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LHC cool down
LHC magnets must be cooled down to 1.9 K, which takes 
several weeks per sector.  Expected to be cold by mid June.
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As of April 29
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The Party Line
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Strategy for 2008 Strategy for 2008 –– from LPC, from LPC, MassiMassi FerroFerro--LuzziLuzzi

Stage A

Hardware commissioning

for 5TeV beams

Machine 

checkout

Beam 

commissioning

5TeV

Pilot run
Train to 

7TeV

Stage A

St t i d i i ll t i i d f 5T V b

5TeV

No beam Beam Shutdown

! Strategic decision: all sectors commissioned for 5TeV beams

– postpone time-costly training quenches that are expected beyond about 5.5 TeV

– allows keeping the schedule with a pilot run this year

! One month to make machine ready to receive beam (Machine checkout)! One month to make machine ready to receive beam (Machine checkout)

! Two months for commissioning LHC to first 10TeV collisions

! Beams squeezed to β* of  ~3m in IP1/5  and  ~6m in IP2/8

! Increase intensity:! Increase intensity:

– Number of bunches: 2x2 → 43x43 → 156x156

– Bunch charge: 4×1010 → 10×1010

! Pilot run of a few weeks

Tevatron: 1.5 MJ

HERA: 2 MJ

Tevatron: 1.5 MJ

HERA: 2 MJ
12 MJ per beam!12 MJ per beam!
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! Pilot run of  a few weeks

! Winter shutdown: train all magnets to 7TeV, install missing collimators, 

consolidate LHC electronics protection from radiation
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Further details

4

Start "Physics" with first 10 TeV collisions

! 2x2, i.e. 2 bunches on 2 bunches, each experiment sees 1 colliding pair

Optics squeezed as much as efficiently possible

! about 3m in IP1 and IP5

! about 6m in IP2 and IP8   (due to missing TCTVB collimators)

Interleave "Physics" with machine developments to increase luminosity

! push bunch charges: 4 ! 1010    1011  protons/bunch

! push number of bunches: 43x43, then 156x156

Target luminosities (for 1011 protons  per bunch):

Scheme    Lumi at IP1 and IP5

2x2    4.2 ! 1029   cm-2 s-1

43x43    1.8 ! 1031

156x156    6.6 ! 1031

If time allows, interleave "Physics" periods with machine "explorations" for 2009

! crossing angle, 25 to 75 ns bunch spacing

zero external

crossing angle

Pileup could be relevant
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The near future
Very difficult to say anything 
definitive about what might 
happen this year (both accelerator 
and detectors)

LHC is a proton (no anti-protons) 
machine, so several luminosity 
problems are not an issue

I am cautiously optimistic
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Fortunes... $20
Impressions $10
Hunches.. $5
Wild Guess $2
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Detectors at Startup
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De Roeck, Wine & Cheese
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“Timing-in” detectors & Triggers
The detectors have complex and independent paths for data 
coming from various subsystems
‣ the subsystems and trigger must be synchronized with each 
other and with the LHC clock

Even though the luminosity is low, both ATLAS and CMS will take 
data at full capacity (~100-200 Hz) immediately

‣ Level2 and Level3 triggers in “pass through” mode
‣ boot strap from Random->Anything->electrons/muons/jets
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Commissioning the trigger will be 
a major achievement.  

Difficulty in achieving a 
reasonable data taking efficiency 
is one of the biggest threats to 
the early physics program
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Early Detector Performance
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De Roeck, Wine & Cheese

Most detector subsystems have some level of built in calibration 
and alignment (eg. lasers, calibration pulses, etc)
In addition to test beams studies, cosmic ray muons already being 
used, beam gas interactions are anohter early handle
In situ calibration is an iterative procedure: 

‣ technically complex requires practice to be efficient

Day 0 ~1 fb-1

systematics limited

un
ce

rta
in

tie
s

∼ 1√∫
Ldt

actual evolution:
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Calibration
Electromagnetic calorimeter
‣ Using                    and coorelating two electrons it is possible to 

“inter-calibrate” the electromagnetic calorimeter
In-situ Hadronic Calibration
‣ Single hadron response from test beam validated in situ using min bias 
‣ jet energy scale:

● uniformity via dijet balance  (sensitive to soft radiation)
● scale from Z+jet and     +jet balance (also limited by theoretical uncertainties)
● beyond 500 GeV more difficult to get jet energy scale
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Beam & Instrumental Backgrounds
We expect a variety of beam and instrumental backgrounds will 
occur.  What kinds, how severe?  
Early running will be largely focused on understanding these 
kinds of effects: where do they come from, how do we identify 
them, how do we remove them

10
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Minimum Bias & Underlying Event
Modeling of the underlying event 
has very large uncertainty when 
extrapolated to LHC energies
Understanding “minimum bias” 
will be one of the first 
measurements at the LHC

11

Cross-section (mb)
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A pp event at the LHC: dijet production via gg → gg

• hard scattering

• (QED) initial/final state
radiation

• parton shower evolution

• nonperturbative gluon splitting

• colour singlets

• colourless clusters

• cluster fission

• cluster → hadrons

• hadronic decays

and in addition

+ backward parton evolution

+ soft (possibly not–so–soft)
underlying event
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Minimum Bias & Underlying Event
Modeling of the underlying event 
has very large uncertainty when 
extrapolated to LHC energies
Understanding “minimum bias” 
will be one of the first 
measurements at the LHC
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Cross-section (mb)

Process PHOJET PYTHIA

non-diff. 69 55

single diff. 11 14

double diff. 4 10

central diff. 1 -

total inelastic 85 79

elastic 35 23

total 120 102

A pp event at the LHC: dijet production via gg → gg

• hard scattering

• (QED) initial/final state
radiation

• parton shower evolution

• nonperturbative gluon splitting

• colour singlets

• colourless clusters

• cluster fission

• cluster → hadrons

• hadronic decays

and in addition

+ backward parton evolution

+ soft (possibly not–so–soft)
underlying event
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“Pile-Up”

12
W. Smith, U. Wisconsin, ILC Workshop, Snowmass, August 17, 2005 LHC & SLHC Physics & Detectors –  27

Detector Luminosity EffectsDetector Luminosity EffectsDetector Luminosity Effects

     H!ZZ ! µµee, M
H
= 300 GeV for different luminosities in CMS

1032 cm-2s-1 1033 cm-2s-1

1034 cm-2s-1 1035 cm-2s-1

Despite the low initial luminosity, there will only be a small 
number of bunches (156 of the 2808), which enhances the 
number of interactions per bunch crossing: eg. pileup

Having some early experience with pileup will be useful
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The 2008 Physics Run

13
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ATLAS CSC & CMS PTDR
CMS “Physics Technical Design Report” [CERN/LHCC 2006-001] 
‣ ~1200 page update to physics potential

ATLAS had a similar “CSC” exercise that lasted ~1.5 years over almost all 
aspects of our Physics (still converging....)
‣ focused on “early physics” 1-30 fb-1

‣ about 90 notes of ~30 pages each
‣ using fully simulated events with realistic misalignments and distorted 

material
‣ some studies with pileup
‣ development of data-driven background estimation

14

A lot of new material will be 
available this summer
‣ happy reading! 

# talks by year
ATLAS
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Z decaying to leptons in 50 pb-1

We can see the Z very early

15

ATLAS NOTE

April 7, 2008

Electroweak boson cross-section measurements with ATLAS

The ATLAS Collaboration

Abstract

This report summarises the ATLAS prospects for the measurement of W and Z production

cross-section at the LHC. The electron and muon decay channels are considered. Focus-

ing on the early data taking phase, strategies are presented that allow a fast and robust

extraction of the signals. In theW channels, a measurement precision of about 5% can

be achieved with 50 pb−1. The uncertainty is dominated by the background uncertainty.
In the Z channels, the expected precision is 3%, the main contribution coming from the

lepton selection efficiency uncertainty. Extrapolating to L = 1fb−1, the uncertainties
shrink to incompressible values of 1-2%, depending on the final state. This irreducible

uncertainty is essentially driven by strong interaction effects, notably PDF uncertainties

and non-perturbative effects, affecting theW and Z rapidity and pT distributions. These

effects can be constrained by measuring these distributions. Algorithms allowing the

extraction of the Z differential cross-section are presented accordingly.
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Figure 5: The electron identification criteria described in the text: cluster width in the second

calorimeter sampling (left) and electron isolation variable (right).The distributions are normalised

to the number of background entries.

Selection Z→ ee jets

Trigger 6.70 ± 0.01 3110 ± 40
pT > 15 GeV, |! | < 2.4, 80 GeV <Mee < 100GeV 2.76 ± 0.01 11.1 ± 0.8
Electron ID 2.64 ± 0.01 0.8 ± 0.2
Isolation 2.48 ± 0.01 0.2 ± 0.1

Table 5: Number of expected signal and background events (×104) in the Z → ee channel after all

selections, for an integrated luminosity of 50 pb−1. The quoted uncertainties refer to the finite Monte-
Carlo statistics only; systematic uncertainties are discussed in the text.
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Figure 6: Di-electron invariant mass distribution in the Z → ee channel, for signal and background,

for 50 pb−1.
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ELECTROWEAK BOSON CROSS-SECTION MEASUREMENTS WITH ATLAS
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Figure 9: Di-muon invariant mass distribution in the Z→ µµ channel, for signal and background, for

50 pb−1.

on the rejection obtained from the isolation cuts. This leads to a total uncertainty of about 20% on the

tt̄ background rate.

The jet background (mostly muons from b-hadron decays) is expected to be smaller, but is theoreti-

cally not well known. An uncertainty of 100% is assumed on this background component.

The other backgrounds are smaller, theoretically well known in comparison to the above, and con-

tribute negligibly to the overall background uncertainty.

5 Common systematic uncertainties

5.1 Trigger and reconstruction efficiency

As has been seen in Sections 3 and 4, the selection of leptonic Z boson decays provides clean signals

with low backgrounds. This allows to determine the lepton trigger and reconstruction efficiencies

using the well-known tag-and-probe method, which is briefly outlined below.

Selecting Z → ee and Z → µµ events as in Sections 3 and 4, i.e. requiring a single lepton trigger
and two reconstructed leptons, the efficiency of a given trigger item is defined as the fraction of the

selected events where the second reconstructed lepton passes this trigger item.

The off-line reconstruction efficiency can be determined ina similar way. Requiring one reconstructed

lepton satisfying tight identification criteria, and requiring a second isolated, high-pT object such that

the invariant mass of the pair is close to the Z boson mass, provides a sufficiently pure Z→ ll sample;

the efficiency of a given identification criterion is then defined as the fraction of events where the

second object is indeed identified. Conversely, the efficiency of the isolation cuts can be determined

by requiring the second object to be identified, and counting the fraction of events where the isolation

14

ELECTROWEAK BOSON CROSS-SECTION MEASUREMENTS WITH ATLAS

41

Preliminary

Preliminary
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25 years later, still “VERY PRELIMINARY”

16
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W decaying to leptonically in 50 pb-1

And the W too...
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Figure 7: Transverse mass distribution in the W → µ! channel, for signal and background, for

50 pb−1.

Background estimation. Contrarily to the electron channels, the jet background is less important

here and does not dominate the overall background. Muons from heavy flavour decays are rejected

using the pT and the isolation cuts, and muons from decays in flight of long lived particles could be

further rejected using loose impact parameter cuts. The tt̄ background and its uncertainty are small.

As can be seen in Table 6, the dominant backgrounds are expected fromW → "! and Z→ µµ events.

These processes are well understood theoretically, in particular with respect to theW → µ! signal,

and can be safely estimated based on simulation. A relative uncertainty of 3% is assumed on the

W → "! background, as estimated from the experimental uncertainties on the W and " branching

fractions. Exploiting the CTEQ6.5 PDF sets (cf. Section 5), an uncertainty of 2% is assumed on the

Z event rate passing the selections.

The jet background (mostly muons from b-hadron decays) is theoretically not well known. An uncer-

tainty of 100% is assumed on this background component.

A theoretical uncertainty of about 15% on the tt̄ cross-section is assumed. In addition, an uncertainty

of 10% is considered on the rejection obtained from the isolation cut. This leads to a total uncertainty

of about 20% on the tt̄ background rate.

4.2 Z→ µµ

Event selection. The Z → µµ analysis uses the 10 GeV single muon trigger. The triggered data

sample is further reduced by requiring at least two reconstructed muon tracks. The present analysis

relies on the muon spectrometer only. The reconstructed muon tracks should satisfy |# | < 2.5 and
pT > 20 GeV. The reconstructed charges must be opposite, and the invariant mass of the muon pair is

required to fulfil |91.2 GeV-Mµµ | <20 GeV.

Muons in jet events tend to be produced within a decay cascade of further particles, and should there-

fore not appear isolated in the detector, in contrast to the leptonic decays of Z and W bosons. To

quantify the isolation of the muons, the number of Inner Detector tracks within a cone around the

12
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Selection W → e! jets W → "! Z→ ee

Trigger 37.01± 0.09 835±18 1.73±0.02 6.07±0.01
pT > 25 GeV, |# | < 2.4 30.84±0.09 383±12 1.03±0.01 2.95±0.01
Electron ID 26.77±0.09 110±6 0.91±0.01 3.23±0.01
/ET > 25 GeV 22.06±0.09 4.6±0.7 0.55±0.01 0.06±0.01
MT > 40 GeV 21.71±0.08 1.5±0.4 0.43±0.01 0.04±0.01

Table 4: Number of expected signal and background events (×104) in the W → e! channel after

all selections, for an integrated luminosity of 50 pb−1. The quoted uncertainties refer to the finite
Monte-Carlo statistics only; systematic uncertainties are discussed in the text.
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Figure 2: Transverse mass distribution in theW → e! channel, for signal and background after all

selections, forL = 50 pb−1.

missing transverse energy, reflecting the missing final state neutrino, should satisfy /ET > 25 GeV, and
the transverse mass of the (l,!) system should satisfyMT > 40 GeV.

Due to the high di-jet cross-section and the high rejection power of the selections, the available Monte

Carlo statistics is not sufficient to evaluate this background directly. To overcome this difficulty, the

jet background has been estimated by applying the trigger and electron identification selections only,

and correcting the result with a factor obtained by computing the rejection power due to the /ET and
MT cuts only.

The number of signal and background events after the successive cuts are given in Table 4 for an

integrated luminosity of 50 pb−1. The expected number of signal events is is NS = (21.71± 0.04)×
104 events (the uncertainty given here is related to the data sample size; the uncertainty given in Table 4

comes from the finite size of the simulation sample). The resulting transverse mass distribution is

shown in Fig. 2.

Background estimation. As can be seen from Table 4, jet events constitute the largest background

component. In addition, the jet production cross-section and fragmentation properties at the LHC

7
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ATLAS NOTE

April 7, 2008

Electroweak boson cross-section measurements with ATLAS

The ATLAS Collaboration

Abstract

This report summarises the ATLAS prospects for the measurement of W and Z production

cross-section at the LHC. The electron and muon decay channels are considered. Focus-

ing on the early data taking phase, strategies are presented that allow a fast and robust

extraction of the signals. In theW channels, a measurement precision of about 5% can

be achieved with 50 pb−1. The uncertainty is dominated by the background uncertainty.
In the Z channels, the expected precision is 3%, the main contribution coming from the

lepton selection efficiency uncertainty. Extrapolating to L = 1fb−1, the uncertainties
shrink to incompressible values of 1-2%, depending on the final state. This irreducible

uncertainty is essentially driven by strong interaction effects, notably PDF uncertainties

and non-perturbative effects, affecting theW and Z rapidity and pT distributions. These

effects can be constrained by measuring these distributions. Algorithms allowing the

extraction of the Z differential cross-section are presented accordingly.

28

Preliminary
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streamtest
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A. Holloway-Arce

Overview
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5.3% signal acceptance
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Top With Very Early Data

ATLAS Preliminary

In the very early days (~15 pb-1) possible to use simply the jet multiplicity 
in events with 1 electron + and Missing ET to see evidence of top and even 
make a rough measurement of ttbar cross-section

Clearly, sensitive to uncertainty in jet multiplicity (can be large) 

Use Z+jets to constrain / inform W+Jets background

Being exercised using realistic “stream test” Monte Carlo samples 

Figure 7: Range of variation for the LHC cross-section rates of the five codes, normalized to

the average value of the default settings for all codes in each multiplicity bin.
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Alwall, et al [Eur. Phys. J. C53 (2008)]
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With a simple algorithm, we can clearly 
reconstruct a top mass peak and background 
found from fit.

No b-tagging in early analysis! Irreducible 
background due to combinatorics.

Plot at 50 pb-1 with W+Jets background only. 

Now studying situation with and w/o MET cut
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Top With Early Data
Typical selection in the lepton+jets 
channel for “commissioning analysis”
✦ 1 high-pT lepton > 20 GeV/c
✦ at least 3 high-pT jets > 40 GeV/c
✦ 1 high-pT jet > 20 GeV/c
✦ ET miss>20 GeV
✦ |eta(lepton)|<2.4, |eta(jet)|<2.5
✦ top is reconstructed as the 3-jet 

combination with the highest PT sum
✦ cut |mjj-MW|<10 GeV

ATLAS Preliminary
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Top Quark
The LHC will be a “top factory”, many opportunities to 
study this very interesting particle!

20

Dhiman Chakraborty The Top Quark

Top Physics Potential
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Lucky scenarios
There are some signatures to new physics that may 
show up very early if we are lucky
‣ eg. a relatively light Z’ resonance to muons  

No time to go through the long list of possibilities

21

Z’ mass (TeV)

1 2 3 4 5 6

) 
  

-1
In

t. 
lu

m
in

os
ity

 (
fb

-210

-110

1

10

210

310 ψZ
ηZ

χZ

LRM
Z

SSM
Z

ALRM
Z

3.20: Integrated luminosity needed to reach 5σ significance (S = 5)

CMS

 mass (GeV)
1600

 mass (GeV)
1600

 mass (GeV)-
µ+µ

400 600 800 1000 1200 1400 1600

-1
E

ve
n

ts
/5

0
 G

e
V

/0
.1

 f
b

0

2

4

6

8

10

 mass (GeV)-
µ+µ

400 600 800 1000 1200 1400 1600

-1
E

ve
n

ts
/5

0
 G

e
V

/0
.1

 f
b

0

2

4

6

8

10

Z ′ → µµ

5σ

CMS  100 pb-1



Kyle Cranmer (NYU/LAPP) Pheno 2008

SUSY Reach

22
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SUSY Reach
Preliminary ATLAS result including full simulation of the 
detector and trigger
Also consider 1 lepton mode, more robust signature
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SUSY Reach
Preliminary ATLAS result including full simulation of the 
detector and trigger
Also consider 1 lepton mode, more robust signature

23

σ

 (GeV)0m
0 500 1000 1500 2000 2500 3000

 (
G

e
V

)
1
/2

m

0

200

400

600

800

1000
4 jets 0 lepton

4 jets 1 lepton

4 jets 2 leptons OS

1 jet 3 leptons

 (0.5 TeV)q
~

 (1.0 TeV)q
~

 (1.5 TeV)q
~

 (2.0 TeV)q
~

 (2.5 TeV)q
~

 (0.5 TeV)g
~

 (1.0 TeV)g
~

 (1.5 TeV)g
~

 (2.0 TeV)g
~

ATLAS

 discovery5 

 = 10 MSUGRA tan 

NO EWSB

 LSP
1

 (103 GeV)
+

1

1 fb-1

β

preliminary

4000
Effective Mass [Gev]

0 500 1000 1500 2000 2500 3000 3500 4000

-1
e

v
e

n
ts

 /
 2

0
0

G
e

V
 /

 1
fb

1

10

210

3
10

410
SU1
SU2
SU3
SU4
SU6
SU8.1
SM BG

ATLAS

Color overlay:

JHEP 0708:023,2007

Preliminary

σ



Kyle Cranmer (NYU/LAPP) Pheno 2008

Impact of Matrix Element Calculations

24

The earliest SUSY studies 
within ATLAS and CMS relied 
on the parton shower to 
produce the jet activity

The background predictions 
in many searches changed 
drastically once higher-order 
tree-level matrix element 
calculations were introduced

Motivates background 
estimates derived directly 
from the data, eg:
Z → µµ + jets⇒ Z → νν + jets
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SUSY as background
Another technique for estimating background relies on inverting 
one of the selection cuts: eg. MT in the 1-lepton mode

The difficulty with these approaches is that SUSY contaminates 
the control region, and one can “fit away” evidence of the signal

To some extent this can be corrected for by assuming something 
about the possible SUSY signal

25

 [GeV]
T

Missing E

0 100 200 300 400 500 600 700 800 900 1000

-1
e

v
e

n
ts

 /
 1

fb

-110

1

10

210 truth BG

truth BG+SUSY
truth SUSY

est. BG (new MT)

ATLAS

 [GeV]
T

Missing E

0 100 200 300 400 500 600 700 800 900 1000

-1
e
v
e
n
ts

 /
 1

fb

-110

1

10

210 truth BG

truth BG+SUSY

truth SUSY
est. BG (old MT)

ATLAS

Preliminary
Preliminary



Kyle Cranmer (NYU/LAPP) Pheno 2008

Masses from edges
Many presentations this week 
about measuring masses of 
SUSY particles

For example di-lepton edges

Expect signal in same-flavor, 
opposite-sign.  Understand 
background via “flavor 
subtraction”.
What happens with lepton 
flavor violation?

‣ eg. R-symmetry scenario
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Higgs Discovery
If the Standard Model Higgs exists, we will find it at the LHC
‣ How do we know if what we see is really the Higgs?

● Multiple production and decay modes provides an opportunity to 
study several of the Higgs’s properties (not early physics)
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The VBF H → ττ channel and Why It’s Important
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September 26, 2006

University of Rochester Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 27)

Kyle Cranmer

Brookhaven National Laboratory
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- Gluon-Gluon Fusion dominant production process.
- Vector Boson Fusion (Hqq) ≈ 20% of gg at 120 GeV
- Associated production with W, Z and heavy quarks have

small rate, but can provide trigger independent of H decay

September 26, 2006

University of Rochester Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 10)
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Brookhaven National Laboratory
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In an Ideal World....
Even including our (naive?) estimates of systematics, the 
standard model Higgs can be discovered with 1-15 fb−1  of 
data 

Of course, that’s well understood data.  
‣ How long will that take?
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In an Ideal World...

Even including our (naive?) estimates of systematics, the standard model
Higgs can be discovered with 1-15 fb−1 of data
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Of course, that’s well understood data. How long will that take?

March 14, 2006

University of Pennsylvania Seminar
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The Rise and Fall of ttH, H    bb
Initially, both ATLAS and CMS indicated ttH 
with H  bb would be a powerful discovery 
channel near the LEP limit.

Improved Monte Carlo tools and treatment 
of systematics now show only marginal 
sensitivity

29

! Preselection
Events are selected if there is an isolated lepton (e± or µ± with pT > 10 GeV/c within the tracker acceptance; no
other track with pT > 1GeV/c in a cone of 0.2 around the lepton) and at least six jets (ET > 20GeV , |η| < 2.5).

! Event Configuration
In order to be able to reconstruct the Higgs mass, we have to find the correct event configuration among all possible

combinations listed in Table 2. The best configuration is defined as the one which gives the highest value of an event

likelihood function (1) which takes into account b-tagging of four jets, anti-b-tagging of the two jets supposed to
come from the hadronicW±, mass reconstruction ofW± and the two top quarks, and sorting of the b-jet energies.

L EVNT =
∏

i=1,4

Pb(bi)×
∏

i=1,2

[1− Pb(qi)]×
∏

i=W±,t,t̄

e−0.5×[
mi−m̄i

σi
]2 × f [Eb(t, t̄)− Eb(H0)] (1)

The detailed version of this event likelihood function can be found in the appendix.

! Jet Combinations
Events with more than six jets can contain gluon jets from final state radiation, which are not yet used in the

analysis. The combination of these jets with the correct quark jets can improve the event reconstruction further.

The additional jets are combined with the decay products of both top quarks if they are closer than∆R(j, j) < 1.7,

if the corresponding mass is closer to the expected value of Figure 2. If there are still jets left, they are considered

as Higgs decay products and are combined with the closest of the corresponding two b-jets, if ∆R(j, j) < 0.4.

! Event Selection
Three likelihood functions: for resonances (5) (L RESO > 0.05), b-tagging (6) (L BTAG > 0.50), and kinemat-

ics (7) (L KINE > 0.2) are used to reduce the fraction of background events. Finally, the events are counted in

a mass window around the expected Higgs mass peak (minv(j, j) in m̄ ± 1.9 σ ; m̄ and σ are obtained from mass
distributions as shown in Figure 2 with various generated Higgs masses). The likelihood cuts have been optimised

assuming a Higgs mass of 120 GeV/c2.

The overall efficiency for a triggered event to be finally selected is 1.3% for tt̄H0 (mH0 = 115 GeV/c2), 0.2%

for tt̄Z0, 0.4% for tt̄bb̄ and 0.003% for tt̄jj events. This shows that the reducible background is reduced very
effectively. In addition, there is little combinatorial background left (an example is shown in Figure 3) with this

reconstruction method.
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Addition of Vector Boson Fusion Channels at
Low mass SN-ATLAS-2003-024

Both ATLAS and CMS cover entire SM Higgs mass range early in LHC running
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ALCWS, Snowmass, 2005

Higgs at the LHC & SLHC (page 3) Kyle Cranmer

Brookhaven National Lab
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ttH (H→bb)

30

ttH(H → bb)

J. Cammin & M. Schumacher, ATL-PHYS-2003-024 (nice thesis by J. Cammin)
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- This is (was) one of the few powerful
channels near the LEP limit

- Do ATLAS and CMS results agree?

Combinatorial background is chal-
lenging with 4b-jets and ≥ 6 jets total

Signal efficiency goes like ε4
b

Signal & bkgnd. have similar shape

Estimating ttjj and ttbb background
from data difficult, large systematics

It’s not clear if this channel will ever
reach 5σ

August 23, 2005

ALCWS, Snowmass, 2005

Higgs at the LHC & SLHC (page 10) Kyle Cranmer

Brookhaven National Lab
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ttH (H→bb)

31
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ttH (H→bb)

31

156 Chapter 5. Physics Studies with Tracks, B mesons, and taus
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Figure 5.15: tt̄H (W → qq′,W → µν): Signal Significance (left) and Signal to Background
ratio (right) as function of the cut on LbSele.
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Figure 5.16: tt̄H (W → qq′,W → µν). Left: Invariant bb̄ mass for signal only (combinatorial
background is shaded grey). Right: The sum of the reconstructed mbb̄ spectra for back-
grounds with a value of LbSele > 0.55. The distributions are normalised to an integrated
luminosity of 60 fb−1.

in Reference [166].

The b-tagging function LbTag is defined as the product of the b-tag discriminators: LbTag =
DTopHad × DTopLep × DH1 × DH1 × (1 − DW1) × (1 − DW2); where TopHad and TopLep are
expected to be the two b jets from the hadronic and leptonic top, respectively, while H1 and
H2 are expected to be the two b jets coming from Higgs and W1 and W2 are the two jets from
the hadronically-decaying W boson.

The kinematic function takes into account the observation that the b-jets coming from top
quarks tend to be slightly more energetic than b-jets coming from the Higgs boson (see [159]
for a definition).

Among all possible combinations of jet-parton assignments, the one with the highest value
of LEvent is chosen for use in the final reconstruction of the top quarks and the two remaining
jets with highest b-tagging discriminator values are used to reconstruct the Higgs mass.

After the jet assignment is complete, additional criteria are applied to improve background
rejection. In particular, a stronger b-tag requirement is applied on the event variable LbSele =
DTopHad ×DTopLep ×DH1 ×DH2 .

The signal significance as a function of the selection cut LbSele is shown in Figure 5.15.

CMS CMS



Kyle Cranmer (NYU/LAPP) Pheno 2008

Analysis Improvements
The CMS “optimized analysis” divides events into 
categories with different s/b 
This takes more advantage of “golden events” and 
improves the power of the analysis
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Similarly, ATLAS fits to the       spectrum 
are categorized by the number of jets x 
conversion status x rapidity region
Similar sensitivity as CMS result
Complex fit represented by this graph
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RooRealVar
bkg_ptExp1_noJets

RooRealVar
bkg_ptTail1Norm_noJets

RooProdPdf
Signal_{etaGood;noConv;noJets}

RooAddPdf
Signal_mgg_{etaGood;noConv;noJets}

RooGaussian
Signal_mgg_Tail

RooRealVar
mTail

RooRealVar
sigTail

RooCBShape
Signal_mgg_Peak_{etaGood;noConv;noJets}

RooFormulaVar
mHiggsFormula_{etaGood;noConv;noJets}

RooRealVar
mHiggs

RooRealVar
dmHiggs_{etaGood;noConv}

RooRealVar
mRes_{etaGood;noConv}

RooRealVar
tailAlpha_{etaGood;noConv}

RooRealVar
tailN_{etaGood;noConv}

RooRealVar
mggRelNorm_{etaGood;noConv}

RooAddPdf
Signal_cosThStar_{etaGood;noConv;noJets}

RooGaussian
Signalcsthstr_1_{etaGood;noConv;noJets}

RooRealVar
sig_csthstrSigma_1

RooRealVar
sig_csthstr0_1_{etaGood;noJets}

RooGaussian
Signalcsthstr_2_{etaGood;noConv;noJets}

RooRealVar
sig_csthstrSigma_2

RooRealVar
sig_csthstr0_2_{etaGood;noJets}

RooRealVar
sig_csthstrRelNorm_1_{etaGood;noJets}

RooAddPdf
Signal_pT_{etaGood;noConv;noJets}

RooBifurGauss
SignalpT_4

RooRealVar
sig_pt0_4

RooRealVar
sig_ptSigmaL_4

RooRealVar
sig_ptSigmaR_4

RooRealVar
sig_ptRelNorm_4

RooBifurGauss
SignalpT_1_{etaGood;noConv;noJets}

RooRealVar
sig_pt0_1_noJets

RooRealVar
sig_ptSigmaL_1_noJets

RooRealVar
sig_ptSigmaR_1_noJets

RooGaussian
SignalpT_2_{etaGood;noConv;noJets}

RooRealVar
sig_pt0_2_noJets

RooRealVar
sig_ptSigma_2_noJets

RooGaussian
SignalpT_3_{etaGood;noConv;noJets}

RooRealVar
sig_pt0_3_noJets

RooRealVar
sig_ptSigma_3_noJets

RooRealVar
sig_ptRelNorm_1_noJets

RooRealVar
sig_ptRelNorm_2_noJets

RooRealVar
n_Background_{etaGood;noConv;noJets}

RooFormulaVar
nCat_Signal_{etaGood;noConv;noJets}_reparametrized_hgg

RooRealVar
f_Signal_{etaGood;noConv;noJets}

RooProduct
new_n_Signal

RooRealVar
mu

RooRealVar
n_Signal

RooAddPdf
sumPdf_{etaMed;noConv;noJets}_reparametrized_hgg

RooProdPdf
Background_{etaMed;noConv;noJets}

Hfitter::MggBkgPdf
Background_mgg_{etaMed;noConv;noJets}

RooAddPdf
Background_cosThStar_{etaMed;noConv;noJets}

RooGaussian
Background_bump_cosThStar_1_{etaMed;noConv;noJets}

RooRealVar
bkg_csth01_{etaMed;noJets}

RooRealVar
bkg_csthSigma1_{etaMed;noJets}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaMed;noConv;noJets}

RooRealVar
bkg_csthPower_{etaMed;noJets}

RooRealVar
bkg_csthCoef1_{etaMed;noJets}

RooRealVar
bkg_csthCoef2_{etaMed;noJets}

RooRealVar
bkg_csthCoef4_{etaMed;noJets}

RooRealVar
bkg_csthCoef6_{etaMed;noJets}

RooRealVar
bkg_csthRelNorm1_{etaMed;noJets}

RooAddPdf
Background_pT_{etaMed;noConv;noJets}

Hfitter::HftPolyExp
Background_pT_2_{etaMed;noConv;noJets}

Hfitter::HftPolyExp
Background_pT_1_{etaMed;noConv;noJets}

RooProdPdf
Signal_{etaMed;noConv;noJets}

RooAddPdf
Signal_mgg_{etaMed;noConv;noJets}

RooCBShape
Signal_mgg_Peak_{etaMed;noConv;noJets}

RooFormulaVar
mHiggsFormula_{etaMed;noConv;noJets}

RooRealVar
dmHiggs_{etaMed;noConv}

RooRealVar
mRes_{etaMed;noConv}

RooRealVar
tailAlpha_{etaMed;noConv}

RooRealVar
tailN_{etaMed;noConv}

RooRealVar
mggRelNorm_{etaMed;noConv}

RooAddPdf
Signal_cosThStar_{etaMed;noConv;noJets}

RooGaussian
Signalcsthstr_1_{etaMed;noConv;noJets}

RooRealVar
sig_csthstr0_1_{etaMed;noJets}

RooGaussian
Signalcsthstr_2_{etaMed;noConv;noJets}

RooRealVar
sig_csthstr0_2_{etaMed;noJets}

RooRealVar
sig_csthstrRelNorm_1_{etaMed;noJets}

RooAddPdf
Signal_pT_{etaMed;noConv;noJets}

RooBifurGauss
SignalpT_1_{etaMed;noConv;noJets}

RooGaussian
SignalpT_2_{etaMed;noConv;noJets}

RooGaussian
SignalpT_3_{etaMed;noConv;noJets}

RooRealVar
n_Background_{etaMed;noConv;noJets}

RooFormulaVar
nCat_Signal_{etaMed;noConv;noJets}_reparametrized_hgg

RooRealVar
f_Signal_{etaMed;noConv;noJets}

RooAddPdf
sumPdf_{etaBad;noConv;noJets}_reparametrized_hgg

RooProdPdf
Background_{etaBad;noConv;noJets}

Hfitter::MggBkgPdf
Background_mgg_{etaBad;noConv;noJets}

RooAddPdf
Background_cosThStar_{etaBad;noConv;noJets}

RooGaussian
Background_bump_cosThStar_1_{etaBad;noConv;noJets}

RooRealVar
bkg_csth01_{etaBad;noJets}

RooRealVar
bkg_csthSigma1_{etaBad;noJets}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaBad;noConv;noJets}

RooRealVar
bkg_csthPower_{etaBad;noJets}

RooRealVar
bkg_csthCoef1_{etaBad;noJets}

RooRealVar
bkg_csthCoef2_{etaBad;noJets}

RooRealVar
bkg_csthCoef4_{etaBad;noJets}

RooRealVar
bkg_csthCoef6_{etaBad;noJets}

RooRealVar
bkg_csthRelNorm1_{etaBad;noJets}

RooAddPdf
Background_pT_{etaBad;noConv;noJets}

Hfitter::HftPolyExp
Background_pT_2_{etaBad;noConv;noJets}

Hfitter::HftPolyExp
Background_pT_1_{etaBad;noConv;noJets}

RooProdPdf
Signal_{etaBad;noConv;noJets}

RooAddPdf
Signal_mgg_{etaBad;noConv;noJets}

RooCBShape
Signal_mgg_Peak_{etaBad;noConv;noJets}

RooFormulaVar
mHiggsFormula_{etaBad;noConv;noJets}

RooRealVar
dmHiggs_{etaBad;noConv}

RooRealVar
mRes_{etaBad;noConv}

RooRealVar
tailAlpha_{etaBad;noConv}

RooRealVar
tailN_{etaBad;noConv}

RooRealVar
mggRelNorm_{etaBad;noConv}

RooAddPdf
Signal_cosThStar_{etaBad;noConv;noJets}

RooGaussian
Signalcsthstr_1_{etaBad;noConv;noJets}

RooRealVar
sig_csthstr0_1_{etaBad;noJets}

RooGaussian
Signalcsthstr_2_{etaBad;noConv;noJets}

RooRealVar
sig_csthstr0_2_{etaBad;noJets}

RooRealVar
sig_csthstrRelNorm_1_{etaBad;noJets}

RooAddPdf
Signal_pT_{etaBad;noConv;noJets}

RooBifurGauss
SignalpT_1_{etaBad;noConv;noJets}

RooGaussian
SignalpT_2_{etaBad;noConv;noJets}

RooGaussian
SignalpT_3_{etaBad;noConv;noJets}

RooRealVar
n_Background_{etaBad;noConv;noJets}

RooFormulaVar
nCat_Signal_{etaBad;noConv;noJets}_reparametrized_hgg

RooRealVar
f_Signal_{etaBad;noConv;noJets}

RooAddPdf
sumPdf_{etaGood;Conv;noJets}_reparametrized_hgg

RooProdPdf
Background_{etaGood;Conv;noJets}

Hfitter::MggBkgPdf
Background_mgg_{etaGood;Conv;noJets}

RooAddPdf
Background_cosThStar_{etaGood;Conv;noJets}

RooGaussian
Background_bump_cosThStar_1_{etaGood;Conv;noJets}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaGood;Conv;noJets}

RooAddPdf
Background_pT_{etaGood;Conv;noJets}

Hfitter::HftPolyExp
Background_pT_2_{etaGood;Conv;noJets}

Hfitter::HftPolyExp
Background_pT_1_{etaGood;Conv;noJets}

RooProdPdf
Signal_{etaGood;Conv;noJets}

RooAddPdf
Signal_mgg_{etaGood;Conv;noJets}

RooCBShape
Signal_mgg_Peak_{etaGood;Conv;noJets}

RooFormulaVar
mHiggsFormula_{etaGood;Conv;noJets}

RooRealVar
dmHiggs_{etaGood;Conv}

RooRealVar
mRes_{etaGood;Conv}

RooRealVar
tailAlpha_{etaGood;Conv}

RooRealVar
tailN_{etaGood;Conv}

RooRealVar
mggRelNorm_{etaGood;Conv}

RooAddPdf
Signal_cosThStar_{etaGood;Conv;noJets}

RooGaussian
Signalcsthstr_1_{etaGood;Conv;noJets}

RooGaussian
Signalcsthstr_2_{etaGood;Conv;noJets}

RooAddPdf
Signal_pT_{etaGood;Conv;noJets}

RooBifurGauss
SignalpT_1_{etaGood;Conv;noJets}

RooGaussian
SignalpT_2_{etaGood;Conv;noJets}

RooGaussian
SignalpT_3_{etaGood;Conv;noJets}

RooRealVar
n_Background_{etaGood;Conv;noJets}

RooFormulaVar
nCat_Signal_{etaGood;Conv;noJets}_reparametrized_hgg

RooRealVar
f_Signal_{etaGood;Conv;noJets}

RooAddPdf
sumPdf_{etaMed;Conv;noJets}_reparametrized_hgg

RooProdPdf
Background_{etaMed;Conv;noJets}

Hfitter::MggBkgPdf
Background_mgg_{etaMed;Conv;noJets}

RooAddPdf
Background_cosThStar_{etaMed;Conv;noJets}

RooGaussian
Background_bump_cosThStar_1_{etaMed;Conv;noJets}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaMed;Conv;noJets}

RooAddPdf
Background_pT_{etaMed;Conv;noJets}

Hfitter::HftPolyExp
Background_pT_2_{etaMed;Conv;noJets}

Hfitter::HftPolyExp
Background_pT_1_{etaMed;Conv;noJets}

RooProdPdf
Signal_{etaMed;Conv;noJets}

RooAddPdf
Signal_mgg_{etaMed;Conv;noJets}

RooCBShape
Signal_mgg_Peak_{etaMed;Conv;noJets}

RooFormulaVar
mHiggsFormula_{etaMed;Conv;noJets}

RooRealVar
dmHiggs_{etaMed;Conv}

RooRealVar
mRes_{etaMed;Conv}

RooRealVar
tailAlpha_{etaMed;Conv}

RooRealVar
tailN_{etaMed;Conv}

RooRealVar
mggRelNorm_{etaMed;Conv}

RooAddPdf
Signal_cosThStar_{etaMed;Conv;noJets}

RooGaussian
Signalcsthstr_1_{etaMed;Conv;noJets}

RooGaussian
Signalcsthstr_2_{etaMed;Conv;noJets}

RooAddPdf
Signal_pT_{etaMed;Conv;noJets}

RooBifurGauss
SignalpT_1_{etaMed;Conv;noJets}

RooGaussian
SignalpT_2_{etaMed;Conv;noJets}

RooGaussian
SignalpT_3_{etaMed;Conv;noJets}

RooRealVar
n_Background_{etaMed;Conv;noJets}

RooFormulaVar
nCat_Signal_{etaMed;Conv;noJets}_reparametrized_hgg

RooRealVar
f_Signal_{etaMed;Conv;noJets}

RooAddPdf
sumPdf_{etaBad;Conv;noJets}_reparametrized_hgg

RooProdPdf
Background_{etaBad;Conv;noJets}

Hfitter::MggBkgPdf
Background_mgg_{etaBad;Conv;noJets}

RooAddPdf
Background_cosThStar_{etaBad;Conv;noJets}

RooGaussian
Background_bump_cosThStar_1_{etaBad;Conv;noJets}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaBad;Conv;noJets}

RooAddPdf
Background_pT_{etaBad;Conv;noJets}

Hfitter::HftPolyExp
Background_pT_2_{etaBad;Conv;noJets}

Hfitter::HftPolyExp
Background_pT_1_{etaBad;Conv;noJets}

RooProdPdf
Signal_{etaBad;Conv;noJets}

RooAddPdf
Signal_mgg_{etaBad;Conv;noJets}

RooCBShape
Signal_mgg_Peak_{etaBad;Conv;noJets}

RooFormulaVar
mHiggsFormula_{etaBad;Conv;noJets}

RooRealVar
dmHiggs_{etaBad;Conv}

RooRealVar
mRes_{etaBad;Conv}

RooRealVar
tailAlpha_{etaBad;Conv}

RooRealVar
tailN_{etaBad;Conv}

RooRealVar
mggRelNorm_{etaBad;Conv}

RooAddPdf
Signal_cosThStar_{etaBad;Conv;noJets}

RooGaussian
Signalcsthstr_1_{etaBad;Conv;noJets}

RooGaussian
Signalcsthstr_2_{etaBad;Conv;noJets}

RooAddPdf
Signal_pT_{etaBad;Conv;noJets}

RooBifurGauss
SignalpT_1_{etaBad;Conv;noJets}

RooGaussian
SignalpT_2_{etaBad;Conv;noJets}

RooGaussian
SignalpT_3_{etaBad;Conv;noJets}

RooRealVar
n_Background_{etaBad;Conv;noJets}

RooFormulaVar
nCat_Signal_{etaBad;Conv;noJets}_reparametrized_hgg

RooRealVar
f_Signal_{etaBad;Conv;noJets}

RooAddPdf
sumPdf_{etaGood;noConv;jet}_reparametrized_hgg

RooProdPdf
Background_{etaGood;noConv;jet}

Hfitter::MggBkgPdf
Background_mgg_{etaGood;noConv;jet}

RooRealVar
xi_jet

RooAddPdf
Background_cosThStar_{etaGood;noConv;jet}

RooGaussian
Background_bump_cosThStar_1_{etaGood;noConv;jet}

RooRealVar
bkg_csth01_{etaGood;jet}

RooRealVar
bkg_csthSigma1_{etaGood;jet}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaGood;noConv;jet}

RooRealVar
bkg_csthRelNorm1_{etaGood;jet}

RooAddPdf
Background_pT_{etaGood;noConv;jet}

Hfitter::HftPolyExp
Background_pT_2_{etaGood;noConv;jet}

Hfitter::HftPolyExp
Background_pT_1_{etaGood;noConv;jet}

RooRealVar
bkg_ptPow1_jet

RooRealVar
bkg_ptExp1_jet

RooProdPdf
Signal_{etaGood;noConv;jet}

RooAddPdf
Signal_mgg_{etaGood;noConv;jet}

RooCBShape
Signal_mgg_Peak_{etaGood;noConv;jet}

RooFormulaVar
mHiggsFormula_{etaGood;noConv;jet}

RooAddPdf
Signal_cosThStar_{etaGood;noConv;jet}

RooGaussian
Signalcsthstr_1_{etaGood;noConv;jet}

RooGaussian
Signalcsthstr_2_{etaGood;noConv;jet}

RooAddPdf
Signal_pT_{etaGood;noConv;jet}

RooBifurGauss
SignalpT_1_{etaGood;noConv;jet}

RooRealVar
sig_pt0_1_jet

RooRealVar
sig_ptSigmaL_1_jet

RooRealVar
sig_ptSigmaR_1_jet

RooGaussian
SignalpT_2_{etaGood;noConv;jet}

RooRealVar
sig_pt0_2_jet

RooRealVar
sig_ptSigma_2_jet

RooGaussian
SignalpT_3_{etaGood;noConv;jet}

RooRealVar
sig_pt0_3_jet

RooRealVar
sig_ptSigma_3_jet

RooRealVar
sig_ptRelNorm_1_jet

RooRealVar
sig_ptRelNorm_2_jet

RooRealVar
n_Background_{etaGood;noConv;jet}

RooFormulaVar
nCat_Signal_{etaGood;noConv;jet}_reparametrized_hgg

RooRealVar
f_Signal_{etaGood;noConv;jet}

RooAddPdf
sumPdf_{etaMed;noConv;jet}_reparametrized_hgg

RooProdPdf
Background_{etaMed;noConv;jet}

Hfitter::MggBkgPdf
Background_mgg_{etaMed;noConv;jet}

RooAddPdf
Background_cosThStar_{etaMed;noConv;jet}

RooGaussian
Background_bump_cosThStar_1_{etaMed;noConv;jet}

RooRealVar
bkg_csth01_{etaMed;jet}

RooRealVar
bkg_csthSigma1_{etaMed;jet}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaMed;noConv;jet}

RooRealVar
bkg_csthPower_{etaMed;jet}

RooRealVar
bkg_csthCoef1_{etaMed;jet}

RooRealVar
bkg_csthCoef2_{etaMed;jet}

RooRealVar
bkg_csthCoef4_{etaMed;jet}

RooRealVar
bkg_csthCoef6_{etaMed;jet}

RooRealVar
bkg_csthRelNorm1_{etaMed;jet}

RooAddPdf
Background_pT_{etaMed;noConv;jet}

Hfitter::HftPolyExp
Background_pT_2_{etaMed;noConv;jet}

Hfitter::HftPolyExp
Background_pT_1_{etaMed;noConv;jet}

RooProdPdf
Signal_{etaMed;noConv;jet}

RooAddPdf
Signal_mgg_{etaMed;noConv;jet}

RooCBShape
Signal_mgg_Peak_{etaMed;noConv;jet}

RooFormulaVar
mHiggsFormula_{etaMed;noConv;jet}

RooAddPdf
Signal_cosThStar_{etaMed;noConv;jet}

RooGaussian
Signalcsthstr_1_{etaMed;noConv;jet}

RooRealVar
sig_csthstr0_1_{etaMed;jet}

RooGaussian
Signalcsthstr_2_{etaMed;noConv;jet}

RooRealVar
sig_csthstr0_2_{etaMed;jet}

RooRealVar
sig_csthstrRelNorm_1_{etaMed;jet}

RooAddPdf
Signal_pT_{etaMed;noConv;jet}

RooBifurGauss
SignalpT_1_{etaMed;noConv;jet}

RooGaussian
SignalpT_2_{etaMed;noConv;jet}

RooGaussian
SignalpT_3_{etaMed;noConv;jet}

RooRealVar
n_Background_{etaMed;noConv;jet}

RooFormulaVar
nCat_Signal_{etaMed;noConv;jet}_reparametrized_hgg

RooRealVar
f_Signal_{etaMed;noConv;jet}

RooAddPdf
sumPdf_{etaBad;noConv;jet}_reparametrized_hgg

RooProdPdf
Background_{etaBad;noConv;jet}

Hfitter::MggBkgPdf
Background_mgg_{etaBad;noConv;jet}

RooAddPdf
Background_cosThStar_{etaBad;noConv;jet}

RooGaussian
Background_bump_cosThStar_1_{etaBad;noConv;jet}

RooRealVar
bkg_csth01_{etaBad;jet}

RooRealVar
bkg_csthSigma1_{etaBad;jet}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaBad;noConv;jet}

RooRealVar
bkg_csthPower_{etaBad;jet}

RooRealVar
bkg_csthCoef1_{etaBad;jet}

RooRealVar
bkg_csthCoef2_{etaBad;jet}

RooRealVar
bkg_csthCoef4_{etaBad;jet}

RooRealVar
bkg_csthCoef6_{etaBad;jet}

RooRealVar
bkg_csthRelNorm1_{etaBad;jet}

RooAddPdf
Background_pT_{etaBad;noConv;jet}

Hfitter::HftPolyExp
Background_pT_2_{etaBad;noConv;jet}

Hfitter::HftPolyExp
Background_pT_1_{etaBad;noConv;jet}

RooProdPdf
Signal_{etaBad;noConv;jet}

RooAddPdf
Signal_mgg_{etaBad;noConv;jet}

RooCBShape
Signal_mgg_Peak_{etaBad;noConv;jet}

RooFormulaVar
mHiggsFormula_{etaBad;noConv;jet}

RooAddPdf
Signal_cosThStar_{etaBad;noConv;jet}

RooGaussian
Signalcsthstr_1_{etaBad;noConv;jet}

RooRealVar
sig_csthstr0_1_{etaBad;jet}

RooGaussian
Signalcsthstr_2_{etaBad;noConv;jet}

RooRealVar
sig_csthstr0_2_{etaBad;jet}

RooRealVar
sig_csthstrRelNorm_1_{etaBad;jet}

RooAddPdf
Signal_pT_{etaBad;noConv;jet}

RooBifurGauss
SignalpT_1_{etaBad;noConv;jet}

RooGaussian
SignalpT_2_{etaBad;noConv;jet}

RooGaussian
SignalpT_3_{etaBad;noConv;jet}

RooRealVar
n_Background_{etaBad;noConv;jet}

RooFormulaVar
nCat_Signal_{etaBad;noConv;jet}_reparametrized_hgg

RooRealVar
f_Signal_{etaBad;noConv;jet}

RooAddPdf
sumPdf_{etaMed;Conv;jet}_reparametrized_hgg

RooProdPdf
Background_{etaMed;Conv;jet}

Hfitter::MggBkgPdf
Background_mgg_{etaMed;Conv;jet}

RooAddPdf
Background_cosThStar_{etaMed;Conv;jet}

RooGaussian
Background_bump_cosThStar_1_{etaMed;Conv;jet}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaMed;Conv;jet}

RooAddPdf
Background_pT_{etaMed;Conv;jet}

Hfitter::HftPolyExp
Background_pT_2_{etaMed;Conv;jet}

Hfitter::HftPolyExp
Background_pT_1_{etaMed;Conv;jet}

RooProdPdf
Signal_{etaMed;Conv;jet}

RooAddPdf
Signal_mgg_{etaMed;Conv;jet}

RooCBShape
Signal_mgg_Peak_{etaMed;Conv;jet}

RooFormulaVar
mHiggsFormula_{etaMed;Conv;jet}

RooAddPdf
Signal_cosThStar_{etaMed;Conv;jet}

RooGaussian
Signalcsthstr_1_{etaMed;Conv;jet}

RooGaussian
Signalcsthstr_2_{etaMed;Conv;jet}

RooAddPdf
Signal_pT_{etaMed;Conv;jet}

RooBifurGauss
SignalpT_1_{etaMed;Conv;jet}

RooGaussian
SignalpT_2_{etaMed;Conv;jet}

RooGaussian
SignalpT_3_{etaMed;Conv;jet}

RooRealVar
n_Background_{etaMed;Conv;jet}

RooFormulaVar
nCat_Signal_{etaMed;Conv;jet}_reparametrized_hgg

RooRealVar
f_Signal_{etaMed;Conv;jet}

RooAddPdf
sumPdf_{etaBad;Conv;jet}_reparametrized_hgg

RooProdPdf
Background_{etaBad;Conv;jet}

Hfitter::MggBkgPdf
Background_mgg_{etaBad;Conv;jet}

RooAddPdf
Background_cosThStar_{etaBad;Conv;jet}

RooGaussian
Background_bump_cosThStar_1_{etaBad;Conv;jet}

Hfitter::HftPeggedPoly
Background_poly_cosThStar_{etaBad;Conv;jet}

RooAddPdf
Background_pT_{etaBad;Conv;jet}

Hfitter::HftPolyExp
Background_pT_2_{etaBad;Conv;jet}

Hfitter::HftPolyExp
Background_pT_1_{etaBad;Conv;jet}

RooProdPdf
Signal_{etaBad;Conv;jet}

RooAddPdf
Signal_mgg_{etaBad;Conv;jet}

RooCBShape
Signal_mgg_Peak_{etaBad;Conv;jet}

RooFormulaVar
mHiggsFormula_{etaBad;Conv;jet}

RooAddPdf
Signal_cosThStar_{etaBad;Conv;jet}

RooGaussian
Signalcsthstr_1_{etaBad;Conv;jet}

RooGaussian
Signalcsthstr_2_{etaBad;Conv;jet}

RooAddPdf
Signal_pT_{etaBad;Conv;jet}

RooBifurGauss
SignalpT_1_{etaBad;Conv;jet}

RooGaussian
SignalpT_2_{etaBad;Conv;jet}

RooGaussian
SignalpT_3_{etaBad;Conv;jet}

RooRealVar
n_Background_{etaBad;Conv;jet}

RooFormulaVar
nCat_Signal_{etaBad;Conv;jet}_reparametrized_hgg

RooRealVar
f_Signal_{etaBad;Conv;jet}

RooAddPdf
sumPdf_{etaGood;noConv;vbf}_reparametrized_hgg

RooProdPdf
Background_{etaGood;noConv;vbf}

Hfitter::MggBkgPdf
Background_mgg_{etaGood;noConv;vbf}

RooRealVar
xi_vbf

RooAddPdf
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accommodate the excess near M!! = 120 GeV, but the control samples are constraining the variation.

Table 13 shows the significance calculated from the profile likelihood ratio for the ll-channel, the lh-

channel, and the combined fit for various Higgs masses.
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Figure 14: Example fits to a data sample with the signal-plus-background (a/c) and background only

(b/d) models for the lh- and ll-channels at MH = 120 GeV with 30 fb−1 of data. Not shown are the

control samples that were fit simultaneously to constrain the background shape. These samples do not

include pileup.

4.5 Mass Determination

The mass parameter MH and its error can be determined from the fits described above; however, the

parameter in the model may not be the best estimate of the physical Higgs boson mass. Similarly, the

error on the mass parameter from the fit should be validated with a large number of pseudo-experiments.

Figure 16 (a) shows the relationship of the input Higgs mass and the reconstructed Higgs mass (i.e.

27

The shape of the QCD background was parametrized with the following equation

LQCD(M!! |a1,a2,a3) = N

(

1

M!! +a1

)a2

Ma3
!! (12)

The form is motivated by a competition between the parton distribution functions and the matrix element.

In the lh-channel, the normalization of the backgrounds with fake taus can be constrained by using

the track multiplicity constraint described in Section 3.3; however, there is an additional uncertainty

associated with how well the fake fraction can be extrapolated from the control sample to the signal

like region. We apply a conservative 50% systematic on this fraction associated with the extrapolation.

Figure 13(b) and (c) show the result of the simultaneous fit to the fake tau background described in

the Section 4.4 with (solid) and without (dashed) the signal contribution for the ll- and lh-channel,

respectively. The variation reflects the magnitude of the shape uncertainty.
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Figure 13: Figure (a) shows that the shapes are similar for these backgrounds and that the shape is stable

in the final stages of the cut flow. The tau-tau invariant mass for tt̄ andW+jets backgrounds after all cuts
for the ll-channel (b)and lh-channel (c) with a fourth order polynomial fit to the spectrum. The solid and

dashed curves show the result of the simultaneous fit to the control sample and signal candidates with

and without the signal contribution, respectively.

4.3 Signal Significance Neglecting Shape Uncertainty

For a given hypothesized Higgs mass,MH , the mass window has been defined asMH−15 GeV<M!! <
MH +15 GeV. A simple approach to estimating the expected significance of the signal is to simply count
events in this range and calculate the probability for at least this many events from the background-only

prediction. An alternate approach is to fit the M!! spectrum and use the resulting signal yield as a test

statistic. Table 12 shows the significance obtained from number counting assuming a 10% background

uncertainty as was done in Ref. [5] and the result from the fitted signal yield. The next subsection

provides a final result indicating a more realistic treatment of both normalization and shape uncertanties.

4.4 Incorporating Control Samples and Shape Uncertainty

By fitting the M!! spectrum to a model that accurately describes the signal and various backgrounds

it is possible to directly incorporate uncertainty in the background shape and take advantage of the

shape of the signal within the mass window. In order to constrain the background rate and shape, we

simultaneously fit the signal candidates and the background control samples outlined in Section 3. The fit

is performed twice, once letting the signal parameters float (the maximum likelihood estimates denoted

25

this stage. Similarly, the multiplicity distribution of the tau signal and lepton background are modeled

with Drell-Yan Monte Carlo samples; however, all analysis requirements up to transverse mass cut are

applied. Pseudo-datasets were generated for various luminosities based on the corresponding cross-

sections and multiplicity distributions. A fit was performed for each of the 2000 pseudo-dataset and the

results were used to estimate quantify the performance of the method. The expected error on the fraction

rtau is presented in Figure 11 as a function of luminosity.

The fraction rtau in the signal candidates remaining after the transverse mass cut can be measured to

within 5% accuracy with 1 fb−1 integrated luminosity. The largest uncertainty in this method comes from

the dependence of the track multiplicity on the jet pT . The systematics were estimated by dividing the

jet into two samples; those with pT ≤70 GeV and those with pT >70 GeV. Additionally, the presence
of /ET in the pure QCD processes is strongly correlated to the event kinematics. Thus, we assign an
additional systematic associated with the variation observed when repeating the method with modified

track multiplicity distributions with and without the requirements on /ET . The systematics associated
with the QCD shape contribute about 2% to rtau measurement.
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! signal.
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Figure 11: Expected errors of the fraction rtau as a

function of luminosity.

3.4 Cut factorization method

The analysis cuts described in Section 2 have rejections against backgrounds of the order of 108. Only a

few tens of events are expected with 30 fb−1 of data, and the background Monte Carlo samples generally

correspond to 1 fb−1 or less. The lack of sufficiently large Monte Carlo samples requires an approximate

procedure to predict the background rate at the end of the analysis. We utilize a cut factorization method

in which the analysis cuts are divided into three categories that are roughly uncorrelated so that the

rejection can be factorized. The first category are related to the tau decays from the Higgs candidate

(trigger, lepton ID, hadronic tau ID, /ET , the collinear approximation, and the transverse mass) and the
rejection is dominated by detector performance issues. The second category of cuts are related to the

tagging jets (forward jets, jet separation, and di-jet mass) and the rejection is dominated by the kinematic

properties of the events. The third category consists of those cuts which are strongly correlated to both

the forward tagging jets and the tau decay products (angular requirements, centrality, and the central jet
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Figure 9: (a) Reconstructed invariant mass distribution and (b) its bin-by-bin ratio generated from the

true and emulated Z→ !! → lh+3# events. The gray band represents ±10% around a ratio of 1.

3.3 QCD background in lh-channel

The inclusive method described above estimates the contribution of leptons from taus for all processes,

including tt̄. The contribution of tt̄ from fake leptons is small compared to the contribution from real

leptons fromW and ! decays in the ll-channel. In contrast, in the lh-channel roughly half of the tt̄ back-

ground come from fake taus. In addition, theW+jets background is comparable to tt̄ in the lh-channel;

therefore, estimating the QCD fake contribution to lh-channel requires a dedicated procedure. Estima-

tion of the QCD fake rate is best determined from a data-driven method because fakes are dominated by

tails of distributions where simulation is no longer trustworthy and theoretical uncertainties have large

uncertainties, which limit the ability to control the normalization.

The technique used here exploits the track multiplicity in a cone around the tau candidate [40]. Real

taus typically have one or three tracks, with some spread due to tracking efficiency or the presence of

spurious tracks. Electrons have dominantly a single track, while jets have a broad distribution with a

higher average multiplicity. Figure 10 shows the track multiplicity distribution for taus, electrons, and

jets in a cone of radius 0.7 after removing outlying tracks [40]. It is clear that the track multiplicity can be

used to constrain the relative abundance of the three components to to the distribution. While Figure 10

was created from Monte Carlo, the electron and jet track multiplcity distributions can easily be obtained

from data.

Given a sample of tau candidates, the relative abundance of taus, electrons, and jets can be found by

fitting the track multiplicity distribution with the extended likelihood function

Ltrack(rQCD,rtau) = $N
i Pois(n

tot
exp× (rtau f itau+ rQCD f

i
jet +(1− rtau− rQCD) f ilep)|N

i
obs)

× Gaus(Ntotobs|n
tot
exp,

√

ntotexp)

×Gaus(Nmeasured
lep |ntotexp(1− rtau− rQCD),%lepntotexp(1− rtau− rQCD))

(10)

where ntotexp is the total number of events estimated by the fit, rtau (rQCD) is the fraction of the tau (jet)

contribution with respect to the estimated total number of events, %lep = 10% is the relative uncertainty

on lepton measurement, and f i is the normalized probability for the ith bin of the track multiplicity

distribution. The second term constrains the normalization, and the third term is an additional constraint

term for the lepton contribution estimated by an independent analysis. The fit is performed to find the

maximum likelihood estimate with MINUIT [46].

The track multiplicity distribution for the QCD jets is modeled from samples of QCD di-jets that

produce tau candidates with pT in the range of 17∼280 GeV. No event level selections are applied at
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Assumed Uncertainties
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To evaluate VBF channels, need Zjj, WWjj, & tt̄j matrix element for high-pT forward jets

Parton-Shower severely under-estimates high-pT tail.

For ATLAS scientific note, we worked with Zeppenfeld to
interface background Matrix Element code to Showering &
Hadronization generators like Pythia and Herwig (MadCUP)

Now we mainly rely on general purpose tools like MadEvent,
Alpgen, & Sherpa
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Assumed systematic uncertainties in the coupling measurements 

So far we have investigated the situation where no important channel suffers substantial
suppression. However, it might be (within Supersymmetry or another extension of the SM)
that the WBF channels are degraded, or that the Higgs decays more strongly to unobservable
cc̄ or gg final states. Other decays like h → χ̃0

1χ̃
0
1 [38] or h → µ+µ− [46] may be detectable,

or upper bounds may be put on their partial widths. Channels with low statistics might
be absent. Finally, the mass measurement might be less precise due to a suppression of
H → γγ, thus weakening the Higgs mass constraint. These scenarios are beyond the scope
of this paper and will be discussed in a forthcoming publication.
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Appendix: systematic uncertainies

The systematic errors include uncertainties on luminosity and detector effects which are
summarized in Tab. 1. All these numbers are estimates. More definite numbers will be
known only once the LHC experiments are running.

L 5% Measurement of luminosity
εD 2% Detector efficiency
εL 2% Lepton reconstruction efficiency
εγ 2% Photon reconstruction efficiency
εb 3% b-tagging efficiency
ετ 3% hadronic τ -tagging efficiency
εTag 5% WBF tag-jets / jet-veto efficiency
εIso 3% Lepton isolation (H → ZZ → 4%)

Table 1: Estimated systematic uncertainties on luminosity and detector effects, see e.g.
Ref. [7].

The systematic background normalization uncertainties of the individual channels are
split into two components, shown in the second and third column of Tab. 2. The first part
is the uncertainty on the shape of the background derived from extrapolating a perfectly
measured sideband into the signal region. The second part is needed to estimate the statis-
tical error on the measurement of the sideband itself. We used this manner of estimating
the number of events in the sideband since actual numbers for sidebands are not contained
in the existing analyses.

The uncertainties in Tab. 3 summarize the theoretical QCD and PDF uncertainties on
Higgs boson production. For the WBF channels there is an additional 10% (after applying
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Comment on systematics
For the last several years focus in Monte Carlo community was 
on improving modeling of backgrounds
‣ “The signal is easy”
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That was the right strategy for 
understanding our physics potential

As we move into data-taking period, 
we are focusing on data-driven 
background estimation 

Monte Carlo is used to inform 
parametrizations and occasionally 
for extrapolation

Monte Carlo is crucial for 
understanding signal, and theoretical 
uncertainties in the signal limit 
several measurements
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In order to combine channels within an experiment or to 
combine ATLAS and CMS results, we are developing the 
technology to package the full likelihood function that relates 
observables  to measured physics quantities
My hope is that we will move from publishing 2-d contours in 
a plot to publishing full likelihood maps of the parameter 
space.  That is now technically possible.
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This opens up a discussion on 
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Conclusions
After a long wait, the LHC is just around the corner!

‣ We expect to see beam this summer and collisions in the fall!

The first year will mainly be a learning experience and any 
physics will probably be “re-discovering the standard 
model”

As we enter the data taking period, the role and interaction 
of theory, phenomenology, and experiment will evolve. 

Wish us luck!
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Successful beam tests
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