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Celebrations on
4 July 2012

CERN and Melbourne
and many other places
around the globe
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Both CMS and ATLAS reporting | s/
5 sigma evidence for anew

particle with mass ~ 125 GeV
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2 March 1995: Discovery of a New Particle

Can thzdzcov
from nearly 20 years ago
help us understand

the new boson

http://www-visualmedia.fnal.gov/

V Christopher Neu (i\\ 4



The Standard Model

Mathematical description of the
building blocks of the universe and
its interactions — matter and forces
* Matter: Quarks, leptons

* Forces: Gauge bosons

Very successful model:

— Accommodates nearly all of the
observed phenomena we see in our
every day world

— Explains nearly all of the
observations we have made in the
exotic conditions created in particle
physics experiments

Particularly elegant feature: . The Higgs boson is the last of

— The unification of two of the four the f.undamental particles
known forces into a single predicted by the Standard

interaction Model to be observed.

Leptons
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The Electromagnetic and Weak Forces

Symmetry in description of

Electromagnetic and Weak N

forces allows unification: %

electroweak interaction %

©

Symmetry is broken however: =
— Photon massless

- W, Z very massive
— How?

Higgs Mechanism:
— Higgs field breaks EWK symmetry
— Explains masses of W, Z and photon

— Other particles interact with the
Higgs field and acquire mass

— Additional consequence:
new particle predicted to exist,
the so-called Higgs boson
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1 GeV/c?2 =1.783x10"?" kg

photon ¢ b W* t

Higgs boson:
Mathematical curiosity or
something more?
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Mass — What' s the Big Deal?

* Higgs boson credited with the “origin of mass”

* This is not the complete story:
— Most of the visible universe is protons and neutrons

proton
— Protons (p) and neutrons (1) are a bound state

of u, d quarks (~a few MeV apiece)

— The p, n masses (938 and 940 MeV) are much larger
than the constituent quarks alone

— Measured mass comes mostly from the strong force
holding the quarks together neutron

— Strong force proceeds with or without the Higgs
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However...

* What if the fundamental particles were massless?
* (Quark masses:

— The up and down quark masses have been measured:
—m,=23%7,.MeV and m,=4.8"0>,,MeV
— Important point: my>m,

proton

— This small difference forces the neutron mass to be
slightly larger than that of the proton

— Ifm,=my =0, then M., >M

1% —> n€+Ve This would be bad. neutron

* Lepton masses:
— If m_ =0, the Bohr radius of atoms would be large

allowing...

neutron 7/

* Chemistry as we know it would not exist!
This too would be bad.




However...

What if the fundamental particles were massless?

oty Understanding electroweak

symmetry breaking and mass is
among the most significant

o puzzles in modern physics.

Hence, the search for the Higgs
boson was one of the primary
goals of modern particle physics
experiments!

* Chemistry as we know it would not exist!
This too would be bad.

neutron



The Large Hadron Collider

A proton-proton
collider
— 27 km in circumference

— Beamlines ~100m
underground

— Four active interaction
regions

— Proton-proton collisions
with up to 7+7 =14 TeV

Significant opportunity
for discovery:
— Highest energies ever

achieved...
— ...at unprecedented - N A
collision rate L?ff%* . e ; 7 8 ;EeV (201‘2) T o =
— A perfect place for searching . FE S il é/ b - = _5 |
for the Higgs ol A 11 TeV BO1S)
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The Large Hadron Collider

* A proton-proton
collider
— 27 km in circumference

— Beamlines ~100m
Beam Energy

underground “cm?s’  Luminosity
Bunches/Beam

— Four active interaction ' Protons/Bunch
regions

— Proton-proton collisions
with up to 7+7 =14 TeV

J 7 TeV Proton Proton
colliding beams

Bunch Crossing 4 10" Hz

« Significant opportunity
for discovery: ~ Proton Collisions  10°Hz

— Highest energies ever Parton Collisions

achieved...
New Particle Production 10* Hz

— ...at unprecedented (Higgs, SUSY, ....)

collision rate
Selection of 1 event in 10,000,000,000,000

— A perfect place for searching
for the Higgs

V_ Christopher Neu C% 11



Higgs Boson Production at the LHC

gluon-gluon fusion (ggF)

L L Illl

LHC HIGGS XS WG 2012
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The Search for the Higgs Boson at the LHC

—

Primary Decay Channels

\

Total Uncert
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LHC HIGGS XS WG 2011
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\ | | | ] |
160 180 200
My [GeV]
Rarer decay modes suffer from statistics but generally have lower levels of

mundane processes (“background”) obscuring the signal AND have a higher
resolution on the mass of the Higgs before decay.

\'/ Christopher Neu CMS



The CMS Detector

inti MUON ENDCAPS
ECAL HCAL Scintillator/brass _
76k scintillating Interleaved ~7k ch 473 Cathode Strip Chambers (CSC)

PbWO. crvstals 432 Resistive Plate Chambers (RPC)
il 3.8T Solenoid

Preshower
Si Strips
~16 m?

~137k ch

Pixel

Tracker ]
ECAL Pixels & Tracker
* Pixels (100x150 um?)

HCAL ~1 m2 ~66M ch
Muons *Si Strips (80-180 um) +oward Cal
Sol id il ~200 m?2 ~9.6M ch Steel + quartz

olenold col MUON BARREL Fibers ~2k ch

: 250 Drrift Tubes (DT) and
| weigh

Overall dometer o 480 Resistive Plate Chambers (RPC)

Overalllength 28.7m Christopher Neu 14



The CMS Detector
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Particle Detection and Subsystems

Key:

Muon
Electron
Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

‘ Electromagnetic
)3! n Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

Higgs search campaign

utilizes every CMS subsystem
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The Cumulative CMS Data Sample

CMS Integrated Luminosity, pp

Integrated Luminosity, L:
) measure of number of

= 2010, 7 TeV, 44.2 pb~ . . ‘. -1

— 2011, 7 TeV, 6.1 1! Sqlllslons. Umts. pb”

— 2012, 8 TeV, 23.3 fb! inverse pico-barns

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

Related to cross-section, O
“Rate” of a certain process.
Units: pb

For some process, i:

N

events, I
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Higgs Search: Latest Results from CMS

M;, =125 GeV Significance of
Observation Signal
Production  Lumi (fb) (S EEEEREC B e, Strength
Decay Mode Mechanism 7+8Tev  Expected  Observed | _qg/5

H->bb VH 5+19 2.1o 2.1o 1.0+£0.5

H>WW goF, VBF | 4.9+19.5 5.10 410 0.76 +0.21

H>vy eeF, VBF | 5.1+19.6 420 3.20

 Significance of Observation:

— “3o significance” implies only 1 in 740 probability for background-only
data to fluctuate to produce observed excess.

=1 in 3.5 million

* Signal Strength, u:

— How much signal is observed, in units of the amount predicted from the
Standard Model for each search channel (i =1.0 implies SM level)

V_ Christopher Neu s 18



Higgs Results: Assessment

CERN press office

New results indicate that particle discovered at CERN
is a Higgs boson

14 Mar 2013

Geneva, 14 March 2013. At the Moriond Conference today, the ATLAS and CMS

collaborations at CERN '’s Large Hadron Collider (LHC) presented preliminary new results

that further elucidate the particle discovered last year. Having analysed two and a half

times more data than was available for the discovery announcement in July, they find that

the new particle is looking more and more like a Higgs boson, the particle linked to the

mechanism that gives mass to elementary particles. It remains an open question, howewa»

whether this is the Higgs boson of the Standard Model of particle physics, or possibly i “..iasaH lg gs boson.”
lightest of several bosons predicted in some theories that go beyond the Standard Moc

Finding the answer to this question will take time. What does that mean?

Whether or not it is a Higgs boson is demonstrated by how it interacts with other part
and its quantum properties. For example, a Higgs boson is postulated to have spin 0, and in

\'/ Christopher Neu o



Identifying the SM Higgs Boson

Electric Charge 0

Spin 0

Parity +

Decay Modes

Couplings to Other
Fundamental Particles

Self Coupling

\'/ Christopher Neu
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Identifying the SM Higgs Boson
Observation modes all consistent
| Characteristic with Higgs being charge 0

Electric Charge 0

Spin 0

Parity +

Decay Modes

Couplings to Other
Fundamental Particles

Self Coupling
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Identifying the SM Higgs Boson

Electric Charge 0

local p-value
aaueag;u%gé

Spin 0

3,

T lllllll I 'Ylllllll.’

CMS prefiminary
oo | == H-»yy obs,
===« Exp, for SM H

Vs = 7 TeV
Vs =8 TeV

10-5 lllllllllll::llllllllllllllllllllllllll
110 115 120 125 130 135 140 145 150

: my (GeV)
Couplings to Other : —
Fundamental Particles Spin 1 hypothesis disallowed by

observation of H>vyy:
Photons have J=1 but only m;=+1.

Parity +

10

4o

1 lllllllll 1 llllllll

Decay Modes

Self Coupling

What about spin 2?
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Identifying the SM Higgs Boson

No known fundamental particle
has spin 2. Many models predict

Electric Charge 0 them, however.

Candidate: Spin-2 Graviton
Spin 0

CMSprediminary Ysw7TeV,LeS5 1 {s«8TeV, Le 19615

“tEgqa2Zm+ | moge
0.14 CMS data

Parity + i Pﬁ
0.12} ,

0.1

Pseudoexperiments

Decay Modes

Couplings to Other
Fundamental Particles

- - - 30
Self Coupling 2xin(L, —/Lg)
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Identifying the SM Higgs Boson

Electric Charge 0

Pseudoexperiments

Spin 0

Parity +

Decay Modes

Pseudoexperiments

Couplings to Other
Fundamental Particles

Self Coupling

\'/ Christopher Neu
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Identifying the SM Higgs Boson

Electric Charge 0

Spin 0

Parity +

Decay Modes

Couplings to Other
Fundamental Particles

Self Coupling

LHC HIGGS XS WG 2011
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This is an ongoing campaign, clearly.

ATLAS and CMS have identified H>vy, ZZ
and WW at greater than 30. CMS H->bb, 11

close to 30.

\'/ Christopher Neu C%
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Identifying the SM Higgs Boson

Electric Charge 0

Spin 0

Parity +

Decay Modes

Couplings to Other
Fundamental Particles

Self Coupling

Every Higgs channel has two
coupling factors

Survey of analyses from different
production and decay modes have
insight into various accessible
couplings

In the SM:

Global fits have been executed by

CMS, ATLAS, independent theory

groups using the reported signal
strengths from LHC, Tevatron

26



Identifying the SM Higgs Boson

 Ellis, et al., (arxiv:1303.3879) approach

the problem by introducing

Electric Charge 0
SRR adjustments to the SM couplings:

Spin 0

Parity + ] ]
* These reduce to SM couplings in

the limits when:

Decay Modes
e—=0 VvV —=v=246 GeV

Couplings to Other
Fundamental Particles e Their g]obal fit prefers:

Self Coupling E= 002238;% V' = 244f8 GeV

27



More on the Higgs Couplings

* So the couplings to the other fundamental particles are all
understood then, yes?

28



More on the Higgs Couplings

* So the couplings to the other fundamental particles are all
understood then, yes?
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More on the Higgs Couplings

Fermionic couplings:

— LHC analyses have so far only
been able to probe A, and A,
directly

« Via H->bb and H->1t decay
modes

* Sensitivity still unsatisfying
Within the SM, the Higgs
coupling to the top quark, A,, is
predicted to be by far the largest
of all the fermionic couplings

— ~x30 larger than A,
— ~x100 larger than A,

PN
Nl

Imperative:
Absolutely need to measure A ,directly to know the
true nature of the couplings of the new boson.

\'/ Christopher Neu C%
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More on the Higgs Couplings

Fermionic couplings:

— LHC analyses have so far only
been able to probe A, and A,
directly

« Via H->bb and H->1t decay
modes

* Sensitivity still unsatisfying
Within the SM, the Higgs
coupling to the top quark, A,, is
predicted to be by far the largest
of all the fermionic couplings

— ~x30 larger than A,
— ~x100 larger than A, vt
_ leptons | ar|
Imperative:

Absolutely need to measure A ,directly to know the
true nature of the couplings of the new boson.
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More on the Higgs Couplings

Fermionic couplings:

— LHC analyses have so far only
been able to probe A, and A,
directly

« Via H->bb and H->1t decay
modes

* Sensitivity still unsatisfying
Within the SM, the Higgs
coupling to the top quark, A,, is
predicted to be by far the largest
of all the fermionic couplings

— ~x30 larger than A,
— ~x100 larger than A,

PN
Nl

Imperative:
Absolutely need to measure A ,directly to know the
true nature of the couplings of the new boson.
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More on the Higgs Couplings

Fermionic couplings:

— LHC analyses have so far only
been able to probe A, and A,
directly

« Via H->bb and H->1t decay
modes

* Sensitivity still unsatisfying
Within the SM, the Higgs
coupling to the top quark, A,, is
predicted to be by far the largest
of all the fermionic couplings

— ~x30 larger than A, -
— ~x100 larger than A, | ,\
iar
Imperative:

Absolutely need to measure A ,directly to know the
true nature of the couplings of the new boson.

\'/ Christopher Neu C%
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More on the Higgs Couplings

Fermionic couplings:

— LHC analyses have so far only
been able to probe A, and A,
directly

« Via H->bb and H->1t decay
modes

* Sensitivity still unsatisfying
Within the SM, the Higgs
coupling to the top quark, A,, is
predicted to be by far the largest
of all the fermionic couplings

— ~x30 larger than A,
— ~x100 larger than A, | ,\
iar
Imperative:

Absolutely need to measure A ,directly to know the
true nature of the couplings of the new boson.
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More on the Higgs Couplings

* Fermionic couplings:
— LHC analyses have so far only

been able to probe A, and A,
directly

* Via H>bb and H->tt decay
modes

* Sensitivity still unsatistying
« Within the SM,, the Higgs
coupling to the top quark, A,, is
predicted to be by far the largest
of all the fermionic couplings

— ~x30 larger than A,

"\
— ~x100 larger than A, @

Imperative:
Absolutely need to measure A ,directly to know the
true nature of the couplings of the new boson.

\'/ Christopher Neu
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More on the Higgs Couplings

* Fermionic couplings:
— LHC analyses have so far only

been able to probe A, and A,
directly

* Via H>bb and H->tt decay
modes

* Sensitivity still unsatistying
« Within the SM,, the Higgs
coupling to the top quark, A,, is
predicted to be by far the largest
of all the fermionic couplings

— ~x30 larger than A, b
— ~x100 larger than A, @
Imperative:

Absolutely need to measure A ,directly to know the
true nature of the couplings of the new boson.

\'/ Christopher Neu
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More on the Higgs Couplings [t

Y7Au=118n,79p, 79 e

* Fermionic couplings:
— LHC analyses have so far only

been able to probe A, and A,
directly

* Via H>bb and H->tt decay p \

modes
* Sensitivity still unsatistying
« Within the SM,, the Higgs
coupling to the top quark, A,, is
predicted to be by far the largest
of all the fermionic couplings

— ~x30 larger than A, B
— ~x100 larger than A, @
juarks | gauge bosons |

Imperative:
Absolutely need to measure A ,directly to know the
true nature of the couplings of the new boson.

\'/ Christopher Neu
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Higgs and Top

* Workhorse analyses already
probe the top-Higgs coupling,
though there are issues...

\Us=8 TeV

N
&
o
=
2
192}
3
S
bS
o
I
~

* Consider gluon fusion:

80100 200 300
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Higgs and Top

* Workhorse analyses already
probe the top-Higgs coupling,
though there are issues...

\Us=8 TeV

N
N
&
o
=
2
3
S
bS
o
I
~

* Consider gluon fusion:

80100 200 300

We assume gluon-fusion
proceeds through a top-
quark loop...but we don't
really know!

\'"4 Christopher Neu C% 39



Higgs BR + Total Uncert

Higgs and Top

 Similar problems on the
decay side:

LHC HIGGS XS WG 2011

The results of global fits such as that of
Ellis, et al., simply say that the new boson
has couplings that “are SM-like”.

To really know what is going on, we need a
direct probe of the top-Higgs coupling...

\'/ Christopher Neu
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200 300

81 ttH Production

\'

Higgs production in association
with a top-quark pair
— comparatively small production cross
section
— Spectacular signature — rich final state

Virtues:
— Alternative to VH channel for H=>bb

— Can extract A, through comparison to
other channels in same decay mode

+ Eg: ZH, H>bb vs. ttH, H>bb

— With sufficient luminosity, allows
access to every possible decay mode

Challenges:
— Small yield
— Difficult backgrounds

Christopher Neu C% 41



Backgrounds Are a Problem

ttH production

Our signal

* Overwhelming background from ttbar+gluon production
— Expected cross section for inclusive ttbar production is x2000 higher
than that of ttH
* Need solid understanding of inclusive ttbar production in
order for ttH search to succeed

\'"4 Christopher Neu C 4
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UVa Postdoc

Top-Quark Physics at UVa Sarah Boutle
* Initial focus upon joining CMS: Top-quark physics |

— Goal: Study ttbar production in detail in preparation

for performing the ttH search once sufficient statistics

— QCD Model — Single Top

would be accumulated E [—top —Wlets  —ZJets

* First entrypoint (2010):
— Measurement of the production cross section for
ttbar events in the 2010 CMS data sample
— Simultaneous QCD, W+ets and Top (SQWaT):
* The dominant contributors to the selected

sample are W+jets, QCD and ttbar

 Use discriminating variables to perform a max

£ — ttbar — Wlets —2ZJets
“I—QCD Model — Single Top

likelihood fit to determine the contribution from each
process simultaneously

o(tf) = 156.2 + 18.7(stat.) T334 (syst.) £ 17.2(lumi.) pb.

Eur. Phys. J. C. 71, 1721 (2011)

\'/ Christopher Neu C% Muon p_ !




Top-Quark Physics at UVa

My contributions to the early top-

quark physics program were

recognized by the management of the

CMS experiment

— Primary author of first top-quark

physics measurement paper at the LHC
(2010) Phys. Lett. B 695, 424-443 (2011)

— I'was chosen as convener of the top-
quark cross sections measurement

group (2010-2013)

* Important component of CMS physics

program

 (Coordinated efforts of more than 100
physicists form 20 institutes across the

collaboration

* Resulted in 25 preliminary results and

10 papers

\'
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have only been possible ar che Tevamon peceon-anriproren ook
lider. With the atvent of che Large Hadron Cellider (LHC) era [4],
rop-quark processes can be studied for the At tme in mult-Tev
proton-preeca collisions. In boch pp and pp collisions, top quarks
e expeaied € be produced primardy via e strong ineeracxicn in
top-andeop (1) pairs. At the LHC, the i producticn machanism is
expecred 1o be deminared by 2 gluca fusion process, whereas x
the Tevaman, cop-quark pairs are predominanity pecduced through
quark- antiquark annihilarion. Measuremenes of tap-quark produc-
tian ar the LHC are therefcee imporane new 1ests of cur under-
anding of the 1f production mechanism This & 2 crodal comps-
nenc of the early LHC phisics program, since many signarures of
new physics madels accessitle 3 the LHC either suer from op-
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chemuets &5
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data sample corresponding 1o an integrarsd Wmimosiy of 3.1
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UVa PhD s;rudent
John Wood

UVa Postdoc
Sarah Boutle

N\
ttH Search at CMS [m

0

N

=D
 Initial focus:

— Optimized for low My; and H->bb
decay mode

— Exploit both leptontjets (L]) and
dilepton (DIL) ttbar channels

— Combine 5/tb samples from 2011
(7 TeV) and 2012 (8 TeV)

* Event selection:
— One (two) isolated charged leptons w/
pr> 30 (20) GeV
— Veto events in the L] channel w/ a
second charged lepton

— LJ: At least 3 jets w/ pr>40 and a
fourth jet with p;>30

— DIL: At least two jets with p; > 30

— Require presence of b-tagged jets in
the event

\"/ Christopher Neu 45
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ttH Search at CMS [le_!) V
e

tt decay modes

lepton + jets
tau + jets

all hadronic

tau + jets

lepton + jets

2

UVa PhD sfudent
John Wood

UVa Postdoc
Sarah Boutle

Initial focus:
— Optimized for low My; and H->bb
decay mode

— Exploit both leptontjets (L]) and
dilepton (DIL) ttbar channels

— Combine 5/tb samples from 2011
(7 TeV) and 2012 (8 TeV)

Event selection:
— One (two) isolated charged leptons w/
pr> 30 (20) GeV
— Veto events in the L] channel w/ a
second charged lepton

— LJ: At least 3 jets w/ pr>40 and a
fourth jet with p;>30

— DIL: At least two jets with p; > 30

— Require presence of b-tagged jets in
the event
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UVa PhD s;rudent
John Wood

UVa Postdoc
Sarah Boutle

N\
ttH Search at CMS [m

0

N

=D
 Initial focus:

— Optimized for low My; and H->bb
decay mode

— Exploit both leptontjets (L]) and
dilepton (DIL) ttbar channels

— Combine 5/tb samples from 2011
(7 TeV) and 2012 (8 TeV)

* Event selection:
— One (two) isolated charged leptons w/
pr> 30 (20) GeV
— Veto events in the L] channel w/ a
second charged lepton

— LJ: At least 3 jets w/ pr>40 and a
fourth jet with p;>30

— DIL: At least two jets with p; > 30

— Require presence of b-tagged jets in
the event

\"/ Christopher Neu 47



A ttH Candidate Event

A AQ CMS Experiment at LHC, CERN m
"X, | Data recorded: Sat Jun 25 03:20:09 2011 EDT qq
4| Run/Event: 167675 / 992308904

y = | Lumi section: 947 mqu

Mpp

b

7 TeV Data
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Identifying b-Quark Jets at CMS

CMS-BTV-13-001

,19.8 fb' at s = 8 TeV

y tt enri;:zhec{ sample i l??]tgark
(e +22 jets) 1 b from gluon splitting
[ c quark
Secondary EE uds quark or gluon

vertex X

Prompt
tracks

]
L _l__!__l__!._?__!____.___I...!..!.,'_.I{_!_'_!_'_i_'_‘_'_._._‘_'__‘_'__._1

Data/MC

Primary vertex,
aka pp collision point

02 03 04 05 06 07 08 09 1
CSV discriminator

e Generally, the ttH process produces more b-quark jets than the dominant generic
ttbar+gluon background

e (Can exploit the long lifetime of the b quark to discriminate jets from b-quark
production from jets from other sources
e (SV b-tagging discriminant:
- Per-jet likelihood discriminant from different discriminating qualities of b-quark jets

\'/ Christopher Neu C%



ttH Search at CMS: Sample Categorization

U i P s

B single v [ EWK

Y, -

% Bkg. Unc.  —— Data ttH(125) x 30

\s=8TeV,L=51fb" CMS \1s=8TeV,L=51fb"

Lepton + >4 jets + >2 b-tags Lepton + >4 jets + =2 b-tags

9 10
Number of jets

Categorize events according to jet and tag multiplicity...

V_ Christopher Neu C% 50



ttH Search at CMS: Sample Composition

>6 jets
>4 b-tags
25+1.2

41 £15

357 7.5

79 =18 10.3 £29
53 =40 0.0=x0.0
1.2+04 02=x0.1

3760 & 980 | 1440 + 300 | 970 & 230 | 650 + 190 | 21.5 £ 6.1
303 | o4 | 1116 | 68 | 28 | 5 | 74

SNB 0.19 0.10 0.20 0.27 0.13 0.23 0.31

* Sample composition predictions from simulation
- Different S/VB in each jet-tag category

« Largest background in every category: tt+ets, specifically
tt+light flavor jets (tt+LF)

V_ Christopher Neu C% 5il



ttH Search at CMS: Si;

Jetlpr
Jet2 pr
Jet3 pr

j
p1(£, EF™, jets)
M(£, Ess jets)

Average M((jm tag, s

M((]Zg, El: )closest)
M((ng/]ng)best)

Average AR (8, i ®)
Minimum AR (ju?, jn8)
AR(Z, jclosest)
Sphericity

nghest CSV value
2"_highest CSV value
Lowest CSV value

)

W SSAS

Le pton+]ets

[ Dilepion_

]ets >6 >6 >6 >3
Tags >4 >4 >3

Christopher Neu

o

onal Extraction

Artificial neural networks
(ANNSs) used in each jet-tag
category to enhance signal
discrimination
Input variables:

— Event kinematics

— Event shapes

B-tagging information

Separate ANNs for each
category

— Different S:B, different
topologies translate to
different optimal inputs

Inputs chosen from a large
pool of candidates variables
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ttH Search at CMS: Most Powerful ANN Input for 5j3t

fe=8TeV.L=5.11"

— ttH(125)

Dt

B o

B .0

B Single t
tt+V

B EwWK

7~~~ Bkg. Unc.

07 075 08

signal norm’d to bkgd

\"

Christopher Neu

Examine more closely the
5-jet, 3-tagged-jet category
— Good compromise between
sensitivity and statistics

Most important inputs in
this category:

— jet- and event-level b-tagging
variables

Eg., the average CSV
discriminant value among
the 5 selected jets (U-Y):

— Events with a large number of
b-quark jets will favor higher
values

— Events with fewer b-quark
jets will favor lower values
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ttH Search at CMS ANN Inputs for 5]3t

f2=8TeV.L=51f"
Lepton + 5 jets + 3 b-tags an

f2=8TeV,L=511f" f=8TeV,L=51f"
Lepton + 5jets + 3 b-tags Lepton + 5jets + 3 b-tags

CMS fe=8TeV.L=5.11b"
Lepton + 5 jets + 3 b-tags

— tiH(125)

O

B i cc

B .05

I Single t
tt+V

B EWK

72~ Bkg. Unc.

—t— Data

07 0 uzgﬁ 09 085 1
-highest CSV value

3 35 [
min SR8

CMS fe=8TeV.L=511f" CMS fe=8TeV.L=51" CMS f2=8TeV.L=51 [
20 Lepton + 5jets + 3 b-tags

Lepton + 5 jets + 3 b-tags

L 1.
08 085

07 075

signal norm’d to bkgd

100 120 140 160 180 200
Jet4p,

CMS Ve=8TeV.L=5.11b" CcMS E=8TeV.L=511b" 8 cMs E=8TeV.L=51"

Total of ten input i.f o s soue | e s 3o T 51 30
variables used to train ' ’

08 08 09 0895
lowest CSV value

the ANN in each
category




ttH Search at CMS: ANN Output for 5j3t

\1s=8TeV,L=5.11b

ANN exploits

. 7. P . . Lepton + 5 jets + 3 b-tags
multidimensional correlations _ _ N
s s 5 . - tt+f - tt+cT - tt+bb
in attempt to discriminate | B o v [l e
between Signal and 77} Bkg.une.  —}— Data ffH(125) x 30
background :

Trained with simulated event
samples

ANN output:

— reduce multi-dimensional
characterization into single
discriminating variable

— output = 0 implies
background-like,1 implies
signal-like

One ANN output distribution
in each jet-tag category
05 06 07 08 O.

ANN output

\' Christopher Neu /”
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ttH Search at CMS:

LJ ANN Summary

CMS f2=8TeV.L=511b" CMS

fa=8TeV.L=5.11b"

Lepton + 4 jets + 4 b-tags

Lepton + 4 jets + 3 b-tags g sl

%02 03 04 05 06 07 08 09
ANN output

8.475'0.45 0.485 0.400.495 0.5 0.505 0.510.515
ANN output

CMS f=8TeV.L=51 b’ CMS

f=8TeV.L=511" CMS

CMs fe=8TeV.L=51fb’ CMS
Lepton + 5 jets + 3 b-tags g

f2=8TeV.L=5.11fb"
Lepton + 5jets +24 b-tags

%2 03 04 05 06 07 08 09 040 0495 05 0505 051
ANN output ANN output

f2=8TeV.L=51fb"

Lepton + 26 jets + 2 b-tags

Lepton + 26 jets + 3 b-tags

— ftH(125) x 30
It
B i cc
[ Fi#S
I Single t
tt+V
B EWK
77 Bkg. Unc.
—— Data

Lepton + 26 jets + 24 b-tags

%02 03 04 05 08 07 08
ANN output

02 03 04 05 08 07 08

02 03 04 05 06 07 08
ANN output ANN output
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ttH Search at CMS: Systematic Uncertainties

LJ+DIL jet-tag categories

contribution in signal-enhanced categories

Rate Uncertainty

Luminosity (7 TeV) 2.2%
Luminosity (8 TeV) 4.4%
Lepton ID/Trig 4%
Pileup 1%
Additional Pileup Corr. -

Jet Energy Resolution 1.5%
Jet Energy Scale 0-60%
b-Tag SF (b/c) 0-33.6%
b-Tag SF (mistag) 0-23.5%
MC Statistics -
PDF (gg) 9%
PDF (qq) 4.2-7%
PDF (qg) 4.6%
QCD Scale (ttH) 15%
QCD Scale (tt) 2-12%
QCD Scale (V) 1.2-1.3%
QCD Scale (VV) 3.5%

Madgraph Scale (it) 0-20% Yes
Mad raph Scale (V) 20-60% No

Only t + bb.

Remarks

All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All backgrounds

For gg initiated processes (tt, ttZ, ttH)

For qq initiated processes (ttW, W, Z).

For qg initiated processes (single top)
For NLO ttH prediction

For NLO tt and single top predictions
For NNLO W and Z prediction

For NLO diboson prediction

tt +jets/bb/cc uncorrelated. Varies by jet bin.

Varies by jet bin.

\'/ Christopher Neu C%

Maximum likelihood fit in the ANN output distributions from the nine

Background-dominated categories serve to constrain the bkgd

Uncertainties
treated as nuisance
parameters which
are profiled in limit
extraction

Shape variations
are handled
through template
morphing
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ttH Search at CMS: Systematic Uncertainties

Source

Rate Uncertainty

Remarks

Luminosity (7 TeV)
Luminosity (8 TeV)
Lepton ID/Trig

Pileup

Additional Pileup Corr.
Jet Energy Resolution

PDF (gg)
PDF (qq)
PDF (qg)

2.2%
4.4%
4%
1%

1.5%

9%
4.2-7%
4.6%

All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All signal and backgrounds
All backgrounds

For gg initiated processes (tt, ttZ, ttH)
For qq initiated processes (ttW, W, Z).
For qg initiated processes (single top)

QCD Scale itin 15%

QCD Scale (V)
QCD Scale (VV)

Madﬁaih Scale (V) 20-60%

1.2-1.3%
3.5%

For NLO ttH prediction

For NLO tt and single top predictions
For NNLO W and Z prediction

For NLO diboson prediction

tt + jets/bb/cc uncorrelated. Varies by jet bin.
Varies by jet bin.

Only tt + bb.

\' Christopher Neu '/‘ ﬂ




L limit onoc/og,,

ttH Search at CMS: Upper Limit Results

Lepton+Jets and Dilepton

" —e— QObserved

- . Expected + 16

-- Expected £ 20

CMS \s=7TeV,L=5.0fb';\s=8TeV,L=5.11fo

7 TeV + 8 TeV Lepton+]ets and Dilepton combined

Expected
my Observed MedJan 68% CL Range 95% CL Range

110GeV
115GeV
120GeV
125GeV
130GeV
135GeV
140 GeV

[2.4,4.6]
[2.8,5.4]
[3.3, 6.4]
[37,7.3]
[4.8,9.2]
[6.1,11.9]
[7.5,14.9]
\'"4

[1.8,6.5]
[2.2,7.5]
[2.7,89]
[2.9,10.1]
[3.6, 12.9]
[4.8,16.3]
[5.9, 20.5]

Christopher Neu

Search for ttH at CMS has
not yet achieved
sensitivity to expected SM
level of production

See no significant excess,
hence set an upper limit on
the amount of ttH that the
data contains

— Observed (expected) upper
limit M; =125
0/ogy < 5.8 (5.2)

This work described in
Jour. HEP. 05, 145 (2013),
the first published results
on any ttH search at the
LHC.
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ttH Search at CMS: Full 2012 Sample Results

* Analysis described herein
. 3 ; 5 exploits only first 5/fb of
....................... 2012 CMS data

CMS preliminary bb, tt, vy \s=7TeV,L=5.0fb";ys =8TeV,L=19.5fb"

-
o

* Analysis of complete 2012
sample completed with
new features:

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

o)

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

(=)

— Improved signal
extraction technique

=
n
A%
©
c
o
L —
E
—
o
32
7
o

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

=Y

— New signal
discriminating variables

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

— Improved b-tagging

discriminant
— Added H>vyy, tt
channels
110 GoV /c : : T041] * Small, statistically
15 gew ¢’ - - H;;lgl} insignificant excess
125 GeV/c? | 3. : [1.4,5.7]  Improvement in upper
130 GeV/c* : : [1.7,6.9] limit
135 GeV/c? . . [1.9,8.1] 1mil

140 GeV/c? : : [2.4,10.1]
Lnristopner iNeu g

* DPublication in preparation,



ttH Search at CMS: Next Steps 3

Concept of kinematic fitting:

» These results are not the end
of the story!

* There is opportunity for
optimization of the signal
extraction technique in the
L] channel

— So many final state objects

— Do they pair together to
corroborate the hypothesis of
top-quark pair production in
the event?

 Kinematic fitting

* Re-optimized discriminant
design If you can identify the objects from the

_ : ; : top quarks, the remaining objecrts
Sub]eCt of John Wood’s thesis have distinct features in ttH

PTOjeCt , production.
\"/ |
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ttH Search at CMS: Next Steps

it decay modes * New ttbar channel:

— All-hadronic ttbar mode:
* largest component of ttbar

UVa Undergrad
Catherine Jones

decays!
* As yet not pursued in ttH at CMS

all hadronic

lepton + jets
tau + jets

— Extremely technically challenging

* Overwhelming amount of hadronic jet
backgrounds

tau + jets

lepton + jets — Research project of undergraduate
student Catherine Jones

— Expect results in next 6 months

e New Higgs decay to Consider: 40’ CMS Preliminary 19.197 fbo_"' at\[s = 8 TeV

— Look for H > WW - lvjj in ttH
events

— Search for this decay in ggF is
= subject of Joey Goodell’s Ph.D. thesis

UVa PhD student prO]eCt

et _ Synthesize ideas from that analysis
for use in ttH v
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ttH Search at CMS: The Next LHC Run

Phasel Phase2

Run 1 Run 2a Run 2b HL-LHC era

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

* Currently the LHC is in shutdown
and upgrade mode

* (Collisions resume in 2015
— s=13 or 14 TeV
— L, =1E34 cm2s!
» Significant increase in beam

energies, moderate increase in
instantaneous luminosity

— 50/fb recorded per year

— All new conditions in which to
execute measurements and
searches

— ttH: essential aspect of physics
program in Run 2 at the LHC —
UVa will play a major role!

V_ Christopher Neu C% 63



Ultimate Characterization of the Higgs

Electric Charge 0

Spin 0

Parity +

Decay Modes

Couplings to Other
Fundamental Particles

Self Coupling

\'/ Christopher Neu /




Ultimate Characterization of the Higgs

http://arxiv.org/pdf/1206.5001v2.pdf

Electric Charge 0

Spin 0
Parity +

Decay Modes

Couplings to Other
Fundamental Particles

Self Coupling

Very low production cross section
for Higgs pair production

Need significant increase in
integrated luminosity:
— High-luminosity LHC era

Christopher Neu CM/ 65



Ultimate Characterization: Self-Coupling

Phasel Phase2

Run 1 Run 2a Run 2b HL-LHC era

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

 HL-LHC era:
— L, =5E34 cm2s!
— 250/tb recorded per year

\

— 140 pp interactions per beam crossing

* Phase Il upgrade:

Ui

I\

I

i

i'

— Harsh radiation environment means
replacements for many CMS components
will be necessary, esp. close to beamline

Pb (4 mm)

* UVarole in 2013-14 and beyond: /VW )

— Radiation-tolerant Ga-based photodetectors

— Simulations of calorimetry upgrade options

4x WLS fibers

/
- Test beam eXposureS tO prototypes 1x Monitoring fiber

V_ Christopher Neu C% 66



The CMS Detector

inti MUON ENDCAPS
76k EC(i:n?III;:ltin HCAL ﬁilerﬁil:\t,ngﬁisch 473 Cathode Strip Chambers (CSC)
PbWO Crystalgs 432 Resistive Plate Chambers (RPC)
: 3.8T Solenoid

Pixel

Tracker
ECAL Pixels & Tracker

- Pixels (100x150 um2)
HCAL ~ 1 m2 ~66M ch
Muons *Si Strips (80-180 um)

roward Cal
Steel + quartz
Fibers ~2k ch

. . ~ 2 ~ .
Solenoid coil 200 M*~9.6Mch

MUON BARREL
Total weight 14000t 250 Drrift Tubes (DT) and

Overall diameter 15m 480 Resistive Plate Chambers (RPC)

Overalllength 28.7m Christopher Neu 67



Ultimate Characterization: Self-Coupling

Phasel Phase2

Run 1 Run 2a Run 2b HL-LHC era

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

 HL-LHC era:
— L, =5E34 cm2s!
— 250/tb recorded per year

\

— 140 pp interactions per beam crossing

* Phase Il upgrade:

Ui

I\

I

i

i'

— Harsh radiation environment means
replacements for many CMS components
will be necessary, esp. close to beamline

Pb (4 mm)

* UVarole in 2013-14 and beyond: /VW )

— Radiation-tolerant Ga-based photodetectors

— Simulations of calorimetry upgrade options

4x WLS fibers

/
- Test beam eXposureS tO prototypes 1x Monitoring fiber
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Summary

The new boson discovered at the LHC is looking more and more like
the Higgs boson of the Standard Model

Several characteristics need to be pinned down with higher precision,
in particular the couplings to the fundamental fermions

The coupling between the top quark and the Higgs is predicted to be
large; if this new boson is indeed the Higgs of the SM, we absolutely
need to measure it — for which study of ttH production is our only
avenue

The CMS search in this channel is proceeding rapidly. Not yet
achieving SM sensitivity — but with more data, improved analysis
techniques and improvements in our modeling, we will get there.

This channel will be essential in characterizing this new particle — and
UVa will be playing a leading role.

\'"4 Christopher Neu C 4
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Backup

V Christopher Neu
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down

electron

e

electron neutrino

charm

muon

muon neutrino

bottom

T

tau neutrino

Higgs
boson

Z boson

W boson

photon




It' s a Very Nice Picture, But...

* The model has some gaping holes and open gquestions:

— Already observed phenomena that the standard-model cannot explain

— Mathematics of the model work out perfectly well when assuming the
masses of the fundamental particles are all zero — which is manifestly not
the case.

— Large corrections expected in perturbation theory to EWK observables,
but this is manifestly not the case.

— 95% of the universe is made of stuff that cannot be explained by the
standard model — so-called dark matter and dark energy.

— The SM offers no preference for matter over antimatter — why does matter
clearly dominate?

— Three out of four interactions isn’ t bad — but what about gravity?

\' Christopher Neu C B
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Colliding Beam Experiment

7x107 eV Beam Energy
10*cm*s’  Luminosity
2835 Bunches/Beam
10" Protons/Bunch

/ 7 TeV Proton Proton

Bunch Crossing 4 10" Hz colliding beams

Proton Collisions  10°Hz
Parton Collisions

New Particle Production 10* Hz
(Higgs, SUSY, ....)

Selection of 1 event in 10,000,000,000,000 (e rest are less interesting)

\'/ Christopher Neu A




Higgs and Top

March 2012

[ ]LHC excluded
| —LEP2 and Tevatron
LEP1 and SLD
68% CL




Higgs Search Depends on LHC Performance

CMS Peak Luminosity Per Day, pp, 2012, Vs = 8 TeV CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

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

O

Il LHC Delivered: 23.30 fb ! Eff =93.5%

Max. inst. lumi.: 7.67 Hz/nb
[ CMS Recorded: 21.79 fb *

2012 goal | |
&

o o o \ Q N c
S . 35% 407 W 40

Date (UTC) Date (UTC)

=
=
~
N
==
'
)
x
[7)]
)
£
£
5
-l
o
0
1S
0
2
]
a
X
©
0
o

Total Integrated Luminosity (b !)

* Incredible performance of LHC in 2012:
— Instantaneous luminosity goal of 7E33/cm?s achieved in August
— Higgs discovery only possible with stable and reliable LHC running

« LHC in 2013 is in shutdown + upgrade mode
— More on this later in the talk
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ttH Search at CMS: Best ANN Inputs per Category

E=8TeV.L=5.1fb" E=8TeV.L=511" fE=8TeV.L=51 "
Lepton + 5jets + 3 b-tags

ttH(125)
tt+If

. ok
&o 400 600 800 1000 1200 1400 07 075 08 08 09 095 07 075 08 085 09 085 1
p(l,ﬁ,]ets) pcsv pcsv

B= 8TeVL =511b" CMms f=8TeV.L=511" " CcMs f2=8TeV.L=5.11" tf+CC
tt+bb
Single t

Lepton +26 jets + 2 b-tags

tt+V
EWK
~~ Bkg. Unc




Lepton+Jets and Dilepton  CMS 1s=7TeV,L=5.0fb

—e— Observed

n
o1

Lepton+Jets and Dilepton

ttH Search at CMS: Upper Limit Results

CMS \s=7TeV,L=5.0fb";\s=8TeV,L=5.1fb

20

C . Expected + 16

20

18

95% CL Iimit ono/og,

" ---- Expected = 20

15

IIIIIIIIIII’

16

Lepton+Jet

s and Dilepton CMS {s=8TeV,L=5.11b

" —e— Observed

_ . Expected £ 16

95% CL Iimit ono/og,

"~ —— QObserved

...... : g— . Expected £ 16

---- Expected + 20

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

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

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

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

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

- ---- Expected = 2¢

TTTJTTTTITT]TITT III|III|III|III|III

115

120

125 130

135 140

A m, (GeV)
N 7 TeV + 8 TeV Lepton+]ets and Dilepton combined
° B Expected
. ./ """""" my Observed | Median 68% CL Range 95% CL Range
................ 110GeV 4.0 3.2 [2.4,4.6] [1.8, 6.5]
N s R AR VRN N S 115GeV 45 3.8 [2.8,5.4] [2.2,7.5]
) S r——— ———————— 120GeV | 55 45 3.3, 6.4] [2.7,8.9]
| 125GeV 5.8 52 [3.7,7.3] [2.9,10.1]
130 GeV 6.8 6.5 [4.8,9.2] [3.6,12.9]
. 135GeV 8.3 8.4 [6.1,11.9] [4.8,16.3]
Combined 7+8 TeV result: 140 GeV 8.6 10.4 [7.5,14.9] [5.9,20.5]

Observed (expected) upper limit My; =125 : 0/0g,, < 5.8 (5.2)
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Comparison: CMS and ATLAS

ATLAS has a preliminary ttH result [Rre sl /ey e, B=7ToV. det: po—

« 7 TeV analysis in 4.7/fb —e— Observed (CLz)
. : : ’ --—- Expected (ClLs) tiH (H — bb)
* Scaling below to aid visual : .

comparison [+ 20

Lepton+Jets and Dilepton CMS \s=7TeV,L=5.0fb

—e— Observed

- Expected + 16

* ---- Expected + 2o

Upper limit My; =125 : o/0g, < 6.2 (6.9)

Upper limit M, =125 : /0, < 13.1 (10.5)

Differences:

« CMS analysis uses LJ+DIL, ATLAS only L] — small effect

« ATLAS: lower jet, lepton p; thresholds; QCD mitigation from MET, M cuts

« CMS: higher acceptance for signal, lower acceptance for bkgd in some categories
« ATLAS fits single best variable, CMS uses MVA

* (CMS b-tag efficiency systematic uncertainty sr@Her than ATLAS

V-~ Christopher Nea
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