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An Experimentalist’'s 100l

CMS and ATLAS have observed a
Standard Model-like Higgs boson
with mass 125 GeV and spin O

“| think we got it”, Rolf Heuer, 4 July 2012



An Experimentalist’s Tool
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Searches underway at CMS.
* Multi-leptons and Photons Final State: X—=HH—=(1)(ll/y)
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The Theorist's Dilemma and a Hypothesis
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HoT FoR (15 Ge.. The Hierarchy Problem
/ The Higgs field’s interactions with the ambient
. quantum energqy of the vacuum should make its mass
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The Theorist's Dilemma and a Hypothesis
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{{;T &“&23 The Hierarchy Problem | |
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Thermodynamics

The Higgs field’s interactions with the ambient
quantum energy of the vacuum should make its mass

“\: @ much heavier, closer to the Planck mass of 1019 GeV.
t Like ice in a glass of warm
water, it is unstable.
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____________________________ o
Quantum field-dynamics What gives:
t
Rl ool & Warped Extra Dimension
Raman Sundrum Akeg R < g
1999 , NE * Perhaps we live in a 4D slice of a 5D world? Walking
Gm\k N alon“g the 5th derensmn warps spacetime. We ||VQ on
"\'e; \ 3 the “weak brane” where the wavefunction of the Higgs
; ANE @ - is localized, separated from the Planck brane
: : * This theory predicts a spin 0 radion that can decay
; —Ta into two Higgs bosons!
i 3 - :\ 6\«‘0“’\ | : : :
S,s’*’" o » By searching for resonances decaying to Higgs

bosons, we exclude significant parameter space of
this hypothesis 3




H(bb)H(bb): The Challenge

A resonance, X, decaying to a pair of Standard Model
Higgs bosons, decaying to 4 b-jets

« Signal would be buried under copious 4-jet QCD multi-jet background.

 We rely on:
« A trigger with b-tagging (b-jet identification) algorithms
« Our most powerful b-tagging algorithm for offline analysis (CMVA)
« Data-validated model of the QCD multi-jet background
* Good mps resolution

e Data: L =17.93fb1. /s =8 TeV
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 CMS data acquisition drinks from a fire-hose. Two levels of
triggers used to bring 40 MHz collision rate to a few kHz.

* Require 2 b-jets identified with a Combined Secondary
Vertex algorithm to reject overwhelming background of
QCD multi-jet events.
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* High Mass Regime: 450 GeV < mX < 1100 GeV 03t o MMabeseine

0.25 z_ --------- HMA baseline _z

« Kinematic constraint on jet energies to the Higgs mass. °‘2§_ _
Jet momenta varied within experimental resolutions “E E
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e Parametric form for signal modeled from MC 0-052— —
oI o
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» Background decomposed into two components
« tt component. Parametric form from MC
.,  QCD multi-jet component. Form modeled from data sidebands,
250 1100 validated in several Control Regions 5




H(bb)H(bb): QCD Background Modeling

All-hadronic final state dominated by multi-jet QCD. Cannot rely
on MC. Functional form from studying data.

» Signal Region (SR) defined in (mn1, mu2) plane
Am2h1 + Am2yy < (17.5 GeV)?
where Amup12 = mu12— 125 GeV
Blind Analysis.

» Sideband Region (SB) defined as
(35 GeV)2 < Am241 + Am2H1 < (17.5 GeV)?
and Amy1Amp2 < 0

» Validation Region (VR) and Validation Region Sideband (VB)
centered around (90 GeV, 90 GeV)
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All-hadronic final state dominated by multi-jet QCD. Cannot rely 400, 17.93 o (8 TeV)
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H(bb)H(bb): QCD Background Modeling

17.93 fb" (8 TeV)
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H(bb)H(bb): Signal and tt Background




(bb): Signal and tt Background

17.93 b (8 TeV)
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H(bb)H(bb): Results

17.9 b (8 TeV)
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95% CL, limit on o(pp—> X—HH — bbbb) (fb)

H(bb)H(bb): Results

17.9fb™ (8 TeV)
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Combined two-Higgs Results and Conclusions

17.9-19.7 fb™ (8 TeV)
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« H(yy)H(bb) and H(bb)H(bb) sensitivities cross. Complementary searches

* Resonant searches constrain Beyond the Standard Model Physics

Analyses gearing up for Run |l data
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H(bb)H(bb): CSV tagger

- The Combined Secondary Vertex through
multivariate technigue combines

Track information

-+ 3D IP significance of the most energetic

tracks
Vertex information

- if available or pseudo vertex from

displaced tracks
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H(bb)H(bb): Combined MVA tagger

The CMVA tagger combines features from different b-

taggers: > 1F
* Jet PrObabIIIty for IP S EZIZI'IIIIIZZIZZ —— .
° CSV for Combining SV information E _gtandr%rdclas-vd ................... K 4 ............ \
) _ _ . - SuperGombired B L=
Soft leptons information when available 210 LSuperGombinedIVE.
* Inclusive Vertex Finder to determine Secondary .0% e S o
Vertices < i - -

-

8 ................ £
* 2x better fake rejection at 70% efficiency 1072 gl 153 spbsmsmsbesmend

......................

e CMVA SF for MC computed as a correction to CSV
SF, determined in a tt enriched region of data

E ,,|H,,1,,,,[,,,,1,1,,[
* tlo variations of this scale factors propagates to a 04 05 06 07 b-joe'? eff?éigenc);

12.7% systematic uncertainty on the signal efficiency



Events / 10 GeV

H(bb)H(bb): Signal Modeling and Efficiencies
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H(bb)H(bb): Background Composition

17.93 6" (8 TeV)
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constraint to m.



H(bb)H(bb): tt Modeling

17.93 b (8 TeV)
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the Low Mass Region (left) and High Mass Region (right). The
distributions are fitted to the GaussEkxp function



H(bb)H(bb): QCD Multi-jet Modeling

CMS preiiminary 17.93 b (8 TeV) CMS preiiminary 17.93 b (8 TeV)
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Low Mass Region: The mx distributions of the QCD multi-jet component of the background in the Validation
Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of LMR. The distributions are
fitted to the GaussExp function.



H(bb)H(bb): QCD Multi-jet Modeling

CMS preliminary 17.93 fb™ (8 TeV) CMS Ppreiiminary 17.93 fb™ (8 TeV)
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Low Mass Region, anti-btag Control Region: The mx distributions of the QCD multi-jet component of the
background in the Validation Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of
LMR. The distributions are fitted to the GaussExp function.



H(bb)H(bb): QCD Multi-jet Modeling
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Medium Mass Region: The mx distributions of the QCD multi-jet component of the background in the
Validation Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of LMR. The
distributions are fitted to the GaussExp function.
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H(bb)H(bb): QCD Multi-jet Modeling
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ium Mass Region, anti-btag Control Region: The mx distributions of the QCD multi-jet component of the

background in the Validation Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of

LMR. The distributions are fitted to the GaussExp function.



H(bb)H(bb): QCD Multi-jet Modeling
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High Mass Region: The myx distributions of the QCD multi-jet component of the background in the Validation
Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of LMR. The distributions are

fitted to the GaussExp function.
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High Mass Region, anti-btag Control Region: The mx distributions of the QCD muilti-jet component of the
background in the Validation Region & Sideband (VR & VB) on the left and the Signal Region Sideband (SB) of
LMR. The distributions are fitted to the GaussExp function.
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H(bb)H(bb): Unblinded Data
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Background-only fit shown to data in LMR, MMR and HMR. Red curve is the QCD multi-jet contribution.
Black curve is QCD multi-jet + tt background.

Shaded region corresponds to 10 variation of parameterized fit. Number of degrees of freedom
corresponds to the number of fit parameters subtracted from the number of bins in histogram

No clear deviation from background-only hypothesis. Compute upper limits.



H(bb)H(bb): Radion Exclusion
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Cross sections of the radion assume k-factor for top-loop in gluon-fusion production
of R to be identical to that of Higgs production. Also, Br(R—+HH) = 0.25



H(bb)H(bb): Graviton Exclusion
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The results are interpreted as upper limit on the production cross section for a spin-2 particle. Signal efficiency is
larger than for the spin-0 hypothesis. This results in the exclusion of a smaller cross section. The observed and
expected upper limits on the cross section for a spin-2 X to H(bb)H(bb) at 95% confidence level using data
corresponding to an integrated luminosity of 17.93/fb at sqgrt{s} = 8 TeV using the asymptotic CLs method are
shown. Theoretical cross sections for the RS1 KK-Graviton decaying to four b-jets via Higgs bosons are overlaid.

WED scenario: kL = 35, k/Mpi=0.2



CMS double-Higgs: Graviton Exclusion
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The expected and observed upper limit of spin-2 X to HH production at 95% CLs provided by combining the
searches performed by the CMS experiment looking at the bbbb (HIG-14-013), bbgg (HIG-13-032) final states.

WED scenario: kL = 35, k/Mpi=0.2



