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Overview

Main result as presented at Moriond - CMS-PAS-

HIG-13-001
o  Multivariate (MVA) approach
o  Cut-based approach

Properties and spin analysis - CMS-PAS HIG-13-016

o Uses the cut-based selection
ttH specific analysis - CMS-PAG-HIG-13-015
H->Z7y analysis - CMS-PAG-HIG-13-006

Use full dataset available 2011 (5.1fb™!) + 2012 (19.6fb™!)

o  Spin analysis uses just 2012

Legacy paper towards end of the year

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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Analysis Strategy

aers | * Oelect events with two high energy, isolated

l photons
Photon . . .
energy * Separate events into non-overlapping categories
I with different S/B and different resolution
Vertex ID
 Particular exclusive tagged categories
Ph‘:ton o Improve S/B in certain categories
ID o Separate production modes for coupling measurements
l * Background estimated in data
g;lfe}l‘t’ltgrrl‘ o Fit yy invariant mass distribution to data
+ Cats
* Two analyses
o Multivariate approach = main result, couplings, second Higgs
Statiftifgal o Cutbased approach > cross check, spin analysis
analysis
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Photon Energy
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Single Crystal

o Energy calibration (CMS-PAS-
EGM-11-001)

o Transparency loss correction
o Inter-calibration -> uniform 7-¢ response

SuperClustering (SC)

o Some photons convert in tracker
o Ry=E;,/Egc (>0.94 is unconverted)

Energy regression correction
o BDT target=E.,, /E .

o Input variables: SC position, shower shape
variables, median energy density per
event (p)

Improve o by ~30%

Also provide per photon energy
resolution estimate

Monitored with Z—>ee

o Resolution stable with time

Matthew Kenzie
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Vertex Identification

M~y = +/2E1 B2 (1 -4cos@)

Pileup (PU)
o multiple

collisions per

event

Use a Boosted Decision Tree (BDT)

o Xp;2of all tracks
o Track recoil/imbalance with respect to p(yY)
o Pointing from conversion tracks

Control samples for validation

o Z=>puu for unconverted photons
o vyHet for converted photons

Also have an additional BDT which
provides, per-event, the correct vertex
probability
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Photon ID BDT

. L fesTwierast
Sl * Used to reject fakes
clusters B
o Neutral mesons (mainly n’) decay o
into two ~collinear photons (look nvitx<=13
Photon similar to single high E; )
energy . 2
* Input variables SRR .
v o Several shower shape variables (MC —c I (ba"el'0<_= _Mx —
Vel corrected to match data) roooof {2 e we | f-aoien
o Isolation e
\ 4 . 50000~
Photon * Particle-flow energy around 4<—nvix<=18
ID photon candidate -
l o Average energy density per event (p) mmé
DiphOtOl’l Correlated tO PU . : phooton ID I\;\}Aoutpu(t)'(zbarrel, 1(23<= nvtx(l 18)
Selection o Photon position 1) (to exploit oS protiminary
2 correlations) . { fsesTeviztosm
* Output
Statistical o Validated with Z->ee and Z-> ppy —r
analysis . . : E
i o Shape corrections derived with Z->ee ook
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o

Imperial COIIege . . photon ID MVA output (barrel, nvtx >l= 19)
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Diphoton BDT _ o=
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Cut Based Analysis

Photon selection is optimised in four categories

©)

©)

photon in barrel (EB) or endcap (EE) - I171<1.444
photon is flagged as converted or unconverted - R,>0.94

Efficiency corrections derived from Z—>ee events
in data/MC

Split diphoton events into 4 natural categories
with

©)

@)
@)
@)

Imperial College

Cat0 - both photons in barrel AND both photons unconverted

Catl - both photons in barrel AND at least one conversion

Cat2 - at least one photon in endcap AND both photons unconverted
Cat3 - at least one photon in endcap AND at least one conversion

Matthew Kenzie 24/07/2013
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Lepton/MET tag
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* Tagging leptonic decays of associated W, Z or top
in Higgs production

3 additional analysis categories for 2012 only
o muon, electron, MET

* On top of standard diphoton selection:

o require high energy electron or muon (p>20 GeV)
o orlarge MET (>70 GeV)

* High S/B but very low yield

Matthew Kenzie 24/07/2013 10
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Dijet tag

« Tagging two high p;jets with
characteristic topology from VBF
Higgs production

« Two forward high p; jets
* Largem;

* high An(jj)

© AP(ivy)

PU ID rejects jets from PU

Additional analysis categories
o 2011 -1 additional category
o 2012 -2 additional categories (tight and loose dijet selection)

High S/B but considerable gluon fusion contamination
MVA analysis uses a BDT for categorisation
Cut-based analysis uses a cut based selection

Matthew Kenzie 24/07/2013 11



ECAL
clusters

« Signal - sum of Gaussians in each

category for each process
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Slgnal and Background Models

Background - 3'-5™ order

polynomial in each cat
o  Chosen such that systematic is negligible
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Invariant Mass Spectra
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Results |
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Results III - Properties
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Results IV - Properties

* Limit on two degenerate
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o both have SM couplings

energy o assume signal lower in mass
contains fraction of the signal, x

Expected

Photon
ID

CMS Preliminary

Am (GeV)

W

\ 4

Diphoton
Selection
+ Cats

l

Statistical
analysis

8.0 0.1 0.2 0.3 0.4 0.5 0.6

cvs. | Imperial College
London

Vs=7TeV L=5.1fb"
{s=8TeV L=19.6fb"

4
93
<

0.7 0.8 0.9

Matthew Kenzie

MH MH+dm

x*mu  (1-x)*mu

Observed

CMS Preliminary

24/07/2013

Vs=7TeV L=5.1fb"

Vs=8TeV L=19.6fb"




Results V - Spin

cos(0) distribution
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Summary

* Results from the H>vyy search at CMS have been
presented

o Excess with an observed significance of  3.20 (expected 4.20)
o Best fit signal strength (at my=125GeV) o /ogp = (),784_‘8:%2
o Mass measurement: my; = 125.4+0.5(stat)+0.6(syst)

o Couplings measurement: compatible with SM at < 1o

* Properties of the new state investigated
o Exclusion limits set on second Higgs
o Upper limit on natural width
o Spin analysis
* Unable to exclude spin-2 graviton with minimal couplings
o ttH specific analysis
* Observed (expected) upper limit at 95% 5.4 (5.3) x SM
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CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes

Overall diameter :15.0m
Overall length :28.7m
Magnetic field :3.8T

Diphoton triggers:

o Eq(y1)>22, Eq(y,)>18 GeV

o Eq(y1)>28, Ex(y,)>26 GeV
o Loose isolation

SILICON TRACKERS

Pixel (100x150 ym) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m? ~9.6M channels

RLWDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

o Loose shower shape

Trigger efficiency ~99.5%

U

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL

ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystal.

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Imperial College Matthew Kenzi 24/07/2013 21
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SuperClustering

* ECAL-barrel = “Hybrid algorithm”

17

/i

« ECAL-endcap = “Multi-5x5”

1 1 1
i 1 1
i 1

1 1 1
i 1 1

Imperial College
London

Matthew Kenzie

A crystal included in the nth cluster
which can seed other clusters

A crystal included in a cluster
which cannot seed other clusters

The seed crystal of the nth cluster
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SuperClustermg II
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Tracker material

* About 40% of photons convert in tracker
o ~2/3 of diphoton events contain at least one conversion

| Tracker Material Budget |

X 2
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1.2
1
0.8
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Analysis Flow

ECAL
Per-Photon i
clusters .| Resolution Cat:lgorlzed
> y ass
Estimate Fits
EM Cluster Regression
(RAW Energy,
Shower Shape,
Local/Global Photon
g on Coords) Energy Results
energy > Regression
(Cluster
Corrections)
Primary
v Vertex Primary .
Vertex ID Reconstruction Vertex Di-photon MVA
Probability
Reconstructed MVA
Tracks
\ 2 Conversion A
Reconstruction
Photon -
rimary
ID Vertex Results
ECal and HCal Selection
Deposits MVA
i Categorize
. and Count
Dlpho.ton et
Selection
+ Cats
Photon ID
o MVA
”l (Photon/jet
Statistical discriminator)
analysis
ws | Imperial College |
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Pileup (PU)

* Beam condition yield multiple collisions per event
o <PU,u,>=20

o Beam spot with ~6cm

[TTTTTTTTT lllllllll lllllllllllllllllll]lllllllll_
0.07F CMS preliminary -]
C fs=8TeVL=19.6f" ]
0.06F —
F |MC Zopp
0'05:_ —e—Data Z—up E
0.04F ]
0.03F -
0.02F =
0.01 o
0 - ' AAA |
0 5 10 15 20 25 30 35 40 45 50

Number of vertices

cvs | Imperial College
| Matthew Kenzie 24/07/2013 26




Event classification

* Separate events into classes to improve sensitivity
* Tag exclusive modes in this order:

tag muon =— TTH
tag electron VH
tag dijets /-/) VBE
tag MET —> GGH
untagged —

* Untagged events
o use diphoton MVA to classify further into 4 categories
o use cut based selection and classify in 1), R,

cws | Imperial College
London

Matthew Kenzie 24/07/2013
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1.01

1.005

-

0.995

0.98

Energy scale

Important input to mass measurement
Use Z—>ee where electrons are reconstructed exactly the same

as photons

Add fully correlated error which considers:
o imperfect MC simulations of the difference between electrons and photons
o the need to extrapolate the scale from m, to my

All

All

04 EB-EB 0.4 EB-EB
E ' ' M1[<1.0; n2|<1.0 E 1[<1.0; m2]<1.0
a both EB; R9>0.94 03— both EB; R9>0.94
0.23__ mZ a mH o.z;— mZ ) mH
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—=— new brem DY = o a5 e — F Y
- T g 120 Gev 0.1F i : + 0.1
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- I F E
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Jackknife resamplingc1

Given an estimator (an observable — in this Case 1) o
you can obtain the expected variance of the estimator

Cut (jackknife) the sample into multiple exclusive subsets and re-
evaluate the estimator

If you start with n events you remove exclusive sets of d events

Thus you have g=n/d samples of n-d events on which you re-
calculate p

Analogous to the familiar undergraduate method of splitting a
sample in two to estimate the statistical uncertain

t
(INNNNRENENED) — «(NRRNNRRNNRED)
. ) .

~ \ :
L(HHRRRRRREERD
each of d events

5./ Imperial College
2 London

Matthew Kenzie (IC London) 24/07/2013 28



Jackknife resamplin

* The estimator properties can be extracted from the jackknife

deltaMu

histogram defatiu
c Entries 635
Mean 0.008802
RMS 0.01778
H(1) ¥2 I ndf 15.86 / 17
\ Constant 17.1+6.2
( I I I I I I ) Mean  0.008615 + 0.000655
H’ Sigma 0.01622 + 0.00056

M(IIIIIIIIIIII)J

M)

|||||||||||||||||||||

L 11 11
%2 -0.15  -041 005 0 005 0.1 0815 Je 02 6025 03
. ] N

* For example the variance:

var j(u) := 9—1 Z(M(J‘) - ﬂd)2 = g _gl) var(p(;))

NOTE: g=2 recovers the familiar formula where g = — Z H(5)
g

Matthew Kenzie (IC London) 24/07/2013 30



Jackknife resampling

* Given two analyses there are three data
o Events selected by Analysis A (CutBased)
o Events selected by Analysis B (MVA)

o Events selected by either A or B (i.e. A U B) of which the majority are
In common

* Use the jackknife to estimate
o 0(Hy), 0(Hg) and o(dp) = O(LL-Hg)

- var(l,) - var(Ha-Hg) y
' "

( o(pa)’ ro(pa)o(pus) )
ro(pa)o(us) o(ps)?,
: var(Ug) b

ondon Matthew Kenzie (IC London) 24/07/2013 31




Jack-knife Resampling

Estimate the best fit of the signal strength modifier of the Hgg analysis:
method 1 : 0.78 +0-28 ; o6
method 2 : 1.1 *032_g39

One sample of data, two methods to extract one parameter.

The results are correlated because they share the same dataset. Are the two results

compatible ? |

pxy =corr(X,Y) = =
OxO0y Ox0y

cov(X,Y)  E[(X — px)(Y — py)]

1) Get the correlation coefficient:
I.e. calculate the variance of the first and the second measurement and the variance of
the overlapping events

2) Calculate the difference between the two results using

o + 0l —2po.0,

Use resampling techniques (in this case a Jackknife) to get the variances

CMS

'Imperial College

London Matthew Kenzie 24/07/2013 32




CMS

i

|London

Jack-knife Resamplmg II

Remove one (or N) point from the sample distribution

and calculate the new sample average:

nT — I; 1 S
Ty = = £i L
(¢) n—1 n — 1 JF#]
. __yn L@ -
dot notation L() = Z4j—1 (here trivially X (.) = T)
(on the sample at hand)
The jackknife estimate of the standard error is defined as:
1/2
n—1 2
—_ _ n J—
6 = S (B — 7))
O=0y
'Imperial College |
| Matthew Kenzie 24/07/2013 33



CMS

i

Jack-knife Resampling III

MVA analysis
(at my=125GeV)

cut-based analysis
(at my=124.5GeV)

7 TeV
8 TeV

0.65
Nt
0.557,57

0.80
Zat
0.93%3,

7+ 8 TeV

0.78 7022

0.32
1.11f0_30

'Imperial College
London

Data
(Background MC agrees)

Matthew Kenzie

Signal MC

24/07/2013
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Diphoton MVA Validation

« Inputs are validated with

350005_ —e— Data CMS preliminary |
o Z—ee (electrons reconstructed as photons) - [zoeemc fe=8TevL=ta6m
O Z'>P‘H‘Y 30000 ;_ MC systematic uncertainty

* Empirical corrections derived for 250001
Inputs 20000
o use Drell-Yan data/MC comparison -
o correct resolution and photonID 150001
« Systematic uncertainties 10000,

propagated through BDT s000 8
o resolution and photonID
o implemented as category migration %7 o0& 06 04 -02 0 02 04 06 08 |

diohoton BDT output (0 <= nvtx <= 13)

+— Data CMS preliminary 25000

= = A4 5
-Z—)e’e‘MC Ys=8TeVL=19.6fb

[RRR ]
2| MC systematic uncertainty
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- - -
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R
K2 MC systematic uncertainty
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diphoton BDT output (14 <= nvtx <= 18) diphoton BDT output (nvtx >= 19)
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MVA-CiC comparison

* MVA output for data events which pass CiC selection

=TT

B8

.H,..:j”::j‘:..:jv.:,:j:.::j,..,:j:”:j,..:j’”::j,..|

2500 —— A o
| —— both EB, both R9>094 l
|

|

N

=

'0“2

& [~ both EB, lboth R9>0. 9%
12000 [ —— tboth EB, both R9>0.94
—— Iboth EB, Iboth R9>0. 94
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1000?;;;}H3395:; 

500F mearT 7y

5 i ":': : - i Lvovo v b v by N ]
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di-photon MVA output
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MVA-CiC comparison 11

* Events which pass MVA selection

o Events which also pass CiC are shaded

both EB, both R9>0.94

both EB, both R9>0.94 both EB, Iboth R9>0.94

08 06 04 02 0 02 o4 08 08

|
|
|
|
|
|
|
|
|
|
|
|
|
|

0.8 06 04 0.2 [ 02 04 06 08
di-photon MVA output

H| !both EB, tboth R9>0.94

|
|
|
|

08 06 04 D02 0 02 04 06 08
di-photon MVA output

1 08 06 04 02 o 02 04 s o8 1
di-photon MVA output
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Background Model Choice

* For each category fit with different functional forms

o exponentials sums, power laws, laurent series, polynomials

e Choose the lowest order of each which fits the data well

o G.O.F test with unbinned like F-test - p(N+1)<0.05
o Determines “truth” functions

* Throw toy MC from the truth functions

e Choose the lowest order

> L A B AN L
5 ) L CMS Preliminary —— Data ]
functional form such that G 250 wmrits o SR
- L [ J+1c ]
o bias on signal strength <20% statistical ~ 20} B3 220 b
uncertainty on background = oore 1
o neglect any systematics on background o 15 g
. d h . :
o choices are 3"-5" order polynomails 1ob ’ E
5t ‘ E
5 % Ml{ ]
O : ) ) ll ] ; 10 l: 0' .

920 140 160

aws. Imperial College Matthew Kenzi 24/07/2013 38
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95% CL limit on c/cy,,
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Local p-value
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Signal Strength
MVA Cut Based

. 68% CL Band
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Channel Compatibility

MVA
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Second Higgs

Second Higgs has ggH and Second Higgs has qqH and
ttH coupling only VH coupling only
30_15||||IIIIII IIIIIIIIIIIIIIIIIII 30_03||||!||||I| |I||||!|||]!||||!||||
e : ‘ ' e ' : -
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ttH Invariant Mass

CMS Preliminary Vs = 8TeV L = 19.6fb™

CMS Preliminary Vs = 8TeV L = 19.6fb™
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Results III - ttH analysis .

« Separate specific analysis looking ;
for H>vyy from tt production conon .
o Hadronic channel 9 4
o Leptonic channel "
o Will be incorporated into main analysis for
legacy result 0000000000000, v
o Observed (expected) upper limit at 95% 5.4 9 :
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Events/(2 GeV)

Zy Result

CMS-PAG-HIG-13-006
Strategy similar to H>vyy

(signal/background modelling)
* 4 event classes based on lepton/

photon 1 and high/low R,
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