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Introduction

® The LHC is a discovery machine (successfully commissioned!)

® Many new physics manifest itself through resonance production
® S5pin-0 higgs-like scalars
® Parity even 0% (B)SM Higgs-like
® Parity odd 0 “multi-Higgs models

® Spin-| new gauge bosons

® Parity odd/even KK gauge bosons, Z’

® Spin-2 graviton-like tensors
® Parity even RS Graviton - “warped extra-dimensions”
® Classic Graviton: “minimal coupling” to the SM fields (in TeV brane)
® Non-Classic Graviton: “non-minimal coupling” to the SM fields (in bulk)

® Exotic particles with odd parity 2- (“hidden valley”)



Introduction

® Once a resonance is found, how can we extract the maximum
information of it?
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® Perform angular analysis to study a resonance’s spin and CP

® Helicity amplitude of | —2 decay process
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® |ots of efforts on “spin/symmetry at the LHC”

® Most work focuses on the angular distributions in decays of scalar and
pseudoscalar Higgs, BSM vector particles, and minimal coupling gravitons

® The angular distributions in the literature are largely based on partial
production or decay kinematics, as slices of the full distributions

® This presentation is based on our recent paper

® “Spin determination of single-produced resonances at hadron colliders”,
Y. Gao, A. Gritsan, Z. Guo, K. Melnikov, M. Schulze, N. Tran,
Phys. Rev. D 81,075022 (2010); preprint arXiv:1001.3396 [hep-ph]
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® Probe the production/decay/coupling of X theoretically
® Start with the most general couplings to the relevant SM fields
® C(Calculate the helicity amplitudes from coupling constants

® New MC generator to simulate the production and decay of X

® Measure the helicity amplitudes experimentally
® Full angular analysis formalism (production+decay angles)
® Account for major detector effects in the MC simulation

® General maximum likelihood fit to extract simultaneously the physics
quantities of interest (mass, width, spin, parity, etc)



Production and Decay
Amplitudes of Resonance X



Resonance Productions at the LHC

® Consider two dominant production mechanism at LHC

- ~ ~ do . (x1p1. T9p9. ()
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* Relative fraction between gg and qgbar depends on the LHC Energy

7



Resonance Decays

Examples of the resonance decays to SM fields

e e Decay to fermions
G' - X =17, qq

spin-0 excluded m; — 0

ey,Z W g e Decay to gauge bosons
G X >y, WW~=, ZZ, gg
}/,Z W »& spin-1 excluded with YY, g8

Z,W -
assume X is color-neutral
charge-neutral

® Now we focus on X—=ZZ—4l (w/o jets or MET)

® More information can be extracted through 4-body decay
® Sizable (if not dominant) decay b.r. is plausible in many models

® All final states can be reconstructed with high eff. and good resolution
8



X(]=0)=VV Amplitude

e Most general amplitude for X ;g — V115
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e 3 amplitudes (“experiment”) < 3 coupling constants (“theory")
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X(J=1)=VV Amplitude

e Most general amplitude for X, — 27
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e 2 amplitudes ( “experiment”) < 2 coupling constants ( “theory")
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X(]=2)=VV Amplitude
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Symmetry in Helicity Amplitudes

symmetry in X — Z7: A, =(-1)" 4.,
if parity is a symmetry: A, \ =ny(-1)’A_, ., (do not use)

Ao —L ¢ ¢—°

;’1_}__*_ 4—4—9 ‘ 9*-» > J =0 or?2
I =

|']:| — 07172 — ./A“_‘()y ./}‘.ila ./“‘.72
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Monte Carlo Simulation

® New MC simulation program for
ab — X — Z7Z — (fif1)(f2/2)

® based on the matrix element calculations with general couplings

® |mportant features in this program (www.pha.jhu.edu/spin)

® |t has the option of weighting, accepting or discarding events
® Output in LHE format, which can interface with PYTHIA for hadronization
® The inputs are general couplings (previous slides),

® including Higgs radiative corrections

® containing both non-minimal/minimal graviton couplings

® Background
® Madgraph: qq¢ — ZZ (irreducible bkg)
e Others negligible: Zbb, tt, W W bb, WW Z, ttZ, 4b
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http://www.pha.jhu.edu/spin
http://www.pha.jhu.edu/spin

Production and Decay Angular
Distributions



Angular Variables

® ab— X — ZZ — (fif1)(f2f2) chain involves 3 sequential rotations

® TJo fully describe the kinematics, we need 5 angles

® directly measured in experiment

® production angles (07, ®))
® decay angles (0, 02, D)




Angular Distributions

® The helicity amplitudes
Aab X DJ* (Q*)BX1X2 X DTJrLﬂ:/\l_/\2(Q)A/\1)\2
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® Angular distributions

doox 3| An({Qh))

. . XsHsT  Xom
® Polarization and phases

oo = A2/ S A2 daa, = arg(Ay,x,/Ao)
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Explicit Angular Distribution
o dT(ab — X5 — 212" — (f1fi)(fof>)) o
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mai
m=0,+1,£2
|7



Construct Data Analysis

Due to the large parameter space, we select 7
scenarios to illustrate the general analysis procedure

JF 0* 0 | |- 2m? 2.7 2
. Pseud | Exotic . | Graviton-like Graviton-like Exotic
. | SM Higgs- Exotic . .
scenario| ,. o- Pseudo- tensor with | tensor with long. [ Pseudo-
like scalar Vector . L _
scalar | vector minimal coupl. |polarization (J;=0)| tensor




® Validate the MC simulation, angular formalism and fit

® Higgs 0" and 0" at mp=250GeV

Validate the Angular Distributions (1/2)

lines: fitted analytical functions; dots: generated MC data
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Validate the Angular Distributions (2/2)

® Vector |-(bi) and axial-vector |*(b2)

~—1500

%
L O] T

® Good agreement between MC simulation/fit/analytical functions

® Full angular distributions give the best separation between signals/bkg
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Detector Effects

® Detector performance is crucial. The angle measurements
depend on the momenta measurement of the final state leptons

® track pT and impact parameter resolutions

® non-uniform reconstruction efficiency of the detector

® Account for detector effects in MC: apply acceptance function

g(q)la 9*7 017 927 (1)7 YX)

on top of ideal distribution

® Smear track parameters by CMS tracker performance—0.01(rad) in angles

® Consider only tracks

Relative efficiency

O
4

within [N[<2.5

—
I

: 2
o
generated flat s
1 mp = 200 GeV 1\ =
myg = 1000 GeV s :
HV.—O.5I | (I)OI51 0-:’3
cosO*
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Data Analysis in a Nutshell

® |magine that we observed some (non-)SM resonance events

® Hypothesis testing analysis

® Compute a confidence level to separate two hypotheses

example (A): h1: signal 4+ background
h2: only background

example (B): h1: signal 0" (+ background)
h2: signal 0~ (+ background)

® Parameter fitting analysis (once we have established decent stat.)
® perform multivariate fit to extract simultaneously:

® number of signal and background events

® signal parameters: production mechanism f;m, polarization, mass,
width, coupling constants (Axix2)
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Multivariate Maximum Likelihood Fit

® |ikelihood fit on an ensemble of events (RooFit/MINUIT)

® Each event is described by observable: ¥, = (6%, ®1,60,0,, ®;myy, ..)

® FEach event has a probability of being a certain event type (sig/bkg).
The probability is given by probability density function (PDF):

PJ:P(777"ZZ7 ) Xpideal(e*? (I)la (917 923 (I)) ><g(6*1 (I)la Qla 627 (I)« Y:Xr)
® The signal PDF contains the parameters of interest
C—i[ — (f/\l)\27 ¢)\1)\27 fz'm; mX7 FX)

® [he total likelihood

T\T

3
—e\p< Zn;—nbkg)H(ZH/XP}(T C §)+71bkg><73bkg(f ))
J=1

® Maximize it to extract the yields and signal parameters at once
® Depending on the statistics, we can choose to fix or float any parameter

® The significance btw two hypotheses can be estimated via 2In(Li/Ly)
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Analysis Results
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Hypothesis Testing Analysis (1/2)

For illustration, pick a test scenario (Luminosity = 5/fb @14 TeV)

30 Higgs signal events (SM Higgs rate, mx=250GeV) and 24 bkg events

S/B significance is 5.7 O with only mzz; increases ~20% if adding angular information

At the time of discovery = separate signal hypotheses

Experiments

Generate 1000 pseudo-experiments each for the two hypotheses (h| and hy)

In each experiment, fit each generated data with both hypotheses and obtain 2In(Li/L>)

The hypo. separation significance is the effective gaussian separation between two peaks

—

-

o
[

o)
o
T l T T T T

of the 2In(Li/L2) curves (standard statistical interpretation)

S =410 S =250

I I I I I I I I I I I I I I I I I

Experiments
o o
o o
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Hypothesis Testing Analysis (2/2)

® Tabulate the hypothesis separation results for each two
hypothesis combinations

e with ID (0% /3D (8),02,9) /5D (¢,,07 0, 0,,9)

0~ 1"

1~

2+

m

2]

-

0+ 0.0/3.9/4.1 0.8/1.8/2.3 0.9/25/2.6 0.8/2.4/2.8 2.6/0.0/2.6 1.6/2.4/3.3

0~ - 0.8/2.8/3.1 0.9/2.5/3.0 0.8/1.7/2.4

1+ — —

1~ — —

2 Imx=250GeV*

0.0/1.1/2.2 0.1/1.3/2.6

0.1/1.3/1.8

2.9/4.1/4.8 1.6/2.0/2.9

2.8/1.9/3.6 25/1.2/2.9

2.8/2.5/3.8 2.5/0.6/3.4

2.9/2.6/3.8 2.3/0.5/3.2

3.6/2.5/4.3

® |ncluding more angles improves hypothesis separation

® With ~30 signal events, can start to make statement about spin/CP of X

26
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® Perform ML fit to extract more parameters (Fit agrees with Gen.Value!)

Experiments

Parameter Fitting Analysis

150 signal and 120 background events

® |f a resonance (eg. spin-0 Higgs-like) is found with large stat.

150
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generated | w/o detector | with detector
Nsig 150 150 =13 153 =15
foo 0.792 0.79 £0.07 | 0.77 £0.08
frv— __)/2 0.000 0.00 £0.07 | 0.01 £0.07
D+ T O / (s 3.15£0.73 | 3.20£0.77
Gy —D__)]2 0 0.00 =0.53 | 0.01 ==0.55
@ - [ Aoo|
: g 100:—][()() — Z'AUP
°c§ °o 02 04
™ foo
a3 (O_)




Summary and Conclusions

® We developed a general analysis to determine the spin/
CP(+more) of single-produced resonances (X) at the LHC

® Starting from the most general couplings to the relevant SM fields, we
studied the production and decay of spin-0/1/2 resonances and
calculated the helicity amplitudes of X—=ZZ

® We wrote a new MC simulation program to generate the production
and decay of X, accounting for the major detector effects

® We derived the full angular distributions (production+decay angles) to
measure the helicity amplitudes experimentally

® We implemented and validated (on MC data) a multivariate ML fit to
perform both hypothesis testing and parameter fitting analyses

® At the time of discovery, we can separate hypotheses statistically and
start to make statements of resonance’s spin and CP

® With more statistics, we can measure the couplings to SM fields
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