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CERN & LHC
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• Large Hadron Collider (LHC) 
is a pp-collider located at 
CERN in Geneva, 
Switzerland. 

• Only operating collider at the 
energy frontier. 

• Four interaction points at the 
LHC, where two are for 
generic purpose detectors 
(ATLAS & CMS), and the 
others for b-physics (LHCb) 
& heavy ion (ALICE).

ATLAS
LHCb

ALICECMS
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ATLAS Experiment
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• Generic detector located 
~100m underground. 

• Inner Detector: Surrounded 
by 2T solenoid. Gigantic 
silicon detector + TRT. 

• Calorimeter: high granularity & 
hermeticity.

• Muon spectrometer: surrounded by air-
core toroidal magnets. 

• 3-level trigger system (L1, L2, EF)
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Higgs Discovery@LHC
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• A Higgs boson was discovered at LHC in July 2012. 

• Last missing piece of Standard Model (SM) or does it also imply BSM?
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Standard Model@LHC
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∫
L dt
[fb−1] Reference

t̄tZ
total

σ = 150.0 + 55.0 − 50.0 ± 21.0 fb (data)
HELAC-NLO (theory) 20.3 ATLAS-CONF-2014-038

t̄tW
total

σ = 300.0 + 120.0 − 100.0 + 70.0 − 40.0 fb (data)
MCFM (theory) 20.3 ATLAS-CONF-2014-038

HVBF
total

σ = 2.6 ± 0.6 + 0.5 − 0.4 pb (data)
LHC-HXSWG (theory) 20.3 ATL-PHYS-PUB-2014-009

ZZ
total

σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)
MCFM (theory) 4.6 JHEP 03, 128 (2013)

σ = 7.1 + 0.5 − 0.4 ± 0.4 pb (data)
MCFM (theory) 20.3 ATLAS-CONF-2013-020

WZ
total

σ = 19.0 + 1.4 − 1.3 ± 1.0 pb (data)
MCFM (theory) 4.6 EPJC 72, 2173 (2012)

σ = 20.3 + 0.8 − 0.7 + 1.4 − 1.3 pb (data)
MCFM (theory) 13.0 ATLAS-CONF-2013-021

Wt
total

σ = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

σ = 27.2 ± 2.8 ± 5.4 pb (data)
NLO+NLL (theory) 20.3 ATLAS-CONF-2013-100

HggF
total

σ = 19.0 + 6.2 − 6.0 + 2.6 − 1.9 pb (data)
LHC-HXSWG (theory) 4.8 ATL-PHYS-PUB-2014-009

σ = 25.4 + 3.6 − 3.5 + 2.9 − 2.3 pb (data)
LHC-HXSWG (theory) 20.3 ATL-PHYS-PUB-2014-009

WW
total

σ = 51.9 ± 2.0 ± 4.4 pb (data)
MCFM (theory) 4.6 PRD 87, 112001 (2013)

σ = 71.4 ± 1.2 + 5.5 − 4.9 pb (data)
MCFM (theory) 20.3 ATLAS-CONF-2014-033

WW+WZ
total

σ = 72.0 ± 9.0 ± 19.8 pb (data)
MCFM (theory) 4.7 ATLAS-CONF-2012-157

tt−chan
total

σ = 68.0 ± 2.0 ± 8.0 pb (data)
NLO+NLL (theory) 4.6 arXiv:1406.7844 [hep-ex]

σ = 82.6 ± 1.2 ± 12.0 pb (data)
NLO+NLL (theory) 20.3 ATLAS-CONF-2014-007

t̄t
total

σ = 182.9 ± 3.1 ± 6.4 pb (data)
top++ NNLO+NNLL (theory) 4.6 arXiv:1406.5375 [hep-ex]

σ = 242.4 ± 1.7 ± 10.2 pb (data)
top++ NNLO+NNLL (theory) 20.3 arXiv:1406.5375 [hep-ex]

Z
total

σ = 27.94 ± 0.178 ± 1.096 nb (data)
FEWZ+HERA1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)

W
total

σ = 94.51 ± 0.194 ± 3.726 nb (data)
FEWZ+HERA1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)

Dijets R=0.4
|y |<3.0, y ∗<3.0

σ = 86.87 ± 0.26 + 7.56 − 7.2 nb (data)
NLOJet++, CT10 (theory) 4.5 JHEP 05, 059 (2014)0.3 < mjj < 5 TeV

Jets R=0.4
|y |<3.0

σ = 563.9 ± 1.5 + 55.4 − 51.4 nb (data)
NLOJet++, CT10 (theory) 4.5 ATLAS-STDM-2013-110.1 < pT < 2 TeV

pp
total

σ = 95.35 ± 0.38 ± 1.3 hackb (data)
COMPETE RRpl2u 2002 (theory) 8×10−8 ATLAS-CONF-2014-040
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Standard Model Total Production Cross Section Measurements Status:
July 2014

ATLAS Preliminary

Run 1
√
s = 7, 8 TeV

Amazing success of 

Standard Model!!!

O(1012)
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After Higgs Discovery
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• Is it really the Standard Model Higgs boson?

• Results are consistent with scalar.

• Signal strengths for main channels are 
consistent w/ Standard Model. 

• H→τ+τ- is also observed. What about H→bb? 

• Any exotic decays? Does the Higgs boson just 
decay as expected from the Standard Model? 
(γγ, ZZ, W+W-, τ+τ-, bb,...)

• Constraint on the Higgs boson width

• Invisible decays of Higgs

• Are there more Higgs bosons?
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Phys. Lett. B 726 (2013) 120

arXiv:1501.04943

http://www.sciencedirect.com/science/article/pii/S0370269313006527
http://www.sciencedirect.com/science/article/pii/S0370269313006527


H→bb Measurement
JHEP01(2015)069

http://link.springer.com/article/10.1007/JHEP01%282015%29069
http://link.springer.com/article/10.1007/JHEP01%282015%29069
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VH(→bb)
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• H→bb has the largest BR (58%) among all the decay channels. 

• Need to look at the VH production, since ggF and VBF suffer from 
large multijet background.  

• Current results from other experiments: Tevatron 2.8σ, CMS 2.1σ.
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 H (NNLO+NNLL QCD + NLO EW)
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 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)
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pp 
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→
pp 
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Higgs Yellow Report
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VH(→bb)
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• 3 channels to be considered regarding the lepton multiplicity (0, 1, 2-
leptons for ZH→vvbb, WH→lvbb, ZH→l+l-bb).

• Both cut-based & multivariate (BDT) analyses considered.  

• Require 1 or 2 b-tagged jet(s). Categorize with pTV ranges. 

Variable Dijet-mass analysis Multivariate analysis

Common selection

pTv [GeV] 0–90 90

(⇤)
–120 120–160 160–200 > 200 0–120 > 120

�R(jet1, jet2) 0.7–3.4 0.7–3.0 0.7–2.3 0.7–1.8 < 1.4 > 0.7 (pTv<200 GeV)

0-lepton selection

pmiss
T [GeV]

NU

> 30 > 30

NU

> 30

��( ~Emiss
T , pmiss

T vec) < ⇡/2 < ⇡/2 < ⇡/2

min[��( ~Emiss
T , jet)] – > 1.5 > 1.5

��( ~Emiss
T ,dijet) > 2.2 > 2.8 > 2.8

Njet=2(3)P
i=1

p
jeti
T [GeV] > 120 (NU) > 120 (150) > 120 (150)

See text – –

1-lepton selection

mW
T [GeV] < 120 –

HT [GeV] > 180 – > 180 –

Emiss
T [GeV] – > 20 > 50 – > 20

2-lepton selection

m`` [GeV] 83-99 71-121

Emiss
T [GeV] < 60 –
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VH(→bb)
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• Main backgrounds: Z+jets, W+jets, tt, diboson, multijet. 

• Backgrounds are estimated with data-driven methods or simulation 
with corrections derived from data (e.g. Δϕ(j,j) reweighting for W
+jets). 
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VH(→bb)
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  tot   ( stat    syst )
tot.
stat.

ATLAS -1Ldt=20.3 fb∫=8 TeV, s; -1Ldt=4.7 fb∫=7 TeV, s

• Measurement is still consistent with the Standard Model, but H→bb is 
not observed yet. 

• Overall signal strength is 0.51±0.31±0.24 for mH=125 GeV. Observed 
significance of 1.4σ.



Higgs Width
arXiv:1503.01060
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Higgs Total Width
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• We cannot directly measure the width of 
the Higgs boson (ΓH=4.1 MeV) due to the 
detector resolution. 

• Mass resolution@ATLAS is ~2 GeV.  

• Current Higgs measurement does not 
provide constraints on the width.                                
→ If the width & couplings scale at the 
same time, the signal yields stay the same.  
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• σi→H→f: Cross section of Higgs production i, decay pattern f

• κi: Higgs coupling to particle i

• κf: Higgs coupling to particle f

• ΓH: Total Higgs width

Larger total width is a sign of BSM decays. 
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Off-Shell Higgs Boson
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• Off-shell production of the Higgs boson shows up in the tail of the m4l 
distribution & its yield greatly enhances with the Higgs total width! 

• H→ZZ & W+W- are promising decay channels for this measurement.  

DRAFT

where g,o↵-shell(ŝ) and V,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H ⇤59

production and the H ⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,60

the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent61

of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated62

independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The63

interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.64
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Figure 1: The leading order Feynman diagrams for the gg ! H ⇤ ! VV signal (a), the continuum gg ! VV
background (b) and the qq̄! VV background (c).

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:65

66

µon-shell ⌘
�gg! H !VV

on-shell

�gg! H !VV
on-shell, SM

=
2g,on-shell · 2V,on-shell

� H /�SM
H

, (2)

which depends on the total width � H . Assuming the same on-shell and o↵-shell Higgs couplings, the ratio67

of µo↵-shell and µon-shell provides a measurement of the total width of the Higgs boson. This assumption is68

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production69

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-70

mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current71

sensitivity of the analysis only an upper limit on the total width � H can be determined, for which the72

weaker assumption73

g,on-shell · V,on-shell  g,o↵-shell · V,o↵-shell , (3)

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed74

that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings75

i,o↵-shell does not modify the predictions for the backgrounds. Nor are there either sizeable kinematic76

modifications to the o↵-shell signal or new, sizeable signals in the search region of this analysis unrelated77

to an enhanced o↵-shell signal strength [18, 24].78

While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-79

order QCD calculations are available for the gg ! VV background process, which is evaluated at the80

Leading-Order (LO). Therefore the results are given as a function of the unknown K-factor for the gg !81

VV background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively82

in the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables83

and the event selections are designed to minimise the dependence on the boost of the VV system, which84

is sensitive to the jet multiplicity.85

The dominant processes contributing to the high-mass signal region in the ZZ ! 4`, ZZ ! 2`2⌫ and86

WW ! e ⌫ µ⌫ final states are: the gg! H ⇤ ! VV o↵-shell signal, the gg! VV continuum background,87

11th February 2015 – 15:41 3

DRAFT
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background (b) and the qq̄! VV background (c).

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:65
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which depends on the total width � H . Assuming the same on-shell and o↵-shell Higgs couplings, the ratio67

of µo↵-shell and µon-shell provides a measurement of the total width of the Higgs boson. This assumption is68

particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production69

process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-70
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While higher-order QCD and EW corrections are known for the o↵-shell signal process [25], no higher-79

order QCD calculations are available for the gg ! VV background process, which is evaluated at the80

Leading-Order (LO). Therefore the results are given as a function of the unknown K-factor for the gg !81

VV background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively82
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Interference

arXiv:1503.01060

Signal
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H*→ZZ→4l
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• Same strategies as the coupling measurement with the H→ZZ*→4l.

• 50 < m12 < 106 GeV, 50 < m34 < 115 GeV, 220 < m4l < 1000 GeV.

• Exploits the Matrix Element using 8 kinematic variables (m4l, m12, m34,  
cos θ1, cos θ2, ϕ, cos θ*, ϕ1) to discriminate gluon-gluon initiated signals.
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H*→ZZ→l+l-vv
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DRAFT
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momentum, with a track-based soft term. The signal region (SR) and background estimations have been304

revised for the high-mass region used in this analysis. Contrary to the base analysis [54], events are not305

binned by the number of jets. Top-quark events and SM WW production remain the largest expected306

backgrounds.307

5.1. Event selection308

As for the ZZ ! 2` 2⌫ channel, the neutrinos in the final state do not allow for a kinematic reconstruction309

of mVV . Thus a transverse mass (mWW
T ) is calculated from the di-lepton system transverse energy (E``T ),310

the vector sum of lepton transverse momenta (p``T ), and the vector sum of neutrino transverse momenta311

(p⌫⌫T ), measured with pmiss,track
T :312

mWW
T =

r
⇣
E``T + p⌫⌫T

⌘2 � ���p``T + p⌫⌫T
���2, where E``T =

q�
p``T
�2
+
�
m``
�2. (10)

The transverse mass is modified compared to the definition in Equation 8 as the neutrinos do not come313

from the same parent particle, and there is no mZ constraint.314

In order to isolate the o↵-shell Higgs boson production while minimising the impact of higher-order QCD315

e↵ects on gg! WW kinematics, a new variable, R8, is introduced:316

R8 =

r
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`` +
⇣
a · mWW

T

⌘2
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• Cut-based analysis with the Z+Missing 
ET final state. 

• Basically the same strategies (e.g. BG 
estimation methods) as the previously 
published ZH invisible search (Phys. 
Rev. Lett.112, 201802 (2014)), but the 
event selection is optimized for the off-
shell signals.  

• e.g. ETmiss > 180 GeV, mTZZ> 380 GeV. 

• mTZZ is used as the final discriminant. 

4.1. Event selection

As the neutrinos in the final state do not allow for a kinematic reconstruction of mZZ , the transverse mass
(mZZ

T ) reconstructed from the transverse momentum of the dilepton system (p``T ) and the magnitude of the
missing transverse momentum (Emiss

T ):

mZZ
T ⌘

s q
m2

Z +
���p``T

���2 +
q

m2
Z +

���Emiss
T

���2
!2

� ���p``T + Emiss
T

���2 , (8)

is chosen as the discriminating variable to enhance sensitivity to the gg! H⇤ ! ZZ signal.

The selection criteria are optimised to maximise the signal significance with respect to the main back-
grounds, which are ZZ, WZ, WW, top-quark, and W/Z+jets events, as described in Sect. 4.2. The impact
of the background uncertainty is considered in the significance calculation.

First, events with two oppositely charged electron or muon candidates in the Z mass window 76 GeV <
m`` < 106 GeV are selected. Events with a third lepton (e or µ) identified using looser identification
criteria for the electrons and a lower pT threshold of 7 GeV are rejected. A series of selection requirements
are necessary to suppress the Drell–Yan background, including: Emiss

T > 180 GeV; 380 GeV < mZZ
T <

1000 GeV; the azimuthal angle between the transverse momentum of the dilepton system and the missing
transverse momentum ��(p``T , E

miss
T ) > 2.5; and

����
���Emiss

T +
P

jet pjet
T

����p``T
����/p``T < 0.3. Events with a b-jet

with pT > 20 GeV and |⌘| < 2.5, identified by the MV1 algorithm [52, 53] with 70% tagging e�ciency,
are rejected to suppress the top-quark background. Finally, the selection on the azimuthal angle between
the two leptons ��`` < 1.4 is applied to select events with boosted Z bosons to further discriminate the
signal from the background.

4.2. Background estimation

The dominant background is qq̄ ! ZZ production, followed by qq̄ ! WZ production. Background
contributions from events with a genuine isolated lepton pair, not originating from a Z ! ee or Z ! µµ
decay, arise from the WW, tt̄, Wt, and Z ! ⌧⌧ processes. The remaining backgrounds are from Z ! ee or
Z ! µµ decays with poorly reconstructed Emiss

T , and from events with at least one misidentified electron
or muon coming from W+jets, semileptonic top decays (tt̄ and single top), and multi-jet events.

The qq̄! ZZ background is estimated in the same way as for the ZZ ! 4` analysis using the POWHEG-
BOX simulation as described in Sect. 2.3. The WZ background is also estimated with the simulation
(described in Sect. 2.3) and validated with data in a three-lepton control region. The observed number of
events in the control region for Emiss

T > 180 GeV(300 GeV) is 30 (3), whereas the predicted event yield is
22.9 ± 0.8 (3.4 ± 0.3). No significant di↵erence is observed between the data and simulation.

The WW, tt̄, Wt, and Z ! ⌧⌧ backgrounds are inclusively estimated with data assuming lepton flavour
symmetry in an eµ control region using a relaxed selection. The following equations show how these
backgrounds in the signal region can be estimated with eµ events:

Nbkg
ee =

1
2
⇥ Ndata,sub

eµ ⇥ ↵,

Nbkg
µµ =

1
2
⇥ Ndata,sub

eµ ⇥ 1
↵
,

(9)

10
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• Cut-based analysis using e±μ∓ final state.

• Baseline strategies are the same as the 
SM H→WW* measurement, but no jet 
binning is performed. 

• R8 is used as the final discriminant. 
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• α = 0.8 & R8 > 450 GeV were adopted from optimization. 

• Dominant BGs: Top quark & qq→WW events. 
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Process ZZ ! 4` ZZ ! 2` 2⌫ WW ! e⌫ µ⌫
gg ! H⇤ ! V V (S) 1.1 ± 0.3 3.2 ± 1.0 1.5 ± 0.4
gg ! V V (B) 2.8 ± 0.8 5.3 ± 1.6 3.6 ± 1.1
gg ! (H⇤ !)V V 2.4 ± 0.7 3.9 ± 1.2 2.4 ± 1.2
gg ! (H⇤ !)V V (µ

o↵-shell

= 10) 9.2 ± 2.5 24.0 ± 7.3 10 ± 4
VBF H⇤ ! V V (S) 0.12 ± 0.01 0.48 ± 0.04 0.42 ± 0.05
VBF V V (B) 0.71 ± 0.04 1.2 ± 0.2 1.6 ± 0.2
VBF (H⇤ !)V V 0.59 ± 0.03 0.7 ± 0.1 1.1 ± 0.1
VBF (H⇤ !)V V (µ

o↵-shell

= 10) 1.17 ± 0.06 2.9 ± 0.2 2.8 ± 0.3
qq̄ ! ZZ 21.3 ± 2.1 31.5 ± 3.5

�
2.0 ± 0.2

qq̄ ! WZ - 10.6 ± 1.4
qq̄ ! WW -

9
=

; 0.4 ± 0.2
40 ± 5

tt̄, Wt, and tb̄/tqb̄ - 35 ± 4
Z ! ⌧⌧ - 1.4 ± 0.2
Z ! ee, µµ - 3.5 ± 3.0 -
Other backgrounds - 0.8 ± 0.2 8.7 ± 1.3
Total Expected (SM) 24.4 ± 2.2 51 ± 6 90 ± 4
Observed 18 48 82

VV)→H*→K(gg
VV)→K(gg = H*

BR
0.6 0.8 1 1.2 1.4 1.6 1.8 2

HSM
Γ

 / H
Γ
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%

 C
L 
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it 

on
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Observed limit (CLs)

ATLAS
ZZ+WW off-shell+on-shell→H

g/V,off-shellκ=g/V,on-shellκ

-1Ldt = 20.3 fb∫ = 8 TeV: s

Observed Median expected

RB
H⇤ 0.5 1.0 2.0 0.5 1.0 2.0

ZZ ! 4` analysis 6.1 7.3 10.0 9.1 10.6 14.8

ZZ ! 2` 2⌫ analysis 9.9 11.0 12.8 9.1 10.6 13.6
WW ! e⌫ µ⌫ analysis 15.6 17.2 20.3 19.6 21.3 24.7

• Good agreement with Standard Model prediction. 

• Stringent constraint on the off-shell signal strength & total Higgs width.

• ΓH/ΓHSM < 4.5-7.5 (obs), 6.5-11.2 (exp) @95% CL. 

• However, still allows for sizable contributions from BSM. 



BSM Decays of Higgs
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• dϕ(ETmiss,pTmiss) < 0.2
• dϕ(Z, ETmiss) > 2.6 

• ETmiss > 90 GeV
• |ETmiss - pTll| / pTll < 0.2

• Jet veto (w/ pT>25 GeV)
pTmiss: Missing ET 
reconstructed from ID 
tracks

• e+e- or μ+μ- w/ 76 < Mll < 106 GeV;  3rd lepton veto (pT>7 GeV)

• dϕ(l,l) < 1.7

BSM decay of Higgs boson to dark matter. Expected from Supersymmetry, etc.
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Phys. Rev. Lett.112, 201802 (2014)
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• Limit on BR(H→invisible)<0.75 (observed) & 0.62 (expected) @ 95% 
confidence level. assuming mH = 125.5 GeV & σZH = σZHSM. 

• The BR(H→inv) limit was interpreted within Higgs-portal dark matter 
model. The ATLAS result shows outstanding sensitivity in the low DM 
mass region, exceeding current DM detection experiments.  

100
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χ

λhχχ

(a)

h

N
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χ

λhχχ
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Figure 65: Feynman diagrams for the decay of the Higgs boson into dark matter particles (a) and scat-

tering of dark matter particles off of a nucleon with the exchange of a Higgs boson (b). The Higgs-dark

matter interaction vertex has a coupling constant of λhχχ . In the scattering diagram the Higgs-nucleon

coupling strength is parameterized with a form factor, fN .

σScalarχN =
λ 2 Scalarhχχ

16πm4h

m4N f
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(
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)2

(25)

σVectorχN =
λ 2 Vectorhχχ
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σMajoranaχN =
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N f
2
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(

mχ +mN
)2

(27)

The cross section has an additional dependence on the nucleon mass, mN and the form factor, fN1474

which quantifies the coupling strength between the Higgs boson and the Nucleon. This form factor is de-1475

termined using lattice calculations and suffers from large theoretical uncertainties [66]. These theoretical1476

uncertainties will not be included in the comparison plots.1477

Limits on both λhχχ vs mχ and σχN vs mχ will be calculated from the invisible branching ratio1478

limits shown and will be compared to the limits from direct detection experiments. In calculating the1479

limits all variables in Equations 22- 27 are constants except for mχ , λhχχ , and σχN . The inputs used1480

for the remaining variables are given in Table 46. Limits on λhχχ vs mχ are shown in Figure 66 for1481

the scalar (66(a)), vector (66(b)), and majorana (66(b)) hypotheses. All direct detection results incur1482

a large uncertainty from the Higgs-Nucleon form factor uncertainty. Figure 67 shows limits on σχN1483

vs. mχ . Direct detection results are published in this format and need no further interpretation. The1484

invisible branching ratio limits are shown for the scalar, vector, and majorana fermion hypothesis as1485

three curves. The hashed bands on the invisible branching ratio limits show the uncertainty resulting1486

from the systematic variation of fN .1487

It is evident from Figures 66 and 67 that the invisible branching fraction limits are complimentary1488

to the direct detection limits. Direct detection experiments provide the strongest limits at high mass, but1489

they loose all sensitivity below about 10 GeV. The invisible branching fraction limits are sensitive only1490

below mh/2 and provide exclusion below 10 GeV where the direct detection results do not reach. The1491

limits from the, scalar, vector, and fermion dark matter species depend differently on the dark matter1492

mass, but all exclude a large range of the coupling strength at low mass. Therefore, within the Higgs1493

portal model – which makes a generic assumption to test the higgs-dark matter coupling – the coupling1494

between dark matter and the higgs boson is strongly limited across a large range of dark matter mass.1495

Our analysis Direct DM detection 
experiments 

Hideki Okawa

Higgs-Portal Interpretation
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, scalar DM-1ATLAS 3000 fb , vector DM-1ATLAS 3000 fb
, majorana DM-1ATLAS 3000 fb

ATLAS Simulation Preliminary
 ll+invisibleAZH 

=14 TeV, s 0 -1Ldt=3000 fb

Higgs-portal Model for ATLAS

USLUO Annual Meeting, November 8, 2013

BR(H→inv) limit could be mapped to bounds on the coupling of Higgs-dark 
matter (DM) & DM-nucleon cross section for Higgs-portal DM models

• Very good sensitivity in mχ<mH/2 
region.   

• Significantly exceeds the limits from 
the direct detection experiments for 
the low mass region.

• LHC could provide complementary 
results to the DM experiments.

Higgs-DM 
coupling
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A. Djouadi & J. Quevillon, LPT-ORSAY-13-26, 
arXiv:1304.1787
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Figure 4: The decay branching ratios of the heavier MSSM Higgs bosons A (left), H (center) and
H± (right) as a function of their masses for tanβ = 2.5. The program HDECAY [65] has been used
with modifications so that the radiative corrections lead to Mh = 126 GeV.

gauge bosons in the case of the H state) not too suppressed, many interesting channels

appear. The branching fractions for the H/A/H± decays are shown in Fig. 4 as functions

of their masses at tan β = 2.5. They have been obtained using the program HDECAY

[65] assuming large MS values that lead to a fixed Mh = 126 GeV value. The pattern

does not significantly depend on other SUSY parameters, provided that Higgs decays into

supersymmetric particles are kinematically closed as it will be implicitly assumed in the

following8, where the main features of the decays are summarised in a few points.

– Sufficiently above the tt̄ threshold for the neutral and the tb threshold for the charged

Higgs bosons, the decay channels H/A → tt̄ and H+ → tb̄ become by far dominant for

tan β <∼ 3 and do not leave space for any other decay mode. Note that these decays have

also significant branching fractions below the respective kinematical thresholds [66]. It is

especially true for the charged Higgs state for which BR(H+→ tb̄)>∼1% forMH± ≈130 GeV.

– Below the tt̄ threshold, the H boson can still decay into gauge bosons H → WW and

ZZ with rather substantial rates as the HV V couplings are not completely suppressed.

– In the window 2Mh <∼ MH <∼ 2mt, the dominant decay mode for tan β <∼ 3 turns

out to be the very interesting channel H → hh channel. As discussed earlier, the Hhh

self–couplings given in eq. (2.15) is significant at low tan β values.

– If allowed kinematically, i.e. for MA>∼ Mh +MZ GeV, the CP–odd Higgs boson can

also decay into hZ final states with a significant rate below the tt̄ threshold as the AZh

coupling (that is the same as the HV V coupling) is substantial. Nevertheless, the A → ττ

channel is still important as it has a branching fraction above ≈ 5% up to MA ≈ 2mt.

– In the case of the charged Higgs state, there is also the channel H+ → Wh which is

8In fact, even in this low tanβ case, the tt̄ decays for sufficiently large masses are so dominant that

they do not lead to any significant quantitative change if SUSY particles are light. In addition, being not

enhanced by tan β, the ∆b correction has no impact in this low tanβ regime.

– 17 –

fnal.gov

• Many BSM models predict the existence of multiple Higgs bosons.

• Their decay modes & branching ratios highly depend on mass & tan β 
(vacuum expectation values of the Higgs bosons).  

low tan β (=2.5) case
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• Small BR (~0.003), but very clean signature. 

• Two γ’s following the SM h→γγ analysis. 2 b-jets (w/ pT > 55/35 GeV),       
95 < mbb < 135 GeV & 105 < mγγ < 160 GeV. Events from diphoton trigger. 

• 1.5 events expected from the SM, 5 events observed (2.4σ excess).

• H→hh→bbbb also published. H→hh→bbτ+τ- & bbW+W- under way. 
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• A→Zh→l+l-τ+τ-, l+l-bb, vvbb are considered. 

• No excess observed. 

• Width effects are ignored in the signals, 
but its impact on the limits are checked. 

• 230 < mA < 350 GeV are excluded for low tan β cases. 

arXiv:1502.04478

A→Zh→llττ

A→Zh→llbb

http://arxiv.org/abs/1502.04478
http://arxiv.org/abs/1502.04478
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• No b-tag & b-tagged signal regions to search for ggF & b-associated 
production. Uses all combinations of tau decays (τlep-τlep, τlep-τhad, τhad-τhad)

• mττ is calculated using the missing mass calculator (MMC). Does not 
assume collinear approximation & estimate neutrino momentum using a set 
of equations & likelihood computation. 

JHEP11(2014)056

excluded

http://link.springer.com/article/10.1007/JHEP11%282014%29056
http://link.springer.com/article/10.1007/JHEP11%282014%29056
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• Presented selected highlights on the Higgs results from the LHC-
ATLAS Experiement. 

• After the discovery of the Higgs boson, we are progressing with  
promising programs to understand the Higgs sector from various 
perspective. 

• The efforts will continue for Run-2. 

• Run-2 is about to start! 

• 6.5 TeV training is ongoing & has already been successful in 
many sectors. 

• First beam expected in late March; test collisions expected in late 
May; 13 TeV data taking will likely to occur in June (50 ns & then 
to 25 ns). 



backups



Tsukuba CiRfSE Workshop, March 12-13, 2015Hideki Okawa

VH(→bb)

 [GeV]Hm
110 115 120 125 130 135 140

0
Lo

ca
l p

-410

-310

-210

-110

1

10

Observed
Expected
Injected 125 GeV

ATLAS -1Ldt = 4.7 fb∫=7 TeV s
-1Ldt = 20.3 fb∫=8 TeV s

σ1 

σ2 

σ3 

=125 GeVH for m
SM
σ/σ=µbest fit 

-4 -2 0 2 4 6 8

Combination

8 TeV

7 TeV

0.51  0.37−
 0.40+ (  0.22− 0.30  −

 0.25+ 0.31  + )

0.65  0.40−
 0.43+ (  0.24− 0.32  −

 0.28+ 0.33  + )

-1.61  1.46−
 1.50+ (  0.92− 1.13  −

 0.86+ 1.22  + )

  tot   ( stat    syst )
tot.
stat.

ATLAS -1Ldt=20.3 fb∫=8 TeV, s; -1Ldt=4.7 fb∫=7 TeV, s

=125 GeVH for m
SM
σ/σ=µbest fit 

-1 0 1 2 3 4 5 6 7

Combination

0 lepton

1 lepton

2 lepton

0.51  0.37−
 0.40+ (  0.22− 0.30  −

 0.25+ 0.31  + )

-0.35  0.52−
 0.55+ (  0.27− 0.44  −

 0.26+ 0.49  + )

1.17  0.60−
 0.66+ (  0.37− 0.48  −

 0.43+ 0.50  + )

0.94  0.79−
 0.88+ (  0.41− 0.68  −

 0.50+ 0.72  + )

  tot   ( stat    syst )
tot.
stat.

ATLAS -1Ldt=20.3 fb∫=8 TeV, s; -1Ldt=4.7 fb∫=7 TeV, s



Tsukuba CiRfSE Workshop, March 12-13, 2015Hideki Okawa

hh→bbbb 

30

 [GeV]G*m
600 800 1000 1200 1400

) [
fb

]
bbb

 b
A

 H
H

 
A

 G
*)

 x
 B

R
(G

* 
A

(p
p 

m

1

10

210

Expected Limit (95% CL)
m 1±Expected 
m 2±Expected 

Observed Limit (95% CL)
 = 1.0PlanckMRS Graviton, k/

ATLAS Preliminary -1 Ldt = 19.5 fb0 = 8 TeV: s



Tsukuba CiRfSE Workshop, March 12-13, 2015Hideki Okawa

h/A/H→τ+τ- (high tan β)

31

JHEP11(2014)056

 [GeV]qm
100 200 300 400 500 600 700 800 900 1000

) [
pb

]
oo 

A q
 B

R
( 

× 
m

-310

-210

-110

1

10

210

310
-1 L dt = 19.5 - 20.3 fb0=8 TeV, sATLAS 

gluon fusion oo A q

Obs 95% CL limit
Exp 95% CL limit
m1 
m2 

 [GeV]qm
100 200 300 400 500 600 700 800 900 1000

) [
pb

]
oo 

A q
 B

R
( 

× 
m

-310

-210

-110

1

10

210

310
-1 L dt = 19.5 - 20.3 fb0=8 TeV, sATLAS 

b-associated production oo A q

Obs 95% CL limit
Exp 95% CL limit
m1 
m2 

http://link.springer.com/article/10.1007/JHEP11%282014%29056
http://link.springer.com/article/10.1007/JHEP11%282014%29056


Tsukuba CiRfSE Workshop, March 12-13, 2015Hideki Okawa

h/A/H→τ+τ- (high tan β)

32

JHEP11(2014)056

 [GeV]Am
100 200 300 400 500 600 700 800 900 1000

`
ta

n

10

20

30

40

50

60

70

80

=1
70

 G
eV

H
m

=3
00

 G
eV

H
m

=5
00

 G
eV

H
m

=7
00

 G
eV

H
m

 =
 1

22
 G

eV
h

m

 = 125 GeVhm
 = 128 GeVhm

 = 130 GeVhm

 = 130.2 GeVhm

Obs 95% CL limit
Exp 95% CL limit
m1 
m2 

Obs 95% CL limit
theorym 1 ±

-1 L dt = 19.5 - 20.3 fb0=8 TeV, s ATLAS

oo A h/H/A = 1 TeV,
SUSY

 scenario, Mmax
hMSSM m

 [GeV]Am
100 200 300 400 500 600 700 800 900 1000

`
ta

n
10

20

30

40

50

60

70

80

hadolepo

hadohado

lepolepo

-1 L dt = 19.5 - 20.3 fb0=8 TeV, sATLAS 

oo A = 1 TeV, h/H/A
SUSY

 scenario, Mmax
hMSSM m

95% CL limit

http://link.springer.com/article/10.1007/JHEP11%282014%29056
http://link.springer.com/article/10.1007/JHEP11%282014%29056

