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Aim of this talk is to consider the impact on the ILC in 
the scenario that the LHC observes a Higgs-like object 
it’s early phase (defined as ~10fb-1)

2



Kyle Cranmer (BNL) Early LHC for ILC  Workshop,  Fermilab,  April 12, 2007

Introduction
Aim of this talk is to consider the impact on the ILC in 
the scenario that the LHC observes a Higgs-like object 
it’s early phase (defined as ~10fb-1)

2

Kyle Cranmer (BNL) Early LHC for ILC  Workshop,  Fermilab,  April 12, 2007

The Higgs Boson
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The Higgs Boson

The Higgs mechanism provides a gauge invariant theory of Electroweak
interactions with massive W± and Z bosons

LHiggs = (∂µφ)†(∂µφ) − V (φ)

V (φ) = µ2φ†φ + λ(φ†φ)2

Spontaneous Symmetry Breaking
⇒ Goldstone Bosons
⇒ longitudinal states of W± and Z

Theory predicts:
- gHWW ∝ mW

- gHff ∝ mf

- gHHH ∝ m2
H/mw

- gHHHH ∝ m2
H/m2

W

The Higgs Mass is unknown in the S.M., but expected to be ! 1 TeV
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So I will not:
Try to convince you that the Higgs is interesting
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Aim of this talk is to consider the impact on the ILC in 
the scenario that the LHC observes a Higgs-like object 
it’s early phase (defined as ~10fb-1)
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So I will not:
Tell you about the history of Higgs searches
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Introduction
Aim of this talk is to consider the impact on the ILC in 
the scenario that the LHC observes a Higgs-like object 
it’s early phase (defined as ~10fb-1)

2

So I will not:
Try to convince you that the LHC can and will discover 
the Standard Model Higgs
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Introduction
Aim of this talk is to consider the impact on the ILC in 
the scenario that the LHC observes a Higgs-like object 
it’s early phase (defined as ~10fb-1)

2

So I will not:
Try to catalog the discovery potential for model X

M. Schumacher,    ATLAS Higgs Interpretation in the  MSSM, SUSY04 , Tsukuba 9

Light Higgs Boson h: 300 fb-1

!large area covered  

by several channels 

"stable discovery 

"allows parameter       

determination

!small uncovered  

region at low         
mh = 90 to 100 GeV

!h"!!"still sensitive 
in gluophobic  
scenario due to 
associated    
production Wh, tth 

ATLAS preliminary
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Introduction
Aim of this talk is to consider the impact on the ILC in 
the scenario that the LHC observes a Higgs-like object 
it’s early phase (defined as ~10fb-1)

2

However, there are not always results for 10fb-1, so we 
will have to reinterpret some familiar results and make 
some rough guesses.
‣The recent PTDR from CMS has several results for 10fb-1

‣ATLAS is currently producing CSC notes focused on early 
phase, keep track of studies you would like to request
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The first questions we would ask
Quick questions:
‣ What is the mass roughly?  Light or Heavy?
‣ What kind of decays?  Fermions or Bosons)?

● how many modes are available?
‣ Does the rate seem roughly consistent with the Standard Model?

Does it look like the Standard Model Higgs?
‣ More precise answers to the questions above
‣ Spin, CP, width, coupling measurements, etc. 

What is the impact on the ILC?
‣ Impact in the short term on design / planning
‣ Impact in the long term in terms of expected physics potential

3
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But first a word from our sponsor...
ICHEP '06 Combined Results
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✗ Large improvement at low 
mass: factor of ~3!
✗ Better than luminosity 

increase alone:
√
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I would like to acknowledge 
the impressive work being 
done at the Tevatron Higgs 
searches

And consider two possible 
scenarios
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Motivation for a Light Higgs

Results from direct searches for the Higgs at LEP:
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LEP direct search limit places
MH > 114.4 GeV at 95% Confidence

The low mass region is very exciting and very challenging for the LHC!
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D0-CDF Future 6.0 fb-1
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It is possible that the combination will be sensitive to a 
Standard Model Higgs

if the observed limit at ~115 is much higher than 
the expected, that would be exciting!
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D0-CDF Future 6.0 fb-1
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It is possible that the combination will be sensitive to a 
Standard Model Higgs

if the observed limit at ~160 is much higher than 
the expected, that would also be exciting!
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The LHCThe LHC

- 26 km in circumference

- p-p @
√

s = 14 TeV

- Instantaneous Luminosity
≈ 1033 − 1034 cm−2s−1

- “pile-up” : 2-20 inelastic collisions
per bunch crossing

- 40 MHz bunch crossings
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LHC Staged Commissioning
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Production and Decay of SM Higgs
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Production and Decay of the Standard Model Higgs
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- Gluon-Gluon Fusion dominant production process (∼ 10pb).
- Vector Boson Fusion (VBF) ≈ 20% of gg at 120 GeV
- BR(H → bb̄) dominant at low mass, but need trigger
- Forward Tagging Jets of VBF help S/B

August 23, 2005

ALCWS, Snowmass, 2005
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- Gluon-Gluon Fusion dominant production process.
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Comparison of ATLAS & CMS Discovery Potential
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Higgs Discovery Potential 1999 → 2003
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with K factors

!"#!$%&→γγ '()'*+*,*+-%*'%)./%0.1234356(%/*+&%78$
78$%++9:%9→55%;.('%).+%&3,(%(,()%<σ /*+&%=>%?5@A

!"#$%&'!"#$"(")%$)*'(+,'-.'(/01

‣ATLAS qqH, H           include                                   final states
‣CMS H         result looks much more powerful (more later)
‣ATLAS qqH, H     WW also includes WW
‣CMS results include K factors

→ ττ ee, eµ, µµ, eτh, µτh

→ γγ

→ → lνlν
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What If We Find a Heavy Higgs?
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‣What if we find a Higgs with MH>400 GeV? And LHC Mt ~ Tevatron  
‣Contours of        are not a goodness-of-fit measure
‣ Incompatibility of MW, Mt, MH a sign of physics beyond the SM
‣Obvious impact on ILC design if MH>250, 400 GeV
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2.1 Higgs Boson Phenomenology III-15

Figure 2.1.3: The Higgs-strahlung and WW fusion production cross–sections vs. MH for√
s = 350GeV, 500GeV and 800 GeV.
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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?
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Detectors at Startup
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Early Detector Performance
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The 2008 Physics Run
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A rough timeline
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The VBF H → ττ channel and Why It’s Important
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Plehn, Rainwater, Zeppenfeld hep-ph/9911385
Most powerful channel near LEP limit and very important for MSSM.

September 26, 2006

University of Rochester Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 27)

Kyle Cranmer

Brookhaven National Laboratory

Vector Boson Fusion Higgs
Uses of Multivariate Methods

Complex final state of VBF H → WW → llEmiss
T well-suited for multivariate methods

Used 7 variables:
∆ηll, ∆φll, Mll, ∆ηjj, ∆φjj, Mjj, MT

Compared Neural Networks, Genetic Program-
ming, and Support Vector Regression

q

q

W

W

H
W+

W−

ν

l+

l−

ν̄

Ref. Cuts low-mH Cuts NN GP SVR
120 ee 0.87 1.25 1.72 1.66 1.44
120 eµ 2.30 2.97 3.92 3.60 3.33
120 µµ 1.16 1.71 2.28 2.26 2.08
Combined 2.97 3.91 4.98 4.57 4.26
130 eµ 4.94 6.14 7.55 7.22 6.59

Table 1: Expected significance in sigma after 30 fb−1 for two cut analyses and three multivariate analyses for
different Higgs masses and final state topologies.

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 25)

Kyle Cranmer

Brookhaven National Laboratory

VBF channels were not included at 
the time of the ATLAS Physics 
TDR in 1999

In 2003 new results from ATLAS 
on low-mass Higgs released 
‣VBF channels dominant
‣ ttH(bb) drops in significance

VBF also very important for 
coupling measurements
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VBF H →WW→ llυυ
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VBF H → WW → llνν: Scientific Note Results
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! Based on work of Rainwater, Zeppenfeld in 1999-2000 (hep-ph/9906218)

! Used fast simulation (90% lepton efficiency) & LO tt̄ M.C.

! Can’t reconstruct mH , only “transverse mass” mT

! Dominated by irreducible tt̄+jets and WW+jets background

! Possible discovery channel for MH > 125 GeV with 30 fb−1

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 23)

Kyle Cranmer

Brookhaven National Laboratory

4 Event Selection 12
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Figure 3: Distribution of the expected number of events in the last cut variable mT (llpmiss
T )

in the channel H → W +W− → llνν for an integrated luminosity of 30 fb−1. All cuts except
the last one have been applied. All generated Monte Carlo events have been used and the
distributions have been scaled to the respective expected number of events.

3. tagging jet identification: One tagging jet candidate must have pT > 40GeV, the other
one must have pT > 20GeV. There must be a gap in pseudorapidity of at least ∆η > 3.8
between the tagging jet candidates. The leptons must have pseudorapidities between
those of the tagging jet candidates: ηmin

tag < ηl1,2
< ηmax

tag .

4. lepton cuts: For the decay leptons ∆φll < 1.05, ∆Rll < 1.8, cos θll > 0.2, mll < 85GeV
and pT (l) < 120GeV are required, with the azimuthal angle around the beam axis
between the lepton momenta ∆φll, the distance in the η-φ-plane between the lepton
momenta ∆Rll, the cosine of the polar angle with respect to the beam axis between the
lepton momenta cos θll, the invariant mass of the lepton pair mll and the transverse
momentum of each lepton pT (l).

5. Z → τ+τ− suppression: Events with xτ1 > 0 and xτ2 > 0 and |mττ − mZ | < 25GeV are
discarded.

6. invariant mass of the tagging jet pair: mjj > 550GeV.

7. momentum balance: |ptot
T | < 30GeV.

8. central jet veto: No jets with pT > 20GeV that are not tagging jets are allowed in the
region |η| < 3.2.

9. Z → e+e−/µ+µ− suppression: Events with same flavour lepton pairs are required to have
mll < 75GeV and pmiss

T > 30GeV.

10. mT (llpmiss
T ) cut: mT (llpmiss

T ) > 30GeV.

Initial study with fast simulation, now studied with full simulation
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The VBF H → ττ channel and Why It’s Important
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Most powerful channel near LEP limit and very important for MSSM.
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Kyle Cranmer

Brookhaven National Laboratory

Vector Boson Fusion H→ττ
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The Collinear Approximation

21

Collinear Approximation & Central Jet Veto

Mass Reconstruction:
Observe

Higgs can be reconstructed

and visible Tau!decay products

missing transverse momentum

Assume Tau decay products

collinear with original Tau

Solve 2 linear equations
for the neutrinos

Taus can be reconstructed

xτh =
hxly − hylx

hxly + /pxly − hylx − /pylx

xτ l =
hxly − hylx

hxly − /pxhy − hylx + /pyhx

Some Comments:

After jet cuts, Mττ is the only discrimination
we use between Z → ττ and H → ττ

Collinear approximation doesn’t take into
account MissingET resolution

Define xτ : fraction of τ ’s momentum in visi-
ble decay product

Mττ =
√

2(Eh + Eνh)(El + Eνl)(1 − cos θττ )

is equivalent to Mττ = Mll√
xτlxτh

only when 0 < xτ < 1

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 30)

Kyle Cranmer

Brookhaven National Laboratory
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More than one Higgs?
In some regions of MSSM Higgs sector, MH & Mh are quite 
close in mass... closer than             mass resolution

● are we seeing two Higgs or one Higgs with 
● in that case we need               to resolve the ambiguity
● observation of just the lightest Higgs doesn’t shed much light 

on MSSM Higgs sector

22
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334 Chapter 11. MSSM Higgs Bosons

where Gµ is the Fermi constant, and mt̃1,2
are the two stop masses. Corrections of this kind

have drastic effects on the predicted value of Mh and many other observables in the MSSM
Higgs sector. The higher-order contributions can shift Mh by 50–100% [142, 143, 537–548].
The corrections to the MSSM Higgs boson sector have been evaluated in several approaches.
The status of the available calculations can be summarised as follows. For the one-loop part,
the complete result within the MSSM is known [530–532, 536, 549–552]. The by far domi-
nant one-loop contribution is the O(αt) term due to top and stop loops (αt ≡ h2

t /(4π), ht

being the top-quark Yukawa coupling). Concerning the two-loop effects, their computation
is quite advanced and has now reached a stage such that all the presumably dominant contri-
butions are known [142, 538–543, 545–548, 553–563]. They include (evaluated for vanishing
external momenta) the strong corrections, O(αtαs), and Yukawa corrections, O(α2

t ), to the
dominant one-loopO(αt) term, as well as the strong corrections to the bottom/sbottom one-
loop O(αb) term (αb ≡ h2

b/(4π)), i.e. the O(αbαs) contribution. The latter can be relevant for
large values of tanβ. For the (s)bottom corrections the all-order resummation of the tanβ-
enhanced terms, O(αb(αs tanβ)n), has also been computed. Finally, the O(αtαb) and O(α2

b)
corrections have been obtained. The higher-order corrections shift the upper bound of Mh to
Mh ! 135 GeV [142, 143]. The remaining theoretical uncertainty on Mh has been estimated
to be below ∼ 3 GeV [143, 564]. Besides the masses of the Higgs bosons, also their couplings
are affected by large higher-order corrections (see below).

An important feature of the MSSM Higgs sector is that for large pseudoscalar masses MA the
light scalar Higgs mass reaches its upper bound and becomes SM-like. Moreover, for large
values of tanβ the down(up)-type Yukawa couplings are strongly enhanced (suppressed)
apart from the region, where the light (heavy) scalar is at its upper (lower) mass bound. The
radiatively corrected Higgs masses are depicted in Fig. 11.1.

Figure 11.1: The CP-even and charged MSSM Higgs boson masses as a function of MA for
tanβ = 3 and 30, including radiative corrections [565].

The LEP experiments have searched for the MSSM Higgs bosons via the Higgs-strahlung
process e+e− → Z + h/H and the associated production e+e− → A + h/H for the neutral
Higgs particles and e+e− → H+H− for the charged Higgs bosons. Neutral Higgs masses
MA ! 91.9 GeV/c2 and Mh/H ! 91 GeV/c2 are excluded [566] as well as charged Higgs
masses MH± ! 78.6 GeV/c2 [567].

σ BR! σSM BRSM

H → ττ

H → γγ
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SM vs. MSSM with one Higgs
Some studies of the ability to distinguish the h of the MSSSM 
from the H of the Standard Model 
‣ use rate measurements to distinguish models

● rates can change rapidly with MH, so a good mass 
measurement needed
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Figure 4: Fit within the MSSM mmax
h scenario in the MA–tanβ plane for three luminosity

scenarios. The two panels show the region (to the left of the curves) which would yield a
≥ 5σ (∆χ2 ≥ 25) or ≥ 3σ (∆χ2 ≥ 9) discrepancy from the SM. The mostly-horizontal
dotted lines are contours of mh in steps of 5 GeV.

the latter. In this scenario the SUSY threshold corrections to the b mass are also quite
small, so that the ratio of the hbb and hττ couplings essentially takes its SM value. The
h → bb̄ decay mode dominates the Higgs total width in this scenario. The pattern of
Higgs coupling deviations can then be summarized as follows: all the Higgs production
cross sections considered in our study are SM-like; the partial widths into bb̄ and ττ are
equally enhanced (but with SM-like BRs since the total width is dominated by bb̄ and ττ
decays). This results in a larger total width for the Higgs boson. The branching ratios into
all other final states (WW ∗, ZZ∗, γγ) are smaller than in the SM, reflecting this total width
enhancement.

We focus on the WBF channels, which have the strongest impact on the MSSM fit.
If systematic errors could be neglected, the well-measured WBF qqH → qqWW ∗ channel
would give the best sensitivity to the discrepancy from the SM, since it is sensitive to
the Higgs branching ratio into WW ∗. The less-well-measured WBF qqH → qqZZ∗, qqγγ
channels could be added to increase the statistics. However, the systematic uncertainties
on the luminosity (5%), WBF cross section (4%), and forward tagging/veto jets (5%) hide
this sensitivity to the Higgs coupling deviations. These systematic uncertainties can be
brought under control by including the WBF qqH → qqττ channel in the fit. While this
channel by itself provides no sensitivity to the deviation from the SM (because the WBF
cross section and the branching ratio to taus are both SM-like), it serves to normalize out
the systematic uncertainties. To a first approximation, this can be thought of as taking
the ratio of the WBF rates with Higgs decays to WW ∗ (ZZ∗, γγ) versus ττ , in which the
aforementioned systematic uncertainties cancel. The χ2 fit of the rates in these channels
offers a slight improvement over the ratio method because the systematic uncertainties are
somewhat better under control.

In Fig. 5 we analyze the impact of the different channels included in our analysis. Within

12

M. Schumacher,    ATLAS Higgs Interpretation in the  MSSM, SUSY04 , Tsukuba 13

SM or Extended Higgs Sectors?
ATLAS preliminary

first look using rate 
measurements from VBF 
channels (30fb-1)

R = BR(h!!!)   
BR(h!WW)

Deviation from SM expectation

"=|RMSSM-RSM|#$exp          

potential for discrimination 
seems promising!"only statistical errors considered

"assume Higgs mass exactly known

M. Schumacher,    ATLAS Higgs Interpretation in the  MSSM, SUSY04 , Tsukuba 13

SM or Extended Higgs Sectors?
ATLAS preliminary

first look using rate 
measurements from VBF 
channels (30fb-1)

R = BR(h!!!)   
BR(h!WW)

Deviation from SM expectation

"=|RMSSM-RSM|#$exp          

potential for discrimination 
seems promising!"only statistical errors considered

"assume Higgs mass exactly known

M. Schumacher,    ATLAS Higgs Interpretation in the  MSSM, SUSY04 , Tsukuba 13

SM or Extended Higgs Sectors?
ATLAS preliminary

first look using rate 
measurements from VBF 
channels (30fb-1)

R = BR(h!!!)   
BR(h!WW)

Deviation from SM expectation

"=|RMSSM-RSM|#$exp          

potential for discrimination 
seems promising!"only statistical errors considered

"assume Higgs mass exactly known



Kyle Cranmer (BNL) Early LHC for ILC  Workshop,  Fermilab,  April 12, 2007

ATLAS Developments for 
Since the 2003 low-mass Higgs, several studies for this channel.  
‣ both theoretical and experimental developments
‣ ATLAS result is now comparable to CMS “cuts” result

24

Leonardo Carminati Physics at LHC 2006 15

(III) Inclusive analysis results (NLO)  

Signal significance for counting experiment: S/√B

Leonardo Carminati Physics at LHC 2006 17

(IV) Summary of inclusive analysis in one picture

Leonardo Carminati Physics at LHC 2006 36

• Re-evaluation of signal significance with state of  the art LO cross-sections, 
branching ratios and DC1 resolution

(III) DC1 inclusive analysis: results (LO)  

! New LO cross 
sections for signal 
and background ( 
PITHYA 6.224 and 
CTEQ6L1)

! Photon 
identification cuts 
have been applied

! Irreducible 
background a’ la 
TDR

! Reducible 
background 
reevaluated

x =

H → γγ

Acta Phys. Pol. B: 38 (2007)

Updated LO Results Big improvement!  >5σ with 10fb-1NLO K factors

With 10 fb-1 one can expect                     excess for a Standard 
Model Higgs with mass <140 GeV

6σ/
√

3 ≈ 3.4σ



Kyle Cranmer (BNL) Early LHC for ILC  Workshop,  Fermilab,  April 12, 2007

ATLAS Improved               Analysis 

25

Leonardo Carminati Physics at LHC 2006 18

• Improve the discovery potential using the shape of kinematical variables

– One has to assume some theoretical knowledge 

PTγγ (GeV)

• Likelihood ratio method based on 
PT and cosθ∗ (well predicted in NLO 
calculations) of signal and 
background

• Each event is weighted by the 
likelihood ration

• With a likelihood analysis a further 
30-40% improvement in the 
discovery potential has been 
reported.

(III) Improvements to the standard inclusive analysis  

resbos

H → γγ

Acta Phys. Pol. B: 38 (2007)
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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

26

! 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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Figure 3: Simulated invariant mass distribution of signal (dark shaded, mH0 = 115 GeV/c2) plus background

for Lint = 30 fb−1. The dashed curve is obtained from the fit of the background without signal, the solid line

describes the fit of signal plus background.
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1 Introduction

TheHiggs mechanism [1] is the generally accepted way to generate particle masses in the electroweak theory. If the

Higgs boson is lighter than 130GeV/c2, it decays mainly to a bb̄ pair [2]. To observe the Higgs boson at the LHC,
the tt̄H0 channel turns out to be the most promising channel among the Higgs production channels withH0 → bb̄
decay [3]. In this study, we discuss the channel tt̄H0 → l±νqq̄bb̄bb̄ (Figure 1), where the Higgs Boson decays
to bb̄, one top quark decays hadronically and the second one leptonically. The relevant signal and background
cross sections at the LHC (

√
spp = 14 TeV ) and particle masses used in the simulation are listed in Table 1.

LO cross sections masses

σtt̄H0 ×BRH0→bb̄ = 1.09 - 0.32 pb mH0 = 100 - 130GeV/c2

σtt̄Z0 = 0.65 pb mZ0 = 91.187GeV/c2

σtt̄bb̄ = 3.28 pb mb = 4.62GeV/c2

σtt̄jj = 507 pb mt = 175GeV/c2

Table 1: CompHEP [5] cross sections for signal and background relevant for the tt̄H0 → l±νqq̄bb̄bb̄ channel,
calculated with parton density function CTEQ4l [4]. The branching ratio of the semileptonic decay mode (one

W± decays to quarks the other W± decays leptonically, where only decays to electrons or muons are taken into
account) is 29% (not included in the cross sections of this table) andmW± = 80.3427GeV/c2.

The hard processes are generated with CompHEP and then interfaced to PYTHIA, where the fragmentation and

hadronisation are performed [5]-[7]. After the final state including the underlying event has been obtained, the

CMS detector response is simulated, with track and jet reconstruction with parametrisations FATSIM [8] and

CMSJET [9], obtaining in this way tracks, jets, leptons (the electron or muon reconstruction efficiency is assumed

to be 90%; taus are not considered here) and missing transverse energy. These parametrisations have been obtained

from detailed simulations based on GEANT.
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Figure 1: One example of a tt̄H0 → l±νqq̄bb̄bb̄ event at LO.

2 Reconstruction

From Figure 1 we expect to find events with one isolated lepton, missing transverse energy Em
T and six jets (four

b-jets and two non-b-jets), but initial and final state radiation are sources of additional jets. So the number of jets
per event is typically higher than six. On the other hand, not all six quarks of the hard process can be always

recognised as individual jets in the detector, in which case it is impossible to reconstruct the event correctly - even

if there are six or more jets.

For the reconstruction of resonances it is necessary to assign the n jets of an event to the corresponding quarks
of the hard process. In general, and ignoring information on b-jets, the number of possible combinations N is
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ATLAS

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

August 23, 2005

ALCWS, Snowmass, 2005

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

Brookhaven National Lab
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ttH (H→bb)

27

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
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ttH (H→bb)
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ttH(H → bb)

J. Cammin & M. Schumacher, ATL-PHYS-2003-024 (nice thesis by J. Cammin)
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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
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A note on systematic errors

Background determination from sidebands carries two sources of error:

- statistical error from sideband measurement

- systematic on extrapolation from sideband to signal-like area (shape systematic)

The shape systematic does not (necessarily) reduce with increased luminosity
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If s/b is fixed as we increase luminosity, the expected
significance saturates:

σ∞ =
s/b

∆shape

With its low S/B and 10% shape ystematic,
ttH(→ bb) can’t get to 5σ even with L → ∞
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Mass, Spin, CP, & Coupling 
Measurements

Early Results
&

Ultimate Limits
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Precise Mass Measurments
Both                    and            should be accessible in the 
early phase, and provide precise mass measurements

30

10.2. Higgs boson channels 281
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Figure 10.7: Cross-section times branching ratio times efficiency after all selections
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Figure 10.8: The ScP significance after all selection cuts for integrated luminosities of 10 fb−1 and
30 fb−1, with and without the systematic uncertainty on the background estimation taken into ac-
count.

lated experiments with these luminosities.

The number of background events measured from the data within the signal region, N IN
Data,

is calculated as:

N IN
Data = αMCNOUT

Data , where αMC =
N IN

MC

NOUT
MC

(10.2)

NOUT
Data is the number observed events lying outside the signal region and αMC is the ratio of

the number of background events inside the signal region (N IN
MC) to outside the signal region

(NOUT
MC ), as determined from the background Monte Carlos.

The uncertainty on the number of background events in the signal region measured using

H → ZZ → 4l

CMS 10 fb-1

2.1. Benchmark Channel: H → γγ 29

Table 2.8: Performance in the six categories for MH = 120 GeV/c2.

Category Signal % LLR %
0 27.8 48.0
1 16.1 24.8
2 21.7 11.9
3 16.6 9.7
4 9.0 4.1
5 8.8 1.5

2.1.5.7 Results of the optimised analysis

The same estimates of systematic error are used to obtain the results in the optimised analysis
as are used in the cut-based analysis. Most of the development and studies have been made
for a Higgs mass of 120 GeV/c2. For this mass, a 5σ discovery can be made with about 7 fb−1

luminosity. A 1% background normalisation uncertainty corresponds to an increase of the
luminosity needed for a 5σ discovery from 7 fb−1 to 7.7 fb−1.
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with an integrated luminosity of 30 fb−1 (right) with the optimised analysis. The results from
the cut-based analysis in 12 categories are also shown for comparison.

There is a great deal of uncertainty in this benchmark estimate of luminosity due to our
poor understanding of the backgrounds we will contend with when the LHC starts running,
however, this is not considered here as a systematic error on a discovery since it is proposed
to measure the background from the data. Figure 2.10 shows the luminosity needed for a 5σ
discovery and the discovery sensitivity with an integrated luminosity of 30 fb−1 for several
Higgs masses, both for the fully optimised analysis and for the cut-based analysis using 12
categories described in Section 2.1.4.4. It seems possible to discover, or at least have strong
evidence for a low mass Higgs in the first good year of running.

H → γγ
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Table 10.5: Expected number of events from signal and background processes after all selections for an inte-
grated luminosity of 10 fb−1

mH (GeV/c2) 120 130 140 150 160 170 180 200 250 300 400 500
N signal for 10 fb−1 1.9 4.6 11.7 14.1 7.8 3.8 8.7 36.4 29.1 19.4 18.0 9.6
N back for 10 fb−1 1.5 0.6 2.0 2.1 2.0 2.9 4.0 16.2 13.6 4.1 3.7 2.6
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Figure 10.9: Integrated luminosity required to obtain a significance of 5σ using the
H→ ZZ(!) → 2e2µ channel, with and without the systematic uncertainty on the background esti-
mation taken into account.
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Figure 10.10: Number of expected events for signal and background for an integrated luminosity
corresponding to a discovery significance of 5σ, for Higgs boson masses of 140 and 200 GeV/c2. The
results of a simulated experiment are also shown to illustrate the statistical power of the analysis and
the determination of the background normalisation from data.

H → ZZ → 4l H → γγ
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Mass Measurements
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Mass, Spin, and CP determination at the LHC
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Basic properties of the Higgs should be covered by the LHC.

Figure does not indicate systematic error on mass scale (eg. H → γγ)
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Spin & CP Measurements
We can naively scale results from ATLAS study for 100fb-1

Exclusions look possible for MH>250GeV

32
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Figure 1: The decay plane angle φ is measured between the two planes defined
by the leptons from the decay of the two Z bosons in the rest frame of the Higgs,
using the charge of the leptons to fix the orientation of the planes. The dashed
lines represent the direction of motion of the leptons in the rest frame of the Z
Boson from which they originate. The angles θ1 and θ2 are measured between
the negatively charged leptons and the direction of motion of the corresponding
Z in the Higgs boson rest frame. φ=0 correspond to pe+ × pe− and pµ+ × pµ−

being parallel. φ=π correspond to pe+ × pe− and pµ+ × pµ− being antiparallel.

The present paper is organized as follows. In Chapter 2 the generator is
described, in Chapter 3 detector simulation and reconstruction are given. In
Chapter 4 we define quantities that can be used to characterize the different
distributions. In Chapter 5 we present the results, concluding that the quantum
numbers of the Higgs particle can indeed be determined. In the appendix we give
formulae for the complete differential and integrated distributions for the decay
of the resonance assuming arbitrary couplings computed in tree level and narrow
width approximation.

2 The Generators

In order to distinguish between different spins J=0,1 and/or CP-eigenvalues γCP =
−1, +1 one needs to study four different distributions: that resulting from the
decay of the Standard Model Higgs boson, and the three distributions that would
result from hypothetical particles with spin and CP-eigenvalue combinations (0,
1), (1, 1), (1, -1).

The feasibility of using angular correlations in the decay of the Z bosons in
order to distinguish between these particles has been evaluated using two dif-
ferent Monte-Carlo generators. One was written for the Standard Model Higgs
(gg → H → ZZ → 4l) and the irreducible ZZ-background.[14] The latter includes
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CMS Spin & CP Results
Similar study by CMS.  Results presented with 60fb-1

‣What values   can one exclude with 10 fb-1 assuming 
Standard Model B.R. & xsection (ie. C=1)?
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Figure 10.43: The minimal value of the factor C2 needed to exclude the Standard Model,
scalar Higgs boson at Nσ level (N=1, 3) as a function of the parameter ξ for the Higgs boson
masses MΦ=200, 300 and 400 GeV/c2 (from left to right) at 60 fb−1.
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10.3.3 Study of CP properties of the Higgs boson using angle correlation in
the Φ→ ZZ → e+e−µ+µ− process

The most general ΦV V coupling (V =W±,Z0) for spin-0 Higgs boson Φ (Φ means the Higgs
particle with unspecified CP -parity, while H (h) and A mean the scalar and pseudoscalar
Higgs particles, respectively) looks as follows [511–514]:

CJ=0
ΦV V = κ · gµν +

ζ

m2
V

· pµpν +
η

m2
V

· εµνρσk1ρk2σ, (10.5)

where k1, k2 are four-momenta of vector bosons V and p≡ k1+k2 is four-momentum of the
Higgs boson. In the present analysis a simplified version of above ΦV V coupling (Eq. 10.5)
is studied with a Standard-Model-like scalar and a pseudoscalar contributions (i.e. κ, η #= 0
and ζ = 0). To study deviations from the Standard Model ΦZZ coupling we take κ=1¶. The
decay width for the Φ→ZZ→(%1%̄1)(%2%̄2) process consists now of three terms: a scalar one
(denoted by H), a pseudoscalar one ∼η2 (denoted by A) and the interference term violating
CP ∼η (denoted by I):

dΓ(η) ∼ H + η I + η2A. (10.6)

This way the Standard-Model scalar (η =0) and the pseudoscalar (in the limit |η|→∞) con-
tributions could be recovered. It is convenient to introduce a new parameter ξ, defined by
tan ξ≡ η, which is finite and has values between −π/2 and π/2. Expressions for H , A and I
can be found in article [512].

In study of the CP-parity of the Higgs boson two angular distributions were used. The first
one is a distribution of the angle ϕ (called plane or azimuthal angle) between the planes
of two decaying Zs in the Higgs boson rest frame. The negatively charged leptons were
used to fix plane orientations. The second one is a distribution of the polar angle θ, in the Z

¶The ΦV V coupling with κ=1 and arbitrary η is implemented in the PYTHIA generator.
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Figure 10.40: Definitions of the angles in the Φ→ ZZ→ e+e−µ+µ− process.

rest frame, between momentum of negatively charged lepton and the direction of motion of
Z boson in the Higgs boson rest frame (Figure 10.40).

The analysis was performed for scalar, pseudoscalar and CP-violating Higgs boson states,
the latter for tan ξ=±0.1, ±0.4, ±1 and ±4.

A detailed description of the analysis can be found in [515].

10.3.3.1 Generation and event selections

The production and decay of the scalar, pseudoscalar and CP-violating Higgs boson states
were generated using PYTHIA [68] for three masses of the Higgs boson, MΦ = 200, 300 and
400 GeV/c2. Backgrounds and event selections are the same as in the analysis of the Standard
Model Higgs boson H → ZZ → e+e−µ+µ− described in Section 10.2.1. The reconstructed
angular distributions after all selections for the signal with mass MΦ=300 GeV/c2 for various
values of the parameter ξ, and for the background are shown in Figure 10.41 at 60 fb−1. The
Standard-Model signal cross-section and branching ratio were used for the signal normali-
sation in Figure 10.41.
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Recent ATLAS note on using         in VBF events to measure 
tensor structure of HVV vertex based on:

‣ Plehn, Rainwater, Zeppenfeld,  Phys. Rev. Lett. 88, (2002), hep-ph/0105325 
‣ Figy, Zeppenfeld, Phys. Lett. B591 (2004) 297, hep-ph/0403297
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Figure 9: Distributions of the variable ∆φjj with high statistics for signal events after all
cuts have been applied. Distributions are shown for each of the three different couplings and
each of the channels studied.

scalar particle that has the expected experimental signature of a standard model Higgs boson
the dominant coupling term can be determined. A prediction of the total cross section for
the signal process for purely anomalous couplings is not necessary because only the shape of
the signal distribution is used in the test. In an analysis with experimental data a different
relative normalisation of signal and background may be preferred. This may be a value
determined from experiment or from the predictions of a different model containing a scalar
particle.

The hypothesis test is performed on Monte Carlo pseudo-data samples containing signal
events with standard model couplings and standard model background events corresponding
to the expected amount of data after the first few years of data taking at the LHC at
low luminosity. For the channel H → W +W− → llνν pseudo-data samples containing
both standard model Higgs boson and background contributions corresponding to integrated
luminosities of 10 fb−1 and 30 fb−1 are formed. For the H → τ+τ− channels pseudo-data
samples are formed only for 30 fb−1. The pseudo-data samples are built from subsamples of
the complete Monte Carlo samples from which the reference distributions are also calculated.
Since the complete samples contain at least by a factor of 30 more events than the pseudo-
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2 Anomalous Higgs boson couplings 3

physical expansion,

φ =
1√
2

(
0

v + H(x)

)

. (3)

The field strength tensor V µν of the field V is even under CP transformations while the dual
field strength tensor, given by

Ṽ µν =
1

2
εµνρσVρσ, (4)

is CP odd.
As long as the field H in equation (2) is the standard model Higgs boson field, which is

CP even, the operators composed of the field strength tensors are CP even, indicated by the
subscript e on the coupling constant g and the scale Λ, while the operators containing the
dual field strength tensors are CP odd, indicated by the subscript o. In a CP conserving
theory only the CP even operators will contribute to the coupling. In more general models
with additional scalar particles the effective Lagrangian in equation (2) may be used to
describe the couplings of those scalar particles to weak gauge bosons. If in this case H
represents a CP odd scalar particle, the operators will switch their behaviour under CP
transformations. The operators containing the dual field strength tensors will now be CP
even and give the only contribution to the coupling if CP is conserved. Thus, assuming CP
conservation it is possible to determine the CP quantum number of the scalar particle by
experimentally distinguishing between the coupling terms. This is one of the goals of the
analysis presented in section 5.

The vertex that couples a Higgs boson to vector bosons is written in its most general form
as [5]:

T µν (q1, q2) = a1 (q1, q2) gµν + a2 (q1, q2) [q1 · q2g
µν − qµ

2 qν
1 ] + (5)

a3 (q1, q2) εµνρσq1ρq2σ

with the four-momenta of the vector bosons q1 and q2. The ai(q1, q2) are Lorentz-invariant
form factors. In the standard model at leading order, the only non-vanishing coefficient is
given by:

a1(q1, q2) =
2m2

V

v
. (6)

The effective Lagrangian of equation 2 gives the additional couplings

a2 (q1, q2) = −
2

Λ5e
gHWW
5e , a3 (q1, q2) =

2

Λ5o
gHWW
5o (7)

for the HWW vertex and

a2 (q1, q2) = −
2

Λ5e
gHZZ
5e , a3 (q1, q2) =

2

Λ5o
gHZZ
5o (8)

for the HZZ vertex.
As in [5], the ratio of the anomalous HWW couplings to the anomalous HZZ couplings

is chosen according to gHWW
5e/o = gHZZ

5e/o cos2 θw in this analysis which corresponds to a ratio

equal to that of the respective standard model couplings. The scale Λ5e/o is fixed, as in [5],
to a value of 480GeV which roughly reproduces the standard model cross section for weak
boson fusion at a Higgs boson mass of 120GeV and for a purely anomalous CP even or a
purely anomalous CP odd coupling with gHWW

5e/o = gHZZ
5e/o cos2 θw = 1. This leaves two free

parameters, e.g. gHZZ
5e and gHZZ

5o , which define the strength of the anomalous couplings.
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Figure 17: The logarithm of the likelihood as a function of the anomalous coupling constant
gHZZ
5e for one pseudo-data sample per channel and integrated luminosity studied. The curves

that were calculated with background contributions taken into account are shown in black.
For comparison, curves that were calculated without considering background processes are
shown in grey. The continuous lines were calculated using the non-extended likelihood. The
dotted lines were calculated using the extended likelihood. The areas marked in light yellow
(light grey) are excluded according to the approximate limits at 95% confidence level given
in table 3. 1-, 2-, and 3σ intervals are shown for the case of a non-extended likelihood with
background contributions taken into account.

is smaller than that of gHZZ
5e by a factor of cos2 θw. However, one should keep in mind that

the limits from L3 were determined in single parameter analyses while in this study both
the HWW couplings and the HZZ couplings are varied at the same time.

One can see from table 13 that the inclusion of the prediction of the total cross section
in an extended likelihood fit does not significantly increase the sensitivity in the channel
H → W+W− → llνν. The effect is larger in the H → τ+τ− channels where a reduction of
the expected standard deviation by about 15% is observed.

A comparison of the values calculated with background processes taken into account to the
values calculated for the signal process only shows that, as expected, the expected sensitivity
is lower if background contributions are included. In the H → τ +τ− channels the expected

CP Measurements from Jets in VBF
The analysis considers measurements in early phase
‣ For MH=160 GeV, anomalous CP even coupling measured with 10fb-1

‣ For MH=120 GeV, anomalous CP even coupling measured with 30fb-1
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Figure 17: The logarithm of the likelihood as a function of the anomalous coupling constant
gHZZ
5e for one pseudo-data sample per channel and integrated luminosity studied. The curves

that were calculated with background contributions taken into account are shown in black.
For comparison, curves that were calculated without considering background processes are
shown in grey. The continuous lines were calculated using the non-extended likelihood. The
dotted lines were calculated using the extended likelihood. The areas marked in light yellow
(light grey) are excluded according to the approximate limits at 95% confidence level given
in table 3. 1-, 2-, and 3σ intervals are shown for the case of a non-extended likelihood with
background contributions taken into account.

is smaller than that of gHZZ
5e by a factor of cos2 θw. However, one should keep in mind that

the limits from L3 were determined in single parameter analyses while in this study both
the HWW couplings and the HZZ couplings are varied at the same time.

One can see from table 13 that the inclusion of the prediction of the total cross section
in an extended likelihood fit does not significantly increase the sensitivity in the channel
H → W+W− → llνν. The effect is larger in the H → τ+τ− channels where a reduction of
the expected standard deviation by about 15% is observed.

A comparison of the values calculated with background processes taken into account to the
values calculated for the signal process only shows that, as expected, the expected sensitivity
is lower if background contributions are included. In the H → τ +τ− channels the expected
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Figure 14: Distributions of ∆φjj for signal events after all cuts have been applied. For each
channel distributions are shown for three different values of the CP even anomalous coupling
constant. The distributions were calculated by reweighting of events as described in section
6.2.

interference term significantly influences the distribution of ∆φjj it has only a small effect
on the total cross section due to the asymmetry in the distribution. Thus, it is expected that
the sensitivity to a small contribution by CP even anomalous couplings from an analysis of
the shape of the distribution of ∆φjj will be higher than from a measurement of the total
cross section.

As pointed out in [2] interference effects between the CP odd anomalous couplings and
standard model couplings do not show in the shape of the distribution of ∆φjj used in this
analysis. Hence, a likelihood fit in the shape of the distribution will probably not be sensitive
to small CP odd anomalous couplings. A contribution of the CP odd anomalous couplings
may be determined from a measurement of the total cross section. If the contribution is
large enough the effect of the squared anomalous matrix element may be observable in the
distribution of ∆φjj with the shape as shown in section 5. Recently it has been suggested
[23] to use a redefined ∆φjj that can assume positive as well as negative values to study
effects of small CP odd anomalous couplings. This is a possible topic for further research
extending the analysis presented here.
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Figure 17: The logarithm of the likelihood as a function of the anomalous coupling constant
gHZZ
5e for one pseudo-data sample per channel and integrated luminosity studied. The curves

that were calculated with background contributions taken into account are shown in black.
For comparison, curves that were calculated without considering background processes are
shown in grey. The continuous lines were calculated using the non-extended likelihood. The
dotted lines were calculated using the extended likelihood. The areas marked in light yellow
(light grey) are excluded according to the approximate limits at 95% confidence level given
in table 3. 1-, 2-, and 3σ intervals are shown for the case of a non-extended likelihood with
background contributions taken into account.

is smaller than that of gHZZ
5e by a factor of cos2 θw. However, one should keep in mind that

the limits from L3 were determined in single parameter analyses while in this study both
the HWW couplings and the HZZ couplings are varied at the same time.

One can see from table 13 that the inclusion of the prediction of the total cross section
in an extended likelihood fit does not significantly increase the sensitivity in the channel
H → W+W− → llνν. The effect is larger in the H → τ+τ− channels where a reduction of
the expected standard deviation by about 15% is observed.

A comparison of the values calculated with background processes taken into account to the
values calculated for the signal process only shows that, as expected, the expected sensitivity
is lower if background contributions are included. In the H → τ +τ− channels the expected

CP Measurements from Jets in VBF
The analysis considers measurements in early phase
‣ For MH=160 GeV, anomalous CP even coupling measured with 10fb-1

‣ For MH=120 GeV, anomalous CP even coupling measured with 30fb-1
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Figure 14: Distributions of ∆φjj for signal events after all cuts have been applied. For each
channel distributions are shown for three different values of the CP even anomalous coupling
constant. The distributions were calculated by reweighting of events as described in section
6.2.

interference term significantly influences the distribution of ∆φjj it has only a small effect
on the total cross section due to the asymmetry in the distribution. Thus, it is expected that
the sensitivity to a small contribution by CP even anomalous couplings from an analysis of
the shape of the distribution of ∆φjj will be higher than from a measurement of the total
cross section.

As pointed out in [2] interference effects between the CP odd anomalous couplings and
standard model couplings do not show in the shape of the distribution of ∆φjj used in this
analysis. Hence, a likelihood fit in the shape of the distribution will probably not be sensitive
to small CP odd anomalous couplings. A contribution of the CP odd anomalous couplings
may be determined from a measurement of the total cross section. If the contribution is
large enough the effect of the squared anomalous matrix element may be observable in the
distribution of ∆φjj with the shape as shown in section 5. Recently it has been suggested
[23] to use a redefined ∆φjj that can assume positive as well as negative values to study
effects of small CP odd anomalous couplings. This is a possible topic for further research
extending the analysis presented here.
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Coupling Measurements

M. Dührssen, et. al. ATL-PHYS-2003-030 & Phys.Rev.D70:113009,2004 (hep-ph/0406323)
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The Central Jet Veto
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General Purpose Tree-Level Monte Carlo

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

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 24)

Kyle Cranmer

Brookhaven National Laboratory

Flow of color-charge leads to different 
distributions for additional QCD radiation for 
Electroweak and QCD Zjj background

A Central Jet Veto is a major tool for the 
VBF analyses

Limits existing analyses to “low” luminosity

The dominant background for               is the irreducible Z+jetsH → ττ
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General Purpose Tree-Level Monte Carlo

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

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 24)

Kyle Cranmer

Brookhaven National Laboratory

Assumed systematic uncertainties in the coupling measuements 

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

15

Theorist’s Dream Experimentalist’s 
Nightmare
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Theorist’s Dream Experimentalist’s 
Nightmare

Still some work needed to understand tag jets and central-jet veto
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Progress on Systematic Error

GF 20%
tt̄H 15%
WH 7%
ZH 7%
WBF 4%
gg → Hgg 100%

Table 3: Theoretical QCD and PDF uncertainties on the
various Higgs boson production channels. The channel
gg → Hgg was added to all WBF analyses at 10% of the
WBF rate with an uncertainty of a factor 2.

H

(c)

V. Del Duca, C. Oleari, D. Zeppenfeld, et. al.
hep-ph/0108030

∆φjj can be used to fit relative contribution
from gg → Hgg

Should reduce systematic error considerably.

August 23, 2005

ALCWS, Snowmass, 2005

Higgs at the LHC & SLHC (page 14) Kyle Cranmer

Brookhaven National Lab
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H→µµ at the LHC?
Original cuts in hep-ph/0107180 give 
1.8σ / experiment for 300 fb-1

Tilman Plehn and I showed that using 
theory equivalent of “Matrix Element 
technique” we can achieve
3.2σ / experiment with 300 fb-1

Including Central Jet Veto efficiencies 
from hep-ph/0107180, we expect 
‣ 4.4σ / experiment with 300 fb-1

Conclusion: the use of multivariate 
techniques & event weighting may 
make it possible to observe H→μμ at 
the LHC!

40

5

10
-3

10
-2

10
-1

1

117 118 119 120 121 122 123

ZQCD

ZEW

H

all q

q ! !1.5

d"/dm""

m""#GeV$

Figure 2: Muon invariant mass distribution for the signal and background with acceptance cuts only (upper curves) and after
a cut on the log–likelihood ratio q(!r) > −1.5 (lower curves). The curves illustrate that events with high q(!r) have an increased
signal purity and signal–like characteristics.

with a nested integration over the remaining degrees of freedom in the phase space. The latter include the unsmeared
(true) observables, as shown in Eq.(6), as well as the unobservable longitudinal component of neutrino momenta at a
hadron collider or the momentum of particles not passing the acceptance cuts.

We usually include detector effects by smearing all final state four-momenta; however, this can be computationally
inefficient. If we instead choose not to smear some of the observables, we must remain vigilant to insure that there
is no ‘back door’ through which four-momentum conservation together with unsmeared observables implicitly evade
smearing. We avoid this ‘back door’ explicitly in Eq.(6) by factorizing the basis of the phase space into orthogonal
components rm and r⊥.

After generalizing our method to smear multiple observables we can now incorporate reducible backgrounds,
i.e. background whose final–state configurations have more degrees of freedom than the signal. We simply pick a
set of observables that is common to all signal and background processes, and marginalize the additional background
degrees of freedom. Flavor tagging efficiencies and fake rates can be included in the event weights through M(!r). In
these scenarios, the interpretation of the resulting significance is more vague: it is the maximal significance given the
specified set of observables and the assumptions in the transfer and measurement functions.

E. Conclusions

We have described a way to compute the mathematically strict maximum significance for a set of signal and
(irreducible) background processes at the parton level. While our method does not include general detector effects,
we can smear a limited number of observables, like for example a mass resolution. Our method is based on the
Neyman–Pearson lemma and can be used to decide if a new physics search at high–energy colliders has a sufficiently
large discovery potential to justify a dedicated analysis. It can also be used to track the change in significance when
we build an analysis on a set of distributions and in a second step include detector effects.

We have then laid out a recipe for extending our analysis for example to incorporate a fast detector simulation —
at the expense of the mathematically strict claim of maximal significance. The next step will be to implement this
likelihood computation into a parton–level event generator with a simple and fast simulation of detector effects [21].

Weak–boson–fusion production of a Higgs boson with a subsequent decay to muons is the perfect showcase: it
suffers from very low signal rate and from the lack of distinctive signal and background distributions. A cut analysis
in Ref. [5] quotes a significance of 1.8 σ for 300 fb−1 for a single experiment. Applying our method we arrive at a
maximum significance of 3.54 σ. Higher–order QCD effects can be exploited using a minijet veto [4], which increases
the significance to ∼ 4.4 σ. This means that without a luminosity upgrade Atlas and CMS combined could be able
to observe the decay H → µµ.

4
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!s+b!b 300 fb
-1

q

Figure 1: Normalized ρb(q) and ρs+b(q) distributions, corresponding to the full–experiment log–likelihood ratio in Eq.(2). These
distributions define the expected significance.

From Eq.(1) it is obvious how to include an experimental mass resolution: we replace the event weights (M dσ)
by the integral

(
M

∫
drm dσ W

)
and evaluate them over the smeared phase space {"r⊥, r∗m}. Because the random

numbers form a (minimal) basis for all final state configurations there is no ‘back door’ for the true (infinitely well
measured) mµµ to enter the likelihood calculation. A simple approximation incorporating the mµµ mass resolution
could be an increased physical Higgs width. It replaces the Gaussian smearing with a Breit–Wigner function; we
compare this method with the proper smearing procedure and find that the difference in the final results is small but
not negligible.

For all details of the signal and background simulation we refer to Ref. [5]. There, after very basic cuts the signal
cross section for a 120 GeV Higgs is 0.22 fb, hidden under 0.33 fb of electroweak Z production and 2.6 fb of QCD
Z production, where the Z decays into muons. All other backgrounds combined contribute less than 0.01 fb, which
allows us to neglect them.

To probe the likelihood ratio over the full phase space, we relax the cuts for a 120 GeV Standard Model Higgs
to mere acceptance cuts. All cross sections are finite, so the cut values have no effect on the likelihood we obtain.
Using 220 points we integrate over the final–state phase space projected onto the log–likelihood ratio q("r) according
to Eq.(4). The phase space points used for this integration are defined by the same grid we use for the integration
over the signal and background amplitudes described in Eq.(6); this way we can check the total rates to ensure that
the likelihood integration covers the entire phase space. For each phase space point we integrate over the true mµµ

as shown in Eq.(6), using a proper phase space mapping. Note that this internal integration does not have to use the
same grid for signal and background.

The resulting log–likelihood distributions ρb(q) and ρs+b(q) are shown in Fig. 1. From the background pdf we
extract the signal significance for an integrated luminosity of 300 fb−1 as 3.54 σ for CMS and 3.19 σ for Atlas. Note
that this significance does not include a minijet veto. Following Ref. [5] we can estimate the effect of a minijet veto,
which increases the significance to ∼ 4.4 σ for CMS. Survival probabilities for the veto neglect the pile-up effect, which
will degrade the enhancement in significance. Combining both experiments the significance even without a minijet
veto is 4.77 σ.

The most relevant kinematic distribution is the reconstructed Higgs mass mµµ. In the upper curves of Fig. 2 we
show it for signal and backgrounds without kinematic or likelihood cuts. The signal shows a smeared mass peak, while
the backgrounds are flat. To illustrate how the method isolates signal–rich phase space regions, we apply a likelihood
ratio cut q("r) > −1.5. Roughly a third of the signal events survive this cut, and each of the backgrounds are reduced
to a rate comparable to the signal. After the likelihood cut the backgrounds show the same kinematic features as the
signal, i.e. a peak in mµµ.

D. Detector Effects and Reducible Backgrounds

The procedure for incorporating detector smearing on observables described above is tailored for smearing of a few
observables, which are isolated in the phase space integration. Nevertheless, it is possible to generalize the smearing
procedure. In essence, a complete detector smearing requires an integration over a fixed set of experimental observables

hep-ph/0605268
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Higgs Self Coupling

hep-ph/0211224
g

t

g
t

H

t

H
t

g

t

g t

t

H

H

H

Parton-level:
- λHHH = 0 can be excluded at 95% CL
- λHHH determined at 20-30%

ATLAS and CMS studies still preliminary

hep-ph/0507321

 0

 0.0005

 0.001

 0.0015

 0.002

 0.0025

 0.003

 0.0035

 0.004

 300  400  500  600  700  800  900  1000
1
/!

to
t 
d
!

/d
M

in
v

Minv [GeV]

"4/"SM = 0
"4/"SM = 1
"4/"SM = 2

"3/"SM = 0

"3/"SM = 1

"3/"SM = 2

Interference between diagrams important

Variation in trilinear self-coupling dominates

No hope of measuring quartic self-coupling at
SLHC or VLHC

August 23, 2005

ALCWS, Snowmass, 2005
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Other Developments
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Growing Interest in 
Growing interest in central exclusive Higgs production
‣ starting to see some studies in the collaborations
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Higgs Dalitz Decays

44

Ana Firan   SMU 

Internal photon conversion

π0 decays

Internal Conversion = Decay of the off-shell photon in absence of matter

•is called Dalitz decay after R.H. Dalitz who first observed the process 

OBSERVATION

99.8% 1.18%

Ana Firan   SMU 

Internal conversions in Higgs decays

•Process analogous to π0 Dalitz decay

•No more low mass constraint, that means 

that all kinematicaly allowed fermions can 

be observed: 

e, µ, τ, u, d, s, c, b, (t)

•The triangular loop may have any 

charged fermions or bosons
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•Coupling of the γ* to fermions must be evaluated at the m(γ*), that means that 
we have to take into account the running of the coupling constant 

Ref: M. Peskin, D.Schroeder ; “An introduction to Quantum Field Theory”
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Calculation of the Higgs Dalitz decay ratio
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•Using this ratio avoids the loop integration because the terms  cancel 
out

• We must integrate the running coupling constant for the γ*      f f 
vertex

•We must include color factors for quarks

•For the light quarks, we have chosen the lower mass limit of the
integration to be the charged pion /kaon mass to maintain the physical 

decay range

40001150494139.9139.61776.99105.660.5Mass(MeV)

bcsduτµeParticle 

Ana Firan   SMU 

Calculation of the Higgs Dalitz decay ratio
Results

0.11280.10670.1003

0.00230.00200.0016H->b b γ
0.1440.01320.0115H->c c γ
0.00450.00420.0037H->s s γ
0.00580.00550.0051H->d d γ
0.02320.02200.0203H->u u γ
0.00950.00850.0073H->τ+ τ− γ
0.01830.01740.0161H->µ+ µ− γ
0.03480.03390.0326H->e+ e- γ

ρρρ
m

H
=200GeVm

H
=150GeVm

H
=100GeVChanel

( )
( )γγσ

γγσρ
→

→=
!

!
*

Conclusion:

On average, the Higgs Dalitz decays 

represent ~10% of the Higgs to 

gamma gamma decay rate for low 

mass Higgs

ρ

[Stroynowski, Firan]

- Still to assess: Interference with Zγγ

H → γγ

The Higgs may have decays 
analogous to pion Dalitz decays
‣ initial BR estimates are 10% of 
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Conclusions
The early phase of the LHC can have a significant 
impact on the ILC both in terms of short-term decision 
making and long-term physics potential

Many scenarios to consider and discuss during the 
remainder of he workshop!
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Backup Slides
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H→μμ at the LHC?

47

H → µµ at the LHC!?

In hep-ph/0107180, Tilman Plehn and David Rainwater investigated the potential of VBF
H → µµ to measure Yukawa coupling to second-generation fermions at LHC.

Even with 300 fb−1, best cuts only achieve 1.8σ significance for MH = 120 GeV.

However, they note several other variables with discriminating power:
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They suggested the use of Neural Networks or some multivariate algorithm

Tao Han & Bob McElrath (hep-ph/0201023) included gluon fusion, still no discovery.

August 23, 2005

ALCWS, Snowmass, 2005

Higgs at the LHC & SLHC (page 17) Kyle Cranmer

Brookhaven National Lab
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ATLAS Higgs Discovery Potential 1999 → 2003
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Higgs Discovery Potential 1999 → 2003
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ATLAS

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

August 23, 2005

ALCWS, Snowmass, 2005

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

Brookhaven National Lab
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Leonardo Carminati Physics at LHC 2006 13

(III) NLO cross sections  

• Gluon-gluon fusion events generated from ResBos (K factor ∼ 1.8) 

• VBF from PYTHIA 6.224 (LO)+ 1.04 K factor (from ResBos and HiGlu)

• Associated production from PYTHIA (LO)  

• H→γγ branching ratio of PYTHIA corrected with HDecay

• DIPHOX and ResBos : treatment of the background at NLO 

• Increase of 47 % due to the LO -> NLO transition 

• @NLO ~125 fb/GeV for MH=120 GeV (after cuts and photon efficiency)

• jet/jet events dominated by gluon initiated jets (easier to reject) 
while γ/jet events dominated by quark initiated jets

• the total contribution @LO is close to TDR although dominated by
γ/jet : ~ 20 fb/GeV

• K factor ~ 1.7: at NLO ~30 % of irreducible back.
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CP properties of Higgs

50
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VBF H → ττ : Scientific Note Results

! Based on work of Rainwater, Zeppenfeld, Hagiwara, Plehn in 1999-2000

! Used fast simulation: 90% lepton efficiency, parametrized τ -id, etc.

! Possible discovery channel for MH = 115-140 GeV with 30 fb−1

! Dominated by irreducible Z → ττ background

! Published in: Eur. Phys. J., C 32 (2004) 19-54 & SN-ATLAS-2003-024

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 27)

Kyle Cranmer

Brookhaven National Laboratory

Vector Boson Fusion H→ττ
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almost gurantees

discovery of at least one 

h or H with 30 fb-1 

VBF:qqqqH

Following work by Plehn, Rainwater, Zeppenfeld

studied for MH>110GeV
at low lumi running

ATLAS preliminary
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The Collinear Approximation

53

Collinear Approximation & Central Jet Veto

Mass Reconstruction:
Observe

Higgs can be reconstructed

and visible Tau!decay products

missing transverse momentum

Assume Tau decay products

collinear with original Tau

Solve 2 linear equations
for the neutrinos

Taus can be reconstructed

xτh =
hxly − hylx

hxly + /pxly − hylx − /pylx

xτ l =
hxly − hylx

hxly − /pxhy − hylx + /pyhx

Some Comments:

After jet cuts, Mττ is the only discrimination
we use between Z → ττ and H → ττ

Collinear approximation doesn’t take into
account MissingET resolution

Define xτ : fraction of τ ’s momentum in visi-
ble decay product

Mττ =
√

2(Eh + Eνh)(El + Eνl)(1 − cos θττ )

is equivalent to Mττ = Mll√
xτlxτh

only when 0 < xτ < 1

March 14, 2006

University of Pennsylvania Seminar

Higgs Searches at the LHC:

Challenges, Prospects, and Developments (page 30)

Kyle Cranmer

Brookhaven National Laboratory
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290 Chapter 10. Standard Model Higgs Bosons
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Figure 10.14: Signal to background ratio for a luminosity of 5 fb−1 (left) and the luminosity
needed for a 5σ discovery (right) as a function of different Higgs masses for the H → WW
channel.

essentially emitted in the central region. On the contrary, in the Z + jets background, the
dielectron pair is emitted uniformly in η, and the electrons candidates in the W + jets back-
grounds are well separated. Other selection criteria relying on the absence of a true source of
missing transverse energy in the Z+jets events have been introduced: in the events where the
missing transverse energy is mis-measured, it is usually in the same direction as the leading
jet. Similarly, the imbalance of the missing energy and the dilepton system in the transverse
plane is exploited.

Both W+jets and Z+jets backgrounds are thus explicitly reduced to a manageable level. Fig-
ure 10.15 (left) shows the reconstructed WW transverse mass for the 140 GeV Higgs signal
selection with 10 fb−1. Figure 10.15(right) shows the signal significance as function of the
Standard Model Higgs mass for the integrated luminosity of 30 fb−1 with and without sys-
tematics taken into account. A 3σ observation is possible for Higgs masses from 135 GeV. A
5σ discovery is reached with 60 fb−1.

10.2.3 The vector boson fusion production with H→ ττ → " + τ jet + Emiss
T

In the early parton level simulation studies [475, 476] and fast detector simulation studies of
ATLAS and CMS [477] it was shown that the Higgs boson production in the vector boson
fusion qq→qqH (qqH or VBF) and decay into τ lepton pair could be the discovery channel
with ∼ 30 fb−1. The cross section measurement of qqH, H→ ττ, WW, γγ channels will
significantly extend the possibility of the Higgs boson coupling measurement [478, 479] and
provide the possibility of the indirect measurement of the light Higgs boson width [478]. In
the MSSM the qqH(h), H(h)→ ττ channel could be discovered in the largest region of the
MA − tanβ parameter plane [475, 480]. The forward jet tagging and the central jet veto are
the key selections of the VBF Higgs boson channels. The study of the observability of the
VBF Higgs boson production and H→ ττ → & + jet decay with the full detector simulation
is presented in the following. A detailed description of the analysis can be found in [481].


