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# introduction

discovery is just the beginning — need to
understand properties of any new resonance

* model-independent approach to extraction of resonance
spin, parity, and couplings

 explore Higgs properties using decay kinematics

 angular analysis of decay products

« complimentary approach to measurement of Higgs
branching ratios

« MELA approach

 Matrix Element Likelihood Analysis — a flexible likelihood
approach

Mela (Sanskrit: #T) is a Sanskrit word meaning 'gathering' or 'to meet' ...

References:
Gao et al., PRD81,075022(201@); CMS PAS HIG-2011/027 (2129)
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outline

brief review of phenomenology and helicity
amplitude formalism

practical applications and tools
« MC generator details

« MELA analysis — a technical implementation
of likelihood approach

preliminary results: discovery significance and
hypothesis separation

outlook



spin—0 resonance kinematics

het

« amplitude X—VV is characterized by ai,az,as couplings

A(Hj—g — ViVo) = v e ey (alg,ul/M)Q( + a2 quqy + A3€u03 qf‘qzﬁ)

e For X—2Z/Z,WW:
e SM Higgs (JP=0%):a1+0,a2=a3=0
e pseudoscalar Higgs (JP=0"):as+ 0,a1=a>=0

e general amplitude can be separated into various helicity
amplitudes

e helicity amplitudes are used to characterize event
Kinematics



Si= helicity amplitude formalism

from a general amplitude, we can compute the helicity
amplitude via polarization vectors, €(+,0)

e for generic X—VV decay, 9 possible amplitudes, Ak

where j,k = =1, 0
e no longitudinal polarization for massless y and g

e for spin—0, allowed amplitudes A++, A--, Aoo

e helicity amplitudes used as parameters for angular
distributions
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# a model-independent approach

generic resonances other than spin—0 possible as well
e« examples include Z’, KK gluons, RS graviton, etc.

e ¢£.9. can consider spin—1 and spin—2 as well

e play same game as spin—0 case

e write down general amplitude, extract helicity amplitude
parameterized by dimensionless couplings

e.g. X(d=1) —» 727

A = 22) () [(Ga)(ebex) + (o) efex)] Ko camacie” 5" d"
e.g. X(J=2) > 77
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# event kinematics

Let us consider the X—=VV—4f final state
— more information in four—body final state

01, 62, ®: helicity (decay) angles
©*, ®1: production angles

©*, ®i uncorrelated with spin 0
kinematics (flat), used in separation
from background

full event kinematics described by:
{ma, m1, me, ©1, 62, ®, 6%, ®1, YH, PTH}

** pTr from NLO effects, Yn from parton distribution functions 7



# angular distributions

angular distribution parameterized by helicity amplitudes
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+ interference terms




L, ! - -
S.E the region of interest

A il {:’ o]
© | L-ss4st’ — f;’;e:i‘z‘l’ufj“%
e Recent results put great focus on s | i oo |
the low mass Higgs region, 5
~120-130 GeV 5

1

e (Consider off—=shell vector boson

= RS NAARARRARE MU UM I IR RSN LR RS
masses, can also be used for g | ATLASPrelminery j 20102 7 NN
c 10 : 1= 35 140 145
. . . . . § 0 . Exp. Ldt=4.6-49fb" ]
signal or background discrimination : | =% 1 ass (GeV)
5 - [+20 \s=7TeV
S50
o
2 L i
/1 and Z2 masses for 125 GeV resonance ;
000l /R e R B
:U: :UJ, 1 Tevat‘ron Run Il Preliminary, L <10 o
2000 B T £10 .- a +ATLAS+CMS
g E e xclusion
2000 - 500 — 2 * o —
g o /\/ /
e
1000 — 1
: L I | gATLASCMS
1 o Exclusion St A
0 100 0 100 5

iy . 100 110 120 130 140 150 160 170 180 190 200
m,, (GeV/c?)



het

tools and multivariate analysis
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# jhu generator

A MC program developed to simulate production and decay
of X with spin—zero, —one, or —two

* |ncludes all spin correlations and all possible couplings

 |nputs are general dimensionless couplings — calculates
matrix elements

 Both gg and gg production

e Qutput in LHE format; e.g. can interface to Pythia for
hadronization

e All code publicly available: www.pha.jhu.edu/spin

validation: comparison of analytic p.d.f with MC for various spin—2 models
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# jhu generator — updates

Events / ( 0.0363636 )

expansion of final states for spin—0,1,2
e //— 4, 2127, 212V, 2|20
WW — 212v, Ivtyv, lvgg
e 0ONn—going work...
e consider other final states such as yy

e new features to be included into an updated version
of generator

validation of X = WW decay implementation
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analysis implementation

angular variables can be used to improve signal sensitivity
over background and to distinguish between various signal
hypotheses

e consider ZZ — 4l for the following tests though there are
interesting possibilities for other final states such as WW, vy,
etc

e use the JHU generator as signal MC for tests; background with
Powheg ZZ - include detector smearing and analysis cuts

consider 2 epochs based on available statistics and channel
resolution: hypothesis testing and parameter fitting

e hypothesis testing with lower statistics — nearer term — to
distinguish between different models

e parameter fitting with more statistics — longer term — to extract
couplings directly

in both cases, a multivariate model for both signal and
background are necessary
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hypothesis testing

| model and use

t approach: use 8—dimensiona
kelihood ratios
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# signal model

Signal model is fully correlated analytic 8—d model
{mzz, m1, me2, 61, 62, ©, 6%, ®1}

« Model takes as inputs directly spin—0 couplings ai,az,as
« N.B. production angles 6*,®+1 are uncorrelated and flat
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# models (continued)

background model templated in bins of ma
P(D, ma) = P(mz1,mz2;ma) XP(81;ma) XP(62;ma) XP(D;ma) XP(6*;ma) X P(D1;mai)
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background template model shown; effort for analytic PODFs of background in
literature, to be adapted for experimental techniques:

Low, Gainer, Kumar, Vega-Morales, arXiv:1108.2274 16



# discriminant MELA, S vs. B

Build a discriminant using signal and background models

condense 8—d model into

2—-d model {mzz, LD} for £D(my, ms, Q| ma) = |1+

discriminant approach |

Prkg(mi, ma, Q | M)

Psig(mla ma, Q | m4g)

—1

2000

Signal model

Events /(0.05)

Bkgd model

signal = SM Higgs
mH = 125 GeV

Statistically independent
samples to build D (lines) and
validate (points)

Realistic smeared samples
with “CMS-like“analysis cuts
pT > 20,10,7,7
In| < 2.4
cuts on mzi/ze = [12/50, 120]
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discriminant MELA, So+ vS So-

To separate two hypotheses, we build a discriminant using two

;‘CD(ml?mQ?Q | méw) —

different signal models
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Compute background PDF in
order to do hypothesis
separation tests.

So++ Bvs So- + B

Loss of information from
discriminant approach
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95% CL limit on 0/Ogy

statistical tests

using the MELA 2—d PDFs, look at expected improvement

over simple 1-d {mzz only} approach

Yields for expected number of events at 20 fb™' @ 8 TeV
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Expect 15% improvement on UL and significance
N.B. systematics not included, evaluation of MELA shape systematics on—going
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For 20 fb~! of data, also use MELA discriminant to separate
SM (0*) from pseudoscalar (0~) signal hypothesis

compute estimator S = 2 In (Lo/L1) as test statistic

2 In(L /L)

50

signal separation

n ?o_ys‘ |

20 40
2In(LL)

Neyman—Pearson hypothesis testing,
effective separation of Gaussian peaks
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Better separation at higher
Higgs mass due to larger o*BR
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r projection of signal separation for
,) Ot and O~ for different
luminosities @ 8 TeV
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projections

expand more than just Ot and O~

define many scenarios and create a

“matrix” of how well we can separate
different signal hypotheses

example for 250 GeV, 30 signal events

| o- 1t 1= 2r 2 2
[ 0F 41 23 26 28 26 33
0 - 31 30 24 48 29
™ - - 22 26 36 29
- - - - 18 38 34
2r - - - - 38 32
2f - - - - - 43

Previous studies include following motivated models:
JP = 1* (pseudovector), 1~ (vector)

JP = 2+, (RS graviton), 2*. (RSG, SM in bulk), 2~ (pseudotensor)
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parameter fitting

most general approach to maximize likelihood w.r.t.
angular parameters

with more accumulated statistics, can directly fit for
helicity amplitudes or couplings
e no discriminant, fit directly from 8-d distribution

e computationally advantageous, numerically would have to scan
in a multi—dimensional parameter space

e example, for 150 signal events, mx = 250 GeV
e equivalent to ~200 fb~" at 125 GeV
e fit for SM higgs helicity amplitudes and phases

.. he

mx = 250 GeV mx =1 TeV B
generated fitted generated fitted i
without detector with detector without detector with detector o |
2 |
150 150 & 13 153 & 15 150 150 & 12 15212 g%
(f++ +f-_)  0.208 0.214+0.07  0.234+0.08  0.000 0.004£0.03  0.00£003 & |
x L
(f++ — f=—)  0.000 0.01 £0.13 0.01 £0.14 0.000 0.00 £+ 0.02 0.00 £0.02 W 50:
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outlook & summary

a program is presented for extracting spin, CP, and
couplings of a new resonance using event kinematics

MELA approach — a flexible likelihood approach
including fully differential distributions for improved
sensitivity over background, signal separation and
fitting directly for couplings

implementation for ZZ—4l in my = 120-140 region

« MELA 2—d PDF gives boost of ~15% in UL and significance
e for a ~30 significance, can distinguish between 0* and O~

signal at ~20 N
Preparations on—going including < w0
extensions in other modes such S
as WW and yy

e improved spin—0 vs spin—2 signal
separation
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