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What is the Golden Channel?: Signal

@ Signal consists of p — Vi Vo — 44

Vs

@ X can in principal be spin 0, 1, or 2

@ V4 and V, can be any combination of Z and v and £ = e, i1

@ In principal vy, Z7v, and ZZ all contribute

@ Can lead to a myriad of interference effects between intermediate
states as well as between identical final states in 4e/4u channel
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What is the Golden Channel?: Background

@ Irreducible background is primarily qg — 4¢

@ This includes both the t-channel and s-channel process

Vi

T DA
i §

@ Also has smaller contribution from fakes and gg — 4¢ (NLO)
@ Again Vi and Vo canbe Zorvyand £ =e, i

@ A rich interference structure between various intermediate states as
well as between s and t-channel and identical final states for 4e/4u
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What is the Golden Channel?: Kinematics

@ Ignoring production there are 8 observables in CM frame per event
(5./ Ml, M2, @, 917 027 (D]_, ¢) (N. Cabibbo, A. Maksymowicz, Phys. Rev. 137 (1968))

(Y. Chen, N. Tran, RVM: 1211.1959)
o All angles defined in 4¢ CM frame (or X in case of signal)

e Correlations between lepton angles studied for some time

’ J.F. Gunion, Z. Kunszt (1986); Matsurra, J.J. Van Der Bij (1991), + many others ‘
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Why the Golden Channel?: ‘Practical’ Reasons

Very well measured with < 1 — 2% mass resolution for ~ 125 GeV
Good signal to background ratio and well understood theoretically
NLO corrections are small and mainly affect production

Make it conducive to ‘analytic’ methods based on LO calculation

Analyzed recently using matrix element method (MEM) studies

Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze, et. al: 1001.3396
A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M. Spiropulu: 1001.5300
J. Gainer, K. Kumar, I. Low, RVM: 1108.2274

S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, et. al: 1208.4018

D. Stolarski, RVM: 1208.4840

Avery, Bourilkov, Chen, Cheng, Drozdetskiy, et. al: 1210.0896

J.M. Cambell, W.T. Giele, C. Williams (NLO): 1205.3434

J.M. Cambell, W.T. Giele, C. Williams (NLO): 1204.4424

@ Focused primarily on signal extraction and/or hypothesis testing

@ We would like to move on to
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Why the Golden Channel?: Physics Reasons

Can be used as a mode as done for Higgs
Can directly mechanism
Can of resonance directly

Direct properties and can be used to

Z~ and ~v occur through higher dim operators =
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Experimental Searches

@ The Higgs has been discovered in the Golden Channel at ~ 125 GeV!

CMS Preliminary Vs=7TeV,L=5.11b";Vs=8TeV,L=19.6b"
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@ Experiments have now entered ‘characterization phase’
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Experimental Searches

@ CMS has also performed studies of CP mixtures
@ Assessing sensitivity to real CP-odd ZZ coupling

CMS Preliminary
i

\Ns=7TeV,L=5.1fb";Vs=8TeV,L=19.6fb"
[

= B

fa3

@ Some CP odd/even mixtures still allowed
@ Could there be phases?
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Objectives

° to fully utilize the power of the golden
channel in a model independent manner which takes into account
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Objectives

° to fully utilize the power of the golden
channel in a model independent manner which takes into account

° based on the analytic fully differential
cross sections in order to perform of the
various scalar-tensor couplings including any correlations

e Construct a as a function of
underlying lagrangian parameters

° in minimal computing time

° (ratios of couplings) to neutral
electroweak gauge bosons in the golden channel final state
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Constructing a likelihood analysis

o A can be formed out of probability density functions (pdfs)
using full set of decay observables in golden channel

L(X) =[] P(OIX)
@

O - (S7M17M279)

o P(O|X) built out of for CM observables
o It takes in the set of CM observables O as input

@ L(\) a function of lagrangian parameters
@ Gives the (N events of O)
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Simple Hypothesis Test

@ Can use likelihood to construct ratios to do simple hypothesis testing
@ Useful for signal from BG extraction and exclusion in favor of SM

A=LO)/ L) — 0

0.06

0.05¢

0.041

0.03F

0.02F
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(D. Stolarski, RVM: 1208.4840)
R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 12 / 60



Parameter Extraction

° one can also do
@ This is done by with respect to X
oL _,
ox 1A

For a single experiment of N events \ gives the value of the parameter
which maximizes the likelihood

This is repeated for a large set of N/ pseudo-experiments and one
obtains a distribution for A with a given spread and average value A,,,

@ The true value A, will sit in some interval around A,z

@ In the limit as N/ — oo one will find S\avg N
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Signal pdf
@ The signal pdfis formed out of fully differential cross section for
h — ViVo — 40 where 40 = 2e2p1,4e,4p and Vip = 2,7

don—sae
dM2dMZ2dS)

Ps(mi, My, Mz, G|X) =

@ Can also contain production spectrum for pr and Y
@ Many possible couplings between Higgs and neutral gauge boson pairs

@ We assume only Lorentz invariance between a spin-0 scalar and vector
boson pairs and allow for general CP mixtures and phases

e Would like to
(even if they are zero)

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 14 / 60



Scalar Signal Parametrization

o Parametrize as the following,

v 1 v v v
T (k,k/):;<A1ijm2Zg” + Asij (WK™ = - K g™) + Agiye*Phiakys)

@ The A,j in principal complex and ij = ZZ, Z~,vy (Ai1zy = A1y =0)
@ k, k" momentum of vector bosons (or lepton pair system)
e Can for example be derived from the following Lagrangian,

1
L~ =o(gmb 22, + 922" Ly + 522" 2y
+ gZVF‘ Z;w +gZ'yF‘ Z;w
+ g’YFIWFuy + f]’yFuVﬁ#y + )
@ All operators included in our calculation to form signal pdf
@ In differential cross section,

@ Depending on interference effects between vertex structures (or
operators) some of these can be negative
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‘Relative widths' for Pairs of Scalar Couplings: 2e2u

e Can form relative widths (to the SM) to examine ‘branching fractions’
‘Loose Cuts’, 125 GeV, All A,; =1
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‘Relative widths" with CMS Cuts: 2e2u

@ Will of course be different for different cuts
‘CMS Cuts’, 125 GeV, All A,; =1
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‘Relative widths' for Pairs of Scalar Couplings: 4e/4u

@ As well as between 2e2y and 4e/4p
‘CMS Cuts’, 125 GeV, All A,; =1
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M, Distribution (2e21)

@ Of course we have shapes to aid us as well
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(Y. Chen, N. Tran, RVM:1211.1959)

@ Slope of M, as upper cutoff is approached contains information about

CP properties ’ R. Boughezal, T. LeCompte, Petriello: 1208.4311 ‘

° to various couplings
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‘Relative differential Widths' as Discriminators: 2e2

@ Use all decay observables O and assuming pure signal sample
@ Simple hypothesis test to assess ability to distinguish operators
o For example, 2,7+, Z"' Z,,,, and ZM"F,, (couplings set to one)

(D. Stolarski, RVM: 1208.4840)

30 co® o] 30 ° .
99% X < e 99% e

25 Chd 25

2o 95% PO 2o 95% /

U-l'sl_‘}g'"« rl.s/

1.0 1.0
ap vs. ag ap Vs. dazy
0.5 0.5
00 20 40 60 80 100 120 140 00 10 20 30 40 50
N N

@ Golden channel can distinguish Z,Z#&Z"" Z,,,, with O(40) events
o Can distinguish Z,Z/&Z" F,, with O(20) events
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Simple Parameter Extraction: Signal Only

@ Instead of hypothesis testing, now we do direct parameter extraction
o Perform a 6 parameter fit for all couplings assuming all real
1k Events, 5k Pseudo Experiments, R) = Ajj/A1zz
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Simple Parameter Extraction: Signal Only

@ Perform a 6 parameter fit for all couplings assuming couplings real
1k Events, 5k Pseudo Experiments, Ry = A,jj/A1zz
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Simple Parameter Extraction: Signal Only

@ We can see how fit error changes with number of events
N = 30 to 3000 Events per Pseudo Experiment
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Simple Parameter Extraction: Signal Only

@ We can see how fit error changes with number of events

N = 30 to 3000 Events per Pseudo Experiment

Preliminary
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Simple Parameter Extraction: Signal Only

@ Can also examine correlations between parameters
1k Events, 5k Pseudo Experiments, R = Anij/A1zz
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Simple Parameter Extraction: Signal Only

@ Can also examine correlations between parameters

1k Events, 5k Pseudo Experiments, Rg = Anjj/A1zz
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Background pdf

@ The leading order pdfis formed out of fully

differential cross section for qg — 4/

PB(S’ M17 MQ, Q) = M
dMEdM3dS)

e Will discuss production W(s, pr, Y') spectrum later
@ BG composed of mostly Z~ t — channel

=Total —A -C E
-B D F

5
T

5L | | | |
100 200 300 400 500 600
s (GeV)

@ Shapes are strong discriminator between signal and background
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Golden Channel: Sig vs BG Distributions (2e2p)

1 M1,2 and cos © differential Spectrums v. Chen, N. Tran, RVM: 1211.1959
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Golden Channel: Sig vs BG Distributions (2e2p)

@ Cos 91’2 differential spectrums v. chen, N. Tran, RM: 1211.1950
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Golden Channel: Sig vs BG Distributions (2e2p)

@ ®; and ¢ differential spectrums v. chen, N. Tran, RvM: 1211.1950
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Golden Channel: Sig vs BG Distributions (2e2p)

@ (M2, ®) doubly differential spectrums v. chen, N. Tran, RvM: 12111959
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Golden Channel: Sig vs BG Distributions (2e2p)

@ (cosfi 2, ®) doubly differential spectrum v. chen, N. Tran, RVM: 12111950

@ Of course projections don't show correlations contained in fully diff cxn

e Working on animations for webpage (soon to be public)
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Signal + Background Likelihood

@ Can now form
— N .
L(f7 >‘) = HPS-FB(OIfa >‘)
O

o With signal plus background
Ps+(O|f, X) = f X PB(S,M1,M2,Q)
+(1 — f) x Ps(mi,, M1, Mo, Q|X)

@ Likelihood now function of background fraction f in addition to X

@ Can now for X and f
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‘Detector level’ Likelihood

@ lIdeally one also wants to
o Need a likelihood that takes reconstructed CM observables as input

@ This can be done by a with a
transfer function T(X®|X®) over generator level observables

P(XR|R) = / P(XC|NT(XE|XC)dxC

° T()?R|)?G) represents probability to observe XR given X©
@ We assume transfer functions of leptons are independent

o This integration takes us from generator level (X©) observables to
reconstructed detector level observables (X*)

° , but requires a number of steps to perform (and
massive com putlng) see technical note for details

e Have performed this
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Normalization and Averaging over Y, pr

e We then and do not include them
as observables in likelihood

P(s, My, M, ) = /P(X')depT

(where we implicitly use only reconstructed observables from now on)
@ Need of pdf for detector level decay observables

N:/P(S,Ml,MQ,Q)

x dsdM?dM3dS

P(S7M17M27ﬁ) :Nil X P<S7M17M27ﬁ)

Can be Obta|ned Via Monte Car|0 integration see technical note for details
Now have Lr(N)
in the same manner

Once Lg(X) is constructed fits to parameters are very fast
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Reconstructed Level Observables

@ We plot our detector level projections (red) on top of Madgraph data
which has had detector effects applied to it (blue)
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Reconstructed Level Likelihoods

@ We can do the same thing with the likelihoods

Red = PDF, Blue = Madgraph Red = PDF, Blue = Madgraph
e,
f,/" "‘%‘\v

I
|

b 1w

R R
5 48 46 -44 42 40 38 36 34 32 30
log(PDF) log(PDF)

Preliminary

@ These are the detector level likelihoods
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Summary of Analysis Procedure

Direct Extraction of Higgs Couplings in Golden Channel

e Obtain P(XC|X) from fully diff cxn
° with transfer function

P(XR[R) = / P(XCINT(XR|X)aXC
o Normalize pdf over XR, as function of X

LX) = HP()Z’R|X)

° with respect to undetermined parameters
LAY g
ox X
° for a given data set of N observables
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Ongoing Work/Down the Road

@ Things left to Implement/Optimize:

» Optimization of convolution especially for signal pdf
Optimization of production effects

Inclusion of systematic uncertainties

Strategy for performing fits and optimal parametrization

v vy

@ Once framework is sufficiently optimized:

Perform detailed study of Higgs ZZ couplings assuming near SM
Perform a dedicated study of Z~ and 4 couplings

Perform detailed comparison of 2e2u vs 4e/4p channels

Apply analysis framework to study h — 20~ channel

vV vy vy VvYyy
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Conclusion

° to underlying physics

NP could show up in small deviations of the kinematic distributions

o We to maximize the
information contained in this channel

° reconstructed Higgs

e Can to pin down Higgs
couplings to neutral EW gauge bosons

An amazing channel containing vast information and which
from all angles
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Conclusion

° to underlying physics

NP could show up in small deviations of the kinematic distributions

o We to maximize the
information contained in this channel

° reconstructed Higgs

e Can to pin down Higgs
couplings to neutral EW gauge bosons

An amazing channel containing vast information and which
from all angles

Thank you to Fermilab Graduate Student Fellowship program!
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Extra Slides: Detector Level Signal + Background

@ Perform a 6 parameter fit for all Ayjj, A3j; assuming SM
100 Signal + 25 Background Events, 130 Pseudo Exp
R = Anij/Arzz

zZ
RZ

o S B R 3
‘-"i[\‘\\\‘\H‘H\‘H\‘\H‘H\‘H\‘\H‘\

©

)
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N

Preliminary
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Extra Slides: Detector Level Signal + Background

@ Perform a 6 parameter fit for all Ayjj, A3j; assuming SM
100 Signal + 25 Background Events, 130 Pseudo Exp
R = Anij/Arzz

A A
R'z Rz

zzzzzzzzz

2z 28
RZ RZ RY

zzzzz

Preliminary
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Extra Slides: Detector Level Signal + Background

@ We must now also fit to the background fraction
100 Signal + 25 Background Events, 130 Pseudo Exp

Background fraction

>
TTT[TTT [T T T [TT T [ ITT T TTT[TTT[TTT[TTT[TTT
AR RN R R R R RN R

R |1 P N T B |

o e Lo L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

OO
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Extra Slides: Detector Level Signal + Background

@ Can also examine correlations between parameters

100 Signal + 25 Background Events, 130 Pseudo Exp
R = Anij/Arzz

RZ
N 100 5
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Extra Slides: Detector Level Signal + Background

@ Can also examine correlations between parameters

100 Signal + 25 Background Events, 130 Pseudo Exp
Ri = Anijj/A1zz
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Extra Slides: gg — 2e2u Background Components

@ s-channel 4/ process

‘1>,Y,'w WA~
—_— V"
b
@ t + u-channel di-boson production
Vi
1.
T

@ Including their interference

@ The relative fraction of these components depends on s
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Extra Slides: BG Relative Fractions - 2e2y, Channel

o Left: 4 GeV< My < 120 GeV
@ Right: 40 GeV< My < 120 GeV and 10 GeV< M, < 120 GeV

’ Y. Chen, N. Tran, RVM: 1211.1959 ‘

—Total —A  —C E E —Total —A  —C E
-B D F E -B D F

@
8
o
o

—_—

———
ez
1051 | | | | 105L | | | |
100 200 300 400 500 600 100 200 300 400 500 600
s (GeV) s (GeV)

@ In Higgs signal region ~ 125 GeV Z~ di-boson production dominates
@ Small contribution from s-channel Z — 2e2u production

e Will see this can still affect angular distributions
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Extra Slides: BG Validation with Madgraph/POWHEG

@ Phase space: 110 GeV /s < 140 GeV with
40 GeV< My <120 GeV and 10 GeV< My <120 GeV

022 o1af—
02 — Analytic = — Analytic
E 012 )
018 — Analytic (t+u) — Analytic (t+u)
016 m
E —— Powheg 04 —— Powheg
014 E
8= 012 & madgraph = oo % Madgraph
o E s E
o 01 o o o6l
008 £
0,065 0.04—
004 ool
0.02 E
. L | C 1 |
% 50 60 70 80 80 100 110 120 56 0 70
M
Laf—
— Analytic
12
5 — Analytic (t+u)
i 2% Madgraph
©
8|3 og —— Powheg
I8
o
o 06—
oaf—
02—
| | | | | | | I I
T 08 06 04 02 0 02 04 06 08

R.Vega-Morales (NU/FNAL)

cos ©

Golden Obsessions

FNAL: August 2013

50 / 60



Extra Slides: BG Validation

@ The lepton decay angles

with Madgraph/POWHEG
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Extra Slides: ‘Branching Ratios’ with ‘No Z" Cuts - 2e2p

@ ‘Branching ratios' with a Z boson ‘cut out’ of phase space
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Extra Slides: ‘Branching Ratios’ with ‘No Z' Cuts - 4e/4pu

@ ‘Branching ratios' with a Z boson ‘cut out’ of phase space
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Extra Slides: Production Spectrum

@ We need a function for the to form full pdf

—

P(S7ﬁT7Y7 M17M27Q| ):
d04g(8,Ml,M2,Q|X)
dM2dM2dS

X

Wprod<37 pr, Y)

@ Several options for obtaining Wpoq:

» Can construct ‘analytic’ parametrization of parton distribution
functions (see Gao, Gritsan et. al. 1001.3396)

» Use ‘look up’ tables and boost events accordingly
» NLO effects can be included here as well (see campbell, Giele, Williams)

@ Currently working on finding optimal implementation

@ Since we ultimately as well as fractional
yield, analysis

@ Enters mainly as an acceptance effect due to detector
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Extra Slides: Convolution of pdf

@ ltisa over the components of the three
momenta of the four massless final state leptons

@ We can parametrize these 12 observables in the CM frame as

— —

X = (87 PrT, Y7 Ml; M27 Q)
dX = dsdprdY dM2dM2dS
(we implicitly include angle associated with a global rotation of entire event)

@ Not convenient basis for the integration so we must transform to a
better basis where integration can be done

° from CM frame of
the four massless final state leptons (X¢ — P©)
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Extra Slides: p;| and p;, Basis

@ We assume that the component of
the lepton momentum parallel to the direction of motion and

not the two perpendicular components (p; )
(Note that this is equivalent to assuming angular resolution effects due to
detector smearing can be neglected)

@ Now decompose the lepton three momenta p; in terms of p;)| and pj

@ In (pj), pi ) basis only transfer function associated with p;) is non-trivial

@ The can be represented
simply as a for each perpendicular direction
@ This allows for associated with ;-

@ Of course one must include the proper Jacobian in this transformation

see technical note for details
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Extra Slides: Final Integration

4
@ We have a 4D integration over ]_[p,-H left to to do
i

Transfer functions parametrized in terms of variables ¢; = p;f{/piff
Where we have ¢, = (MF/ME)? and c3cq = (ME/MS)?
Substitute ¢, ¢y — M, S M, to obtain

P(ER) = / P(XEYT( |PO)
X \j|dcld03dM12GdM22G

@ Where | 7| encompasses all change of variables in intermediate steps
° (with extra complication in case of signal)
@ Once performed we are left with a in terms of XR

see technical note for details
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Extra Slides: List of Systematics Considered

@ We are treating the following systematics:

| 2

vV vy vy Vvyy

e Can

Harder/softer lepton energy response

Wider/narrower lepton energy resolution

Harder /softer 4l spectrum

Central/forward 4l spectrum

Wrong mass assumption for signal

Systematics from different choice for production spectrum

implement into likelihood via nuisance parameters

P(Oln) = (1 —n)Po(O) +n PO
:P()O—f—n[PlO—PQO]

@ Maximize w.r.t. to n for each systematic
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Extra Slides: Ongoing/Future Work

e Can we directly probe the CP nature of the h — ~~ couplings?
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Extra Slides: Ongoing/Future Work

e Can we directly probe the CP nature of the h — ~~ couplings?
@ Recent proposals by some theorists include:
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Extra Slides: Ongoing/Future Work

e Can we directly probe the CP nature of the h — ~~ couplings?
@ Recent proposals by some theorists include:

» Measuring correlations in VBF — 7y

‘ M. Buckley, M. Ramsey-Musolf: 1208.4840
» Measuring correlations between photons which convert in detector

‘ F. Bishara, Y. Grossman, R. Harnik, D. Robinson, J.Shu, J. Zupan: TALK at KITP WORKSHOP ‘

T b -2 - ¢
v w
X e
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Extra Slides: Ongoing/Future Work

@ Other possibilities which we are working on include:
» Extracting the 7y and Z+y component from golden channel

'j—
|j—
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Extra Slides: Ongoing/Future Work

@ Other possibilities which we are working on include:
» Extracting the 7y and Z+y component from golden channel

|j—
|j—

» Studying interference in h — Zv /vy — 24y AQZA’ * AJT 4
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