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SEARCH FOR A RESONANT
SM HIGGS BOSON IN CMS
USING DIPHOTON DECAYS



“owne

SM and the minimal SM (mSM)

mSM Higgs boson

CMS’s Electromagnetic Calorimeter

Search for H decaying in gamma gamma
(with and without multivariate methods)

Looking elsewhere

Combining it all
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Different people may
~etxmean different things

$

when they say:
Standard Model.

Higgs.
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H iggsoctopuses and the Southeast Model
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. The least assumptions

g/ [
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01 Basic things:

Since massive vector bosons exist
m — a Higgs field exists.

Given EW precision data
m — the field is light.

If QFT is right

m — the Higgs field has a Kallen-Lehmann spectral density.

- Add-ons:

A single Higgs boson is just the simplest realization

® — minimal SM.
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CMS
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What most people mean by SM

0 The SM with one Higgs doublet is
the most extensively studied SM
model.

o It is also the simplest.

0 Let me call this particular SM, the ||
minimal SM (mSM).

o Yes, there are more possible SMs.

0 It should be the first to rule out
experimentally.
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Constraints on the mSM

0 Electroweak precision data is a powerful lighthouse.

o A light resonance is preferred.
m Still the case after LHC data.
m LEP direct searches truncate the lower mass range.

O Some tension with m,,, and m..

20 neglects correlations
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ié'!] Latest m,,, from the Tevatron
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How the SM Higgs is produced
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s% How the SM Higgs decays

01 Direct decay via:
o Gauge coupling.
(WW, ZZ)

o Yukawa coupling.
(bb, T T)

|

Branching ratios
3
J_‘ T T T TTT I_
A
| i
N
N
|
LHC HIGGS XS WG 2010

01 Decay through loops.

(Y 7,Z7) 0% :
0 Heavily suppressed BR. v Zy

0 Decay to cc and gg 10° 700 720 140 160 180 200
undetectable at the LHC. M, [GeV]
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5% The width of mSM Higgses
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0 Extremely narrow =
)

for low masses: S,

I

~

ol <100 MeV
for my < 140 GeV. 10
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s% The di-photon channel at the LHC...

oy
0 ...is the most sensitive for m; < 125 GeV.

0 Where electroweak measurements point to.

7 ... has excellent mass resolution.
o Unlike bb, T T, or WW.

THOSE THREE ZZ41 EVENTS...

o0 ... has some background.
o Allows to gauge sensitivity.
o Unlike the golden decay: ZZ—4l.

HIGGS DISCOVERY;OR BACKGROUND?
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- Collaborations are formed

=
=
L

a.david@cern.ch - #CERNPhil2014  April 2014



I | | | | 1 1 |
om im m 3m 4m 5m 6m 7m
Key:
Muon
Electron

----- Photon

Silicon
Tracker
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Transverse slice
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Hadron
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Superconducting
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Iron return yoke interspersed
with Muon chambers
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' 1t's all about mass resolution

)

[ I I I I l Higgs M,=140 GeV Jx10) N
[ Higgs M,=130 GeV (x10) —
[ Higgs M, =120 GeV (x10) —
m £3 Higgs M,=115 GeV (x10)
m [ ee Drell Yan

| O jets py,,. > 50 GeV

il ] y+jets (1 prompt y + 1 fake)
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;% Anatomy of di-photon mass resolution

B E, tan(a/ 2)) |
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Energy and angular resolution

o(E) a

E JE

b

®—Dc

E

a, stochastic term — photoemission /sampling fluctuations.
b, “noise term” — electronics and pileup energy.

(11 »” . oy .
¢, constant term  — non-uniformities, shower containment etc.

Energy resolution

Angular resolution

* Each term should be ~the same at relevant * Primary vertex position along beam axis +
energies (E=m, /2 ~ 60 GeV).

photon incidence positions on ECAL 2 o .

* An homogeneous ECAL has the potential to * At high £ need to use hard tracks associated
achieve a stochastic term of ~2%/\/E — but to Higgs production to define the correct
quite difficult to control the systematics that vertex (there may be ~20 vertices spread over

build-up the constant term.

~20 cm along the beam axis).

goal —

a~ 2.5%
b < 200 MeV
0.5%

and an angular resolution
0, ~ 50 mrad/VE
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Ec:rly chronology

0 1990: HEP meeting in Aix-la-Chapelle.

LHC and possible future experiments presented.

0 1990: Creation of a CERN R&D programme (DRDC).

0 1991: Creation of the Crystal Clear
collaboration(RD18).

R&D on scintillating inorganic crystals for the LHC.

0 1992: 1st conference on inorganic scintillators
organized by Crystal Clear.
Chamonix Crystal 2000.
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HEP crystal favorites

Ll P
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. PbWO

1 CMS chose to construct an homogeneous ECAL based on
lead-tungstate (PbWO,) crystals:

Reason for PbWO , crystals

* Potential to achieve 2% stochastic
term.

* Very compact - 26X, in <25cm
(Xo = 0.89cm) — able to place entire
calorimeter inside 4T solenoid of CMS.

* Small Moliére radius (~2.2cm) —
excellent granularity possible — for
isolation efficiency, pileup rejection and
spatial precision.

* Fast light emission (average ~25ns).

* Radiation hard.

Challenges

* Relatively low light yield — need
photodetectors with gain.

* Uniformity of light production and
collection is important.

* Light yield is temperature dependant —

need to stabilize xtal temperature to
0.1°C (see later).

* Some low-level radiation damage —
need to monitor the xtal transparency
using lasers (see later).

* Test and assembly of ~75000 crystals.
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15+ years of work with crystals

1990-1993: Several candidate technologies on the table.
Liquid Xe, CeF, Shashlik.

1993 /4: Lead tungstate (PWOQO) chosen for CMS ECAL.
1994-1998: intense R&D on PWO.
1998-2000: pre-production of 6000 crystals in Russia.

Increase production rate.
Improve homogeneity of production quality.

2001: start of production in Russia.
2005: start of production in China.
2007: last barrel crystal produced.
2008: last endcap crystal produced.
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e 0 75000 PbWO,
crystals

01 Si-preshower in the
endcaps
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Quark Gluon J\Hﬁ Higher orders Jets —
annihilation fusion (mainly brem.) Y faked by n°
. Isolation
Isolation 70 rejection

The endcap reducible difficulty

Both isolation and n° rejection require high granularity detectors.
A 1t° with p;~60 GeV will produce 2 photons separated by a small distance in CMS:
~ lcm in the barrel after travelling ~1-3m
~ few mm in the endcaps after travelling > 3m

Idea of Preshower:

—
- -
—-—-—‘—'-.
-

Single incident
photon

19qiosqy

Transverse
shower profile

— -
-—-_.—-—- .-.___.—-—
——

o

Two closely-spaced
incident photons

Have chosen to use Si sensors

19QI0SQqY

e
=

Transverse
shower profile
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CMS electromagnetic calorimeter

-

Pb/Si preshower

1.65<|n | <30 PbWO,
75468 crystals
produced in China (SIC)
and Russia
X 0.89 cm

DESIGN ENERGY RESOLUTION (BARREL) LY~100 pe/MeV (PMT)

0 Granularity Barrel
O%E) = 2\'/75) ®0.55% @ 1552481/ AnxA¢:o.y0174xo.o174
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Bc:rrel odule Assembl

[ ar
A erm.n cind "aweﬂl

/

o

-
-

CERN Labo 27 EP-CMA
22 june 99-7

gind
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ﬂ Supermodule Assembly
sie 3

CERN Labo 27 - EP/CMA
13/06/2002 - 3

CERN Labo 27 - EP/CMA
07/08/2002-6
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CERN Labo 27 - EP/CMA
\13/09/2002-12

Then the electronics need to be added!

36+1 supermodules assembled at CERN
between 2003 and 2007.
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%l ECAL front-end electronics

* All on-board electronics are based on CMOS 0.25um technology (2.5V).
* All are radiation hard devices.

* High dynamic range requirement necessitates MGPA.

Upper-Level Readout
= 220 boards,

in counting room

PbWO,
Crystal

APD/
VPT

Multi-gain
Preamplifier
3 gain ranges

ADC Front End Board,

(4 cl:hznnelz) 1/25 channels, Trigger

only o use FENIX chi

12-bit 40MHz chip
a— Pipeline
ADC =) _'\> To ULR

= g
ADCE=) D
(— - @ To Trigger I
ADC ™ Fiber
Digital Trigger Sum Readout

Light-to-light readout system
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!l% ECAL off-detector electronics

L1 P

31
0 PCI rt Of _I_he CMS ......................... ‘=>< ....... ‘Ea ‘
Level 1 trigger. i ' P el
= o @100 kHz
1 Readout of 10
. Trigger :
fime SCImpleS at primitives \/\/0 ' ,,
100 kH @M 2 '
Z. : Cigest T(.)W “I'" Regional Global
assification  Calo TRG TRG

1 Data reduction of
factor 20 needed:

1 Selective Readout
Processor to
preserve energy
resolution.

DAQ
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5% Selective readout

22 4
0 Factor 20 reduction in data g ®E o Z
size needed to fit within CMS 12: o
event budget. J 2500
0 Simple zero suppression 3
spoils energy resolution. = e
0.6 ————=——=5 TR 00 T
0 Perform selective readout of ElGeVI
zones neighboring large Selected region  one crystal
deposits:
o Drop, strong ZS, weak ZS, and
full readout. Ap=0.87
An = 0.87 deposits > 2 GeV
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;% April 2007: ECAL electronics integration

o Integrated tests of Data,
Trigger and Control cards
prior to installation.

o 12 crates with 110 cards
iIntensively tested.

o >10 hours of continuous
testing per crate.




2007: lowering of the central barrel

P RA) )i

=222







May 200/: ECAL barrel installation

.\ N X _ K
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2007: ECAL barrel fully installed
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CMS

JUI 2007 ECAL bdrrel full ms’rc:lled
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Highlights from the CMS ECAL Timeline

H4 EE Test Beam;

il

L 1P

N
Commissioning H4 Test Beam: 2 SM tested with Endcap Installation of
& calibration of 9 SM calibrated; || B-field on surface || Installation. preshower.
each SM with H2 Combined (MTCCQC). Commissioning Commissioning
cOosSmics on Test Beam: with cosmics and || of Endcap
surface. ECAL+HCAL. first beam in-situ. || trigger.

Individual signoff of
each SM during
installation. i

A/\IA\I_H

2009

2008
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" The hunter

e
01 High-granularity in
>75000 crystals.

0 Light yield monitoring to
better than 0.2%.

1 APD HYV stability better
~ than 10 mV.

0 Temperature stability
~ better than 0.05 C.

O Selective full readout.

CMS ECAL
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;.%l 2010: 7 and 10 reconstruction /calibration

L1 P
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x10°  CMS Preliminary Data \s=7 TeV
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CMS Preliminary Data \s=7 TeV
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“ Start off with single photons

One comes before two.
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g

. Isolated photons — first step

g/ [
-8
=

0 Studied experimentally since 30 years.

Large contamination from the decay of energetic
neutral mesons.

Experimentally accessible objects: isolated photons.
Main handles:

® track and calorimeter sums,

® shower shapes.
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- Photon candidate ID

I I —————————

0 Robust start-up selection =» = T

Track Isolation (Isog) < 2.0 GeV + 0.001 E,;

o Small set of variables ECAL Isolation (Isogcs) < 4.2 GeV + 0.003 E;
| ISOTRK — Z R<0.4 TrCICk pT HCAL Isolation (Isoyc,) < 2.2 GeV + 0.001 E;
H/E < 0.05

W lsopc, = 2 R<0.4 ET ECAL

= |so =2 E
HCAL R<0.4 =T HCAL o
(veto events with pixel seeds

= H/E =2 R<0.15 EHCAL/EECAL compatible with electron tracks) W
= Pixel seed veto =»

o Criteria away from simulation
details
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!l% Photon candidate ID: isolation

LI P
a5

: erere | oo | % A7

1507 0.4 0.040 0.015
ISOpcaL 0.4 0.06 0.04
0 Allows the use of (Z) electron
IsopcaL 0.4 0.15 -
control samples:
o Fully data-driven corrections.
A
o Insufficient prompt-photon n| Row
control sample in 2 /pb. R,,
An
P
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w | Handles for photon signal yield

N

/[
-\

8l extraction

0 Main background for isolated photons are
neutral mesons decaying into 2 7.

1 Two main tools to disentangle:
® Candidate isolation in Tracker, ECAL, HCAL.
m Shower shape in ECAL. N

AN *

AN ':
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i% Two-component fit to the data
I
0 Good fit to the data.
@ Signal shape from MC:

5 1 I L I UL I LI I L L
S} i _ .
m Corrected by Z-electron S soof- + CMS Preliminary 2010 _|
@ i \s=7TeV :
data. 5 | L=29pb” i
-8 4000 —
= Not enough Z 7 events 8§ | 40GeV <E' <45GeV |
> N -
B Background from data 3000|- e Data
. . . . : - Fit l'eSU"
in isolation sideband. [ || Background
2000}~ e component
1000—— .
'I':l 1 I | I I - 1
0005 001 0015 002 0025 003

nm
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0 11% lumi
uncertainty

not included.

Data / Theory

1.6

1.4

1.2

0.8

0.6

Comparison between theory and data

CMS Preliminary 2010
Vs =7 TeV
L=2.9 pb™”

n'| < 1.45

—+— Data / JETPHOX 1.1
CT10 PDFs / BFG-Il FFs
Stat. + syst. uncertainty
Theory scale dependence
pn=Ey/2andp=2E;
PDFs uncertainty

N
o
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i% Excellent first step

L

CDF Run Il Preliminary
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51,3'_ Lp5fy!  —*— RaiolopQCDNLOJETPHOX
2 - systematic uncertainty > ; ] —— g , ;
< 1 6'_ (theory corrected for UE contributions) § 16 L CMS 2010 — 4 Data/JETPHOX 1.1 N
> e CTEQB.1M PDF uncertainfies £ r Vs=7TeV CT10 PDFs / BFG-ll FFs
8 L =380 pb'l DO % - £ B L=29pb Stat. + syst. uncertainty |
1 4' ---------- scale df pendence 8 14 IR m'l<145 . Theory scale dependence |
E ' “le =0.5py and U=2p¥ L p=Ef2andp=2E |
E o r e PDFS uncertainty —
a 12 12 _
S S B
;_W.Qc.,_.:._l'é'i R TIRTY
- T 1
i 08 ol
I L il<1.0 and iso<2.0 GeV, R=0.4 C
0.6~ —% ratio of data to theory 0.6 i< 06 Lt . L ] s
o CTE06_1M PDF umminty o lovo b b b b va b beaaad 20 30 40 50 60 70 80 100 200
scale dependence 50 100 150 200 250 300 350 400
041 0‘.‘="s=v&=0-591 and 2p)) Photon p, [GeV/c]
AP P I PP e e
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“ Episode One: simple cuts.

[CMS-PAS-HIG-11-021] described here.
Later published as [PLB 710 (2012) 403-425]

(simplified and with more data)
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201 1: breaking all expectations

g/ [
g
=

E "
]

0 Results shown for a total luminosity of 1.66/fb.

0 Highest instantaneous luminosity 2x103%3 em2s-!,
(in the sample analyzed up to now)

1 LHC already delivered 3x the 2011 integrated

IU minOSiTy Tq rg e-l- 35 CMS Total Integrated Luminosity 2011 (Mar 14 09:00 - Sep 20 18:28 UTC)
[ ) . ] I ] |
L — Delivered 3.43 fb™" | : : !
: 3.0H— Recorded 3.08 fb~' | :
2.5
2.0 -
1.5
1.0
0.5
0.0 : | i
14103 21104 2910 06/07 1308 20109
Date
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2| Challenges of high Luminosity: trigger
=]

Evolution of trigger thresholds
(single non-isolated leptons)

60 -

50 -

¥ Single mu
40 -

¥ Single Electron
30 -

p; threshold (GeV)

20 -

2E+30 2E+31 2E+32 2E+33 5E+33
Inst. Lumi. (Hz cm™)

0 Inclusive triggers must have high thresholds.

0 Each analysis developed dedicated trigger strategies:
O H>WW: Double mu and double electron thresholds at [17, 8] GeV.
1 H>yy : Double photon [36, 18] GeV.

01 Challenging for the low mass Higgs searches.
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- Jet veto eff. for H to
I
1

0 Additional pile-up (PU) interactions substantially affect:

isolation, primary

vertex identification.

, lepton

! SEEEREERE l &
- Yig o] .
3 R l £
3 Polte
3 ® no LI correction (MC) E
® no LI correction (data) ]
3 ® LIFastjet (MC) E
- LIFast]et (data) =
: llll I 111 J 111 l[ 1 111 l 111 L1l I 111 E
2 4 6 8 10 12 14 16 18
NF’V

0 Several techniques have been developed to address the PU effects:
Fastlet corrections for jets and lepton isolation
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Events/GeV
» [3]
8 8
RpausE:

ggee i o@@88 8
3 % =

. sm VY search — CMS

Q0 100 410 120 430 140 450 160 170 180
M, (GeV)

0 Search for a narrow di-photon mass peak over a
smoothly falling background.

01 Main ingredients:

2 high-p; isolated photons: p; > 40, 30 GeV /<.

Pile-up mitigation: selection of di-photon vertex and
isolation (also) with respect to worst vertex.

Isolation+ID cuts in 4 photon categories [2 7] X 2Rg]
following ECAL performance.

B Ry = Ejy3/E e, (converted vs unconverted photons).

Correct MC (di-)photon efficiencies using Data/MC scale
factors.

a.david@cern.ch - #CERNPhil2014  April 2014



s% Photon categories and photon ID
T

Category Photon requirement 1. combined isolation using selected event vertex: the isolation sum is calculated as:
|n| <1.4442, Ry >0.94 Y " Iso = Iso'™ker 4 [soECAL 4 [soHCAL,

1

- lﬂl <1.4442, Ro <0.94 where Is0"%¢" is the sum of the transverse momenta of tracks within a hollow cone of size
3 1.566< |77 | <2.5,Rg >0.94 AR = 0.3 (excluding an inner cone AR = 0.02) consistent with the chosen photon primary
4 1.566< |17| <25, Rg <0.94 vertex (within 10 mm in the beam direction), Isof¢AL is computed as the transverse
energy sum of ECAL energy deposits located within a radius AR = 0.3 excluding an
inner veto region of AR = 3.5 crystals and an eta-slice of Ay = 2.5 crystals (a barrel crystal
subtends 0.0174 in # and ¢), and Iso"CAL is summed using HCAL towers with centres
between radii of AR = 0.4 and AR= 0.15 from the supercluster; this sum is corrected for
pileup as described above,

2.| combined isolation using the vertex choice hypothesis which gives the largest sum; this is
computed with an outer cone size of AR= 0.4 for all 3 subdetectors; this sum is corrected
for pileup as described above,

3. tracker isolation: the same tracker isolation sum as is used in the combined isolation
using selected event vertex, but used on its own,

4. H/E: the ratio of hadronic energy to electromagnetic energy, calculated from the sum of
HCAL tower energies within a cone of size AR < 0.15 centred on the ECAL supercluster
position, and the energy of the super-cluster,

5. Oiyiy: the transverse width of the electromagnetic shower, computed as an RMS with
logarithmic energy weighting,

6. Rg: a minimum threshold is applied to Ry,

7. AR to electron track: there is an electron veto: if a reconstructed electron having a track
with no missing hits in the first layers of the tracker is matched to the supercluster then
the photon is rejected; the AR cut places an additional constraint on the vetoing electron:
the angle at the vertex between the electron track and the trajectory which would track to
the supercluster, is required to be less than the cut value.
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s% Photon ID efficiency
7

o Category €data (%) €mc (%) €data / €mMmC
O Esti mq’red from All cuts |except electroln rejection (fr(l)m Z — ee)
, 1 91.77+0.14 | 92.43+0.07 | 0.993+0.002
o Higgs MC, and 2 72.6740.43 | 71.89-£0.08 | 1.01140.007
. 3 80.33::0.47 | 80.04-0.18 | 1.004--0.008
0 Z decay data/MC ratios. =» 4 | 57.8041.26 | 55.094+0.15 | 1.049+0.025

Electron rejection cut (from Z — uuy)
99.78f§;}g 99.59t§;§; 1.002t§;§§§
98.771023 | 97.70783% | 1.0117050%
99.32°93 | 99.29*939 1.000t§;g§’§
93.022 | 93.347077 | 0.996" 0057

0 Good description of PU
effects in MC.

= W N =

CMS Simulation Preliminary
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) g 00° 09,%00040,0% 00 0..0'0". E, 0.9 b 4 ; ‘lhk‘$‘ 7“} o
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E Yt ¥y 0.5F i e 4
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0.4 , H oV ® t 1(EB, R >0.94
*ﬁ o category 1 (EB, R >0.94) 11 0.3[" t cotegory 1 EB, B,20.99
0.3% 9 K __» category 2 (EB, R9<0.94)
= —¥— category 2 (EB, R,<0.94) 0.2 __, category 3 (EE, R >0.94)
0.2 = __a category 3 (EE, R >0.94) E 9
= 9 0.1 __w__ category 4 (EE, R <0.94)
0.1F __y category 4 (EE, R9<0.94) B . . 9 .
- : : : : i b b b e
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photon SC 1
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0

H%W search — CMS

g/ [
-8
=

11 Di-photon invariant mass resolution:

Di-photon vertex chosen using tracks, di-photon recoil,
and conversion information.

ECAL energy scale and resolution determined from
L—ee.
m Data corrected for measured scale variations.

m Higgs signal MC smeared to match observed resolution.

a.david@cern.ch - #CERNPhil2014  April 2014



0 Exploit correlations of

O

recoil and diphoton.

Simple ranking
algorithm (no MVA).

Complement with
pointing from
converted photon
tracks.

nr
- —track v "
p.Pal =- 2 Jo —B’W p,osYm = E pr-p7 |/ zpr +Pr
tracks | | tracks tracks
= e e b R AR L o R
.18 CMS preliminary | 3’-05 - = CMS preliminary ~J

\s=7TeVL=1631" i
1 0.04f

~o-Data Z-pp 3 i
] 0.03f

0.02}

0.01"

\s=7TeVL=1631b"

-50 0 50 100 150 01 -0.8-06-04-02 0 02 0.4 0608 1

ptbal ptasymm

R— S —. e e

t CMS preliminary CMS preliminary |
0'35,_ Ns=7TeVL=1631b"] Ns=7TeVL=1631b" ]
0.3~ B ]
0.25;- @ Data 2011 pllewp | ~@— Data 2011 pile-up —f
0.2 - el
0.15 ]
0.1 3
0.05- E
900 01 -0.8-0.6-0.4-02 0 0.2 0.4 0.6 08 1
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- Vertex assignment

T me%wwg?fﬁ

0 Estimated from:
oH—Y v MC,
0Z— M U Data/MC ratio.

o
(0 0]
|
.
i

Fraction of vertices
o
o
q T
o
|

01 Evolution with pile-up as 0 A B
expected. o Smawes

Simulation
(nPU)=6.5

Eff. [0/0] O_I 1 | | 1 1| | 1 11 | 1 1| | ] | 1 11 | 1 1| | 1 1| | 1 1| | 1 | I-.
0 20 40 60 80 100120140160180200
p_(H) (GeVic)

82.8 0.2 0.5
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| Calibration, calibration, calibration

L 1P
0 Compensate for residual mis-calibration:
0 Measure energy scale in run periods.

m Correct Data.

0 Determine smearing that matches resolution of
MC to that of the corrected Data. =

m Apply smearing to MC.

0 Smearing in best and worst photon categories
for Z—ee (data and MC). N

4000

3500

Events/1.0 GeV

3000

2500

2000

1500

1000

500

%

4500 T

CMS Preliminary
\/s=7 TeV L=1.65 fb"!

5 80
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Ro >0.94 Ry <0.94
barrel 1.00jg;§i0.23% 1.69 1005 +0.42%
endcap | 3.03"5°+0.51% | 2.96" 02+0.38%

T UL S R

== MC CMS Preliminary == MC

— MC smeared — MC smeared

6000
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Z H—->vy search — CMS

m
0 Signal model from MC:

Cross-sections, branching ratios, and theoretical
uncertainties from LHC XS WGC.

m PowHeg p; distributions reweighted to NLO+NNLL HqT.

0 Background MC (not used in the limits)
Madgraph: di-photon+ijets, DY +jets.
Pythia: di-photon Box, photon+jets, QCD.
K-factors using CMS Data /Theory.

1 Background model

Follow the data: 2"9-order polynomial fit.
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— Comparison of Data and MC

T
0 Shape ok. Good purity.

0 Just a sanity check, not used for setting limits.

YR - ]
L 800 C CMS preliminary e Data .
% 700 - Ns=7TeVL=1.66fb" [ 2prompty =
Q) E (] 1 prompty 1fakey E
N 600F, [ 2ok E
~ Pl (] prell-yan E
_,g 500 :»_“ [ JH—vv(20Geve) x10
Q : .
T 400 E
300 —

200 —

100 .

B0 90 100 110 120 130 140 150 160 170 180
m,, (GeV/c?)
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é H—->vy search — CMS

n http://goo.gl/mHpMN

o Narrow peak on smooth continuum.
o Signal modeled by parametric shape.
o Background from fitting data.

1 8 sub-channels following mass
resolution and S/B.

O :_CMS preliminary —+— Data
C = _ -1 —— Bkg Model
0 Sum of all sub-channels. N % 350[Ns=7TevL=166f" —r 7 HOE
N +2
EE 300 :_AII Categories Combined —— 5XSOM mH=120 GeV
E 250 i
g N
Q 200 -
L -
150
100
50|
- L ) A L ] | 1 L 1
900 120 140 160
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5% Sub-channels

L1 P

1 8 sub-channels following S/B and mass resolution:

o 7 (barrel-barrel vs endcap-any).

0 Ry = E5y3/E e, (converted vs unconverted photons).

Op{Y 7)(S/B and fermiophobic search).

0 Treated as individual channels when setting limits.

Both photons in barrel One or more in endcap
min(Rg) >0.94 | min(Rg) <0.94 | min(Rg) >0.94 | min(Rg) <0.94
pl’ <40GeV/c
Signal 20.9% 27.1% 9.4% 11.6%
Background 16.7% 26.3% 12.9% 20.3%
Signal 0, ¢ (GeV/c?) 1.64 243 3.16 3.59
pt’ >40GeV/c
Signal 10.2% 12.2% 3.5% 5.1%
Background 4.3% 7.9% 4.3% 7.4%
Signal o,¢¢ (GeV/c?) 1.41 2.10 2.96 341
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Jiné

=

"l/l!l

Events / ( 0.35 GeV/c?)

a ©ignal model: mass resolution

0 Modeled with sum of gaussians (computational convenience).

o Best and worst sub-channels. W

x10° 1602107
3001 . CMS preliminary Sy B _ CMS preliminary
B 4%3* Simulation Simulation (S) 140 C 46#7 Simulation Simulation
- vy () B vy
250 — Parametric Model Py >40 GeV Q) | —— Parametric Model pr <40 GeV
C Max(ml)<1.5 Lo 120 Max(ml)>1.5
E 0, = 1.41 GeV/c? Min(R,)>0.94 ™ - o, = 3.59 GeV/c? Min(R,)<0.94
200~ 3 100F
B B -
150 |- 2 80
B q>') 60 L
100F -
- 40
S0F 20F
s il ! SRR PR R FFER :::::;:;::::::::.::f"";-s-::"‘ il T - ezt
000 110 120 130 000 110 120 130

m,, (GeV/c?) m,, (GeV/c?)
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> 40 GeV

Events / (1 GeV/c?)

Events / (1 GeV/c?)
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CMS
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i% H—->vy search — CMS

LLP

0 Statistical analysis
o CLs with LHC test-statistic (and Bayesian with flat prior).

O Systematics and mass-point interpolations:

® Unbinned method: smooth interpolation of fit parameters.

® Binned method: histogram interpolation with per-photon
systematics.

O Test mSM and fermiophobic (FP) hypotheses.

0 Check effects on the limits using Profile Likelihood
Approximation (PLA).
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é Standard Model limits

30.45 . .
e E - CMS prellmlnary L Observed CLs Limit

% 04 :—\E ------ ! 'TeV L= 1 06T ---------------- Observed Bayesian Limit
1\;0'35 E_ --------------- ------------------- ------------------ Median Expected CLs Limit
% 03;*— """""""" """"""""" """""" - + 10 Expected CLs
5 0.255; ------------------ ------------------ ----------- + 20 Expected CLs

o
N

0.15

0.1f

0.05%

1-': L1 1 1 | L1 1 1 | I | L1 1 | | L1 1 1 | I | | I | L1 1 1

5XOSM

1><(53WI
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my, (GeV/c?)
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e 1

Z

\

Systematic uncertainties

’ /N
N
—

7/ ([}
L]

|ii|

1

0 Single photon:
ID efficiency.

Shower shape (class
migration).

Energy scale.

Energy smearing. 50-45¢ ; ;
=3 = CMS preliminary Observed PL Limit
D Pe r eve n1-: g\g 0.4 N§=7TEVL=1.66fb'1
) ] ?3 - ------ Observed PL Limit (No Signal Syst)
Integrqfed IUmInOSIfY. TOISSZ ............... e e
° o o I : --------- ian Ex imi
Trigger efficiency. Y T— - Median Expected PL Limit
m - 5 5
Di pho’ron pT (CICISS 50.25 ;_ ............... .................. ........... Median Expected PL Limit (No Signal Syst)
migration). 0.2}
Vertex finding. 0.5
0.1} .
b e P SM
0 No effect! P N T N S S % O N S
i : : : : 5 B
q-'— 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1XGSM
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é Standard Model limits

s 20 : :
=’ 18 - CMS prellmlnarv Observed CLs Limit
= - \s=7 ""I"'éV"I; """ ‘i ”'66'"fb”1 """""""
:;|\: - T mmma Observed Bayesian Limit
= 16'— --------------- e A MU
2 4 14 B L meemaas Median Expected CLs Limit
A§ E - + 10 Expected CLs
= 12— e S S
? - 5 5 5 + 20 Expected CLs
T . .
©

1><GS|VI
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@)
g5
(@)

' Z

m1
I\
=

I
w

. S0, how many sigma is that?

Hypothesis being tested:

and signal models.

mSM with free cross-section. | [ LEE Not Included (-20) CMS prelimmary' |
Framework: g Ne-
I 21015_— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
CLs LHC-type test statistic. 5 E \ /
. e F r '
Fully parameterized BG 2102k
© i i
> : ;
-3 :

103

Observed

Smallest local p-value

searched by throwing toys in

0.5 GeV mass steps. I R D DU D D D D
10490 115 120 125 130 135 140 145 150

Minimum at 139.5 GeV. m, (GeV/c?)

Local p-value
(2.5+0.3)%103 (2.8 0).

----- 1xSM Higgs Median Expected

10*
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él So, how many sigma is that?

0 Global p-value evaluation:

= Throw BG-only toys. § | [LEENotmcuded(-20)  CMSprolminary
T g e : = 7nVL166m‘ ‘
m Fit with Sig+BG and let g E N
mass free. 210 N / 44444444444444444444444444 S
® Make distribution of e
qu”esf p_vqlue in edch TOY. 510-2 S S St SR UUTNS SURUUPURNUPURRSC UUNUURRNE WORURNY SUPURURTRS SRRUPRRRUPTRY
©
Global p-value for the 2

—
S
(]

excess at 139.5 GeV:
(5.0+0.5)%x102 (1.6 0)

Observed

----- 1xSM Higgs Median Expected

—
<
£y

||i||||i||||i||||i||||i||||i||||i||||
115 120 125 130 135 140 145 150

-y
S
-- O
jry
o

0 Trials factor = 20£3.

0 Best fit parameters:
O/0gy= 45",
my = 139.7120.8 GeV.
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Episode Two: multivariate.

[CMS-PAS-HIG-12-001] described next.
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;% Full 2011 dataset: pileup
N

. _llll LI l:I.IlltllllllllIlllllll]llllllllllllll_ ﬂ.12_llllllllllllllllllAIIIIIIIIIIIIIIAI.IAI_IIIIIIIIL
:0-16_- ; CMS preliminary s I CMS preliminary ]
N Vs =7 TeV Run2011A L \s =7 TeV Run2011B
0.14f - 0.1~ N
0.12F - K IMC Z—up ]
0 1T‘ -o-DataZopp - 0'08__ e DataZupu -
0.08:— _ 0.06:— :
0.04F — |
l ] 0.021-
0.02F _ - :
0 ////’ |l|||1||||1|llll: 0 vy y 4 LA - weve
0 5 10 15 20 25 30 35 40 45 50 0 5 5 40 45 50
number of vertices number of vertices
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The di-photon channel in CMS

 H - yy one of the most sensitive channels
in 110 < my < 150 GeV
* Clean final state:
two hlgh pr isolated photons
o INarrow mas SHE eak
* H - yy sensitivity driven by
mass resolution and S/B
* Mass resolution
* Photon energy

7

CMS preliminary + Data
Vs=7TeVL=48fp" [ 2prompty

[ 1 prompt y 1 fake y
[ 2fakey

[ prell-Yan

B H-vv (120 GeV) x5

MC k-factor uncertainty

Events / GeV

* Di-photon opening angle G T 10 120 150 160 150 160 o
« Major Backgrounds
* pp - jet +jet, pp > y + jet with jet faking photon (mainly m°)

|'i1£‘:n|‘i'j":| = VY
AL LA A

m,, (GeV)

» Multivariate analysis (MVA) techniques used to improve H — yy search sensitivity
» provides more optimal event classification

 The analysis uses [ L dt = 4.76 fb-! of CMS data
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Z!,“ Analysis strategy evolution

0 Cut-based analysis. oL
[PLB 710 (2012) 403-425] /’—\’ - ---H

Di-jet tagged events for VBF production.

Remaining events split by resolution and S/B:
® Photon pseudorapidity (barrel / endcap).

® Photon shower shape (unconverted / converted / m9).

0 Multivariate (MVA) analysis.
[CMS-PAS-HIG-12-001]

Event-by-event boosted decision tree (BDT) ,
classifier. N A

Sensitivity improvement equivalent to | &
~ 50% more integrated luminosity. JAND T MONEV!

Guickmemetcom]
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Anatomy of the analysis

EM Cluster
(Raw Energy,
Shower
Shape,
Local/Global
Coords)

Conversion
Reco

ECal and HCal
Deposit

U Available information

Pileup Infor U Process

O Produced physical quantity
U Produced classifier
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Anq’romy of the analysis

2
& - , e
"MIIlTI\lABIA'I'E H | THEROCKET CONTROL'USED/AN

TEGIINII!IIES
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s% Photon identification

L1 P
Lo 4y ...

* Photon ID MVA discriminates prompt photon from jet faking photon using a

boosted decision tree (BDT) trained on MC simulation events Shower shape
. . (photon energy distribution)
» Signal sample: prompt photons from H - yy .
« Background sample: jets from pp - y + jet , U
* MVA trained separately for Barrel and Endcap WWWIWA-
+ Uses variables related to/shower shape| and|isolation v '
* MVA output gives a classifier variable discriminating prompt photons from fakes WWWUWY =
* Photon ID MVA output for the leading photon in preselected di-photon events  EEEE
LTI TT]
with m,, >160 GeV is compared between data and MC e
S B00F oo Barrel | S *0F =:=. § Endcap . 'Isolahon
3 g 2} B 300F = Peeeca it (activity around a photon)
5 S [ Emommomnns
- o 20f
* % 200
150; VWAWWWWV Y\ @ /
)
0.0 0.5 T. 9 0.0 0.5 7.0 —_— @
Photon ID BDT output Photon ID BDT output *
g:*: =F

.0
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Mc:ss resolution deconstructed

Photon Di-photon
energies opening
angle

M’ =2EE,(1-cos(a))

oM

M

1

"D

(OE, (OE, o

 E, E, tan(a/2),

Photon energy resolution Angular resolution

a.david@cern.ch - #CERNPhil2014  April 2014



Anatomy of the analysis

EM Cluster
(Raw Energy,
Shower
Shape,

e o e e e

Local/Global
Coords)
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ECAL calibration: isolated electrons
-

' !!! pre||m| inary 2!11 —+— w/o transparency corr!ctidn '

o 1.021 S e
o - Mean 1
8 s_7 TeV L=46/fb —+— W/ transparency correction : BRMS  0.0014164}
Q_ 1-01 e chassanscanacensnnsesnnsnanasansanns . .............. 1 /transpafency Correct.lo __ - Mean 0.9772
m B ECAL Barrel : : _ RMS 0.006716
s 1 4
E H . . N N N :
() : : : : : .
m 0.99 .. .......... ................. , ................. ...._ ................. ................. ; __

0.98 ................. L SR St .............. _:

0.97 — 94E+06'é‘\'/'e'ﬁt's' ........... ................. , ................ W

- 12000 events/bin - 400 bins ;
0'96 B I 1 I 1 l 1 1 l 1 1 1 I I I

1 | — 1 | — il -] l § - I Ll 1 -
26/04 26/05 25/06 25/07 24/08 23/09 23/10 0 20 40 60
date (day/month)
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. ECAL calibration: Z—ee peak
R

x1 03 |

%) 1ol CMS Prellmlnary 2011 7TeV
9 " L=4.7fb" [
> 10 .
-E' ~ ECAL Barrel + C + transparency 1.0 GeV resolution
S B
> 8— |
a o !

6

4 k

21

0 Bt

60 80 100 120
M, (GeV/c?)
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ngular resolution

0 Unconverted photons have no tracks.

0 CMS ECAL is homogeneous, optimized for energy
resolution, no pointing ability.
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® Good at high p;.

® Validated with Z— 4 U
events. >

1 Photon conversion tracks.
® Validated with 7 -jet events.

- '6.4EIIIIIIIIIIIIIIIIIIllllllllllllllllllll—

— Choosing the best vertex

CMS preliminary -
\'s=7TeV Run2011B

- right vertex MC
| wrong vertex MC
—&— right vertex DATA
—e— wrong vertex DATA

lllllllllllllllllllllllll

080604020 02040808
BDT output
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" Vertex recoil variables
e

Input variable: ptbal Input variable: ptasym
R RN RSSNRBRNRESNRERS RS RESE RS
g- I Primary vertex ] §
I U7 pu vertex 12 o
4 [ ] >
o °
S z
A -

UIO-flow (5,B): (0.0, 0.0)% (1.6, 0.0)%
UIO-Tlow (5,6): (00, 0.01%1 (0.0, 0.0%

o sumpt2: Y ; |pr|?

-80 -60 -40 -20 0 20 40 60 80

® p tbal Zl(p T |"'Y')’|) Inputvariable?lt:gaslump&
0.4 fi Primary vertex || 3
o ptasym: (| X 7| — p1") / (| Zi Prl + p7’

0.35 (/) PU vertex E

0.3}
0.25}

0.2}
0.15F
04
0.05F
0 E

(1/N) dN/0.498

UIO-flow (,B): 0.0, 0.0)% (0.0, 0.0)%

2 0 2 4 6 8 10 12 14 16
logsumpt2
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Converted photon vertexing
N

ECAL deposit

Conversion track

Conversion vertex

4

= x o= onon
Beamline

(z axis)

a.david@cern.ch - #CERNPhil2014  April 2014



CMSgl

s Vertex choice efficiency
I

I I I I ! I I I I | I I I T l I I I I | I I T I

T
*Q
§
==

L ——Zoc0” Ztrue <10 mm

Fraction of events
o o
» (00}
b |
*,
| L

| -
- CMS preliminary “
02 '"'S|mu|at|on ............................................................................................... __:
- (n,)=95

| | | ! | | | | | | | | 1 t | | | | | | 1 1 |
OO 50 100 150 200 250

p_(H) (GeV/c)
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CMS

Is the best vertex the right one

for this event?

Ll P
92
1 Make use of several ev
quantities:

LI | T I LI LI I LI | T I LI | T | LI | LI
CMS preliminary -
\Vs=7TeVL=163fb" -

o Total number of vertices.

~] wrong vertex MC
—a— right vertex DATA

—a— wrong vertex DATA ]

1 For each vertex: 025

m MVA score. 0.2

m Distance to best vertex. 0 15

0 Di-photon p;.

o Number of identified 01

0.0

conversions. i E
%M‘ ' :

o Validation in Z— U 4 events. 0 0 8.06.04.02 0 02 0abuiss
9 IVIVAevent
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_ Anatomy of the analysis
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CM

S
— Di-photon classification
1
e
» Uses BDT method on MC background and Higgs boson signal events (m,=123GeV)

» Training variables include photon ID, kinematics, right vertex probability and
estimate mass resolution

e

 Keep Di-photon mass factorized S S
* Introduce good resolution as a desired f% 3000
feature by weighting signal events by -.g 2500
1/estimate mass resolution * 2000
* MVA output used to make|5 categories > 1500
with different S/B 1000
* | Separate di-jet tagged category 500
to select VBF Higgs production o 05 o
« Signal event category R i-photon BDT output
migration systematics é: o 7 4 1,
* Up to 11% due to photon ID ool

» Up to 8% due to estimate mass resolution
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i.% Di-jet tagged event

LlP

S
MYY = 121.9 Ge
M, = 1460 GeV

~d /
/
e Y
Pl
y 4 N
i
-
-
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10000
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==

—— Data (4.7 )

. DYJotsToLL MC

04 06 08 1
di-photon BDT output

+i
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di-photon BDT output

10000

2000

2
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8
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—— Data (4.7 )

. DYJotsToLL MC

08 -06 04 -02 0 02 04 06 08 1
di-photon BDT output (both EB)

%
£
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=
P
B
£
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™

[4
e

[4
»

e
2

4 02 02 04 06 08
di-photon BDT output (both EB)
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—— Data (4.7 )

. DYJotsToLL MC
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#ﬁ*ﬁ“} 3 , ++++
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-0.8
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MVA in terms of simple classification

500"

—— All

 —«— both EB, both R9>0.94
400/~  —=— both EB, both R9>0.94 |

~  —=— 1both EB, both R9>0.94 !
—«— Iboth EB, 'both R9>0.94]]

1 .08 -06 -04 -02 0 02 04 06 038 1
di-photon MVA output
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40 Gev 125 mipmesocey | |
§ —— both EB, both R9>0.94 §| | I
—=— both EB, Iboth R9>0.94 1 —=— both EB, Iboth R9>0.94 | | I
—— Iboth EB, both R9>0.94 _ —=— lboth EB, both R9>0.94 : I I
0.8 o homE s | |
S | |
06— W : [
Y I
| [
0.4
| I
_ 02 & | |
= . | !
o hdm'l_, 0 e ’ ; : men i P T 11 l i =
. 04 06 08 1 -1 08 -06 -04 -0.2 0 04 06 08 1
di-photon MVA output di-photon MVA output
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5% Signal and background modeling
S

» Higgs mass modeled using MC with energy scale and resolution correction from
Z-ee

» Background mass spectrum modeled by polynomial fit
» Polynomial order between 3 and 5 depending on event category statistics

~ 24 ~ -~
o CMS preliminary —#— Deta CMS preliminary —4— Data ? 18 [-CMS preliminary —4— Data
% 2(2) \&=7TeVL=476 " — BkaModel % 160 Vs =7TeVL=476 o — oo ﬂ§ 6 VE=7TeVL=476 "  Bhaace
o 0 o
9 ” (3 14 om0V :m’um,‘-mw
<18 < 12
£ 4 2. Dijet- TAG
= > i 2
mH 1 20 GeV ] ii[u @ 8
1 X SM S 6
4 N
2 Fad LiL
.P e ol Ill]
00 180 160 180 900 1 80
m,, (GeV/c?) m,, (GeV/c?) m,, (GeV/c?)
< CMS preliminary 4 Data <. 700F cms preliminary 4 Deta S0 | oms pretimi 4 Data
%250 \E=7TeVL=476f" — Bl %600 \E=7TeVL=4.76 " Bl ;01000 :-qi-;revu.n-.zmm‘ Ebdun
(2 200 9 0.05 <= BOT <0.55 e 8 [ All Categories Combined :::um,ﬂmed
- T 500 = 800}
£ 150 £ 400 £ o] Combined
> > -
- 100 300 a i
400
200 L
50 100 200F /—\
% 60 18 foo 0 180 Do 20401607180
m,, (GeV/c?) m,, (GeV/c?) m,, (GeV/c?)
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;3 4 CMS prdjllmlnary
B gt ="~ Median Expected (HIG
R S T £\ W 7, T L
=
£ —
© - »
1 6 ...........
No MVA "-f- N LN et
MVA

XCgy

T135 140

145 150
m,, (GeVIc?)

Expected and observed exclusion limit

at 95% CL
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S Finterpretation Requires LEE CMS preliminary |
$ 1k Vs=7TeV L =476’
AVaL\ —\
— -] \ o
1
10° E \
\ 2
10’% ,/ \U
—— Observed Asymptotic _ | 3¢
10° —4— Observed Ensemble
——— cat0-3 (Non-VBFTag)
——— cat4 (VBFTag
R A PR | IR B U TS TR T NN TN N TN TN SN SN TN T T NN TN N S SN SN SO SO SN 1
10110 115 120 125 130 135 140 145 150
my, (GeVic?)

* Largest excess observed around 125 GeV
with local significance 2.9 o and
global significance 1.6 ¢
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And the data were made public...
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' And with the
The Higgs was found! }| tpials factor

2.9 sigma
significance!

Some

CMS

28 theorists...

And you say
it was found ?
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CMS?_ \

smy 9O SO deep into error bars...

ttp://goo.gl/CVmbs

@ After Moriond 2012, new fits disfavor the SM and

motivate for New Physics
red = no Higgs boson

green = SM
my, = 125 GeV
a
wn E n 1 Z ©» Z ©»
235238 Z 3
U —_
&
= , 1
=
8 .
k. r%i—i N %I 2oy
9 J- -

P. Giardino, K. Kannike, M. Raidal,.A. Strumia, 1203.4254
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...and draw conclusions...

new fits disfavor the SM

new fits disfavor the SM

: ‘new fits disfavor the SM‘
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...and draw conclusions...

new fits disfavor the SM

new fits disfavor the SM

‘new fits disfavor the SM‘
ONEDOES mn SIMPLYA.

DRAW'SUCH GONCLUSIONS
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© Conclusions — CMS ECAL

0 A long way since the

1990:s.
1 CMS ECAL has an

exquisite resolution.

CMS ECAL

0 Excellent performance
around 1% already in

2011.

' 0 Calibration, calibration,
- calibration...
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CMS%\

15
1S

Conclusions — Higgs analysis

L1 P

0 The mSM has very clear

- predictions.

o That have proven hard to

disprove until now.

. 0 Simple cuts are easy to

= understand.

| 0 Complex MVAs are powerful

3 for analyses.

"' Do not lose sight of the big
picture by over-optimising
details.
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[/ ([] e)
&\ =
HEOS

Chrls’rmas 2012

GO, WHAT DOES THE LITTLE HADRON COLLIDER GCIENTICT WANT?

.....
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n For discussion
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n CMS combination

[CMS-PAS-HIG-12-008]
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LHC Higgs working groups

0 Joining ATLAS, CMS, LHCb, and
theory:
Cross sections and branching
fractions WG:
m7 TeV, 8 TeV, 14 TeV. NEXT
m SM, SM4, Fermiophobic. l
Statistical methods and combinations
WG.
ToP
0002187
SCORE
. . | 0002186
0 Selecting the best pieces for a L
common puzzle. = 5

HEAVEN
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1 CMS combination

‘CMS PAS-HIG-12- 008‘

@)
oF I8
@)

@ [ CMSPreliminary |~ Observed | @ [ CMSPreliminary [~ Observed |
g i \s=7TeV S5 Expected (68%) _GC" i \s=7TeV S5 Expected (68%)
e L=46-48f" | Expected (95%) ° L=46-48f" | Expected (95%)
o 1F E o 1F E
> - = > E 3
L u ] L L ]
) i ) ]
S 0 > ]o0%
D) D) o %
T 10 3 T 10 E J
= i = §
/) s /)] -
CRI: ; G 107 e
I ; _P :
@) i i ©) ]
10°F E 10°F E
- NP | . N INENIR T INE AT A A 1
100 200 300 400 110 115 120 125 130 135 140 145
Higgs boson mass (GeV) Higgs boson mass (GeV)
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CMS

<

«T
I

CMS combination

‘CMS-PAS-HIG-] 2-008‘

m 1 ; T I ] I l I T I I I ] I T I I I ] I T | I I ] I I I I I | | T I I I ;
= =
© J1oc
5 10 3 .
— T 20
] . == -
8 10—2 = Rl V =
- - -
= ~s 130
10° & =
- Global significance “.‘ —— Combined obs. i
10* | 0.8c inrange 110-600 GeV . - - =« Exp. for SM Higgs |3
-~ 2.1c inrange 110-145 GeV ... Comb. ensemble | 4¢
- ‘~.‘ —— H-bb (47" |
1 0-5 | Y=——H-1tt (46f7)
= - = _ — Hoyy (4817 [
- CMS Preliminary, \'s =7 TeV  HOWW (4610 |
s L=4.6-48fb" — H-27Z (471" |]
Bl = S S S NN TN N S AN NN N SN SN N SO SN SN (N SN S N S N S ST A R
110 115 120 125 130 135 140 145

Higgs boson mass (GeV)
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CMS combination

[CMS-PAS-HIG-12-008]

N
o1

0.0

E Tt .l .l T ¥ i || T T I 1 I I I I 1 I I I I I 1 | I I I I B
\bcn : CMS PrellmlrLary, \s=7TeV B 68% CL band .
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115
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. CMS combination

‘CMS PAS-HIG-12- 008‘

m, = 125 GeV CMS Preliminary
I Combined (68%) \s=7TeV
, L =4.6-4.8 b’
-il—- Single channel
H— bb
H— 1t
H— vy
H—- WW
H—ZZ
llllIIIIIIlllll llIIIIIIlllllllllllllllllll

1-050 05 1 15 2 25 3 35 4
Best fit O'/O'SM
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n More details

[CMS-PAS-HIG-12-001]

a.david@cern.ch - #CERNPhil2014  April 2014



| Side-band background treatment

o = 4 — ; ;
2 100 0 Observed CLs Limit e s ;
e CMS Preliminary S e Median Expected CLs Limit CMS preliminary
E ? 35— [ ] +1cExpectedCLs ===} JE'“"7“T§V‘|'-'""4=
S 350 C \s=7TeV,L =476 fb" T T t2c Expected‘CLs ;
> C ° 3
W 3001 3 / \
- & 2,5 | Y R .........
- >- =
200— I C
- vk A/J\A
- 1.50~uf-Y ~
150 c -Qt t \ ___,J,
C 1
100—
- 0.5F
50— C
9_|||||||| v by by by v by by 91olll|115|l|l120lll|125|l|l130l|[|135|'|'14o'|"145""150
00 110 120 130 140 150 160 170 180 mH(GeV/cz)

m,, (GeV/c?)
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. Best-fit strength breakdown

Dijet Tag - ®

Class3 L

Class 2 -

NN

Class 1 ®

Class0

Combined |—

4 §)
Best Fit G/GSM

o=
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Details on the event classes

Dijet
0 1 2 3 tag
SM signal expected | 3.4 (4.4%) | 19.3 (25.0%) | 18.7 (24.2%) | 33.0 (42.8%) | 2.8 (3.6%)
Data (events/GeV) | 4.5 (1.2%) | 55.1 (14.8%) | 81.3 (21.8%) | 229.1 (61.6%) | 2.1 (0.6%)
oot (GeV) 1.18 1.25 1.64 2.47 1.65
FWHM/2.35 (GeV) 1.09 1.09 1.43 2.08 1.32
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CMS%I

- Systematic uncertainties
S [

| Sources of systematic uncertainty | Uncertainty |
Per photon Barrel Endcap
Photon identification efficiency 1.0% 2.6%
Energy resolution (Ac/ Epc) Rg > 0.94 (low #, high #7) | 0.22%,0.61% | 0.91%, 0.34%

Ry < 0.94 (low 77, high #7) | 0.24%,0.59% | 0.30%, 0.53%
Energy scale ((Egats — Emc)/Emc) Ro > 0.94 (low 7, high ) | 0.19%,0.71% | 0.88%, 0.19%
Ry < 0.94 (low 7, high %) | 0.13%,051% | 0.18%, 0.28%

Photon identification BDT £0.025 (shape shift)
(Effect of up to 11% event class migration.)
Photon energy resolution BDT +10% (shape scaling)
(Effect of up to 8% event class migration.)
Per event
Integrated luminosity 4.5%
Vertex finding efficiency 0.4%
Trigger efficiency One or both photons Rg < 0.94 in endcap 0.4%
Other events 0.1%
Dijet selection
Dijet-tagging efficiency VBF process 10%
Gluon-gluon fusion process 70%
Production cross sections Scale PDF
Gluon-gluon fusion +12.5% -8.2% | +7.9% -7.7%
Vector boson fusion +0.5% -0.3% | +2.7% -2.1%
Associated production with W/Z 1.8% 4.2%
Associated production with tt +3.6% -9.5% 8.5%
Scale and PDF uncertainties (y, pr)-differential

(Effect of up to 16% event class migration.)
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10N

Photon-jet vertex MVA validat
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n More details

[CMS-PAS-HIG-11-021]
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i!%l Variations on a limit theme

L 1P
oy

Expected (95% CL, PLA, pb) | Ratio to nominal

Standard Model, my = 120 GeV/c*

Nominal (8 classes) 0.1104 1.000
No signal systematics (8 classes) 0.1097 0.993
EB