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• Several excesses over allowed Higgs mass range

• However SM Higgs exclusion over large mass range

• Are we just lucky/unlucky?

• Are the backgrounds correctly estimated?
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Status end of 2011: 
We have (weak?) hints for some small excesses

We can go down two different roads

nothingsomething

What is it:

• Spin
• CP state
• generates fermion masses?
• generates gauge boson masses?

• So no SM Higgs, but how simple? 
• Can it hide?
• If yes, for how long?
• Can we force it to show up?

Where is it:
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What if we found a bump of around SM Higgs size?

• If the Higgs is SM-like it has to show up in several channels 

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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Higgs at the LHC

production decay
gg → H ZZ
qqH ZZ
gg → H WW
qqH WW
tt̄H WW (3!)
t t̄H WW (2!)
inclusive γγ
qqH γγ
t t̄H γγ
WH γγ
ZH γγ
qqH ττ (2!)
qqH ττ (1!)
t t̄H bb̄
WH/ZH bb̄ (subjet)

Total width

degeneracy σ · BR ∝ g2
p
g2
d

ΓH
(ΓH ∝ g2)

Here: ΓH = ΣSMΓi

[Lafaye, Plehn, MR, Zerwas, Dührssen 2009]
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Some couplings/channels very 
challenging:

• Higgs decay to light fermions

• Extracting 

X ! �� (151)

gg ! H (152)

�HHH (153)

HWLWL (154)

HZ� (155)

9

• If observed in ZZ and photons:

Spin 1 ruled out by Landau-Yang theorem (photons)

CP-odd ruled out by Z decay (if no CP-violation in Higgs sector)

4Edinburgh         Higgs-Maxwell Workshop      Michael Spannowsky             08/02/2012                   



Higgs at the LHC

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dührssen et al.]
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X ! �� (151)

gg ! H (152)

�HHH (153)

HWLWL (154)

HZ� (155)

�i ⇠ g2d (156)

9

assumed:

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was PRD 62 (2000); 
Duehrssen (2005)]
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• Huge improvement from boosted Higgs 
analysis

• also for non-b decay modes due to 
better knowledge of total width 

[Lafaye, Plehn, Rauch, Zerwas, Duehrssen (2009)]
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Need to study/understand 
hadronic final states



Higgs at the LHC

[Zeppenfeld, Kinnunen, Nikitenko, Richter-Was; Dührssen et al.]
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p p

b
e.g.   pp -> ZH bbar

Z -> l+l-

    H -> b,bbar

Collect FSR

Reject ISR and UE
R=1.2

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]

What is meant by boosted Higgs analysis?

6Edinburgh         Higgs-Maxwell Workshop      Michael Spannowsky             08/02/2012                   



mass drop:

1)  check for mass drop

mj1 < 0.66 mj

p p

b
bbar

Z -> l+l-

    H -> b,bbar

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]

2)  check “asymmetry”

physics scenario as well as the detector performance. Im-

portant details of the new physics model include the total

cross section of new physics, the fraction of new physics

produced that can be cleanly separated from standard

model backgrounds, the fraction of this sample that has

Higgs bosons resulting from new heavy particle decays,

and the fraction of these Higgs bosons that are boosted.

Important detector performance details include the b-tag

e⇧ciency, which includes tagging a jet as well as subjets,

the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta

pt ⇤ mh. When the Higgs decays to bb̄, this high

transverse momenta causes the b-jets to be highly col-

limated. Conventional search strategies to identify the

Higgs through the reconstruction of two separate singly

b-tagged jets generally fails since it is much more likely

for the b-jets to be merged into a single jet. Going to

smaller cone size would seem prudent, except that this

has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique

to identify subjets within a “fat jet” consistent with the

decay of a Higgs to bb̄ [1]. Identifying subjets inside a

fat jet that resulted from the decay of a massive particle

is not straightforward. Jet mass, determined by some

algorithmic prescription applied to the subjets, is one

indicator. However, the distribution that results from

ordinary QCD production still has a long tail into high

jet masses. For a jet with transverse momentum pt, jet

mass mj , and cone size R2
= �⇥2

+ �⌃2
, the leading

order di⇥erential QCD jet mass distribution goes as [5, 6]

d⇧ (R)

dptdmj
⇥ �sCi

⌅m2
j

 
ln

R2p2
t

m2
j

+O (1)

!
. (1)

The challenge is thus to reduce the QCD jet background

without losing significantly in mass resolution. Further,

when a jet with substructure is identified, we also need to

determine the “heavy particle neighborhood” – the region

to which QCD radiation from the Higgs decay products

is expected to be confined.

Analysis of jet substructure has received considerable

attention. Distinct algorithms have been proposed to

identify Higgs decaying to bb̄ [1, 7], fully hadronic decays

of top [7, 8, 9, 10], and even neutralinos decaying to three

quarks [11, 12]. Refs. [13, 14, 15] have also recently in-

troduced a more general “pruning” procedure based on

jet substructure to more easily discover heavy particles.

Our work employs a modified version of the iterative de-

composition algorithm introduced by Ref. [1], which uses

an inclusive, longitudinally invariant Cambridge/Aachen

(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new

physics and SM background processes, is a set of final

(post-showering and hadronization) particles. We gener-

ate signal events using Pythia v6.4 [19], while the back-

ground events are first generated at parton-level using

ALPGENv13 [20]. We use PYTHIA v6.4 for showering

and hadronization of all events. We also use the ATLAS

tune [21] in Pythia to model the underlying event. We do

not perform any detector simulation or smearing of jets.

A realistic ATLAS/CMS specific search in the spirit of

Ref. [2] is beyond the scope of this work. However, since

high pt jets result in a large amount of energy deposited

in the calorimeter cells where energy resolution is excel-

lent, we do not expect smearing to significantly modify

our results.

We group the hadronic output of Pythia into “cells” of

size �⇥��⌃ = 0.1�0.1. We sum the four momentum of

all particles in each cell and rescale the resulting three-

momentum such as to make the cells massless [8]. If the

cell energy is bigger than 1 GeV, the cells become the

inputs to the jet algorithm. We use the inclusive C/A

algorithm as implemented in FastJet [22] to cluster the

input cells in jets with R = 1.2. As we are trying to

identify the Higgs through its decay to bottom quarks,

the b-tag e⇧ciency is paramount. For simplicity we work

with a flat 60% acceptance, with a corresponding fake

rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-

tering, the two subjets j1 and j2 are labeled such

that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-

istence of a significant mass drop (mj1 < µmj) as

well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

�R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)
2

identical to Ref. [1]. Both subjets

are required to be b-tagged and the pt of the daugh-

ter jet j greater than 30 GeV. If these conditions

are satisfied, this stage of clustering (say, i-th) is

recorded and then the following is calculated:

Si =

min

⇣
p2

tj1
, p2

tj2

⌘

�
ptj1

+ ptj2

�2 �Rj1j2 . (2)

The quantity Si is an indicator of the similarity of

the two subjets and is weighted by their separation

�Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as

j has further subjets.

4. Select the stage of clustering for which Si is the

largest. We anticipate that the two b-tagged sub-

jets, at this stage, are most likely to have originated

2

What is meant by boosted Higgs analysis?
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p p

b
bbar

Z -> l+l-

    H -> b,bbar

gApply filtering and take 3 
hardest subjets

Use b-tagging on 2 hardest 
subjets

[Butterworth, Davison, Rubin, Salam PRL 100 (2008)]

What is meant by boosted Higgs analysis?

8Edinburgh         Higgs-Maxwell Workshop      Michael Spannowsky             08/02/2012                   



3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

BDRS Result

• LHC 14 TeV; 30 fb-1

• HERWIG/JIMMY/Fastjet
  cross-checked with PYTHIA
  with “ATLAS tune”

• 60% b-tag; 2% mistag

• Combination of HZ and HW
  channels

Confirmed in ATLAS full detector simulation

• substructure also useful for tth coupling 
• Further improvement in this channel possible [Soper, MS, JHEP (2010); 

Soper, MS PRD 84 (2011)]

[Plehn, Salam, MS PRL 104 (2010)]
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Back to the long and windy road....

Assumption:
By the end of 2012 we don’t observe an excess 

over null hypothesis

• How can the Higgs hide? Which models motivate invisible Higgs?

• Where can the Higgs boson hide?

• Do we have to give up Higgs hypothesis? Not yet

Plenty: NMSSM, Higgs portal to invisible of any kind,....

Backgrounds, long-lived decays, invisible decays, ...
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Several hideouts have recently been discussed

• Higgs decays invisibly (unbroken U(1))

• Higgs decays into long-lived particles (weakly broken U(1))

[Eboli, Zeppenfeld PLB 495 (2000);
Englert, Jaeckel, Re, MS 1111.1719;

Bai, Draper, Shelton 1112.4496]
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[Strassler, Zurek PLB 661 (2008)]
★ displaced vertices, 
★ jets without tracks, 
★ energy hits only in muon chamber

Identification via: 
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• buried Higgses

[Bellazzini et al `09, `10]

Higgs can decay into something common to background, 
e.g. gluons or light quarks

12Edinburgh         Higgs-Maxwell Workshop      Michael Spannowsky             08/02/2012                   

★ Higgs can decay via A to gluons (longer cascade possible)

h

A
A

★ Higgs can decay via A to bottoms (mA can be close to b meson resonance)
[Englert, Jaeckel, Re, MS 1111.1719]



Buried Higgs is difficult case....

Will we never find the Higgs 
in these channels?

- Not necessarily but it might take 
a while

- New techniques like studying the 
substructure of jets can help

[Chen, Nojiri, Sreethawong JHEP 1011 (2010)]  
[Falkowski, Krohn, Wang, Shelton, 

Thalapillil PRD D84 (2011)]  
[Englert, Roy, MS PRD 84 (2011)]
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Status end of 2011: 
We have (weak?) hints for some small excesses

We can go down two different roads

nothingsomething

What is it:

• Spin
• CP state
• generates fermion masses?
• generates gauge boson masses?

• So no SM Higgs, but how simple? 
• Can it hide?
• If yes, for how long?
• Can we force it to show up?

Where is it:

Interesting implications 
on BSM models
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All BSM models affected by (non)observation of Higgs boson

e.g. SM with 4 chiral generations:
• Simplest extension, keeps resurfacing
• Difficult to exclude by direct searches
• Can almost be excluded by Higgs search alone
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[Kribs, Plehn, MS, Tait PRD 76 (2007)]

Pre-LHC 7 TeV
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Recent result from CMS in
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However, Higgs searches give it a sever blow:

115 < mH <

{
315 to 68% CL
750 to96% CL

σ4th(gg → H) " 9σSM (gg → H) (5)

115 < mH < 140GeV : BR(H → gg) " 0.5 (6)
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Howeve r, decay to photo ns 
strongly suppresse d due to 
destructive interference between 
fermions and W. 
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# σSM (gg → H) BRSM(H → γγ) (33)

|Ueν4Uµν4 | ≤ 4 × 10−4 (34)

SO(10) (35)

5̄ ⊕ 10 ⊕ 1 (36)

(3̄, 1) 1
3
⊕ (1, 2)− 1

2
(37)

(3̄, 2) 1
6
⊕ (3̄, 1)− 2

3
⊕ (1, 1) (38)

dc (39)

L (40)

Q (41)

3

Gain factor of 9 in production, loose 
factor of 9 in decay

[Denner et al., 1112.5142]
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Other channels disfavor a 4th generation strongly!

The last rebellion of the SM 4th generation: [Cetin et al. 1108.4701; 
Carpenter 1110.4895] 

If fourth generation neutrino is               the model avoids exclusion.

�(Z ! ⌫̄⌫) (85)

t, u
4

, d
4

(86)

mZ/2  m⌫4  mH/2 (87)
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Summary

• Our knowledge has greatly improved since 
January 2011

• However, crucial question whether Higgs exists 
remains unclear

• If we don’t observe an Excess, Higgs can still be there

• Fixing properties at 7/8 TeV tough!

Excesses guide research focus

If Higgs is there next step is to measure:
➡ mass
➡ couplings
➡ Spin and CP

• In any case, Higgs search will quickly startle all directions of BSM physics.
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