™ 4+ qq - WHW™) =57.25 (12%) pb JHEP 07 (2011), 018.
(88 qq ) Gi) P arXiv:1105.0020. MCFM.

Back-of-the-envelop calculation:

expect 57.3 pb x 3.54 fb~1 x 3.2%E& 680OWW events

Expected & observed yields in 3.54 fb~1 data T
Sample yield =+ stat. & syst.
gg—WW 433+1.0+ 134 efficiency x acceptance x BR
qq—=WW 6403 +£49+47.4 S/B=23
tt + tW 129.7 £12.7 £ 19.3
W +jets 60.0 +4.3+21.6 *gg—WW (included)
WZ + 2727 274+£05%+29 contributes ~6%
Z/y 04166257 *Higgs (125) can potentially
Wy + Wo* 292+651+93 contribute ~5%
Total BaCkground 292.7+22.3+31.8 https://twiki.cern.ch/twiki/bin/view/
( Signal + Background | 976.3 +22.9 4 63.9 ) LHCPhysics/CERNYellowReportPageAt8TeV
Data 1111
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CMS

WW—-2¢2v at 8 TeV: systematics & results

Background components:

Theoretical uncertainties : : * Major Backgrounds
includes jet veto :
: o QCD / W+jet
» PDFand QCD scale: uncertainty o Top :l Data Driven
o Drell Yan
Experimental measurements Need to » Smaller backgrounds
. : - > W
) Lummosnty: iImprove >Z1'r'r MC Simulation
» Lepton efficiency, energy scale and resolution: 1-3% » non resonant WZ/ZZ

» Jetenergy scale: 2-3%
» Missing ET resolution: 2-3%

Background normalisation 0 =69.9 2.8 (stat) £ 5.6 (sys) * 3.1 (lum) pb

NLO prediction (MCFM): 57.25 (232 ) pb

» Wsjets: ~35% + statistical
» Z)y*:-~20%-100%

» Top: ~20% + statistical eAlready 4% statistical precision
» Z/Y*—-TT: up to 50% eAbout 1.80 higher than the NLO prediction
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WZ—-3¢v cross section at 7 TeV (1.1 fb~1)

http://cdsweb.cern.ch/record/1370067

CMi5 Preliminary 2011 \s =7 TeV
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Tiny background:
ettbar & Z+jets from data
e/Zy and ZZ from MC

Main systematics: bkg
estimation, efficiency,
acceptance/theory.

100 110

CMS

(CMS PAS EWK-11-010)

4 Two isolated leptons: pr > 20/10
GeV (e) or > 15 GeV (u)

43 |epton pr > 20, MET>30 GeV
460 <my < 120 GeV: veto 2nd Z
4 Acceptance x efficiency =
19-25% for the four channels

120
m,, (GeV)
N\ .
channel ﬂ\lobbemd\ cross section (pb) x BR
OW Z—seeev \ 0.086 £ 0.022(stat) & 0.007 (syst ) £ 0.005(Iumi)
OW Z—seepv 0.060 £ 0.017(stat) & 0.005(syst ) = 0.004(lumi)
OWZ—s upev \ / 0.053 £ 0.018(stat) & 0.004(syst ) = 0.003(/umi)
OWZ — upupw 0.060 £ 0.016(stat) £ 0.004(syst ) = 0.004(lumi)

o=17.0 £ 2.4 (stat) + 1.1 (sys) * 1.0 (lum) pb
NLO: 17.5 £ 0.6 pb (MCFM, using real width bosons, PDF
is CTEQGL, error is PDF uncertainty)
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First observation of Z—4¢ in pp collisions

Signal

calcHEP
LO

?

CMS

https://twiki.cern.ch/twiki/
bin/view/CMSPublic/
PhysicsResultsSMP12009

Backgrounds:
eirreducible Zy" — 4l -
estimated using MC,
about 1% of the signal
°reducible backgrounds
- data-driven, about
0.3% of signal

| Requirement | Quantity of interest de 4u 2e2u | 4f |
partial width, I'; (keV) 2.95 2.95 5.21 11.12
myy > 4 GeV hranching fractions, I';/T'yp; | 1.18-107% 1.18-107° 2.09-10°° | 445-107°
relative fractions, f; = 1;/ T4/ U.2650 U.2650 0.4690

Kalanand Mishra, Fermilab 10/ 18




N Events/2 GeV

CMS

Z—4¢: the branching fraction measurement

CMS Preliminary =7Tev.L=470"  Anglyze 4¢ invariant mass peak

B [Jzzy—a

i W z+x eproduction cross section x branching fraction
‘_ ® Data 9 7 .

: __ observe 26 o x BR(Z — 4¢) = 125125 (stat) "¢ (syst) "5 (lumi) fb
o . events, ebranching fraction BR(Z—4¢)

BR(Z — 41) = [4.417 9% (stat)+0.23(sys)] x 10~°

‘1. expected 24.6

Efficiency x acceptance in the range 2.5-7.5%

Mass peak arising from Z—4¢ decays
is a standard candle for the Higgs

lllllllllll]lll

5080 100 120 140 160 boson search in the H—-ZZ—4¢ decay
M, (G
2t state channels | 4  4u 22| 4 |

Irreducible background (pp — Zy* — 4f) 004 016 0.08 | 034£0.03

SM Higgs(120) X 10 Other reducible backgrounds 001 001 0.05 (0140.13

Expected signal (pp — Z — 4f) 31 123 92 | 246+22

Total expected (MC) 32 125 93 [250=22

- Observed events 2 14 10 26

w i @ w0 [Rate from the fit of the observed mass distribution | 2.1 136 9.7 25.4
Kalanand Mishra, Fermilab 11/ 18




CMS

ZZ—4¢ cross section at 7 TeV (5.0 fb1)

httos://twiki.cern.ch/twiki/ CMS Preliminary \'s =7 TeV, L =5.0 fb" CMS Preliminary \'s =7 TeV, L =5.0 fb™

bin/view/CMSPublic/
PhysicsResultsSMP12007
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CMS

Expected and observed signal yields

NLO prediction: MCFM 6.0
(NLO for qg—ZZ and LO for gg—Z2Z,
MSTW 2008 PDF)

o(pp — ZZ) = 6.3+ 0.4 pb
Back-of-the-envelop calculation:

expect 6 pb x5 b1 x 0.2% =
60 ZZ—4¢ events

e\/ery little background for ZZ—4¢ (2-4%)
eEven for ZZ—2¢2<t, S/B =z 1

eBackground: QCD, W/Z+jets, WZ+jets
eEstimated from data: by reconstructing
control samples where one or two lepton(s)
fail the isolation/identification criteria

Decay N,, Background Total Observed[ A -
channel expected — ¢ Total:
Jupy | 1591 £005 L 1.43 | 0521026025 | 1643 £026£145 | [/ 14 \ | >4 observed,
eeee | 10.50 £0.04 +0.95 | 0.2540.14 £ 0.07 | 10.75 4 0.14 £+ 0.95 9 54.6 expected
ppee | 26.74+0.10+2.41 | 0.58 +0.18 +£0.23 | 27.32 +0.17 +2.41 31 (53.2+1.4)
UpT, T, | 0.82+0.0240.07 | 0.75+0.16+£0.08 | 1.57 £0.16 +0.11 0
eety T, | 0.754+0.0140.07 | 0.76+0.16 £0.05 | 1.51 +0.16 +0.09
eeTeTn, | 1.174+0.02+£0.11 | 0.96+0.344+0.12 | 2.294+0.34+0.16 2021 Total:
uptet, | 1.1540.0240.10 | 0.35+0.34+0.11 | 1.60+0.34+0.15 11 observed,
upT, T | 1.084£0.02+0.10 | 0.554+0.24+0.11 | 1.64 £024+0.15 11.5 expected
eet, 7, | 0.94+0.02+0.08 | 0224+0.14+0.04 | 1.174+0.14 £ 0.06 (7.1+4.4)
eeTeTy | 0.54+0.014+0.05 | 0.64+0.444+0.16 | 1.22 4044 +0.17
upTet, | 0.60+0.0140.05 | 0.14+0.30+0.10 | 0.74 +0.30 +0.11

Kalanand Mishra, Fermilab
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CMS

Cross section result and anomalous couplings

olpp — Z7) = 6.241“8:22(375@.)1“8'_%%(sys.) + 0.14(lumi.) pb

NLO (MCFM): 6.3 +0.4 pb The measurement is consistent
with the NLO prediction

Anomalous triple gauge couplings
a #  eNeutral triple gauge coupling (ZZZ /ZZy)
forbidden in SM (no s-channel at tree level)

-A way to look for prospective new physics
-Can enhance ZZ cross section

20
7 o777/77y vertex described with f4ZY and fs2/v
" . couplings in the TGC Lagrangian assuming
' gauge invariance and CP symmetry
Methodology

*SHERPA is currently the only generator that models ZZZ/ZZy couplings
-LO only, but SM at tree level + 1 parton agree well with NLO (POWHEG)

em4 chosen as discriminating variable, more sensitive than leading Z pr
e[ndependent approach (reweighing POWHEG) give consistent results

Kalanand Mishra, Fermilab 14/ 18




Limits on anomalous triple gauge couplings

CMS Preliminary \'s =7 TeV, L =5.0 fb"

CMS Preliminary \/s =7 TeV, L =5.0 fb"

CMS

Use no form factors,

>H_;O4— I—Ob‘served | pp‘—>ZZ—>IIIII_ >"_L;04_ I—Ob‘served | pp‘—>ZZ—>i|||_ l.e.,\=
’ - Expected +1o 95% CL ) - EXpeCted 1o 95% CL
------- Expected = 20 ------ Expected + 20 (-O O 1 2 < f 7 < O O 1 3\
0.02f 4 0.02F = | 4 |
-0.012 < fSZ <0.013
or . or -
0.014 < £,y < 0.014
0.02- 1 002 1 1-0.015<£7r<0.015
No form factor assumed No form factor assumed \_ 5 -
aTGC values outside contour excluded | aTGC \‘/alues outs‘ide contou‘r excludedI 5
0.04 -O.|02 -O.‘O1 6 0_61 0,(|)2 -0.04 -0.02 -0.01 0 0.01 0.02 at 95 /0 CL, the
fZ 2 strongest limit to-date
4
Experiment f£ fi f£ 4 Comment
LEP WG [-0.30;0.30] | [-0.17;0.19] | [-0.34;0.38] | [-0.32;0.36] | LEP combination
CDF [-0.12;0.12] | [-0.10;0.10] | [-0.13;0.12] | [-0.11;0.11] | A=1.2 TeV
DO [-0.28;0.28] | [-0.26;0.26] | [-0.31;0.29] | [-0.20;0.28] | ~1fb~ !, A=1.2 TeV
ATLAS [-0.12;0.12] | [-0.15;0.15] | [-0.13;0.13] | [-0.13;0.13] | ~ 1 fb~ !, A=2 TeV
( ATLAS [-0.07;0.07] | [-0.08;0.08] | [-0.07;0.07] | [-0.08;0.08] | ~ 1 fb~*, A=inf

CMS & ATLAS limits are much more constraining than LEP & Tevatron

Kalanand Mishra, Fermilab
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ZZ—4¢ cross section at 8 TeV (5.3 fb™1)

https://twiki.cern.ch/twiki/bin/

view/CMSPublic/

PhysicsResultsSMP12014

NLO prediction: MCFM
olpp = ZZ) = 7.8+0.6pb

Back-of-the-envelop

calculation:

expect 7.8 pb x 5.3 fb™
x 0.2% = 83 ZZ events

de

4dmu
2e2mu
Total
212tau

41+212tau

ZZ Backgr-d

expected

11.6 0.4
20.3 0.4
32.4 0.5
—/L, 656
6.5 5.6
— ., 777

N
O

—_

Events / 20 GeV
N
(6)]

—_
o

Observed

14
19
38

71
13
84

o

¢,

CMS

CMS Preliminary \'s = 8 TeV, L = 5.26 fb CMS Preliminary \s =8 TeV, L = 5.26 fb"
L ' ' ' 1 > | | ' -
e DATA 8 51 e DATA -
il | ]zz 18 .0 . | |zz |
W27z + jets % W2z + jets

— Lﬁ 3 — —
i % 4 | JLIFIL 2027
B ; i i il

2(')0 460 600 80C fo0 200 300 400 500 600

m,, [GeV] mis (GeV)

o = 8.4 + 1.0 (stat) £ 0.7 (sys) 0.4 (lum) pb|
NLO (MCFM 6.0): 7.7 £ 0.4 pb

(NLO for gqq—ZZ and LO for
gg—ZZ, MSTW 2008 PDF)

The measurement is consistent
with the NLO prediction
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Summary of electroweak physics: July 2012

CMS

1

Q0 = : =
Qo E ' W ' O  7TeV CMS measurement (stat®syst) E
o 05 | " Z E 8 TeV CMS measurement (stat®syst) _
OB = § ' | —— 7 TeV Theory prediction =
: 1 H . —— :
- =] — ' | —— 8 TeV Theory prediction _
- 4 — : i : —
s 100 . =1 : =
g = =2 —0— | -
8 - L : >2j ! a
3 : : : : :
@D 10°E =3 . o :WYEZY E
(D — 1 . |J— 1 ]
7)) C - 5 >3] ! —C— 5 N =
S L =4 < : WW n
O 10°g . ; 24! - AE
S = 'R : - WZ E
3= - - : —o— ZZ | |A
O . E* > 30 GeV . E!>10GeV ; ; g
o = In1<24 ' AR(y,)>0.7 ; N =
o - | .
E B 1 1 1
e _1 : . 4.9 fb L 49t |3
= 36, 19 pb ' 36pb ATIEE RE AR =
JHEP10(2011)132 PLB701(2011)535 CMS-PAS-EWK-11-010 (WZ)

JHEP01(2012)010
CMS-PAS-SMP-12-011 (W/Z 8 TeV)

Kalanand Mishra, Fermilab

CMS-PAS-SMP-12-005,
007, 013, 014 (WW Z2)
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CMS

Summary

4 The precision of diboson (WW, WZ, ZZ) inclusive
measurements in pp collisions is now approaching a few
percent accuracy level (dominated by PDF & luminosity)
e All results show good agreement with the SM predictions
e Becoming feasible to study diboson differential
distributions and diboson+jets production

[ First observation & BR measurement of Z—4¢ @ pp collider
e Important standard candle for H—-ZZ—4¢

A More golden opportunities and new exciting results with
Increasing integrated luminosity

Kalanand Mishra, Fermilab 18/ 18
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CMS

Understanding CMS detector

SILICON TRACKER
Pixels (100 x 150 um?)
e e C o r ~im?  ~66M channels
Microstrips (80-180um)
Pixels ~200m? ~9.6M channels
Tracker , “TER (F
~76k scintillating PoWO, crystals

HCAL
Solenoid

Silicon strips

. ‘ ) Ies Gl
MuonS \ ‘ 16m? ~137k channels

~13000 tonnes

SUPERCONDUCTING
SOLENOID
Niobium-titanium coil N
carrying ~18000 A : & ) FORWARD
) & CALORIMETER

Steel + quartz fibres

. HADRON CALORIMETER (HCAL) SAS G
Total weight : 14000 tonnes Brass + plastic scintillator MUON CHAMBERS
Overall diameter :15.0 m ~7k channels Barrel: 250 Drift Tube & 480 Resistive Plate Chambers
Overall length :28.7m Endcaps: 473 Cathode Strip & 432 Resistive Plate Chambers

Magnetic field :38T

Kalanand Mishra, Fermilab 20/ 18




ZZ: anomalous TGC references (I)

CMS

Experiment f£ fi f£ f Ref. | Comments
ALEPH [-0.60;0.61] | [-0.40;0.36] | [-1.22;1.10] | [-0.81;0.79] | [23] | 2D fit results
DELPHI | [-0.40;0.42] | [-0.23;0.25] | [-0.38;0.62] | [-0.52;0.58] | [24]
L3 [1919] | [1.L,12] | [5.045] | [3.0;29] | [27] | v/s = 189 GeV only
OPAL [-0.45;0.58] | [-0.32;0.33] | [-0.94,0.25] | [-0.71;0.59] | [26]
LEP WG | [-0.30;0.30] | [-0.17;0.19] | [-0.34,0.38] | [-0.32;0.36] | [25] | LEP combination
CDF [-0.12;0.12] | [-0.10;0.10] | [-0.13;0.12] | [-0.11;0.11] | [29] | A=1.2 TeV
DO [-0.28;0.28] | [-0.26;0.26] | [-0.31;0.29] | [-0.20;0.28] | [28] | ~1fb~!, A=1.2 TeV
ATLAS [-0.12;0.12] | [-0.15;0.15] | [-0.13;0.13] | [-0.13;0.13] | [30] | ~1fb~ !, A=2 TeV
ATLAS [-0.07;0.07] | [-0.08;0.08] | [-0.07;0.07] | [-0.08;0.08] | [30] | ~1fb~!, A=inf

[23] ALEPH Collaboration JHEP 0904 (2009) 124,
doi1:10.1088/1126-6708/2009/04/124.

[24] DELPHI Collaboration Eur. Phys. ]. C 51 (2007) 525,

doi1:10.1140/epjc/10052-007-0345-0.

[25] LEP EWK Working Group Collaboration, “A combination of preliminary electroweak

measurements and constraints on the standard model”,

Kalanand Mishra, Fermilab

arXiv:06.12034 [hep-ex].
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ZZ: anomalous TGC references (II)

[26] OPAL Collaboration Eur. Phys. J. C 32 (2003) 303,
doi1:10.1140/epjc/s2003-01467-x.

[27] L3 Collaboration Phys. Lett. B 436 (1999) 187.
[28] DO Collaboration Phys. Rev. Lett. 100 (2008) 131801.

[29] A. f. t. C. Robson and D. collaborations, “Diboson Physic at Tevatron”,
arXiv:1201.4771v1l [hep-ex].

[30] ATLAS Collaboration, “Measurement of the ZZ production cross section and limits on

anomalous neutral triple gauge couplings in proton-proton collisions at sqrts = 7 TeV
with the ATLAS detector”, Phys. Rev. Lett. 108 (2012) 041804, arXiv:1110.5016
[hep-ex].
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CMS

Limits on anomalous TGC from 36 pb~! data

Limit set using pr of the y or leading %‘“e-'éh;s'\'r' VL et ] 5""5 CMS‘\J_ nvL ot
a4 [ OMSNE=TTeV,L_=36pb : Ns=T7TeV,L_=36pb :
lepton (MCFM/Sherpa/ Bour foraTGC) = 4-_A:'=Os e,,l pb E ' Ag'fzg eV, L, =36pb 3
m R e s B E s A e e - b - h
> [ oMsNE=TTev.L_=36pb" . 02k / o 0.5 E
& [ —=— Daa . - - ) :
I Pty W : -: : %_ ]
% [ I Background ] Uy : - i J
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1or B 02f . 05 -
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