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A bit of history...
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Introduction

“Golden channel”: clean experimental signature, high precision on mass, information on JPC

Production cross-section @ 8 TeV

z “F ' 1 =4 primary isolated leptons (e, W)
—~ 9 — .
T o 1 = Narrow resonance (1-2% resolution)
~ _F H-TTIT (1=e,u) -
S 4 over ~flat background
6 =
O ] . .
T 3 = BUT: low signal yields (<3 events / tb)
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Objects: some highlights
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Final State Radiation (FSR) y Recovery [since ICHEP ‘12]:
= Recover photons near the leptons from Z's
(down to 2 GeV, AR(l,y) up to 0.5)
= 6% of events affected.
= Improve signal efficiency & mass resolution.




Efficiency
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= Electrons (muons) downto 7 (5) GeV. 4=
= FSR y Recovery on all channels

= Open phase space:
e 40< mZ1 <120 GeV
e 12<mZ2 <120 GeV
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Data recorded: Wed May 23 21:09:26 2012 CEST
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@ mH =126 GeV, signal efficiencies:
(within the geometrical acceptance for leptons)

31% (4e), 42% (2e2p), 59%(4p)




Background Control

/ Reducible (“Z+X”)
(important at low mass)

CMS Preliminary

o Z+jets, WZ+jets, (fake leptons)
o Z+bb, ttbar (non-prompt/isolated leptons)
o Z+y+ijets (conversion)
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» Build various control regions,
with relaxed/inverted criteria
» Extrapolation to signal region

with “lepton mis-identification probability”
\-{alidation in samples with relaxed charge/ﬂaW

Landau(x) x P,(x) fit
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In agreement with NLO prediction 6
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H-ZZ - 4l: Mass spectrum
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Events / 3 GeV
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H-ZZ - 4l: Mass spectrum (zoom)

// \

CMS Pre"minary - CI,MS p.relimi:'\ary . L:5_1Iand19._ﬁfb'1atl'|!§:?a.ndBTe‘:'
- (‘B 20F * Data ]
- + Data o L 5 5;5_212256 y -
i m=126 Ge| e
— Mzyzzs | &7
F o Bz ] "
_ J / 0 "
- / =8 e a v s
: I ._'E;-_' u HH WM 4 (TTeV. 3TeV)
B I I : 1 I : I
- 100 120 140 160 180
__ m,, [GeV]
N H(126) 18.6
_ ZZ 7.4
% [zeonnisen /B2

Total Bkg. 9.4

1
80 100 3 N H(126)+Bkg. 28
Data 25

in 121.5<m41<130.5 GeV range




Beyond m4l

In addition to m4l, use more information in the final fit to:

5 production & decay angles
+ mZ1, mZ2

further separate signal from background...

> Use full Kinematics...

> 01
0.0

£20.08
00.07
N

" 0.06}

E
5 0.05
c

0.04f

0.03
0.02
0.01

0

GMS Preliminary 2012

V=7 TeV, L=5.05fb™; Vs=8 TeV, L=5.26 o™

> O.1p-
an;
20.08
Eam?
5 0.06%
ga%
0.04
0.03
0.02
0.01
0

COsS

o

i

GMS Preliminary 2012 Vs=7 TeV, L=5.05fb™; {s=6 TeV, L=5.26 fb"

~ cosB,
1-0.8-0.6-04-02 0 02040608 1

cos 0,

°
B
5

m,=125 GeV

normalized to unity

o

o
o
&

e
[N

0.25}

e
[N

> 01
0.0

20.08F

00.07
N

5 0.06
€005

o
[«

0.03

0.02F

0.01
0

CMS Preliminary 2012

0.04f

GMS Preliminary 2012

-1 -0.6-0.6-0.4-0.2 0 02040608 1

cos 6”

GMS Preliminary 2012

V=7 TeV, L=5.05 b™; Vs=BTeV, L=5.26 b

> Odgrrrrr

So.09F
20.08
80.07)
NTE
5 0.06)
=0.05F
S0.04f
0.03
0.02f
0.01

V=7 TeV, L=5.05fb™; Vs=8 TeV, L=5.26 o™

cos0,

& A |
1-0.8-0.6-0.4-02 0 0.20.4 0.6 0.8 1

Vs=7 TeV,L=5.05 fb™; {s=8 TeV, L=5.26 fb™!

i

o ]
0 40 50 60 70 80 90 100 110

m,, [GeV]

cos 6,

GMS Preliminary 2012

> o0
€0.09
20.08
B0.07
N

Ea%
£0.05

<0.04

0.03
0.02
0.01

V=7 TeV,L=5.05fb™; Vs=8 TeV, L=5.26 o™
T

s 02— —

‘Co.18[

20

30

40

50

m,, [GeV]

60

& R\



Beyond m4l

In addition to m4l, use more information in the final fit to:
further separate signal from background...
> ...Build Kinematic Discriminant from Matrix Element techniques [since ICHEP ‘12]

CMS preliminary YVs=7TeV,L=51 o' Ys=8TeV,L=1961fb"

W ]
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5 production & decay angles
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Beyond m4l

In addition to m4l, use more information in the final fit to:

...and increase sensitivity to production mechanisms
> Split events into 2 categories [since Moriond ‘13] :

/\

= Di-jet Tagged (>=2 jets) = Un-tagged (0/1 jet)
Use Fisher Discriminant VD (m;;, Any) Use pT,,,/my
(VBF fraction~20%) (VBF fraction~5%)
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H-ZZ - 4l: Results

Significance @ 125.8 GeV: 6.7 o (7.2 expected)

with 3D (my,, Ky, Vp or pT/m,) model

Consistent (but better) wrt 2D (m4l, KD) or 1D (m4l) models.
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Mass measurement: Lepton Momentum Scale & Resolution
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Mass measurement: per-event mdl uncertainty

» mdl uncertainty used on a per-event basis to increase the precision
on the mass measurement

» Per-lepton momentum uncertainties are calibrated & validated using Z - ee & Z -

Measured relative mass resolution
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> Relative m4l mass uncertainty in good agreement
between data & MC for various control regions:

Z -4, 72, 7+X (fakes).
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Mass measurement with H - ZZ _ 4l

CMS preliminary Ns=7TeV,L=51fb"'ys=8TeV.L=19.6fb"

_| 1 0 - ¥ = | - (_:MS Preliminary Vs=7TeV,L=5.1f0" /s=8TeV,L=19.61b"
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' 8F o it
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6
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4ar = 7 4| used to validate 1D mass measurement
3k = Good agreement between measured & PDG values
2 =
L3 * mdl uncertainties due to lepton scale:
of 0.1% (4), 0.3% (de)
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= 3D model (m4l, KD, per-event m4l uncertainty)

m, =125.8 £ 0.5 (stat.) + 0.2 (syst.)




Production Mechanisms

Measurement of signal strengths for production mechanisms
associated with either top (ggF+ttH) or gauge (VBF+VH) couplings

CMS Preliminary Vs=7TeV,L=511fb"' \s=8TeV,L=19.6fb"

2:' rhprrrrprerrpr et prr e et e e

= 68% CL -

8k 95% CL
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41 E =09 +0.5

: : K gg+ttn = Y9 ™ 04
2
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He

Measurements are compatible with SM expectations



Conclusion

Observation of pp - X - ZZ - 4 leptons (e, |1) process at 6.7 o significance
(7.2 expected in case of SM Higgs) with full Run | statistics, with a mass:

mX=125.8 + 0.5 (stat.) + 0.2 (syst.)

Events / 3 GeV

Obtained exploiting3D model using m4l, kinematics and categorization sensitive
to production mechanisms.

CMS Preliminary {s=7 TeV, L=5.1 ' fs=8Tev,L=196f"
35 [ T T T T ‘ T T T T T T | T T T ‘ T T T L
I * Data 4

PR | + g
80 100 120 140 160 180
\ my, [GeV] /

Dl z+x .
[zvzz .
[ |m=126 GeV]

/ Measurement of properties (@125.8):

= “Cross-section” (relative to SM Higgs): olag, = 0.91 *% .,

. . — +2.4

= Production Mechanisms: Hgqevn = 1.0 -2
- +0.

M ggrettn = 0.9 g4

= Spin-Parity quantum numbers: see Roberto’s talk.

So far, all measurements compatible with the production of SM Higgs boson
K (but still statistically limited)

~

_/
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CMS Results

New H - VV results for Moriond ‘13:
* H - yy. CMS-HIG-13-001
s H 77 - 41+2121: CMS-HIG-13-002
= H_, WW - 212v: CMS-HIG-13-003
"H_ Zy. CMS-HIG-13-006
= WH - WWW: CMS-HIG-13-009

All CMS Higgs public results:
https:/[twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsHIG
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Angles

0”: angle between the parton collision axis z and X->ZZ decay axis z' (in X rest frame)

®,: angle between zz' plane and plane of Z,->ff (in X rest frame)

0.: angle between direction of fermions fi from Zi->ff; and direction oposite the X in the
Z. rest frame (i=1,2 for the first and second Z)

®: angle between the decay planes of the two Z systems (in X rest frame)

20 07111



Higgs = ZZ > 4 leptons candidate
24 vertices



Events / (0.35 GeV)

H- ZZ - 4l: Signal Model

CMS Simulation

CMS Simulation CMS Simulation
400~ > F > f
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- 2 2
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a1

m,, (GeV) m,, (GeV)

» m4l parametric model for signal: Breit-Wigner convoluted with double-sided Crystal Ball

» MC: POWHEG (ggH, VBF), Pythia (associated production=)
= [ow mass: narrow width approximation
* high mass:
* line shape corrected to match complex-pole scheme.
o Interference between ggH and ggZZ are taken into account.
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H - ZZ - 4l: Resolution improvement
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H - ZZ - 4l: Background Control

> qqlgg - ZZ: from MC (POWHEG & gg2zz)

> Reducible (Z+jets, tt, WZ,...): from DATA.
= 2 “fake rate” methods:

* 3 prompt + 1 failing leptons (3P+1F): 600
« target estimation of background WZ, Zy/, ...
» Extrapolation to signal region: lepton mis-identified probability

¢ observed
Landau(x) x P,(x) fit

400

CMS Prelimina ¥s=8TeV,L=196 "
« Method A groor T 2P+2¢ Region (PFC) 1
etho . . 9 1000 L I:I ZZ, ZT*
» Control Regions: = F ] wz
« Z1+2 OS-SF “failing” leptons (2P2F, 2 “prompt” + 2 failed”) E 8'305— E R ets

200

- MEthOd AA ) ?00 150 200 250 300 350 400 450 500 550 600
» Control Region (CR): m,, [GeV]
e Z1+ 2 SS-SF “loose” |ept0nS _CMS preliminary fS=8Tev. L=1963Mm"
: : . > T T T T T 74288/ SFleptons | |
« Extrapolation to signal region: & 10 o ]
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H-ZZ - 4l: mdl spectrum & tables
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H-ZZ - 4l: MZ1 vs MZ2
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H-ZZ - 4l: Kyvs my
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M4l vs KD cut (for illustration)

Events / 3 GeV
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Model (in)dependence
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H-ZZ - 4l:Vyvs m,
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H-ZZ - 4l: py,, VS My,
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Mass measurement: Electron Momentum Scale & Resolution

A m/m (data - sim.)

Electron scale & resolution validated with Z, J/y & Y - ee
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Mass measurement: Electron Momentum Scale
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Mass measurement: Muon Momentum Scale & Resolution

Muon scale & resolution validated with Z, J/Y & Y - ppl
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H-ZZ - 4]: Mass Measurement

CMS preliminary Ys=7TeV.L=51fb"'ys=8TeV,L=19.6fb"
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Mass Measurements with different techniques:

1D (m4l), 2D (m4l, o,4) & 3D (m4l, Kp)
gives consistent results
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H-ZZ - 4l: some more distributions
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H- ZZ - 4l: p-values & limits (low mass)
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High Mass: H - ZZ - 4l & 2I21: limits
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H-ZZ - 4l: JPC Analysis
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H-ZZ - 4l: D P distributions
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H_ ZZ - 4l: test statistic
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Table 3: List of models used in analysis of spin-parity hypotheses corresponding to the pure
states of the type noted. The expected separation is quoted for two scenarios, when the sig-
nal strength for each hypothesis is pre-determined from the fit to data and when events are
generated with SM expectation for the signal yield (y=1). The observed separation quotes con-
sistency of the observation with the 0™ model or |* model, and corresponds to the scenario
when the signal strength is pre-determined from the fit to data. The last column quotes CL,

H-ZZ - 4l: JP¢ Analysis Results

criterion for the /” model.

J¥ production comment expect (y=1) | obs. 0" | obs. J” CL;
0~ 3¢ — X pseudoscalar 2.60 (2.80) 0.5¢0 3.3c 0.16%
‘{);Ir gg — X higher dim operators | 1.7¢ (1.80) 0.0c 1.70 8.1%
IZTngg gg — X minimal couplings 1.80 (1.90) 0.80 2.70 1.5%
ZTW qq — X minimal couplings 1.70 (1.90) 1.8c0 4.00 <0.1%
1~ qq7 — X exotic vector 2.8¢ (3.10) 140 >4.00 | <0.1%
1+ qq9 — X exotic pseudovector 2.30 (2.60) 1.70 >4.00 | <0.1%

at 95% CL or higher

The studied pseudo-scalar, spin-1 and spin-2 models are excluded
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A(X — Vi Vg) = ’U_lfjﬁfzp ([algpvmi T a2 qu9v =+

H - ZZ - 4l: Mixed parity

a3€uvap Q? qgj

fa3= |A3|2/(|A1|2+|A3|2)

CMS Preliminary
i 1 1 I J 1 I 1

\s =7 TeV,
LA

L._‘= s.r] ;s =8 TeV, L = 19.6 fb” CMS Preliminary Vs=7TeV,L=51fb";{s=8TeV,L=19.6 fb"
| d| _I Pl I I | T T T | I I I | I I I | I I I | 1
E
I 7
— CMS Data / I
P Expeded /

= SM 0+ decay dominated by A1
= 0- decay dominated by A3

f.3 =0.00 i -0.00

f ,<0.58 @ 95% C.L.
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H-ZZ - 2lv

CMS preliminany, ¥a=7/8 Te‘.l',j L= 10.088"
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» [wo leptons from a Z boson, large E%”iss

» Using m7 as final variable

» Split in several categories: electrons/muons, 0/1/2-jets
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H_ZZ - 2129
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» Using mygo¢ as final variable

» Split in several categories: electrons/muons, 0/1/2 b-jets




