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Overview )

» Searches of 2 Higgs hypothesis are included:
» the Standard Model (SM) Higgs = vy
» the Fermiophobic (FP) Higgs = vy
» Results based on 2011 & 2012 data collected by CMS
» 5.1fb!2011dataatVvs=7TeV
» 5.3fb12012 data at Vs =8 TeV
» Search m, window: [110-150] GeV

» Blind analysis in 2012

» 3 independent analysis used in SM search
» Mass fit Multi-Variate Analysis (MVA)
» Mass Sideband Background MVA
» Cut-based analysis

» Analysis used in FP search
» Basically consistent with SM cut-based analysis
» Additional modifications based on the FP topology
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CERN-LHC and the CMS Detector
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Introduction

H--—-< ltW » Published 2011 result,
'\/"w [Phys. Lett. B710 (2012), no 3, 403]

» Observe 3.10 local (1.80-global)

» A discovery channel at IoW masses
y excess at 124 GeV

» decay involves virtual loops

» low signal branching ratio » The 2011 result here is reloaded
» clean signature » improved detector calibration
» identified as a narrow m,, peak on
the top of continuous background Signal production procedures :
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Analysis Strategy %

» Main analysis uses Multi-Variate Analysis (MVA)
technique to identify and to classify events:

» improvement in expected limit about 15%
with respect to the cut-based analysis

» Cross-checked with (independent) cut-based and
mass sideband background MVA model

» Background model derived from data

» Final results extracted by fitting to the m, distribution
in 6 event classes

» Mass resolution and signal to background ratio are crucial
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Energy Corrections

x10°
> 120~ | T T
. . a) — i i 5x5 erystals
» Estimated energy in the ECAL: ©  CMSPreliminary 2011, 7TeV /=
) \ T~ 100—L=4.98fb" D e
) L
Eeyi F 3 3 G, 2 o
oY A clusters vt ,_%) 80: ECAL barrel
| 60—
Corrections Cualibration -
40 —
» Energy correction scheme ol
» F =1 for 5x5 crystal sum for the 0_ | . o
energy of unconverted photons 60 80 100 " (1620\” .
- (GeV/c
» ¢, - intercalibration constants (n°) T
. . 8 ~ CMS Preliminary 2011, 7TeV Ecus crysas
» transparency correction with laser 120001
itori = ~L=4.98fb"
monitoring (LM) »
= 10000
. . [4b]
» ECAL cluster energies corrected using 5 gy, ECAL endcap

an MC trained multivariate regression

» performed after individual crystal 4000
transparency correction and inter- 2000
calibration , o
, 0 60 120
» also provides per photon energy M, (GeV/c?)
e

resolution estimate
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» Signal m,, resolution

» The opening angle between photon pair

affects the mass and resolution

» Depend on the correct position of the
primary vertex and correct reconstructed

photon energy
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» Use MVA Boosted Decision Tree (BDT) method

» Input information from tracks and photons
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Event Selection

<
» MVA Photon ID separates prompt photons S 20, EE?%?'-?TM
from n® emerged from jets ‘g 12: :E?ﬁiifﬁi‘;m
» MVA BDT input variables based on : - 145 Data and background MC
» Shower Topology ** I I
» Particle Isolation I I
» The median energy density per solid angle N } }
» Supercluster pseudorapidity 4l I I
» Form Higgs candidate from two isolated ; R it = ,'
Ieadmg phOtOﬂS ° ” di-c[):;ﬁoton Mci./sA out|:)u1t.O
> prd/m,, > 1/3, pd/m, > 1/4 T
» Event selection based on diphoton MVA output & 2000 RoeTmse % E
» photon-like kinematic characteristics E’ b 7 o omtscons
» signal-like kinematic characteristics 1000; E
» predominantly giving high score to high p;¥¥ I ]
» good diphoton mass resolution 500? .
» Diphoton MVA input variables are designed Mo 0 120 10 140 10 160 170 iy
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e \meptph—tm/|
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Event Categorization

» To improve the analysis sensitivity

» Event with 6 categories:

» 4 diphoton MVA categories

» Boundaries optimized to give
the best expected limit

» 2 dijet-tagged categories

» Exclusive selection of di-

with VBF-like topology:

» two high p; jets with wide separated in n

» HigherS/B

» Use 2 categories based on m;; and

jet prin 2012 analysis
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Result of the Search for the SM H = yy
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8 TeV Mass Distribution in Categories
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» Background modeling: polynomial shape with order from 3 to 5
» Potential bias from background model is negligible

» = 20% of statistical uncertainty
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95% CL Exclusion for SM H =2 yy
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» Large range with expected exclusion below o,
» Largest excess at 125 GeV

» Cross-checked with (independent) cut-based and
sideband background model:
» give similar results within experimental uncertainties
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P-Value & Significance

o 10 - -
2 - Interpretation Requires LEE CMS Preliminary y
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» Minimum local p-value at 125 GeV with a local significance 4.1 o
» New state around 125 GeV is observed
» Appears consistently in 2011 and 2012 data
» 3.2 o global significance in the full search range (110-150 GeV)
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Signal Strength
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» Combined best fit signal strength » Best fit signal strength
at 125 GeV : consistent between
o/ogy, =1.5610.43 different categories

» In agreement with the SM expectation
within uncertainties
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S/B Weighted Mass Distribution

S/B Weighted Data Residuals
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Mass Estimation AR
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The result in the context of FP model

with alternative EWSB mechanism
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Introduction of Fermiophobic Higgs

» In the Fermiophobic interpretation
the Higgs boson couples at tree level

only with W and Z.

1 N S AR\
i “oh o W
N fe

» Decay modes: WW, ZZ, Zy and yy ggH
N
» Testing beyond the SM scenario of X’H'
EWSB (2 HDM) = =4

» suppressed fermion couplings VH VBF
F 102 T g
> enhance B(H = vy) 5 - s=7TeV Fermiophobic 1 £
» the Fermiophobic model is extreme case B ook e L —%

» part of a couplings measurement program

» 2011 result, CERN-PH-EP-2012-174, o X

submitted to JHEP
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» Cut-based photon ID selection
» VBF and VH production only

» boosted kinematics

» possibility to tag on recoil objects
» Mutually exclusive sub-channels:

(S/Batm, =120 GeV)

» 2 dijet-tagged sub-channels (VBF), S/B ~ 1
» 2 lepton-tagged sub-channels (VH), S/B = 1
» 1 MET-tagged sub-channels (VH), S/B< 1

» 4 untagged sub-channels, S/B << 1

» Use 1D m fit for tagged sub-channels
» Use 2D (m

Yy’

TV (= ptY/ m,,)
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8 TeV Mass Distribution in Exclusive Sub-channels
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» Background modeling:

» polynomial shape with order from 3 to 4 for dijet and MET tagged sub-channels
» Power law for lepton tagged sub-channels

» Potential bias from background model is negligible
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95% CL Exclusion for FP H=> yy
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» The exclusion range of FP H = yy at 95% C.L. is [110-147] GeV.
» At 99% C.L. we exclude the FP H = yy in the range [110-134] GeV.
» The new state at 125 GeV observed in SM is at 99% C.L. excluded as FP
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P-Value & Signal Strength (FP)
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» Largest excess at 125.5 GeV with a local significance 3.2 ¢

» The observed signal strength at 125.5 GeV :
0/0g =0.4910.18

» The deviation is too weak to be consistent with the
Fermiophobic hypothesis
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Summary 3

» The results of the search of H = yy in CMS have been presented:
» In contexts of both the Standard Model and the Fermiophobic interpretation.
» Using 5.1 fb17 TeV and 5.3 fb™! 8TeV pp collision data collected by CMS.
» We have reached the expected sensitivity in the low mass range.

The Standard Model H -2 yy :

» Evidence of a new resonance decaying into two photons and appears
consistently in 2011 and 2012 data with a mass of 125.1 + 0.7 GeV
is observed at 4.1 o significance.

» Observed massive state is compatible with a Standard Model Higgs
hypothesis within experimental uncertainties.

The FermiophobicH = yy:
» The FP Higgs boson is excluded at 95% C.L. in the interval [110-147] GeV.
» At 99% C.L. the largest excess at 125.5 GeV is excluded as a pure FP Higgs.

19.July.2012 Yu-Wei Chang Higgs Hunting 2012 Search for the Higgs boson in the yy channel in CMS



Backup
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Data and Reconstruction Challenge

» Increasing pile-up environment & | & ouspemen | 3 0 g cuspeimon |
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» Particle Flow (PF) algorithm: . , , , , , , ,

om
. . . . de :
» provides a global event description in  “*"G.on

Electrons

form of list of particles —— Hadron charge |

» improvementsin jet, tand E;™ss et ‘1#’5

measurement @pnEes ‘

» Improves reconstruction Trajectooraphs ‘5
performance at high PU i 4
magnétique i

Calorimétre Aimants
Vue nansverse hadronique (supraconducteurs) »
de CMS ———ee. Chambres @ muons
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ECAL Calibration

» Dedicated calibration scheme:
» inter-crystal calibration: i, n

» crystal transparency correction
(laser monitoring system)

» The energy scale stability after
the response corrections:
» barrel: 0.12% (2.5% loss)
» endcap: 0.45% (10% loss)

» Exploit W = ev (E/p) and
Z° = ee control samples
to derive energy scale and
resolution systematics
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Vertex Location

[
9
» Signal m, resolution g
» The opening angle between photon pair S s
affects the invariant mass and resolution gosf
» Depend on the correct position of the 0_430‘
primary vertex
. . . ) EESE SN S —e— DATA Z—
» Vertex identification . .
. —.— —up
» Use MVA Boosted Decision Tree method % " ""B0 100 150 T
ev/c
» Input information from tracks and photon pair 1 Pr

» High efficiency for the boosted Higgs:
» presence of hard recoil objects
» efficiency falls down with PU

» Correct vertex finding probability also
estimated using a diphoton BDT

19.July.2012 Yu-Wei Chang
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MVA Photon ID

» MVA Photon ID separates prompt
photons from n® emerged from jets
» MVA BDT inputs

» Shower Topology Variables » The median energy density per solid angle

(preshower shape in endcaps) » Supercluster pseudorapidity
» Isolation Variables

20000 = 20000
C CMS preliminary - CMS preliminary
" ys=8TeVL=5.3fb" 18000~ ys=8 TeVL=5.3 fb"!
60000 - gy
r . 16000 _ b
o Data (electron veto inverted) )  —s— Data (electron veto inverted) ‘i
50000 — 14000
C . Drell-Yan MC C
40000 E§§§§§§§ Drell-Yan MC 0.01 12000 -
C 10000
30000 - 8000
20000 6000
- 4000
10000— C
C 2000
0 C | | | 1 | it 0 : el :
0.4 0.2 0 0.2 0.4 0.2 0.2 0.4
photon ID MVA output (barrel) photon ID MVA output (endcaps)
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Event Categorization (MVA)

—— MC Background

» The MVA classifies with a high

0.12H B qoh 124GeV CMS Preliminary
. . — vbf 124GeV Simulati
score events with: B vzh 12406 muatien
. . . . L. B ith 124GeV
» signal-like kinematic characteristics

o
o
o5)

» predominantly giving high score to
high p,*
» good diphoton mass resolution

fraction of events/0.04
o o
e —
(e)] o

0.04}
» photon-like values from the photon f
identification BDT 0.02}
» MVA input variables are designed 004005 0.0 0.5 1.0
to be mass independent di-photon MVA output
» Fitm  in each of 6 categories: » MVA categories based on

diphoton MVA output

» Boundaries optimized to give
the best expected limit using
MC background

» 4 diphoton MVA categories
» 2 dijet-tagged categories
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Signal Model & Mass Resolution

— 12 . x10
% E —%— Simulation gil\rflnilz:ieoiminary % 3503— —E*B— Simulation % gil\rci's;eoleinary
O 10F o I
o [ —— Parametric Model BDT >=0.88 0 300 — Parametric Model BDT >=-0.05 Tight VBF
o R o C
Z 0.8 o, =1.34 GeV Z 250F G, = 2.02 GeV
2 2 C
[en B c 200'_
o 0.6 o C
LE E FWHM =2.85 GeV Lﬁ 1502_ FWHM = 3.67 GeV
0.4 -
100F
i “ B ) . e
100 110 120 130 100 110 120 130
m,, (GeV) m,, (GeV)
) ] expected signal (my=125GeV) || Background
Event classes Ooc FWTEIM/2.35] 1ty = 125GeV
Total | (GeV) (GeV) (ev./GeV)
_ Untagged O 6.1 1.38 1.23 7.4 £ 0.6
‘o | Untagged1 || 21.0 | 153 1.31 547 £ 1.5
fL‘r"f Untagged 2 30.2 1.94 1.55 1152 =+2.3
> Untagged 3 40.0 2.86 2.35 256.5 3.4
T;'O Dijet tight 2.6 2.06 1.57 1.3 +0.2
Dijet loose 3.0 1.95 1.48 37 +£04
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» Potential bias from background model is negligible

>
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= 20% of statistical uncertainty

>

Events/ (1 Ge

250 ;CMS Preliminary
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Signal Strength at 136 GeV

Di-jet loose CMS preliminary
| \s=7TeV,L=5.1fb"
e 's=8TeV,L=5.31b"
Di-jet tight 's =8 TeV,
- > B Event Class
Untagged 3 @ [T ﬁ;’fﬁ';‘:ﬂ cev
B h 0/ gy = 0.9010.43
Untagged 2
Untagged 1
Untagged O
Di-jet —
Untagged 3 >
Untagged 2 IQ)
Untagged 1 I\ B
Untagged O
| L1 1 | L1 1 I 11 1 I ] I 11 1 | L1 1 | L1 1

-6 -4 -2 0 2 4 _
Best Fit G/GSM
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Interpretation Requires LLE

CMS preliminary
\s=7TeV,L= 51fb1

Local p-value
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Results of SM H = yy Mass Sideband Background MVA
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Fermiophobic Higgs

q q
» In the Fermiophobic interpretation the W 7
Higgs boson couples at tree level only WW, 77 fusion: O H
with W and Z. Wz
» Decay modes: WW, ZZ, Zy and yy . .
» Testing beyond the SM scenario of q W,z
EWSB (2 HDM) w F(r’d
W, Z strahlung: R
» suppressed fermion couplings %
=» enhance B(H = vyy) q “H
» the Fermiophobic model is extreme case g T g
= \s=7TeV Fermiophobic
» part of a couplings measurement program & ik
x g

» LEP, Tevatron and ATLAS excluded at 95%
C.L. a Fermiophobic Higgs boson lighter
than 121 GeV.

Higgs Hunting 2012 Search for the Higgs boson in the yy channel in CMS
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Analysis Strategy of FP Higgs =2 yy (e

51400 T

» Cut-based analysis Emof e

» VBF and VH production Siooof 4 "
» boosted kinematics Sl ¥ B
» possibility to tag on recoil objects " b

» Mutually exclusive sub-channels:
(S/B at m, =120 GeV) 2000
» 2 dijet-tagged classes (VBF) ey

b S/B ~ 1 %50 40 60 86 100 12&:&9{)1?%&01310
» 2 lepton-tagged classes (VH) [arXiv:1201.3084]
»S/B=1 channel leading photon | trailing photon
» 1 MET-tagged classes (VH) dijet-tag | pr/m>60/120 | pr >25 GeV
»S/B<1 lepton-tag | pr/m=>45/120 | pr >25 GeV
» 4 untagged classes based on MET-tag |pr/m=>45/120 | pr >25 GeV
pseudorapidity and shower untagged | pr/m>40/120 | pr/m>30/120
Sh: 2(;8 <« 1 The order of event taggin,'g:'
muon - electron = di-jet > MET - untagged
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FP H - yy Exclusive Sub-channels

» Di-jet tag

» The same selection as cut-based di-jet selection in SM analysis
» 1 category in 2011 and 2 categories in 2012 analysis

» Lepton tag

» CMS Standard cut-based lepton ID updated in 2012 analysis to cope
with new data taking conditions

» AR(l, y) > 1. (reject FSRy), |AM(ey, Z)| > 5 GeV (reject Zy)
» MET tag (only 2012 analysis)

» v in the endcap are not considered due to negligible contribution

» MET > 70 GeV

ET"* Dijet Dijet Lepton
tag | high mjj low mj; tag
Signal (my = 120GeV) 3.8 21.5 15.3 5.7
Data (115 < m.,, < 125GeV) 4 20 36 6
Data (100 < m.., < 180GeV) 41 84 271 30
Ouff (GeV) 1.91 1.98 2.02 2.0
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» Event classification based on ng. and
shower shape properties of photons

» Exploit harder VBF, VH p;Y¥ spectrum:

W (= Y/ m, )> 0.1

» In the untagged class a 2D model is
constructed by using (m,,, ;'Y ) :

Vv’
(J_l‘sns'*'"b T

—NT igl(;l,s/n.s’P;(nl|9—1) + 7P} (m|62))

Pl = Mi(m"|9) x IC} (%7 |6)

£(m|f) =

Pi = Mi(m", 73|0) x Ki(ny|6)

Ms(m"7 |mo, ocp, &, 1, fg,06) = (1 — f6)C(m" |mo, oc, &, n) + feG(m""|mo, o¢)

Crystal-ball Gaussian
ICS("T}‘?'P"C& Oc, fes Moy OL, O'R) = fcg(ﬂ%“flﬂca O'c) + (1 - f{_)B(W-}'T I;Uvo, oL, O‘R)
Gaussian Bifurcated Gaussian

[4)]
o
o

Events / (0.02)
N
3

S o .
- CMS Preliminary -¢-oataiam

- T — Bkg Model
rVs=8TeVL=53fb xp ]
- 20 i
+ Max(Inl)<1.5, Min(R9)>0.94 —— 1xFP m,=125 GeV _|

[T B . N A .| [

P00 110 120 130 140 150 160
m,, (GeV)
AR RN RN RN RN RN RN R
TCMS Preliminary ¢ oascam
[Vs=8TeVL=53fb" — skgmou

e
170 180

—— 200xFP m, =125 GeV.

ax(inl)<1.5, Min(R )>0.94

02040608 1 12141618 2
JT’YI'Y

Mi(m, w1|ag, a;) = m*FeTT

Untagged
(@ | b)) | (0 | (@)

Power law
Ko(n}|T8, fas 06) = fa€(mq|TB) + (1 — fa)G(717|0, 06)
Exponential Gaussian

Signal (my = 120GeV)
Data (115 < m., < 125GeV) | 683 | 1712 | 902 | 1755
Data (100 < m,., < 180GeV) | 4992 | 9546 | 5105 | 8574

29.2 | 37.9 | 185 | 220

Oeff (GeV)

1.44 | 2.00 | 3.72 | 3.76
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2012 Cut-based Photon Selection

barrel endcap
Rg >094 | Rg <094 | Rg >0.94 | Rg < 0.94
PF isolation sum, chosen vertex 6 4.7 5.6 3.6
PF isolation sum worst vertex 10 6.5 5.6 4.4
Charged PF isolation sum 3.8 2.5 3.1 2.2
Tinin 0.0108 0.0102 0.028 0.028
H/E 0.124 0.092 0.142 0.063
Rg 0.94 0.298 0.94 0.24

» CiC4PF Photon ID cuts

» Use PF Isolation to improve performance at 2012 high PU
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Selection Cuts for FP Exclusive Sub-channels

Electron ID cuts Muon ID cuts
loose WP | Description | criterion |
Barrel | Endcap Number of pixel hits >0
Tiniy 0.01 0.03 X /nd.f < 10
Apin 0.015 | 0.010 Number of muon hits >0
Ay 0.007 | 0.009 Number of matched muon stations > 1
Tinin 0.01 0.03 Number of tracker layers > 5
H/E 0.12 0.10 dg w.r.t. selected vertex < 0.02 cm
d(} w.r.t. selected vertex < 0.02 cm dz w.r.t. selected vertex < 0.05cm
dz w.r.t. selected vertex <0.2cm Combined relative PF isolation <02
|1/E —1/p| 0.05
Combined relative PF isolation 0.15
vertex fit probability (conv. rej) 10°°
missing hits (conv. rej.) 1 . .
Di-jet event selection
Jet ID cuts Variable cut VBF catl | VBF cat2
jetr B RMS P/ ., > 0.5 > 0.5
n <25 < 0.2log Nyx — 0.64 | < 0.06 p%z > 25 GeV > 25 GeV
25<n <275 | <03logNy, —0.64 | <0.05 pl'?{ ~ 30 GeV ~ 30 GeV
7oy <3 ' oo || 7 >30GeV | >20GeV
s - =5 nym > 3.0 > 3.0
Z < 2.5 < 25
Mﬁf? > 500 GeV > 250 GeV
gl | >26 > 26
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8 TeV rt;¥Y Distribution in Untagged Sub-channels
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2011 & 2012 Results of FP H-> yy
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